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ABSTRACT

Jumping and sprinting actions are frequent in many individual and team sports such
as basketball, field hockey, soccer and track and field. Both sporting actions are
underpinned by the mechanical characteristics which govern human movement including
force, velocity, and power. From a biomechanical perspective, to improve an athlete’s
performance in these actions, the mechanical characteristics contributing to performance
must be quantified. One neuromuscular diagnostic assessment which can be utilized to
describe mechanical characteristics of the human body is known as force-velocity (F-v)
profiling, or mechanical profiling. This thesis explored field-based F-v profiling as a
methodological approach to quantify and improve physical performance in previously
untested team and individual population groups, plus demonstrated new and novel
applications using this methodology to create greater links between mechanical data and
coaching practice.

Additionally, this thesis is significant as it assesses the utility of using a
macroscopic inverse dynamics approach to model biomechanical characteristics in the
vertical and horizontal direction. Specifically, Samozino’s field method, hereinafter
known as the SAM method, provides indirect measures of the mechanical characteristics
of jumping and sprinting actions and does not aim to replace gold standard measurement
tools such as force-plate technology. Yet, the convenience to practitioners of bringing the
laboratory to the field to provide meaningful data to inform training related practice,
without the need for expensive technology warrants further validation and exploration

from a theoretical, conceptual and practical perspective.

My original contribution to knowledge through this thesis comprises of five studies
and two practical application chapters. Chapter 1 presents a general introduction to the
thesis while providng a background to the F-v relationship. Chapter 2 is a narrative review

which aims to critically appraise the literature when using field methods to determine F-

iv



v profiles in jumping and sprinting actions. Overall, conjecture exists regarding the
reliability and validity of using field-based F-v profiling methodology to determine
mechanical characteristics which warranted further research. In addition, limited research
exists exploring the use of mechanical profiling to inform physical preparation strategies
in short and long-term intervention studies and in different population groups. Finally,
the review identified and addressed a gap in the literature in translating the information
obtained from the mechanical profile into how a coach could utilize the data to

individualize athlete training programmes.

Chapter 3 (Study 1) established the validity and reliability of Samozino’s field
method to determine jump-based mechanical characteristics when compared to force
plate technology. The findings showed both fixed and proportional bias between criterion
and predictor, thereby raising concerns for practitioners when performing
countermovement jumps with a barbell and hexbar to establish valid F-v variables using

the SAM method when compared to force plate technology.

Chapter 4 (Study 2) used a cross-sectional approach to investigate differences
between positional group and sex in club-based field hockey players. The results of this
study identified significant differences in mechanical characteristics between sexes.
Mechanical characteristics between positional groups (i.e., attackers vs defenders) further
identified force or velocity dominant mechanical profiles however these were sex-
specific. This suggests the physical preparation strategies to improve neuromuscular

performance should be individualized by both sex and positional group.

Chapter 5 (Study 3) is another observational cross-sectional analysis which aimed
to determine to relationships between matched mechanical characteristics from F-v
profiles in the vertical and horizontal orientation in a field hockey cohort. The findings of

this study indicate vertical and horizontal F-v profiling explain the same key lower-limb



mechanical characteristics, despite the orientation of the movement task, suggesting
coaches could potentially use mechanical profiling methods interchangeably and
prescribe physical preparation interventions to assess neuromuscular function plus

mechanical strengths and weaknesses by performing one F-v assessment only.

Chapter 6 (Study 4) investigated the influence of a short-term sprint-specific
training intervention on the horizontal F-v profile in junior Australian football (AF)
players. The findings indicate the F-v profile adapts to specific training stimulus with the
experimental group reporting significant changes to force and power and sprint
performance when compared to the control group. Furthermore, it identified practitioners
could consider using a combined sprint training methodology to enhance mechanical

characteristics and sprint performance in junior Australia football populations.

Chapter 7 (Study 5) used a case-study research design to longitudinally analyse
changes to the horizontal F-v profile and sprint performance across a training year. The
primary aim was to investigate changes to mechanical characteristics across a track and
field season (~45 weeks) in two male sprint athletes (100m and 200m) who qualified for
their national championships. The findings identified significant changes to maximal
power and spatio-temporal variables over 30-meters coincided with improved sprint
performance. Therefore, the estimated mechanical data collected across a training year
may provide insight to practitioners about how the underpinning mechanical

characteristics affect sprint performance during specific phases of training.

Chapter 8 and chapter 9 draws on the learnings of the cross-sectional,
interventional, and case study to provide an evidence-based approach for the practitioner
to analyse F-v data, plus categorize and individualize training prescriptions to enhance
sprint performance in team and individual sport athletes. Furthermore, both chapters also

aim to provide practical training-related recommendations and guidelines to influence
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programme design and attempt to provide a conceptual framework to guide training
prescription and enhance biomechanical and technical characteristics contributing to

sprint mechanical characteristics and sprint performance.

Chapter 10 provides a commentary of the overall utility and application of using
the SAM method to determine F-v profiles and meaningfully inform training-related
practice from a strength and conditioning perspective. This study considers the remaining
gaps in the literature, acknowledges the strengths and limitations to the methodology and
thesis and delivers additional recommendations to those identified in the narrative review.
The evidence gathered provides theoretical and practical guidelines about best practice
approaches for utilizing the field method(s) to inform and enhance physical performance

in jumping and sprinting actions.

Overall, the current program of research has progressed an important aspect in the
field of applied sports biomechanics, offering greater insights into the application of
mechanical profiling to enhance physical performance in new sporting populations. The
findings provide evidence to suggest (1) F-v characteristics are beneficial to individualize
physical preparation strategies in field hockey athletes and demonstrate a level of
mechanical transfer, (2) horizontal mechanical characteristics adapt to specific training
methodology thereby addressing mechanical strengths and weaknesses, (3) monitoring
horizontal mechanical characteristics over longer periods can further direct training
strategies such as periodisation models and programme design to enhance sprint
performance in track sprinters, and 4) use of specific training programmes and a
conceptual framework to provide greater structure for practitioners to address mechanical
strengths, weaknesses and imbalances based on biomechanical and technical

characteristics of physical performance. This body of research has significant
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implications for coaches and sports biomechanists who want to improve physical
performance by enhancing lower limb mechanical characteristics via training and

physical preparation strategies.
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CHAPTER 1: GENERAL INTRODUCTION

Chapter Overview

This introductory chapter provides a brief background to the force-velocity (F-v)
relationship and the key determinants of performance in jumping and sprinting actions
via field-based mechanical profiling using Samozino’s method, hereinafter known as the
SAM method (283, 286). Next, the reliability and validity of this methodological
approach is explored in reference to jumping and sprinting actions. Following this, the
application of using individualized and optimized mechanical characteristics to enhance
physical performance and reduce risk of injury are investigated. Then, understanding the
links between mechanical characteristics and the specific training programmes required
to enhance jump and sprint performance is discussed. Finally, a summary of the main

aims of the thesis and content for subsequent chapters is provided.

Background

Movement tasks such as maximal jumping and sprinting actions are underpinned
by the mechanical characteristics of the human body, specifically, force, velocity, and
power (66, 67, 235, 332). In sports biomechanics, quantifying the mechanical variables
that govern human movement tasks provides vital information on the current state of the
neuromuscular system. Furthermore, understanding how mechanical variables interact
with each other to optimize physical performance is of interest to sport performance
coaches as it can provide a roadmap to improve neuromuscular output in both training
and competition, thereby improving physical performance. One method to quantify the
relationship between force and velocity in multi-joint actions is the concept of F-v

profiling.

Compared to other strength diagnostic assessments such as 1-repetition maximum

(1RM) testing or standardized fitness test batteries, which are typically a ‘one-size-fits-



all’ approach, F-v profiling has greater potential benefits to practitioners and athletes, one
of which 1is the ability to individualize training interventions based on mechanical
characteristics (242, 283, 286). Existing literature using the SAM methodology suggests
the mechanical variables obtained using the ‘simple’ field method approach is valid and
reliable (283, 286). However, at the time of beginning this thesis (Jan 2018), research
studies were limited to theoretical and conceptual literature and few cross-sectional and
interventional studies (173, 235, 237, 284, 287, 288) performed by a small group of

researchers and therefore greater exploration of methodology was warranted.

Macroscopic Approach to Force-velocity profiling

Evaluating mechanical variables in functional tasks is often limited to laboratory
settings utilizing expensive technology such as in-ground force plates (173, 252, 254),
three-dimensional motion capture (232, 307) and other ergometers, however access to
this technology can be restrictive to the practitioner. Therefore, simple ‘field methods’
using a macroscopic biomechanical model and inverse dynamics approach has been
proposed by Samozino et al. (283, 286), i.e., the ’SAM method’. Essentially, the SAM
method brings the laboratory to the field, thereby allowing practitioners including
strength and conditioning coaches and sport scientists to quantify the mechanical
characteristics of jumping and sprinting performance using only basic body measures
including body mass, standing stature, lower-limb length, jump height and velocity-time
(or position-time data). This type of macroscopic approach is possible using inverse
dynamics, which describes the process of the mechanical output, i.e., the performance,
being used in biomechanical modelling to indirectly estimate the underlying mechanical
properties (i.e., forces) which produced the performance (51). Jumping and sprinting
assessments, which are included in typical test batteries in team sports (333), include
testing jump height and sprint time as the performance outcomes. However, the outcome

only provides information about ‘what’ happened in the test, whereas the vertical (jump)



and horizontal (sprint) F-v profile potentially provides more insightful information about
‘how’ the performance was produced, thereby identifying the mechanical characteristics,
often referred to in the literature as ‘determinants’ of performance (150). Therefore,
compared with traditional fitness tests or resistance training methods where strength is
typically the dominant factor considered to improving performance (319), the use of F-v
profiles to provide data-driven decisions which inform interventions to optimize (304)
and individualize (195) training to enhance performance on the field, court or track is of

interest to sport practitioners.

Validity and Reliability

Determining the test-retest reliability and agreement between novel quantitative
assessment techniques is essential to ensure mechanical variables are reproducible and
valid against technology rated as the ‘gold standard’ (152). This is of greater importance
in an elite sporting environment where error in data collection may mask a positive
change in performance, when in fact the change is less than the smallest worthwhile
change or minimal detectable change (116, 153). Due to the macroscopic approach of
field-based F-v profiling methodology (283, 286), most F-v variables are indirect
measures of mechanical output and require differentiation from existing variables. For
example, the vertical F-v profile uses an indirect measure of jump height (i.e., arial time)
and center of mass displacement values to estimate vertical ground reaction force (GRF),
whereas during the sprint action, the horizontal component of the total ground reaction
force is derived from position-time or velocity-time data and anthropometric and
environmental variables. Two previous validation studies (129, 176) focussed on jumping
using the SAM method, identified acceptable levels of mean bias for force, velocity and
power (<3.0%) and strong associations (r > 0.96) between methods, with similar levels
of validity (mean bias < 5.0%) and reliability (CV <4.0%, SEM = -3.9-4.0%), reported

for studies using SAM methodology to determine sprint mechanical characteristics (246,



266). It was noted during these studies that linear position transducers and accelerometer
provide greater understanding of overall kinetic-patterns, yet the SAM method provides
strong reliability and greater ease of processing time. Despite these findings, research
studies challenging the utility, validity and reliability of F-v profiling and key variables
have also been identified (29, 199, 200, 336). Several of the opponents to the SAM
methodology identified measurement method of the F-v profile altered the characteristics
of the F-v slope. Therefore, the subsequent training prescription may differ for the same
athlete depending on how the data was collected. Furthermore, this highlights the need
for pilot studies (268) and validation studies (129, 176, 246, 266) against laboratory grade

technology before attempting to use new field-based equipment for mechanical profiling.

Mechanical Characteristics

Quantifying the biomechanical determinants of jump and sprint performance of
athletes within a specific sport can provide insight to coaches about the mechanical
characteristics required on the court, field or track. In many field-based sports, global
positioning systems provide time-motion analysis (79, 118, 209) about the physical
actions which occur throughout the game (i.e., jog, sprint, walk, change direction),
however the biomechanical characteristics contributing to movement patterns across the
field (or court) are often not assessed and therefore the mechanical determinants of
physical performance remain unknown. Previous cross-sectional studies using the SAM
method to quantify mechanical characteristics in team and individual sports such as rugby
league, soccer, ballet, and sprinting (74, 105, 170, 315) have highlighted the utility of
improving our understanding of performance outcomes through analysis of the kinetics
and kinematics of performance. Specifically, by analyzing how athletes produce force
and power across a range of movement velocities during jumping and sprinting actions,
coaches can begin to develop a set of benchmarks or priori values which athletes of

different ability levels should be a targeting to improve overall performance.



Furthermore, cross-sectional analysis of mechanical characteristics has enhanced
understanding of an individual’s potential neuromuscular function and limits by
identifying mechanical strengths, weaknesses and imbalances (242). In a sporting
context, this information may be useful for strength and conditioning coaches when
developing individualized training interventions or physical preparation strategies, plus

providing baseline data of athletes at different performance levels within the same sport.

Individualization of Training

It is largely accepted within sport science and physical preparation, athletes of
different ages, ability, sporting background and performance, should undertake different
forms of training. This adheres to the training principle of individualization (32), which
describes how coaches must make considerations for an athlete’s individual
characteristics (i.e., skill, physiology, biomechanics), when planning training sessions. A
failure of many training programmes is to use the session design from higher performance
levels (i.e., elite) with novice or youth athletes, potentially placing them at risk of injury.
Existing literature suggests mechanical differences exist in jumping and sprinting actions
when comparing sports and performances levels (174), with players from professional or
elite levels within the sport displaying superior F-v characteristics and associated
mechanical variables. Similar observations have been made when comparing mechanical
characteristics between youth academy athletes (99, 104), along with athletes at different
stages of maturation such as pre or post peak height velocity (112), however this
population group appears under researched. Additionally, when comparing similar
mechanical characteristics between vertical and horizontal F-v profiles, it has been
suggested that the transfer of characteristics between actions, i.e., jump characteristics
associated with sprint characteristics, is higher for athletes of lower ability levels (174).

Despite these findings, conjecture remains regarding the nuances of training in response



to F-v data, however mechanical profiling appears to provide greater opportunities to

individualize and differentiate training based on current neuromuscular output.

Targeted Training and Performance

Research examining mechanical characteristics within the sporting context suggests
mechanical profiling is potentially a more insightful neuromuscular assessment than other
outcome based approaches (i.e., team sport fitness batteries)(249) and one which can
inform short and long-term training interventions. Once mechanical strengths,
weaknesses and imbalances have been quantified, individualized training programmes
based on the F-v (and load-velocity) relationship can be developed which target specific
aspects of the F-v continuum, rather than using a ‘one-size fits all’ approach. This type of
approach to training has often attempted to reduce the F-v imbalance and direct
mechanical characteristics to the ‘optimal’ F-v profile (175). Despite previous research
(66, 164, 218, 301) focussing on the power-load relationship to design training
programmes, the SAM method has focussed on making inter-athlete comparisons,
independently of maximal power capabilities, thereby identifying whether the athlete’s
F-v profile is more force oriented (i.e., strength) or velocity oriented (i.e., speed)
compared to their peers or baseline values specific to the sport (or position within the
sport)(242). If an athlete has a force-oriented F-v profile it suggests the slope of the profile
is steep where force is the dominant variable contributing to external maximal power
expression yet may also highlight velocity is a weakness. And vice versa, an athlete with
a velocity-oriented F-v profile displays a ‘flatter’ F-v profile where velocity is the
dominant variable contributing to external maximal power expression, potentially
highlighting the force component as a weakness. The slope of the F-v profile has been
suggested to act as a ‘roadmap’ of which exercises, and training interventions should be
included in an athlete’s training programme (150). Given the importance of physical

preparation in team and individual sports, greater interventional research studies using



mechanical characteristics to direct training strategies would therefore be useful to

practitioners to understand the sensitivity of the F-v profile to training stimuli.

Monitoring Performance

Training load monitoring within a sporting context is typically used to assess the
physical work the athlete completes during a training session or game (i.e., external load)
and the athlete’s within-training response to the specific training or game (i.e., internal
load) (71, 158). From a biomechanical perspective, monitoring of performance largely
focusses on assessing mechanical characteristics, for example jumping and sprinting
actions, to better understand the response to specific forms of training. Although quite
limited in its application within a mechanical profiling context, monitoring mechanical
characteristics such as force, velocity and power has been used to assess how athletes’
respond to a particular training stimulus (i.e., resisted or assisted sprint training)(195).
Furthermore, other literature within the field has also explored monitoring mechanical
characteristics with reference to detecting levels of fatigue, injury risks and return to play
protocols post injury. These studies have highlighted acute changes to mechanical
characteristics (i.e., reduced horizontal force production) via repeated sprint training
could potentially be used as a ’red flag’ for higher risk of injury occurring (98, 169).
Once sustaining an injury, research has suggested pre-injury mechanical characteristics
could be used as baseline variables to monitor when the athlete has progressed to full
performance and overcome the injury, at least from a mechanical perspective (223).
Further exploring a monitoring approach to mechanical characteristics using data-driven
short and long-term training interventions should therefore be considered useful. This
would allow practitioners to examine the effectiveness of training, the impact of
competition across different phases of the season and to establish relationships between

characteristics and performance outcomes at key periods.



Training Recommendations and Guidelines

Training programmes within a sporting context are generally based on traditional
training principles including progressive overload, specificity, volume and intensity (32).
Furthermore, strength and conditioning coaches often use periodisation models to
prescribe specific types of training at different time points of the competitive sport season
(31). Despite these approaches, F-v profiling using either an individualized or optimized
approach to mechanical characteristics requires a different approach to training due to the
necessity to prescribe training based on individual F-v requirements. Many of the cross-
sectional and short-term interventional F-v studies often highlight training methods or
specific exercises which could be used enhance specific mechanical characteristics
evident in vertical or horizontal F-v profile yet there are limited applied journal articles
explaining in detail how to address this. Previous research have attempted to prescribe
training (10-weeks) based on the F-v profile and found limited group differences despite
targeted training towards or away from their theoretical F-v slope (200), yet conjecture
has also been raised about the overall strength and conditioning programme used in this
study (290), compared with similar research studies who found positive changes using

this methodology (304).

Therefore, it is essential practitioners understand the links between the data and
applied practice through specific training recommendations, guidelines, and programmes

to make actionable decisions from F-v profiling assessments.

From a strength and conditioning perspective, F-v profiling therefore quantifies the
F-v conditions under which maximal power expression occurs, which when maximized,
enhances mechanical F-v characteristics and neuromuscular output, thereby improving
jump and sprint performance, a key performance indicator in many team and individual
sports (73). It is therefore essential to determine the utility of the SAM method across

various sports and population groups to understand the effectiveness of using
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individualized training interventions to enhance jump and sprint mechanical
characteristics. Furthermore, once quantified, determining the most appropriate approach
to enhance mechanical characteristics via physical preparation strategies is also a current

limitation of the methodology.

Aims
This thesis is based on a series of studies that were conducted with the aim of
improving the practitioners understanding of the application and utility of mechanical
profiling to improve physical performance in jumping and sprinting actions across a range

of different cohorts.

Specifically, the objectives of the thesis were to examine the reliability and validity
of using field method(s) to determine F-v profiles. Furthermore, cross-sectional analysis
explored the application of using profiling methods to differentiate between sex and
positional demands in team sport, while also analysing whether mechanical
characteristics transfer between force-vectors. Additionally, an interventional study
investigated adaptations to F-v characteristics in response to a combined sprint training
intervention, whereas a longitudinal case study explored and monitored changes to sprint
mechanical characteristics in response to training and competition across a track and field
season. Finally, two applied practice chapters concluded the thesis to draw the
information together and provide training direction, recommendations and guidelines to
effectively use mechanical profiling to inform training design and programming. The

specific aims of the thesis were to:

1. Review existing literature related to the F-v relationship and F-v profiles
established using field methods in jumping and sprinting actions.
2. Determine the reliability and validity of using field methods to determine F-v

profiles and characteristics.



3. Cross-sectionally explore differences in the mechanical characteristics from
F-v profiles between different sporting populations.

4. Investigate the influence of short-term and long-term training interventions on
the F-v profile.

5. Determine strategies to categorize and individualize training interventions to

optimize F-v characteristics and improve physical performance.

Outline of the Thesis

The overarching aims of this research were achieved by conducting a series of
quantitative studies and reviews which are described in each of the subsequent chapters
(Figure 1.1). It is worth noting that the timing of this research was sometimes affected by
the COVID-19 global pandemic which impacted various studies due to availability of
participants due to government imposed lockdowns, however reasonable outcomes were

still observed.

In Chapter 2, a narrative literature review was conducted to critically appraise the
literature concerning field methods to determine F-v profiles in jumping and sprinting
actions using a macroscopic inverse dynamics approach. Chapter 3 presents Study 1, a
validation study focussed on Samozino’s method to determine vertical F-v profiles via
countermovement jumps at various loading conditions and its agreement with force plate
technology. Chapter 4 presents Study 2, which used an observational cross-sectional
analysis to determine the positional and sex-specific associations between the vertical F-
v profile in club-level field hockey players. Chapter 5 presents Study 3, a further
observational cross-sectional analysis exploring the mechanical relationships between
vertical and horizontal F-v profiles in field hockey athletes. Participants in both Chapter
4 and Chapter 5 were originally recruited for a 16-week interventional study, however

due to the onset of COVID-19 (March 2020), these studies were concluded at
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approximately the halfway point of the study due to South Australian government

lockdowns. Therefore, only cross-sectional data could be utilized.

Study 4 (Chapter 6) investigated the influence of a 7-week combined sprint training
intervention (i.e., assisted and maximal sprint training) on the sprint F-v profile in junior
Australian football players. Study 5 (Chapter 7) is a case-study which longitudinally
analysed changes to the sprint F-v profile and performance across a training year in two
national level sprint athletes. Chapter 8 and Chapter 9 provide practical training-related
recommendations and guidelines to further analyse F-v data using a categorization system
to individualize training prescription, plus provide suggested training interventions and
programmes to improve sprint performance in team and individual sport athletes. The
final chapter (Chapter 10) provides a summary of the program of research, including

theoretical and practical implications and explores new avenues for future research.

All chapters in this thesis are formatted as manuscripts for publication. Chapters

which have been published are listed below.

. Chapter 3: Journal of Strength and Conditioning Research

. Chapter 4: Journal of Sport Science and Medicine

. Chapter 5: International Journal of Strength and Conditioning

. Chapter 6: PeerJ

. Chapter 7: International Journal of Environmental Research and Public Health
. Chapter 8: Strength and Conditioning Journal

. Chapter 9: Strength and Conditioning Journal

Due to similar methodology used across studies, there is some repetition of
information in various sections of each chapter as they have been written specifically for

publication.
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PRELUDE

Sports practitioners have recently shown greater interest in using ‘field” methods to
obtain mechanical F-v characteristics in jump and sprint actions. Previously, mechanical
characteristics which could be used to inform training and physical preparation strategies
were only available in a laboratory setting using expensive technology, however a
macroscopic approach using inverse dynamics has made it possible to ‘bring the laboratory
to the field” and provide insight to neuromuscular performance and mechanical output. The
purpose of the following narrative review was to critically appraise the utility of using
mechanical profiling to guide training interventions to improve performance. This review
identifies gaps and limitations in the current literature, which in turn sets the foundation

and guides the research within this thesis.
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CHAPTER 2

Exploring a macroscopic approach to force-velocity profiling in jumping and

sprinting actions: A narrative review
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Abstract

Assessing, evaluating and improving neuromuscular output in functional human
movement tasks such as jumping, and sprinting is typically considered beneficial to sport
performance. To achieve this, an assessment known as Force-velocity (F-v) profiling
assists practitioners to explain the underpinning neuromuscular and biomechanical
mechanisms of the performance. The aim of this review was to critically appraise the
literature concerning Samozino’s simple field methods, hereinafter referred as the 'SAM
method’, to determine F-v profiles in jumping and sprinting actions using a macroscopic
field based approach. In addition, we aim to (a) explore the biomechanical models for
determining jumping and sprinting F-v profiles using inverse dynamics, (b) analyse the
reliability and validity of jump and sprint F-v profiling methodology, (c) explore the
concept of optimizing and individualizing the F-v profile, and (d) the utility of using
profiling to inform training interventions to enhance sport performance. When profiling
athletes in jumping or sprinting actions, we recommend practitioners use strict, validated
methods to ensure correct data is being used in the SAM methods. Reliability concerns
with the SAM method(s) should be addressed by practitioners performing their own pilot
studies, along with ensuring sufficient familiarization time for participants prior to the F-v
assessment. Individualizing and optimizing the F-v profiling in jumping and sprinting has
identified the sensitivity of the F-v profile to respond to specific training interventions
while also identifying training improvements greater than control groups. Furthermore,
across many individual and team sports, the effectiveness of F-v profiling is highlighted by
the ability to distinguish between age, ability level, field position and performance, along
with identifying potential risk of injury and monitoring return to performance. Finally, we
provide some recommendations about effectively implementing the SAM method of F-v

profiling in the team and individual sport environment.
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Introduction

Force, velocity, and power are the underpinning neuromuscular qualities which
influence how high someone can jump and how fast someone can run (66, 67, 235, 332).
During individual and team sports such as track and field, rugby, basketball and
volleyball, the ability to rapidly accelerate one’s bodymass in either the vertical or
horizontal direction is often a determining factor in performance (242). From a
biomechanical standpoint, to improve an athlete’s performance in functional tasks, first
the mechanical qualities contributing to performance must be quantified. Once the
contributing mechanical qualities are evaluated, it is possible to then determine any
potential strengths or weaknesses, plus analyse the interaction between mechanical
qualities in reference to the performance outcome. One approach to determine the linear
relationship between force and velocity qualities is the concept of F-v profiling. F-v
profiling is a neuromuscular assessment tool aimed at quantifying mechanical variables
in maximal effort movement tasks. For practitioners working with athletes, this
information can potentially allow for greater insight into the mechanical imbalances or
deficiencies evident in movement tasks, thereby providing a window of opportunity to

individualize training interventions and improve physical performance.

Evaluating mechanical variables in functional tasks is often limited to laboratory
settings utilizing expensive technology such as in-ground force plates (173, 252, 254),
three-dimensional motion capture (232, 307) and other ergometers, however access to
this technology can be restrictive to the practitioner. Therefore, simple ‘field methods’
using a macroscopic biomechanical model and inverse dynamics approach has been
proposed by Samozino et al. (283, 286), hereinafter referred as the ’SAM method’.
Inverse dynamics describes the process of the mechanical output, i.e., the performance,
being used in biomechanical modelling to indirectly estimate the underlying mechanical

properties (i.e., forces) which produced the performance (51). In jumping and sprinting
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assessments, which are included in typical test batteries in team sports (333), jump height
and sprint time are the performance outcomes. However, the outcome only provides
information about ‘what’ happened in the test, whereas the F-v profile provides
information about ‘how’ the performance was produced, thereby identifying the
mechanical characteristics of performance (150). Therefore, compared with traditional
fitness tests or resistance training methods where strength is generally the dominant factor
considered to be driving performance (319), the use of the SAM method to determine F-
v profiles, can provide data about how training interventions can be optimized (304) and
individualized (195) to enhance performance on the pitch, court or track, which is of

interest to sport practitioners, specifically those working in the ‘field’.

Therefore, the primary aim of this review is to investigate the application of using
the SAM method(s) of F-v profiling to determine mechanical characteristics and improve
physical performance in jumping and sprinting actions. Secondary aims include: (a)
exploring the F-v relationship and biomechanical models used in the SAM method(s) for
determining vertical and horizontal F-v profiles, (b) analyse the reliability and validity of
vertical and horizontal profiling F-v methodology, (c) explore the concept of optimizing
and individualizing the F-v profile, and (d) the utility of using profiling to inform training

interventions to enhance sport performance.

Background

The mechanical determinants governing muscle function provide vital information
about the neuromuscular limits of the human body. Seminal studies pioneered by Hill
(151), focused on the in vitro studies of muscle function in amphibians (151) which
determined the classical hyperbolic F-v relationship. Studies on skeletal muscle formed the
theory that an increase in velocity resulted in a decrease in the magnitude of work

performed and force produced (111, 117). This theory was recognised in the classical
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graphical representation of the F-v relationship (Figure 2.1). The ability to understand the
relationship between contractile velocity, work, energy and magnitude of force, provided
future thought and insight into the muscle’s organisation and structure, and therefore

potential capabilities (117).

However, as research progressed to in vivo studies on single joint actions (327, 328)
and then multi-joint actions such as jumping and sprinting, the F-v relationship of these
multi-joint actions was shown to be linear or quasi-linear (30, 162). Researchers concluded
the F-v relationship differed when in vivo due to various joints integrating and combining
to produce force, and muscle coordination being underpinned by neural mechanisms and

segmental dynamics of the limbs (30).

MAX

Velocity
(m.s)

Force (N)

Figure 2.1. Classic hyperbolic force-velocity relationship as proposed by A. V. Hill.
(Vmax = maximal velocity, FMax = maximal force)(151).

F-v profiling methodology has been used to assess maximal muscle functions in
various functional tasks such as cycling, bench press and leg extensions (78, 94, 95, 110,

162, 235, 266, 267, 286, 358, 366), which offers insight to the current state and capacity of
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the neuromuscular system. However, this review will primarily focus only on the
application of F-v profiling using the SAM method in vertical jump (283) and sprinting
actions (286). The key mechanical variables obtained from vertical (i.e., jumping) and
horizontal (i.e., sprinting) F-v profiles include theoretical maximal force (Fo), theoretical
maximal velocity (vo) and theoretical maximal power (Pmax). Theoretical maximal force
(Fo) and theoretical maximal velocity (vo) are the intercepts of the inverse linear F-v
relationship, while theoretical maximal power (Pmax) represents the apex of the parabolic
relationship between power and velocity (Figure 2.2). Despite theoretical maximal power
representing the product of theoretical maximal force and theoretical maximal velocity,
force and velocity qualities have been suggested to be independent of each other, thereby
requiring different training interventions to improve each mechanical quality (359).
Furthermore, independent mechanical qualities remain a quasi-reflection of the intrinsic
properties of the neuromuscular, osteo-articular systems of the body (360) and the

segmental dynamics of the upper and lower limbs (30, 232).
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Figure 2.2. An example of the linear force-velocity relationship and parabolic
power-velocity relationship derived from a series of countermovement jumps against
incremental external loads. (Fo = theoretical maximal force, Pmax = theoretical
maximal external power, vo = theoretical maximal velocity).
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To determine mechanical characteristics, the SAM method uses simple inputs in
the biomechanical model such as anthropometric data, centre of mass displacement, jump
height and position-time or velocity-time data. These inputs can be collected by the coach
with limited technology, such as a smartphone (12, 274), to determine the key mechanical
data necessary to analyse the performance. Therefore, essentially bringing the laboratory
into the real-world sport setting such as the track, court or field. In jumping tasks, the
vertical F-v profile is determined by performing squat jumps or countermovement jumps
in a smith machine (176) or free-weight equivalent (i.e., barbell, hexbar)(149) against a
series of external loads (i.e., 2-9 loads)(113, 121, 261) which span the F-v continuum (1)
and assessing the jump height against each load. Whereas, the horizontal F-v profile is
determined by performing a maximal 20-40m sprint effort, with position-time data
collected with timing gates (145, 338) or global positioning systems (192, 239), or
velocity-time data collected via radar (248), optical laser (125) or a motorized pulley device
(339). This information can then be processed in custom-made Microsoft Excel
spreadsheets (243, 244) which derive all F-v variables for further analysis and establishes

the linear F-v relationship.

Despite being regarded as ‘simple’ methods in reference to gold standard
technology such as in-ground force plate systems (176, 252), the SAM method has been
reported to be valid and reliable, however some research has questioned the intra and inter-
session reliability of the F-v measures. Samozino et al. (283) and Jimenez et al. (176) both
reported high reliability (ICC>0.98, CV <1.0%) and low mean bias (<2.88%) in squat
jumps and countermovement jumps respectively, when compared to force plate
technology. Furthermore, research on the agreement between force plate technology in
sprinting compared to the SAM method has shown strong agreement of inter-trial reliability

(SEM = 2.36%) and low absolute mean bias (4.08%) via two methods of over-ground
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sprinting on in-ground force plates over 40-60m (246, 266). To ensure accuracy of
mechanical characteristics from simple inputs, further exploration of the biomechanical
models used in the SAM method(s) to determine vertical and horizontal profiles is

warranted.

Force-velocity profile — Biomechanical models

Vertical force-velocity profile (Jump F-v profile)

The macroscopic biomechanical model used in the SAM method to determine
vertical F-v profiles explores the relationship between the power output produced by the
lower limbs in vertical jump actions and the mechanical characteristics which influence
the outcome, i.e., force and velocity (283). The biomechanics of ballistic actions such as
jumping have been the focus of sport scientists for almost 50 years, where the aim was to
determine how the neuromuscular characteristics such as power influence jump
performance (81, 82). Vertical jump assessment is arguably the most used action to
evaluable the mechanical characteristics of the lower limbs due to the simplicity of the
test plus the strong relationship which is evident with external maximal power (137).
However, measuring force and velocity often requires expensive instruments in a
laboratory setting (82) and therefore a need to determine mechanical characteristics ‘for
the field’ is desirable for sport practitioners. Various field tests which indirectly quantify
power in the lower limbs have been explored by Sargeant et al. (294) and Margaria et al.
(213) and Bosco (83). Bosco highlighted a strong relationship (r = 0.95) and high
reliability for evaluating mean mechanical power during explosive stretch-shortening
exercises using contact time and flight time (34), however the characteristics could not
describe actions such as the squat jump or countermovement jump which are commonly
used in sport science, nor describe neuromuscular characteristics of the entire F-v

continuum (1).
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Based on experimental equations which showed maximal power output was highly
dependent on the height achieved in the vertical jump and bodymass (137, 197, 198),
Samozino’s et al. (283) model uses the three simple parameters, i.e., bodymass, jump
height and push-off distance, to determine mechanical variables using a macroscopic
model based on the fundamental principles of dynamics applied to the body center of
mass. Jump height is be determined from flight time (i.e., time in the air between take-off
and landing), using Newton’s Laws of motion, a method initially proposed by Asmussen
and Bonde-Petersen (6). Furthermore, by analyzing the potential and kinetic energy at
different time points of the movement, plus the flight time of the jump, it is possible to
determine mean values for force, velocity and power produced by the lower limbs during
the vertical jump action. Definitions and practical description of vertical F-v variables are
listed in Table 2.1. A detailed explanation of the biomechanical model underpinning the

SAM method is highlighted in Equations 1-8.

For all maximal effort vertical jump actions, whether against bodymass and gravity
or an external load, and assuming the take-off and landing position during the jump action
is the same, i.e., plantar flexed toes, jump height can be determined from arial time (Ta)

as outlined in Equation 1 (6):

h=2gT} [Eq 1]

* g = gravitational acceleration

Then, from Equation 1, vertical take-off velocity can be expressed as a function of

jump height:

vro = V2gh [Eq 2]
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Table 2.1. Definitions and practical description of vertical force-velocity variables

Variable Abbreviation Practical Interpretation
Theoretical maximal vertical force . . . . L .
(intercept) production extrapolated from  Absolute Fo (N) Maximal concentric force output in the vertical direction per unit

the linear loaded countermovement
jumps F-v relationship

Theoretical maximal movement velocity
(intercept) extrapolated from the linear
loaded countermovement jumps F-v
relationship

Maximal mechanical external power
output in the vertical direction (Pmax =
Fo x vo/4)

Slope of the force-velocity relationship

Jump height

Flight time

Relative Fo (N.kg™")

vo(m.s)

Absolute Pyax (W)
Relative Pyax (W.kg™)

Absolute Spy (N.s.m™)
Relative Spy (N.s.mL.kg™)

JH (m)

FT (sec)

of body mass. Describes the athlete’s force capability to project
the centre of mass in the vertical direction.

Maximal movement velocity in the vertical direction during the
countermovement jump. Describes the athlete’s ability to
produce force at high velocities in the vertical direction.

Maximal external power-output capability during the concentric
action of the countermovement jump per unit of body mass.

Index of an athlete’s individual balance between force and
velocity capabilities. The more negative the value, and steeper
the F-v slope, the more force-dominant the athlete is.

The maximal centre of mass displacement achieved during the
flight phase of the countermovement jump.

ArialArialtime of the athlete between ‘take-off” until ‘landing’
in the countermovement jump
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With the final expression of mean velocity across the propulsive phase described

as:

v=v_ [Eq 3]

* g = gravitational acceleration (-9.81m.s?), h = jump height

During a maximal countermovement jump when the center of mass is at its lowest
point prior to beginning the upward propulsive phase (in a squat jump, this is the starting
point), the lower limbs perform mechanical work to elevate the body center of mass from
its lowest position to the maximal vertical height attainable. At the transfer point from
negative (i.e., body moving downwards) to positive acceleration (i.e., body moving
upwards), when velocity is zero, the total work performed (Wrt) equals the potential-

energy change between the two positions.

Wr=mg(hpo + h + hy) — mghs [Eq 4]

Wr=mg(hpo + h) [Eq 5]

*hpo = height of push-off, hs = starting height, h = jump height, m = bodymass, g =

gravitational acceleration (-9.81m.s2)

From Equation 5, the work performed during lower limb extension is equal to the
product of /,, and mean vertical force, therefore this can be described by the following

equation:

_Wr
hpo

F [Eq 6]

* W= total work performed, /,, = height of push-off
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Equations 5 and 6 can then be used to create Equation 7 and determine mean force

in the propulsive phase:

F=mg (% + 1) [Eq 7]

* m = bodymass, g = gravitational acceleration (-9.81m.s), h = jump height, /,, = height of

push-off

Mean power produced during the propulsive phase of the vertical jump can then

be expressed as the product of force (Equation 7) and velocity (Equation 3):

P=mg(i+ 1) Ve [Eq 8]

hypo

* m = bodymass, g = gravitational acceleration (-9.81m.s2), h = jump height, /,, = height of

push-off

Since the height of push-off (%,.) is key to determining mean force and power it is
critical to ensure accuracy of this measurement. To limit variability in eccentric
displacement when performing a maximal countermovement jump, recent literature has
recommended using an external constraint such as a band or box to control for squat depth
(i.e., /1po), and ensure the height of push-oft is reliable between all external loads (149,
160, 161). Failure to establish a consistent push-off distance will likely result in
significant errors in the biomechanical model. The squat jump has a fixed starting point
due to solely focussing on the concentric phase of the jump action. Further details on

equations 1-8 are explained in recent literature (281, 283).
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Horizontal force-velocity profile (sprint F-v profile)

The macroscopic biomechanical model to determine horizontal F-v profiles is based
on quantifying the F-v and power-velocity (P-v) relationships contributing to maximal
effort sprint accelerations (286). The F-v and P-v relationship describe the change in an
individual’s horizontal force and power production as running velocity increases. Seminal
research on the mechanical variables in running and cycling, specifically force, velocity
and power, were explored by Furusawa et al. (117), Cavagna et al. (39) and Best and
Partridge (20), which showed that applying an external resistance to a muscular
movement results in proportionally reduced movement velocity. As research progressed,
it was possible to quantify mechanical sprint variables via instrumented treadmills (127,
128, 235, 236, 245), (i.e., dynamometers and direct measure of ground reaction forces),
where a key finding showed that orientation of the total force applied to the ground during
sprint acceleration was of greater importance to sprint performance than the magnitude
of total force (236). However, the obvious limitations to this approach were the analyses
occurred in the laboratory with expensive equipment and did not replicate the true
terrestrial demands of sport. Therefore, sprint profiling focussed on over-ground sprinting
using a macroscopic biomechanical model was developed, described as a ‘simple’
method, to determine sprint mechanical characteristics. This model first appears in the
literature from Cavagna et al. (39), Rabita et al. (266) and Samozino et al, (286) based
on initial studies and proposal by di Prampero (88), Arsac and Locatelli (5) and Ingen
Schenau et al (341). Using an inverse dynamics approach and recording an individual’s
horizontal center of mass velocity over time during a sprint acceleration (i.e., using radar,
optical laser), the model can determine the step-averaged force and power production in
the anterior-posterior direction, see equations (1-8) below. Definitions and practical

description of horizontal F-v variables are listed in Table 2.2.
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Table 2.2. Definitions and practical description of horizontal force-velocity variables

Variable

Abbreviation

Practical Interpretation

Theoretical maximal horizontal force
production, extrapolated from the linear
sprint F-v relationship.

Theoretical maximal running velocity,
extrapolated from the linear sprint F-V
relationship.

Maximal mechanical power output in the
horizontal direction (Pmax = Fo x vo/4)

Slope of the force-velocity relationship

Maximal ratio of force (RF), computed as
ratio of step-averaged horizontal
component of the ground reaction force
to the corresponding resultant force (for
sprint times >0.3 sec).

Rate of decrease in RF with increasing
speed during sprint acceleration,
computed as the slope of the linear RF-V
relationship.

Absolute Fo (N)
Relative Fo (N.kg™)

vo(m.s!)

Absolute Pyax (W)

Relative Pyax (W.kg™")

Absolute Spy (N.s.m™")
Relative Spy (N.s.m™ kg™

RFmax (%)

Drr (% per m.s™)

Maximal force output (per unit body mass) in the horizontal
direction. Initial “push"” of the athlete into the ground during
sprint acceleration.

Maximal sprint velocity in the horizontal direction, should
mechanical resistances be null. Describes the athlete’s ability to
produce force at high velocities in the horizontal direction.

Maximal power-output capability of the athlete in the horizontal
direction (per unit body mass) during sprint acceleration.

Index of an athlete’s individual balance between force and
velocity capabilities. The more negative the value, and steeper
the F-v slope, the more force-dominant the athlete is.

Theoretical maximal effectiveness of force application.
Proportion of total force production that is directed in the
forward direction of motion at start of sprint.

Describes the athlete's capability to limit the inevitable decrease
in mechanical effectiveness with increasing speed.

27



When performing a maximal effort sprint acceleration, horizontal velocity increases
systematically and follows a mono-exponential function (89). Equations 1 and 2 identify
how vumar and T can be determined from velocity-time or position-time data respectively

using least square regression analysis (280).

via(t) = vamax . (1 — e~/7) [Eq 1]
x(t) = vimax . (t + 7.e7Y7) — vimax [Eq 2]

*y= horizontal velocity, vymax = maximum horizontal velocity, t = time, T = acceleration

time constant

Maximal horizontal velocity (vwmax) is achieved at the end of the sprint
acceleration, where 7 is the acceleration time constant. Upon integration and derivation
of vu(t) over time, the body’s center of mass position and acceleration as function of time

during the sprint acceleration can be expressed as follows:

vHmax —
An) = () et/ [Eq 3]
*ap= horizontal acceleration, t = time, T = acceleration time constant

Then, step-averaged horizontal ground reaction force (GRF) can be calculated
across the sprint effort from the horizontal acceleration of the individual’s center of

mas, along with their known bodymass.

Fy (t) =m.ay (t) + Faero (t) [Eq 4]

*Fp= horizontal force, m = bodymass, ar= horizontal acceleration, Faero= aerodynamic friction force, t

= time

28



The aerodynamic drag to overcome during sprinting is proportional to the square
of the velocity of air relative to the athlete, along with environmental factors including

temperature, barometric pressure, and wind velocity:

Faero (1) =k . (vur (t) — v)? [Eq 5]
K=05.p.Af. Cd [Eq 6]

Pb 273
P=po.—=0 T [Eq 7]
Af=(0.2025 . K075 m®¥3) 0,266 [Eq 8]

* Faero= aerodynamic friction force, v,~= wind velocity (if any), k = aerodynamic friction
coefficient (5), vy= horizontal velocity, p = air density, Af = frontal area of athlete, Cd = drag

coefficient (0.9), Pb = barometric pressure, T° = tempature (°C) , 4 = height, m = mass.

Moreover, power output in the antero-posterior direction (Pz) can then be calculated
as the product of horizontal force (Fy) and horizontal velocity (vz), modeled at each time
interval (i.e., 0.1 sec). By modeling the linear relationship between Fz and vy, we can
extrapolate the data to obtain the maximal intercept values of force, Fx0, and velocity,
vi0, at the corresponding axis. Furthermore, the power-velocity relationship can be
determined using a 2" order polynomial regression to the Py-vy relationship (266, 286),
where maximum power (Pymax) is visualized as the apex of the parabolic curve between

Fr0 and vy0 and calculated as:

FHO.vHO

- [Eq 9]

In this instance, power does not refer to the work performed in a time interval at a
single joint, rather maximal external horizontal power (Prmax) refers to mechanical work
associated with the step-averaged component of horizontal force, explained by the change
in mechanical kinetic energy of the body centre of mass in the horizontal direction
between steps. Work performed also accounts for environmental factors such as air
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resistance. With considerations in the model including standing stature, body mass and
an individual’s aerodynamic friction coefficient (5, 280), this approach to F-v profiling
has applications to the body center of mass through the fundamental laws of dynamics
only and does not represent nor quantify other mechanisms contributing to performance
such as running kinematics (i.e., stride length, stride frequency) or muscle function at the

microscopic level (i.e., fascicle length, motor unit recruitment).

The linear slope of the horizontal F-v relationship, Srv, can then be determined from

the intercepts of the F-v curve using the following formula:

—FHO
VvHO

[Eq 10]

By then applying the fundamental laws of dynamics in the vertical direction, it is
possible to calculate associated F-v variables. The mean net vertical component of GRF
(Fv) applied to the body COM over each step can then be modeled over time as equal to

the individual’s body weight (89).

Fv(t)y=m.g [Eq 12]

* Fv = net vertical component of GRF, t = time, m = bodymass, g = gravitational acceleration (-

9.81m.s?)

As highlighted in Table 2.2, the ratio of force (RF in %) can be calculated at each

time interval using the following equation:

FH
VF?

H+F}

RF = .100 [Eq 13]

Following this, we can then plot RF against vy with a linear regression, where the
slope of the relationship between variables corresponds to the decrement in ratio of forces

across the sprint effort as velocity increases, calculated from approximately 0.3 seconds
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(307) after overcoming inertia due to the initial aerial time for the foot to make contact

with the ground again and force application begins.

The current literature on horizontal F-v profiling suggests there are a variety of
methodologies to model the body centre of mass in the horizontal direction. Specifically,
the practitioner must collect velocity-time or position-time data to model the F-v
characteristics which has typically been performed using radar (84, 100, 235), optical
laser (98, 337, 339), portable robotic device (i.e., 1080Sprint™)(195), global positioning
systems (239), photocells and electronic timing gates (338), and smart phone applications
(125, 274) which utilize high-speed camera (i.e., 120-2401fps). Further details on the
biomechanical model for horizontal F-v profiling are addressed by Samozino (280). A
summary of the methodological approaches to determine field-based F-v profiles using

the SAM method are highlighted in Table 2.3.

Validity and Reliability

Determining the test-retest reliability and agreement between F-v profiling
methodology (vertical and horizontal) is essential to ensure mechanical variables are
reproducible and valid against technology rated as the ‘gold standard’. This is of greater
importance in an elite sporting environment where error in data collection may mask a
positive change in performance, when in fact the change is less than the smallest
worthwhile change or minimal detectable change (116, 153). Due to the macroscopic
approach of F-v profiling methodology, most F-v variables are indirect measures of
mechanical output and require differentiation from existing variables (see sections above
on biomechanical models). For example, the vertical F-v profile uses an indirect measure
of jump height (i.e., arial time) and center of mass displacement values to determine vertical
force, while horizontal force is derived from position-time or velocity-time data and

anthropometric and environmental variables.
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Table 2.3. Methodological details for determining field-based force-velocity variables.

Vertical force-velocity profile

Anthropometric details Kinematic details required Jump Types Loading Equipment Loading approach Typical loading Force-velocity variables Methods to calculate
required parameters (multiple obtained force-velocity profile
load/randomized order)
- Mass (kg) Flight time (determine jump - Squat Jump Constrained - 2-point method (distal - Bodymass (BM) -Fo(N.kg") Customized Microsoft
- Height (m) height) - Countermovement . Smith points) BM + 20% externally - vo(m.s™) Excel spreadsheet
- hp, (height of push-off; e  OptoJump Jump machine - Multiple-point method added mass relative to - Puax (Wkg™) - vjsim R Package
m) e  Smartphone Unconstrained (3-9 loads across the BM - Spv (N.s.m™)
- hg(height of CM in application with . Barbell force-velocity continuum, - BM + 40% externally - SFVorr
starting position; m) high-speed camera . Hexbar using the mean of 3 trials added mass relative to - FVivg (%)
[240fps] (i.e., e Weight-vest | ateachload) BM
MyJump App) - BM + 60% externally
Environmental details added mass relative to
required BM
Nil - BM + 80% externally
added mass relative to
BM
Horizontal force-velocity profile
Anthropometric details Kinematic details and Sprint Types Loading Surface Loading approach Typical loading Force-velocity variables Methods to calculate
required equipment required parameters obtained force-velocity profile

- Mass (kg)
- Height (m)

Environmental details
required

- Temperature (°C)
- Barometric pressure

(Hg)

Position-time data

Timing gates (Sm,
10m, 15m, 20m,
25m, 30m)

Global positioning
system unit (10Hz)
Smartphone
application with
high-speed camera
[2401ps] (i.e.,
MySprint)

Velocity-time data

Radar gun (36-
47Hz)

Optical Laser
(2.56Hz)
Portable robotic
device (i.e.,
1080Sprint™,
DynaSpeed)

Maximal effort sprinting
over 20-40 metres

- Indoor court
- Artificial turf
- Athletics track

Use the mean of multiple
sprint efforts over the
selected distance to
improve reliability

Timing gates, GPS,
smartphone application,
radar and laser
. Bodymass
Portable robotic device
. 0.5kg

-Fo(N.kg")

- vo(m.s™)

- PMAX (Wkg-l)
- Sy (N.SAm-l)
- RF (%)

- RFmax (%)

- Drr (%)

- Tau

- Vmax (Hl-S'l)

- Customized Microsoft
Excel spreadsheet
- Shorts R Package

*kg: kilogram, m: metre, C: Celsius, Hg: mercury, fps: frame per second, Hz: hertz, F: theoretical maximal force; vo: theoretical maximal velocity; Puax: theoretical maximal power; Sgy: force-velocity slope; Spvopr: optimal force-velocity

slope; FViug: force-velocity imbalance; RFyax: maximum ratio of forces; Dgr: decrement in ratio of forces; Tau: relative acceleration; Vyax: maximal horizontal velocity).
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In the seminal study regarding vertical F-v profiles, Samozino et al. (283) explored
the validity and reliability of the SAM method using force-plate technology. With
participants (n=11, physically active men) performing squat jumps in a smith machine,
acceptable levels of mean bias for force, velocity and power were observed (1.74-2.88%)
and almost perfect Pearson correlation coefficients (r > 0.96) were evident between
methods. Using similar methodology, Jimenez-Reyes et al. (176) (n=16, male sprinters and
jumpers) and Giroux et al. (129) (n=17, 11 sedentary participants / 6 elite athletes) also
reported acceptable mean bias values (-9.3-5.0%) for all mechanical variables, along with
high relative (ICC > 0.97) and absolute reliability (CV < 8.6%) values when comparing the
SAM method with force plates. A further study by Janicijevic et al. (161) (n=13, sport
science students) confirmed the results of previous studies showing comparable and higher
reliability than force plate values when performing squat jumps from a 90° fixed angle and
a preferred jumping angle, however for greater reliability, the authors noted recommended
a fixed start point for the squat jump (160). One study by Hicks et al. (149) (Chapter 3)
(n=21, active males) showed similar levels of absolute and relative reliability between the
SAM method and force plate technology when performing countermovement jumps with
free-weights (i.e., barbell, hexbar) however it was reported the SAM method overestimated
mean force (0.5-4.5%) and underestimated mean velocity (11.8-16.8%) and power (2.3-
7.8%) plus demonstrated fixed and proportional bias. Differences between constrained
(i.e., smith machine) and unconstrained (i.e., free-weight) loaded jumps when using the
SAM method were supported by Valenzuela et al. (336) (n=23, trained participants) and
Sarabon et al. (292) (n=30, youth high level sprinters) who both reported high variability
for key variables and poor between-day reliability. Variability in the height of push-off has
been raised as a concern in various studies (149, 160, 336) suggesting squat jumps in a
smith machine, where the vertical path of the bar is fixed, is likely the more appropriate

methodology when using the SAM method in the vertical orientation, along with ensuring
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distal loads close to the F-v intercepts are selected. Despite the aforementioned studies
highlighting mostly strong agreement between methodology and acceptable levels of
reliability it is also relevant to consider the sample size and cohorts used within each study.
Several key studies have low sample sizes (n < 25), while testing participants largely
consisted of recreational participants, suggesting the results and F-v characteristics would
likely differ if studies were conducted with athletic populations. Statistical power may also

not have been achieved with small sample sizes.

Concerning horizontal F-v profiling, the SAM method derives mechanical variables
using position-time or velocity-time data collected during the sprint effort, however initial
studies using the macroscopic method were validated against in-ground force-plate
technology. Based on the initial work of Cavagna et al. (39) and proposed by Rabita et al.
(266), using elite sprint athletes (range: 9.95-10.63 sec), Samozino et al. (286) validated
the SAM method by reconstructing the characteristics of a single virtual 40-meter sprint
using six force platforms laid in series, embedded in running track. By performing maximal
sprint efforts from 10-40 meters, and rearranging the start point of the sprint effort in
reference to the force plates, researchers collected 18-foot contacts and the corresponding
antero-posterior and vertical ground reaction force components plus F-v, power-velocity
and associated variables from direct force-plate measurements and indirect measurements
from the SAM method. A concurrent study using radar technology (46Hz) was used to
determine inter-trial reliability of the SAM method. Across mean force, velocity and power
in the horizontal direction, the mean bias between the SAM method and force plates varied
between 1.9-8.0%, with acceptable levels of reliability (CV <4.0%) and low standard error
of measurement (SEM = 4.94%) when using radar technology to collect velocity-time data
to compute F-v variables using the SAM method. One suggested limitation which should
be highlighted regarding this study is use of different participants to determine agreement

between methods (n=9, sprinters) and inter-trial reliability (n=6, sprinters) between trials.
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No data was provided regarding the level of athlete between experimental protocols. The
findings in this study were supported by a further validation study (246) using a newly
developed sprint track with 50-meters of force plates laid in series to collect direct ground
reaction force data across a single sprint effort, with velocity measured via a 100Hz laser.
The SAM method and embedded force plates showed strong agreement (mean bias 4.71%)
and high inter-trial reliability (CV = 0.4-3.6%, SEM = -3.9-4.0%), further identifying,
when implemented correctly, the utility of the method to determine mechanical sprint
variables. The methodological approach is therefore a key aspect of F-v profiling to ensure
reliable and valid data is attainable before using the information to inform coaching

practices such as designing training programmes.

To enhance the reliability of measurement using the SAM method along with the
validity when compared to gold standard technology, several suggestions have been made
to improve the understanding and application of F-v variables (290). Regarding the overall
approach to F-v profiling, all participants should be exposed to a rigorous familiarization
process (1-3 sessions) across a range of external loads and velocities (vertical) which will
be used within the testing session(s). Limting physical activity within 24-hours of the
testing session is also recommended to reduce the effects of residual physical fatigue prior
to testing. Furthermore, participants must be familiar with applying maximal intent to both
jumping and sprinting actions, along with having an understanding of the key technical
requirements of each test (i.e., height of push-off distance). Live feedback during the
testing session (i.e., jump height or sprint time) may also improve maximal intent during
testing. Specific to intervention studies, strength and conditioning programmes must be
designed explicitly to enhance one aspect of the F-v continuum which relies on the
practitioner using accurate sets, repetitions, and training intensities. Factors which may
reduce reliability or validity include number of familiarization sessions, training age,

choronological age, fatigue and injury history. If these are not accounted for it will be
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difficult to detect a ‘true change’ between-group and within-group when performing
interventional studies. Concerns regarding the reliability and validity of field-based F-v
profiling have largely focussed on several key areas: measurement methodology (199), (29,
336), the utility of variables to enhance mechanical characteristics via training (200),
representation of force-velocity characteristics (29) and inter and intra-day reliability of F-
v variables (336). The aforementioned studies highlight agreement between F-v variables
was limited when using different different measurement methods (CV: 14-30%), low-
between day reliability was evident (CV > 10%, ICC <0.70 for F-v variables) specifically
in unconstrained testing conditions (i.e., free weight exercises), plus non-siginificant
performance changes were identified when using mechanical profiling to target an athlete’s
optimal Spyv. Furthermore, Bobbert et al. (29) have challenged what the F-v profile

represents due to several mechanical assumptions within the biomechanical models.

Quantifying the force-velocity profile

Exploring the F-v profile to enhance mechanical characteristics in jumping and
sprinting actions requires knowledge of the mechanical strengths and weaknesses of the
athlete, also referred to in the literature as mechanical imbalances or deficiencies (242). It
has been highlighted in the F-v literature athletes may exhibit a force or velocity deficit
(242), which suggests a greater focus should be placed on either force or velocity qualities
to address the imbalance, yet also highlights their reliance on one end of the F-v continuum
to express maximal external power. This information is therefore useful for the coach to
provide an individualized approach to training strategies based on mechanical information,

rather than a ‘one-size fits all” approach.

Many of the initial studies using the SAM method to determine both vertical and
horizontal F-v characteristics were cross-sectional or observational studies, thereby only

identifying or quantifying the biomechanical determinants of performance. Despite only
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exploring a limited number of sports, mechanical profiling has been shown to differentiate
between playing position and level of the athlete within studies focussed on the National
Football League (NFL) (85), recreational, sub-elite, elite level sprinters and hurdlers (148,

314-316), plus elite and amateur field and court sport athletes (102, 103, 170, 298, 351).

Regarding NFL athletes, post-hoc analysis of 40-yard dash times from the annual
NFL draft combine identified specific mechanical characteristics at three key positions
(i.e., Skill player, Big Skill player, Linemen). Of those athletes selected early compared to
late in the NFL draft, Pmax in the horizontal direction appeared to be the differentiating
factor in performance (i.e., Linemen :18.3-23.7W kg™!; Big Skill: 22.8-24.6W kg!; Skill:
26.1-27.3W .kg!); Therefore, sprint mechanical characteristics of higher performing
players may also provide a pseudo-predictive function for coaching staff to select players.
Similarly, Jimenez-Reyes et al. (170) used sprint mechanical profiling to compare
mechanical characteristics and positional demands in amateur and elite Futsal and soccer
players. Interestingly, the study highlighted the F-v profile was sensitive enough to
differentiate between the indoor and outdoor format of the ‘soccer’ game, highlighting
higher levels of Fo (ES: 0.61) and lower vo (ES: -0.48) values for 1% division Futsal players
(Fo: 7.70N kg, vo: 9.01m.s™') when compared to the 1% division soccer players (Fo:
7.35N.kg!, vo: 9.25m.s!), thought to be caused by the larger number of accelerations over
shorter distances during this court-based game. Furthermore, a study by Cross et al. (74)
identified sprint mechanical and performance characteristics over 20-30m could
differentiate between rugby codes and the mechanical demands at each position in the
sport. Using a population of 30 elite rugby players (15 rugby union, 15 rugby league), it
was reported rugby union backs produced faster split times during early acceleration and
greater relative Fo and Pmax values compared to rugby league backs. However, higher
absolute Fo values (8.48N.kg") reported for rugby union forwards was thought to be

attributed to greater body mass, therefore potentially providing greater sprint momentum.
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Extending on these findings within a rugby context, Watkins et al. (351) explored sprint
mechanical differences between rugby players at amateur clubs, professional and
international competitions and found those who played at the elite level possessed superior
F-v characteristics (i.e., more force-dominant F-v profile) and faster sprint times across 30-
meters. Also, mechanical characteristics highlighted the unique positional demands and
physical attributes observed during rugby union and may provide a benchmark for players
attempting to play at a higher level of the sport. Similar approaches to understanding
mechanical characteristics of court sport athletes have also been investigated using team
handball and basketball players (140). When comparing court sports, handball players
displayed superior sprint performance over 40-metres, greater vo values and a more
velocity-oriented F-v profile, seemingly identifying the need for greater sprint ability

compared to basketball players.

Overall, cross-sectional studies across a range of largely field-based sports identify
jump and sprint F-v profiling is sensitive enough to differentiate between the mechanical
demands across positions and performance level (i.e., novice, club, professional,
international) within the same sport. Furthermore, it has been suggested using mechanical
profiling in this manner can provide coaching staff with specific benchmarks for
performance for different levels of competition and positional groups. Over periods of time
(short or long-term interventions) or different phases of the season, this data could then be
used to direct primary, secondary, and tertiary training strategies to prepare players to move

to a higher level of competition (i.e., professional to international).

Individualizing the force-velocity profile

Individualized training based on initial F-v characteristics has also been explored
across athletic populations to understand the sensitivity of the profile to adapt to training

stimuli. Compared to optimized F-v focussed studies which attempt to reduce mechanical
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imbalances, individualized interventional training studies appear to determine changes to
initial F-v characteristics in response to a specific training stimulus, rather than targeting

optimal F-v conditions for each athlete.

In a study assessing the horizontal F-v profile (195), 16 semi-professional and
professional rugby players were divided into two experimental groups (resisted sprint
training[n=6] and assisted sprint training[n=10]) depending on their individual Sryv. Over
an 8-week in-season period, players were prescribed individualized sprint training using a
velocity-based training approach which corresponded to a specific aspect of the F-v
continuum. Despite the results highlighting only small within-group differences for the
resisted sprint training group, 20-metre time, and significant between-group performance
improvements, Fo, both groups did show changes to the Sry in the desired direction based
on the training undertaken. In a similar study using the initial sprint F-v characteristics from
a group of professional soccer players, Lahti et al. (194) used a 9-week training protocol,
followed by a two-week taper period to assess changes to mechanical characteristics based
on a resisted sprint training protocol also using a velocity decrement (50-60%). Across this
period, it was noted if the athlete exhibited a force-oriented F-v profile prior to starting the
intervention, it reduced their potential to enhance this aspect of their profile, suggesting
alternative training methods other than resisted sprint training may be necessary to shift F-

v characteristics.

Despite most interventional F-v studies focussing on adult athletic populations, a
limited number of studies have explored F-v characteristics in youth populations. Within
a group of 26 junior Australian football players, Edwards et al. (101) used a six-week
resisted sprint training protocol to determine the magnitude of change to mechanical
characteristics. Post-intervention results showed significant improvements to Fo (ES: 0.63),
vo (ES: 0.99), Pmax (ES: 1.04), and RFmax (ES: 0.99), suggesting this training stimulus is

effective in enhancing sprint F-v characteristics and performance. A similar resisted sprint
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training approach (8-weeks) was used in high school athletes with researchers exploring
the effect of pulling sleds (37) compared to pushing sleds (36) on sprint F-v characteristics.
From a group of 50 high school athletes, three intervention groups (and a control group)
were established based on sled pushing resistance causing a 25, 50 and 75% velocity
decrement. Although sprint performance outcomes improved across all split times (p<0.05,
0-20m), significant changes were not evident for Fo, vo or Pmax for either resisted group.
Within-group comparisons showed the greatest magnitude of change in the heavy resisted
group. In the sled pulling intervention, sprint performance improved in all resisted training
groups, with no changes evident in the unresisted sprinting group. Interestingly in this
study, pre-post mechanical changes were specific to the loading protocol, i.e., Fo increased
the most in the moderate to heavy sprint group, whereas vy increased in the unresisted sprint
training group and Pwmax increased in all resisted training groups. This highlights the
sensitivity of F-v characteristics to adapt to specific exercises across the F-v continuum.
Despite individualized F-v training not showing conclusive or expansive findings in youth
populations, it thereby highlights a potential gap in the literature, but may also identify the
maturation status of the athlete, i.e., pre-post peak height velocity (188, 211) could affect

potential F-v adaptations.

Optimizing the force-velocity profile

Within the last decade, researchers have postulated the concept of an optimal F-v
profile based on the current F-v characteristics of the athlete (242, 282, 288). Regarding
the vertical F-v profile and relative to bodymass, performance during lower limb ballistic
actions was shown to depend on lower limb maximal power (Pmax) output, height of push-
off (/150), individual characteristics of the F-v profile, i.e., the slope (Srv) and the afterload
opposing the motion (i.e., inertia, inclination)(288). Conceptually, the optimal vertical F-v
profile (SrvOPT) corresponds to the ideal balance between force and velocity capabilities

for a given maximal power output expressed vertically, where jumping performance (i.e.,
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height achieved) is optimized when maximal power increases and the difference (referred
as the F-v imbalance) between the actual and optimal profile is reduced. During initial
studies using a theoretical approach (288) and then later experimentally (282), a F-v
imbalance, i.e., unfavourable characteristics in force and velocity, may be related to
differences up to 30% in jump performance between two individuals with similar maximal
power output. Furthermore, an F-v imbalance, identifies whether a force or velocity deficit
exists which could then be addressed with a training intervention which focuses on specific
aspects of the F-v continuum. Therefore, designing training programmes to optimize
mechanical performance may be a useful methodology to improve neuromuscular

performance.

Using an ‘optimized’ approach to training based on initial vertical F-v profile
characteristics, Jiménez-Reyes et al. (172, 175) reported significant effects leading to a
reduction in the F-v imbalance and improved vertical jump performance, despite minimal
changes to maximal power. In an initial 9-week interventional resistance training study, 84
trained athletes were divided into an optimized group with sub-groups (i.e., force deficit,
velocity deficit, well-balanced), non-optimized group and a control group, aimed at
reducing their F-v imbalance and improving jump performance. Post intervention effects
highlighted jump performance and a reduction in the F-v imbalance in the optimized group
(-0.11 <£d > 1.60) exceeded the non-optimized (-0.17 < d > 0.14) and control group (-0.09
<d>0.01). Greater change in jump height was also associated with a greater reduction in
F-v imbalance. In a similar 9-week study with sub-groups (i.e., high and low force-deficit,
high and low velocity-deficit), participants performed specific training focussed on
sections of the F-v continuum. Across all mechanical variables and the performance
outcome, small to extremely large effects were noted for force-deficit (-1.22 < d > 1.45)
and velocity-deficit (-2.36 < d > 2.72) groups. Interestingly, the study highlighted that

larger initial F-v imbalances required a longer duration of training (r = 0.82, p < 0.01) to
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reach the optimal F-v profile and a detraining period of 3-weeks did not reduce mechanical

output.

Similar interventional resistance training studies aimed at reducing the F-v
imbalance have also demonstrated significant differences in jump height compared to
control groups in ballet dancers and professional rugby league players (105, 304, 363).
Briefly, over a 9-week period, 46 ballet dancers were divided into a control group (n=10)
and an experimental group (n=36, high or low force deficit) based on initial vertical F-v
characteristics. Post-testing identified significant changes (p<0.05) for most mechanical
variables (i.e., Fo, vo, jump height, FVvg) in the experimental group, with changes evident
for Pmax only in the control group. Over a similar intervention period (8-weeks), elite rugby
players showed targeted physical preparation training based on vertical F-v characteristics
significantly reduced their FViug, largely due to changes to Fo, whereas limited changes
were noted in the general strength-power group. These studies, across a range of sports,
identified that optimized and individualized training intervention aimed at addressing the
individual F-v imbalance appear to be show greater utility to improving jump performance
compared with a traditional, generic resistance training programme which did not consider

the level of F-v imbalance.

More recently, Samozino et al. (285) have presented the concept of an optimal
horizontal F-v profile for sprinting based on their similar validated approaches in jumping
actions. The study identified that sprint acceleration performance depends on step averaged
horizontally directed power across the entire acceleration distance and the slope of the F-v
profile, which in sprinting is the ratio between the production of horizontally directed force
(Fo) at low (i.e., overcoming inertia off the start line) and high (i.e., maximal velocity)
velocities (vo). Based on model simulations, an individual’s aerodynamic friction
coefficient (5) (i.e., stature), maximal power output in the horizontal direction and sprint

distance, an optimal sprint F-v profile could be determined to maximize acceleration
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performance. Therefore, the optimal F-v profile will facilitate reduction in sprint times
across the acceleration distance by allowing the individual to remain as close as possible
to their optimal velocity across the acceleration phase. It was further reported that
differences between an individual’s actual and optimal F-v sprint profile depended more
on the sprint distance rather than the individual F-v characteristics. Aside from being
influenced by maximal horizontally directed power values, as sprint distance was reduced
(< 15-meters) the SrvOPT would become oriented towards horizontal force capabilities
(i.e., force dominant), whereas as sprint distance increased (>15-meters) velocity
capabilities would be of greater importance to sprint performance and the SryOPT would
orient towards being velocity dominant. Although previous studies have quantified the F-
v profile during sprinting and identified differences in the slope of the individual F-v
profile, where profiles have been characterized with a force-deficit, velocity-deficit or
balanced profile, this is the only study exploring the concept of an optimal F-v sprint profile

using model simulations fit to an existing data set of 231 male and female athletes.

Despite highlighted studies demonstrating positive changes from reducing the F-v
imbalance through optimizing the training programme, Lindberg et al. (200) challenged
this view in a study including 40 highly trained team sport athletes. The results
demonstrated no difference in jump performance (i.e., squat jump, countermovement jump,
10m or 30m sprint time) when training towards their optimal profile compared to groups
training away from the optimal profile, with effect sizes ranging from 0.30-0.50. The
authors concluded that irrespective of the initial F-v profile, individualized training to
reduce the F-v imbalance was not supported by the findings. However, when compared to
previous studies (105, 172, 175), upon closer look at the individualized resistance training
intervention, inconsistencies in agreement between studies may be due to the training

cohort or more likely, the training content of the three training groups (i.e., force program,
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balanced program, velocity program), with rep and load schemes which do not appear to

support the targeted training focus.

Further research has provided contradictory evidence to suggest individualized
sprint training may be no more effective than generalized training. Based on initial sprint
F-v characteristics, 17 professional and semi-professional handball players were divided
into an intervention group (resisted or assisted sprinting, or a mix of both training methods)
or a control group (general sprint training) and performed an 8-week (16 sessions) targeted
sprint training intervention (268). Concluding the intervention, both groups improved 30-
m sprint performance (A 0.05-0.06sec), however between-group mechanical differences

were trivial or unclear.

Despite various research studies suggesting targeting mechanical imbalances via an
optimized training approach is best practice, conjecture remains whether significant
relationships exist between the mechanical variables demonstrated in the vertical and
horizontal profile. It therefore remains unclear whether addressing mechanical
characteristics in both force vectors with targeted training reduces mechanical imbalances

or if specificity of movement dictates mechanical transfer.

Transfer of mechanical characteristics

Research identified in this review has previously highlighted the F-v profile will
adapt to specific training interventions however it remains unclear whether mechanical
imbalances which exist in one orientation, for example, whether a force-deficit in a vertical
profile will also be evident in the horizontal profile? With a large cohort of 553 participants
from a range of sports (n=14) and ability levels, Jiménez-Reyes et al. (174) performed
maximal squat jumps (vertical) against a series of external loads and 30-40m sprint efforts
(horizontal) to determine mechanical relationships in both force orientations. Overall, the

authors reported Pearson correlation coefficients of -0.12 to 0.58 for Fo, -0.31 to 0.71 for
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vo, -0.10 to 0.67 for Pmax, and -0.92 to -0.23 for the performance outcomes (i.e., jump
height and sprint time), highlighting varying levels of mechanical association between
force-vectors. Across the majority of sports analysed, Pmax explained the greatest
variability in sprint performance (305), plus demonstrated the strongest relationship
between jumping and sprinting actions and this has been supported in similar studies
involving amateur netball players, high-level sprint athletes and professional male and
female football players, (0.40 <r>0.75,p <0.04) (107, 180, 212, 317). Force and velocity
qualities reported much lower mechanical transfer between jumping and sprinting actions,
yet achieved statistical significance in some studies, highlighting the independent
characteristics of these variables. It has been suggested the transfer of mechanical qualities
is greatest for athletes of lower ability levels potentially highlighting training absolute force
qualities, irrespective of orientation, would positively impact vertical and horizontal
neuromuscular output (174). Moreover, it was further suggested as the ability level of the
athlete increased, mechanical qualities became more task-specific and mechanical transfer
diminished (174). Further studies highlighted the magnitude of transfer may also be
dependent on the task and background of the athlete (113, 174, 180). At the elite level,
these findings highlight neuromuscular output in jumping actions should not be used to
infer performance changes or outcomes in sprinting actions. The literature suggests
practitioners should perform F-v profiles in both the vertical and horizontal orientation to
determine the magnitude and effectiveness of force application and to provide a more

comprehensive assessment of neuromuscular qualities.

Monitoring, injury risk factors and return to play

Many of the F-v profiling applications to date have been diagnostic in nature yet
several studies have also identified more novel applications. It has been suggested that F-
v profiling and mechanical characteristics could be used as a monitoring tool in athletic

populations and potentially highlight injury risk factors. In a small population of elite rugby
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league athletes (n=7), De Lacey et al. (83) utilized a 5-point ascending load vertical F-v
profile (0, 25, 50, 75, 100% bodymass) to assess and monitor mechanical characteristics
both before and after a 21-day taper period leading into the competition season. A taper is
a reduction in training load over a period which may allow an athlete to recover from
training stress to optimize physical preparedness for competition (32). The findings
identified changes to Foand Pmax and a more force-oriented F-v profile post taper, therefore
highlighting the utility of F-v profiling to identify acute changes in mechanical
performance. A similar approach to monitoring mechanical characteristics has also been
used with elite male soccer players (171), where the horizontal F-v profile was assessed
across two seasons. The results demonstrated the magnitude of Fo, Pmax and RFmax was
higher during the middle of the season compared to season’s end, therefore suggesting
mechanical characteristics, particularly acceleration ability, may diminish during the
competition season if not maintained with specific training. Similar approaches to
monitoring using the SAM method for sprint mechanical characteristics have also been
explored in elite Australian football players (248). Further research on monitoring
mechanical variables from F-v profiles is evident in other athletic populations such as
weightlifting (291) and with skeleton (55) athletes despite using alternative F-v

methodology than the SAM method.

Regarding F-v profiling and injury risk factors, a previous case study with a field
sport athlete highlighted the sensitivity of the F-v profile to indicate specific changes to
mechanical characteristics both preceding injury and during return to play protocols (223).
For the athlete returning from hamstring injury, significant changes (-20.5%) in
horizontally directed force output (pre=8.3N.kg™!, post 6.6N.kg™!), yet with similar vo
values, highlighting reduction in mechanical power is more related to producing force at
low velocities when accelerating, and therefore a limiting factor post-injury. Furthermore,

monitoring of mechanical variables has also been investigated to analyse fatigue-induced
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changes to repeated-sprint efforts. In a study with elite rugby sevens athletes (169), sprint
F-v characteristics were measured across ten 40-metre sprint efforts with a 30-second
recovery period between sprints. The findings highlighted decreases to both vo and Fo, plus
RFwmax was much lower in the latter sprints, largely due to technical factors related to
horizontally directed force, particularly at higher running velocities. A further case study
(rugby athlete) focussed on repeated-sprint ability also identified the suspected
compensation of reducing vo capabilities by placing a greater emphasis on maximal force
output, Fo, in the initial stages of a repeated series of sprints (223). Thus, given the
importance of force application during sprint acceleration, changes to sprint mechanical
characteristics may provide an opportunity for coaches to alter training sessions to reduce
the risk of injury due to fatigue. Furthermore, in a prospective study of 284 football (soccer)
players (98), sprint mechanical profiling was assessed at different times across a season
and identified force production at lower velocities (Fo), i.e., when accelerating from a
stationary start, was significantly associated with a higher rate of new hamstring injury in
the weeks following the mechanical assessment. It was reported for every 1N.kg™! decrease
in horizontally-directed force production, there was an association with 2.67 times higher
risk factor of sustaining a new hamstring injury. Finally, recent research by Morin et al.
(239) has investigated the concept of performing on-field in-situ F-v profiling during
training session activities (i.e., drills and small-sided game), thereby ‘testing players
without testing them’. This is a new approach when compared to initial studies. Instead of
performing typical isolated sprint testing, acceleration-speed data was collected via GPS
from 16 professional football players across a 2-week training period. From approximately
50 data points per player, acceleration-speed profiles were created (R>> 0.984) with
acceptable standard error or measurement across variables (3.31-7.64%), suggesting
passive data collection during training sessions or gameplay is reliable and may lead to a

more game-specific assessment and monitoring tool for mechanical variables in sprinting.
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This approach to horizontal F-v profiling will likely expand into other field sports as

practitioners see the value of on-field testing during typical training sessions.

Limitations

Despite the benefits of using a macroscopic approach to determine mechanical
variables in maximal ballistic action, various limitations to the methodology have been
identified in the recent literature. Firstly, commentary on the methodology have been
presented both in reference to the biomechanical model (29), along with the potential
misconceptions of using specific mechanical terminology. Cleather (50) questions the
model and assumptions made in calculating mechanical variables specific to the vertical
F-v profile, and suggests Samozino et al. (284) have misrepresented the impulse-
momentum relationship with an instantaneous relationship between force and velocity.
Further misconceptions have been raised with the use of the mechanical terminology in
reference to orientation, specifically horizontal force, and horizontal power (142, 260,
347). Haugen (142) reports horizontal force is represented as the effective component of
the total ground reaction force, therefore potentially suggesting the vertical component of
the ground reaction force is ineffective during acceleration, which is unrealistic to
maintain an upright position. In regard to horizontal power, power is a scalar quantity and
thereby has no direction, only magnitude (347). In recent horizontal F-v profiling
literature (100, 248, 351), the term horizontal power is used ubiquitously, to describe the
product of force and velocity in the horizontal direction. Rather than identifying
‘directional power’, suggestions have been made to report the components of net impulse
instead, to ensure mechanical transparency (347). Similar concerns have been raised
using the term power in vertical F-v profiling (356). Secondly, the concept of producing
horizontal force and power have led to a focus on training interventions based on force
orientation (150), which attempt to correct F-v imbalances in jumping and sprinting. The

logic stemming from the force-vector theory, where performance outcomes will improve
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if greater magnitude of force and power are produced in a specific direction (i.e.,
horizontally). Fiztpatrick et al. (114) challenged this theory and found non-significant
changes (p = 0.561, n?> = 0.035) in performance when using vertical and horizontal
exercises, suggesting practitioners should refer to dynamic correspondence (320) when
selecting exercises to improve performance. Thirdly, despite recent literature identifying
moderate to large correlations between maximal power in jumping and sprinting actions,
thereby highlighting the neuromuscular transfer this quality between actions, lower
correlations were reported between maximal force and velocity, specifically in elite level
athletes (107, 174, 180, 212, 317). These findings highlight a level of task-specificity for
the underlying mechanical determinants of both actions, which has also been reported in
other F-v profiling studies (113). Furthermore, to gain deeper insight into neuromuscular
function, it has been recommended that both vertical and horizontal F-v profiles be
assessed (107). Finally, as identified in earlier in this review, Samozino’s field method of
F-v profiling provides indirect measures of the linear F-v relationship of jumping and
sprinting actions based on a macroscopic inverse dynamics approach. The field methods
are not to replace gold standard measurement tools such as force plate technology yet
have been validated against these measures and provide an avenue to bring the laboratory
to the field. This appears to be the true utility of the method. Overall, measurement
agreement concerns with the SAM method in comparison to laboratory-based technology

appear to concern study methodology.

Gaps in the literature

Therefore, despite the growth in F-v profiling literature over the past decade, this
narrative review identified significant gaps in the research plus limited connections
between diagnostic F-v assessment and training applications. Some key areas which

require greater exploration include:
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Between studies, it is evident there is limited standardization across F-v
profiling protocols regarding methodological practice. Different studies
have used a range of methods (i.e., technology, exercises) to assess
mechanical characteristics, making it challenging to compare results and
determine utility of methodology. Therefore, greater research is needed on
the reliability and validity of these methods, and their comparison with gold-
standard, laboratory-based methods.

There exists limited research on the use of F-v profiling in specific sports.
Despite F-v profiling use in sports such as soccer and rugby, there is limited
research on its specific application in many other team and individual sport
populations.

While F-v profiling is widely used in adult sport populations (and aging
general population groups)(2, 3), there is limited research on the application
of the methodology in young athletes, which may have implications in
reference to maturation status such as peak height velocity (188, 211),
musculoskeletal development and performance.

While initial F-v profiling studies were diagnostic in nature, greater research
studies focussed on changes to mechanical characteristics in response to
specific training interventions over longer periods, potentially addressing
mechanical strengths and weaknesses are necessary.

Studies focussed on the use of F-v profiling to monitor changes to
mechanical characteristics over the course of a competitive sport season is
under researched. Monitoring variation to mechanical characteristics
assessed via F-v profiling may potentially identify windows of opportunity
for practitioners to improve neuromuscular output at specific time points of

the season.
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6. There is a paucity of conceptual frameworks, training recommendations and
guidelines specific to enhancing vertical and horizontal mechanical
characteristics and greater links must be made for practitioners by linking

the data to programme design.

These gaps in the literature highlight the need for further research to better
understand the utility and potential limitations of F-v profiling in different sports and

populations.

Conclusion

The SAM method provides practitioners with greater understanding of the
underlying mechanical characteristics displayed by athletes in maximal jumping and
sprinting actions using low-cost, simple methods. Embedding a neuromuscular
assessment such as F-v profiling within the sport training season provides ongoing insight
to the change in mechanical characteristics in response to specific forms of training. This
information may assist practitioners to reduce mechanical imbalances by optimizing and
individualizing training programmes to further enhance jump and sprint performance.
Importantly, future research should explore current methodology concerns of mechanical
profiling with new validation studies, plus further understand new applications of
mechanical profiling in a greater number of team and individual sport populations groups,
which include athletes with diverse training backgrounds, ability level (i.e., novice, state
level, national level, elite level etc) and of different ages (i.e., youth, adult etc). Finally,
greater links must be developed between quantifying F-v characteristics and subsequent
training recommendations and programmes which coaches can utilize within their daily

practice.

This narrative review therefore provides an important contribution to the field of

sports biomechanics and strength and conditioning by highlighting the current
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applications of ‘field based” mechanical profiling in sport to quantify jump and sprint

performance.
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PRELUDE

Two of the key findings of the narrative review (Chapter 2) were 1) the importance
of conducting reliability studies on models or technology used to determine F-v variables,
and 2) the importance of using standardized protocols when conducting F-v assessments to
ensure validity of data, thereby detecting changes in F-v variables in response to training
interventions. Although previous field-based F-v assessments have been validated using a
squat jump and countermovement jump action in a smith machine, a paucity of research
exists using field methods on common free weight exercises such as barbell and hexbar
countermovement jump actions. Therefore, the primary aim of the study was to determine
the validity and reliability of Samozino’s field method to calculate mean force, velocity,
and power (F-v profile), during the propulsion phase of a countermovement jump using a
barbell and a hexbar. Furthermore, this study aims to compare jump mechanical
characteristics from the field method when compared with force plate analysis. A
secondary aim was to determine the utility of using simple field methods in free weight
exercises for future studies. We hypothesized that mechanical outputs assessed via the field
method would show acceptable levels of reliability due to the simplicity of inputs into the
model, and variability in jump strategy would increase as external loading conditions
changed, thereby affecting the height of push-off and validity of field method when
compared to force plate data. This chapter provides practitioners with insight to the
reliability and validity of jump F-v profiling in recreational athletes when comparing field

methods with force plates.
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CHAPTER 3: STUDY 1

Measurement agreement between Samozino’s method and force-plate force-velocity
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Abstract

This study aimed to measure agreement between using Samozino’s method and
force plates to determine mean force, velocity and power during unloaded and loaded
barbell and hexbar countermovement jumps. Twenty-one subjects performed
countermovement jumps against incremental loads using both loading conditions. Ground
reaction force was recorded using a dual-force plate system (1000Hz) and used as the
criterion method to compare to Samozino’s method. Reliability and wvalidity was
determined by intraclass correlation coefficients (ICC), coefficient of variation (CV),
limits of agreement plots and least products regression analysis. Samozino’s method
provided acceptable levels of reliability for mean force, velocity and power (ICC > 0.90,
CV% < 5.5) across both loading conditions. Limits of agreement analysis showed the
mean bias was 2.7%, 15.4%, 7.2% and 1.8%, 12.4%, 5.0% for mean force, velocity and
power during barbell and hexbar countermovement jumps respectively. Based upon these
findings, Samozino’s method is reliable when measuring mean force, velocity and power
during loaded and unloaded barbell and hexbar countermovement jumps, but also
identifies limitations regarding concurrent validity compared to the gold standard. Across
loading conditions, Samozino’s method overestimated mean force (0.5-4.5%) and
underestimated mean velocity (11.81-16.78%) and mean power (2.26%-7.85%)
compared to the force plates. Due to fixed and proportional bias between criterion and
predictor, the results do not support the use of Samozino’s method to measure mean force,
velocity and power. Therefore, it is not recommended for practitioners to use Samozino’s
method to estimate mechanical variables during loaded and unloaded countermovement

jump actions using a barbell and hexbar.
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Introduction

Force-velocity (F-v) profiling is a methodological approach used to assess the
overall mechanical capabilities of the neuromuscular system (288). An F-v profile
describes the slope (Srv) between the intercepts of both mechanical variables, theoretical
maximal force (Fo) and theoretical maximal velocity (vo), and represents the individual
ratio between force and velocity qualities (281). Understanding these mechanical
qualities is of interest to sport scientists in order to identify strengths and weaknesses of

the athlete (242), along with directing and monitoring training interventions (172).

Ballistic actions such as the countermovement jump (CMJ) embody many of the
neuromuscular and mechanical qualities demonstrated in lower-limb sport specific
movements (38, 354), and therefore frequently used by sport scientists to profile the F-v
relationship (83, 105, 106, 129, 130, 172, 174, 175, 282, 283). The F-v relationships
established within a CMJ profile describes changes to external force and power
production at increasing movement velocities (288), while also identifying the underlying
neuromuscular and biomechanical factors contributing to jump performance. Jumping
actions are largely limited by F-v, power-velocity and length-tension relationships of the
lower-limb muscles (30, 66) and provide insight to potential performance changes.
Therefore, in sports which frequently expose athletes to vertical jump actions, such as
basketball and volleyball, quantifying these capabilities may provide training-related

insights to enhance neuromuscular performance.

In many settings, lower-limb F-v profiling typically involves subjects performing
unloaded (bodyweight) and loaded CMJ actions against a series of incremental loads
using either a traditional barbell or a smith machine. In a laboratory setting, vertical jump
kinetics are measured from ground reaction force using in-ground or portable force plates,
while centre of mass velocity is derived from ground reaction force-time data through a

forward dynamics approach (90). However, methods for measuring force, velocity and
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power during jumping actions using limited technology and basic anthropometric
measures, have recently gained greater prevalence in biomechanics and sport science due

to the simple approach to obtaining mechanical data (105, 174, 175, 212, 363).

A simple method to determine vertical F-v profiles, has previously been proposed
by Samozino et al. (2008), herein after referred to as ‘SAM method’ (283). The SAM
method has become accessible for practitioners largely due to the simplicity of the
approach and negating the need for expensive technology (105). Data generated by the
SAM method has previously been used to inform training interventions (172, 175) for
performance enhancement and monitoring return to play practice. The SAM method is
based on biomechanical modelling where forces are computed from kinematics of the
body’s centre of mass during vertical jump actions, along with the analysis of the changes
in mechanical energy at different points of the movement (281). Using jump height (105)
and anthropometric measures including mass (kg), starting height (%) and height of push-
off (hp0), the SAM method models the following mechanical variables: theoretical
maximal force at null-velocity (Fo), maximal power output (Pmax) and the theoretical
maximal velocity at which the lower limbs can jump under zero load (vo) (281). This
computation method has previously shown strong reliability and validity using a squat
jump (129, 279) and CMJ with a smith machine (176). However, the application of using
a smith machine presents various limitations, one of which is the lower ecological validity
when performing the jumping action, usually a very natural movement, since the body is
fixed to the vertical plane (199). This of course provides increased reliability due to
kinematic redundancy (129) but less versatile in an applied training setting. Therefore, if
free-weight equipment such as a barbell or hexbar, are used for F-v assessment, will the
SAM method continue to show strong levels of agreement when compared to force plate
data? To the best of our knowledge, validating the kinetic and kinematic outputs of barbell

and hexbar CMJ actions using the SAM method has not been investigated.
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The primary aim of the study was to determine the validity and reliability of the
SAM method to calculate mean force, velocity and power (F-v-p profile), during the
propulsion phase of a CMJ using a barbell and a hexbar. Furthermore, this study aims to
compare the ability of the SAM method to determine F-v variables, when compared with
force plate analysis. We hypothesized that 1) mechanical outputs assessed via the SAM
method would show acceptable levels of reliability due to limited intra-athlete variability
when using the anthropometric variables within the model, and 2) variability in jump
strategy as loading conditions change (low load/high load, barbell/hexbar) would
increase, thereby affecting the height of push-off and validity of SAM method when

compared to force plate data.

Methods

A cross-sectional, counter-balanced experimental design using ordinary least
products and limits of agreement statistical analysis was used in this agreement study.
Measurement agreement research aims to evaluate the validity of a new method against
an established reference technique or gold standard and as a result, only conclusions about

interchangeability between the experimental and reference technique can be drawn (234).

All subjects completed anthropometric assessment followed by a warmup, then
performed a series of CMJ trials with incrementally increasing loads. Subjects completed
CMJ trials with two loading conditions, using a straight barbell and hexagonal barbell
(hexbar). A hexagonal barbell is hexagonal in shape and enables users to stand within the
constraints of the hexagon frame thereby holding the resistance at arms length, with
overall loading much closer to the body centre of mass (325). Subjects 1-10 performed
CMJ trials loaded with the barbell first, prior to completing the protocol with the hexbar.
Subjects 11-21 performed the jump protocol in the reverse order (e.g., Hexbar then

barbell). Counterbalancing loading conditions possibly reduced effects of any form of
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potentiation (321) from one loading condition to the next. F-v relationships were then

determined using the force-time signal from the force plates and the SAM method.

Subjects

Twenty-one recreationally active males (age 26.0 £ 4.1 years, body mass 81.3 £ 6.6
kg, and height 183.7 + 8.0 cm) provided their written informed consent before they
participated in the study. The study was conducted in accordance with the Declaration of
Helsinki, and the protocol was approved by the Social and Behavioural Research Ethics
Committee at Flinders University (Ethics App Number: 8146). Inclusion criteria
included: subjects involved in a minimum of 2.5-5 hours per week of moderate to
vigorous recreational and/or competitive sport; a background in resistance training of
greater than 12 months; and aged 18-35 years. Exclusion criteria maintained that subjects
needed to be six-months free of musculoskeletal injuries which may prevent subjects from
performing maximal effort jumping actions. In their pre-testing questionnaire, subjects
acknowledged their experience with unloaded and loaded CMJ exercises using a barbell

and a hexbar.

Procedures

Subjects attended the laboratory for one testing session. Familiarization of the
testing protocol was performed by the subject within the 7-days leading into the testing
protocol by following pre-recorded annotated videos. Each subject underwent an
anthropometric assessment to determine standing stature (metres), mass (kg), plus
anthropometric measures identified in the SAM method (283) which included height of
take-off, starting height (4s) and height of push-off (4,,). Height of take-off, measured
using a segmometer while lying supine on a bench, corresponded to the distance from the
right leg greater trochanter to the most distal aspect of the foot (take-off position); when
the foot is fully plantar-flexed, akin to the position observed just prior to leaving the

59



ground. Starting height (4s;) was measured using a segmometer as the vertical distance
between the ground and the right leg greater trochanter when the subject was in a 90°
knee angle crouch position, measured using a goniometer. The difference between 4, to
take-off position is referred to as the height of push-off (4,,) and is used in the

computation method as the displacement across the propulsion phase (Figure 3.1).

.
A

Figure 3.1. Anthropometric measurements used in the computation of the field
method. A: Height of take-off; B: Initial position and initiation of countermovement
jump; C: Starting height (m); D: Take-off position; E: Apex of arial time; F: Height

of push-off (4,0).

®——

A B C

Prior to completing the jump protocol, a standardized warm-up consisting of three
minutes of step-ups (cadence of 85 on metronome), dynamic movements, and preparatory
vertical jumps including a series of maximal unloaded and sub-maximal (15kg) loaded
jump trials. Before the maximal jump trials, subjects listened to an audio file which
provided a series of external cues, for example, “drive your feet through the floor” and

“jump towards the ceiling” (136) to reinforce the intent to jump with maximal intensity.
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These cues were also visually displayed in text for subjects to view during the testing
session. Before each jump, subjects were instructed to stand up straight and motionless
with their left and right foot on the centre of each force plate. If there was subtle

movement prior to the initiation of the CMJ, the trial was repeated.

Barbell jump trials were performed with a 15kg free-weight barbell plus weight
plates. The barbell (and dowel; bodyweight equivalent) were held across the shoulders
between the superior portion of the scapula and the C7 vertebrae. Subjects were
encouraged to pull the bar firmly across their upper back to ensure minimal movement of
the bar during the movement. Hexbar jump trials were performed with a 15kg free-weight
hexbar. Subjects used the high handles of the bar and were standing upright with the bar
sitting off the ground prior to descending into the CMJ. The hexbar dowel was a polyvinyl
chloride (PVC) hexagon made to the same inner dimensions as the free weight hexbar.
For the hexbar trials, subjects were standing upright holding the bar within the hexagonal

shape.

For all CM] trials, subjects were instructed to descend to their starting height (4y)
position, and without stopping, ascend as rapidly as possible. The starting height of the
propulsive phase was individual for each subject and was not constrained with a box or
band, therefore, to encourage individual CMJ strategy. Displacement during propulsion
was used in statistical analysis and validated against anthropometric measures, /., during
post-processing analysis. Each subject performed CMJ trials against four incremental
loads and order: bodymass (BM), BM + 15kg, BM + 30kg and BM + 45kg. A multiple
load approach was selected to identify muscle mechanical capacities for each subject
across the F-v continuum (163, 168), as used in previous studies (120, 172). Three trials
were performed at each load for each jump type, assuming a successful jump. Upon
landing for all loading conditions, subjects were asked to touch down with the same leg

position as when they took off, (i.e. with an extended leg and maximal foot plantar
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flexion). If all requirements were not met, the trial was repeated. Each jump trial was
followed by a one-minute rest period. Each loading condition was followed by a three-
minute rest period. Between loading conditions (barbell to hexbar, or reverse), there was
a five-minute change-over and rest period. Rest period guidelines were based on previous
validation studies (176) and to ensure the subjects were not pre-fatigued prior to the next

trial, loading condition or jump type.

Equipment and data acquisition for the force-plate method

All jump trials were conducted with the subject standing with each foot on a
separate in-ground AMTI force plate system (450mm x 510mm, AMTI OR6-7-1K-SYS
Force Platforms 1000Hz, Watertown, MA) connected to an amplifier system, which
measured left and right foot ground reaction forces (GRF). The vertical GRF was
continuously sampled at 1000 Hz for each trial and collected via commercial motion
capture software (Vicon Nexus 2.10.10, Vicon Motion Systems Ltd. UK) before being
stored within a local computer. The data was subsequently exported to a csv file for post-
processing analysis. Force-time characteristics were coded in R (v3.6.1; R Foundation for
Statistical Computing, R Core Team, Vienna, Austria), in the RStudio environment
(v1.2.519; RStudio, Inc., Boston, MA), using CMJ phase descriptions detailed in recent
literature (222). Minor changes were made to the determination of the flight phase due to
the original SAM method calculations (283) which details the flight phase begins when

propulsive force equals zero newtons (the plate is completely unloaded).

The propulsion phase, also known as the concentric or push-off phase, was defined
as the point at which centre of mass velocity becomes positive and is physically
characterized when the athlete begins moving vertically from their starting height (90° at
the knee) until the point of take-off, or the start of the flight phase (222). Mean vertical

GRF was determined by averaging force from the dual force plate system across the time
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points established for the propulsion phase of the jump. The instantaneous vertical
velocity across the propulsion phase of each jump type was determined via integration of
the centre of mass (COM) vertical acceleration signal over time via force plate data and
then averaged across the propulsion phase. Mean system power across the propulsion
phase was then calculated as the product of mean GRF and estimated mean COM velocity
according to the sample rate from the force plates. Vertical GRF was used to calculate
vertical instantaneous acceleration of the COM, therefore determining changes to COM
displacement during the push-off phase. It has been suggested that changes to the relative
vertical positions of the greater trochanter and the body centre of mass during a jump

could be neglected (283).
Samozino method

The previously identified anthropometric variables (45, /o) provide the foundation
calculations for the SAM method. Jump height (%) was recorded from flight time (zr)

identified in the force-time signal from the force plates, as per the initial Samozino study
(283), using the equation: height = (%) gtF. Previous studies using the SAM method have

also measured flight time using high-speed camera (240fps) (105) and an OptoJump

device (174). Equations for the mechanical variables calculated across the propulsion

phase of the CMJ trials include: mean force = mg[(&) + 1], mean velocity = \/gh/2,

and mean power = mg[(%) + 1]/ gh/2, where m is the mass (BM or BM plus

additional load), g is gravitational acceleration, 4 is jump height and /4, is the height of

push-off (283).
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F-v relationships during countermovement jumps

Computation of the F-v relationships were established by the equations in the SAM
method spreadsheets (243). F-v relationships from force plate data were determined by
least-squares linear regressions (358) using the trial at each load which demonstrated the
highest jump height as identified in the original research by Samozino (283). The trial
with the greatest jump height was selected as this could represent the current maximal
capability of the lower limb neuromuscular system under each loading condition. Power-
velocity relationships were described by second-degree polynomial functions. Other F-v
variables calculated using force plate data and the SAM method included Fo (N or N/kg),
vo (m/s), which determined the intercepts at each respective axis, along with Pmax (W or
W/kg) calculated as Fo.vo/4 (288, 342). The F-v data achieved against each load
established the linear relationship between the variables, also known as the slope of the

profile, Skv (N. s.m™ kg™).

Statistical Analyses

Statistical analyses were determined from input into Microsoft Excel spreadsheets
(154) plus coded in R (v3.6.1; R Foundation for Statistical Computing, R Core Team,
Vienna, Austria), in the RStudio environment (v1.2.519; RStudio, Inc., Boston, MA)
using various statistical packages (smatr, bmbstats (178)). All descriptive data are
presented as mean + standard deviation (SD). Mean force, velocity and power, were
calculated for all CMJ loading conditions using the force plate method, and the SAM
method. The SAM method calculations were determined using freely available Microsoft
Excel spreadsheets (243). A power analysis (109) was conducted prior to the study using
the following test details: ‘Means: Difference between two dependent means (matched
pairs)’, with an effect size of 0.5, alpha of 0.05 and power of 0.8 (276), which suggested

the total sample size of the study should include 34 subjects.
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Various statistical tests have been proposed and utilized to determine reliability and
validity of measurements within the field of sport science (250). Although there is no gold
standard test for comparative or agreement studies, there are known limitations to
commonly used statistical approaches (27, 206). Further information detailing these
limitations has been discussed previously (206), Therefore, it has been suggested for
comparative or agreement studies the use of limits of agreement and ordinary least

products regression analysis is preferred (26, 206, 207).

Limits of agreement analysis (26) and least products regression analysis were used
to robustly determine fixed and proportional bias between methods and identify mean
variable differences between methods. Both methods of analysis were used to test
concurrent validity of the SAM method against the criterion (force plates). Least products
regression analysis was used to account for random error in both the predictor and

criterion (206).

Following analysis of normality, uniform distribution and linearity in each variable,
least products regression analysis was performed against each load to assess between-trial
reliability for fixed and proportional bias. Intraclass correlation coefficient (ICC) with
95% confidence limits, using a two-way random effect model (absolute agreement) and
coefficient of variation (CV) were also used to assess relative and absolute reliability.
Thresholds for evaluation of intraclass correlation coefficients were quantified using the
following scale: 0.20-0.49 low, 0.50-0.74 moderate, 0.75-0.89 high, 0.90-0.98 very high
and > 0.99 extremely high (155). Previous biomechanical studies reported variables with
a CV within the range of 10% as reliable (59). Therefore, acceptable reliability was
determined with a coefficient of variation (CV) <10% (69) and ICC >0.70 (7, 59, 348).
To analyse the validity of the SAM method, Pearson’s product-moment correlation
coefficient (Pearson’s ») was used for mean force, velocity and power, along with all F-v

related variables. The criteria to interpret the strength of the r coefficients were as follows:
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trivial (<0.1), small (0.1-0.3), moderate (0.3-0.5), high (0.5-0.7), very high (0.7-0.9), or
practically perfect (>0.9) (155). Limits of agreement analysis was used to plot the
difference and average between two paired measurements (27), however not providing
the means to account for the independent effect of the biases interacting with each other
(250). Using the means of paired data, least products regression analysis states that if the
95% confidence interval for the intercept did not include zero, fixed bias was present. If
the 95% confidence interval for the slope did not include 1.0, then proportional bias was
present and therefore would identify the method could not accurately predict the criterion
method (force plates). R? values within the least products regression analysis indicate the
percentage of the variation of the dependent variable that is explained by changes to the
independent variable. Higher R? values indicate the linear model explains the variability
of the independent variable and its impact on the dependent variable. An alpha value of

p < 0.05 was used to indicate statistical significance.

Results

Reliability

Table 3.1 and Table 3.2 show the between-trial kinetic and kinematic concurrent
reliability for mean force, velocity and power using traditional methods and least products
regression analysis of the force plates and SAM method for both loading conditions.
Relative and absolute reliability for the SAM method using the barbell was classified as
high for mean force (ICC = 0.97, CV = 1.9%), velocity (ICC = 0.98, CV = 2.4%) and
power (ICC = 0.94, CV = 4.2%), with similar results for mean force (ICC =0.94, CV =
2.6%), velocity (ICC = 0.96, CV =3.0%), and power (ICC = 0.90, CV = 5.5%), observed
with the hexbar. Table 3.2 reports concurrent reliability for mean force, velocity and
power using least products regression analysis of the force plates and SAM method for

both loading conditions. Although subtle variations exist between trials, neither method
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or loading condition showed fixed or proportional bias due to the 95% confidence
intervals for the intercept and slope including zero and one respectively, indicating

reliability was acceptable.

Validity

The results of the method comparison are highlighted in Table 3.3 and Figure 3.2,
using limits of agreement and descriptive data for mean force, velocity and power.
Acceptable limits should be defined by a priori, based on clinical understanding and
biological considerations (126), while measurement tools in a clinical setting have been
recommended to produce readings within 5% of gold standard values (277). Pearson’s
correlation coefficient was moderate to high (r = > 0.70) for mean force, velocity and
power across all loads for both loading conditions. Limits of agreement plots and mean
differences identified the SAM method overestimated mean force for both loading
conditions (barbell -46.64N [2.7%], hexbar -32.27N [1.8%]). The SAM method also
highlighted an underestimation of mean velocity (barbell 0.21m.s™ [15.4%], hexbar
0.17m.s"! [12.4%]), and mean power (barbell 156.42W [7.2%], hexbar 115.79W [5.0%])
across loading conditions, yet lower mean differences across all loads were identified for
hexbar CMJ trials. Significant differences (p < 0.05) were identified for mean force,
velocity and power using both the barbell and hexbar (Table 3.1). The mean bias for mean
force across all loads was <5% between methods suggesting an acceptable level
difference for this variable yet fixed and proportional bias was evident. Mean velocity
and mean power showed >5% mean difference thereby demonstrating poor agreement

between methods..

Limits of agreement data and descriptive data for /,, and F-v variables (Fo - N/kg),
vo (m/s), Pmax (W/kg) and Srv (N.s-1.m-1.kg) between methods are highlighted in Table

3.3 and Figures 3.3 and 3.4. The mean differences between methods and percentage
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values expressed relative to mean criterion values for F-v variables highlighted stronger
agreement when using the hexbar (1.7-5.2%) compared with using the barbell (8.2-
37.2%) across all loading conditions Pearson’s correlation coefficient was small to very
high (r = 0.07 — 0.75) for all F-v variables, with hexbar correlations showing a stronger
relationship between criterion and predictor, however correlation coefficients for 4,
between methods was considered trivial to small (r = 0.05 — 0.30) for both loading
conditions. Significant differences (p<0.05) were identified for all F-v related variables
using the barbell and only /4,, and Pmax (W/kg) when using the hexbar, highlighting poor
agreement between criterion and predictor. Non-significant differences were evident for
Fo (N/kg), vo (m/s), and Srv (N.s.m™ kg) suggesting acceptable agreement between

methods.

Between methods, least products regression analysis identified fixed and
proportional bias for mean force, velocity and power when incremental loads were
combined for each loading condition (Table 3.4). Analysis of 4y, and F-v variables
identified fixed bias for vo (m/s) and Spv (N.s.m™.kg) for barbell CMIJ trials, while
proportional bias was identified for /p,, Srv (N.s.m™.kg) and Pmax (W/kg) for barbell
and hexbar CM] trials respectively (Table 3.4). This was due to the slope and intercept
showing significant differences from one and zero respectively. However, fixed and/or
proportional bias was not evident for all incremental loads when analysed individually.
Combined load data for barbell CMJ trials produced R? values of 0.70, 0.85 and 0.72 for
mean force, velocity and power, while hexbar CM1J trials identified R? values of 0.68,
0.78 and 0.68 for mean force, velocity and power, highlighting high to very high
relationships. Barbell F-v variables identified R? values ranging from 0.00-0.43, and
hexbar F-v variables showed R? values ranging from of 0.00-0.56 for highlighting trivial

to moderate relationships.
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Table 3.1. Traditional measures of relative and absolute reliability for force plate and SAM method analysis across loading conditions.

Barbell Hexbar

Mean Force (N) Mean Velocity (m/s) Mean Power (W) Tpo (m) Mean Force (N) Mean Velocity (m/s) Mean Power (W) hpo (m)
Force Plate
ICC 0.98 0.97 0.96 0.92 0.97 0.96 0.96 0.84
(95% CL) (0.97, 0.99) (0.96, 0.98) (0.95, 0.98) (0.89, 0.95) (0.96, 0.98) (0.94, 0.97) (0.94, 0.97) (0.77, 0.89)
CV % 2.0 2.7 3.7 4.1 2.4 4.2 4.7 5.0
(95% CL) (1.8,2.3) (24,3.1) (3.3,4.3) (3.6,4.6) (2.1,2.7) (3.8,4.8) (4.2,5.3) (4.5,5.8)
Field Method
ICC 0.97 0.98 0.94 - 0.94 0.96 0.90 -
(95% CL) (0.96, 0.98) (0.97, 0.99) (0.91, 0.96) - (0.92, 0.96) (0.94, 0.97) (0.85, 0.93) -
CV % 1.9 24 42 - 2.6 3.0 5.5 -
(95% CL) (1.7,2.1) (2.1,2.7) (3.8,4.9) - (2.4,3.0) (2.7,3.5) (4.9, 6.3) -

ICC = intraclass correlation coefficient; CL = confidence limits; CV = coefficient of variation, spo = height of push off.

Table 3.2. Results of the force plate and SAM method reliability least products regression analysis across loading conditions.

Barbell

Hexbar

Mean Force (N)

Mean Velocity (m/s)

Mean Power (W)

Mean Force (N)

Mean Velocity (m/s)

Mean Power (W)

Force Plate
Intercept
(95% CL)
Slope

(95% CL)
Field Method
Intercept
(95% CL)
Slope

(95% CL)

63.43
(-135.51, 8.64)
1.03

(0.99, 1.08)

13.99
(-69.50, 97.49)
0.98

(0.94, 1.03)

0.00
(-0.05, 0.95)
0.99

(0.95-1.03)

-0.01
(-0.06, 0.03)
1.00

(0.96, 1.04)

321
(-101.70, 108.13)
0.99

(0.94, 1.04)

8.15
(-143.81, 127.49)
0.99

(0.92, 1.06)

2.10
(-84.88, 8.67)
1.00

(0.95, 1.04)

38.96
(-106.40, 184.32)
0.97

(0.89, 1.06)

0.04
(-0.02, 0.12)
0.96

(0.91, 1.01)

0.06
(0.00, 0.12)
0.94

(0.88, 1.00)

59.38
(-69.21, 187.99)
0.97

(0.91, 1.02)

91.63
(-88.32, 271.59)
0.94

(0.86, 1.03)

CL = confidence limits; if the 95% confidence interval does not include 0, then the difference is significant (*) (<0.05).
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Table 3.3. Mean (SD) force plate and SAM method mean force, velocity, power, displacement and F-v variables for both loading conditions, and the mean

(95% confidence limits [CL]) of the differences between them.

Barbell
Force (N) Velocity (m/s) Power (W) hpo (m) F0 (N/kg) V0 (m/s) Pumax (W/kg) Sfv (N.m.s.kg)
Force Plate 1704.84 (229.08) 1.36 (0.22) 2165 (410.96) 0.50 (0.07) 32.04 (4.04) 4.00 (0.52) 31.98 (5.03) -8.17 (1.76)
Field Method 1751.48 (188.80) 1.15(0.16) 2008.58 (318.45) 0.37 (0.04) 34.67 (5.05) 3.28 (0.65) 27.84 (3.78) -11.21 (3.86)
Mean difference -46.64 0.21 156.42 0.13 -2.63 0.72 4.14 3.04
% mean difference 2.73 15.44 7.22 26.00 8.21 18.00 12.95 37.21
(95% CL) (-73.43,-19.18)* (0.19, 0.23)* (110.15, 204.40)* (0.11, 0.14)* (-4.53,-0.73)* (0.35, 1.09)* (1.80, 6.47)* (1.28, 4.80)*
Pearson's R 0.83 0.92 0.85 0.31 0.65 0.07 0.35 0.23
Hexbar
Force (N) Velocity (m/s) Power (W) hpo (m) FO0 (N/kg) V0 (m/s) Pumax (W/kg) Sfv (N.m.s.kg)
Force Plate 1786.82 (252.35) 1.37 (0.23) 2296.09 (457.17) 0.46 (0.05) 36.59 (5.32) 3.57(0.82) 32.30 (6.40) -10.79 (2.95)
Field Method 1819.09 (201.49) 1.2 (0.16) 2180.3 (353.49) 0.37 (0.04) 34.94 (4.11) 3.48 (0.69) 29.98 (4.60) -10.60 (3.22)
Mean difference -32.27 0.17 115.79 0.09 1.64 0.09 2.32 -0.19
% mean difference 1.80 12.40 5.04 19.57 5.29 2.52 7.18 1.76
(95% CL) (-63.03, -1.50)* (0.14, 0.19)* (59.47, 172.10)* (0.08, 0.10)* (-0.47,3.77) (-0.21, 0.40) (0.39, 4.25)* (-1.65, 1.26)
Pearson's R 0.83 0.89 0.82 0.05 0.53 0.61 0.75 0.46

CL = confidence limits; if the 95% confidence interval does not include 0, then the difference is significant (*) (<0.05).
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Table 3.4. Results of the method comparison least products regression analysis for mean force, velocity, power, displacement and F-v variables for both

loading conditions, and the mean (95% confidence limits [CL]) of the differences between them.

Barbell
Force (N) Velocity (m/s) Power (W) hpo (m) F0 (N/kg) V0 (m/s) Pumax (W/kg) Sfv (N.m.s.kg)
Intercept -419.87 -0.15 -426.2 -0.10 6.54 1.36 -5.11 -3.04
(95% CL) (-676.04, -163.70)" (-0.28, -0.02)" (-727.79, -124.60)" (-0.23, 0.02) (-2.81, 15.9) (0.06, 2.67)" (-22.01, 11.78) (-5.65, -0.43)"
Slope 1.21 1.32 1.24 1.64 0.73 0.80 1.33 0.45
(95% CL) (1.07, 1.36)" (1.21, 1.43)" (1.15, 1.44)" (1.33,2.02)" (0.51, 1.04) (0.50, 1.27) (0.86, 2.05) (0.29, 0.71)"
R? 0.70 0.85 0.72 0.09 0.43 0.00 0.12 0.05
Hexbar
Force (N) Velocity (m/s) Power (W) hpo (m) FO0 (N/kg) V0 (m/s) Pumax (W/kg) Sfv (N.m.s.kg)
Intercept -491.41 -0.33 -523.68 -0.01 -8.63 -0.54 -9.37 -1.08
(95% CL) (-774.04, -208.77)" (-0.51,-0.16)" (-878.79, -168.57)" (-0.12, 0.09) (-27.11, 9.84) (-2.13, 1.04) (-22.78, 4.03) (-5.44,3.27)
Slope 1.25 1.42 1.29 1.29 1.29 1.18 1.39 9.10
(95% CL) (1.10, 1.41)" (1.28,1.57)" (1.14, 1.46)" (1.04, 1.61)" (0.87, 1.92) (0.81, 1.71) (1.01, 1.90)" (0.60, 1.38)
R? 0.68 0.78 0.68 0.00 0.28 0.37 0.56 0.21

CL = confidence limits; if the 95% confidence interval for the intercept does not include 0, then fixed bias is present; if the 95% confidence interval for the slope does not include 1.0, then proportional bias is present. + = proportional bias, » = fixed bias.
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Figure 3.2. Limits of Agreement plots of differences between the force plate and
field method for mean force (A), velocity (B) and power (C) using a barbell and
mean force (D), velocity (E) and power (F) using a hexbar. Data combined from all
incremental loads. The solid horizontal line corresponds to zero (no bias). The
dashed line corresponds to the mean bias. Upper and lower horizontal dotted lines
represent the limits of agreement (mean +1.96 SD of the difference between
methods). Regression line describes the relationship between criterion and predictor.
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Figure 3.3. Limits of Agreement plots of differences between the force plate and
field method for Fo (A), vo (B), Pmax (C) using a barbell and Fo (D), vo (E), Pmax
(F) using a hexbar. The solid horizontal line corresponds to zero (no bias). The
dashed line corresponds to the mean bias. Upper and lower horizontal dotted lines
represent the limits of agreement (mean +1.96 SD of the difference between
methods). Regression line describes the relationship between criterion and predictor.
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Figure 3.4. Limits of Agreement plots of differences between the force plate and
field method for the force-velocity slope (Srv) (A) and height of push-off (/,,) (B)
using a barbell and the force-velocity slope (Srv) (C) and height of push-off (%,.)
(D) using a hexbar. The solid horizontal line corresponds to zero (no bias). The
dashed line corresponds to the mean bias. Upper and lower horizontal dotted lines
represent the limits of agreement (mean +1.96 SD of the difference between
methods). Regression line describes the relationship between criterion and predictor.

Discussion

The purpose of this study was to assess the reliability and validity of the SAM
method to determine mean force, velocity and power and associated F-v variables ((Fo
(N/kg), vo (m/s), Pmax (W/kg), Srv (N.s-1.m-1.kg)) during the propulsion phase when
performing loaded and unloaded barbell and hexbar CMJ actions. Displacement during
the propulsion phase was also validated against /,,. With regards to the reliability of the
SAM method, for both jump types, the results of this study support the work of the two
previous validation studies (129, 176) highlighting acceptable between-trial absolute and
relative reliability for mean force, velocity and power (ICC > 0.90, CV < 5.5%) (Table
3.1). The height of push off (4,,) for both loading conditions showed slightly lower levels

of relative reliability, (barbell - ICC 0.92, CV of 4.1%, hexbar — ICC 0.84, CV of 5.0%)
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(Table 3.1), yet still acceptable levels of absolute reliability. The results suggest the
anthropometric inputs into the calculation of the SAM method ([mass (kg), height of take-
off, squat depth (/4s) and height of push-off (%,,)]) provide reliable data to determine mean
force, velocity and power values. Least products regression analysis also identified
acceptable between-trial reliability using the SAM method for both loading conditions
(Table 3.2). Neither fixed or proportional bias was evident between trials due to the 95%

confidence intervals for the intercept and slope including zero and one, respectively.

When considering the results to determine the validity of the SAM method, limits
of agreement analysis (Table 3.3) and least products regression analysis (Table 3.4)
suggests significant differences exist for mean force, velocity or power, with similar
findings evident for displacement during the propulsive phase and F-v variables across
either loading condition. This was due to the level of mean bias observed in the limits of
agreement plots (Figures 3.2-3.4) and the frequency of the 95% confidence intervals
within the least products regression analysis excluding zero and one for the intercept and
slope, identifying levels of fixed and proportional bias. The prevalence of fixed or
proportional bias was however not evident in all incremental loading conditions
(Supplemental material: Table 2). This contrasts the data presented in previous validation
studies where the authors highlighted negligible systematic bias (% relative to mean
value) between force plate analysis and the SAM method for measuring mean force (0.0%
+ 1.0), velocity (0.0% + 0.0) and power (0.2% =+ 1.0) during the propulsive phase in CMJ

actions using a smith machine (176).

The difference in findings between studies are important within the field of sports
science since validation of the SAM method using common physical preparation

loaded/unloaded exercises (barbell/hexbar jumps) is limited. This may, therefore, identify
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a significant limitation of the SAM method to estimate mean force, velocity and power,
and establish a valid F-v profile, using a ‘free-weight” CMJ protocol. The variance in
which fixed or proportional bias appears in the least products regression analysis infers

further analysis of possible causes across loading conditions.

One possible explanation for the differences identified in this study may be related
to the key input into the SAM method; height of push-off (4,,). The between-trial
reliability for 4, (displacement during propulsion) was shown to be high across both
loading conditions (barbell; ICC = 0.92 (0.89-0.95), CV = 4.1%, hexbar; ICC = 0.84
(0.77-0.89), CV = 5.0%)), with the coefficient of variation showing greater reliability
with the barbell loading conditions. The mean percentage difference between methods for
hpo, represented relative to the mean of the criterion, identified a 26.0% and 19.6%
difference when performing barbell and hexbar CMJ trials respectively. This identifies a
likely difference in the starting height (4;) measured during the pre-assessment (and
therefore 4,,), and those achieved when performing the CMJ actions. Although 4,, 1s an
easily measured input into the model, it directly affects the calculation of mean system
force, and extrapolates to all key variables of the model. Moreover, an error in /., via
anthropometric measurement or changes in the starting height of subject prior to the

propulsive phase, will reduce validity of the SAM method.

The &y, relies on the subject descending to and controlling the starting height of the
propulsive phase, &, for each jump action. Although controlling /s during the CMJ
increases the direct relationship between jump height and mechanical power (332), it has
been noted this may reduce the ecological validity of the test due to restricting subjects
from self-selecting the most appropriate depth at each load to maximise their jump

performance (284, 332). This is an important consideration when applying the SAM
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method since it is designed for practitioners to determine the F-v profile without the level
of equipment and technology freely available in a laboratory setting. As per a previous
validation study using CMJ actions (176) in a smith machine, starting height was not
constrained by a band or similar device . Due to the inconsistencies in the data, it is the
authors hypothesis that the magnitude of differences which exist between displacement
achieved during the propulsive phase measured via integration of the force-time signal,
compared to the anthropometric measurements which provide 4,,, is likely a direct result
of changes to 4;, The SAM method under-estimated displacement during push-off, with
significant mean differences identified for both loading conditions suggesting subjects
descended to knee angles less than 90° at the knee joint. McBride et al. (217) has
previously shown higher mean force values at higher starting height angles for CMJ
actions. This may explain differences in mean force between methods as displacement
values identified from integrating the force-time signal showed a larger distance covered
during propulsion than anthropometric measures taken prior to testing. Table 3 identifies
the mean and standard deviation starting height was similar between loading conditions
and therefore may highlight greater familiarization of testing protocol was necessary to

ensure the appropriate starting height, 90° at the knee joint, was achieved.

The validity of slope of the F-v profile and the differences between methods
provides useful analysis considering this data is often used in training prescription for
athletic populations (175) and can characterize performance (130, 174). Mean and
individual F-v slope analysis is highlighted in Figure 3.5 and Figure 3.6. A closer analysis
of the mean slope from combined subjects (Figure 3.5) highlights a closer agreement
when using the hexbar compared to the barbell, while also showing the profiles between
loading conditions should not be used interchangeably. For example, when using the

barbell, the SAM method overestimates Fo (N/kg) and underestimates vo (m/s), compared

76



to the force plate, thereby creating a ‘steeper’ slope of the profile for each subject. This
may therefore mislead sports scientists to assume the subject has a velocity deficit and
attempt to correct this F-v imbalance by targeting particular exercises on the F-v spectrum
(175). Individual subject slope analysis (Figure 3.6) identifies the differences in the F-v
slope between loading conditions and methods, with some subjects showing minimal
variation (e.g. subjects #2, #18, #20), whereas other subjects showed much large variation
(e.g. subjects #1, #11, #15). A closer analysis of individual loads using the hexbar
(Supplemental material: Table 1) identifies minor mean % differences at higher loads,
BM + 30kg = 0.81% and BM + 45kg = 0.51%, suggesting kinematic changes may have
impact the subjects due the position of the load closer to the body centre of mass, see

Swinton et al. (325).
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Figure 3.5. Mean force-velocity slope analysis between methods and loading
conditions. (SAM = Samozino method, FP = force plate, BB = barbell, HEX =
hexbar).
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Figure 3.6. Individual subject (1-21) force-velocity slope analysis between methods
and loading conditions. (SAM = Samozino method, FP = force plate, BB = barbell,
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Notwithstanding, previous research has shown changes to Fo (N/kg), estimation of

force intercept, will have a greater effect on the SAM method outputs than changes to /..

For example, an approximately 10% change to Fo (N/kg) results in a 10-15% increase in

jump height, compared to the same percentage change in /., resulting in approximately

4.5-7.5% increase in jump height (284). This is an interesting consideration when

analysing agreement between the methods since mean velocity is inversely calculated

from the trial with the highest jump height. This suggests minor changes in /,, will impact
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kinematic variables and therefore likely influence the validity of the SAM method, which

confirms the findings in this study.

While determining reliability and validity of the SAM method was the focus of this
study, the authors have identified potential limitations to the calculation method and study
design. Although the SAM method is designed as a simple model for field conditions,
practitioners should still be cognisant of potential errors in practical application. The
mean differences (and % relative difference compared to the criterion) observed in /i,
between methods and loading conditions (barbell — 0.13m [26.0%], hexbar — 0.09m
[19.6%]) suggests /s should be controlled by use of a band (or similar device) to elicit less
jump variability (199, 336). Although starting height is self-selected by the athlete, they
must still achieve a 90° angle at the knee, plus it should be consistent for each individual
if jump assessment is frequent during training. Furthermore, real-time displacement data
must be available from the force-time signal to ensure correct starting height, thereby
reducing jump variability across loads. This did not occur during this study and does not
appear to be a key recommendation in the initial SAM method literature. The considerable
variation of /s evident in post-testing analysis was not expected by the authors yet appears
to have greatly influenced agreement between methods. Another factor which potentially
limited this study was the resistance training background of the subjects and

familiarization of performing the movement under the direction of the lead author.

Although analysis for validity were grouped via combined loads and individual
loads (Supplemental material: Table 1 and Table 2), fixed absolute loads for each bar
condition did not occur in previous studies where loads were individualized based on a
percentage of bodyweight (129, 176). This may have impact results and agreement

between methods in the calculation of the intercepts of the linear F-v relationship, Fo
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(N/kg) and vo (m/s). Therefore, for a given bodyweight, one subject jumped against a
higher relative load than the next subject, thereby potentially impacting the slope of the
F-v relationship (187, 336). The intercepts are extrapolated from the data points along the
slope and are essentially estimates of theoretical maximal values, although frequently
discussed as determinants of jump performance. The absolute and number of loads
selected may also have prevented subjects expressing force close to the Fo intercept;
thereby potentially decreasing the validity of these theoretical values as suggested in
previous research (1, 121, 172, 199). Notwithstanding, relative loads based on
bodyweight percentages will remain estimated data points, albeit with likely greater

validity.

One final limitation was the sample size of the study. A power analysis conducted
prior to the study suggested 34 subjects was the ideal sample size (ES = 0.5, p = 0.05,
power = 0.8), whereas only 21 subjects participated in this study. Post-hoc analysis using
21 subjects therefore provides a power level of only 0.57, which highlights differences
between the means will only be detected 57% of the time. This may limit the conclusions

outlined below as the study is underpowered.

Although there has been previous research validating Samozino’s method during
CMJ actions, to the best of our knowledge this is the only study which has reported the
reliability and validity of establishing F-v profiles using CMJ actions with a barbell and

hexbar.

Conclusions

Providing practitioners with a simple approach to analyse the F-v capabilities of
their athletes with limited technology is useful information to obtain current mechanical

capabilities of the neuromuscular system. However, ensuring the methodological
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approach used provides valid data compared to the gold standard is essential. The results
of this study suggest the SAM method to be reliable to determine mean force (N), velocity
(m/s) and power (W) when performing barbell and hexbar CMJ actions. Therefore, from
a practical point of view, coaches and scientists can use variables from the SAM method
when monitoring the same athletes across the course of a season. Although the SAM
method demonstrated acceptable levels of agreement (<5% mean difference) when
measuring mean force, fixed and proportional bias was evident. This was also observed
for mean velocity and mean power (>5% mean difference respectively) when compared
to force plate analysis. In conclusion, the SAM method is a reliable, practical and time-
efficient method to obtain lower-limb neuromuscular data, however differences exist
between criterion and predictor when measuring mechanical variables thereby reducing

validity between measures.
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PRELUDE

Chapter 3 demonstrated acceptable reliability of using a field method approach to
determine force and velocity characteristics during free weight countermovement jump
actions, while validity using the hexbar exceeded that of the barbell when compared to
force plate analysis. However, there is limited research using a hexbar to determine vertical
(i.e., jump) F-v characteristics in athletes. It would therefore be interesting to understand
whether mechanical characteristics can differentiate between sex and positional demands
from the same sporting background when using this as the primary neuromuscular tool for
jump assessment. Therefore, the primary aim of the study was to evaluate jump-based
mechanical characteristics in field hockey athletes and use the information to inform
training-related interventions. We hypothesized athletes who were classified as primary
attackers on the field would display a more velocity-oriented F-v profile when compared
with defenders, thereby demonstrating significantly higher values in relative maximal
power and mechanical differences would exist between sexes due to strength related
factors. This chapter provides coaches with insight as to how to individualize and prescribe

training demands based on sex and positional demands club-based field hockey players.

82



CHAPTER 4: STUDY 2

Force-velocity profiling in club-based field hockey players: Analyzing the relationships

between mechanical characteristics, sex, and positional demands

Dylan S. Hicks'*, Claire Drummond!, Kym J. Williams', Roland van den Tillaar**

'SHAPE Research Centre, Flinders University, Bedford Park, Australia

2 Dept. of Sport Science and Physical Education, Nord University, Norway

Corresponding authors: Dylan Hicks, College of Nursing and Health Sciences, Flinders

University GPO, Box 2100, SA, Australia. E-mail address: dylan.hicks@flinders.edu.au.

Roland van den Tillaar, Nord University, Levanger, Norway, Email: roland.v.tillaar@nord.no.

Statement of co-authorship: All authors were involved in formulating the concept and
design of the study. Dylan Hicks and Roland van den Tillaar conducted the data collection.
DH conducted the analysis and completed the initial draft of the manuscript. All authors

edited multiple revisions of the manuscript.

This manuscript has been published as:

Hicks, D. Drummond, C. Williams, K. van den Tillaar, R. Force-velocity profiling in club-based field hockey
players: Analyzing the relationships between mechanical characteristics, sex, and positional demands. Journal

of Sport Science and Medicine, 22, 142-155, 2023.

83


mailto:dylan.hicks@flinders.edu.au
mailto:roland.v.tillaar@nord.no

Abstract

The purpose of this study was to investigate differences between sex and positional
demands in club-based field hockey players by analyzing vertical F-v characteristics.
Thirty-three club-based field hockey athletes (16 males - age: 24.8 = 7.3yrs, body mass:
76.8 £ 8.2kg, height: 1.79 £ 0.05m; 17 females - age: 22.3 £+ 4.2yrs, body mass: 65.2 £
7.6kg, height: 1.66 + 0.05m) were classified into two key positional groups (attacker or
defender) based on dominant field position during gameplay. F-v profiles were established
by performing countermovement jumps (CMJ) using a three-point loading protocol
ranging from body mass (i.e., zero external mass, 0%) to loads corresponding to 25% and
50% of their own body mass. Across all loads, between-trial reliability of F-v and CMJ
variables was determined by intraclass correlation coefficients (ICCs) and coefficient of
variation (CV) and deemed to be acceptable (ICC: 0.87-0.95, CV% 2.8-8.2). Analysis by
sex identified male athletes had significantly greater differences in all F-v variables (12.81-
40.58%, p <0.001, ES = 1.10-3.19), a more enhanced F-v profile (i.e., greater theoretical
maximal force, velocity, and power values), plus overall stronger correlations between
relative maximal power (Pmax) and jump height (» = 0.67, p<0.06) when compared to
female athletes (-0.71< r > 0.60, p=0.08). Male attackers demonstrated a more ‘velocity-
oriented’ F-v profile compared to defenders due to significant mean differences in
theoretical maximal velocity (vo) (6.64%, p < 0.05, ES: 1.11), however differences in
absolute and relative theoretical force (Fo) (15.43%, p < 0.01, ES = 1.39) led to female
attackers displaying a more ‘force-oriented’ profile in comparison to defenders. The
observed mechanical differences identify the underpinning characteristics of position
specific expression of Pmax should be reflected in training programmes. Therefore, our
findings suggest F-v profiling is acceptable to differentiate between sex and positional

demands in club-based field hockey players. Furthermore, it is recommended field hockey
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players explore a range of loads and exercises across the F-v continuum through on-field
and gym-based field hockey strength and conditioning practices to account for sex and

positional mechanical differences.
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Introduction

Field hockey is a high-intensity, intermittent-based team sport with high mechanical
demands requiring players to accelerate, decelerate, change speed and direction quickly,
and in addition requires advanced skill to be an effective player (300). Recent literature
on field hockey has characterized movement patterns, activity profiles and repeated-sprint
ability (311, 312) using time-motion analysis (i.e., global positioning systems [GPS] (118,
209, 346) which quantified different game-based demands based on specific positional
groups including speed and distance of sprint efforts. Studies on age groups ranging from
youth to international level field hockey also identified a significant demand for high-
speed running during the game, with midfielders and attackers accumulating a greater
number of high intensity actions compared to defenders (167, 208, 209, 219, 340).
Despite extensive analysis of movement patterns within the sport of field hockey,
mechanical characteristics contributing to on-field performance including force, velocity

and power are yet to be fully explored.

Comparisons between high-intensity actions such as sprinting, and positional
groups during field hockey games have previously highlighted significant differences
between the number of sprints performed, velocities achieved during sprint efforts and the
position of the player on the field (118, 209, 312, 346), suggesting the biomechanical
demands and therefore F-v characteristics required at each position are different. For
example, in elite women’s hockey, midfielders spend a greater portion of game time at
velocities greater than 7 m.s”!, when compared to attackers and defenders, while
midfielders and attackers spend a greater portion of game time above 5 m.s", when
compared with defenders (118). This comparison between position groups also identified
attackers (also known as strikers) as likely to have a greater maximal velocity during game-

play compared to midfielders and defenders, demonstrating their exposure to a greater
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mechanical load (209). Similarities have been observed in elite men’s field hockey where
differences between high intensity actions and positional groups identified inside-forwards
(n=39 £ 1) and strikers (n=42 + 15) performed a greater number of sprint actions when
compared with full-backs (n=18 + 1) and half-backs (n=22 + 7) (312). Therefore,
quantifying the on-field movement characteristics via time-motion analysis, along with
analyzing the underpinning mechanical determinants and F-v relationship of the lower
limbs contributing to performance may provide greater insight to further enhance field

hockey strength and conditioning practice.

In sprint and team sport athletes, previous studies have demonstrated a significant
correlation between the F-v characteristics of jumping and sprinting actions (202). The
association between both actions has identified relative peak force, peak power and jump
height in a countermovement jump (CMJ) action as strong predictors of maximal velocity
at 10-metres and improved sprint times from 5-60-metres (215, 248), thereby highlighting
similar neuromuscular qualities between actions. Due to the strong relationships between
jump and sprint performance (72, 215), a CMJ is often an effective assessment of
mechanical output to infer F-v characteristics across both actions. Furthermore, the
simplicity of performing the jumping movement without the risk of injury associated with
maximal velocity sprint testing may be more favourable from a coaching perspective (248).
Despite the ease of testing, an isolated CMJ assessment is limited as it evaluates lower-
limb function under a single mechanical condition; an athlete’s body mass, and therefore
the observed outcomes do not differentiate between different muscle capacities (i.e., force
production at low and high velocities) (163). Therefore, to determine overall mechanical

characteristics a F-v profile may be an alternative approach.
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F-v profiling has previously shown strong utility in team sports (105, 106, 172,
174, 175, 212) to characterize the maximal mechanical capabilities of the lower limbs
neuromuscular system (279). When performing a vertically oriented F-v profile, the
athlete jumps (CMJ or squat jump) against a range of external loads (between 2-9 loads)
(121, 242) from their own body mass only (i.e., zero external load) to potentially jumping
with external load up to 75-100% of their body mass (122). Typically, the F-v profile
provides comprehensive information about overall neuromuscular function including: the
slope of the F-v profile (Srv), theoretical maximal force at null velocity (Fo), theoretical
maximal movement velocity up to which force can be produced (vo) and theoretical
external maximal power (Pwmax), the product of the two former variables (163).
Potentially, athletes with different F-v profiles could produce similar levels of external
Pmax, yet with a different combination of vertical force and velocity, thereby offering
insight to the practitioner about the strengths and weaknesses of their neuromuscular
system (i.e., force-oriented or velocity-oriented) (172). F-v profiling in a range of tasks
has shown to not only quantify current mechanical capabilities, but to distinguish between
ability level (e.g. elite, non-elite)(170) and sport (130), while potentially being used to
guide training interventions and programming decisions (175). Despite this, concerns
have been raised about the reliability of using mechanical profiling to determine F-v
variables through countermovement and squat jump actions, as well as the utility of these
variables to inform performance. (199, 336). However, recent research has also
challenged these concerns by demonstrating that improved methodological practices can
produce reliable data.(290). Currently, there is limited information about the
biomechanical demands of field hockey, suggesting a greater understanding of F-v

characteristics between sex and positional demands within the sport may provide strength
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and conditioning practitioners with useful information to optimize and individualize

training programmes to enhance on-field performance.

Therefore, the aim of the study was to evaluate vertically oriented F-v
characteristics in male and female field hockey athletes and use the information to inform
training-related interventions. Specifically, we aimed to determine and compare
mechanical F-v relationships between sex and positional groups within a field hockey
context. Due to achieving higher velocities during game-play as identified in time-motion
analysis (167), we hypothesized athletes who were classified as primary attackers on the
field would (1) display a more velocity-oriented F-v profile when compared with
defenders, thereby demonstrating significantly higher values in relative maximal power
(285) and (2), we hypothesized differences would exist in the F-v profile between males
and females due to strength related factors (124, 189, 259, 326), and males would display
an overall more enhanced F-v profile. The results of this study would allow for a more

effective training design for field hockey athletes based on mechanical characteristics.

Methods

We used a cross-sectional experimental design to investigate the relationship(s)
between the vertical F-v profile using a CMJ, sex (male, female) and playing position
(attackers and defenders). In consultation with the head coaches of the respective field
hockey teams, subjects were classified as either an attacker or a defender based on where
their coach most frequently positioned them on the field. Attacking positions included:
attacking midfielder, left and right wing, inside left and right and striker. Defensive
positions included: defensive midfield, outside and central defenders, sweeper and
goalkeeper. It was reported by the coaching staff that some athletes played multiple

attacking or defensive positions. All athletes were assessed for anthropometric measures
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(body mass, standing stature) along with a three-point F-v profile using incremental loads.
The testing session for all athletes was conducted during the field hockey preseason period,
approximately 8-weeks before the season began, with the intention the results would
provide greater insight into training direction for specific positional groups across the
preseason period. All CMJ measurements were recorded indoors with the same external
environmental conditions and supervised by a certified strength and conditioning

professional.

Subjects

Thirty-three club-level field hockey athletes (male n=16, 8 attackers/8 defenders),
age: 24.8 = 7.3 years, body mass: 76.8 + 8.2 kg, and height: 1.79 + 0.05m, (female n=17,
9 attackers, 8 defenders), 22.3 + 4.2 years, body mass 65.2 + 7.6 kg, and height 1.66 + 0.05
m, participated in the study (Table 4.1). Subjects were informed of the benefits and risks
of the investigation prior to signing an institutionally approved informed consent document
to participate in the study. The adult guardians or parents provided signed written consent
for subjects under 18 years of age. Inclusion criteria included: subjects involved in state
league level of competitive sport; a background in resistance training of greater than six
months; and aged 15-35 years. Exclusion criteria maintained that subjects needed to be six-
months free of musculoskeletal injuries which may prevent them from performing maximal
effort CMJ actions against external loads. In their pre-testing questionnaire, subjects
acknowledged their experience with exercises such as the vertical jump. Subjects were
asked to refrain from physical training within the 24-hours prior to testing. The study was
conducted in accordance with the Declaration of Helsinki, and the protocol was approved
by the Social and Behavioural Research Ethics Committee at Flinders University (Ethics

App Number: 8146).
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Table 4.1. Descriptive statistics of anthropometric variables between sex and positional groups.

Males Females
Variable Mean
difference Mean % Mean difference Mean %
Attackers Defenders (£95%CL) difference ES (90% CI) Attackers Defenders (£95%CL) difference ES (90% CI)

A - g - - i

ge 24.50 + 8.94 25.16 £ 4.91 0'666 ;78)'10’ 244 O'Of 521)'19’ 23.10 £ 4.56 21.50 + 4.4 1.61 (-3.05, 6.27) 6.96 0.35, (-0.68, 1.40)
Bodymass 0.73 (-1.88
(kg) 75.64+£9.52 80.50 +3.53 -5.85 (-13.09, -0.73 (-1.88, 66.86 + 8.72 61.40 £4.56 5.46 (-1.4,12.33) 8.19 0.71 (-0.39, 1.83)

1.39) 7.83 0.40)

Height - - - -

cight (m) 1.77 £0.04 1.81 +£0.08 0'0: 5(41)1'8’ 2.25 0'68561)'80’ 1.64 +£0.05 1.65+0.05 0.01 (-6.1, 3.9) 0.06 -0.66 (-1.80, 0.46)

CL: confidence limits, ES: effect size, CI: confidence interval
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Procedures

The vertical F-v profile assessment was performed on the same day for all subjects.
The conditions observed on the day of testing included the following environmental

variables: temperature min 21.5°C, max 33.0°C, SE winds 13km/h, 1017.5hPA.

Vertical force-velocity profile assessment

Prior to jump testing, subjects completed a standardized warm-up consisting of
three minutes of step-ups (cadence of 85 on metronome), dynamic movements, and
preparatory vertical jumps including a series of maximal unloaded and sub-maximal (10-
15kg) loaded CMJ trials (149). During all trials, internal cues such as “squat to a seated
position then extend your hips, knees and ankles as fast as you can” (222), plus external
cues such as “jump to the roof” were provided to subjects to ensure maximal intent was

provided across the three loading conditions (136).

All assessments began with subjects standing with each foot on a separate portable
force plate system (35cm by 35cm, PASPORT force plate, PS-2141, PASCO Scientific,
California, USA), which directly measured left and right foot ground reaction forces
(GRF). This type of portable force plate has previously been validated and deemed reliable
against in-ground laboratory grade force plates (196). Prior to the initiation of the jump,
subjects were instructed to stand still at full stature for at least 1-second with their left and
right foot on the center of each force plate, to ensure the weighing phase could be calculated
accurately (222). If there was movement prior to the initiation of the jump, the trial was
repeated. Preceding the next trial, the force plate was zeroed. Vertical GRF was

continuously sampled at 1000 Hz for each force plate, with vertical force-time data being
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stored within a local computer. The data was subsequently exported to a csv file for post-

processing analysis.

Countermovement jump trials were performed either with body mass only (arms
akimbo), a purpose-built polyvinyl chloride (PVC) hexagon made to the same inner
dimensions as the free weight hexbar, which could hold light external load if required, or
a 15kg free-weight hexbar with load added determined by percentage of body mass.
Subjects used the high handles of the free-weight bar and were standing upright, within the
hexagonal shape, with the bar sitting off the ground prior to descending into the CMJ. Each
subject’s arms remained extended throughout the duration of the jump. Countermovement
depth was self-selected and was not constrained by a box or band to encourage individual

jump strategy (221).

We used a three-point loading protocol for the F-v profile as this has been shown
to provide reliable and valid data when compared to the more commonly used multiple
point (load) approach (293). The multiple-point method although used extensively in the
field, may be time-consuming on the practitioner, plus may also lead to athlete fatigue due
to the necessity to perform multiple jumps at each incremental loading condition.
Therefore, the three-point (body mass plus two external loads) approach was selected to
obtain mechanical capabilities across the F-v spectrum. Each participant performed the
trials using the same incremental loads and order; body mass (BM, 0%) (Load 1), then 25%
(Load 2) and 50% (Load 3) externally added mass. Three trials were performed at each
loading condition, assuming a successful jump. Upon landing for all loading conditions,
subjects were asked to touch down with the same leg position as when they left the ground
(i.e., plantar flexed ankle joint). Between each loading condition, there was a 3-minute

passive recovery period to limit fatigue prior to the next series of jump trials.
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To determine the F-v profile, mean values of force and velocity were determined
using force-time data during the propulsive phase (concentric portion of jump) of the CMJ.
Key phases of the CMJ were agreed upon using the force-time characteristics previously
outlined (222). The propulsive phase was defined as the point at which centre of mass
velocity becomes positive and the athlete begins moving vertically from the lowest point
of the countermovement until the point of take-off (222). Mean vertical GRF was
determined by averaging force from the dual force plate system across the time points
established for the propulsive phase of the jump. The instantaneous vertical velocity across
the propulsive phase of each jump type was determined via integration of the center of
mass (COM) vertical acceleration signal over time via force plate data and then averaged
across the propulsion phase. Mean external power across the propulsion phase was then
calculated as the product of mean GRF and estimated mean COM velocity according to the
sample rate from the force plates. Vertical ground reaction force was used to calculate
vertical instantaneous acceleration of the COM, therefore determining changes to eccentric
(braking phase) and concentric (propulsive phase) COM displacement during the
countermovement. The braking phase (eccentric portion of jump) commenced from the
instant of peak negative COM velocity through to when COM velocity increased to zero.
Flight time was determined using the thresholds previously outlined and is characterized
by the instant of take-off and landing on the force plates. Jump height (JH) was determined
using the trapezoid rule in reference to flight time using the gold standard equation, JH =
v?2g (v=vertical velocity, g=gravitational constant)(230). Concentric and eccentric
contraction times were established using the time-points outlined in the force-time
characteristics. Take-off velocity was determined as the maximal velocity at the conclusion

of the propulsion phase (220).
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Force-velocity relationship during countermovement jumps

F-v parameters were established using direct mean ground reaction force from the
force plates and then input into a customised Microsoft Excel spreadsheet as outlined by
Garcia-Ramos et al. (123). Descriptions of F-v and CMJ variables are shown in Table 4.2.
The trial at each load which recorded the highest take-off velocity (maximum vertical
velocity) was used for statistical analyses as this likely represents the current maximal
capabilities of the neuromuscular system during the movement (270). A least squares linear
regression model was then applied to the mean force and velocity data to determine the F-
v relationship variables. Absolute (N) and relative theoretical maximal force (N.kg!) (Fo)
and theoretical maximal velocity (m.s™) (vo) were then established as the intercepts of the
linear regression model, while absolute (W) and relative theoretical maximal power (W.kg
1) were described as: Pmax = Fo.vo/4. The F-v data achieved across the three loading
conditions describes the absolute (N.s'.m™) and relative (N. s'.m.kg-1) slope of the F-v

profile (Srv) and is calculated as: Spv = Fo/vo.

Statistical analyses

Statistical analyses were determined from input into custom built Microsoft Excel
spreadsheets (154) plus coded in R (v3.6.1; R Foundation for Statistical Computing, R
Core Team, Vienna, Austria), in the RStudio environment (v1.2.519; RStudio, Inc.,
Boston, MA) using various statistical packages. The sample size used in this study was
based on priori estimates used in previous research (total sample: n= <19, group
comparisons: n= <9) using mechanical profiling suggesting the number of subjects is

acceptable to detect true changes (18, 259, 316).
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Table 4.2. Definition and practical description of vertical force-velocity and countermovement jump variables.

Variable

Abbreviation

Practical Interpretation

Theoretical maximal vertical force (intercept)
production extrapolated from the linear loaded
countermovement jumps F-v relationship

Theoretical maximal movement velocity (intercept)
extrapolated from the linear loaded
countermovement jumps F-v relationship

Maximal mechanical external power output in the
vertical direction (Pyax = Fy x vo/4)

Slope of the force-velocity relationship

Jump height

Flight time

Take-off velocity

Absolute Fy (N)
Relative Fo (N.kg™")

vo(m.s™)

Absolute Pyax (W)
Relative Pyax (W.kg™)

Absolute Spy (N.s.m™)
Relative Spy (N.s.m™ kg™')

JH (m)

FT (sec)

TOV (m.s™)

Maximal concentric force output in the vertical direction per unit of body mass.
Describes the athlete’s force capability to project the centre of mass in the vertical
direction.

Maximal movement velocity in the vertical direction during the countermovement
jump. Describes the athlete’s ability to produce force at high velocities in the
vertical direction.

Maximal external power-output capability during the concentric action of the
countermovement jump per unit of body mass.
Index of an athlete’s individual balance between force and velocity capabilities.

The more negative the value, and steeper the F-v slope, the more force-dominant
the athlete is.

The maximal centre of mass displacement achieved during the flight phase of the
countermovement jump.

Arial time of the athlete between ‘take-off” until ‘landing’ in the countermovement
jump.

The maximal movement velocity at the conclusion of the propulsion phase
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All descriptive data are presented as mean + standard deviation (SD) and were
assessed for normality using the Shapiro-Wilks test. Mean force, velocity and power and
associated F-v variables, plus vertical jump kinematics for all CMJ loading conditions,
were calculated and derived using force-time characteristics previously detailed in recent
literature (222). Intraclass correlation coefficient (ICC) with 95% confidence limits, using
a 2-way random-effects model (absolute agreement) and coefficient of variation (CV) were
used to assess relative and absolute reliability of CMJ variables. Reliability measures are
important during multi-joint actions to ensure the linearity of the F-v relationship (123).
Thresholds for evaluation of intraclass correlation coefficients were quantified using the
following scale: 0.20-0.49 low, 0.50-0.74 moderate, 0.75-0.89 high, 0.90-0.98 very high
and > 0.99 extremely high (155). Biomechanical literature have previously reported
variables with a CV within the range of 10% as reliable (59). Therefore, acceptable
reliability was determined with a coefficient of variation (CV) < 10% (69) and ICC > 0.70

(7, 59, 348).

To assess the effect of positional demands and sex on vertical F-v profile variables,
a 2 (position) x 2 (sex) ANOVA for each variable was used. Furthermore, a one-way
ANOVA was used for each sex to determine significant differences based on positional
demands. To analyse the associations between F-v and CMJ variables, Pearson’s product-
moment correlation coefficient (Pearson’s ») was utilized. Thresholds for evaluation of
Pearson’s correlation coefficients () were quantified using the following scale: weak
(<0.39), moderate (>0.40-0.69), or strong (>0.70) (52). Effect sizes (Cohen’s d) were
determined from both sexes and positional groups with 95% confidence limits. Magnitudes

of effect size changes were interpreted using the following values: trivial (< 0.20), small
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(0.20 £0.60), moderate (0.60 <1.20), large (1.20 <2.00) and extremely large (> 2.00)(52).

An alpha value of p <0.05 was used to indicate statistical significance.

Results

Table 4.1 highlights descriptive statistics for anthropometric variables between
sexes and playing positions with moderate, non-significant effects reported for body mass
(kg) between positional groups in both sexes (-0.73 < ES > 0.71). Table 4.3 reports the
between-trial reliability for kinetic and kinematic variables established from the force-time
data. Relative and absolute reliability for males across all key variables were classified as
high, (ICC: 0.95-0.97, CV% 2.7-6.9), while females demonstrated slightly lower yet
acceptable reliability values, (ICC: 0.87-0.95, CV% 2.8-8.2). The linearity (R?) of F-v
profiles for males and females was 0.99 (Figure 4.1), suggesting strong reliability across
the selected loads and no significant difference between sexes. Figure 4.2 identifies
Pearson’s correlation coefficients between all mechanical variables and vertical jump
performance (i.e., jump height). Male and female attackers reported a slightly stronger,
more dominant relationship between relative Pmax and vo (7 > 0.91, p<0.01) compared to
relative Fo, whereas male defenders only displayed a strong association with relative Pmax
and relative Fo (r > 0.94, p< 0.01). Female defenders presented balanced correlations
between relative Fo, vo and relative Pmax. More details on correlation and significant
relationships between F-v variables can be found in supplemental files (S1). Figure 4.3
identifies the linear regression model between jump height and relative Pmax highlighting
weak to moderate R-squared values between sex and positional group (males: R > 0.45;
females: R’ > 0.35). Female defenders only demonstrated a negative linear relationship

between jump height and relative Pmax.
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Table 4.3. Traditional measures of relative and absolute reliability between sex for force-

velocity and countermovement jump variables.

Variables Female
ICC (+ 95%CL) CV (& 95%CL) ICC (+ 95%CL) CV (+95%CL)

Mean force (N) 0.97 (0.94, 0.98) 2.7(2.2,3.4) 0.92 (0.86, 0.95) 4.5(3.7,5.6)
Mean velocity (m.s™) 0.97 (0.94, 0.98) 3.4(2.8,4.3) 0.92 (0.86, 0.95) 49 (4.1,6.1)
Mean power (W) 0.95 (0.92, 0.97) 42(3.5,5.4) 0.87 (0.78, 0.92) 5.7 (4.8,7.2)
Jump height (m) 0.95 (0.91, 0.97) 6.9 (5.7, 8.8) 0.90 (0.83, 0.94) 8.2 (6.8,10.3)
Flight time (sec) 0.97 (0.94, 0.98) 2.8(2.3,3.6) 0.95 (0.92, 0.97) 2.8(2.3,3.5)
Take-off velocity (m.s") 0.96 (0.92, 0.98) 3.2 (2.6, 4.0) 0.90 (0.83, 0.94) 4.0 (3.4,5.1)

ICC = intraclass correlation coefficient, CL = confidence limits, CV = coefficient of variation

The analysis of variance across all F-v variables identified no significant effects
based on position except for relative Fo (F =4.41, p =0.04, ES= —0.80), Significant effects
between sex were reported for most F-v variables (F >4.53, p <0.04, ES> 0.76), excluding
absolute and relative Srv. A significant position-sex interaction effect was also evident for
Fo and mean force produced across CMI trials (F >4.34, p <0.04, ES> 0.88). Furthermore,
post hoc comparison revealed that greater absolute and relative force differences were
observed between female positional groups when compared to males. Table 4.4 highlights
descriptive statistics for positional group and sex. Regarding male athletes, significant
differences were evident for vo with attackers demonstrating higher values than defenders
(6.64%, p <0.05, ES=1.11). Female attackers showed significantly higher values for both
absolute and relative Fo (14.59-15.43%, p <0.01, ES > 1.35), when compared to defenders.
Figure 4.4 highlights the differences in sex and positional groups in F-v and power-velocity
(P-v) characteristics. Male attackers demonstrated a more ‘velocity-oriented’ profile
compared to defenders due to significant differences in vo (p < 0.05, ES: 1.11) however
differences in absolute and relative Fo (p < 0.01, ES = 1.39) led to female attackers

displaying a ‘force-oriented’ profile in comparison to defenders. Non-significant moderate
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effects was reported for Srv (Es = 0.73) and Pmax (ES = 0.93) for male and female

positional groups respectively (Figure 4.5).
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Table 4.4. Descriptive statistics and mean differences between positional groups across all loads in force-velocity and countermovement jump variables.

Males Females
. Mean .
Variable difference Mean % Me(il;:':/ffglf)nce Mean %
Attackers Defenders (£95%CL) difference ES (90% CI) Attackers Defenders ° difference ES (90% CI)
Absolute Fy (N)
3085.18 + 3079.48 + 5.70 (-430.28, 0.01 (-1.36, 365.47 (89.83, .
309 64 484 44 441.68) 0.18 1.39) 2368.09 +297.44 2002.62 +234.19 641, 09) 15.43 1.35(0.20, 2.50)
Relative Fy (N.kg") : :
40.29 +£2.02 40.03 +£5.03 0'22 g%84’ 0.64 O'OZ (231)'09’ 36.51+2.78 31.18+4.73 5.33(1.12,9.53) 14.59%* 1.39 (0.24, 2.54)
Theoretical maximal
vo (m.s™) 331+0.17 3.09+0.20 0'2% (;);))09, 6.64* l'lé g—?).OS, 2.72+0.50 2.87+0.40 0.15 (-0.62, 0.32) 5.51 -0.31 (-1.350.72)
Absolute Pyax (W) 156.12 (-
2555.07 + 2398.95 + 0.41 (-0.98, 156.00 (-72.15,
25783 482.90 g;?gg; 6.11 1.81) 1589.43 + 198.62 1433.43 +235.06 384.16) 9.81 0.72 (-0.34, 1.78)
Relative Pyax (W.kg
D) 33.45+3.08 31.12+5.21 2.3?6’ (9_22)'26’ 6.96 0'5‘; (7_?)'62’ 24.68 + 3.63 22.06 +£1.33 2.62 (-0.24,5.51) 10.61 0.93 (-0.15, 2.03)
Absolute Spy (N.s.m"
1 -933.69 = -991.97 + 58.28 (-75.25, 0.46 (-0.90, 203.05 (-465.29,
) 12035 12855 191.82) 6.24 1.84) -915.93 +317.01 -712.88 £ 164.96 59.20) 22.16 -0.78 (-1.86, 0.28)
Relative Spy (N.s"..m"
Lkg™") -12.16 £0.53 -12.92+1.41 0'7? (9_8)'38’ 6.25 0'7; 8;))'59’ -13.97 £3.69 -11.22+3.34 2.75 (-6.39, 0.88) 19.68 -0.77 (-1.85,0.29)
Mean force (N) 34.80 (-
1843.44 + 1808.64 + -0.28 (-1.18, 89.83 (-102.49,
210.09 18563 346.21, 1.88 0.61) 1386.51 £ 111.71 1296.68 + 157.50 210.81) 6.47 0.37 (-0.66, 1.42)
201.47)
Mean velocity (m.s™)
0.09 (-0.09, 0.26 (-0.50, 0.05 (-0.007,
1.35+0.09 1.26+0.12 0.15) 6.66 1.04) 1.09 £ 0.09 1.04 £0.02 0.14) 4.58 0.93 (-0.15, 2.02)
Mean power (W) 153.76 (-
2380.04 + 2226.28 + -0.08 (-0.98, 139.36 (-35.40,
955 64 48313 464.24, 6.46 0.81) 1466.88 + 135.28 1327.52 £ 156.03 287.57) 9.50 0.82 (-0.25, 1.89)
393.29)
Jump height (m) . :
0.33+0.04 0.29 £ 0.04 0'03 g(()))'04’ 12.12 0'23 (93)'74’ 0.22+0.03 0.21 £0.02 0.01 (-0.01, 0.04) 4.54 0.46 (-0.58, 1.51)
Flight time (sec) 0.50 % 0.03 0.48 £ 0.04 0'03 8;))_04, 0.04 0'18 (g-g).so, 0.42+0.03 0.41+0.01 0.01 (:0.01, 0.03) 2.38 0.31 (-0.72, 1.35)
(Trzl:ﬁ')"ffvel"c'ty 252+0.17 2.40+0.16 0'13 (2';))'17’ 4.76 04? (5';))'68’ 2.06+0.16 2.01£0.10 0.05 (-0.08, 0.20) 2.42 0.44 (-0.60, 1.49)

*p <0.05, ¥*p <0.01, ***p <0.001, CL: confidence limits, ES: effect size, CI: confidence interval
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Significant mean differences were also evident between males and females for

mean force, velocity, and power variables, along with CMJ variables including jump

height, flight time and take-off velocity (12.81-40.58%, ES > 1.10, p < 0.001).
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Figure 4.1. Linearity of the force-velocity profile across countermovement jump
loading parameters. A: males; B: females.

&~
&
&
‘\a\q‘\ Q‘\“
34
10 1.0
- Absolute F;
Absolute F,
Relative F, 030 [REE] Relative F,
— " Jo05 F 105
Yol MOM : m K
Absolute P, ﬂ 1.00 m 055 Absolute Pra el o |
L 4o o]
Relative P, | - (B 0.51 | 0.05 Relative P, g0 1.00 R
Apsolute Seu|- : ﬂ b
1-05 -0.5
Relative 5., . 05 | 032 [RED
Jump heignt | B -
— -1.0 — 1.0
C . & D - A &
& &Z,QS R @rf‘ 5 o 8
Qp\;@‘l v“O\ qp\o& vQO\\) Q.B\Bi@ \,@Q‘\ &
N o s b b
1.0 1.0
Absolute Fy 0.32 | -0.85 | -0.94 | -0.74 | -0.46 Absolute Fy[REL
Relative Fy Relative FD
405 F 105
Vol i
Absolute P, | - Absolute P, | 0.
{0 10
Relative P, | - Relative P, ,, 013 | -071
Absolute Sg, | - Absolute Si,| -
{05 1-0.5
Relative Sg | Relative Sr, | -059 | -0.90 [LEIH 0.46 | -
Jump height | - Jump height | 0.03 | 0.06 | -0.41 | -0.37 |
L 10 — -1.0
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Figure 4.3. Linear regression model showing the relationship between jump height
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Figure 4.4. Mean force-velocity profiles from the countermovement jump loading
protocol. A: between sex; B: males; C: females. F-v = force-velocity, P-v = power-
velocity. Att = attacker, Def = defender.
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Figure 4.5. Standardized effect sizes (90% confidence intervals) in force-velocity
and countermovement jump characteristics between sex and positional group.

Discussion

The purpose of this study was to identify the relationship(s) between sex, positional
demands, and vertical F-v profiles in field hockey players to improve the individualization
of training interventions by physical preparation coaches. To the authors knowledge, this
is the first study to report on the sex-specific associations of the vertical F-v profile with
positional demands in field hockey. The main findings of this study indicate that overall,
(1) F-v characteristics and positional demands appear to be sex-specific suggesting
different strength and conditioning strategies are likely required to improve mechanical
output, (2) the relationship between sex and force production during CMJ actions is
positional dependent, and (3) male players display a more enhanced F-v profile likely due

to musculotendinous and structural differences between sexes.
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The acceptable relative (ICC) and absolute (CV) reliability measures (Table 4.3) of
this investigation suggests within this population of field hockey players, a three-point
loading protocol provides reliable data (Figure 4.1) to establish a linear F-v relationship in
a loaded CMJ action. Previous research using a two-point method, an unloaded jump and
a heavy load of approximately 75-100% of a participants’ body mass, has highlighted this
approach to assessing force, velocity and power capabilities of the lower limbs to be
reliable and valid (ICC> 0.72, CV< 12.1%). However, it is recommended to select distal
loads due to reliability and validity of measures decreasing with the proximity of applied
loads (121). Similar reliability results using a CMJ have been observed when establishing
a 2-point load-velocity relationship ICC> 0.63, CV< 7.30%) (261), with researchers
highlighting the quick and safe nature of evaluating neuromuscular characteristics with this

approach compared to a multiple load assessment.

In line with our first hypothesis, due to the greater demands for high-speed running
and sprint efforts (118, 167) and despite the orientation for force being directed vertically
during testing, we postulated attackers would display greater velocity characteristics than
defenders. This hypothesis was confirmed in male subjects only, with both positional
groups displaying similar levels of absolute and relative Fo, however attackers displayed
higher a vo, thereby creating a more ‘velocity-oriented’ profile (Figure 4.4). The
differences observed in male subjects highlights the positional F-v requirements of
attackers to produce and express force at high velocities. Research from elite level men’s
field hockey (167) supports these findings, where attackers performed more high-speed
running meters compared to defenders (-26.6 + 8.2%, ES = -2.43), while during under-18
competition, attackers covered approximately 29% more distance (= 380m) during

gameplay at > 24.7 km/hr compared to defenders.
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When comparing female positional groups, our hypothesis did not agree with the
findings. Female attackers presented higher levels of absolute and relative Fo, therefore
displaying a more ‘force-oriented’ profile and defenders a more ‘velocity oriented’ profile.
Between female positional groups, the differentiating factor was therefore the ability
produce and express force at low velocities. In elite women’s hockey, significant
differences have not been reported between positional groups in high-velocity and high-
acceleration efforts up to distances of 20-meters (118), suggesting our results may not be
unusual and may infer game dynamics within women’s field hockey differs to that of their
male counterparts. Previous research focused on women'’s field hockey identified attackers
performed 21 high velocity actions and 16 acceleration actions from 6-20m, whereas
defenders performed 19 and 13 high velocity and accelerations actions over the same
distance respectively, suggesting the mechanical demands are similar between positional
groups (118). However, midfielders were also included as a sub-category in this study
which may have distorted the utility of comparing results to those found within this study.
Although the movement characteristics of positional demands within male and female field
hockey research appear to be similar, we must also be careful inferring data between

competitions and ability levels.

Given the significant differences reported for F-v characteristics, along with mean
differences between other F-v and CMJ variables, it raises an interesting question as to
what type of training each positional group should be involved in to improve mechanical
performance based on the F-v characteristics? If force production at high velocities is a
key requirement of field hockey players i.e., male attackers, strength and conditioning
coaches should aim to support the mechanical characteristics of the position and prescribe

exercises which develop or expose players to this quality such as assisted jumping (214)

106



and sprinting actions (337). Whereas, if force production at low velocities is a
characteristic of positional play i.e., female attackers, then exercises which require the
player to express force at a slower velocity such as resisted sprint training (241) or back
squat (64) at higher percentages of one repetition maximum, would be useful to prepare
for the positional demands of gameplay. Similar studies aimed at improving jump
performance, have demonstrated individualized training based on F-v characteristics was
attributed to significant changes in the performance outcome compared with a non-

individualized, traditional resistance training approach (105, 172, 174).

Further to our first hypothesis, despite not achieving significance (p > 0.07), large
mean differences in relative Pmax (6.96-10.61%) were evident between positional groups
(Table 4.4 and Figure 4.4). Previous research (212) with other team sport athletes has
highlighted maximal power in jumping (» = 0.84) and sprinting (» = 0.99) (285) actions
strongly correlated with its associated performance outcome, which is supported in this
study by small differences in jump height. However, the mechanisms driving Pmax
characteristics appear to differ between sexes due to different combinations of force and
velocity. Correlation coefficients between relative Pmax and jump height for male (» >
0.68) and female ( > -0.71) positional groups (Figure 4.3) are similar to previous studies
(201), however greater relative Pmax values are evident in both attacking groups and would
seem advantageous during short sprint actions on the field (i.e., acceleration actions).
Previous findings (285) support this where it is highlighted when attempting to improve
maximal external power during sprinting, relative horizontal Fy is of greater importance to
sprint efforts <15-meters, 1.e., force-oriented profile, whereas sprint efforts which exceed
15-meters are more reliant on vo, i.e., velocity-oriented, which appears to be reflected in

position-specific time motion analysis. Although female positional groups reported F-v
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characteristics which differ from their male counterparts, this may be explained through
differences in tactics, technical abilities and overall skill level of the players as this has
been shown to influence mechanical demands (340). This is an interesting finding for
practitioners and compared to solely using time-motion analysis to understand and quantify
the on-field game demands of sex and positional groups in field hockey, it may identify a

new approach for individualizing training to improve Pmax based on F-v characteristics.

Regarding our second hypothesis, we aimed to determine and compare the vertical
F-v profile between men and women competing at the same level in club field hockey. In
line with literature regarding sex differences and mechanical variables (124, 189, 326), our
results demonstrate males showed an overall more enhanced F-v profile due to higher
values of both relative Fo and vo (Figure 4.4: A), plus showed significantly superior CMJ
variables at the same loads relative to bodyweight. When comparing sexes, large effect
sizes were reported for absolute Fo and Pmax (Figure 4.5) which were likely due to
musculotendinous structural characteristics and differences between sex (186, 193).
Although specific to sprint F-v characteristics, previous comparisons between males and
females in soccer, a similar field sport, found the ability to produce force at high velocities
1.e., vo, was a limiting factor for female subjects (170). Furthermore, studies on high level
sprint athletes identified significant differences in sprint mechanical properties (15-46%,
ES >1.98, p <0.01), with greater differences observed for vo than Fo between males and
females, along with moderate correlations evident between lower limb muscle and sprint
outcomes (259). Differences in force-time characteristics between sexes during the CMJ
has also previously been shown due to higher relative peak concentric force, concentric
impulse and eccentric rate of force-development, therefore leading to increased vertical

velocity at take-off; the key determinant in jump height (221). These findings were
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supported in this study with males demonstrating a 23.3% greater take-off velocity
compared to females. It has been proposed changes to negative centre of mass
displacement (i.e., countermovement squat depth) between sexes as a key determinant of
CMJ performance (221). Despite not reporting all kinematic jump variables, as it was not
the primary focus of this study, structural differences including segmental lengths and
muscle volumes may further explain sex differences between F-v profiles, however force-

time characteristics are proposed to be important also (221, 259).

When analyzing the performance outcome between sexes, male subjects displayed
a 31% mean difference in jump height compared to females, which is a similar difference
to previous studies (25-33% difference) and supported in the data due to higher relative
vertical ground reaction forces (141, 193). Differences observed between F-v
characteristics and jump height highlights a greater reliance on relative Fo in male subjects
(r>0.75). These observations were not made with female subjects (r > -0.07) highlighting
potential sex-differences in jump strategy as external load increases (221), while also
inferring training design to increase Pmax between groups would likely be sex-specific.
Lower correlations between jump height and Pmax as observed in the female cohort may
also be explained in reference to variations in countermovement depth, one’s own body
mass independent of strength levels and heterogenous individual F-v profiles (162, 238).
Furthermore, it has been reported approximately only 40-80% of differences in jump
performance can be explained via differences in Pmax, suggesting the results in this study
may not be atypical (279). The training history, ability level and age of subjects in this
study may also present potential interactions with covariant variables, therefore creating a
level of uncertainty when attempting to link neuromuscular capability with jump

performance (279). Therefore, this further supports the utility of using a F-v profile to
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understand mechanical variables rather than performance outcomes such as jump height to

infer mechanical characteristics of athletes.

In other movement tasks, the linear relationship between force and velocity (i.e.,
Srv) has been shown to be more individual (139) than sport specific suggesting mechanical
demands at each position group in field hockey may not fully explain the underpinning
mechanisms of jump performance. Although Sgv differences were evident between
attackers and defenders (i.e., force or velocity oriented), it may also be the case of athletes
or coaches selecting positions on the field which match their biomechanical strengths and
avoiding positions which may highlight a weakness. For example, male athletes who can
express force at low velocities but limited in their ability to express force at high velocities
may choose to position themselves in the defensive half of the field to ensure their
biomechanical limitations match the lower demand of high intensity actions at this end of
the pitch. Nonetheless, irrespective of the initial Sy, interventional approaches in jump
and sprint studies have highlighted the adaptability of the Srv to respond to targeted
training i.e., high force training addressing a force deficit (172, 175, 195), suggesting that
individual F-v characteristics should always be a consideration when determining training

interventions.

Overall, there were several strengths to this cross-sectional study. Firstly, there is a
paucity of research investigating mechanical demands within field hockey and therefore
this study adds new reference data for practitioners. Secondly, despite attackers and
defenders essentially performing the same tasks in both men’s and women’s field hockey
(i.e., moving the ball forward for an attacking play on goal, or defending the opposing

team’s attack on goal), the findings suggest physical preparation coaches working with
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male and female players should design training programmes to reflect the different
mechanical demands required in each field position. Finally, this study provides a
suggested training design framework for attackers and defenders to focus on during their
preseason period, plus also highlights the utility of vertical F-v profiling within this field

hockey context.

There were some limitations in the current study identified by the authors. F-v
profiles created using only three incremental loads (bodyweight + two external loads) and
the proximity of the loads in reference to each other and the axis intercepts (Fo, vo) may
limit the findings. Although the mechanical variables in the three-point loading protocol
used this study were shown to be reliable between sexes (ICC: 0.87-0.97, CV% 2.7-5.7),
the highest external added load, body mass + 50% externally added mass relative to body
mass, was likely not distal enough across the F-v spectrum to provide a true representation
of Fo capabilities. Concerns with linear regression models using moderate forces to predict
characteristics at high forces have previously been raised (1). Despite this, external loads
in this study were selected due the ability level and resistance training competency of the
subjects, plus provide a safer expression of force for subjects. Furthermore, if a greater
duration of time was allocated to testing, a multiple-point F-v assessment could have been
performed therefore providing more distal F-v characteristics (123, 261). Secondly, the
cross-sectional approach and competition level of subjects used in this study may hinder
the transfer of findings to higher level field hockey athletes. Although inferences were
made between time-motion analysis of elite level players and F-v characteristics of club-
based players in this study, exploration of F-v profiles in national or international level
field hockey athletes and creating individualized training interventions to optimize

mechanical characteristics for specific positional groups would further research in the field.
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One final limitation may be sample size of the study, which may reduce statistical power
for some variables and increase the margin of error, which can affect results or

interpretation to higher level field hockey athletes.

Conclusions

Understanding the relationships between sex and positional demands in field
hockey athletes appears to identify vertical F-v profiles can provide new insight about
individualizing strength and conditioning programs based on mechanical characteristics.
Based upon the findings of the present study, when analysed by positional group, male
attackers displayed a more ‘velocity-oriented’ profile compared to defenders, whereas
female attackers displayed a more ‘force-oriented’ profile in comparison to defenders. The
significant differences evident between male players suggests the positional F-v
requirements of attackers is their ability to express force at high velocities, however
between female positional groups, the ability to produce and express force at low velocities
differentiates attackers from defenders, thereby highlighting the dominant mechanical
characteristic underpinning expression of maximal power at each position. Between sexes,
males displayed an overall more enhanced F-v profile likely due to musculotendinous and
structural differences. Overall, we recommend practitioners working with field hockey
players to utilize a range of loads and exercises which span the F-v continuum however
account for specific F-v differences between positional group and sex within the training
program. We conclude that the F-v profile assessment is acceptable to distinguish between
positional group and sex in club-based field hockey athletes and provides guidance for

training interventions to enhance mechanical characteristics.
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PRELUDE

A key finding of the narrative review (Chapter 2) was the overall lack of consensus
whether mechanical characteristics transfer between human movements and more
specifically whether the orientation of movement influences this relationship. Chapter 3
quantified the reliability and validity of using a hexbar to determine jump-based
mechanical characteristics, whereas Chapter 4 extended on this research demonstrating the
utility of this data to inform training and programme design for field hockey athletes.
However, limited research exists investigating the relationships between jump and sprint
mechanical characteristics in field hockey athletes. With this knowledge, coaches could
use mechanical profiling methods interchangeably and prescribe physical preparation
interventions to assess neuromuscular function plus mechanical strengths and weaknesses
by performing one F-v assessment only. Therefore, the primary aim of the study was to
analyse the relationships and mechanical transfer of characteristics in jumping and
sprinting actions using F-v profiling methodology in field hockey athletes. Second, the
aim was to analyse the influence of force and velocity, as predictor variables for explaining
variability in jump and sprint performance (i.e., jump height, 30m sprint time) from both
F-v profiles. We hypothesized that limited transfer would exist between matched
mechanical characteristics in jump and sprint profiles due to the specificity of the
movement task and variability in performance would be explained by the same mechanical
characteristic. This chapter provides coaches with insight as to whether both profiling

methods are necessary to inform future training interventions.
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Abstract

To inform physical preparation strategies in field hockey athletes, this cross-
sectional study investigated the transfer of mechanical characteristics in different force-
vectors and determined the correlations between vertical and horizontal F-v profiles and
performance outcomes (i.e., jump height, sprint time). Thirty-one club-level field hockey
athletes (age: 23.1 + 4.3yrs, body mass: 70.6 + 10.3kg, height: 1.72 + 0.09m) performed
vertical F-v profiles by completing countermovement jumps at three incremental loads
(bodymass[BM], BM+25% externally added mass relative to BM, BM+50% externally
added mass relative to BM), and horizontal F-v profiles by performing maximal 30-meter
sprint efforts. When comparing matched mechanical variables between F-v profiles in each
force orientation, small to moderate significant correlations r = (0.37—0.62, p < 0.03) were
observed for relative theoretical maximal force (Fo), power (Pmax) and theoretical maximal
velocity (vo). The performance outcomes of both F-v profiles highlighted a large,
significant negative correlation (r = -0.86, p = 0.001) between variables. Multiple linear
regression analysis of F-v profiles identified Fo and vo accounted for 74% and 94% of the
variability in jump height and sprint time respectively; however, vo appeared to be a greater
predictor of both performance outcomes. Due to the significant relationships between
variables, the results of this study suggest vertical and horizontal F-v profiling may explain
the same key lower-limb mechanical characteristics, despite the orientation of the
movement task. With club-level field hockey athletes, coaches could potentially use
mechanical profiling methods interchangeably to prescribe physical preparation
interventions, however for greater neuromuscular and mechanical insight, it is likely

worthwhile to assess mechanical strengths and weaknesses in both force-vectors.
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Introduction

Field hockey is a team-based sport which relies on skills, team tactics and strategy
but also has strong requirements of high-intensity movement demands (167). In elite
men’s and women’s field hockey, typical distances covered during high-velocity and high-
acceleration efforts are approximately 10—20-meters thereby relying on the player to
express their lower body mechanical characteristics including force, velocity, and power
(118, 167, 343). One neuromuscular diagnostic assessment which can be utilized to
describe mechanical limits of the neuromuscular system in jumping and sprinting actions
is known as F-v profiling. Despite typical team sport strength, power and fitness test
batteries providing quantitative outcome measures of performance (i.e., jump height and
sprint time)(333), these fail to explain the underpinning characteristics contributing to
performance. Whereas F-v profiling models and describes mechanical characteristics
across the entire F-v continuum thereby providing practitioners with actionable data to
inform on and on and off-field training interventions. To date, most studies in field hockey
have relied on time-motion analysis (i.e., global positioning systems) to quantify different
physiological demands during competition in an attempt to prepare players for match
demands (167, 208, 209, 219, 340), however, there is limited information about mechanical
characteristics required in the sport and how this information could be utilized to inform

monitoring and physical preparation strategies (242).

Mechanical profiling in other team sports including soccer and netball have
described the underpinning mechanical characteristics of jump (i.e., vertical force vector)
and sprint performance (i.e., horizontal force vector), using the same three key variables;
theoretical maximal force (Fo), theoretical maximal velocity (vo), and theoretical maximal
external power (Pmax), plus the performance outcome (i.e., jump height and sprint time).

These variables describe the F-v and power-velocity (P-v) relationships of each action.
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Vertical F-v profiles determine jump-specific mechanical characteristics of the propulsive
phase of a loaded or unloaded countermovement or squat jump (121) from the inverse
dynamics of the centre of mass (283) or ground reaction force (GRF) using force plates
(122), while horizontal F-v profiles provide sprint-based mechanical characteristics
derived from modeled velocity-time (or position-time) data of maximal effort sprint
accelerations using inverse dynamics (286). Furthermore, analyzing the mechanical
relationships which exist between actions in field hockey players would therefore identify

a level of mechanical transfer.

When exploring mechanical transfer (i.e., matched variables between each action
[vertical/horizontal directed force production]) between vertical and horizontal based
actions in amateur, national and elite level team sports (113, 174, 180, 361), research has
demonstrated maximal external power showed the strongest significant relationship (» =
0.40—0.75, p < 0.04) between jumping and sprinting actions (107, 180, 212, 305, 317),
however this is yet to be explored in field hockey. Despite strong associations with external
maximal power, force (» =-0.12—0.58) and velocity (» =-0.31-0.71) demonstrated trivial
to moderate, and often non-significant mechanical transfer between actions, potentially
highlighting greater independent neuromuscular and physiological characteristics of these
two variables (281). Previous research studies (174, 212, 317) suggested the performance
level of the athlete, training and chronological age, homogeneity of participants, sport and
position influenced the mechanical relationships between matched variables, but a
consensus was not reached on the transference of training effect (299). In addition, it is of
interest to strength and conditioning coaches to understand, (1) whether both vertical and
horizontal F-v profiling assessments are necessary to understand the current mechanical

characteristics of the athlete, and (2) whether mechanical characteristics are independent
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of orientation of force and therefore require specific physical preparation training

interventions to improve neuromuscular output.

Training studies investigating the development and transfer of strength and power
adaptations between exercise types have typically focused on vertical force and power
production and sprint performance (13, 56, 204, 205, 269, 361). The rationale for using
exercises oriented vertically (i.e., loaded jumps) to improve performance in exercises
oriented horizontally (i.e., sprinting) assumes that improvement in absolute GRF
production will positively transfer between both actions. For example, significant negative
correlations in team sport and sprint athletes have been reported for relative squat strength
and sprint times between 5-60 meters (» > -0.55) (56, 57), while the level of one repetition-
maximum (1-RM) in the back squat relative to body mass correlated strongly with lower
sprint time (<36.6m) and increased vertical jump height (» > 0.78)(216, 357). Barr et al.
(13) also reported greater levels of strength in one repetition maximum power clean and
front squat positively influenced sprint kinematics (» = 0.70, d= 0.6—0.81) in elite rugby
players. Despite evidence identifying relationships between force production and
performance outcomes in the vertical and horizontal orientation, the underpinning
mechanical determinants of performance in each orientation must be considered. Vertical
impulse (force*time) is the primary variable influencing take-off velocity and therefore
jump height (332), whereas in sprinting, the athlete’s mechanical effectiveness to produce
and apply a greater ratio of antero-posterior GRF, compared to total GRF, across each
ground contact as running velocity increases limits sprint performance (150). Furthermore,
since mechanical and technical differences in force application exist between both actions,
transfer of characteristics should be limited and therefore oppose the force-vector theory

(114).
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The force-vector theory states that sports skills can be classified based on the
direction of force expression relative to the global (world fixed) coordinate frame (58, 114,
202, 367). In this regard, jumping actions would be classified as a vertical movement
activity and sprint actions a horizontal movement activity. Despite this, the expression of
force between vertical and horizontal actions has been described as similar relative to the
local coordinate system of the athlete (114), where both actions rely on lower limb triple
extension yet with different muscle recruitment patterns (i.e. knee dominant [quadriceps]
vs hip dominant [hip extensors]). Therefore, according to the theory, vertical force
expression during a back squat will show greater neuromuscular transfer in unloaded
movements such as a vertical jump, yet limited transfer to a horizontal-based movement
such as a maximal sprint effort i.e., dynamic correspondence (320). Consequently, this
would infer matched mechanical characteristics would show low associations due to the
technical application of force into the ground i.e., expressing force vertically versus

expressing force horizontally (236).

Therefore, the aim of this study was twofold. First, we analysed the relationships
and mechanical transfer of characteristics in jumping and sprinting actions using F-v
profiling methodology in field hockey athletes. Second, the aim was to analyse the
influence of force and velocity, as predictor variables for explaining variability in jump
and sprint performance (i.e., jump height, 30m sprint time) from both F-v profiles. It was
hypothesized that (a) limited transfer would exist between mechanical variables and
performance outcomes in vertical and horizontal F-v profiles due to the specificity of the
movement task (113, 366) thereby adhering to the force-vector theory, and (b) multiple
linear regression models should provide similar prediction values to explain variability in
performance, as they are based on the same characteristics of the neuromuscular system.

The results of this study are expected to inform practitioners working with club-level field
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hockey athletes about the most appropriate mechanical profiling methodology to inform
physical preparation strategies and potentially influence exercise selection to improve
jump and sprint performance, plus may also provide neuromuscular reference data for field

hockey athletes.

Methods

Subjects

A power analysis was conducted prior to the study (G*Power 3)(109) using the
following test details: ‘Correlation: bivariate normal model’, an effect size of 0.5, alpha
of 0.05 and power of 0.8 (276), which suggested the total sample size of the study should
include 29 subjects. Thirty-one club-level field hockey athletes (male n=15: 23.2 + 4.7
years, body mass 75.6 £+ 8.2 kg, and height 1.79 £+ 0.06 m; female n=16: 23.1 £+ 4.0 years,
body mass 64.7 + 7.6 kg, and height 1.65 + 0.06 m) volunteered to participate and provided
their written informed consent before beginning the study. Inclusion criteria included:
subjects involved in club-level sport; a background in resistance training of greater than 12
months; and aged 15-35 years. Exclusion criteria maintained that subjects needed to be six-
months free of musculoskeletal injuries which may prevent them performing maximal
effort jump squats or maximal effort sprints. If under 18 years of age (males[n=2], female
[n=1], the adult guardian acknowledged the participants experience with jumping and
sprinting actions and provided written informed consent before beginning the study. The
study was conducted in accordance with the Declaration of Helsinki, and the protocol was
approved by the Social and Behavioural Research Ethics Committee at Flinders University

(Ethics App Number: 8146).
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Experimental Design

This investigation was a cross-sectional study design focussed on the transfer of
mechanical characteristics between vertical and horizontal F-v profiles in club-level field
hockey athletes. The familiarization period occurred during the pre-season period when
participants were engaged in two training sessions per week (1 x on-field hockey session,
1 x running-based conditioning). Gym-based and sprint-based familiarization session were
performed with the subjects two weeks prior to the testing date and led by the primary
investigator, specifically focussing on jump squats using a hexbar across key loading
parameters and maximal effort sprinting over distances between 10-30 meters. as these
would be the testing methods for the vertical and horizontal F-v profiles respectively. The
environmental conditions observed on the day of testing included: Temperature (min
21.5°C, max 33.0°C, SE winds 13km/h, 1017.5hPA. Vertical F-v profiling was performed
approximately 60 minutes prior to horizontal F-v profiling. Testing was performed in this

order to limit fatigue when completing sprint efforts.

Testing procedures

Vertical force-velocity profiling

A warmup consisting of three minutes of metronome paced step-ups, dynamic
movements plus a series of sub-maximal and maximal effort countermovement jumps were
completed prior to the jumping protocol. All subjects then completed three maximal effort
jump trials at three incremental loading conditions; body mass (BM) (LO1), 25%
externally added mass relative to BM (LO2) and 50% externally added mass relative to
BM (LO3). This approach to F-v profiling was selected as this has been shown to provide
reliable and valid data when compared to a multiple point (5-9 loads) approach (121). Upon

landing for all loading conditions, subjects were asked to touch down with the same leg
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position as when they took off, (i.e., with an extended leg and maximal foot plantar
flexion). If all requirements were not met, the trial was repeated. During all trials, the
research staff made an effort to ensure maximal intent by providing subjects with internal
and external verbal cues such as “squat to your preferred depth then rapidly extend your
hips, knees and ankles” (222) and “jump towards the ceiling” (136). A two minute of
recovery period was taken between trials and 4—5 minute recovery period between different

loads (149).

Countermovement jump (CMJ) trials were performed using the high handles of a
15kg free-weight hex bar (or purpose-built polyvinyl chloride [PVC] hexagon equivalent)
with subjects standing upright holding the bar off the ground prior to descending into the
countermovement jump. Arms remained extended during all CMJ trials. Subjects self-
selected the countermovement depth and were not constrained by a box or band, to

encourage individual jump strategy (262).

To measure vertical ground reaction force (GRF) data, jump trials were conducted
with the subject standing with each foot on a separate portable force plate system levelled
on a concrete floor (35¢cm by 35¢cm, PASPORT force plate, PS-2141, PASCO Scientific,
California, USA). This model of portable force plate has previously been validated and
deemed reliable against in-ground laboratory grade force plates (196). Before initiating the
jump action, subjects were required to stand stationary at full stature for at least 1-second
with their left and right foot on the centre of each force plate, to ensure the weighing phase
could be calculated accurately (222). Identification of vertical jump take-off and touch-
down was determined using a threshold of vertical ground reaction force equal to 5 times
the standard deviation of flight force (i.e., when the force plate was completely

unloaded)(222). Movement prior to the initiation of the jump would void the trial and the
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jump would be repeated. Prior to the next trial, the force plates were zeroed. Vertical GRF
was continuously sampled at 1000 Hz for each force plate, with vertical force (Fz)-time

data being stored within a local computer.

To determine the jump F-v profile, mean values of force and velocity were
determined using unfiltered ground reaction force-time data during the concentric portion
of the countermovement jump. Key phases of the countermovement jump were outlined
using the force-time characteristics described by McMahon et al. (222). The concentric
phase was defined as the point at which centre of mass velocity becomes positive and the
athlete begins moving vertically from the lowest point of the countermovement until the
point of take-off (222). Mean vertical GRF was calculated by averaging vertical force from
the dual force plate system across the time points established for the concentric phase of
the jump. The instantaneous vertical velocity across the concentric phase of each jump type
was calculated via integration of the centre of mass (COM) vertical acceleration signal
over time, via force plate data and then averaged across the concentric phase. Mean system
power across the propulsion phase was then determined as the product of mean GRF and

estimated mean COM velocity according to the sample rate from both force plates.

F-v variables were established using mean vertical ground reaction force values
which were entered into a customised Microsoft Excel spreadsheet as outlined by Garcia-
Ramos et al. (123). At each load, the jump trial which recorded the highest take-off velocity
(maximum vertical velocity) was used for statistical analyses, since this likely represents
the overall maximal capabilities of the neuromuscular system during the jumping action
(270). A least squares linear regression model was then applied to the mean force and
velocity data to determine the F-v relationship variables. Absolute (N) and relative

theoretical maximal force (N.kg™!) (Fo) and theoretical maximal velocity (m.s™) (vo) were
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then established as the intercepts of the linear regression model, while absolute (W) and
relative theoretical maximal power (W.kg!) were described by the polynomial power-
velocity (P-v) relationship (Figure 5.1: A). The F-v data achieved across the three loading
conditions describes the absolute (N.s"'.m™) and relative (N. s'.m™ kg™!) slope of the F-v

profile (Srv) and is calculated as: Srv = Fo/vo.

Horizontal force-velocity profiling

Sprint testing was performed on an artificial turf surface. The standardized warm-
up included 5 minutes of light jogging, dynamic running-based drills (i.e., A-skips, high-
knees, scissor bounds) and movements, and 4-8 linear accelerations from 10-40m
progressing from sub-maximal to maximal. Following the warmup, subjects performed
two 30-metre maximal sprint efforts from a 2-point staggered stance (dominant foot
forward) wearing typical athletic footwear. To initiate the start of the sprint effort, subjects
were given a verbal countdown of “3, 2, I, sprint”. A 5-minute passive recovery period

occurred following each sprint to reduce fatigue prior to the next maximal effort.

The MuscleLab™ is a system which uses an optical laser to measure sprint distance
over and time and automatically calculates sprint mechanical properties. During each sprint
attempt, speed measurements were recorded continuously using a laser gun (CMP3
Distance Sensor, Noptel Oy, Oulu, Finland), sampling at 2.56 KHz (Figure 5.2). The laser
was positioned 5 m directly behind the starting position and at a vertical height of 1 m to
approximately align with the subject’s centre of mass. Testing was performed by R.VT
who is experienced using this technology. A polynomial on distance over time was fitted,
and automatically resampled over 1000Hz by MuscleLab v10.212.98 (Ergotest
Technology AS, Langesund, Norway). The in-built software automatically calculates peak

velocity (m.s™!), the distance at which peak velocity was reached, peak force per body mass
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(N .kg™), peak power per body mass (W.kg!) and the strength—speed factor (ratio of force
and velocity capabilities). Graphical representation of the F-v and power-velocity

relationships evident in the sprint F-v profile is shown in Figure 5.1: B.
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Figure 5.1. Mean force-velocity and power-velocity characteristics of field hockey
athletes obtained during vertical (A) and horizontal (B) force-velocity profiles.

Figure 5.2. MuscleLab™ is a system which uses an optical laser to measure sprint
distance over time and automatically calculates sprint mechanical properties.
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Statistical Analysis

Statistical analyses on all F-v data were determined from input into custom built
Microsoft Excel spreadsheets (154) plus coded in R (v3.6.1; R Foundation for Statistical
Computing, R Core Team, Vienna, Austria), in the RStudio environment (v1.2.519;
RStudio, Inc., Boston, MA) using various statistical packages. All descriptive data are
presented as mean + standard deviation (SD) and were assessed and confirmed for
normality using the Shapiro-Wilks test. Pearson’s product-moment correlation coefficients
() and linear regression models were selected to compare, analyse and determine
relationships between matched variables in both profiling assessments (i.e., vertical, and
horizontal). Performance outcomes (i.e., jump height and sprint time) were labelled as
dependent variables and then analysed with multiple linear regression models using Fo and
vo as independent variables. Relative maximal power (Pmax) was not used as an
independent variable due to its multicollinearity with other variables. Thresholds for
evaluation of Pearson’s correlation coefficients () were quantified using the following
scale: (0-0.09, trivial; 0.10-0.29, small; 0.30-0.49, moderate; 0.50-0.69. large; 0.70-0.89,
very large; >0.90, nearly perfect (155). An alpha value of p <0.05 was used to indicate

statistical significance.

Results

Descriptive statistics for all variables between F-v profiling assessment in each
force orientation are highlighted in Table 5.1. Correlational data and linear regression
analysis of theoretical relative maximal force and power and theoretical maximal velocity
for each mechanical profile showed moderate to large, significant correlations (r =
0.38—0.61, p<0.03) between jump and sprint F-v variables (Table 5.1, Figure 5.3). Trivial,

non-significant relationships (r = 0.06, p = 0.72) were reported for the Srv between
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profiling assessments. The performance outcome (i.e., jump height, sprint time) in each
orientation showed a significantly large, negative correlation with each other (» = -0.86, p

<0.01) (Table 5.2).

When analyzing mechanical characteristics and performance outcomes, jump
height showed moderate to large correlations with relative Fo, vo and relative Pmax from
the vertical F-v profile (»=0.63—0.87, p <0.01). Thirty-meter sprint time showed moderate
to large (» = -0.40—-0.73, p < 0.01) negative correlations with relative Fo, vo and relative
Pmax in the horizontal direction (Table 5.2, Figure 5.4). Moderate to large significant
correlations were also reported for performance outcomes using the mechanical variables
from the opposite F-v profile (Table 5.2, Figure 5.4) (i.e., relationship between vertical
variables and horizontal performance outcome and vice versa). Relative Fo, Pmax and vo in
the horizontal direction were significantly correlated with jump height (» = 0.59—-0.89, p <
0.001), whereas Fo, Pmax and vo in the vertical direction were also significantly correlated
with 30-meter sprint time (» = -0.75— -0.94, p < 0.001). The slope of the F-v profile in
both orientations showed trivial, non-significant relationships with the performance

outcomes ( =-0.003 —0.01, p > 0.95).

Multiple linear regression models for prediction of the performance outcome from
each F-v profile identified Fo and vo accounted for 74% and 94% of the variability of jump
height and sprint time respectively (Table 5.3). Both mechanical variables were deemed
significant predictors of performance outcomes when modeling jump height and sprint
time. Specifically, we found the regression model for the vertical F-v profile predicted vo
would increase jump height (0.12cm) to a greater degree compared to Fo (0.009cm).
Similarly, multiple regression model for prediction of sprint time identified vo (-0.40sec)

explained greater sprint performance variability than Fo (-0.11sec).
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Table 5.1. Descriptive statistics for mechanical variables from vertical and horizontal
force-velocity profiles.

Abbreviatio

Variables n Action Mean  SD r (95% CI) »
Relative Jump 37.02+5.31 0.37(0.02, 0.64) .
maximal force Fo 0.03
-1
(N-keg?) Sprint 6.88+1.05
Theoretical Jump 2.97+0.41 0.47 (0.14, 0.70) )
maximal velocity Vo <0.01
-1
(m.s) Sprint 7.69+0.78
Relative Jump 27.59+5.92 0.62 (0.32,0.79) ; .
maximal power Pmax <0.01
-1
(Wke) Sprint 13.19+3.28
Relative force- Jump -12.70 +£2.78 0.06 (-0.29, 0.41)
velocity slope Srv 0.72
5 TR R
(N-s™-m™kg™) Sprint 0.90 +0.10
Performance metre Jump 0.32+0.08 -0.86 (-0.92, -0.72) oot
outcome (i.e., =0.
jump height, sec Sprint 4.68 +0.41

sprint time)

Table 5.2. Correlation coefficient data between mechanical characteristics and
performance outcome from vertical and horizontal force-velocity profiles.

Variable Jump Height (m)
r p

VTC Fo (N.kg) 0.63 <0.001*
VTC vo (m.s") 0.62 <0.001*
VTC Pmax (W.kg™) 0.87 <0.001*
VTC Srv -0.003 0.98
HZT Fo (N.kgh) 0.59 <0.001*
HZT vo (m.s) 0.89 <0.001*
HZT Pmax (W.kg™") 0.77 <0.001*
HZT Srv -0.04 0.81

Variable Sprint Time (sec)

r p

VTC Fo (N.kg) -0.75 <0.001*
VTC vo (m.s!) -0.94 <0.001*
VTC Pmax (W.kg™) -0.88 <0.001*
VTC Srv 0.03 0.84
HZT Fo (N.kgh) -0.62 <0.001*
HZT vo (m.s) -0.40 0.02*
HZT Pmax (W.kg™) -0.73 <0.00*1
HZT Srv 0.01 0.95

VTC = vertical, HZT = horizontal, * = p <0.05
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Figure 5.3. Linear regression models showing the relationships between matched
mechanical variables across vertical and horizontal force-velocity profiles. A:
Relative maximal force; B: Theoretical maximal velocity; C: Relative maximal
power; D: Slope of the force-velocity profile; E: Performance outcome for each
profile. VTC = vertical, HZT = horizontal.
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Figure 5.4. Correlation matrices of vertical and horizonal force-velocity variables.
VTC = vertical, HZT = horizontal.
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Table 5.3. Multiple linear regression analysis performance outcome predictor variables from vertical and horizontal force-velocity profiles.

Jump height (m)
Variable R? Standard error 95% CI t p
0.74
Intercept 0.08 -0.56, -0.24 5.04 <0.0001%**
VTC Fo (N.kg™) 0.001 0.006, 0.01 6.27 <0.0001%**
VTC vo (m.s™") 0.02 0.08,0.16 6.21 <0.0001**
Sprint time (sec)
Variable R? Standard error 95% CI t p
0.94
Intercept 0.18 8.20, 8.96 45.78 <0.0001%**
HZT Fo (N.kg™") 0.02 -0.16, -0.06 5.02 <0.0001%**
HZT vo (m.s™") 0.03 -0.46, -0.34 13.30 <0.0001**

VTC = vertical, HZT = horizontal, CI = confidence interval, * p <0.05, ** p<0.01
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Discussion

The purpose of this cross-sectional study was to investigate the transfer of
mechanical characteristics between vertical and horizontal F-v profiles, analyse F-v
variables to explain variability in jump and sprint performance and potentially provide
some reference data for field hockey practitioners using mechanical profiling as part of
their neuromuscular assessments. Despite various studies providing insight to the intensity
of running demands during competition field hockey (118, 167), to the best of our
knowledge, this is the first study to analyse mechanical profiling within a field hockey
context. We believe the information presented about mechanical profiling in different
force orientations suggests within a context of club-level field hockey players, this
information can provide strong utility for sports practitioners when developing physical

preparation strategies across the field hockey season.

Our key findings are as follows: (a) when comparing matched mechanical
characteristics, significant moderate to large relationships are evident between vertical and
horizontal mechanical profiles, (b) the performance outcomes (i.e., jump height and sprint
time) showed moderate to very large (positive and negative) significant relationships with
mechanical variables in both the vertical and horizontal orientation, and (c) furthermore,
vo showed greater utility in explaining the variability in jump and sprint performance
compared to Fo. Therefore, vertical and horizontal F-v profiles present similar mechanical

characteristics and can potentially infer performance outcomes in each force orientation.

In reference to our first hypothesis, we identified matched mechanical
characteristics including force, velocity and power demonstrated significant relationships
between vertical and horizontal F-v profiles, thereby highlighting a strong transference

effect. This contradicted our initial hypothesis and previous studies in other team and
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individual sports (174, 212, 317) which identified limited transfer between matched
mechanical characteristics in jump and sprint actions, specifically for Fo and vo. Related
research on multi-sport athletes (n=553) (174) reported trivial to large (positive and
negative) correlation coefficients for Fo: -0.12 <1 > 0.58; vo. -0.31 <r>0.71; Pmax: -0.10
<r > 0.67; and performance outcomes: -0.92 < r > -0.23, however no consensus was
reached to explain trivial or strong associations or lack of significance between mechanical
characteristics. Despite not being confirmed, it has been has proposed the transfer of
mechanical qualities is greater for athletes of lower ability levels (174) suggesting training
absolute force qualities would positively influence neuromuscular output in all force
orientations, which opposes the force-vector theory. At a lower ‘training age’, the
trainability of the athlete is potentially higher therefore non-specific training methods may
have greater impact on performance (174). Furthermore, previous studies focussed on the
transfer of mechanical qualities between horizontal and vertical actions have also
suggested, gender, bodymass, lower limb neuromuscular properties (i.e., intramuscular
coordination) and resistance training background may influence the correlation between
variables (13, 205, 299, 361), which may be the case in this study. Therefore, for club-level
field hockey athletes. these findings highlight physical preparation strategies including
exercise selection should likely span the F-v continuum using exercises oriented both

vertically and horizontally, regardless the targeted movement pattern (150).

Without identifying results within a field hockey context, an analysis of matched
mechanical characteristics across a range of individual and team sports suggests the cohort
within this study (Table 5.1) have similar mechanical and performance characteristics in
vertical and horizontal F-v profiles as medium level/semi-professional soccer players and
low-level sport science students (i.e. amateur) respectively (vertical [VTC] Fo: 31.8N.kg!,

horizontal [HZT] Fo: 6.45N.kg!; VTC vo: 2.88m.s™!, HZT vo: 7.60m.s™'; VTC Pumax:
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22.8W.kg!, HZT Pmax: 12.2W.kg'!; jump height: 0.29m, 20m sprint time: 3.78sec (174).
When comparing correlations between matched mechanical characteristics, soccer athletes
displayed slightly lower associations than field hockey athletes (Fo.r < 0.42; vo: r < 0.27;
Pmax:r <0.44; performance outcome: r <-0.59), whereas sport science students displayed
similar matched mechanical characteristics (Fo.r < 0.57;vo: r < 0.48; Pmax. r < 0.78;
performance outcome: r < -0.83). Greater correlations and similarities between club-level
field hockey athletes and sport science students, rather than higher level soccer athletes, is

likely explained by the heterogeneity of the population.

Within this study, maximal external power demonstrated the strongest relationship
between jumping and sprinting actions highlighting the importance of this mechanical
quality to field hockey athletes. Relative to distance, it has been suggested greater
intensities and running velocities are achieved in field hockey compared to other field
sports such as soccer (343). Samozino et al. (285) recently identified acceleration
performance less than 30m largely depends on Pmax and individual mechanical
characteristics, further identifying the necessity to develop and express this mechanical
quality to be an effective field hockey player. These findings have been supported in similar
studies, but not all (r = 0.27) (258) involving amateur netball players, academy rugby
players, high-level sprint athletes and professionl male and female football players, (» =
0.40—0.75) (107, 180, 212, 317), further highlighting the need for power development
expression in field and court sports. However, across these studies, most force variables
(Fo) did not achieve significance (r < 0.27), thereby demonstrating a greater emphasis on
movement velocity capabilities to express maximal external power. This was not the case
in this study, as both Fo and vo achieved significance however stronger associations are

evident between movement velocity in both jump and sprint actions.
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Non-significant relationships were evident between slope of the jump and sprint F-
v profile (Srv) suggesting independent characteristics of this mechanical variable (Table
5.2). Although differences in ability level are evident, low correlations between the jump
and sprint Srv have previously been reported in elite female soccer players (212) (r =-0.09)
and high-level sprint athletes (317) (r =0.17). Previous studies have raised concerns
regarding the reliability (ICC: < 0.50, CV%: < 29.3) of the Spv using countermovement
and squat jump actions from F-v profiles (199, 336), along with the utility of the mechanical
variable to inform performance, however other studies have recently questioned the

methodological rigors to obtain reliable data (290).

Regarding our second hypothesis, we aimed to determine whether the same
mechanical variable would explain performance variability in each force orientation.
Multiple linear regression analysis identified Fo and vo had a significant influence on jump
height and sprint time explaining 74% and 94% of the variance in outcome respectively.
When analyzing jump height and sprint time as the dependent variables, vertical F-v
regression model coefficients showed vo had greater effects on performance outcome
compared to Fo. Similarly, increases in horizontal vo had a greater effect on reducing sprint
time over 30-meters compared to increases in Fo. This identifies the underpinning
mechanical characteristics explaining the performance outcome is the same between
jumping and sprinting actions, thereby confirming our hypothesis. Furthermore, it may also
identify this population group exhibits a force-dominant F-v profile and the subjects require
greater exposure to maximal movement velocity during training (i.e., sprint training),

which would influence the approach to development and expression of maximal power.

From a physical preparation perspective, club-level field hockey athletes could

target power development (310) to improve jump height, plus select exercises which target
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high movement velocities and optimal loads to improve sprint performance (75, 150).
Previous studies with elite youth soccer players identified high-velocity training improved
adaptations to the high-velocity/low-force end of the F-v continuum, which lead to
improved power expression (203). The present study highlighted relative Pmax showed
slightly stronger relationships to sprint time than was evident for jump height however the
correlations between force and velocity to express Pmax are different between actions
(Figure 5.4). The stronger kinematic relationship between relative Pmax and vo in sprinting
compared to jumping is likely due to the necessity to achieve maximal power expression
in early acceleration (75) plus the overall duration of the task places a greater emphasis on
velocity qualities. Similar Pmax correlations in other population groups including netball,
soccer and ballet suggests this relationship may be typical amongst athletes irrespective of

their ability level or sport (i.e., novice vs elite) (107, 180, 212, 305, 317).

Overall, this cross-sectional study has several strengths. Although suggestions the
magnitude of transfer may be dependent on the task (366) therefore adhering to the force-
vector theory and dynamic correspondence (114, 320), this study identifies vertical F-v
profiles can potentially infer performance in horizontal F-v profiles and vice versa.
Moreover, if practitioners working with field hockey athletes should only choose one F-v
assessment to determine mechanical characteristics, the authors of this study recommend
horizontal F-v profiling. Despite similar expression of force relative to the local coordinate
system of the athlete (114), the technical component of applying horizontally directed force
at increasing running velocities during sprinting i.e., mechanical effectiveness (150),
typically requires greater segmental coordination (233) than vertical force expression and
therefore may provide greater mechanical insight for the practitioner. Finally, there are few

studies exploring mechanical profiling in field hockey populations and therefore this adds
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original knowledge towards biomechanical and strength and conditioning practices within

the sport.

There are also limitations in this study which should be acknowledged. Firstly,
although significant relationships were evident between vertical and horizontal F-v
profiles, a closer analysis of the loads selected in the vertical F-v profile and distance in the
horizontal F-v profile may have improved the correlation between matched mechanical
variables. For example, stronger relationships with relative Pmax and the vertical F-v
profile may exist due to the selected loads which may have optimized external mechanical
power (310) for subjects, rather than exposure to loads spanning the F-v continuum (1).
Moreover, the slightly greater relationship with vo than Pmax in the horizontal F-v profile
is likely a result of the overall sprint distance and potentially individual subject F-v
characteristics. In most team sports, including field hockey, acceleration and sprint
distances are generally less than 15-meters where maximal force qualities in the horizontal
direction are dominant, whereas velocity qualities are dominant when sprint distances are
greater than 15-meters (285, 343). Therefore, the selected sprint testing distance placed a
greater reliance on velocity capabilities to achieve a faster 30-meter time. Secondly, the
cross-sectional approach, heterogenous population and competition level of participants
(i.e., club-level, novice) used in this study may limit findings and transfer of understanding
in higher ability athletes (i.e., elite level). Finally, stronger correlations between mechanical
characteristics and performance outcomes (i.e., vertical characteristics and horizontal
performance outcome, and vice versa) may have been observed due to greater variability
in the mechanical dataset compared to previous studies (132). Greater information could
be provided to practitioners by analyzing longitudinal changes to the relationships between
matched characteristics obtained from mechanical profiles across a competitive field

hockey season and determine how this might assist strength and conditioning practice.
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Conclusions

This is the first cross-sectional study to investigate the transfer of mechanical
characteristics between vertical and horizontal F-v profiles and performance outcomes in
club-level (i.e., novice) field hockey athletes. Matched variables from jump and sprint
mechanical profiles revealed significant correlations between force, velocity, and power
suggesting they explain similar mechanical characteristics irrespective of force orientation.
Relative maximal power demonstrated the greatest correlation to the performance outcome
in jumping and sprinting respectively, however the contribution of force and velocity
differed between actions. In addition, multiple linear regression models indicated vo was a
greater predictor of jump and sprint performance variability compared to Fo. This
information may have implications on physical preparation strategies and exercise
selection along with identifying which aspect of the F-v continuum to target. Trivial
correlations for the vertical and horizontal Sryv suggest the linear F-v relationship is
unrelated between actions. Overall, strength and conditioning coaches working with club-
level field hockey athletes could potentially use mechanical profiles interchangeably to
determine current mechanical strengths, weaknesses, and imbalances, yet due to technical
differences when expressing force in the horizontal direction, greater mechanical insight

may be provided by performing mechanical profiling in both force-vectors.
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PRELUDE

Chapter 4 and chapter 5 used a cross-sectional study design and identified the
effectiveness of mechanical profiling in jumping and sprinting actions to differentiate
between sex and positional groups in field hockey athletes, plus also identified the level of
mechanical transfer between actions and whether profiling methods could be used
interchangeably. The results suggested a level of mechanical transference and sprint profiling
should be used in favour of jump profiling if selecting only one assessment. Despite previous
chapters highlighting key diagnostic information for sport practitioners, there is currently
limited research examining the longitudinal effects to the F-v profile in response to specific
training methods. This information provides practitioners with the knowledge of how specific
training methods influence mechanical characteristics in an athletic population. Therefore,
the primary aim of this study was to quantify changes to sprint mechanical characteristics in
junior Australian Football (AF) players by using a 7-week combined sprint training
methodology (i.e., assisted sprint training and maximal sprint training) which focussed on
enhancing the velocity component of the F-v continuum. We hypothesized a combined sprint
training methodology would improve sprint mechanical characteristics in unassisted sprinting
and create a more velocity-oriented F-v profile compared to maximal sprinting only. This
chapter provides coaches with insight to how mechanical characteristics will adapt in

response to sprint specific training methods.
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Abstract

Sprint performance in junior Australian football (AF) players has been shown to be
a differentiating quality in ability level therefore developing sprint characteristics via
sprint-specific training methods is an important aspect of their physical development.
Assisted sprint training is one training method used to enhance sprint performance yet
limited information exists on its effect on sprint F-v characteristics. Therefore, the main
aim of this study was to determine the influence of a combined sprint training intervention
using assisted and maximal sprint training methods on mechanical characteristics and
sprint performance in junior Australian football players. Upon completing familiarization
and pre-testing, twenty-two male junior Australian football (AF) players (age: 14.4 = 0.3
years, body mass 58.5 £ 10.0 kg, and height 1.74 £ 0.08 m) were divided into a combined
sprint training (CST) group (n= 14), and a maximal sprint training (MST) group (n==8)
based on initial sprint performance over 20-meters. Sprint performance was assessed
during maximal 20-meter sprint efforts via a radar gun (36Hz), with velocity-time data
used to derive F-v characteristics and split times. All subjects then completed a 7-week in-
season training intervention consisting of maximal sprinting (MST and CST groups) and
assisted sprinting (CST only), along with their usual football specific exercises. Moderate
to large pre-post within group effects (-0.65 < ES > 0.82. p < 0.01) in the CST group for
relative theoretical maximal force (Fo) and power (Pmax) were reflected in improved sprint
performance from 0-20 meters, thereby creating a more force-oriented F-v profile. The
MST group displayed statistically significant pre-post differences in sprint performance
between 10-20 meters only (ES = 0.18, p = 0.04). Moderate to high relative reliability was
achieved across all sprint variables (ICC=0.65-0.91), except for the F-v slope (Srv) and
decrement in ratio of forces (Drr) which reported poor reliability (ICC=0.41-0.44), while

the CST group exceeded the pre-post minimal detectable change (MDC) in most sprint
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variables suggesting a ‘true change’ in performance across the intervention. It is concluded
that implementing a short-term, combined sprint training intervention consisting of assisted
and maximal sprint training methods may enhance sprint mechanical characteristics and

sprint performance to 20-meters in junior Australian football players.

141



Introduction

High-speed running and sprinting are key requirements in Australian football (AF)
(70). Within a junior AF setting, sprint characteristics and performance have been shown
to differentiate between ability levels including those drafted and non-drafted into the
professional ranks of the sport (i.e., Australian Football League; AFL) (35, 103, 265).
Sprint performance (20-meter) is also measured in the standardized test battery for those
athletes who attend the annual AFL draft combine (265), therefore exploring sprint
characteristics and specific training methods to improve sprint performance in aspiring

junior AF players would be useful for practitioners.

Typically, sprint characteristics in team sport fitness batteries, including the AFL,
are described by intermediate split times (i.e., S-meter and 10-meter time) and overall sprint
time, thereby providing a quantitative measure of performance (265). However, this
approach to sprint assessment is limiting in nature as it does not explain the underpinning
biomechanical and neuromuscular mechanisms contributing to performance. More
recently, a macroscopic inverse dynamics approach to sprint assessment known as sprint
F-v profiling has been utilized in team sport settings to explain and quantify the force,
velocity and power characteristics contributing to sprint performance (99, 248, 351). This
approach has helped practitioners better understand the individual F-v characteristics of the
athlete and the influence mechanical characteristics have on sprint performance. The key
mechanical variables obtained from sprint F-v profiles include theoretical maximal force
(Fo), theoretical maximal velocity (vo) and theoretical maximal power (Pmax)(286), each

of which characterize independent neuromuscular characteristics.

Training methods to enhance sprint performance are often focussed on applying

progressive overload to a component of the F-v continuum via modalities such as resisted
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sprint training, plyometrics and traditional strength training (101, 143), however no
previous research has investigated the effect of using assisted sprint training within a junior
AF cohort and its long-term benefit to improving sprint mechanical characteristics.
Assisted sprint training is based on overloading the velocity component of the F-v
relationship (337) and is a term often used synonymously with overspeed or supramaximal
training, where the aim is to create running velocity greater than what can be achieved in
unassisted voluntary conditions (190). Seminal studies in assisted sprint training identified
supramaximal velocities (10.36 + 0.31m/s) was significantly correlated with stride rate
(r=0.63, p<0.01), while average net resultant force in the concentric phase correlated with
stride length (r=0.65, p<0.01) (224); this is thought to serve as a specific force indicator in
sprinting. It was highlighted by the same authors that electromyography (EMG) increases
in lower limb muscles prior to ground contact provided a higher level of muscle stiffness
and pre-activation of lower limb muscles was a result of centrally driven recruitment of
motor units upon ground contact to withstand supramaximal velocities (224, 226, 227).
Collectively, it is suggested that assisted sprint training may provide and additional
stimulus for the neuromuscular system during training to achieve higher running velocities

when unassisted (225).

Assisted sprint training methods include running downhill (97), using a horizontal
pulley system (44, 190), a portable robotic resistance device e.g. 1080 Sprint™ (195),
MuscleLab DynaSpeed™ (337), or elastic pulling cords, which are a cost effective option
to enhance sprint speed (14, 44, 68, 210, 225, 334). Several research studies have focussed
on the acute effects of assisted sprint training using elastic pulling cords with results
identifying positive changes to sprint performance (14, 44, 68, 210, 225). However, limited
studies exist on the same training methodology within an interventional setting (210, 334)

and the influence on sprint mechanical characteristics and performance. In this regard,
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previous research has (334) reported increased acceleration performance to 15-yards (13.7-
meters), specifically in the first 5-yards (4.6m), when using an assisted training protocol
with elastic pulling cords across a 4-week period. Furthermore, using a similar protocol
across a 5-week period (210), significant (p<0.05) interactions have been identified for
running velocity, stride frequency, ground contact time and flight time. Despite the
implementation of sprint training methods into various football codes (257), knowledge
about the effects of assisted sprint training are limited yet may be a viable form of non-

traditional sprint training for AF players.

Therefore, the purpose of this study was to quantify changes to sprint mechanical
characteristics in junior AF players by using a combined sprint training (i.e., assisted and
maximal sprinting) methodology which focussed on enhancing the velocity component of
the F-v continuum. Our primary aim was to determine the influence of a 7-week combined
sprint training intervention on sprint F-v characteristics and performance. We hypothesized
that 1), a combined sprint training methodology would enhance sprint mechanical
characteristics in unassisted sprinting and create a more velocity-oriented profile compared
to maximal sprinting only, due to enhanced neural activation (225), and 2) due to the
pulling force assisting athletes to achieve greater velocities (14), reduction in overall sprint

times would be a result of higher velocities achieved from 10-20m, compared to 0-10m.

Methods

Study design and participants

A pre-test versus post-test experimental design with two groups was selected to
investigate the effects of a combined sprint training intervention (7-weeks) in junior AF
players. A power analysis was conducted prior to the study (G*Power 3) (109) using the

following test details: ‘ANOVA: Repeated measures, within-between interaction’, with an
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effect size of 0.3, alpha of 0.05 and power of 0.8 , which suggested the total sample size of
the study should include 24 participants. Twenty-eight junior male AF players from the
same specialist sport academy focussing on Australian Football, volunteered to participate
in this study. Twenty-two (age: 14.4 + 0.3 years, body mass 58.5 + 10.0 kg, and height 1.74
+ 0.08 m) met the inclusion criteria of completing 10-12 sessions (2 sessions per week;
>70%) within 7 weeks, excluding familiarization and pre and post testing. From these
participants, 6 completed 100% of sessions, 5 completed 91% of sessions, 7 completed
83% of sessions and 4 completed 75% of all sessions. The data from participants who could
not complete post-testing was removed from all statistical analysis. Inclusion criteria
included: participants involved in AF and aged under 18 years of age. Exclusion criteria
maintained that participants needed to be six-months free of musculoskeletal injuries which
may prevent them from performing maximal effort sprints. In their pre-testing
questionnaire, the adult guardian acknowledged the participant's experience with sprinting
actions and provided written informed consent before beginning the study. The study was
conducted in accordance with the Declaration of Helsinki, and the protocol was approved
by the Social and Behavioural Research Ethics Committee at Flinders University (Ethics

App Number: 8146).

The 7-week training intervention was created with a combined sprint training [CST]
group and maximal sprint training [MST] group. The CST group completed maximal
assisted sprint efforts and maximal unassisted sprint efforts, while the MST group
performed maximal unassisted sprint efforts only. Depending on the structure of the
training session, specific sprint-based exercises (maximal and assisted sprint training) were
performed on an indoor basketball court or outdoors on a football field. The MST group
did not participate in any assisted sprint training protocols. Familiarization of the sprint

training assessment and intervention began four weeks prior to testing and included 4-6 x
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10-30m maximal effort unassisted sprint efforts for both groups and assisted sprint efforts
for the CST group once per week. This timeline was selected to ensure participants were
exposed to the assisted sprinting stimulus in small doses prior to testing and beginning the
intervention and to reduce the risk of injury using this training method (147). During
familiarization sessions for assisted sprinting, players practiced sprinting over distances
between 10-20 meters with the elastic cord at pulling forces progressing from sub-maximal
(50-75% stretch on cord; ~30-75N) to maximal (100% stretch on cord; ~90N) using a
progressive overload approach. Elastic cord tension was measured using a spring balance
at various distances (i.e., 10m, 12.5m, 15m) to determine the percentage of maximal pulling
force. No changes were observed when measuring pre and post cord tension. Pre-testing
coincided with the conclusion of the pre-season period and start of the competitive season
for junior AF teams, while post-testing occurred during the middle of the competitive

s€ason.

Testing procedures

Force-velocity profile assessment

The sprint F-v profile assessment was performed on an indoor basketball court with
participants wearing standard athletic clothing and shoes. Prior to the first sprint trial,
participants performed a series of six sprint efforts over 10-20m progressing from sub-
maximal to near-maximal. Participants then performed three 20-meter maximal sprint
efforts from a standing start (staggered stance; dominant foot forward) and were
encouraged to sprint maximally past the 20-meter marker. Between each sprint attempt
there was 5-minute passive recovery period to limit fatigue prior to the next sprint effort.
Participants were ranked (1-fastest time, 28-slowest time) according to their mean sprint

performance (0-20m) during pre-testing and then pairwise matched to the CST or MST
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group creating two balanced groups of 14 participants. Unfortunately, injuries and COVID-
19 related health concerns impacted 6 participants who started the intervention study in the
MST group, therefore reducing this group number to 8 participants. Pre and post sprint

assessments occurred on a single day.

Velocity measurements were recorded continuously during each attempt using a
radar gun. Software provided by the radar device manufacturer (STATSs software, Stalker
ATS I Version 3.0, Applied Concepts Dallas, Dallas, TX, USA) was used to collect raw
velocity-time data across each sprint trial. The radar device (Model: Stalker ATS 1, 36.6Hz,
Applied Concepts, Dallas, TX, USA) was positioned 5 m directly behind the starting
position and at a vertical height of 1 m to approximately align with the subject’s centre of
mass. Participants bodymass was assessed using dual force plates (35cm by 35cm,
PASPORT force plate, PS-2141, PASCO Scientific, California, USA), while standing
stature was determined using a stadiometer. Individual data files, anthropometric variables
and environmental conditions (i.e. barometric pressure, temperature) were then processed
and imported into the ‘shorts’ package (179) written in R language (R 203 Development
Core Team, 2020). The ‘shorts’ package uses non-linear least squares regression
implemented in the ‘nls’ function in R (15, 16)). Both R and the ‘shorts’ package are open-
source software. Any velocity-time data before the onset of movement or past the total
sprint distance was filtered from the analysis. Using an inverse dynamics approach of the
subject’s center of mass locomotion, the ‘shorts’ package (179) fits an exponential function
to the raw velocity-time data from the radar gun to establish all variables. The
biomechanical model and equations of this approach have previously been reported (286)
and validated (246) when compared with direct measurement of ground reaction forces
(GRF) from in-ground force plates and has been used in previous interventional studies

(195). Sprint position-time data (i.e., split times) were derived from velocity-time data from

147



the radar and were analysed separately for each participant to establish sprint F-v profiles,
and associated sprint mechanical characteristics by following previously validated methods
(286). The mean of three maximal sprint trials from each participant was used for statistical

analysis.

Intervention protocol

Assisted sprinting was performed using a 6-meter elastic cord (HART Catapult
Trainer) harnessed to the waist of the runner. The elastic cord was fully stretched prior to
a sprint, thereby establishing a pulling force of approximately 97.5N (+ 15N) at 15-meters,
as measured by a spring balance, and held in position by the accredited strength and
conditioning coach (Australian Strength and Conditioning Association Level 2, ASCA).
Cords could not be stretched greater than 15-meters. Upon receiving a 3-second
countdown, the harnessed athlete would sprint maximally up to a distance of approximately
20-30m. Once the harnessed athlete began to sprint, the coach holding the other end of the
elastic cord must also run for approximately 10-15m in the same direction to maintain the
highest level of tension on the cord to assist the runner until they reach the required distance
(Figure 6.1). The coach ran a slight angle (5-10°) to the athlete to ensure the athlete was
not impeded by running over the elastic cord. Despite the coaches best efforts, it is
acknowledged the tension on the cord is reduced once the athlete begins to accelerate (14).
After sprinting using the elastic cords, several players provided feedback to the coaches
including ‘I felt like I was catapulted off the start line’ and ‘sprinting is so easy with the

cords.’
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Figure 6.1. Visual description of assisted sprinting design. A: subject pulled by
elastic cord (attached around the waist); B: subject pulling the elastic cord (cord held
outstretched in hand).

Sessions for all participants (i.e., CST and MST) were conducted and supervised by
ASCA coaches and completed twice weekly prior to on-field technical and tactical football
session. Prior to all intervention-based training sessions, participants performed a 10-minute
warm-up consisting of linear and multi-directional movement patterns, dynamic stretches,
mobility, and activation exercises, and progressed from general to more sprint specific
exercises (i.e., marching, A-skip, scissor bound). There was no added sprint specific training
included in the on-field sessions and overall training volume remained stable across the
intervention, thereby maintaining a level of consistency across the study. At the conclusion
of each sprint effort, each participant undertook a rest period of approximately 3-5 minutes
to limit fatigue prior to the next sprint. All protocols specific to the 7-week training
intervention are outlined in Table 6.1. Sprint volume between both groups were matched

across the duration of the intervention.
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Table 6.1. Description of sprint training intervention.

Post-Testing

data collected via radar device.

Group
CST MST
(Combined sprint (Maximal
training: Assisted and sprint
maximal sprint training) training) Weekly
Week Session Session Volume/session | Volume
-4 Sub-maximal to maximal unassisted and 100m
Familiarization | assisted sprint efforts over 10-30-metres. 200m
-3 3 x 20-metre sprint efforts. Velocity-time 60m
Pre-Testing data collected via radar device. 120m
-2 and -1 Technical and tactical football sessions
only - -
1 2x20m AST/1x20m 3 x 20m MST 60m
MST 120m
2 3 x20m AST 3 x20m MST 60m
120m
3 3x25m AST 3 x25m MST 75m 150m
4 3x25mAST/1x 15m 1 x15m,3 90m
MST x25m MST 180m
5 3x30m AST 3 x30m MST 90m 180m
6 3x30m AST/1x30m
MST 4 x 30m MST 120m 240m
7 4 x 30m AST 4 x 30m MST 120m 120m
8 3 x 20-metre sprint efforts. Velocity-time

AST: Assisted sprint training
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Statistical analysis

Statistical analyses were performed in R (v3.6.1; R Foundation for Statistical
Computing, R Core Team, Vienna, Austria), in the RStudio environment (v1.2.519;
RStudio, Inc., Boston, MA) using various statistical packages. All descriptive data are
presented as mean + standard deviation (SD) and were assessed for normality and variance
using the Shapiro-Wilks and Levene’s test respectively. Independent samples t-tests were
used to determine between group differences at pre-test for sprint F-v characteristics and
split-times. Intraclass correlation coefficient (ICC) with 95% confidence limits were used
to assess relative reliability of F-v and split times for sprint trials (152). To account for
typical fluctuations in sprint performance between testing sessions, the MDC at 90%
confidence intervals, was used to determine the minimum level of change necessary to
represent a ‘true’ performance change, rather than random measurement error and was
calculated as 1.645 x Standard error of measurement (SEM) x V2 (116, 135). The MDC%
was defined as (MDC/x ) x 100 (115). Thresholds for evaluation of intraclass correlation
coefficients were quantified using the following scale: 0.20-0.49 poor, 0.50-0.74 moderate,
0.75-0.89 high, 0.90-0.98 very high and > 0.99 extremely high (155). To assess the effect
of assisted sprint training a 2 (pre-post-test: repeated measurements) x 2 (group: CST,
MST) ANOVA was performed. Standardized effect sizes (Cohen’s d) were assessed pre-
post training for all sprint F-v variables and split-times were determined using a pooled
standard deviation approach from both groups with 95% confidence limits. Magnitudes of
effect size changes were interpreted using the following values: trivial (< 0.20), small (0.20
<0.60), moderate (0.60 < 1.20), large (1.20 < 2.00) and extremely large (> 2.00) (52). In
addition, a one-way ANOV A with repeated measures per group was conducted to identify

changes per group. An alpha value of p <0.05 was used to indicate statistical significance.
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Results
Shapiro-Wilks and Levene’s test confirmed normality and homogeneity of variance
for all F-v variables. All results are reported in Tables 2-3 and Figures 6.2-6.4. The mean
session completion rate in the CST and the MST group were 78.6% and 85.7%
respectively. At the pre-test, no significant differences were observed between groups

(MST vs CST) for all sprint F-v (t<1.87, p>0.07) or split-times variables (t<1.59, p>0.12).

Reliability measures, SEM and MDC data for sprint mechanical characteristics and
split times are presented in Table 6.2. The intraclass correlation coefficients (ICC) for
sprint mechanical characteristics and split times ranged from moderate to high (ICC=0.65-
0.91), except for the F-v slope (Srv) and decrement in ratio of forces (Drr) which both
reported poor reliability measures (ICC=0.41-0.44). The MDC (%) across sprint
mechanical variables and split times ranged from 2.59-6.88%. The CST group exceeded
the MDC for most variables suggesting a ‘true change’ in performance across the
intervention except for vo, split time to 15m, 20m and 10-20m. Changes in the MST group

did not exceed those of the MDC.

Significant time*group interaction effect was found for relative Fo, relative Sgv,
RFwmax, Drr and split time to 5-meters and 10-meters (F > 3.96, p <0.05,-0.80 <ES > 0.84)
(Table 6.3, Figure 6.2-6.3). Changes to absolute values of mechanical characteristics can
be found in supplemental files (Table S1), highlighting no significant group effects were
found between variables (F <3.07, p>0.08) (Table 6.3). Post hoc comparison revealed the
MST group significantly increased vo and split time from 10-20m only (0.18 < ES > 0.39,
p < 0.04), while significant increases in sprint mechanical characteristics and sprint
performance were reported in the CST group for almost all variables (-0.64 <ES >0.82, p

< 0.01) (Table 6.3, Figure 6.2-6.3). Analysis of sprint performance in the CST group
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showed significant pre-post % changes at all sprint distances to 20-meters (2.78-
4.49%)(Table 6.3, Figure 6.2). No significant differences (p > 0.05, ES =-0.10) were noted
for body mass (ES=-0.10, 95%CI [-0.12, -0.06], p = 0.06) between testing days. Mean
group pre-post changes between sprint F-v profiles over 20-meters are presented in Figure
6.4. Pre-post analysis of the F-v profile identified 12/14 participants (85%) in the CST
group had a more force-oriented profile post-intervention, compared with 3/8 of

participants (38%) in the MST group.
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Table 6.2. Reliability measures and minimal detectable change for sprint force-velocity variables and split-times.

Relative Fy Relative Pyax Relative Sgy 10-20m (s)
Variable (N.kg!) vy (m.s™) (W.kg!) (N.s.m.kg™!) RFEvax (%) Dgr (%.m.s™) S5m (s) 10m (s) 15m (s) 20m (s)
1cC 0.65 (0.29, 0.72 (041, 0.85 (0.62, 0.4 (0.20, 0.71 (041, 0.41 (0.16, 0.65 (0.47, 0.79 (0.65, 0.85 (0.75, 0.89 (0.80, 0.91 (0.83,
0.83) 0.88) 0.96) 0.74) 0.90) 0.72) 0.76) 0.88 091 0.95) 0.96)
SEM 0.10 0.15 0.30 0.01 0.005 0.001 0.01 0.02 0.03 0.04 0.02
MDC 0.24 0.36 0.72 0.04 0.01 0.003 0.05 0.08 0.10 0.13 0.05
MDC% 4.71 4.54 6.88 6.30 3.36 6.27 2.65 2.59 2.60 2.65 3.17

(ICC = intraclass correlation coefficient [95% confidence intervals]; SEM: standard error of measurement; MDC = minimal detectable change; F: theoretical maximal force; vo: theoretical maximal velocity; Puax:
theoretical maximal power; Sgy: force-velocity slope; RFyax: maximum ratio of forces; Dgy: decrement in ratio of forces.
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Table 6.3. Pre-post sprint force-velocity variables and split times for within and between-group comparisons.

PRE POST Within-group ES (pre-post) Between-group-time ES + 95% CL, F value, P
Variable Group Mean + SD Mean + SD P value %A = SD value
Relative Fy (N.kg") CST 5.18 +0.49 5.76 + 0.84 0.74 (0.22, 1.26), 0.005%* 11.19+12.52 Group ES: -0.11 (-0.95,0.73), F=0.07, p=0.78
Time ES: 0.84 (0.12,1.55), F=5.57, p=0.02*
MST 5.10+0.51 5.07+0.59 -0.05 (-0.68, 0.57), 0.85 -0.40 + 8.47 Int ES: -0.88 (-2.06,0.31), F=2.24, p=0.14
Vo (m.s™) CST 8.31+0.83 8.25+0.60 -0.06 (-0.41, 0.27), 0.69 -0.25 + 6.08 Group ES: -0.77 (-1.66,0.12), F=3.07, p=0.08
Time ES: -0.08 (-0.84,0.67), F=0.04, p=0.82
MST 7.80 +0.43 8.01+0.52 0.39 (0.04, 0.73), 0.03* 2.60+2.87 Int ES: 0.39 (-0.86,1.65) F=0.40, p=0.53
Relative Py (W.kg") CST 10.75 + 1.47 11.80 + 1.86 0.60 (0.18, 1.02), 0.007** 10.04 +11.56 Group ES: -0.46 (-1.30,0.38), F=1.22, p=0.27
Time ES: 0.61 (-0.10,1.33), F=2.99, p=0.09
MST 9.96 +1.36 10.15+ 1.57 0.12 (-0.27,0.51), 0.52 1.94+7.28 Int ES: -0.50 (-1.69,0.68), F=0.73, p=0.39
Relativle SF\I' CST -0.63 £ 0.09 -0.70 +0.12 -0.64 (-1.23,0.15), 0.01* 12.96 + 16.33 Group ES: -0.26 (-1.13,0.62) F=0.35, p=0.55
(N.s.m™.kg™) Time ES: -0.79 (-1.53,-0.04), F=4.57, p=0.03*
MST -0.65 + 0.05 -0.63 £ 0.07 0.27 (-0.55, 1.10), 0.48 246 +10.24 Int ES: -0.50 (-1.69,0.68), F=2.53, p=0.11
CST 039 +0.02 0.42 +0.03 0.69 (0.18, 1.21), 0.008* 6.06 +7.31 Group ES: -0.23 (-1.08, 0.62), F=0.30, p=0.58
RFMAX .
Time ES: 0.71 (-0.01, 1.43), F=3.96, p=0.05*
MST 0.39 = 0.02 0.39 +0.03 -0.02 (-0.55,0.51), 0.91 0.14+521 Int ES:-0.74 (-1.94, 0.46), F=1.54, p=0.22
Der CST -0.05 = 0.01 -0.06 £ 0.01 -0.65 (-1.19, -0.12), 0.01* 11.91 + 15.48 Group ES: -0.30 (-1.18,0.62), F=0.47, p=0.49
Time ES: -0.75 (-1.50,0.00), F=4.09, p=0.04*
MST -0.06 + 0.01 -0.06 + 0.01 031 (-0.52, 1.14), 0.44 2.63+£9.73 Int ES: 0.96 (-0.29, 2.20), F=2.41, p=0.12
Split time 0-5 meters CST 1.72 +0.09 1.64 +0.09 0.82 (-0.04, 1.64), 0.02* -439+731 Group ES: 0.11 (-0.72,0.95), F=0.07, p=0.78
(sec) Time ES: -0.80 (-1.51,-0.09), F=5.16, p=0.02*
MST 1.74 +0.09 1.75 £ 0.09 -0.19 (-0.87, 0.48), 0.55 1.09 +4.39 Int ES: 0.97 (-0.21,2.15), F=2.75, p=0.10
Split time 0-10 meters CST 2.60+0.14 2.50+0.13 0.75 (0.00, 1.51), 0.02* 3.76 £6.15 Group ES: 0.24 (-0.60,1.07), F=0.33, p=0.56
(sec) Time ES: -0.73 (-1.44, -0.01), F=4.23, p=0.04*
MST 2.64+0.13 2.65+0.11 -0.12 (-0.69, 0.44), 0.65 0.69 + 3.60 Int ES: 0.84 (-0.35,2.02), F=2.04, p=0.16
Split time 0-15 meters CST 3.36+0.18 3.24+0.16 0.66 (0.01, 1.30), 0.02* 3.24+525 Group ES: 0.34 (-050,1.18), F=0.67, p=0.41
(sec) Time ES: -0.64 (-1.36,0.08), F=3.25, p=0.07
MST 3.42+0.17 343+0.13 -0.06 (-0.53, 0.41), 0.79 037 +2.99 Int ES: 0.70 (-0.49,1.89), F=1.39, p=0.24
o 4.05+022 3.94+0.19 0.55 (0.02, 1.09), 0.02* 278 + 4.54 Group ES: 0.43 (-0.42,1.28), F=1.04, p=0.31
z‘;‘c‘)‘ time 0-20 meters CST Time ES: -0.55 (-1.27,0.17), F=2.37, p=0.13
MST 4.15+0.20 4.15+0.17 0.00 (-0.40, 0.38), 0.96 0.10 +2.55 Int ES: 0.56 (-0.64,1.76), F=0.88, p=0.25
. ’ 1.45 +0.09 1.43+0.07 0.15 (-0.10, 0.41), 0.23 -1.05+3.09 Group ES: 0.65 (-0.22, 1.53), F=2.27, p=0.03*
if;lt'z:;“(’s‘;:)” 20 CST Time ES: -0.17 (-0.92, 0.58), F=0.21, p=0.57
MST 1.51+0.07 1.48 +£0.07 0.18 (-0.01, 0.39), 0.04* -0.96 +1.36 Int ES: 0.01 (-1.23,1.25), F=0.00, p=0.98

ES: effect size; CL: confidence limits; CST: combined sprint training; MST: Maximal sprint training; Fo: theoretical maximal force; vo: theoretical maximal velocity; Pmax: theoretical maximal power; Sgv: force-velocity slope; RFmax: maximum ratio of forces; Drr: decrement in ratio of forces, * p <0.05, ** p <0.01.
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Figure 6.2. Pre-post changes to sprint force-velocity characteristics and split times
after the 7-week training intervention. A: Relative maximal force; B: Theoretical
maximal velocity; C: Relative maximal power. (CST: combined sprint training
group; MST: Maximal sprint training group).
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Figure 6.3. Within-group pre-post effect sizes for sprint force-velocity
characteristics and split times across the 7-week intervention. (Fo: theoretical
maximal force; vo: theoretical maximal velocity; Pmax: theoretical maximal power;
Srv: force-velocity slope; RFmax: maximum ratio of forces; Drr: decrement in ratio
of forces; CST: combined sprint training group; MST: Maximal sprint training

group).
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Figure 6.4. Mean pre-post sprint force-velocity-power profile of 20-meter sprint
performance. A: Combined sprint training (CST) group; B; Maximal sprint training
(MST) group. (F-v: force-velocity; P-v: power-velocity).

Discussion

The purpose of this study was to investigate the effects of a 7-week combined sprint
training intervention (assisted sprint and maximal sprint training) on sprint mechanical
characteristics and performance in junior AF players. To the best of our knowledge this is
the only study which has reported the effects of this type of training intervention in
conjunction with a focus on the mechanical characteristics of the sprint F-v profile. The
main findings of this study identified a combined sprint training approach significantly
improved sprint performance (i.e., reduced sprint time over 20-meters), whereas minor
changes were observed for mechanical and performance characteristics in the maximal
sprint training group. Reduced sprint times across all distances (2.78-4.49%) in the CST
group were reflected in significant changes to relative theoretical maximal force (10.04%)
and power (11.19%), which were greater than the minimal detectable change for each
variable. Maximal sprint training only elicited significant changes to vo (2.60%) and split
time from 10-20m (0.96%) in the MST group, highlighting the effectiveness and utility of

this training method to improve maximal velocity in field-based sports. The results from
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this intervention study suggests a combined sprint training approach may be a viable option
for junior AF players when attempting to improve sprint performance during the in-season

period.

Although sprint performance is not the sole predictor of success in Australian
football (i.e., tactical and technical abilities, physiological qualities), developing this
quality appears conducive for progressing to higher levels of the sport suggesting
understanding and then developing sprint mechanical characteristics is important for sports
performance coaches (35, 103, 273). In reference to our first hypothesis, we identified that
a combined sprint training approach created a more force-dominant F-v profile, leading to
greater acceleration ability due to pre-post changes to relative theoretical maximal force
(ES: 0.74) and power (ES: 0.60) (Figure 6.4). This contradicted our initial hypothesis as it
appears significant changes to mechanical and performance characteristics in the initial
steps of the sprint (i.e., 0-10m) is due to the transfer of training effect of the supramaximal
velocity stimulus from the elastic cord in the early acceleration phase. This biomechanical
change in performance is supported in the results by the moderate effect sizes for relative
maximal force and split time from 0-5 meters (-0.80 < ES > 0.84). Furthermore, motor
learning research details greater transfer or ‘crossover’ to normal sprinting occurs when
the biomechanics target specific technical sprint elements (143), in this case a greater
exposure to supramaximal velocities at the start of the sprint effort. As previously reported
(14), the pulling force of the elastic cord most likely lost tension relative to the athlete’s
bodyweight at distances greater than 15-meters. suggesting the stimulus was likely
negligible when in an upright position, i.e., approximately 10-20 meters. It can therefore
be inferred that the mechanical changes affecting early acceleration has led to faster split
times across the sprint effort except for the 10-20m flying segment. These findings are

important considering previous studies in Australian football have reported high numbers
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of acceleration-based efforts in elite male players identifying the importance of developing

mechanical characteristics (344).

Previous intervention studies involving male AF players of similar ages as those in
this study (37, 101), have reported resisted sprint training using sleds had significant effects
on relative theoretical maximal force values (ES: 0.63-1.19) with the greatest performance
change occurring in the first 10m of the sprint. It was also suggested to improve sprint
performance, junior AF players should develop a force-oriented mechanical profile (102);
which occurred in the CST group during this study, despite using velocity as a speed
specific stimulus (190). This is a new finding and suggests a CST approach to sprint
performance may provide a similar neuromuscular adaptation to resisted sprint training in
adolescent AF populations. Furthermore, large changes to Pmax in the CST group suggests
over this sprint distance, the improvements in Fo may be of greater importance compared
to vo when trying to improve Pmax and sprint performance. This may therefore inform
practitioners which side of the F-v continuum to place a greater focus on when attempting

to improve sprint performance in junior AF players.

F-v profiles and their associated variables have not previously been reported in
assisted sprint training interventions using elastic pulling cords, however the sprint
performance changes in this study as measured via split times align with previous findings
(210, 334). Other studies have reported significant effects to early acceleration (<15m)
performance with female college sport athletes using this approach, yet with no reference
to the F-v profile, along with an increased mean centre of mass velocity (6.37%A),
increases in stride frequency (Hz) (5.48%A), and decreases in contact time (ms) (8.39%A)
following a 5-week assisted sprint training programme. Across studies, elastic pulling

cords increased mean velocity to 5-yards (10.07%A), yet relatively small velocity changes
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to 25-yards (2.07%A )(334). These changes were thought to be the result of enhance
neuromuscular response in the early steps of acceleration across the 4-week (12-session)
intervention. The difference in our findings compared to previous studies (210, 334) may
also be due to a measure of mean velocity across the sprint effort, differences in pulling
force, the experience level of the participants (i.e., junior AF players compared to College

level athletes) or training volume and intensities used within the intervention.

Our second hypothesis was not confirmed as sprint performance in the CST group
did not achieve statistical significance for the split time from 10-20m. Changes in sprint
performance between 10-20m were evident in the MST group only. These results identify
how pulling force from the elastic cords has likely influenced the rate of acceleration at the
instant the athlete overcomes inertia yet provided limited assistance to improve velocity
adaptations in this segment of the sprint. This was not the case in the MST group where
significant changes to vo and split time from 10-20m were identified, suggesting greater
volume and exposure to maximal sprint training performed by these players established
greater neuromuscular adaptations impacting this aspect of sprint performance (143), along
with velocity specific adaptations, such as greater vertically directed support forces which
have been shown to enhance maximal velocity (191, 352). While not the focus of this study,
this finding is a consideration for speed development in AF due to the demand for high-
speed running (>5.5m.s™!) across the duration of the game (70-110m.min"') which has been
reported to differentiate between ability levels (177). Although our pre-testing data did not
show significant between-group differences for vo (p = 0.07), the lower initial values for
this variable in the MST group may also suggest participants may have had a velocity-
deficit when compared with the CST group and by engaging in maximal sprint training,

reduced this mechanical imbalance across the 7-week intervention.
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It should be noted that improved sprint performance along with increased relative
maximal power in the CST group may have established a more optimal F-v profile for this
cohort of junior AF players (285). The individual optimal sprint F-v profiles depends
largely on Pmax and to a lesser degree on sprint distance and the interindividual variability
in F-v characteristics. Recent research (285) identified as sprint distance was reduced (<
15-meters) the optimal F-v profile would become oriented towards force capabilities (i.e.,
force dominant), whereas, as sprint distance increased (>15-meters) velocity capabilities
would be of greater importance to sprint performance and the optimal profile would orient
towards being velocity dominant. This is largely supported in our findings when
considering pulling force in the CST group appears to be maximized in the initial stages of
the sprint effort, however, may also identify this particular group of adolescent AF players
exhibit a force-deficit in a sprint context. From a practical perspective, this identifies a
potential window of trainability to improve maximal power by targeting the force side of
the F-v continuum using a combined sprint training approach to optimize the mechanical

sprint F-v profile.

Investigating the associated sprint mechanical characteristics influencing
performance was also important to consider in this study. Significant within-group effects
and pre-post changes in the CST group to the maximum ratio of forces (RFmax) suggests
changes to force application during sprint performance may have occurred across the
training intervention. Previous research (236) suggests the increase in RFmax would result
in a more horizontally directed ground reaction force in the initial steps of the acceleration
thereby directly affecting acceleration capabilities according to Newton’s laws of motion.
Furthermore, Morin et al. (236) reported an increase in ratio of force (%) is a result of
improving the angle and technical ability at which antero-posterior force compared to the

corresponding total ground reaction force (Fror) is averaged over the support phase.
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Therefore, for the same magnitude of force applied to the ground, the horizontal change in
velocity during the stance phase will improve due the orientation of the ground reaction
force vector (22) which may have led to a reduction in all split times in the CST group.
Significant changes to decrement of ratio of forces (Drr) and relative F-v slope (Srv) were
reported in the CST group. Changes to Drr highlight how the natural decrease in ratio of
forces as running velocity increases has likely been altered due to the assistive pulling force
from the elastic cord, whereas the Srv describes the athlete’s individual ratio of force (i.e.,
acceleration) in reference to velocity (i.e., maximal speed). However, due to the absolute
reliability confidence intervals of these variables, we cannot make conclusive statements
concerning the utility for the Drr (ICC=0.41) and Srv (ICC=0.44) to inform practice within

this intervention study only.

This experimental study has several strengths. Sprint mechanical characteristics on
junior Australian football players can provide valuable insights into the physical
capabilities of these athletes, specifically in regard to their neuromuscular output. Such a
study can help the sport and strength and conditioning coach design more effective training
programs, as well as identify areas where individual players may need to focus on
improvement across the F-v continuum. Additionally, the results of the study may identify
how mechanical profiling can be used to track and monitor changes in the players'
biomechanical and technical sprint abilities across the competitive season. This study has
also identified alternate sprint-specific training methods to enhance performance within a
football context. Finally, there are a limited number of studies exploring sprint mechanical
profiling in youth populations and therefore this adds original knowledge to the growing

literature.

162



There are also limitations in this study which should be acknowledged. Across the
duration of the intervention there was limited monitoring of velocity changes in assisted
sprint conditions in the CST group. Although the elastic cord tension was measured during
the intervention, individual velocity data was not measured for each participant which
would have provided greater information about the percentage above maximal velocity
each player achieved during the training sessions, thereby potentially highlighting the
variability of the training method. Furthermore, despite previously identifying the non-
constant pulling force on the athlete while using elastic cords to achieve a supramaximal
stimulus, without having a budget to purchase several portable robotic devices with

constant pulling force, i.e., 1080Sprint™

, elastic cords may still be a viable option for AF
coaches. Also, a power analysis was conducted prior to the study and the desired number
of subjects was initially met (n=28), however due to injuries and COVID-19 health
implication several participants could not complete the intervention (n=22) and the study
became underpowered which may undermine some of the results. Post-hoc analysis using
22 subjects therefore provides a power level of only 0.76, which highlights differences
between the means will only be detected 76% of the time. Future studies using a larger
sample size would therefore provide greater certainty of results. We were also concerned
with the poor reliability (ICC=<0.44) regarding Srv and Drr, which is in line with previous
research (142). The Drr is the combination of maximum velocity and relative acceleration,
and therefore has an interdependence on the individual slope of the F-v (Sgv) relationship.
Typically, as one value moves up (i.e., relative force), the other value will likely move
down (i.e., velocity) changing the Sgv value. Therefore, slight changes in initial
acceleration of the sprint effort, i.e., 0-5m, will reduce the reliability of the velocity-time

data from the radar gun (or laser gun), which has previously been identified as a

methodology concern (24). Furthermore, small changes in velocity-time data between trials
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will likely be amplified in derived F-v values, which again places an importance on
participant familiarization of the testing protocol. Also, the adolescent aged population
group involved in this study may limit the transfer of findings to senior level AF players.
Although maturation is highly individual, studies have shown changes to sprint
performance can be influenced by an individual’s chronological age relative to their age at
peak height velocity (PHV) and maturation offset (54, 99, 104, 211, 229). A final limitation
was that we did not directly measure pre-post stride kinematics (step-length / step
frequency) or muscle activity (EMG) of the lower limbs as has occurred in previous
assisted sprint training studies (224, 227, 337). This information would have provided a
greater understanding of how variables such as stride length, stride frequency, contact time,
flight time, joint-segment changes and motor unit recruitment were influenced by
mechanical changes due to assisted and maximal sprint training. Combining the mechanical
data from F-v profiling, use of a portable robotic device with constant pulling force, plus
obtaining stride kinematics and EMG data, would provide greater insight into adaptations

caused across the intervention and is worthy of future research.

Conclusions

Developing sprint ability in junior Australian football players appears to be
advantageous for on-field performance and potential selection in the annual Australian
Football League national draft, therefore understanding the most effective training methods
to improve this quality is important for practitioners. Based upon the findings of the present
study, we conclude that a 7-week combined sprint training intervention using assisted
(elastic pulling cord) and maximal sprint training methods, may be a more appropriate
methodology to enhance various sprint mechanical characteristics and improve sprint
performance over 20-meters compared to a traditional maximal sprint training approach.

Upon completing familiarization, a progressive overload approach of combined sprint
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training lasting approximately 15-20 minutes, starting at 40-meters (total volume) of
assisted sprinting and progressing to 120-meters (total volume) of assisted sprinting, could
be implemented in the warm-up period prior to football-specific exercises. Practitioners are
encouraged to use assisted and maximal sprint training methods in a combined training
protocol to create a more force-oriented F-v profile due to significant changes to relative
theoretical maximal force and power in junior Australian football players. Coaches should
however be cautious when implementing this training modality and ensure familiarization

has been performed by all players to reduce the risk of injury.
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PRELUDE

Chapter 6 highlighted the mechanical changes to force, velocity, power and sprint
performance in response to a specific sprint training intervention across a 7-week period
in team sport athletes. This provided a platform to further explore changes to the sprint
mechanical characteristics in track and field athletes, i.e., athletes who perform this task as
their main performance. To date, no study has investigated changes to F-v characteristics
using a longitudinal approach. The results in Chapter 6 suggests sprint mechanical
characteristics will adapt to a specific stimulus but it would be of interest to sport
practitioners to understand how these characteristics adapt and change across an entire
track and field season. Therefore, the primary aim of this case study was to investigate how
force, velocity and power variables expressed during sprinting change across a track and
field season (~45 weeks) in two male sprint athletes who qualified for their national
championships. A secondary aim was to explore how periodised sprint training influences
mechanical and spatio-temporal characteristics, step kinematics and their effect on sprint
performance outcomes. We hypothesized as the periodisation model changed between
training phases within the track and field season and the mechanical load was reduced, it
would likely result in improved sprint outcomes due to an enhanced F-v profile, plus
optimized step kinematics for each athlete during 100-meter performance. However, inter-
athlete differences would be evident based on initial mechanical characteristics and level
of performance. This chapter provides insight to coaches about the underpinning
mechanical characteristics influencing sprint performance outcomes during specific

training periods.
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Abstract

Objective: This case study aimed to explore changes to sprint F-v characteristics
across a periodised training year (45-weeks) and the influence on sprint kinematics and
performance in national level 100-meter athletes. F-v characteristics have been shown to
differentiate between performance levels in sprint athletes (235), yet limited information
exists describing how characteristics change across a season and impact sprint
performance, therefore warranting further research. Methods : Two male national level
100-meter athletes (Athlete 1: 22yrs, 1.83m, 100m time: 10.47sec; Athlete 2: 19yrs,
75.3kg, 100m time: 10.81sec) completed 12 and 11 F-v assessments respectively, using
electronic timing gates. Sprint mechanical characteristics were derived from 30-metre
maximal sprint efforts using split times (i.e., 0-10m, 0-20m, 0-30m) whereas step
kinematics were established from 100-meter competition performance using video analysis
(278). Results: Between the preparation (PREP) and competition (COMP) phase, Athlete
1 showed significantly large within-athlete effects for relative maximal power (Pmax),
theoretical maximal velocity (vo), maximum ratio of force (RFmax), maximal velocity
(VMmax), and split time from 0-20m and 0-30m (-1.70 < ES > 1.92, p < 0.05). Athlete 2
reported significant differences with large effects for relative maximal force (FO) and
RFwmax only (ES: < -1.46, p < 0.04). In the PREP phase, both athletes reported almost
perfect correlations between Fo, Pmax and 0-20m (r = -0.99, p< 0.01), however in the
COMP phase, the relationships between mechanical characteristics and split times were
more individual. Competition performance in the 100-meter sprint (10.64 + 0.24sec)
showed a greater reliance on step length (r>-0.72, p<0.001) than step frequency to achieve
faster performances. The minimal detectable change (%) across mechanical variables
ranged from 1.3-10.0% while spatio-temporal variables were much lower, 0.94-1.48%,

with Athlete 1 showing a higher ‘true change’ in performance across the season compared
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to Athlete 2. Conclusions: The estimated sprint F-v data collected across a training year
may provide insight to practitioners about the underpinning mechanical characteristics
which affect sprint performance during specific phases of training, plus how a periodised

training design may enhance sprint F-v characteristics and performance outcomes.
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Introduction

Across a training year, sprint athletes typically progress through a periodised
training programme aimed at peaking towards major competitions including national
championships. Training components within a sprint programme generally include
acceleration and maximal velocity sprinting, resistance training and plyometrics (43) which
aim to enhance neuromuscular, biomechanical and technical sprint characteristics.
However, the overall aim of all sprint programmes should be to improve an athlete’s ability
to run fast. Sprint running requires athletes to overcome inertia and accelerate from a
stationary start to a high maximal velocity (233). From a mechanical perspective, the ability
to complete this movement task requires the athlete to apply a large amount of force and
power in the horizontal direction at an increasing running velocity (286). Although sprint
mechanical characteristics have been assessed in various athletic populations in cross-
sectional studies (104, 351), there is a paucity of longitudinal research investigating
individual mechanical changes in sprint athletes in response to specific periods of training.
An analysis of sprint mechanical characteristics and performance is therefore of interest to
practitioners as it may provide greater insight into training programme design and

periodisation structure of sprint training and competition.

To quantify the mechanical determinants which underpin sprint performance a field
method known as F-v profiling has been proposed by Samozino et al (286). Using an
inverse dynamics approach to the body center of mass, the field method describes the
mechanical output of over-ground maximal sprint running by modelling position-time data
to indirectly estimate the underlying mechanical properties (i.e., forces) which produced
the sprint performance (51). The key mechanical variables obtained from sprint F-v profiles

include theoretical maximal force (Fo), theoretical maximal velocity (vo) and theoretical

170



maximal power (Pmax)(286), which determine the intercepts of the inverse linear F-v

relationship, and the parabolic relationship between power and velocity (P-v) (286).

The mechanical characteristics obtained by from sprint F-v and power-velocity data
can be used as a quantitative approach to improve the planning of sprint training to
influence sprint outcomes during competition. The aim of sprint athletes who compete in
traditional track events is to cover the competition distance (i.e., 100-meter) in the shortest
time possible, however the aim of the coach is to periodize the training load and content to
ensure the athlete produces their best performance at key times in the year, for example
national championships. Furthermore, at different stages of the year the training focus will
likely change from attempting to improve various bio-motor abilities including strength
and power, to more sprint-specific foci including acceleration, maximal velocity and speed
endurance (31), a planning process known as periodisation. Periodisation of physical
training has been identified as key to developing physiological and neuromuscular
adaptations to maximize performance at specific periods during the training year (31).
Despite its recent widespread use in team sport to differentiate between ability level, field
position and to individualize training strategies (99, 248, 304, 351), an investigation into
changes to mechanical characteristics in sprint athletes across a training year is yet to be

explored.

Recent evidence has highlighted the importance of maximal power (Pmax) during
the sprint action and the influences of individual F-v characteristics (i.e., Srv) to sprint
acceleration performance (285). Therefore, it would be useful information for sprint
practitioners to understand mechanical changes across the training year and the
relationships with sprint outcomes. Previous longitudinal case studies of junior (7-weeks,

100-meter personal best: 10.89 & 0.21sec) and senior level (5-months, 100-meter personal
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best: 10.16 = 0.16) sprinters focussed on strength training and its effect on sprint
performance (28), plus changes to step kinematics in response to periodised training (21).
Sprint performance changes in junior athletes were deemed inconclusive; however, it was
hypothesized changes to performance in senior elite athletes was explained by the
periodisation of specific training components which was associated with an increase in
force production, along with the ability to produce force rapidly leading to increases in step
velocity and frequency during phases of low volume resistance training and high-intensity
sprint training (21). However, to the authors’ knowledge no research exists examining
changes to mechanical characteristics and the sprint F-v profile in national level sprint

athletes across a training year.

Therefore, the aim of this case study was to investigate how sprint mechanical
characteristics change across a track and field season (~45 weeks) in two male sprint
athletes who qualified for their national championships. A secondary aim was to explore
how periodised sprint training influences mechanical and spatio-temporal characteristics,
step kinematics and sprint performance outcomes. We hypothesized that, as the
periodisation model changed between training phases and the mechanical load was reduced
(31), it would likely result in improved sprint outcomes due to an enhanced F-v profile,
plus optimized step kinematics for each athlete during 100-meter performance, however
inter-athlete differences would be evident based on initial F-v characteristics and level of

performance.

Methods

Participants

Two male sprint athletes who qualified for their national track and field

championships (2021-22) in the 100-meter sprint event volunteered to participate in this
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study. Both athletes (Athlete 1: 22yrs, 1.83m, 100-meter time: 10.47sec; Athlete 2: 19yrs,
75.3kg, 100-meter time: 10.81sec) met the inclusion criteria of completing a minimum of
10 sprint force velocity assessments across the training and competition period. Further
inclusion criteria included participants aged over 18 years of age. Exclusion criteria
maintained that participants needed to be six-months free of musculoskeletal injuries which
may prevent them from performing maximal effort sprints. The study was conducted in
accordance with the Declaration of Helsinki, and the protocol was approved by the Social
and Behavioural Research Ethics Committee at Flinders University (Ethics App Number:
8146). Personal best data and World Athletics points during the past 12 months of
competition was collected from World Athletics (313) to establish a baseline for the
performance levels of both athletes (100-meter: 10.81 = 0.42 / 895 + 56.5 points, 200m:

21.98 = 1.01 /898 £ 91.9 points).

Study Design

A case study design was used to monitor the sprint athletes from when they began
their general preparation phase training at the end May 2021 and were followed through to
the national championships at the start of April 2022 (~45-weeks). During this period the
athletes completed 12 (Athlete 1) and 11 (Athlete 2) F-v assessments respectively, while

also competing in 100-meter and 200-meter events (Table 7.1).
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Table 7.1. Timeline and number of force-velocity assessments and competitions across the
training year.

Date Phase Type Athlete 1 Athlete 2
June-21 PREP FV 1 1
July-21 PREP FV 2 2
Aug-21 PREP FV 2 2
Oct-21 PREP 100m/200m - 3
Nov-21 PREP FV 1 1
Nov-21 PREP 100m/200m - 1
Dec-21 PREP 100m/200m - 1
Dec-21 PREP FV 1 1

Jan-22 COMP FvV 1 1
Jan-22 COMP 100m/200m 4 3
Feb-22 COMP FV 1 1
Feb-22 COMP 100m/200m 2 4
Mar-22 COMP FV 2 2
Mar-22 COMP 100m/200m 2 3
Apr-22 COMP FV 1 -
Apr-22 COMP 100m/200m 2 2

*PREP = preparation phase, COMP = competition phase, FV = force-velocity profile, 100m/200m = competition

performance

Training components including acceleration, speed, speed endurance and strength
endurance, were periodised across the year to ensure the development and retention of
specific physiological and neuromuscular adaptations (184, 364). The structure of training
was defined by the two track and field coaching staff working with Athlete 1 and Athlete
2 and included running based sessions on grass fields, hills and synthetic tracks,
plyometrics, along with gym-based resistance training sessions focussed on developing
aspects of the F-v continuum (150). Typical training cycles and periodisation of training
components for the season are outlined in Table 7.2. During the preparation (PREP) phase,
a 3:1 summated step loading model of periodisation, Figure 7.1: A, was implemented which
allows for progressive overload of training modalities across three microcycles (~21 days),

which is then followed by one microcycle (~7 days) of unloading, i.e. reduced training load
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(31, 33, 263). The unloading period provides time for athlete regeneration and
physiological adaptations to occur, while limiting the potential for overtraining (263).
Furthermore, the step-loading model of periodisation also adds an aspect of inter-
mesocycle contrast which may increase and stimulate adaptation(s) across the season (263).
The competition (COMP) phase was characterized with an undulating periodisation model
(also referred to as non-linear periodisation), Figure 7.1: B, across the mesocycle (~4
weeks) (271). Undulating periodisation provides more frequent changes to stimuli (i.e.,
volume, intensity) which have been reported to be more conducive to optimize gains in
strength (271). During the COMP phase, this approach to periodisation has been
implemented to provide a micro-dosing effect to training prior to reducing the training load

ahead of a competition (80).

Methodology

Sprint F-v assessments occurred outdoors on synthetic running tracks during
training sessions with Athlete 1 and Athlete 2 completing 12 and 11 assessments
respectively. No wind measurements were obtained. Bodymass and environmental
conditions (i.e., ambient temperature, barometric pressure) were collected on the day of
each sprint F-v assessment due to its effect on F-v profile calculation. The biomechanical
model to establish the F-v profile has previously been reported (286) and validated (246)
when compared with direct measurement of ground reaction forces (GRF) from in-ground
force plates and has been used in previous interventional studies (195). Position-time data
from the electronic timing games were used in a custom-made Microsoft Excel spreadsheet
(244) to derive and model all F-v variables using the equations developed by Samozino et
al. (286). Recent explanations on the procedures used to determine sprint F-v

characteristics are provided by Morin et al. (246).
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Prior to the sprint F-v assessment, a standardized 45-minute warm-up consisting of
light jogging, dynamic running-based drills and movements, and 4-8 linear accelerations,
over 10-40m, progressing from sub-maximal to maximal was undertaken by each
participant. Individually, participants then performed 30-metre maximal sprint efforts from
either a four-point start or from starting blocks, wearing track spiked shoes. For each F-v
assessment, the average splits times (i.e., 0-10m, 0-20m, 0-30m) across three trials was
used for reliability purposes and to determine the minimal detectable change in
performance, in line with previous research [27,28]. Timing of sprint efforts were collected
with electronic timing gates (Freelap Timing System, Fleurier — Switzerland). The Freelap
Timing System is an electronic timing system which records the position-time data via a
radio frequency connection between an antenna located in the FxChip on the athlete, and
the transmitter on the track (Tx Junior Pro). The radio frequency transmission field is
suggested to be 0.80m by the manufacturer. Timing of the athlete began when the athlete
moved their hand off the touch pad resting on the ground (Tx Touch Pro), with split times
recorded at each 10-meter interval once the athlete passed the timing gate (Tx Junior Pro

Transmitter).

176



Table 7.2. Typical training microcycles across preparation phases during the training year.

Preparation Phase (General: Jun-Sept)

DAY SUNDAY MONDAY TUESDAY WEDNESDAY THURSDAY FRIDAY SATURDAY
INTENSITY MODERATE MODERATE MODERATE MODERATE-HARD MODERATE EASY MODERATE-HARD
LOCATION GRASS INCLINE GRASS FIELD WEIGHTROOM TRACK WEIGHTROOM POOL/BEACH TRACK
MAIN SESSION AM PM PM PM PM Regeneration AM
Hill runs Speed Endurance Accumulation- Special Endurance Accumulation- Speed- Acceleration / Speed
Strength-Speed (UB) Strength (LB) Weightroom (TB)
Maximal effort
Preparation Phase (Specific: Oct-Dec)
DAY SUNDAY MONDAY TUESDAY WEDNESDAY THURSDAY FRIDAY SATURDAY
INTENSITY MODERATE EASY-MODERATE MODERATE-HARD MODERATE HARD EASY MODERATE-HARD
LOCATION WEIGHTROOM GRASS FIELD TRACK WEIGHTROOM TRACK POOL/BEACH TRACK
MAIN SESSION AM PM PM PM PM Regeneration AM
Intensification - Varied-paced runs Acceleration / Intensification -Speed- Maximal Velocity + Acceleration /
Strength-Speed (LB) Special Endurance Strength (UB) Tempo Speed Endurance
Competitive Phase (Jan-Mar)
DAY SUNDAY MONDAY TUESDAY WEDNESDAY THURSDAY FRIDAY SATURDAY
INTENSITY EASY EASY-MODERATE MODERATE-HARD MODERATE MODERATE EASY MODERATE
LOCATION WEIGHTROOM GRASS FIELD TRACK WEIGHTROOM TRACK POOL/BEACH TRACK
MAIN SESSION PM PM PM PM PM Regeneration PM
Strength Circuits (TB) Varied-paced runs Acceleration / Speed Power (TB) Maximal velocity + Competition
Tempo

*(UB = Upper body, LB = Lower body, TB = Total body)
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Figure 7.1. Periodisation models used across the training year. A: represents the
summated step-loading periodisation model for the preparation phase; B: represents
the undulating periodisation model during the competition phase.

The FxChip was positioned on the athletes at the midline of the waistbelt, adjacent
to the anterior superior iliac crest (ASIS). Specifications for setting up the touch pad and
timing gates are detailed in Figure 7.2. The reported benefits of using a ‘touch-pad’
approach to start the timing system is a possible reduction in the body swing and
momentum gathered prior to the sprint start which may occur in a standing start (96).
Previous research using a ‘touch pad’ reported strong between-test reliability, Intraclass
correlation coefficient (ICC) =0.92, and a typical error of 0.03s over a 10-meter sprint
distance, yet the authors noted the lack of familiarization of the starting technique with
junior rugby players (96). At the conclusion of each sprint effort, electronic timing gate
data was sent via Bluetooth to an application (MyFreelap) on a smartphone device.
Reaction time is not included in the total sprint time, which at world class level is typically
0.17-0.18 £ 0.03 sec (331). Timing gate data was also provided as feedback to athletes at
the conclusion of each sprint effort. Between each sprint effort there was 5-minute passive

recovery period to ensure readiness before the next sprint and to limit fatigue.
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The training year was periodised into two categories for statistical analysis: PREP
(i.e., general and specific preparation phases — a focus on preparing the athletes for
competition) and COMP (i.e., competitive phase — the focus is on achieving performance
outcomes leading into state and national championships)(31, 33). The PREP phase was a
6-month period from June to December, while the COMP phase was a 3-month period from
January to March. Split times were collected across the season (PREP and COMP) using
timing gate data, along with bodymass, standing stature and environmental conditions (i.e.
barometric pressure, temperature), which were then imported into a custom made
Microsoft Excel spreadsheet (244) to determine the sprint mechanical parameters. Step
kinematics were analysed according to the methodology by Salo et al. (278) and
independently verified by authors (DH and RVT) using video analysis software (Kinovea
v0.9.5) (264) to determine average step length and step frequency across all 100-meter

performances accessible on video across the season (Athlete 1, n=6, Athlete 2, n=8).
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Figure 7.2. Electronic timing gate (Freelap) setup to record split times (10-meter
intervals) from 0-30 meters.

179



Statistical Analyses

Statistical analyses were determined from input into Microsoft Excel spreadsheets
(154) plus coded in R (v3.6.1; R Foundation for Statistical Computing, R Core Team,
Vienna, Austria), in the RStudio environment (v1.2.519; RStudio, Inc., Boston, MA) using
various statistical packages. All descriptive data are presented as mean = standard deviation
(SD) for F-v and spatio-temporal variables and were assessed for normality and variance
using the Shapiro-Wilks and Levene’s test respectively. Intraclass correlation coefficient
(ICC) with 95% confidence limits, using a two-way random effect model (absolute
agreement) and coefficient of variation (CV) were used to assess relative and absolute
reliability of F-v, spatio-temporal variables across the PREP phase only (152). Thresholds
for evaluation of intraclass correlation coefficients were quantified using the following
scale: 0.20-0.49 low, 0.50-0.74 moderate, 0.75-0.89 high, 0.90-0.98 very high and > 0.99
extremely high (155). Previous biomechanical studies reported variables with a CV within
the range of 10% as reliable (153), therefore acceptable reliability was determined with a
CV <10% (69) and ICC >0.70 (7, 59, 348). To account for typical fluctuations in sprint
performance across each phase of training (PREP and COMP), the minimal detectable
change (MDC), using 90% confidence intervals, was used to determine the minimum level
of change necessary to represent a ‘true’ performance change, rather than random
measurement error. MDC was calculated as 1.645 x Standard error of measurement (SEM)
x V2 (116, 135), from the average of sprint F-v profile variables collected during the PREP
phase. The MDC% was defined as (MDC/X ) x 100 (115). Pearson’s product-moment
correlation coefficient (Pearson’s ») was used to determine relationships between F-v
variables and split times. The criteria to interpret the strength of the » coefficients were as
follows: trivial (<0.1), small (0.1-0.3), moderate (0.3—0.5), high (0.5-0.7), very high (0.7—

0.9), or practically perfect (>0.9) (155). A one-way ANOVA with repeated measures was
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conducted to identify within-athlete changes between training phases. Within-athlete effect
sizes (Cohen’s d) between training phases were determined with 95% confidence limits.
Magnitudes of effect size changes were interpreted using the following values: trivial (<
0.20), small (0.20 < 0.60), moderate (0.60 < 1.20), large (1.20 <2.00) and extremely large
(> 2.00) (52). Linear regression analysis was also used to determine the relationship
between 100-meter competition performance and step length (SL) and step frequency (SF).

An alpha value of p < 0.05 was used to indicate statistical significance.

Results

Shapiro-Wilks and Levene’s test confirmed normality and homogeneity of variance
for all F-v and spatio-temporal variables. Absolute and relative reliability, minimal
detectable change (MDC) and standard error of measurement (SEM) data for F-v and
spatio-temporal (split-times) variables for both athletes are presented in Table 7.3. Based
on the F-v and spatio-temporal results from the PREP phase, intraclass correlation
coefficients (ICC) and coefficient of variation (CV%) were almost all within acceptable
limits (ICC: 0.73-0.98, CV%: 0.3-4.6) suggesting a high-level of reliability for both
athletes when analyzing three sprint trials. The minimal detectable change (%) across F-v
variables ranged from 1.3-10.0% while spatio-temporal variables were much lower, 0.94-
1.48%, with Athlete 1 showing a higher ‘true change’ in performance across the season

compared to Athlete 2.

Descriptive data for F-v and spatio-temporal (split-times) variables for both athletes
are presented as mean + standard deviation (SD) in Table 7.4. Changes to F-v and P-v
relationships between phases are highlighted in Figure 7.3. Athlete 1 showed significantly
large within-athlete effects between phases for relative Pmax, vo, RFmax, Vmax, and split

time from 0-20m and 0-30m (-1.70 < ES > 1.92, p < 0.05), which coincided with new
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personal best performances over both sprint distances during the COMP phase (100-meter:
10.47sec, 1050pts) (Table 7.4, Figure 7.4: Al). Athlete 2 reported significant differences
with large effect for relative Fo only (ES: < -1.32, p < 0.01), which also led to new
performance bests over 100-meter (10.81sec, 943 points) during the COMP phase (Table
7.4, Figure 7.4: A2). Both athletes also reported statistically significant increases in
maximum ratio of forces (RFmax) (ES: < -1.28, p < 0.05). No significant changes to

bodymass were noted between phases (p > 0.05).

During the PREP phase, both athletes showed high negative correlations with
relative Fo and Pmax and split time from 0-10 meters (r =-0.83, p <0.02), while during the
COMP phase both athletes reported a higher correlation with vo and 0-30 meters which
coincided with sprint performance outcomes during competition (Figure 7.5, Supplemantal
files. The relationship between Sgv, Drr, Tau and 0-30m was also stronger during the
COMP phase (Figure 7.5). An analysis of 100-meter performance and step kinematics
highlights the reliance Athlete 1 (Figure 7.6: A1, A2) has on step length to achieve faster
sprint times (r =-0.95, p = 0.01), whereas Athlete 2 showed similar relationships between
both step length (r = -0.72, p=0.04) and step frequency (r = -0.70, p=0.06) and 100-meter
performance, however only step length achieved significance (Figure 7.6: B1, B2). Non-

significant changes were evident for Sryv and Drr across the training year.

Discussion

The aim of this case study was to explore the mechanical changes to the sprint F-v
profile and sprint outcomes across a track and field season in two 100-meter athletes who
qualified for the national championships. To the authors knowledge, this is the first study
to use longitudinal training data to investigate the relationship between F-v variables and

sprint performance outcomes across a 10-month period. We believe the information
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presented including typical training microcycles, F-v and spatio-temporal variables, along
with step kinematic, provide a holistic and transparent view of the changes which occur in

response to periodised sprint training.

Our key findings are as follows: a), when comparing the PREP and COMP phases,
Athlete 1 showed an enhanced F-v profile due to significant changes to relative Pmax, vo
and improved Fo, whereas Athlete 2 reported significant changes to Fo and improved Pmax
thereby demonstrating a more ‘force-oriented’ F-v profile, b) positive mechanical changes
and improved sprint performance observed during the early COMP phase was significantly
correlated with increased step length and favourable step frequency, and c¢) inter-athlete
differences were observed for correlations between Fo and Pmax and 0-10 meters in the

PREP phase, and vo and 0-30 meters during COMP phase.
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Table 7.3. Reliability measures and minimal detectable change for force-velocity and spatio-temporal variables across the training year.

Relative Fy Relative Pyax Relative Sgy Split time Split time Split time
Variable (N.kg™) Vo (m.s™) (W.kg™) (N.s.m kg ) RFyviax (%) Dgr (%.m.s™) Vuax(m.s')  Tau 0-10m (s) 0-20m (s) 0-30m (s)
Athlete 1
ICC 0.94 (0.89, 0.73 (0.51, 0.94 (0.85, 0.87 (0.73, 0.96 (0.91, 0.85(0.70,0.94)  0.82 (0.62, 0.87 (0.73, 0.89 (0.77, 0.98 (0.94 0.91 (0.81,
0.96) 0.88) 0.98) 0.95) 0.98) 0.94) .95) 0.96) 0.99) 0.97)
CV (%) 1.83 1.69 0.99 3.36 0.55 3.44 1.40 3.06 0.57 0.31 0.30
SEM 0.11 0.18 0.31 0.01 0.002 0.002 0.12 0.04 0.01 0.01 0.02
MDC 0.32 0.51 0.86 0.05 0.008 0.005 0.32 0.10 0.03 0.03 0.06
MDC% 4.24 4.56 4.08 7.46 1.66 8.33 3.06 7.35 1.48 0.95 1.43
Athlete 2
ICC 0.89 (0.76, 0.86 (0.70, 0.96 (0.87, 0.80 (0.26, 0.96 (0.91, 0.82(0.36,0.94) 0.88 (0.72, 0.81 (0.61, 0.93 (0.81, 0.97 (0.95, 0.97 (0.95,0.98)
0.96) 0.95) 0.98) 0.94) 0.98) 0.96) 0.93) 0.98 0.98)
CV (%) 2.31 2.23 0.68 4.50 0.64 4.61 1.88 3.94 0.49 0.30 0.28
SEM 0.09 0.22 0.28 0.02 0.003 0.002 0.17 0.03 0.01 0.01 0.01
MDC 0.26 0.65 0.79 0.06 0.006 0.006 0.48 0.09 0.03 0.03 0.05
MDC% 3.65 5.78 395 9.37 1.30 10.00 4.61 6.29 1.44 0.94 1.17

*ICC = intraclass correlation coefficient; CV = coefficient of variation; MDC = minimal detectable change, ICC are expressed with 95% confidence intervals.
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Table 7.4. Descriptive statistics for force-velocity and spatio-temporal variables across the training year.

PREP COMP Within-athlete ES (+95% CL)
Variable Participant Mean + SD Mean + SD Mean difference, %A (PRE-COMP) p value
Relative Fy (N.kg") Athlete 1 7.53+0.50 7.96 +£0.56 0.43,5.77 -0.81(-2.55,0.92) 0.19
Athlete 2 7.12+0.27 7.60 +0.35 0.48, 6.33 -1.56 (-3.17,0.03) 0.03*
Vo (m.s™) Athlete 1 11.18 +£0.31 11.62 £0.35 0.44,3.81 -1.32 (-3.44.0.79) 0.04*
Athlete 2 11.23+£0.59 11.27+£0.72 0.04, 0.29 -0.05 (-1.46, 1.36) 0.94
Relative Pyax (W.kg™") Athlete 1 21.03 +1.32 23.10£1.09 2.07,8.99 -1.70 (-3.79. 0.37) 0.01%**
Athlete 2 20.00 +1.48 21.36 +0.49 1.36, 6.34 -1.08 (-2.59, 0.42) 0.12
Relative Spy Athlete 1 -0.67 £0.05 -0.69 + 0.06 -0.02, 1.80 0.20 (-2.40, 1.80) 0.73
(N.s.m.kg™")
Athlete 2 -0.64 +0.03 -0.68 +0.07 -0.04, 6.42 0.80 (-0.66, 2.27) 0.23
RFuax Athlete 1 0.48 £0.01 0.49+£0.01 0.01,3.71 -1.28 (-3.21, 0.63) 0.05*
(Maximum ratio of
forces) Athlete 2 0.46+0.01 0.48 £0.002 0.02, 3.24 -1.46 (-3.04,0.11) 0.04*
Dgr Athlete 1 -0.060 + 0.00 -0.061 +0.00 0.001, 0.88 0.10 (-1.50, 1.70) 0.87
(Decrement in ratio of 0.29
forces) Athlete 2 -0.057 +0.00 -0.061 +£0.01 0.003, 5.97 0.70 (-0.75, 2.16)
Vmax Athlete 1 10.43 +£0.24 10.84 £0.26 0.41,3.83 -1.63 (-3.93, 0.65) 0.01**
(Maximal horizontal
velocity) Athlete 2 10.41 +£0.49 10.48 £0.57 0.07, 5.69 -0.13 (-1.55, 1.28) 0.84
Tau Athlete 1 1.36 £0.10 1.34+£0.11 -0.02, 1.64 0.20 (-1.38, 1.78) 0.74
(Relative acceleration)
Athlete 2 1.43+0.07 1.36 £0.12 -0.07,2.20 0.81 (-1.55,2.28) 0.22
Split time 0-10m (s) Athlete 1 2.02+0.04 1.96 £ 0.04 -0.06,2.72 1.20 (-0.61, 3.01) 0.06
Athlete 2 2.07 +£0.04 2.02+0.01 -0.05,2.15 1.10 (-0.40, 2.62) 0.11
Split time 0-20m (s) Athlete 1 3.14+0.07 3.04+0.05 -0.10, 3.38 1.57 (-0.55, 3.70) 0.02*
Athlete 2 3.19+0.07 3.11+£0.03 -0.08, 2.45 1.23 (-0.30, 2.76) 0.08
Split time 0-30m (s) Athlete 1 4.18£0.07 4.05+0.05 -0.13,3.11 1.92 (-0.18, 4.03) 0.007*
Athlete 2 4.25+0.11 4.17 £0.06 -0.07,2.03 0.83 (-0.63, 2.30) 0.22

*PREP= preparation phase (general and specific), COMP=competitive phase. ES = effect size, CL = confidence limits.
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In reference to our hypothesis, the longitudinal nature of this study primarily
identifies the influence specific sprint training stimuli and periodisation models have on
sprint F-v characteristics, thereby highlighting the F-v profile adheres to the SAID principle
(Specific Adaptations to Imposed Demands)(143). Once the periodisation model changed
between the PREP and COMP phase, sprint mechanical characteristics were enhanced in
both athletes. This confirmed our hypothesis. With respect to the F-v profile with the
highest force value for each athlete, relative Fo (8.13-8.92 N.kg-1), Vmax (9.67-10.49 m.s-
1) and Pmax (21.11-24.78 W .kg-1) were maximized during the COMP phase within a 35-
day period between January and March with changes evident in F-v profiles between
phases. For Athlete 1, when relative Pmax increased during the COMP phase it resulted in
a season’s best 100-meter performance (10.47sec), whereas Athlete 2 had similar
performance outcomes (10.84sec) in response to an increase in relative Fo (Figure 7.4: B1
and B2). Samozino et al. (285) have recently showed sprint acceleration performance,
irrespective of distance, is directly related to the average external power output produced
over the entire targeted distance, therefore from a mechanical perspective, the 100-meter
performance differences and changes in pre-post F-v profiles between athletes may be
expected due to Athlete 1 demonstrating superior Pmax, and significant changes to vo in
the COMP phase. Furthermore, previous studies focussing on longer sprint accelerations
(i.e., 40-100-meter) identified both Pmax and vo as key determinants of performance (235,

236, 266, 308).
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Figure 7.3. Sprint force-velocity (F-v) and power-velocity (P-v) relationships
between the PREP and COMP phase. A: Athlete 1, B: Athlete 2.
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Figure 7.4. Sprint performance, F-v variables, and step kinematics across the
training year. Al: Athlete 1 100-meter performances, A2: Athlete 2 100-meter
performances (PREP = preparation phase, COMP = competition phase. Dotted line:
average of performances. Circle: legal performance, triangle: wind-aided
performance (>+2.0m.s-1)); B1: Athlete 1 force, velocity, and power changes across
the training year, B2: Athlete 2 force, velocity, and power changes across the training
year; C1: Athlete 1 step kinematics during 100-meter competitions; C2: Athlete 2
step kinematics during 100-meter competitions. (Dark shade column = slowest
performance of season, Light shade column = Season’s best).
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Significant mechanical changes also appear to coincide with a change in
periodisation models. A step-loading periodisation model in the PREP phase had a focus
on speed endurance (i.e., high intensity efforts for 7-15 seconds in duration), strength
endurance (i.e., hill work, moderate to high intensity efforts for 15-45 seconds in duration)
and a greater number of strength and conditioning sessions, whereas during the COMP
phase an undulating model placed a greater focus on acceleration and speed work (i.e.,
maximum intensity and velocity efforts < 7 seconds in duration), plyometrics, less strength
and conditioning sessions, with an overall higher intensity and lower volume (metres)
(Table 7.2). When comparing both athletes, during the transition period from PREP to the
COMP phase, although greater for Athlete 1, it could be surmised the upward trend in Pmax
reflects a reduction in training density, less mechanical load, greater recovery time and an
emphasis on neuromuscular development via velocity specific training modalities (Figure
7.4: B1). This change in periodisation model from training quantity (i.e., volume) to
training quality (i.e., speed-specific intensity), although relatively typical during sprint
training programmes (143), appears to have been also led to personal best performances

during 100-meter competitions.

Both athletes in this study showed a significant relationship between step length
and 100-meter performance (r > -0.72, p < 0.01), highlighting their reliance on this
component to achieve faster velocities, however Athlete 2 did also demonstrate a moderate
non-significant correlation with step frequency (r > -0.70). Associations between step
length (2.46-2.60m) and sprint performance have previously been reported in elite level
male sprinters (10.18-10.52sec), highlighting key differences in finishing position based
on step length (119). Other research has acknowledged a significant relationship between
step length and sprint velocity (r=0.73), and a negative interaction effect between step

length and step frequency (r=-0.78) based on individual biomechanical and kinematic
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characteristics (119, 156). Contradictions to these findings have also been presented (21)
identifying a clear association between step frequency (group mean: 4.85Hz) and 100-
meter performance (10.16 + 0.16sec), with lower step frequency noted in specific training
blocks (4.34Hz). It has previously been suggested step length is more related to increased
force production, whereas step frequency is associated with higher rates of force production
during ground contact and leg turnover requiring greater neural adaptations (275, 278),
which may also be a reflection of training load and training content during the COMP
phase. It could therefore be concluded, that by limiting the volume of speed endurance and
strength endurance leading into important competitions has maximized mechanical
characteristics and step kinematics necessary to drive 100-meter performance outcomes.
Moreover, when attempting to plan training for the successive training year, placing a
greater emphasis on acceleration and speed work during these periods at the expense of
other training modalities, may enhance Pmax as these training modalities would encourage
higher Vmax and therefore potentially further optimize step kinematics and the F-v profile
and provide greater improvements in sprint performance. Despite differences in previous
studies regarding step kinematics, this may be accounted for due to subject population and

performance level of the athlete (i.e., faster athletes).

Correlations between F-v and spatio-temporal variables across the training year
identify how the training phase affects F-v characteristics of each athlete differently. Both
athletes demonstrated similar correlations between Fo and Pmax from PREP to COMP
phase however stronger correlations between spatio-temporal variables and vo exist once
the periodisation structure moved into the COMP phase (Figure 7.5). This is likely a result
of the change in training focus, but more importantly the frequent demand for maximal
velocity efforts during competitions. The decrement in ratio of forces (Drr) or mechanical

effectiveness (286) of both athletes, also showed stronger correlations in the COMP phase
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compared to the PREP phase, potentially due to neuromuscular adaptation and the ability
to continue producing a high level of horizontally directed force across the sprint effort at
higher running velocities. Adaptations for Drr have been observed in sprint athletes with

similar 100-meter performance levels of those in this case study (314).

It is interesting to note, for both athletes, a downward trend in bodymass (Athlete
1: -2.6%, Athlete 2: -1.9%) from the beginning of the PREP phase until the early COMP
phase also coincided with positive mechanical changes and performance outcomes
(Supplemental files). Bodymass is a key consideration for sprint performance due to
fundamental Newtonian laws of motion and the energy cost of accelerating a higher mass.
Uth (335) has previously identified elite male sprinters having bodymass values of 77 +
7kg, however it is the change and improvement in relative mechanical values and the ability
to apply mass specific force (i.e., force and power per kilogram of bodymass) which is of

greater importance during maximal velocity sprinting (352).

A novel aspect of this case study is to explore the variability and minimal detectable
change (MDC) in respect to sprint F-v variables across the training year. Based on the
average of F-v variables across the PREP phase, Athlete 1 and Athlete 2 exceeded the MDC
in 82% and 55% of sprint F-v and spatio-temporal variables respectively, suggesting a true
change in performance occurred beyond the measurement error (Table 7.4). Previous
research using MDC to detect changes in F-v characteristics and sprint performance in
junior Australian football players suggests this is an appropriate measure to determine
improvements are a result of the training interventions rather than error (100). The MDC
for the same variables are much lower in magnitude in this case study compared to previous
research, however this is likely accounted for in difference in sprint performance between

the two population groups.
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Interestingly, Athlete 1 tested positive to COVID-19 on 18/FEB/2022, therefore
beginning a 10-day isolation period in his home, as per local government regulations.
During this time, the athlete was quite ill and only limited training could be done including
basic bodyweight resistance training and stationary bike intervals. Upon resuming training,
an obvious level of fatigue was evident resulting in slower running times. This appears to
be reflected in a decline in relative Fo (-9.51%), vo (-0.06%) and Pwmax (-9.22%) between
the F-v profiles collected before and after the illness (Figure 7.4: B1), along with recording
the slowest 100-meter performance of their season, 10.66 (19/MAR/22)(Figure 7.4: Al).
Analysis of step kinematics identifies a reduction in step length during this performance
period, which is likely a result of a reduction in force production while sprinting (Figure
7.4: C1). Commentary on the impacts of COVID-19 and sport performance has centred on
physical and mental health, with authors suggesting the reduced training frequency,
potential loss in muscle function and emotional health from isolation to have a negative
impact on performance outcomes once returning to training and competition (159, 295,

350).

Due to the exploratory nature of this case study, the authors’ identified several
limitations. Firstly, the small sample size of athletes (n=2) provides a narrow cross-section
of sprint F-v and performance data in which to analyse. Post-hoc analysis using the
following test details: ‘ANOVA: Repeated measures, within factors, with an effect size of
0.5, alpha of 0.05, provides a power level of only 0.29, which highlights differences
between the means will only be detected 29% of the time. To achieve 0.8 power, we would
require 6 participants in this study. This may limit the conclusions outlined below as the
case study is underpowered. Secondly, the part-time status of the athletes and the
availability of training hours on synthetic tracks, made it necessary to conduct F-v

assessments at different hours of the day (i.e., morning and late evening) across the training

192



year, reflecting the dynamic considerations of the practitioners. Also, despite several F-v
assessments occurring as part of a designated testing session, most assessments were
collected as part of a typical training session within the mesocycle. Thirdly, recent research
(338) has suggested a time correction (+0.21) is necessary for calculating accurate F-v
profiles when comparing electronic timing gate data with more precise technology such as
an optical laser gun. Despite the difference in methodology and data collection in this study,
this should be taken into consideration. Finally, future research should investigate sprint
athletes involved in national finals or international competition to monitor the change in
mechanical, spatio-temporal and sprint kinematic variables leading into a major

competition.

Conclusions

This is the first longitudinal study to investigate how a periodised sprint training
programme influenced F-v characteristics, step kinematics and 100m sprint performance
in national level sprint athletes. For both athletes, once the periodisation model changed
between training phases sprint mechanical characteristics were enhanced and increases in
step length showed greater correlations with 100m sprint performance. The findings of this
study may provide practitioners with greater insight into training programme design and
periodisation structure for athletes of similar performance levels, plus identify the
underpinning mechanical characteristics and step kinematics affecting sprint outcomes
leading into national championships. Practitioners may also use the results of this study to
anticipate changes to sprint performance at different phases of the training year, while also
identifying which periodisation models and sprint mechanical characteristics lead to

improved performance outcomes for their athletes.
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PRELUDE

The purpose of Chapter 8 and chapter 9 is to collate the learnings of the thesis into
two evidence-based approaches as to how best to utilize F-v profiling methodology to
inform training interventions and improve physical performance. This chapter (and Chapter
9) acts as the practical application sections of the thesis. Chapter 8 provide practitioners
with a system to categorize and individualize training prescription from sprint F-v profiles
to enhance performance in team and individual sport athletes. Despite F-v variables
presenting key information about the underpinning mechanisms contributing to sprint
performance, the overall data interpretation may be limited for the practitioner to
implement training interventions when compared to the researcher. Therefore, using
mechanical characteristics of sprint performance, this article provides coaches with a
conceptual framework to determine an appropriate training prescription based on

individual biomechanical and technical characteristics contributing to performance.

194



CHAPTER 8

Individualization of training based on sprint force-velocity characteristics: A conceptual

framework for biomechanical and technical training recommendations

Dylan S. Hicks!*, Claire Drummond', Kym J. Williams', Craig Pickering?, Roland van den
Tillaar?*

I'SHAPE Research Centre, Flinders University, Bedford Park, Australia
2 Athletics Australia, Melbourne, Australia

3 Dept. of Sport Science and Physical Education, Nord University, Norway

Corresponding author: Dylan Hicks, College of Nursing and Health Sciences, Flinders

University GPO, Box 2100, SA, Australia. E-mail address: dylan.hicks@flinders.edu.au.

Statement of co-authorship: All authors were involved in formulating the concept and
design of this review. Dylan Hicks completed the initial draft of the manuscript. All authors

edited multiple revisions of the manuscript.

This manuscript has been accepted for publication:

Hicks, D. Drummond, C. Williams, K. Pickering, C. van den Tillaar, R. Individualization of training based on
sprint force-velocity characteristics: A conceptual framework for biomechanical and technical training

recommendations. Strength and Conditioning Journal, 1-15, 2023.

195


mailto:dylan.hicks@flinders.edu.au

Abstract

The purpose of this article is to provide practitioners with a system to categorize
and individualize training prescription from sprint F-v profiles to enhance performance in
team and individual sport athletes. Despite F-v variables presenting key information about
the underpinning mechanisms contributing to sprint performance, the overall data
interpretation may be limited for the practitioner to implement applied training
interventions when compared to the researcher. Therefore, this article provides a
conceptual framework to determine appropriate training prescriptions based on individual

biomechanical and technical characteristics contributing to sprint performance.
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Introduction

Acceleration ability is one of the key components to success in athletic sprint events
yet also an essential skill in many team-based field and court sports. Faster team sport
players can often reposition themselves on the field more quickly during decisive moments
of the game such as challenges for the ball and during goal scoring opportunities (108,
272), therefore identifying the mechanical characteristics underpinning acceleration and
sprint performance is desirable. Key performance indicators during the acceleration phase
of a sprint action include: propulsive impulse (142, 157), thereby producing and applying
a high level of antero-posterior (horizontal direction) force (236) under time constraints;
increased magnitude of maximal external power (285); plus the continued ability to orient
the force vector horizontally as running velocity increases (166, 236, 266). To quantify the
mechanical determinants contributing to sprint performance a field method known as F-v

profiling has been proposed (286).

Sprint F-v profiling is a diagnostic tool used to determine the maximal mechanical
capabilities of the neuromuscular system (286) and describes the linear F-v relationship.
Sprint F-v profiling has gained greater interest in sports performance literature more
recently due to simple field method approaches (266, 286) providing performance
characteristics which can be used to individualize training interventions (194, 195), plus
identify potential risk of injury (98, 223). A sprint F-v profile is typically determined by
performing maximal unloaded sprint efforts across 20-40m with various split times (e.g. 0-
10m, 10-20m, 20-30m etc.) collected by timing games/photocells (145), velocity-time or
position-time data collected using a radar gun (195, 302) or other technology types
including high-speed camera, optical laser (303), a portable resistance training device (146)

or global positioning system (GPS) units (192). From the velocity-time or position-time
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data, this can then be input in a custom made Microsoft excel spreadsheet (244) to
determine athletes’ step-averaged kinetics and kinematics in the sagittal plane of motion
and used to generate mechanical relationships based on the field method previously
outlined (286). The linear F-vand polynomial power-velocity (P-v) relationships obtained
from sprint accelerations, provide a macroscopic and integrative view of the overall F-v-
power profile of an athlete in sprint specific actions (286). This method has been shown to

be valid and reliable compared to the gold standard; in-ground force plates (246).

The key variables obtained from sprint F-v profiling include theoretical maximal
force (Fo), theoretical maximal movement velocity (vo) and external theoretical maximal
power (Pmax) (i.e. not power at the joint(s)), and often referred to as determinants of
performance based on the fundamental laws of motion (286) (Figure 8.1). Both Fo and vo
have been shown to be independent of each other and representative of different
biomechanical and technical abilities via a complex integration of physiological and neural
mechanisms (95, 162). Other associated variables collected during profiling assessments
include the F-v slope (Srv), maximum ratio of forces (RFmax) (236) and decrement in ratio
of forces (Drr) (286), which in turn have been used to distinguish between sports, age,
gender, playing position and level of performance (74, 85, 86, 139, 351). RFmax is
computed as the ratio of the step-averaged horizontal component of the ground reaction
force (i.e., mechanical effectiveness) to the corresponding resultant force (236). A higher
percentage ratio of force represents a greater proportion of total force production directed
in the forwards direction in the initial stages of the sprint acceleration. The Drr represents
an index of force application and describes the athlete’s capability to limit the loss in
mechanical effectiveness with increasing running velocity (236). Across a range of sports,
the relationship (Pearson’s ) between F-v sprint variables and 10-meter sprint performance

have previously been reported to show mostly strong correlations (i.e., Fo: -0.89, vo: -0.87,
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Pmax: -1.00, RFmax:-1.00), however the Srv and Drr demonstrated greater associations
with 40-meter sprint time (139). At an elite level, a comparison of the F-v profiles of male
and female world class sprinters showed significant negative linear relationships between
Pmax (r=-0.87), RFmax, (r=-0.81), vo (r =-0.78), and Fo, (r =-0.66) and 100-meter sprint
times, highlighting the utility of mechanical characteristics to explain variance in elite
sprint performance (315). External maximal power in the horizontal direction (Pmax) is of
particular interest to coaches, not only due to strong correlations with sprint performance
(73, 235, 266, 308), but since it is the product of force and velocity expressed horizontally,
it provides coaches with greater insight into which input(s) should be the focus during
training to improve overall maximal power output. The F-v slope (Srv) established via the
axis intercepts of each variable, highlights the linear F-v relationship between both
variables. These have been identified as indicators to whether a greater focus on high
velocity actions or force-based strength training should be a key focus during preparation
periods (242). Furthermore, by analyzing all F-v characteristics and comparing sprint
profiles between athletes, it may identify potential imbalances or deficits in mechanical
characteristics (175), which when targeted with individualized gym-based or sprint-
specific training (150, 195) could maximize overall sprint capabilities, reduce sprint time

and therefore enhance athletic performance.
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Figure 8.1. Visual representation and key variables obtained from the simple field
method of sprint force-velocity profiling. (Fo = theoretical maximal force, Pmax =
theoretical maximal external power, vo = theoretical maximal velocity).

For practitioners, individualizing training prescription is key to optimizing athlete
performance (75, 285), however before coaching staff can begin to improve capabilities,
they must first understand the mechanical components which underpin sprint performance
and determine if this combination is optimal for the athlete based on individual
characteristics and sport/event demands. Despite the F-v slope providing the key data to
determine whether an athlete has a force or velocity-oriented profile, or a balanced profile
(equal reliance on both force and velocity), comparisons to peers in the same team or event
may be difficult when analyzing the slope of several athletes (Figure 8.2: A), plus may be
challenging to rapidly categorize athletes compared to group normative values. Therefore,
another approach which may provide practitioners with an alternate visualization of the
relationship between force and velocity and their associated variables is by grouping athlete
data into quadrants or categories (Figure 8.2: B). A quadrant or category-based system
attempts to improve the readability of the data for the practitioner by providing insight to
potential ‘windows of opportunity’ and identifying biomechanical and technical strengths

or weaknesses and creating more coach friendly language and visualizations.
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Figure 8.2. Force-velocity (Fo-vo) data presented as the F-v slope (A) compared to a
scatter plot divided into quadrants (B). The same data in represented in both plots.

Sprint acceleration is a result of applying a large forces (Fo) in the horizontal
direction, in a short amount of time (propulsive impulse) to achieve a high level of power
and attain the highest velocity possible, which are related to biomechanical tactors (236).
However, technical factors such as orienting the body’s center of mass in a more horizontal
direction in reference to the point of force transmission (i.e., the foot) (25) also influences
acceleration performance. Specifically, the maximum ratio of forces (RFmax) applied in
the first few steps, along with how the ground reaction force vector changes as velocity
increases across the sprint effort, i.e., mechanical effectiveness (236). The combination of
biomechanical and technical F-v variables provides a more well-rounded analysis to
explain the overall sprint performance. Moreover, with greater information about an
athlete’s current capabilities, the coach can design a training intervention from both a
biomechanical (neuromuscular) and technical (coaching cues) perspective to further

enhance sprint outcomes.

It is the authors’ opinion that although many coaches understand the concept of the

F-v relationship during sprinting and the benefit of profiling their athletic population, many
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are limited with applying this information to their training programme design to improve
performance. Therefore, the primary aim of this article is to first, explore a conceptual
framework to sprint F-v profiling by establishing quadrants and categories to describe the
biomechanical and technical characteristics of sprint performance, and then secondly,
based on these characteristics provide practitioners with physical preparation and sprint-
specific training and coaching recommendations to enhance sprint performance.
Practitioners are encouraged to use this framework to enhance overall sprint performance
with their athletes however to also be mindful the biomechanical and technical suggestions
may not always be appropriate for athletes within each quadrant an/or category due to inter-
athlete differences and may represent stereotypical characteristics of athletes who have

clear mechanical strengths and weaknesses.

Biomechanical analysis

In a strength and conditioning setting, sprint performance is often based upon
improving acceleration capabilities (150). During a sprint effort, acceleration is inversely
proportional to bodymass and therefore the ability to express a high level of force relative
to bodymass (e.g., a =F/m) is essential. However, due to the nature of the task, horizontally
directed relative force (N.kg') must be produced at changing velocities (m.s™!) and time
intervals (contact time; ms). In a 100-meter sprint setting, when beginning the sprint effort
i.e., initial steps, the velocity is lower (5-7 m.s™") and longer ground contact times (>100
milliseconds [ms]) are necessary, whereas once the athlete approaches maximal velocity
(>10 m.s™"), high velocities and shorter ground contact times (< 100ms) become prominent
(228). In team sports, depending on positional demands, some athletes may produce an
efficient sprint effort by producing force in the horizontal direction at low velocities, i.e.,
Offensive lineman, whereas other athletes will express force in the horizontal direction at

higher velocities i.e., wide receiver (85), and yet also be effective in their sport or position.

202



By analyzing the biomechanical variables underpinning the sprint effort (i.e., Fo-vo)
and creating a coordinate plane using a scatter plot, i.e., the intersection of the x-axis
(velocity [m.s-1]) and y-axis (force [N.kg']), and in this example, using the median data
point (50" percentile) from a team sport population dataset, we can establish four quadrants
with different biomechanical and sprint performance characteristics. Figure 8.3 and Table
8.1, identify the F-v characteristics of National Football League (NFL) draft picks (85)
across all positions and then separated into three broad position groups. Despite the
homogeneous population at each position, there remains considerable biomechanical
differences contributing to sprint performance within each quadrant thereby highlighting
potential limitations to performance. Many practitioners understand the importance of
individualizing training prescription; however, the NFL dataset reveals distinct between-
position and within-position differences, suggesting distinct training strategies are
potentially required to address biomechanical strengths and weaknesses specific to sprint
performance. Although overall sprint time (i.e., 40-yard) is not identified in this analysis,
recent research (285) suggests sprint performance is optimized when power expression in
the horizontal direction increases. This suggests datapoints located in quadrants 2-4 have
biomechanical limitations which if addressed via strength and conditioning interventions
could potentially improve sprint outcomes. The suggested biomechanical characteristics of

each quadrant are explained below and detailed in Figure 8.
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Table 8.1. Sprint force-velocity profile data across National Football League draft positional groups divided into quadrants based on the within-
position median value of force and velocity datapoints (85).

Quadrant 1 Quadrant 2 Quadrant 3 Quadrant 4

Force (N.kg" | Velocity (m.s” | Force (N.kg" | Velocity (m.s” | Force (N.kg" | Velocity (m.s" | Force (N.kg" | Velocity (m.s

) ) ) ) ) ) ) )
All Positions >9.88 >9.77 >9.88 <9.77 <9.88 <9.77 <9.88 >9.77
Skill (RB, WR,
DB) >10.53 >10.22 >10.53 <10.22 <10.53 <10.22 <10.53 >10.22
Big Skill (QB,
LB, TE) >9.97 >9.61 >9.97 <9.61 <9.97 <9.61 <9.97 >9.61
Linemen (OL,
DL) > 8.88 > 8.89 > 8.88 <8.89 < 8.88 <8.89 <8.88 > 8.89

*RB=running back, WR=wide receiver, DB=defensive back, QB=quarter-back, LB=linebacker, TE=tight end, OL=offensive linemen, DL=defensive linemen
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Figure 8.3. A quadrant-based approach to force-velocity variables using a National
Football League dataset (85). Median value from each variable in the cohort creates
the coordinate plane. A: Combined positional groups [n=400]; B: Skill [Running
back, Wide Receiver, Defensive Back] n=197; C: Big Skill [Tight end, linebacker,
quarterback] n=84; D: Linemen [Offensive linemen, defensive linemen] n=119).
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Figure 8.4. Biomechanical characteristics from sprint force-velocity data (A) and
suggested effect on sprint performance (B).



Quadrant 1 (High Fo-High vo)

Athletes in quadrant 1 demonstrate higher levels of relative force (N.kg') and
velocity across the sprint effort. The biomechanical characteristics of athletes in quadrant
1 would include a high rate of force production in the horizontal direction while also
achieving a high maximum velocity. Quadrant 1 displays mechanical characteristics most
desirable to optimize sprint performance, as relative to sprint distance, external maximal

power is maximized via high values of both force and velocity.

Quadrant 2 (High Fo-Low vo)

Athletes in quadrant 2 demonstrate higher levels of relative force (N.kg!) but fail
to reach a high maximal velocity across the sprint effort. The biomechanical
characteristics of athletes in quadrant 2 would include a high rate of force production in
the horizontal direction yet a relatively limited maximum velocity. Quadrant 2 displays
mechanical characteristics where force is the dominant variable contributing to external

maximal power expression.

Quadrant 3 (Low Fo-Low vo)

Athletes in quadrant 3 demonstrate lower levels of relative force (N.kg') and
maximal velocity across the sprint effort. The biomechanical characteristics of athletes in
quadrant 3 would include a slower rate of force production in the horizontal direction and
a limited maximum velocity. Quadrant 3 displays mechanical characteristics least desirable
to optimize sprint performance, as relative to sprint distance, external maximal power

expression is limited via low values of both force and velocity.
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Quadrant 4 (Low Fo-High vo)

Athletes in quadrant 4 demonstrate lower levels of relative force (N.kg™!) but a
higher respective maximal velocity across the sprint effort. The biomechanical
characteristics of athletes in quadrant 4 would include a slower rate of force production in
the horizontal direction yet achieve a relatively high maximum velocity. Quadrant 4
displays mechanical characteristics where velocity is the dominant variable contributing to

external maximal power expression.

Interestingly, since external maximal power is the product of force and velocity,
athletes may achieve the same level of power yet with different combinations of both
mechanical variables i.e., quadrant 2 and 4, therefore identifying a particular deficit or
imbalance which could be addressed to improve performance and reduce sprint time (285).
Data in the quadrant is specific to the individual, age, sex and sport/event/position and
should serve to provide context to a homogenous sporting population. Within each sport
i.e., NFL, experienced practitioners should aim to develop a priori, or a set of normative
values for desirable F-v targets (Table 8.1), yet also determine and understand the

biomechanical strengths or weaknesses of the athlete.

Technical analysis

Data from sprint F-v profiling can also indirectly describe how the athlete is moving
in space and time during the sprint effort, therefore providing the practitioner with technical
insights about the orientation and application force into the ground. The relationship
between the RFmax during early acceleration and horizontal velocity (vu), describes the
orientation of force in the initial steps of the sprint (i.e., mechanical effectiveness) (185)
which is a technical component of sprint running. This is achieved at approximately 0.3-

0.5sec into the sprint effort (280). Elite level sprint athletes and American Football players
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have shown RFmax values of approximately 46-54% (85, 235), whereas lower level team
sport and youth athletes demonstrate RFmax values between 40-48% (104, 170). This
identifies how this F-v variable differentiates between performance level and the technical
aspects of sprinting. The slope of the linear decrease in net force production in the
horizontal direction for each meter as running velocity increases (Drr), further
characterizes and athletes ability (or inability) to maintain force application in the
horizontal direction as running velocity increases across the sprint effort (280). Morin et
al. (235, 236) has previously reported strong correlations between Drr and key 100-meter
performance parameters, with high level sprinters demonstrating ‘good’ Drr values
between -6 to -4%, whereas those with ‘poor’ Drr values displaying lower values of -7.05
to -11.65%, typically evident in team sport and youth populations (9, 104, 365). As an
athlete’s Drr becomes more negative i.e., steeper RFmax-vu slope, the less net force
directed horizontally is being produced during the sprint acceleration; effectively limiting
sprint performance (236), and vice-versa with a ‘flatter’ RFmax-vu slope. Effectiveness of
ground force application values for RFmax and Drr are highlighted in Table 8.2 and provide

context to performances across a range of sports and ability levels.

Therefore, by analyzing sprint F-v data from a technical perspective, athletes can
be placed into four categories based on their orientation of force in the horizontal direction
(i.e., RFmax), mechanical effectiveness (i.e., Drr slope) and sprint characteristics which

are detailed below and in Figure 8.5.
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Table 8.2. Effectiveness of ground force application values of sprint performance derived
from force-velocity profiles across team and individual sport populations.

RFmax (%) Drr
Elite male sprinters (9.92-10.20sec) 53-58.4 -4.2 to -8.0
Running back (American Football) 53 -9.3
Sub-elite sprinters (10.49 + (.24sec) 49 -7.33
Male Futsal players (1% division) 49 -7.60
Recreational sprinters (11.77 £ 0.22sec). 45.9 -7.5
Female hurdlers (14.06 £ 0.3 s) 42.8 -7.32
Soccer players (youth) 43 -9.0
Australian Football players (youth) 42 -8.55

*RFmax = maximum ratio of forces; Drr = index of force application (17, 85, 104, 112, 170, 235, 314, 316).
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Figure 8.5. A category-based approach to force-velocity variables describing the
technical characteristics (A) and suggested effect on sprint performance (B). Horiz. =
horizontal, Fy = horizontal force production, Drr = index of force application, CoM

= centre of mass.

Category 1 (High RFmax-High mechanical effectiveness)

Athletes in category 1 demonstrate strong qualities to orient their force in a

horizontal direction at the beginning of the sprint effort yet demonstrate a more gradual

decrease in force production directed horizontally as velocity increase across the sprint
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effort. The technical characteristics of athletes in category 1 would likely include a strong
ability to project their center of mass forwards in the initial steps of acceleration
potentially due to an effective shin roll (4), while also maintaining mechanical
effectiveness as velocity increases. This would see the athlete move from a more
horizontal to upright posture relatively late in the sprint effort due to demonstrating
greater forward lean at toe-off (191) and greater trunk-shank symmetry (92, 93, 349).
Category 1 displays technical characteristics most desirable to optimize overall sprint

acceleration performance.

Category 2 (High RFmax-Low mechanical effectiveness)

Athletes in category 2 demonstrate strong qualities to orient their force in a
horizontal direction at the beginning of the sprint effort but demonstrate a rapid decrease
in force production directed horizontally as velocity increases across the sprint. The
technical characteristics of athletes in category 2 would likely include a strong ability to
project their center of mass forwards in the initial steps of the acceleration, potentially due
to an effective shin roll (4), yet the inability to maintain mechanical effectiveness as
velocity increases. This would see the athlete move from a more horizontal to upright
posture relatively early in the sprint effort due to demonstrating less forward lean at toe-

off (191) and less trunk-shank symmetry (92, 93, 349).

Category 3 (Low RFmax- Low mechanical effectiveness)

Athletes in category 3 are limited in their ability to orient their force in a horizontal
direction at the beginning of the sprint, along with showing a rapid decrease in force
production directed horizontally as velocity increases across the sprint effort. The technical

characteristics of athletes in category 3 would likely include a limited ability to project
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their center of mass forwards in the initial steps of acceleration, potentially due to an
ineffective shin roll (4), along with limited ability to maintain mechanical effectiveness as
velocity increases. This would see the athlete move from a more horizontal to upright
posture relatively early in the sprint effort due to demonstrating less forward lean at toe-

off (191) and less trunk-shank symmetry (92, 93, 349).

Category 4 (Low RFmax- High mechanical effectiveness)

Athletes in category 4 are limited in their ability to orient their force in a horizontal
direction at the beginning of the sprint effort but demonstrate a gradual decrease in
horizontal force production as velocity increases across the sprint effort. The technical
characteristics of athletes in category 4 would likely include a limited ability to project
their center of mass forwards in the initial steps of acceleration, potentially due to an
ineffective shin roll (4), yet a relative ability to maintain mechanical effectiveness as
velocity increases, despite the Drr slope being more negative than Category 1 athletes.
This would see the athlete move from a more horizontal to upright posture slower than
athletes in category 2 and category 3, due to a greater ability to maintain their forward
lean at toe-off (191) and greater trunk-shank symmetry in reference to the ground (92, 93,

349).

Furthermore, using video analysis of athletes across their sprint acceleration to
create a sequence of images, similar to a kinogram (240), to analyse in conjunction with
the F-v data can provide greater insight about potential coaching or cueing strategies which

could be implemented to improve acceleration abilities (Figure 8.6).
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Figure 8.6. A video analysis sequence across a 10m sprint acceleration identifying
the ‘toe-off” position which is strongly correlated with the orientation of force in the
horizontal direction (191). Ratio of force (RF%) is identified at toe-off at step 2, 4, 6,

8 (and 10) for each athlete (244). 10-meter time recorded using Freelap Timing
System (excluding reaction time.

Practical applications and guidelines

After analysis of the biomechanical and technical characteristics from the sprint F-
v profile, the practitioner must then determine any potential ‘windows of opportunity’ to
improve overall sprint performance. Sprint F-v literature (242) suggests all athletes
should be aiming to improve biomechanical characteristics by increasing overall Pmax
expression in the horizontal direction, i.e., pushing their data point ‘up and to the right’,
whereas technical characteristics should be enhanced to improve the orientation and
application of force across the total duration of the sprint effort. Proposed characteristics

of movement, physical preparation, and sprint-specific training and coaching
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recommendations to improve biomechanical and technical characteristics of sprint

performance are identified in Table 8.3 and Table 8.4.

As opposed to solely using traditional gym-based exercises (i.e., power clean, back
squat), biomechanical and technical imbalances or deficiencies during sprinting will likely
be improved by targeting the neuromuscular system through sprint-specific (37, 41-43,
142, 143, 150, 233) or velocity-specific exercises (190), plus using attentional focus to
improve motor learning adaptations (19). For example, it is suggested that if an athlete
displays F-v characteristics in quadrant 2 (i.e., higher force, lower velocity), they will likely
produce a rapid acceleration through a relatively high step frequency, which may be
advantageous in some sports with a high number of short sprint efforts i.e., basketball (9).
However, these characteristics of the performance may limit the overall sprint outcome if
further sprint distances are required in the sport or event (285). Although technical factors
must always be considered, to improve the biomechanical characteristics of athlete’s
located in quadrant 3 (i.e., lower force, higher velocity), it is suggested athletes focus on
exercises which span the F-v continuum and explore multiple loads (329) to improve Pmax
such as resisted sprint training (241) and speed bounding (306). The predicted visual
description of sprint movement based on the technical characteristics from the sprint F-v
profile suggests various coaching cues may be useful to improve or reduce the technical
errors the athlete is making during their sprint performance (Table 8.4). For example, it is
suggested that if an athlete displays technical characteristics in category 3, they have a
limited ability to overcome inertia and project their center of mass forwards in the initial
steps, plus they limit force production in the horizontal direction as their center of mass
resides closer (above) to the point of force transmission (191), thereby emphasizing a
greater vertical component to the ground reaction force earlier in the sprint effort. Also, a

more perpendicular lower limb shank angle during touchdown has been identified to reduce
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acceleration performance and differentiate between elite and sub-elite sprinters (92, 349).
To improve the technical characteristics of athlete’s located in category 3, it is suggested
the coach provides technical cues which focus on providing a more conducive start position
to push greater force horizontally, improve their shin roll, focus on pushing down and back,
improve trunk-shank symmetry (92) and slowly raise the torso with each successive step.
Recently, Alt et al. (4) emphasized the importance the shin segment’s orientation to
produce a mechanically efficient acceleration, which appears to support previous studies
highlighting orientation of the body center of mass and subsequent propulsive impulse
(191). Practitioners should also critically analyse the inter-athlete biomechanical and
technical variability during the sprint action despite athletes residing in the same quadrant
or category. It is feasible some athletes may not fit the stereotype within each suggested

group and may require other training components to enhance sprint performance.
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Table 8.3. Characteristics of movement and training recommendations to improve or maintain biomechanical characteristics of sprint performance (37, 142,

143, 150, 233).

Quadrant Characteristics Visual description of movement Training modality to improve or maintain force-velocity qualities
Quadrant 1 Faster acceleration, higher velocity e higher force producing capabilities at low e acceleration/speed work (<7 seconds)
velocity e resisted sprint training (25-50% velocity decrement, ~10-20m)
e  patient acceleration o flying sprints
e good mix of step rate and step length e  assisted sprint training
e  maximizes acceleration distance e  speed bounding
e  repositions lower limbs optimally e improved isometric hamstring strength
e  ground contact time is lower at max velocity
Quadrant 2 Faster acceleration, lower velocity e higher force producing capabilities at low e acceleration/speed work (<7 seconds)
velocity e resisted sprint training (25-50% velocity decrement, ~10-20m)
e  rushed acceleration e flying sprints
e  high step rate e  assisted sprint training
e achieves maximal velocity rapidly e  improved stretch shortening cycle
e  repositions lower limbs rapidly e improved reactive strength
e  ground contact time is higher at max velocity e improved connective tissue strength
Quadrant 3 Slower acceleration, lower velocity e lower force producing capabilities at low e acceleration/speed work (<7 seconds)

velocity

e limited acceleration distance

e inability to create a good step rate and step
length

e  repositions lower limbs slowly

e resisted sprint training (50-75% velocity decrement, ~10m)
e flying sprints

e improved stretch shortening cycle

e improved strength of hip extensors

e improved strength of soleus and gastrocnemius
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ground contact time is higher at max velocity

improved absolute/relative force qualities
improved reactive strength

improved rate of force development

Quadrant 4

Slower acceleration, higher velocity

lower force producing capabilities at low
velocity

limited acceleration distance

has the ability to create a good step rate and step
length

repositions lower limbs rapidly

ground contact time is lower at max velocity

acceleration/speed work (<7 seconds)

resisted sprint training (50-75% velocity decrement, ~10m)
improved strength of hip extensors

improved absolute force/relative qualities

improved rate of force development

improved connective tissue strength
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Table 8.4. Characteristics of movement and training recommendations to improve or maintain technical characteristics of sprint performance *CoM = centre of

mass (4, 19, 25, 40, 45-47, 93, 150, 191, 233, 236, 255, 353).

but limited mechanical effectiveness of

force at increasing speeds

steps

e  torso becomes vertical rapidly, leading to shank
producing less horizontal force through the
acceleration (i.e., limited shin roll)

e moderate level of heel lock, shin block, shin drop

and horizontal ankle rocker

Category Characteristics Visual description of movement Technical cues to improve or maintain efficiency of movement
Category 1 Strong orientation of force in initial steps, e effective push and projection of the CoM in initial e  Maintain good hip extension through each successive step
and good mechanical effectiveness of steps e  Keep pushing down and back i.e., like you are pushing a car
force at increasing speeds e  torso has a forward lean, leading to shank creating e  Maintain a more horizontal rather than vertical torso position
more horizontal force through the acceleration e Slowly raise your CoM position with each successive step
(i.e., effective shin roll) e  Maintain a stiff ankle joint upon ground contact
o effective heel lock, shin block, shin drop and e Further increase thigh angular velocity i.e., whip from the hip
horizontal ankle rocker
e effective ‘scissor like action” between the limbs
e due to slower transition of the CoM from in front
of point of force application (i.e., the foot) to
above the point of force application, horizontal
force production (i.e., resultant ground reaction
force) is extended across the acceleration
Category 2 Strong orientation of force in initial steps, e effective push and projection of the CoM in initial e Keep your eyes focused on the track (i.e., therefore not raising

torso too soon)

e  After initial steps, push for longer and extend through the hip,
rather than creating flexion at the knee

e  Land on the forefoot of your shoe

e  Don’t let your heel drop to the track
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moderate level of ‘scissor like action’ between the
limbs

due to rapid transition of the CoM from in front of
point of force application (i.e., the foot) to above
the point of force application, horizontal force
production (i.e., resultant ground reaction force) is

limited

Keep your hip in front of the point of force
application/transmission (i.e., the foot)

Keep pushing down and back like you are pushing a car
Patiently move your torso from more horizontal to vertical like
a plane taking off’

Increase thigh angular velocity i.e., whip from the hip

Reduce horizontal braking forces at max velocity

Category 3

Limited orientation of force in initial steps,
and limited mechanical effectiveness of

force at increasing speeds

limited push and projection of the CoM in initial
steps

torso becomes vertical rapidly, leading to shank
producing less horizontal force through the
acceleration (i.e., limited shin roll)

limited heel lock, shin block, shin drop and
horizontal ankle rocker

ineffective ‘scissor like action’ between the limbs
due to rapid transition of the CoM from in front of
point of force application (i.e., the foot) to above
the point of force application, horizontal force
production (i.e., resultant ground reaction force) is

limited

Ensure the lead foot is behind the hip when applying force off
the start line (i.e., improve horizontal orientation of force)
Create good hip extension through each successive step and
limit knee flexion (i.e., whip from the hip)

Keep pushing down and back like you are pushing a car
Maintain a more horizontal rather than vertical torso position
Slowly raise your CoM position with each successive step

Land on the forefoot of your shoe

Don’t let your heel drop to the track

Increase thigh angular velocity i.e., whip from the hip

Reduce horizontal braking forces at max velocity

Category 4

Limited orientation of force in initial steps,
but good mechanical effectiveness of force

at increasing speeds

limited push and projection of the CoM in initial

steps

Ensure the lead foot is behind the hip when applying force off
the start line (i.e., improve horizontal orientation of force)

Keep pushing down and back /like you are pushing a car
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torso has a forward lean, leading to shank creating
more horizontal force through the acceleration
(i.e., effective shin roll)

limited heel lock, shin block, shin drop and
horizontal ankle rocker

ineffective ‘scissor like action’ between the limbs
due to slower transition of the CoM from in front
of point of force application (i.e., the foot) to
above the point of force application, horizontal
force production (i.e., resultant ground reaction

force) is extended across the acceleration

Maintain a more horizontal rather than vertical torso position
Slowly raise your CoM position with each successive step
Maintain a stiff ankle joint upon ground contact

Further increase thigh angular velocity i.e., whip from the hip

Reduce horizontal braking forces in initial steps of acceleration
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From a biomechanical and technical perspective, strength and conditioning
interventions could be established using primary, secondary and tertiary foci based on key
priorities of the training cycle of the sport (Figure 8.7). These foci are suggestions for
coaches of where to place their focus first and potentially areas which may provide the best
bang for their buck when selecting training interventions. The primary focus of all athletes
aiming to improve sprint performance should be to increase the ratio of force (%) oriented
horizontally across the initial steps of the sprint effort (22, 185). Across various athletic
populations, RFmax has almost perfect correlations with 10-meter (-1.00 = 0.01) and 40-
meter (-0.96 = 0.01) split times, with sprint athletes typically demonstrating the highest
values (>50%) (139, 266). According to Newton’s second law, an increased ability to
produce, orient and apply force in the antero-posterior direction will directly result in
improved acceleration capabilities of the athlete center of mass, and therefore must be the
priority (236). Improving these qualities may be achieved by increasing the absolute and
relative force qualities of the athlete via targeted training interventions (150), along with
focusing on the athlete’s orientation and transmission of force through the foot. A
secondary focus should be placed on analyzing and potentially addressing the deficit(s) or
imbalance(s) identified via a quadrant/category approach and maintaining qualities if
necessary (Table 8.3 and Table 8.4). To improve overall sprint performance from a
biomechanical and technical perspective, it may be necessary to implement a training
intervention(s) to improve the ability to produce Pmax, orient and transmit force in a more
horizontal direction and maintain mechanical effectiveness across the sprint effort. For
example, biomechanical imbalances (quadrant 2-4) may improve by including training
modalities such as moderate or heavy resisted sprint training using a sled (37, 194) plus
also assist in placing the athlete in a more desirable posture to apply force during

acceleration. Conversely, athletes located in quadrant 1 may need to improve Pmax by
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focusing on exercises at the velocity end of the F-v continuum such as assisted sprint
training (337), thereby attempting to improve motor learning, electromyography activity
and coordination at supramaximal velocities (225). Furthermore, analyzing the athlete’s
kinematics and shapes (Figure 8.5) (240) to determine whether this is a limiting factor to
sprint performance should also be a consideration. A tertiary focus should be placed on the
time during the season when assessing F-v profiles. The duration of the preparation phase
(251) and overall periodisation of training or competition will influence whether
imbalances identified within the quadrants should be addressed with specific interventions

at a particular time of the season.

PRIMARY

SECONDARY

Assess RFy,ax- Attempt to
push RF% > 50% by
increasing absolute and
relative Fy and using
coaching cues to improve

Determine biomechanical or
technical imbalance(s) or
deficit(s) in reference to

Duration of the preparation

technical application and
orientation of force.

demand of sport, position
and normative values.
Attempt to improve Py,
plus the orientation and
application of force by
addressing deficit variable.

period and time of the sport
season may provide greater
insight into where prorities
should be placed when
analyzing biomechanical and
technical characteristics.

Figure 8.7. A flow chart of priorities based on general force-velocity profile
characteristics, mechanical imbalances, and preparation periods.
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Optimizing the sprint F-v profile

Recently, the theoretical and conceptual basis for an optimal sprint F-v profile has
been presented to demonstrate sprint acceleration performance is largely determined by
maximizing external power capabilities along with the optimization of the mechanical F-v
profile of sprint propulsion in reference to sprint distance (285). Optimization of the F-v
profile has previously been reported for vertical jump actions (242, 288). Regardless of the
Srv, an inverse relationship was identified between Pmax and sprint times, highlighting the
necessity to understand the best balance of force and velocity to maximize this variable
across the sprint effort for a set distance. From a practical perspective, due to the dynamic
nature and demands of team sports, attempting to optimize an athlete’s F-v profile is
challenging, however an analysis of the demands of the sport and position within the sport
may provide a more desirable profile based on frequency of sprint distance and individual
F-v characteristics (285). For example, due to the biomechanical, technical, and tactical
demands of the position, one athlete with a balanced F-v profile, may need to maximize
external power over varying sprint distances during training due to positional requirements
(i.e., midfielder in soccer). Whereas the optimal F-v profile for another player (i.e., running
back, defensive back, wide receiver; American Football) may require maximal power to be
achieved via a more force-oriented profile due to the focus and requirement of initial
acceleration to ‘break-through’ or ‘break-away’ during decisive plays during the game.
Therefore, the categorization of groups of athletes (i.e. positions, sports) via quadrants also
has strong utility towards attempting to optimize the F-v profile, as it may provide greater
insight into which type of training programme (e.g., force-oriented, velocity-oriented,

optimal load)(150) may induce the best adaptation to improve Pmax and reduce sprint time.
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Limitations

Although sprint F-v profiles may present some similar characteristics amongst
athletes within the same sport, previous research has suggested profiles to be more
individual than sport specific (139). In a practical setting, this would highlight the
importance of using a quadrant or category-based system to analyse and compare athletes
with their peers, interpret the information, then categorize individuals presenting similar
characteristics and prescribe training accordingly. Furthermore, athletes within the same
sport or position may present a similar F-v profile, however individual data should form

the basis for training prescription (139, 285).

Sprint performance of the overall athlete population group can present limitations
when utilizing quadrants or categories to prescribe training interventions. Since the
intersection of perpendicular lines of the quadrant may be based on the median value of the
group, if a greater number of athletes in the group record poor performances, or the overall
performance in the group is low (e.g., novice, adolescent athletes), it can artificially place
athletes into sections of the quadrant not warranted when compared against cohorts in the
same competition yet performing at a higher level. Therefore, developing a set of priori or
normative values for each variable (and athlete population) will enhance the interpretation
of results and provide greater context when assessing or targeting group variables. Finally,
despite this framework providing biomechanical and technical consideration for
performance coaches, the sprint performance outcome, i.e., the time to cover the set

distance, should remain one of the key performance indicators.

Further considerations

Upon analysis of sprint F-v data, the time required to elicit both biomechanical and

neuromuscular adaptations, along with technical changes should be a consideration of the
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sports performance coach. Resistance training literature suggests neural adaptations can
occur relatively quickly after briefs bouts of intensive exercise (134). However, it is
suggested due to the complex nature and segmental dynamics of sprinting, biomechanical
changes may occur over a longer period of time (275). Previous research has shown that
velocity of movement, as controlled by the load, is one of the key factors in improving
high-velocity performance (218) and therefore at specific periods of the season, specificity
of the task may need to inform training direction (190). In the case of sprint performance
improvement, coaches may only have 6-10 weeks to work with an athlete during their off-
season, e.g. American football off-season preparation (251), which may require the coach
to consider the time investment to improve the athlete. Coaches must assess whether there
is sufficient time to develop neuromuscular adaptations through physical training or
technical changes (e.g. improved step length, step frequency, force orientation) and
improved skill acquisition via sprint specific training (21). Therefore, an analysis should
be undertaken to which type of training intervention will have the greatest effect or return

on investment on sprint performance in the training time provided.

A sprint F-v profile categorization system may also identify potential injury risk
factors in athletic populations. Athletes characterized with low force production in the
horizontal direction may provide an initial red flag for practitioners due to the association
with hamstring injuries in team sport athletes (98). In a prospective cohort study of 284
football players (soccer), lower Fo values, specifically at low velocities e.g., initial steps of
the sprint effort, during in-season sprint testing was significant (p<0.001) in higher
occurrences of new hamstring injuries. The relationship between Fo and risk factors to high-

speed running has also been reported in case studies using rugby players (223).
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Although there are some valid concerns to various aspects of sprint F-v profiling,
specifically, the mechanical misconceptions of the biomechanical model, plus the
reliability and utility of variables (114, 142), we believe in conjunction with quality
coaching pedagogy and practitioners using their coach’s eye and video analysis tools, sprint
F-v profiling provides a macroscopic, holistic view to not only assess sprint performance
but to also quantitatively guide the coach to individualize the training programme.
Therefore, the utility of using quadrants or categories to group athletes, then apply
interventions based on the biomechanical and technical recommendations included in this
article, seems useful from a pedagogical view. Finally, an individualized approach to
optimize and enhance sprint performance should be utilized once more common
approaches to sprint training and physical preparation have been exhausted. Athletes with
a low training and chronological age, will likely find greater benefit from a traditional

progressive overload approach to sprint and resistance training (41-43, 143).

Summary

A quadrant or category-based analysis of F-v characteristics during sprinting provides a novel
approach to categorize and prescribe individualized training interventions aimed at enhancing
sprint performance based on the biomechanical and technical characteristics of the athlete and
demands of the sport. Although sprint F-v profiling is not necessary for an effective sprint
training programme, the ability to establish quadrants or categories provides a quantitative
approach to sprint analysis, plus provides a more coach-friendly visualization of F-v profile
data to guide coaching practice. Practitioners are encouraged to use this approach to F-v
profiling and target physical preparation and explicit sprint training (i.e., coaching) to improve

biomechanical, neuromuscular, and motor learning adaptations specific to sprint performance.
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PRELUDE

Like Chapter 8, this chapter provides further practical applications from all results
gathered from studies in this thesis. Chapter 9 provides practical training
recommendations and guidelines to improve program design based on mechanical
characteristics. Therefore, the purpose of chapter 9 was to extend on the data-driven
conceptual framework provided in chapter 8 which categorized athletes based on their
biomechanical and technical strengths and weaknesses and provided suggested training
recommendations to improve sprint performance. However, this application paper
provides coaches with recommendations for practical training methods and programme
design (i.e., sprint-specific and gym-based strength and conditioning) to address
individual F-v characteristics therefore optimizing acceleration and sprint performance.
Therefore chapter 9, along with chapter 8, demonstrate how the learning established
across cross-sectional, interventional and case studies can be practically implemented

within an individual and team sport setting.
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Abstract

Sport scientists and strength and conditioning coaches are showing growing interest
in the magnitude, orientation and application of ground reaction force during acceleration
actions in sport, as it can identify the key mechanical determinants of performance.
Horizontal F-v profiling, or sprint profiling, helps practitioners understand the capacity
of the mechanical force production during the acceleration phase of a sprint. This review
examines the methods used in the field for determining horizontal F-v (sprint) profiles. It
also includes recommendations for practical training methods to address individual F-v

characteristics, mechanical effectiveness, thereby optimizing acceleration performance.
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Introduction

Strength and conditioning coaches are interested in understanding the limitations in
mechanical performance during activities involving linear and multidirectional speed.
High speed running (sprinting) is the fundamental component of many team sports and
involves two key phases: acceleration and maximal velocity (25). The ability to accelerate
and reach the highest velocity possible in the shortest period of time is underpinned by
the mechanical components of the neuromuscular system, force, velocity and power and
specifically the F-v profile (279). Within strength and conditioning literature, methods
to identify these mechanical components during acceleration has been limited, making it
unclear the most appropriate training prescription which should be utilized to improve
these qualities. Therefore, if a resistance training program is designed to enhance sprint
acceleration, should strength and conditioning coaches select exercises which focus on

force, velocity and power, or prioritize one variable over the other?

During the stance phase of a sprint action, a ground reaction force (GRF) is
produced which includes both horizontal and vertical components of the GRF (referred
to as horizontal and vertical forces for simplicity), along with the resultant GRF. The
stance or contact phase can be divided into braking and propulsive phases in the antero-
posterior direction, followed by a flight phase when the limbs are repositioned in the air
before contacting the ground again (231). This ongoing exchange of kinematic positions
defines sprinting as a ballistic action (231). In comparison with various track and field
events where only linear speed is required, in team sports like Australian rules football
and rugby, jumping actions followed by a sprint acceleration in multiple directions is
common. These constant changes in velocity, require athletes to accelerate or decelerate
their body mass (72, 269) and can include rapid changes in direction to chase down or

evade an opponent. Although achieving maximal velocity is important in many team
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sports (108, 144), the ability to accelerate (and decelerate) can be of far greater assistance
to an athlete's on-field performance (11, 77), therefore coaches must place a large

emphasis on improving this quality.

To accelerate in the horizontal direction in the shortest period of time, the athlete
has to develop the highest net horizontal force possible, averaged across each step during
the sprint effort. An individual’s ability to perform this task are characteristics of both the
mechanical and neuromuscular systems (175), however also influenced by the athlete’s
technical ability to apply the force and the propulsive impulse (force x time) produced by
the athlete. The constraints of applying force over increasingly shorter periods of ground
contact as the athlete moves through the sprint acceleration identifies how impulse can
affect performance. Acceleration performance will be limited if the impulse is high due
to force production occurring over a longer ground contact time. Therefore, the ability to
achieve a high net external force applied in the opposite direction to the centre of mass
displacement, as the running velocity increases, and ground contact decreases is of
primary concern. In many team sports, rapidly changing one’s velocity and momentum
to evade opponents is crucial (131), however applying force in a more horizontal
direction, is a major factor in differentiating between rates of acceleration (53, 157, 235,

236, 253).

During the acceleration phase, the ability to apply horizontally oriented force has
been shown to be one of the key determining factors to performance (236). This is in
contrast to maximal velocity running where Weyand et al. (352) showed that the
magnitude of ground reaction force production, oriented vertically over the contact phase,
was the limiting factor to performance. Effectively applying lower limb force in a

horizontal direction as velocity increases has been referred to as mechanical effectiveness
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(286). This mechanical description is underpinned by the force applied by the athlete
across the acceleration effort and describes the ratio of the net horizontal component and
resultant GRF across the acceleration (236). One ‘simple’ macroscopic method used to
determine mechanical effectiveness across a sprint acceleration is horizontal F-v
profiling, also known as sprint profiling. Across a sprint acceleration effort, sprint
profiling models the step averaged mechanical outputs (force, velocity, power) in the
horizontal direction. This innovative method provides a detailed ‘roadmap’ for
understanding the mechanical components underpinning acceleration. As a means of
accurately assessing the horizontal force produced by an athlete, sprint profiling assists
coaches to calculate the degree of horizontally directed force applied over any distance
or velocity across the sprint effort (242). It also identifies the athlete's mechanical
strengths and weaknesses when accelerating, specifically their ability to apply horizontal

force and accelerate towards maximal velocity.

Sprint profiling helps coaches and athletes understand the F-v and power-velocity
(P-v) relationships, along with how horizontal force production capacity changes across
the acceleration, plus provides a global view of the likely morphological and
neuromuscular properties involved (66). Furthermore, when attempting to understand the
mechanical variables which contribute to acceleration performance it raises the question
of whether the conventional approach of manually or electronically timing a 40-yard
sprint should be used in conjunction with the more in-depth sprint profiling? Moreover,
can this information be effectively used to individualize a resistance training program to
target the mechanical strengths and weakness of the athlete, thereby improving
performance? Additional detail provided by mechanical sprint profiling including power
and force orientation provides practitioners with superior means to objectively evaluate,

effect, and monitor sprint qualities.
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Although sprinting is the most specific and highest velocity training method used
to improve an athlete’s linear speed, strength and conditioning coaches will often look to
other resistance training methods to compliment speed training. These methods are used
to further elicit adaptations to F-v characteristics and to address various mechanical
qualities contributing to performance. The selection of exercises to improve physical
performance in a sport should be based on factors which demonstrate the highest transfer
to that sport. Since horizontal and vertical components of the GRF are produced while
accelerating, yet in different magnitudes, there is often conjecture on where the focus
should be placed from an exercise selection perspective when producing force; in the
horizontal or vertical direction? Two concepts which will be discussed in this review
regarding exercise selection are dynamic correspondence (345) and the force-vector
theory. These concepts describe that the biomechanics, force production and orientation,
plus velocity of training movements should be similar to those used in the athlete’s sport.
Both concepts provide a framework for exercise selection. Yet, when selecting resistance
training exercises to improve acceleration performance, should strength and conditioning
coaches select exercises based on specificity to the sprint action or maintain a broad

approach when attempting to change F-v characteristics?

This review aims to provide background information on the F-v relationship,
determinants and biomechanics of acceleration performance, sprint profiling, as well as
discussing exercise selection and training programs for improving athletes' mechanical
effectiveness during acceleration. The practical recommendations in this review could be
used to address F-v characteristics and horizontal force application, plus devise

individualized training programs for teams and individual sport athletes.
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Determinants of force and velocity

Mechanical variables such as force and velocity play a vital role in ballistic
activities such as sprinting and determine overall neuromuscular performance (286).
However, these variables are in a sense limiting given that the force produced and the
shortening velocity of skeletal muscle are constrained by morphological factors such as
fibre type, fascicle length, pennation angle and neural mechanisms such as motor unit
recruitment and intramuscular coordination (66). Each of these variables has a direct
effect on the ability of skeletal muscle to exert maximal power; (Pmax). High power
outputs are considered critical performance characteristics for success and will often
differentiate between ability levels in sport (318). Practitioners have long argued that
athletes should be training at loads which maximize power (63, 182, 309, 355), however
other investigators have suggested loads which are above and below optimal load develop
Pmax to a greater degree (138, 218) warranting further exploration to determine whether
an “optimal load” exists and leads to comparatively greater training-induced
improvements. It has been shown that ballistic activities are determined by the Pmax of
the lower limbs and impulse but are also strongly influenced by the individual's F-v
capabilities which is also known as the F-v profile (288). Training status and relative
strength also influence force expression and therefore evaluations of F-v profiles should
be highly standardized to maximize reliability of data (145, 174). Understanding an
athlete's strengths and weaknesses in terms of their mechanical output, assists a strength
and conditioning coach to devise an appropriate training program based on the specific

needs of the athlete’s F-v profile.

Biomechanical determinants of sprint acceleration

Newtonian laws show that sprint acceleration in a forward direction is determined

by the horizontal and vertical components of the resultant GRF, the horizontal and vertical
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impulse, and the displacement of the center of mass (CoM) (247). Force and impulse are
vector quantities which include direction and magnitude, and depend on the phase of the
sprint action, along with the position of the athlete’s body. These vectors are oriented
either horizontally (mainly antero-posterior) or vertically. When starting from zero
velocity, the impulse will be a combination of force applied over longer ground contacts
and as velocity increases, the time in which force can be applied reduces, therefore
making quality force application at ground contact critical. Although net horizontal force
determines the rate of acceleration (266, 286), the impulse-momentum relationship
governs the time in which force is applied; it has been shown that this factor accounts for
slow or fast rates of acceleration, where shorter contact times beget the need for increased
force expression. Hunter et al. (157) identified in a series of 25m sprints, the greatest
variance (61%) occurred with the horizontal impulse measured at the 16-m mark. Morin
et al. (247) supported this view and the argument that the fastest sprinters were able to
produce greater net horizontal impulse compared to their sub-elite counterparts. Also, of
importance, it was shown that the faster sprinters maintained this impulse across the
duration of the sprint acceleration as velocity was increasing and ground contact was

decreasing. This was critical to performance.

The way in which a GRF is oriented is key to the acceleration performance or
maximal velocity achieved in sprinting (23). Emphasis must be placed on maximizing
and orienting horizontal (antero-posterior) force application during acceleration, since the
speed runners ultimately attain specifically correlates with the magnitude of the
propulsive force (and time over which it is applied) at the start of the effort, along with
the successive strides during acceleration (49, 296, 362). It has been shown that elite
sprinters produce higher net horizontal force and impulse with each step at any given

velocity, which allows them to attain higher velocities than their sub-elite counterparts
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(235, 266). Although the orientation of force is superior in elite sprinters, their training
history and kinematics mean they are also more effective at transferring force into the
ground. Such technical skills are also derived from specific neuromuscular properties

including the structural integrity of muscle and tendon (235, 266).

The position of the athlete's body when sprinting, whether accelerating or at
maximal velocity influences application and orientation of force (191). Positioning the
overall body (not only the trunk-head segments) in an inclined position in relation to the
ground makes it possible to achieve a more propulsive resultant GRF (39, 49, 191).
Whereas, when an athlete is sprinting at maximal velocity in an upright position, a greater
reliance is placed on achieving high GRF with a vertical orientation to limit time spent
on the ground, thereby reducing deceleration (48, 352). Directing the resultant GRF in a
more forward or horizontally oriented direction is more important during the acceleration
phase of a sprint, compared to the overall magnitude of force applied to the ground and
therefore this component is critical to focus on during training (53, 235, 236, 266). Colyer
et al. (53) showed that sprinters, when compared with soccer players, exhibit more
horizontally directed force during the late braking phase and early propulsive phase,
allowing them to accelerate to higher velocities; this was a key difference between athlete
groups. Orientation of force is also affected by the touchdown or ground contact distance
in reference to the body CoM upon ground contact (25). During this contact in early
stance phase, maintaining a stiff ankle increases the resultant GRF and momentum due to
the impulse and subsequent horizontal velocity achieved (40). Therefore, assessing and
diagnosing the way in which athletes apply horizontal force during acceleration, has

important ramifications for attaining the best possible sporting performance.
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Horizontal force-velocity profiling

Horizontal F-v profiling (sprint profiling) is an assessment and diagnostic tool that
examines the key characteristics of F-v and P-v relationships in sprint actions; its main
focus is on the acceleration phase (76, 242). These relationships define the changes in
propulsive force and horizontal power when running velocity increases, see Figure 9.1
(242). Using a series of timing gates or a radar device, as well as biomechanical modeling
derived from speed-time data (286), it is possible to calculate horizontal force, velocity
and power as the athlete accelerates. This information describes the current mechanical
output from the athlete, along with the mechanical limits of the neuromuscular system
while accelerating. Limits include theoretical maximal horizontal force at null velocity
(Fo), theoretical maximal horizontal velocity until which force can be produced (vo) and
the maximal power produced in a horizontal direction (Pmax), see Figure 9.2 (286). Over
the duration of a sprint acceleration, Morin et al. (236) use the term ratio of forces (RF) -
which describes the horizontal (antero-posterior) component of the GRF (Fn) vector as a
percentage of the total GRF (Fror) vector, see Figure 9.3. This ratio identifies the
technical ability an athlete may or may not possess to orient force horizontally while
accelerating. Since orientation of the force is more important than its magnitude,
understanding the force ratio is critical. From this data, the mechanical effectiveness of
applying force (RF% = Fu/Fror) at each step can be determined. The higher the RF%, the
more horizontal orientation of the GRF has been achieved. Mechanical effectiveness is
important for determining the athlete’s ratio of decreases in force (Drr) with increasing
velocity (242), which describes how force orientation changes from more horizontal to
vertical. Morin et al. (236) states that even if Fror is similar in two athletes, the RF% can
identify mechanical differences including weaknesses, which can then be targeted with

training interventions. Quantifying individuals' mechanical effectiveness during sprint
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acceleration means it is possible to determine differences between performers but also to

establish a biomechanical link between profile and sprint performance (280).
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Figure 9.1 Changes in horizontal force and power as running velocity increases.
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Figure 9.2 Changes in mechanical output across an acceleration effort. These
variables identify the current performance output of the athlete, plus the mechanical
limits of the neuromuscular system: theoretical maximal force (Fo), theoretical
maximal velocity (vo) and maximal power (Pmax) in the horizontal direction.
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Figure 9.3 A representation of lower limb ratio of forces, net positive horizontal (Fu)
divided by total force (Fror, which includes the vertical component). The forward
orientation of the total GRF vector is represented by the angle .

Field-based sprint profiling (246, 266) using inverse dynamics, a computation
method of calculating forces from kinematics of a body, is a highly reliable process that
has been evaluated against gold standard laboratory-based (252, 254, 286) tests using
inbuilt force plate systems. Field-based methods of profiling, referred to by Samozino et
al. (286) as a simple method, is a practical process needing limited technology and
equipment to determine an individual’s mechanical profile and assess the Pwmax the
neuromuscular system is able to achieve during the acceleration phase. Sprint profiling
assists coaches to identify the specific interventions required to improve acceleration and
determine whether training should be directed at increasing Pmax by improving the
horizontal force produced at low velocity, (force quality), horizontal force at high velocity

(velocity quality) or by training at optimal load (maximal power). Sprint profiling can
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provide some unique findings given it is able to distinguish between athletes independently
of Pmax values or sprint times. Although time is the critical factor in sprint acceleration,
two athletes may achieve similar acceleration times and Pmax values over a given distance
yet with very different slopes and mechanical characteristics to their F-v profiles, see
Figure 9.4. This is connected to an athlete’s ability to have different a combination
(described as balance or imbalance by Morin and Samozino (242) between force and
velocity (force-dominant or velocity-dominant), which is also related to their mechanical
effectiveness for the duration of sprint acceleration (242). In comparison to generic training
programs where the focus is on improving absolute force and sprint times, sprint profiling
provides a specific guide for identifying and targeting the athlete's strengths or weaknesses
in order to improve their acceleration performance. This approach has been explored with
elite female athletes in Rugby sevens (298) and team handball players (268), where
individual speed training programs based on data from sprint profiles showed varying
levels of effectiveness depending on how the sprint profiles were interpreted and how
training loads were implemented. Morin et al. (242) provided a written explanation about
the process of optimizing F-v profiles but information about practical sprint and resistance

training interventions that may have assisted coaches was limited.
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Figure 9.4. Horizontal force-velocity profiles for two athletes. Both athletes display
similar maximal horizontal power outputs and sprint times, yet different theoretical
maximal force and velocity values (see slope).

Practical applications and guidelines

The mechanical determinants and variables seen in profiles such as force, velocity
and power are susceptible to the demands imposed on the body and key neuromuscular
adaptations can occur as a result of prescribing specific exercises (323). This provides
scope for a strength and conditioning coach to improve acceleration performance by
selecting exercises and loads which mostly target specific areas on the theoretical F-v
spectrum and practical load-velocity spectrum; force, velocity or power, see Figure 9.5.
The resistance training exercises used in most sports are traditionally prescribed off
characteristics across the F-v spectrum and the load-velocity (and thus force) context they
induce within the movement. Examples of exercises which span this spectrum are detailed

in Figure 9.6. Resistance such as an athlete’s bodyweight against gravity or external loads,
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are a way to set the velocity at which the maximum effort will occur and indicate the
production of force that is possible. Studies which have used resistance training (including
vertically and horizontally oriented exercises) to improve sprint performance have
included high force/low velocity exercises; force dominant (8, 138, 183), low force/high
velocity exercises; velocity dominant (8, 14, 44, 68, 183, 218), and optimal load exercises;
power dominant (77, 138), suggesting the load, orientation and mechanical focus may
elicit different adaptations to the performance.

A

FORCE DOMINANT EXERCISES
POWER DOMINANT EXERCISES

VELOCITY DOMINANT EXERCISES

MOVEMENT
VELOCITY
{mis)

LOAD (kg)

Figure 9.5. Resistance training categories across the force-velocity (load-velocity)
spectrum used to modify the mechanical variables or individualize the F-v profile.

| MAXIMAL VELOCITY SPRINTING

/ | HORIZONTAL BOUNDING
i (weight vest)

/ ] JUMP SQUAT

/ CLEAN PULL FROM KNEE

/ | MID-THIGH PULL

MOVEMENT
VELOCITY
(mis)

»

LOAD (kg)

Figure 9.6. A selection of exercises across the force-velocity (load-velocity)
spectrum will be prescribed to each athlete depending on their level of mechanical
effectiveness across the acceleration phase.
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Categorization of resistance training exercises is useful to understand how
adaptations to the profile will affect physical performance. Force dominant exercises are
aimed at improving the force applied at very low velocities. In regard to sprinting, these
exercises focus on the athlete’s ability to overcome inertia at the start of the sprint
acceleration and effectively apply force in a backwards direction, be it by improving the
capacity of the lower limb force produced or peak mechanical effectiveness. Velocity
dominant exercises are aimed at improving the application of force at high velocities to
enhance the athlete’s ability to maintain force application as velocity increases. This can
be achieved by improving the lower limb force production at high velocities and/or by
improving the orientation of force and maintaining the highest possible mechanical
effectiveness despite the increase in velocity. Power dominant exercises aim to improve
the force applied at moderate velocities that is, at close to half of the theoretical maximal
velocity (75). These exercises stimulate the athlete’s ability to produce greater Pmax
output during the sprint acceleration, and when prioritized as interventions within a
training program and periodised appropriately, can be effective in enhancing
performance. The aim of selecting exercises across the F-v spectrum is to target the
variable contributing to the current level of F-v imbalance, thereby improving the

athlete’s overall mechanical effectiveness across the sprint acceleration.

It is advisable when selecting resistance training exercises, that they demonstrate
transfer to movement task and enhance various characteristics which contribute to sprint
acceleration. Sprinting is performed on a horizontal training axis (sagittal plane),
therefore it may seem intuitive to focus on exercises which develop force in the same
direction (269, 367); known as the “force-vector theory” (58). Using exercises which
allow athletes to apply force in the same direction (vector — magnitude and force) as that

which occurs in the sport task, may suggest a greater transference effect (361) or dynamic
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correspondence (345), due to similar overall biomechanical characteristics. Using these
concepts as an example, volleyball or basketball players often express movements
vertically, and therefore should address the F-v spectrum by prioritizing exercises which
have a vertical force orientation. In comparison, American football players, rugby players
and sprinters, who predominantly express movement through linear locomotion, would
be recommended to prioritize horizontally oriented exercises (204, 361). Although
conjecture surrounds the application of the force-vector theory (114) (see Limitations
section), a thorough understanding of the kinetics and kinematics of the movement task,

is essential when designing a resistance training programs.

When designing and programming training sessions to improve an athlete's
horizontal profile, strength and conditioning coaches need to appropriately periodize
resistance training focused sessions into the weekly sport training program. The structure
of a training week in a team sport must primarily focus on the tactical and technical
elements of the sport, then prioritize other modalities such as injury prevention, recovery
modalities and resistance training, see Figure 9.7. For optimal F-v adaptations, resistance
training should occur over the course of several mesocycles (87) or until the F-v profile
has been re-assessed and adaptations which contribute to improved Pmax and/or a
reduction in F-v imbalance are evident. Continual assessments of the vertical profile
(jumping) to determine if F-v adaptions had occurred were regarded as critically
important within a recent study (175). Depending on the level of F-v imbalance revealed
in the profile, some or all of the exercises identified in the following sections could be
integrated into a the weekly microcyle, ensuring a minimum 48 hour recovery period
between high-intensity days. This is necessary to limit the level of residual fatigue before
the athlete embarks on the next training session. Understanding the training phase and

how this may affect the general or specific nature of exercise intensity and selection is
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also a critical factor in team sports (87). Schuster et al. (297) explored these concepts in

their recommendations for physical preparation with Rugby 7 athletes, where a weekly

combination of high (2 sessions), medium (2 sessions) and low (2 sessions) intensity

sessions including strength and conditioning, rugby specific training and recovery

sessions were cycled across a week to optimize performance during the preparation block

leading into competition.

Team sport weekly microcyle

MESOCYCLE Preparation Phase MICROCYCLE 5 CLUB/ SPORT U21 WOMEN'S SOCCER
SUNDAY MONDAY TUESDAY WEDNESDAY THURSDAY FRIDAY SATURDAY
19-May-19 20-May-19 21-May-19 22-May-19 23-May-19 24-May-19 25-May-19
Rest Day Pitch C Pitch B Pool Pitch B Pitch A Home Stadium
Recovery Technical + Tactical Acceleration + S&C Aerobic Capacity Tech/Tact. + S&C Positional / Individual Accel, MxV + SSG

INTENSITY INTENSITY INTENSITY INTENSITY INTENSITY INTENSITY INTENSITY
LOW MEDIUM LOW MEDIUM MEDIUM
Predicted sRPE - 1 Predicted sRPE - 6 Predicted sRPE - 8 Predicted sRPE - 3 Predicted sRPE - 7 Predicted sRPE - 5 Predicted sRPE - 8
ANCILLARY ANCILLARY ANCILLARY ANCILLARY ANCILLARY ANCILLARY ANCILLARY
NIL MOBILITY & ACTIVATION | MOBILITY & ACTIVATION NIL MOBILITY & ACTIVATION| SOFT TISSUE WORK | MOBILITY & ACTIVATION
TRAINING TRAINING TRAINING TRAINING TRAINING TRAINING TRAINING

Players day off

Attackers, defenders
and neutral support on
section of 1/2 pitch.
Focus on movement off
ball and manipulation of
defenders. Neutral
players cycle in on
direction of coach.

Attackers focus. Final
third attacking principles
+ set piece design and
implementation.

Linear > Static: 2 x 10,
15, 20. Rolling: 2 x 10,
15, 20.

Curved > Rolling: 2 x 10,
15, 20

Clean Pull (4 x 2 x
82.5%), Back Squat (4 x
2 x 87.5%), Mid-Thigh
Pull (3 x 5 x 110%)

Dynamic warmup in pool
in shallows. 2 x Session
A in 25m pool using fins.
1 x Session B
performing DWR +
power series against
pool wall.

Formation A & B played
against reserve grade.
20min blocks. 5min
period between blocks.

Resisted sprinting (2 x 4
x 20, load to reduce mxv
30%), Prowler March (2
x 20, 30, 40m @ 120%
BW), Hip Thrusts (5x 5
x 82.5%)

Attackers, defenders
split and matched up
with reserves. Finishing
drills for attackers. 2v 1,
3v1,3v2for
defenders. GKs Pitch C.

Conditioning block for
RTP, reserves and
optional Top-up for
players recently back
from injury.

Linear > Static: 4 x 10,
Rolling: 4 x 10, Curved >
Rolling: 4 x 10, Max
velocity wicket runs 4 x
20

Tactical Small-Sided
Games (1/2 Pitch). Full-
sized goals.

6 v 6 incl. GK. 2-touch
play max. Rolling team
on 7mins.

POST WORKOUT POST WORKOUT POST WORKOUT POST WORKOUT POST WORKOUT POST WORKOUT POST WORKOUT
CORE-SERIES Cwi STRETCH SERIES CORE-SERIES STRETCH SERIES cwi
NOTES NOTES NOTES NOTES NOTES NOTES NOTES
Send wellness delails to coaching |Bring fiekd and track ooiwear for |Meel a pool im moming (baihers, |Bring hield and track footwear for | |Opbonal physio/chins apg. [Bring ficld and track footwear for
staff. [fomOmow's session. s, goagles) [tomOrmow's session. |tomomow's session.

Figure 9.7. A weekly microcycle for a team sport detailing the integration of the
technical and tactical sport focus, injury prevention, recovery and resistance training
program.

Recommendations

about addressing the F-v

imbalance and mechanical

effectiveness in sprint acceleration through targeted resistance training programs directed

across the F-v spectrum are detailed in the following sections.
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Improving force production at low velocities

Athletes with physiological, and perhaps technical qualities that limit their ability
to apply a high amount of horizontal force at low velocities are at a disadvantage in many
on-field competitive situations. This will be evident early on during the sprint effort with
their inability to apply enough horizontal force, thereby reducing their horizontal impulse.
In turn, this will compromise the overall velocity which is achieved as this is determined
by the athlete’s ability to accelerate to this speed. To improve the force produced at low
velocities, the prescribed sprint and resistance training needs to include movements that
focus on the right hand-side of the F-v spectrum, where force is applied against a heavy
external resistance, >85% IRM (322) and targets maximal strength qualities, see Table

9.1.

Table 9.1. Exercises to improve the production of maximal force.

EXERCISE % 1RM / LOAD
Back Squat > 85%
Kettlebell Swing > 85%
Romanian Deadlift > 85%

Trapbar Deadlift > 85%

Hip Thrust > 85%
Mid-Thigh Pull > 100% clean
Clean Pull from Knee > 100% clean
Rack Pull > 100% deadlift
Prowler March up to 150% BW
Resisted Sprinting up to 100% BW

Exercises that target maximal or absolute strength and specifically improve the
force applied in a horizontal direction include heavy sled pulls, resisted sprinting, see
Figure 9.8, and prowler marches, see Figure 9.9. Horizontally oriented exercises at these
loads will encourage force application in the same direction as what occurs during the

acceleration phase of a sprint. Although maximal strength exercises may only be specific
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to early acceleration, several studies (10, 322, 323) that focused on the right hand side of
the F-v spectrum, noted the crucial role strength plays in in providing the foundation to
improving maximal power, highlighting its importance for potentially improving other
aspects of the F-v spectrum. Table 9.2 identifies two resistance training sessions which
could be performed across one week, including both horizontal and vertically oriented
exercises. These exercises and the associated sets, repetitions and loads are programmed

to improve the maximal force produced at low velocities.

Figure 9.8. Resisted sprint training using a sled at 85% bodyweight.

Figure 9.9. Resisted sprint training using a prowler sled to march at 140%
bodyweight.
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Table 9.2. Force production at low velocity.

DAY 1 - HORIZONTAL ORIENTATION

Exercise Week 1 Week 2 Week 3 Week 4
Volume Load Volume Load Volume Load Volume Load
Load which Load which Load which Load which
Resisted Sorintin 2 x4 x 10m restricts to 2 x 4 x 20m restricts to 2% 5% 20 restricts to 2% 3% 20 restricts to
PrLng <30% of max <30% of max <30% of max <30% of max
velocity velocity velocity velocity
Prowler March 2 x 20, 30, 40m| 120% of BW |3 x 20, 30, 40m| 130% of BW | 4 x 20, 30, 40 | 140% of BW |3 x 20, 30, 40m| 120% of BW
Hip Thrusts 5x5 82.5% 5x5 87.5% 5x5 92.5% 5x5 85%
DAY 2 - VERTICAL ORIENTATION
. Week 1 Week 2 Week 3 Week 4
Exercise
Volume Load Volume Load Volume Load Volume Load
Clean Pull 4x2 82.5% 6x2 87.5% 12x1 92.5% 4x2 85%
Back Squat 3x5 87.5% 3x3 90% 3x3 92.5% 3x5 85%
Mid-Thigh Pull
1109 1209 1309 1109
(% based off clean) 3x5 0% 3x3 0% 3x3 30% 3x5 0%

* BW = bodyweight, % based off 1 repetition maximum in exercise
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Some athletes are capable of high levels of force at low velocities but cannot sustain
it as their acceleration increases. This often leads to a rapid decrease in the ratio of forces
(Drr) as the athlete approaches top speed. Analysis of the profile shows it is likely that
during acceleration the athlete will be losing their ability to apply and orient horizontal
force too early, which during acceleration corresponds to early changes in body position
from approximately more horizontal to vertical. Although the production of high (mostly
vertically oriented) force is vital at maximal velocity (48, 49, 352), the speed attained will
be limited due to a rapid decrease in ratio of forces. This has a direct impact in sporting
activities like rugby when players try to outrun their opponents when making for the try
line. Sprinters face the same problem when they need to maintain acceleration for a longer
duration and reach higher velocities in a 100m sprint. Improving sprint acceleration
performance over longer distances and maintaining a high ratio of horizontal-to-resultant
force at increasing velocities, require exercises that focus on characteristics from the left-
hand side of the F-v spectrum, along with improved inter and intra-muscular coordination
properties. Exercises demanding high velocity are generally those which require high rates

of force, see Table 9.3.

The F-v spectrum suggests the smallest load the human body can work against is
the force of gravity on body mass such as when performing a vertical jump. However,
research suggests even this load may be too great to affect the velocity portion of the F-v
spectrum (214). Assisted vertical jumps, see Figure 9.10, using elastic bands is one
method which has been used to de-load or negatively load an athlete’s body mass, by
reducing the effects of gravity on the body (214). Markovic and Jaric (214) found that
countermovement jumps with zero-load maximized mean power and jump height, yet the
velocity (peak) of the centre of mass at take-off increased by de-loading bodyweight by

30% (214). Horizontally oriented exercises including a novel exercise known as an
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assisted horizontal squat jump, see Figure 9.11, has been shown to be beneficial to
improving movement velocity due the extremely high velocity reached by pushing
against almost zero gravity (172, 289). This exercise, part of a longitudinal training
intervention aimed at improving F-v balance in individual profiles (175), was shown to
produce extremely large changes in the velocity component of the F-v profile, as well as

effecting increased jump heights.

Table 9.3. Exercises to improve the maximum velocity of movement.

EXERCISE % 1RM / LOAD
Countermovement Jump BW

Assisted Jumps Assisting force to deload BW by 30%
Horizontal Squat Jump <BW

Assisted Horizontal Squat Jump Assisting force 95-110N
Squat jumps BW - 10% BW

Assisted sprinting 100-106% maximal velocity
Reactive jumps BW

Box jump (bilateral and unilateral) BW

Jump Shrug BW + 20-40kg

Hang High Pull BW +20-40kg

Figure 9.10. Assisted vertical jumps to deload athlete bodyweight by 30% a using an
elastic band.
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Figure 9.11. Assisted horizontal squat jump using a roller-board and elastic band to
push against reduced gravity.

Assisted sprinting may provide another unique approach for overloading the
neuromuscular system at higher than the maximal voluntary velocities. Using a horizontal
towing mechanism such as the DynaSpeed (MuscleLab™), see Figure 9.12, or the
1080Sprint™, acute horizontal running velocities increased, along with lower limb
electromyography activity, which suggested that higher neural activity took place with
possible transfer to unassisted maximal sprinting (224, 226-228). However, given that
maximal running velocity is by definition the far-left side of the F-v spectrum, research
should aim to verify whether training over an individual's maximal voluntary running
speed (i.e overspeed training) benefits unassisted performances. Plyometric activities
such as bounding, drop jumps and reactive jumps are also recommended for athletes who
want to improve force produced at high velocity, due to the reliance on the stretch
shortening cycle (91). Table 9.4 identifies two resistance training sessions which could
be performed across one week, which includes both horizontal and vertically oriented
exercises. These exercises and the associated sets, repetitions and loads are programmed

to improve the maximal movement velocity of the athlete.

250



Figure 9.12. Assisted sprinting using the DynaSpeed (MuscleLab™) to allow
athletes sprint at supramaximal speed.
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Table 9.4. Force production at high velocity.

DAY 1 - HORIZONTAL ORIENTATION

Exercise Week 1 Week 2 Week 3 Week 4
Volume Load Volume Load Volume Load Volume Load
101% of 102% of 103% of
1 x 20, 30, 0% o 02% o 03% o 101% of
. . . training max 2 x 20, 30, training max 3 x 20, 30, training max 2 x 20, 30, L.
Assisted Sprinting (DynaSpeed) 40m (flying . . . . . . training max
velocity (flying 40m velocity (flying 40m velocity (flying 40m .
run) (flying run)
run) run) run)
3 x 40m (20m 3 x 50m (20m 3 x 60m (30m 2 x 40m (20m
Maximal Sprinting accel + 20m BW accel + 30m BW accel + 30m BW accel + 20m BW
fly) fly) fly) fly)
Horizontal Bounding 3 x Scts BW 4 x Scts BW 5 x Scts BW 3 x Sets BW
(8 contacts/set)
DAY 2 - VERTICAL ORIENTATION
. Week 1 Week 2 Week 3 Week 4
Exercise
Volume Load Volume Load Volume Load Volume Load
Reactive Hurdle Hops 3 x Scts BW 4x Sets BW 5% 5cts BW 3 x Scts BW
(5 contacts/set)
. ) deload BW deload BW deload BW deload BW
Band-Assisted Vertical Jumps 2x5 30% 3x5 30% 4x5 30% 2x5 30%
Double Leg Depth Jump to box 3x6 BW 4x6 BW 5x6 BW 4x6 BW

* BW = bodyweight
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Improving maximal power (optimal loading conditions) for sprinting

Training at a load that is associated with movement velocity at which maximal
mechanical power occurs has been shown to be the most effective method for increasing
overall maximal power (133, 182). Haff and Nimphius (133) define optimal load as that
which maximizes mechanical power for a specific exercise. Within strength and
conditioning literature, the assessment of power is broad, with technology including force
plates, linear position transducers (LPT) and accelerometers, deriving power metrics
which are used to determine optimal load. Therefore, the context of the variable must be
understood and interpreted correctly when implementing into the training program (see
Limitations section). During resistance training, the optimal load for developing Pmax in
a jump squat has been shown to range from 0% of 1RM (63-65), to 30-45% of bench
press 1RM in the bench press throw (256, 301) and 70-80% of IRM when performing
weightlifting exercises such as the snatch and/or clean (63, 67, 182). This approach to
training has also been used in cycling via torque-velocity tests to determine the optimal
pedalling conditions (frequency) over a set distance (95). The discrepancy power
assessment and 1RM percentages across a range of exercises demonstrates a lack of

clarity and inconsistency to determine the load to achieve Pmax.

However, improving maximal horizontal power for sprinting requires focusing on
the factors that contribute to this variable; horizontal force and horizontal velocity.
Depending on the training phase and needs of the athlete, exercise prescription should be
directed to all parts of the F-v spectrum to ensure a strong level of mechanical
effectiveness is maintained and to achieve the highest ratio of horizontal force during
acceleration. In regard to sprinting, this may entail using specific exercises for producing

maximum power by training at an optimal load, see Cross et al. (77). Optimal load
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training has previously been shown to be more effective for improving dynamic athletic
performance when compared with other loading conditions (256, 355). However,
combining different resistance training loads to improve power and ballistic performance
has also been shown to be effective in many studies (62, 138, 181, 218, 329, 330). With
this in mind, across the F-v spectrum, exercises to improve maximal power could include
resisted sprinting, sprinting at maximum speed, jump squats (Trapbar), see Figure 9.13,
plyometrics (horizontal bounding) and assisted sprinting, see Figure 9.12. Highlighting
exercises from all aspects of the F-v spectrum, should result in athletes maintaining or
raising their mechanical effectiveness with limited decline in either contributing variable.
Although all loads across the F-v spectrum contribute to Pmax, Table 9.5 identifies two
resistance training sessions which could be performed across one week, which include
both horizontal and vertically oriented exercises. These exercises and the associated sets,

repetitions and loads are programmed to focus on maximizing power.

Figure 9.13. Jump squat with Trapbar at optimal load (approx. 40% BW).
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Table 9.5. Force production at maximal power (optimal load).

DAY 1 - HORIZONTAL ORIENTATION

Exercise Week 1 Week 2 Week 3 Week 4
Volume Load Volume Load Volume Load Volume Load
Resisted Sorintine (DvnaSeed 3 x 10, 20, Individual 4% 10, 20, Individual 5 x 10, 20, Individual 3 x 10, 20, Individual
esisted Sprinting (DynaSpeed) 30m Priax 30m Priax 30m Priax 30m Priax
3 x 30m (20m 4 x 30m (20m 3 x 40m (20m 2 x 40m (20m
Maximal Sprinting accel + Flying BW accel + Flying BW accel + Flying BW accel + Flying BW
10m) 10m) 20m) 20m)
) Individual Individual Individual Individual
Hip Thrust 3x5 3x5 4x5 3x5
Pymax Pymax Pyax Pumax

DAY 2 - VERTICAL ORIENTATION

Exercise Week 1 Week 2 Week 3 Week 4
Volume Load Volume Load Volume Load Volume Load
J Squat
Up Squa 5x3 20-50% 5x3 20-50% 5x2 20-50% 5x2 20-50%
(Trapbar)
Power Clean 4x5 70-80% 4x3 70-80% 5x5 70-80% 5x3 70-80%
Power Snatch 5x3 30-50% 5x3 30-50% 5x2 30-50% 5x2 30-50%

* BW = bodyweight, % based off 1 repetition maximum in exercise
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Limitations

Coaches need to carefully consider the implications of the training interventions
they select to address characteristics of the F-v profile. Potential weaknesses should be
addressed but not at the expense of building upon athlete strengths. It follows that strength
and conditioning coaches need to keep sight of their primary training goals and use sprint
profiling as a monitoring and diagnostic tool, similar to testing hamstring strength or force
plate analysis of vertical jump actions to assess benchmarks. Detraining qualities is a risk
if too much time is being expended on weaknesses. For example, an athlete who produces
maximal power with lower force values will result in decreases in velocity values if
training focusses on those particular movements for an extended period. This may impact
on an athlete’s ability to produce power in situations where force is required at different

magnitudes and velocity (133).

Recent research suggests the selection of exercises based solely on dynamic
correspondence and the force-vector theory (114) contain certain limitations. A thorough
understanding of dynamic correspondence often means the selection of specific exercises
is narrow and pre-determined. Contreras et al. (58) and more recently Loturco et al. (202)
suggest the force-vector theory should be the primary focus when selecting exercises to
improve sprint acceleration and maximal velocity. The theory states that the force-vector
which comes into play when sprinting, occurs in the antero-posterior direction relative to
the body, and therefore the exercises selected must focus on producing horizontal force,
provide necessary time for skill acquisition, which in turn should improve transfer to the
performance to a greater degree than vertically oriented exercises (58). Currently, the
majority of resistance exercises are vertically oriented (269), for example the back squat,
deadlift or weightlifting derivatives, therefore emphasizing vertical force production

(269). However, this serves to negate horizontally oriented force and opposes dynamic
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correspondence and the force-vector theory. Notwithstanding, Loturco et al. (202) found
strong correlations with sprint performance when performing hip extension focused
exercises, e.g. hip thrust, with the initial phase of the sprint acceleration, whereas those
exercises loaded vertically, e.g. jump squat, showed greater transfer to the maximal
velocity phase. Both of these findings however, are in direct contrast to the findings of
Seitz et al. (299) who found positive acceleration changes, 0-30m, from studies primarily
concerned with the back squat, and Jarvis et al. (165) who found no sprint performance
transfer from an 8-week study using the hip thrust exercise. This suggests conjecture
remains in regard to the training-axis which should be utilized to enhance sprint

acceleration performance.

While the force-vector theory is intuitive in many respects, Fitzpatrick et al. (114)
proposed that applying the force-vector theory to training was a basic misunderstanding
of simple mechanics. Primarily, the issue lies in understanding the difference between
the direction of force relative to the global frame, as against the direction of force
determined by the orientation of the athlete (131). This is evident in sprinting when the
athlete adopts a triple flexion (front-side mechanics) position during acceleration and
when reaching maximal velocity; the orientation of the body is at approximately 45° while
accelerating and at approximately 90° when at maximal velocity. Kugler and Janshen
(191) noted the strong relationship between body lean and direction of GRF, as leaning
forward during acceleration places the athlete in an advantageous position for applying
propulsive force. However, while orientation of force needs to be understood, from a
practical standpoint, a combination of both vertical and horizontally loaded resistance
training exercises appears to be the ideal approach when attempting to improve sprint

performance (58, 202, 269, 367).
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Maximal power is a major performance indicator and thus frequently a priority
when selecting exercises to improve dynamic, ballistic performance (61, 63, 64, 66, 67,
73,301, 319, 323), yet conjecture and difficulties exist when determining load for actions
involving multiple joints. Maximal power and optimal load is influenced not only by the
technology which derives the variable but also whether it is specific to ‘system power’
(external — whole body), joint power (internal — at a specific joint), or perhaps more
applicable to the weight room, ‘bar power’ (using an LPT). Previously, Cormie et al. (60)
have recommended using a combination of a force plate and a linear position
transducer(s) to best determine power in lower body exercises. In a resistance training
context, the discrepancies in how optimal load is reported therefore presents a high level
of ambiguity in reference to the load-power relationship and presents issues with how
practitioners can make sense of how to apply exercise prescription to not only improve
maximal power but how optimal load is established (60). The use of a range of
methodologies to determine power has led to a broad range of approximate 1-repetition
maximum (1RM) percentages for which maximal power is developed in various exercises
such as the power clean, squat and jump squat. Considerations for effectively
understanding and interpreting “optimal load” must also include the specific movement
pattern(s) used, training history/status of the athlete and whether the exercise uses single

or multiple joints (67).

Cross et al. (75) noted that during un-resisted sprint acceleration, maximal power
was achieved within the first two seconds of the movement, and therefore, the remainder
of the sprint occurred at a sub-optimal load. In order to re-create and extend the conditions
in which athletes move at an optimal load, resisted sprint training was introduced using a
loaded sled that corresponded to approximately 96 percent of the athlete's body mass; or

the equivalent to a velocity decrement of ~50% of maximal velocity. This allowed
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athletes to sprint at optimal loads throughout the acceleration phase. In a later study,
further changes to sprint acceleration were not evident when athletes performed a resisted
sprinting protocol at optimal load, when compared to groups which used lighter or heavier
loads (75). However, the authors acknowledged that the current state of the individual F-
v profile and the random group assignment may well have affected greater adaptations to

sprint acceleration and greater research is required.

One limitation recently noted on sprint profiling methodology using the ‘simple
method’ (246), is that the power variable only represents step-averaged external power
produced in the horizontal direction to accelerate the body centre of mass, neglecting the
internal ‘joint” power (Pin) required to move the limbs around the centre of mass (260).
Pavei et al. (260) suggests other mechanical components aside from horizontal power are
needed to accelerate in a sprint such as the body centre of mass and internal power (Pin).
Although the ‘simple method’ provides valuable insight into power in the horizontal
direction across the sprint acceleration, there must be the understanding that no internal
power variables are measured and therefore the overall power output computed via the
‘simple method’ will be an underestimation of the total power developed by muscles but
will rather characterize the power capabilities of overall sprint propulsion.
Notwithstanding, the practical application to coaches using Piy is limited considering the
exhaustive technology necessary to obtain the data and therefore the ‘simple method’ may
be a more appropriate measure in the field. In addition, it is not known whether Py 1s a

performance indicator, thus a key variable of interest in training.

Therefore, when using optimal load as a training strategy to improve maximal

power, it is prudent to understand the context of power you are measuring, along with
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incorporating a variety of loads across the F-v spectrum to ensure a balanced approach

for force and velocity adaptations (73, 329, 330).

Further considerations

The majority of the literature on sprint profiling discusses factors which contribute
to the overall mechanical output across the performance, however there has been a
growing level of interest in understanding the application of sprint profiling in the
rehabilitation field and return to play (RTP) protocols from hamstring injuries (223).
Although not the primary focus of this review, the application of using mechanical
variables of pre-injury performance and utilizing these in the return to play protocols with
sports medicine staff may provide further comparative data to ensure a safe return to
performance. Mendiguchia et al. (223) identified that sprint profiling highlights the
capability to produce horizontal force at low speed is a limiting factor to performance
when returning from a hamstring injury, therefore, the application of sprint profiling as a
monitoring tool to assess how force production changes across a competitive season or in

response to an injury could be useful individual information to sports medicine staff.

Summary

Sprint profiling using the field methods briefly outlined in this review, offers an
innovative and alternative approach to understand the mechanical determinants of sprint
acceleration. Although further research and experimental evidence is needed, together
with applied longitudinal exercise interventions, the field method is a practical and valid
approach that allows strength and conditioning coaches to access kinetic data on sprint
acceleration, which previously was only attainable in a laboratory. This data allows

coaches to design individualized training programs.
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The resistance training program used to address mechanical effectiveness should
consist of exercises which focus on both horizontal and vertical force production,
acknowledging the limitations to the force-vector theory, however a priority could be
placed on one orientation over the other depending on the phase of the training cycle or
the needs of the athlete. Sprint profiling can be utilized for athletes involved in sports
where sprint acceleration is crucial, and for identifying and changing the variables
contributing to performance. It may allow coaches to devise individualized training
programs to a greater degree compared with traditional methods, as a means of enhancing

sprint acceleration and improving the effectiveness of force application.

Guidelines for implementing a training and/or rehabilitation program which

addresses the mechanical variables of horizontal F-v and power-velocity include:

. Assess the capabilities of producing horizontal force and the mechanical

effectiveness of force application during sprint acceleration (sprint profile)

. Identify any existing F-v imbalance across sprint acceleration.

. Prescribe appropriate training programs to address the needs of the athlete

and the slope of the profile.

o Re-assess the athlete after an appropriate period of time to determine

adaptations to mechanical effectiveness and changes to sprint acceleration.
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CHAPTER 10

Summary, Future research directions and practical applications

Chapter Overview

The main aim of this PhD research was to provide a comprehensive understanding
of jump and sprint F-v profiling in team and individual sport populations with the aim of
improving physical performance. This was achieved by a narrative review, five studies
using cross-sectional, interventional, and case study research designs. In addition, two
application chapters to conclude the program of research provide practical
recommendations to sports performance coaches to implement the findings in their
context. This general discussion chapter will provide an overall summary, plus
theoretical, biomechanical and practical considerations with reference to each chapter.
Strengths and limitations of the program of research, and recommedations for future

research will also be presented.

Summary of Findings

The overarching aim of this research was addressed by a series of studies. Study 1
(Chapter 2), a narrative review, evaluated the existing literature on vertical and horizontal
F-v profiling with a specific focus on ‘field’ methods, which provided mechanical
characteristics of performance without the use of expensive laboratory-based technology.
The findings indicated inconsistencies when using the field method (i.e., Samozino’s
method) to model jump-based mechanical characteristics with various studies citing
reliability and validity concerns. Despite this, studies which showed strong reliability and

validity demonstrated various diagnostic applications for mechanical profiling to identify
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mechanical strengths, weakness and imbalances although these were largely found in
cross-sectional studies with limited practical transfer to coaches. At the time of
completing the initial review, it was concluded that mechanical characteristics needed to
be explored in interventional studies to determine changes in response to physical
preparation strategies. Furthermore, although many research studies identified potential
training goals in response to individual mechanical characteristics, limited ‘taking the
laboratory to the field’ research existed to demonstrate to practitioners how to make
actionable decisions from F-v data and enhance performance through gym-based or

sprint-specific training recommendations, guidelines and programmes.

Chapter 2: Mechanical profiling in team and individual sports

The aim of this chapter was to review and compare literature related to vertical
and horizontal F-v profiling using a macroscopic inverse dynamics approach. To achieve
this objective, a narrative review of literature was completed focussing on the following
four sections: (a) exploring the biomechanical models for determining jumping and
sprinting F-v profiles using inverse dynamics, (b) analyzing the reliability and validity of
jump and sprint profiling methodology, (c) exploring the concept of individualizing and
optimizing the F-v profile, and (d) investigating the utility of using profiling to inform

training interventions to enhance sport performance.

The key findings of this Chapter were:

1. Between studies, it is evident there is limited standardization across F-v profiling

protocols regarding methodological practice. Greater research is needed on the
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reliability and validity of methods, and their comparison with gold-standard,
laboratory-based methods.

. There exists limited research on the use of F-v profiling across a range of team
and individual sports.

. While F-v profiling is widely used in adult sport populations (and aging general
population groups)(2, 3), there is limited research on the application of the
methodology in young athletes, which may have implications in reference to
maturation status such as peak heigh velocity (188, 211), musculoskeletal
development and performance.

. More research studies focussed on changes to mechanical characteristics in
response to specific training interventions over longer periods, potentially
addressing mechanical strengths and weaknesses are necessary.

. Studies focussed on the use of F-v profiling to monitor changes to mechanical
characteristics over the course of a competitive sport season is under researched.

. There is a paucity of conceptual frameworks, training recommendations and
guidelines specific to enhancing vertical and horizontal mechanical characteristics
and greater links must be made for practitioners by linking the data to programme

design.

Chapter 3: Reliability and Validity

The aim of this chapter was to determine the reliability and validity of Samozino’s

(SAM) field-based method using ‘simple inputs’ to quantify vertical F-v characteristics

in free-weight countermovement jump actions (i.e., barbell, hexbar) when compared to

in-ground force plates. Laboratory grade force plates are typically regarded as ‘gold

standard’ technology and measure vertical ground reaction forces (Fz) at high sampling
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frequency (1000Hz). In Samozino’s seminal study, the field-method was validated
against force plates using a smith machine (i.e., constrained vertical jump action) which
provides increased reliability due to kinematic redundancy (129), yet may be regarded as
less ecologically valid compared to free-weight unconstrained vertical jump actions.
Vertical F-v profiles were assessed with a barbell and hexbar against four incremental
loads (bodymass [BM], BM+15kg, BM+30kg, BM+45kg), with F-v variables established

from force plate data and the SAM method.

The key findings of this Chapter were:

1. Samozino’s method provided acceptable levels of reliability for mean force,

velocity, and power (ICC > 0.90, CV% < 5.5) across both loading conditions.

2. Limits of agreement analysis showed the mean bias was 2.7%, 15.4%, 7.2% and
1.8%, 12.4%, 5.0% for mean force, velocity, and power during barbell and hexbar

countermovement jumps respectively.

3. Based upon these findings, Samozino’s method is reliable when measuring mean
force, velocity and power during loaded and unloaded barbell and hexbar
countermovement jumps, but also identifies limitations regarding concurrent

validity compared to the gold standard.

4. Across loading conditions, Samozino’s method overestimated mean force (0.5-
4.5%) and underestimated mean velocity (11.81-16.78%) and mean power

(2.26%-7.85%) compared to the force plates.

5. Due to fixed and proportional bias between criterion and predictor, the results do
not support the use of Samozino’s method to measure mean force, velocity, and

power and therefore, it is not recommended for practitioners to use the field
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method to estimate mechanical variables during loaded and unloaded

countermovement jump actions using a barbell and hexbar.

Chapter 4 and Chapter 5: Cross-sectional studies (team sport)

The aim of these chapters were to investigate the utility of using mechanical
profiling to distinguish between sex and positional demands in team sport, plus analyse
mechanical transfer to inform physical preparation strategies. The first cross-sectional
study (Chapter 4) investigated whether jump-based mechanical profiling could
differentiate between sex and positional groups in club-level field hockey athletes. The
key objective of this study was to identify if positional demands in field hockey (i.e.,
attacker or defender) are sex-specific or whether they display similar mechanical
characteristics (i.e., force or velocity-oriented profile). Due to the findings of Chapter 3,
portable force-plates were used to measure vertical ground reaction force in this study,
rather than using the SAM method. Vertical F-v profiles were assessed using hexbar using
three incremental loads (bodymass [BM], BM+25% external added mass relative to BM,

BM+50% external added mass relative to BM).

The key findings of Chapter 4 were:

1. When comparing athletes by sex, male athletes reported significant mean
differences in all F-v variables (12.81-40.58%, p < 0.001, ES = 1.10-3.19), and a
more enhanced F-v profile (i.e., greater theoretical maximal force, velocity, and

power values).
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Stronger correlations were evident for male athletes between relative maximal
power (Pmax) and jump height (r = 0.67, p<0.06) when compared to female
athletes (-0.71<r > 0.60, p=0.08).

Male attackers demonstrated a more ‘velocity-oriented’ F-v profile compared to
defenders due to significant mean differences in theoretical maximal velocity (vo)
(6.64%, p < 0.05, ES: 1.11), however differences in absolute and relative force
(Fo) (15.43%, p < 0.01, ES = 1.39) led to female attackers displaying a more
‘force-oriented’ profile in comparison to defenders.

These findings highlight power expression between sexes relies on opposing
mechanical qualities suggesting physical preparation strategies to develop power
should be sex specific.

Overall, this study identified sex and position specific F-v strengths, weaknesses
and imbalances could be targeted with physical preparation strategies to enhance

neuromuscular performance.

The second cross-sectional study (Chapter 5) aimed to extend on the previous

findings by analyzing the level of mechanical transfer between vertical and horizontal F-

v profiles. The key objective was to investigate the transfer of mechanical characteristics

in different force-vectors and determine the correlations between vertical and horizontal

F-v profiles and performance outcomes in field hockey athletes. Mechanical

characteristics were also explored as potential predictive variables for jump and sprint

performance. Vertical F-v profiles were assessed using a hexbar at three incremental loads

(bodymass [BM], BM+25% external added mass relative to BM, BM+50% external

added mass relative to BM). Horizontal F-v profiles were assessed using a commercially

available Radar device (Stalker ATS I, 36.6Hz) which provides instantaneous velocity-

time data of the athletes’ centre of mass.
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The key findings of Chapter 5 were:

1. When comparing matched mechanical variables between F-v profiles in each
force orientation, small to moderate significant correlations (r = 0.37-0.62, p <
0.03) were observed for relative theoretical maximal force (Fo), power (Pmax) and
theoretical maximal velocity (vo).

2. The performance outcomes (i.e., jump height, sprint time) of both F-v profiles
highlighted a large, significant negative correlation (r =-0.86, p = 0.001) between
variables.

3. Multiple linear regression analysis of F-v profiles identified Fo and vo accounted
for 74% and 94% of the variability in jump height and sprint time respectively,
however vo appeared to be a greater predictor of both performance outcomes.

4. Due to the significant relationships between variables, the results of this study
suggest vertical and horizontal F-v profiling may explain the same key lower-limb
mechanical characteristics, despite the orientation of the movement task.

5. Therefore, coaches could potentially use mechanical profiling methods
interchangeably to prescribe physical preparation interventions, however for
greater mechanical insight, it is likely worthwhile to assess neuromuscular
function plus mechanical strengths and weaknesses by performing one F-v

assessment in both force-vectors.

Chapter 6 and Chapter 7: Experimental studies (team and individual sports)

The aim of these chapters were to investigate the longitudinal changes to horizontal
F-v characteristics and sprint performance in team and individual sport athletes. The key

objective of this experimental study (Chapter 6) was to investigate the mechanical
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changes to junior Australian football players in response to a sprint-specific training
programme across a 7-week period. Specifically, two groups were established based on
20-metre sprint performance, with participants pairwise matched into either: a combined
sprint training (CST) group (performed both maximal velocity sprinting and assisted
sprinting), or the maximal sprint training (MST) group (performed unassisted maximal
velocity sprinting only). Pre and post intervention, horizontal F-v profiles were assessed
using a commercially available Radar device (Stalker ATS 1, 36.6Hz) which provides

instantaneous velocity-time data of the athletes’ centre of mass.

The key findings of Chapter 6 were:

1.  Moderate to high relative reliability was achieved across all sprint variables
(ICC=0.65-0.91), except for the F-v slope (Srv) and decrement in ratio of forces
(Drr) which reported poor reliability (ICC=0.41-0.44).

2. The CST group exceeded the pre-post minimal detectable change (MDC) in most
sprint variables suggesting a ‘true change’ in performance across the intervention.

3. Moderate to large pre-post within group effects (-0.65 < ES > 0.82. p <0.01) in
the CST group for relative theoretical maximal force (Fo) and power (Pmax) were
reflected in improved sprint performance from 0-20 meters, thereby creating a
more force-oriented F-v profile.

4.  The MST group displayed statistically significant pre-post differences in sprint
performance between 10-20 meters only (ES = 0.18, p = 0.04).

5. Overall, it is concluded that implementing a short-term, combined sprint training

intervention consisting of assisted and maximal sprint training methods may
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enhance sprint mechanical characteristics and sprint performance to 20-meters in

junior Australian football players.

The second experimental study (Chapter 7) aimed to extend on the previous
findings in Chapter 6 by exploring changes to horizontal F-v characteristics across a
training year in sprint athletes. The key objective of this case study was to analyse F-v
characteristics, sprint kinematics and 100-meter performance in response to a periodised
training program across a 45-week track and field season in two national level sprint
athletes. Over a 10-month period, two athletes completed horizontal F-v assessments
using electronic timing gates. Sprint mechanical characteristics were derived from 30-
meter maximal sprint efforts using split times (i.e., 0—10 m, 0-20 m, 0-30 m) whereas
step kinematics were established from 100-meter competition performance using video

analysis.

The key findings of Chapter 7 were:

1. Between the preparation (PREP) and competition (COMP) phase, Athlete 1
showed significantly large within-athlete effects for relative maximal power
(Pmax), theoretical maximal velocity (vo), maximum ratio of force (RFmax),
maximal velocity (Vmax), and split time from 0-20 m and 0-30 m (—=1.70 < ES >
1.92, p <0.05). Athlete 2 reported significant differences with large effects for
relative maximal force (Fo) and RFmax only (ES: <—1.46, p <0.04).

2. In the PREP phase, both athletes reported almost perfect correlations between Fo,
Pmax and 020 m (r = —0.99, p < 0.01), however in the COMP phase, the
relationships between mechanical characteristics and split times were more

individual.
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3. Competition performance in the 100-meter sprint (10.64 + 0.24 s) showed a
greater reliance on step length (r >—0.72, p <0.001) than step frequency to achieve
faster performances.

4. The minimal detectable change (%) across mechanical variables ranged from 1.3
to 10.0% while spatio-temporal variables were much lower, from 0.94 to 1.48%,
with Athlete 1 showing a higher ‘true change’ in performance across the season
compared to Athlete 2.

5. The estimated sprint F-v data collected across a training year may provide insight
to practitioners about the underpinning mechanical characteristics which affect
sprint performance during specific phases of training, plus how a periodised

training design may enhance sprint F-v characteristics and performance outcomes.

Chapter 8 and Chapter 9: Applied Practice

The aim of these chapters were to ‘bring the laboratory to the field’, allowing
coaches to better understand how to use mechanical data to inform physical preparation

strategies and training programme design to enhance sprint performance.

The key findings of these Chapters were:

1. A quadrant-based approach can be used to ‘bucket/group’ athletes based on their
biomechanical characteristics expressed while sprinting allowing coaches to
rapidly individualize gym and field-based physical preparation strategies for team

and individual sport athletes.
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Mechanical data can be used in a category-based system to describe athletes by
their technical characteristics while sprinting. This allow coaches to individualize
their technical coaching cues to athletes exhibiting similar technical strengths or

weaknesses.

Both approaches aimed to provide coaches with a conceptual framework for
biomechanical and technical training recommendations plus attempted to provide

a link between the data and technical sprint performance.

Strength and conditioning coaches can select exercises and loads which target
specific areas on the theoretical F-v spectrum and practical load-velocity spectrum
to improve athletes' mechanical effectiveness during acceleration based on
horizontal F-v characteristics

. The resistance training program used to address horizontal mechanical
characteristics should consist of exercises which focus on both horizontal and
vertical force production, acknowledging the limitations to the force-vector
theory, however a priority could be placed on one orientation over the other
depending on the phase of the training cycle or the needs of the athlete.

The recommendations and guidelines may allow coaches to devise individualized
training programs to a greater degree compared with traditional methods, as a

means of enhancing sprint mechanical performance.
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Theoretical and biomechanical field-method considerations

This PhD research has important theoretical considerations for practitioners to

consider before implementing field-based mechanical profiling into their practice.

Chapter 2: Mechanical profiling in team and individual sports

The narrative review explored in detail the macroscopic biomechanical model

based on inverse dynamics of the centre of mass, which was first explained in the initial

studies on the topic (283, 286). For each model (i.e., vertical and horizontal),

anthropometric and environmental inputs must be measured accurately. Furthermore,

there are various assumptions and simplifications made when using these models to

provide reliable and valid kinetics and kinematics (i.e., force, velocity and power) about

jumping and sprinting actions.

1.

One simplification of the field method is only mean ground reaction forces used to
project the body centre of mass vertically (i.e., Fz) or horizontally (i.e., antero-
posterior) are considered in the mechanical profile, thereby disregarding other
external forces. Similarly, velocity and power achieved in each profiling method
are described as mean values. Maximum or peak mechanical values are ignored due
to representing only a single time point rather than the entire action.

When considering horizontal sprint profiling, the model describes the step-
averaged kinetics and kinematics contributing to the overall sprint performance,
rather than force, external power or velocity upon each ground contact or step, or
the power achieved at specific joints of the lower limbs (260).

Theoretical implications are related to the mechanical misconceptions potentially

identified using field-based macroscopic modelling, some of which were identified
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as limitations across this program of research. Due to the simplification and model
assumptions identified above, various commentaries (50) have been made
questioning the F-v relationship represented in Samozino’s approach, suggesting it
has misrepresented the impulse-momentum relationship in vertical actions.
Practitioners are recommended to read the literature and commentaties regarding
F-v profiling but also understand the field method ‘attempts to bring the laboratory
to the field’; it is not supposed the replicate laboratory conditions.

Furthermore, despite attempting to be specific in use of terminology across latter
studies in this program of research, other researchers (142) have been critical of the
use of mechanical terminology expressed in profiling research relating to
orientation and scalar/vector quantities, for example horizontal force and horizontal
power. This criticism is valid and therefore it is recommended to use mechanical

<

terminology more appropriately such as °‘...force applied in the horizontal
direction’, or ‘...power at the centre of mass expressed in the horizontal direction.’
When using field-based methods to determine mechanical characteristics of jump
and sprint performance, ensure the methodology has been validated via pilot studies
(246). It is recommended pilot studies occur 4-8 weeks prior to initial testing to
allow practitioners time to process and analyze the data and address any procedural
concerns before the first round of data collection. Pilot testing may identify changes
which may need to occur regarding standardisation of testing protocols, delivery of
testing protocols, or the number of familiarization sessions required to ensure

participants understand test requirements and perform to their best ability. Each of

these factors will likely reduce measurement errors during active data collection.
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6.

10.

Standardized testing protocols are necessary to ensure longitudinal reliability and
validity of mechanical variables, while avoiding measurement error and creating

‘noise’ in the data.

Chapter 3: Reliability and Validity

For validation purposes, if self-processing force-time data from force plates using
code (i.e., R Script), ensure the key phases of the countermovement jump are
scripted accurately using previously validated calculations (222).

Removing a fixed bar path along with the effect of load positioning on jump
strategy and kinematics (324, 325) will likely influence the validity of mechanical
characteristics when compared to force plates.

Field-based validity concerns in Chapter 3 were related to variability in squat depth
(i.e., affecting height of push-oft [/,,]) and unconstrained jump actions, along with
load selection across the F-v continuum. Similar concerns were raised by other
researchers for between-day reliability when using variations of vertical field-based
F-v variables (ICC: <0.70, CV >10% for all variables) (199, 336). These factors
identified the necessity for stringent testing procedures which should include
greater familiarization session (1-3 sessions), along with the use of a band or box
to constrain the individual height of push-off for each athlete.

Post hoc analysis using 21 subjects provided a power level of 0.57, which identifies
differences between the means will only be detected 57% of the time which may

limit the conclusions of this study.
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11.

12.

Chapter 4 and Chapter 5: Cross-sectional studies (team sport)

The resistance training experience and background in sport (i.e., club-level, novice)
potentially impacted expression of mechanical characteristics in each force
orientation and likely required greater familiarization sessions. Familiarization
sessions should occur in the preceding 2-4 weeks before testing sessions, as was
used for Study 2 and Study 3, and expose participants to the exercises included in
the testing protocol at the specific external loads (and subsequent velocities) which
will be assessed. By including these sessions, it should provide a level of comfort
to the participants as they would have performed the exercises previously, but it
should also provide participants with the confidence to safely perform the test with
mximal intent and limited fear of injury.

The field-based model requires participants to perform maximal effort actions
either directed vertically while jumping or horizontally while sprinting, to ensure
the mechanical limits of the body are expressed at a specific external load, whether
that be bodyweight or with added external mass. Many participants showed
apprehension to jumping with external load. Failure to jump or sprint maximally
directly affects the F-v linear regression model and the velocity-time mono-
exponential function (i.e., maximal sprint) thereby reducing validity of results. This
was a concern which was repeatedly addressed with participants within these

studies using both external and internal verbal and visual cues (136).

Chapter 6 and Chapter 7: Experimental studies (team and individual sports)

13.

The age of participants in the experimental study potentially impacted expression

of mechanical characteristics in the horizontal direction due to maturation and peak
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height velocity (211). An assessment of the athlete’s peak height velocity pre and
post intervention may provide greater insight into mechanical changes. These
assessments were conducted for Study 4 however no significant changes (p > 0.05)
were evident specific to mechanical or performance variables.

14. Changes to bodymass in participants across the experimental study was not
significant (p = 0.07), however the variable suggests changes occurred in some
participants which may have impacted F-v model characteristics during post-
testing. According to the F-v model, changes to bodymass will influence absolute
force and power values, however when normalised to current bodymass, pre and
post data can still be used to determine significant changes across the intervention.

15. Specific to Chapter 6, post hoc analysis using 22 subjects provides a power level of
0.76, which identifies differences between the means will only be detected 76% of
the time, which may limit the conclusions of this study.

16. The ecologically-dynamic approach of case studies makes it hard to monitor or
control all environmental variables (i.e., pressure, temperature, wind) across a 10-
month period when collecting mechanical data. Despite this, if the same
measurement methodology is utilized (and implemented by the same practitioner),

F-v variables should remain reliable within this field-based setting.

This research indicates that field-based mechanical profiling can play an important
role identifying the underpinning mechanical characteristics of jump and sprint
performance, however it relies on methodological rigor of the practitioner to standadise
all testing procedures and practices, along with conducting pilot studies to validate new
testing equipment. Concerns regarding the validity of unconstrained vertical F-v profiling
were addressed in Chapter 3 with changes occurring in subsequent chapters due to these

findings. Despite being unable to perform a validation study on horizontal F-v profiling
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due to the scarcity of in-ground force plates covering sprint distances, as located in Japan
(the only one in the world) (253), across remaining studies (Chapters 5-7), the reliability
of most sprint F-v profiling variables was deemed acceptable. In the present research, the
macroscopic inverse dynamics approach to field-based, biomechanical modelling
provides practitioners with a method to evaluate the mechanical limits of the
neuromuscular system, to differentiate between athletes (i.e., sex, position, performance)
and monitor the impact of training interventions (i.e., sprint-specific training) on
mechanical strengths, weaknesses and imbalances in order to improve each individual’s
mechanical performance. Despite various mechanical assumptions and simplifications
being made in the macroscopic model, the ability to quantify the contributing mechanical
characteristics of the performance and explore the utility of this knowledge with new

applications and populations suggests it warrants further research.

Practical Considerations

This PhD research has many practical considerations for sports performance
coaches in team and individual sports. Specifically, the key aim of this research was to
investigate through validation, cross-sectional and experimental studies the utility of
using field-based mechanical profiling methodology to gather greater insight about the
underpinning mechanical characteristics of jump and sprint performance. The results of
these studies were aimed at providing practitioners with new applications to use profiling
in their practice when coaching individual and team sport athletes in order to better
individualize physical preparation strategies. From this research, the following practical

applications should be considered.
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1.

Chapter 2: Mechanical profiling in team and individual sports

Embedding a neuromuscular assessment such as F-v profiling within the sport
training season provides ongoing insight to the change in mechanical
characteristics in response to specific forms of training. This information may
assist practitioners to reduce mechanical imbalances by optimizing and
individualizing training programmes to further enhance jump and sprint
performance. Ideally, mechanical assessments would occur at the beginning of the
pre-season and then intermittently across the competitive season. This would
allow practitioners to make immediate informed decisions to training based on
current mechanical output. Depending on the sport, it is recommended mechanical
assessments are performed every 2-4 weeks across a competitive sport season,
rather than a single assessment at the start of the preseason. This, will provide
practitioners with greater insight to the current state of the neuromuscular system,
allowing for an individualized approach to enhance mechanical performance

based on up-to-date mechanical data.

Chapter 3: Reliability and Validity

Free-weight exercises such as the barbell and hexbar countermovement jump
arguably provide a more ecologically valid performance compared to a smith
machine, but a box or band should be used to control the squat depth to ensure
standardisation between jump types.

Kinematic changes may have impact jump strategy between barbell and hexbar
due the position of the load closer to the body centre of mass (325). Interestingly,
the hexbar F-v profiles showed greater agreement with the field method

suggesting this jump type was less affected by variation in squat depth.
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4. Load selection for vertical F-v profiling provided reliable linear regression models
for all participants however future studies should potentially include loads which
span the F-v continuum, closer to the Fo and vy intercepts, plus use loads based
off percentage of participants bodymass. Concerns with linear regression models
using more proximal, moderate loads to predict mechanical characteristics at high
forces have previously been raised (1).

5. The field method is reliable to determine mean force (N), velocity (m/s) and power
(W) when performing barbell and hexbar CMJ actions. Therefore, from a practical
point of view, coaches and scientists can use variables from the field method when

monitoring the same athletes across the course of a season.

Cross-sectional studies (team sport)

Cross-sectional study 1 (Chapter 4)

6. Analysis of mechanical characteristics by position in field hockey demonstrates
sex-specific characteristics for vertical F-v profiles. For example, male attackers
displayed a more velocity-oriented profile, whereas female attackers displayed
opposing characteristics showing a force-oriented profile. Defenders had opposite
mechanical characteristics for each sex. This potentially reflects differences in
game demands in male and female competition such as tactics, strategy and
technical abilities (340).

7. Differences in mechanical characteristics, including maximal external power,
between sex and position suggests gym-based and field-based physical

preparation strategies should be individualized to develop the mechanical
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characteristic most desirable at each position. For example, if male attackers
display a more velocity-oriented profile, it suggests power expression relies on
this dominant variable, which should be developed during training using exercises
such as assisted jumping, medicine ball throws and plyometrics (214).

Once a baseline of mechanical characteristics has been established at each field
position, it may provide the sport coach with the insight about where to position
players on the field based on their F-v profile. This may allow coaches to match
the demands of the field position with the mechanical characteristics of the

player.

Cross-sectional study 2 (Chapter 5)

9.

10.

11.

Given the significant relationships between matched characteristics for vertical
and horizontal F-v profiles, it suggests in club-level athletes, profiling
methodology could potentially be used interchangeably. If time-bound, it is
recommended to determine mechanical characteristics via sprinting only as it
provides both biomechanical (i.e., horizontally directed force, velocity and power)
and technical (i.e., mechanical effectiveness) strengths and weaknesses which can
be used to inform training interventions.

Maximal external power demonstrated the greatest correlation between vertical
and horizontal profiles highlighting the importance of this variable in field hockey
athletes. Plus, it also identifies the transferability of mechanical power between
force-vectors in this population.

Power development appears independent of force orientation therefore opposing

the force-vector theory (114). This has implications for strength and conditioning
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12.

coaches when selecting exercises which differ in force orientation to the action
most frequent in the sport.

Regardless of force orientation, when analyzing performance outcomes from
mechanical profiles as dependent variables in multiple linear regression analysis,
the same mechanical variable (vo) had a greater effect on improving jump height
and sprint time. This identifies the underpinning mechanical characteristics
explaining the performance outcome was the same between jumping and sprinting
actions. Therefore, this could then be specifically targeted through physical

preparation strategies.

Experimental studies (team and individual sports)

Experimental study 1 (Chapter 6)

13.

14.

15.

In short term (7-week) interventional studies with junior Australian football (AF)
players, it appears the horizontal F-v profile adapts to specific training stimulus,
thereby changing the mechanical characteristics contributing to sprint
performance.

Combined sprint training (CST [assisted and maximal sprint training])
significantly improved sprint performance over 20-metres due to changes to
relative theoretical maximal force (Fo) and power (Pmax).

The assisted sprint training component of the CST appears to have created a more
force-dominant F-v profile and enhanced mechanical characteristics in the initial

steps of the sprint (i.e., 0-10m) due to the transfer of training effect of the
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16.

17.

supramaximal velocity stimulus from the elastic cord in the early acceleration
phase and could therefore be used to enhance this aspect of the F-v continuum.

Maximal sprint training (MST) only, established a more velocity-oriented profile
plus improved athletes’ flying split time from 10-20m, and should therefore be a
key component of a training programme where maximal sprint speed is desirable.
Significant changes to maximal power in the CST group suggests over this sprint
distance, the improvements in Fo may be of greater importance compared to vo
when trying to improve power and sprint performance. This may therefore inform
practitioners which side of the F-v continuum to place a greater focus on when

attempting to improve sprint performance in junior AF players.

Experimental study 2 (Chapter 7)

18.

19.

20.

Changes to periodisation models used in the preparation (PREP) and competition
(COMP) phases led to significant mechanical changes to both 100-metre athletes,
suggesting mesocycle and microcycle loading structures influence sprint
mechanical characteristics.

For both athletes, positive mechanical changes and improved sprint performance
observed during the early COMP phase was significantly correlated with
increased step length and favourable step frequency.

Similar correlations for both athletes were evident between Fo and Pmax from
PREP to COMP phase however stronger correlations between spatio-temporal
variables and vo exist once the periodisation structure moved into the COMP

phase.
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21.

22.

23.

24.

25.

26.

Inter-athlete differences were observed for correlations between Fo and Pmax and
0—10 m in the PREP phase, and vo and 0—30 m during COMP phase.

Monitoring sprint F-v characteristics provides practitioners with greater insight
into training program design and periodisation structure for athletes of similar
performance levels, plus identifies the underpinning mechanical characteristics
and step kinematics affecting sprint outcomes leading into national

championships.

Chapter 8 and Chapter 9: Applied Practice

The conceptual framework provides a system and structure for practitioners to
address mechanical strengths, weaknesses and imbalances based on
biomechanical and technical characteristics of sprint performance.

A quadrant and category-based approach to mechanical data allows coaches to
apply training interventions using gym and sprint-specific training along with
cueing strategies to improve the technical aspect of sprinting.

Recommendations are provided for practical training methods and gym-based
and sprint specific program design to address individual F-v characteristics to
enhance sprint performance.

The resistance training program used to address sprint mechanical characteristics
should consist of exercises that focus on both horizontal and vertical force
production, acknowledging the limitations to the force-vector theory; however, a
priority could be placed on one orientation over the other depending on the phase

of the training cycle or the needs of the athlete.
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Despite the obvious benefits of mechanical profiling, several of which are identified
across studies in this research, many National sports bodies (35) across the globe continue
to investigate performance outcome (i.e., jump height, sprint time) at annual draft
combines, thereby neglecting developing insight about the underpinning mechanisms
contributing to the performance. Furthermore, as identified in Chapter 4, understanding
positional mechanical characteristics (i.e., attacker vs defender) in team sports and
establishing baseline data for desirable attributes expressed by players in these positions
portrays a more concise picture of the performance, allowing sport coaches to better
maximize individual mechanical strengths and weaknesses. Despite greater time and
resources which may be required, implementing mechanical profiling from senior down
to junior age groups in team or individual sport provides coaches with a mechanical
roadmap of how to develop players using biomechanical data. Many field-based sports
heavily rely on global positioning systems (GPS) (340) to quantify external game
demands without considering the mechanical qualities underpinning the output.
Therefore, mechanical profiling can provide a link between current and future practice
thereby bridging the gap between biomechanical demands of performance, technical skill

development and the required training to enhance both components.

Strengths, Limitations and Future Directions

This PhD research has several strengths. First, the research used a range of study
designs (i.e., narrative reviews cross-sectional, longitudinal and case-study designs,
application reviews) to provide greater insight into the utility of mechanical profiling in
new team and individual sport populations aimed at enhancing physical performance.

Second, the diversity in participants across multiple sports, ages and sex may demonstrate
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the transferability of findings into other sports, events, and ability levels, however greater
sample sizes across all studies would have provided greater scientific rigor and informed
conclusions. Third, this program of research has investigated vertical and horizontal field-
based F-v profiling methodology that are highly accessible, convenient, and relatively
inexpensive for sports performance coaches to incorporate into the training schedule.
Finally, this research was undertaken throughout the COVID-19 global epidemic which
affected proposed research studies including length of studies and participant recruitment.
Nevertheless, this body of research has the potential to influence sports biomechanists,

physical preparation and sport coaches working with team and individual sport athletes.

It is also important to acknowledge the limitations of this research when interpreting
the results. These will be addressed in chronological order as they appear throughout this

research.

1. Before implementing field-based mechanical profiling methodologies into a
sport setting, all measures should be validated against known gold-standard
technology (i.e., pilot study). Within Study 5, we used Freelap Timing System
(FTS) to collect position-time data. Prior to data collection we performed a pilot
study (n=11, not published) measuring the agreement between FTS and radar
gun and found acceptable levels of agreement.

2. Participant familiarization should occur over multiple sessions to ensure a high
level of intra-athlete reliability with testing variables. For experienced senior
athletes it is recommended to perform at least two familiarization sessions. For
youth athletes, it is recommended to perform up to four familiarization sessions.

3. When performing vertical F-v profiling, a rigorous set of procedures must be

followed to ensure the correct height of push-off (%4,,), as measured during pre-
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testing, is achieved for each countermovement jump trial. This can be done by
constraining the squat depth with a band or box. Countermovement jump loads
should be based off percentage of bodyweight, rather than fixed loads, occur in
arandomized order, and span the F-v continuum to ensure the mechanical profile
reflects current neuromuscular limits. Reduced proximity of selected loads will
influence the relationship between mechanical characteristics and the
performance outcomes (i.e., jump height).

. The cross-sectional studies describe mechanical characteristics of youth and
club-level athletes which may limit the transfer of findings to different
population groups (i.e., elite athletes). Both of these population groups will likely
have less experience in resistance training settings and therefore F-v
characteristics and findings will differ between athletes at a senior level. Despite
this, it provides reference data for similar cohorts and a baseline set of data for
training.

. Participant attrition should always be a consideration within interveniontal
studies and this should be accounted for during the power analysis.

. Specific to horizontal F-v profiling, the reliability of certain mechanical
variables (i.e., Srv, Drr) was deemed unacceptable suggesting low utility for this
data to inform training. This contradicted other recent studies but high levels of
variability were observed in Chapter 6.

. Sprint-based familiarization sessions must be incorporated into training sessions
prior to horizontal F-v profiling as the selected distance may be greater that
typical distances covered during their sport or event.

. Kinematic data was limited during the interventional study with junior

Australian football players due to resources and time constraints. Data such as
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10.

11.

12.

13.

mean/instantaneous velocity, step length, step frequency, contact time and flight
time, collected via video analysis/timing gates/radar would have provided
greater insight into the effect of the combined sprint training intervention on

sprint mechanical changes.

. Despite the non-constant pulling force achieved using elastic cords providing a

neuromuscular stimulus and enhancing mechanical characteristics, portable
robotic devices with constant pulling force such as a 1080Sprint™, would likely
provide a more standardized velocity approach yet at a much greater financial
cost.

Although reflecting the ecological dynamics of training, when performing sprint
profiling, practitioners must attempt to control as many environmental variables
as possible to ensure a high level of intra and inter-day reliability of mechanical
characteristics which can inform future training.

Between measurement methodology, considerations must be made on the
practical application and ecological validity of testing and data collection (i.e.,
ease of setup for timing gates) compared to the scientific rigor of other types of
technology such as in-ground force plates or a motorized pulley device.

Greater sample sizes in all studies would have provided greater certainty to
results when using post-hoc analysis. Study 1 (0.57) and Study 4 (0.76) were
both underpowered. Post-hoc analysis for both studies therefore identified mean
differences would only be detected 57% and 76% of time respectively, which
limits the conclusions for these studies.

Conceptual frameworks, training recommendations and guidelines specific to

enhancing vertical and horizontal mechanical characteristics must be tested in an
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interventional study using high-level athletes to further analyse the efficacy of

this approach.

Future Research Directions

Future directions regarding field-based mechanical profiling will likely involve
the combination of smartphone applications, artificial intelligence, wearable technology
and ‘live’ feedback. Existing smartphone applications currently determine mechanical
characteristics however there remains several post-processing steps to obtain the data.
Early stages of applications employing artificial intelligence to assess mechanical
characteristics plus providing ‘live’ kinematic and segmental data have begun to surface
across 2022. New applications of vertical and horizontal F-v profiling will continue to
emerge, along with researchers establishing new relationships with mechanical
characteristics and other training or sport-specific variables. However, the present
‘roadblock’ in methodology is the time constraint to actionable feedback to the coach and
athlete. Currently, there remains significant time to collect and process data before
feeding back to the sports performance or sport coach about how results should inform
the next phase of training. The ability for a sports biomechanist or sports performance
practitioner to use high-speed video (240FPS) and provide ‘live feedback’ during a
training session would further enhance the methodology to the sport coach. This would
allow the sport coach to make rapid data-driven, biomechanical and technical based
decisions in an attempt to improve the physical performance of their athletes. A
combination of this type of approach embedded into longitudinal training studies and
monitoring practices would identify whether mechanical strengths, weaknesses and

imbalances are changing based on specific training inputs or phases of training.
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Recommendations

Recommendations for sport biomechanists, physical preparation coaches and

researchers are proposed based on this research:

Sports biomechanists & Researchers

Practitioners should perform their own validation and reliabilty studies when using
new mechanical profiling methology and determine measurement agreement with
known gold standard technology.

A sensitivity analysis should be conducted on both mechanical charactetistics and
performance variables to determine a ‘true change’ in response to training
interventions, performance, illness and injury.

Although specific testing days may be required to profile large groups of athletes,
practitioners should attempt to profile athletes within their usual training session,
thereby creating more ecologically-dynamic sources of data.

Consider the use of field-based mechanical profiling in conjunction with video-
analysis tools to provide greater insight about the biomechanical and technical
aspects of performance.

Mechanical profiling should be embedded into the sport training session across the
season for coaches to monitor changes to mechanical characteristics in response to

training interventions, injury and illness.

Physical preparation coaches

1.

Mechanical profiling in an inidivual and team sport setting should form part of the
bi-weekly or monthly diagnostic assessment to inform training decisions regarding

the F-v continuum.
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The specific type of profiling methodology (i.e., vertical or horizontal) should be
considered within the context of the event or sport demands but also with the
equipment which is available.

Gym-based and sprint-based training interventions can be designed based on data
from F-v profiles by grouping athletes into quadrants or categories.

Once athletes have been placed into categories, physical preparations coaches can
individualize their training based on their mechanical and technical strengths and
weaknesses of the athlete.

If physical preparation coaches will be implementing mechanical profiling during
training sessions independently from the sports biomechanists, ensure appropriate

methodology is followed for reliability and validity purposes.

Conclusions

This PhD looked to address the overarching aim of providing a comprehensive

understanding of the utility of mechanical profiling in team and individual sports to

improve physical performance. Furthermore, this research has highlighted new practical

understanding and knowledge for sports performance coaches about how mechanical data

can inform training interventions and physical preparation strategies in individual and

team sport contexts. The outcomes from this body of work have significantly progressed

aspects of the applied sports biomechanics and strength and conditioning fields specific

to the mechanical characteristics of jumping and sprinting and identified strong links

between performance outcomes, neuromuscular output, sport or event demands and

individual biomechanical and technical characteristics. Future experimental research,

possibly linked to artificial intelligence, wearable technology and smartphone
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applications should evaluate mechanical characteristics in ‘real-time’ and provide
instantaneous feedback to coach and athlete about the most appropriate biomechanical
and technical training recommendations to enhance mechanical characteristics in various

sports and events.
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Infographics produced following the publication of Chapter 9, Improving mechanical

effectiveness during sprint acceleration: practical recommendations and guidelines.
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Measurement Agreement Between Samozino’s
Method and Force Plate Force-Velocity Profiles
During Barbell and Hexbar
Countermovement Jumps

Dylan S. Hicks, Claire Drummond, and Kym J. Williams
Exercise Science, Flinders University, SHAPE Research Centre, Bedford Park, Australia

Abstract

Hicks, DS, Drummond, C, and Williame, KJ. Measurement agreement between Samozino's method and force plate force-velocity
profiles during barbell and hexbar countermovement jumps. J Strength Cond Res XX(X): 000-000, 2021—This study aimed to
measure agreement between using Samozino's method and force plates to determine mean force, velocity, and power during
unloaded and loaded barbell and hexbar countermovement jJumps. Twenty-one subjects performed countermovement jumps
against incremental loads using both loading conditions. Ground reaction force was recorded using a dual-force plate system
(1,000 Hz) and used as the criterion method to compare with Samozino's method. Reliability and valicity was determined by
intraclass correlation coefficients (ICCs), coefficient of variation (CV), limits of agreement plots, and least products regression
analysis. Samozino's method provided acceptable levels of reliability for mean force, velocity, and power (ICC = 0.90, CV% < 6.5)
across both loading conditions. Limits of agreement analysis showed the mean bias was 2.7, 15.4, and 7.2% during barbell
countermovement jumps and 1.8, 12.4, and 5.0% during hexbar countermovernent jumps for mean force, velocity, and power,
respectively. Based on these findings, Samozino's method not only is reliable when measuring mean force, velocity, and power
during loaded and unloaded barbell and hexbar countermovement jumps but also identifies limitations regarding concurrent validity
compared with the gold standard. Across loading conditions, Samozino's method overestimated mean force (0.5-4.5%) and
underestimated mean velocity (11.81-16.78%) and mean power (2.26-7.85%) compared with the force plates. Because of fixed
and proportional bias between criterion and predictor, the results do not support the use of Samozino’s method to measure mean
force, velocity, and power. Therefore, it is not recommended for practitioners to use Samozino's method to estimate mechanical
variables during loaded and unloaded countermovement jump actions using a barbell and hexbar.

Key Words: ballistic, jumping, power, training, validity

also identifying the underlying neuromuscular and biomechanical
factors contributing to jump performance. Jumping actions are largely
limited by force-velocity, power-velocity, and length-tension rela-
tionships of the lower-imb muscles (3,8} and provide insights to po-
tential performance changes. Therefore, in sports which frequently
expose athletes to vertical jump actions, such as basketball and vol-
leyball, quantifying these capabilities may provide training-related
insights to enhance neuromuscular performance.

In many setrings, lower-limb force-velocity profiling typically
involves subjects performing unloaded (body mass) and loaded

Introduction

Force-velocity (F-v) profiling is a methodological approach used to
assess the overall mechanical capabilities of the neuromuscular sys-
tem (48). A force-velocity (F-v) profile describes the slope (Sgpy) be-
tween the intercepts of both mechanical variables, theoretical
maximal force (Fj) and theoretical maximal velocity (vy), and rep-
resents the individual ratio between force and velocity qualities (44).
Understanding these mechanical qualities is of interest to sports
scientists to identify strengths and weaknesses of the athlete (38),
along with directing and monitoring training interventions (25).

Ballistic actions such as the countermovement jump (CM]) embody
many of the neuromuscular and mechanical qualities demonstrated in
lower-limb sport-specific movements (6,55} and therefore are fre-
quently used by sports scientists to profile the force-velocity relation-
ship (10,12,13,18,19,25-27,45,46). The force-velocity relationships
established within a CM] profile describe changes to external force
and power production at increasing movement velocities (48) while

Address correspondence to Dylan S. Hicks, Dylan.hicks@finders. edu.au.

Supplemental digital content Is available for this article. Direct URL citations appear
in the printed text and are provided in the HTML and PDF versions of this article on
the journal’s Web site {hittp://journals. ww.com/nsca-jscr).
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CM] actions against a series of incremental loads using either a
traditional barbell or a Smith machine. In a laboratory setting,
vertical jump kinetics are measured from ground reaction force
using in-ground or portable force plates while the center of mass
velocity is derived from ground reaction force-time data through
a forward dynamics approach (11). However, methods for
measuring force, velocity, and power during jumping actions
using limited technology and basic anthropometric measures
have recently gained greater prevalence in biomechanics and
sports science because of the simple approach to obtaining me-
chanical data (12,26,27,34,57).

A simple method to determine vertical force-velocity profiles
has previously been proposed by Samozino et al. (2008), here-
inafter referred to as the “SAM method” (46). The SAM method
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Research article

Force-Velocity Profiling in Club-Based Field Hockey Players: Analyzing The
Relationships Between Mechanical Characteristics, Sex, and Positional Demands

Dylan S. Hicks 'B4, Claire Drummond ', Kym J. Williams ' and Roland van den Tillaar ?
! SHAPE Research Centre, Flinders University, Bedford Park, Australia
? Dept. of Sport Science & Physical Education, Nord University, Norway

Abstract

The purpose of this study was to investigate differences between
sex and positional demands in club-based field hockey players by
analyzing vertical force-velocity characteristics. Thirty-three
club-based field hockey athletes (16 males - age: 24.8 + 7.3yrs,
body mass: 76.8 + 8.2kg, height: 1.79 + 0.05m; 17 females - age:
223 £ 4.2yrs, body mass: 65.2 = 7.6kg, height: 1.66 £+ 0.05m)
were classified into two key positional groups (attacker or de-
fender) based on dominant field position during gameplay. Force-
velocity (F-v) profiles were established by performing counter-
movement jumps (CMJ) using a three-point loading protocol
ranging from body mass (i.e., zero external mass, 0%) to loads
corresponding to 25% and 50% of their own body mass. Across
all loads, between-trial reliability of F-v and CMIJ variables was
determined by intraclass correlation coetficients (1CCs) and coef-
ficient of variation (CV) and deemed to be acceptable (ICC: 0.87
-0.95, CV% 2.8 - 8.2). Analysis by sex identified male athletes
had significantly greater differences in all F-v variables (12.81 -
40.58%, p<0.001,ES = 1.10 - 3.19), a more enhanced F-v profile
(1.e., greater theoretical maximal force, velocity, and power val-
ues), plus overall stronger correlations between relative maximal
power (Pmax) and jump height (r = 0.67, p < 0.06) when com-
pared to female athletes (-0.71< r > 0.60, p = 0.08). Male attackers
demonstrated a more ‘velocity-oriented’ F-v profile compared to
defenders due to significant mean differences in theoretical max-
imal velocity (vo) (6.64%, p < 0.05, ES: 1.11), however differ-
ences in absolute and relative theoretical force (Fo) (15.43%, p <
0.01, ES = 1.39) led to female attackers displaying a more *force-
oriented” profile in comparison to defenders. The observed me-
chanical differences identify the underpinning characteristics of
position specific expression of Pyax should be reflected in train-
ing programmes. Therefore. our findings suggest F-v profiling is
acceptable to differentiate between sex and positional demands in
club-based field hockey players. Furthermore, it is recommended
field hockey players explore a range of loads and exercises across
the F-v continuum through on-field and gym-based field hockey
strength and conditioning practices to account for sex and posi-
tional mechanical differences.

Key words: Force, velocity, power, neuromuscular, mechanical,
field hockey

Introduction

Field hockey is a high-intensity, intermittent-based team
sport with high mechanical demands requiring players to
accelerate, decelerate, change speed and direction quickly,
and in addition requires advanced skill to be an effective
player (Sharma and Kailashiya, 2017). Recent literature on
field hockey has characterized movement patterns, activity

profiles and repeated-sprint ability (Spencer et al., 2014;
Spencer et al., 2004) using time-motion analysis (i.e.,
global positioning systems [GPS] (Gabbett, 2010;
Macutkiewicz and Sunderland, 2011; Vescovi, 2014)
which quantified different game-based demands based on
specific positional groups including speed and distance of
sprint efforts. Studies on age groups ranging from youth to
international level field hockey also identified a significant
demand for high-speed running during the game, with mid-
fielders and attackers accumulating a greater number of
high intensity actions compared to defenders (Jennings et
al., 2012; Lythe and Kilding, 201 1; Macutkiewicz and Sun-
derland, 2011; McGuinness et al., 2019; van der Merwe
and Haggie, 2019). Despite extensive analysis of move-
ment patterns within the sport of field hockey, mechanical
characteristics contributing to on-field performance includ-
ing force, velocity and power are yet to be fully explored.

Comparisons between high-intensity actions such
as sprinting, and positional groups during field hockey
games have previously highlighted significant differences
between the number of sprints performed, velocities
achieved during sprint efforts and the position of the player
on the field (Gabbett, 2010; Macutkiewicz and Sunderland,
2011; Spencer et al., 2004; Vescovi, 2014), suggesting the
biomechanical demands and therefore F-v characteristics
required at each position are different. For example, in elite
women’s hockey, midfielders spend a greater portion of
game time at velocities greater than 7 m.s”', when com-
pared to attackers and defenders, while midfielders and at-
tackers spend a greater portion of game time above 5 m.s’
!, when compared with defenders (Gabbett, 2010). This
comparison between position groups also identified attack-
ers (also known as strikers) as likely to have a greater max-
imal velocity during game-play compared to midfielders
and defenders, demonstrating their exposure to a greater
mechanical load (Macutkiewicz and Sunderland, 2011).
Similarities have been observed in elite men'’s field hockey
where differences between high intensity actions and posi-
tional groups identified inside-forwards (n = 39 £ 1) and
strikers (n =42 + 15) performed a greater number of sprint
actions when compared with full-backs (n = 18 + 1) and
half-backs (n = 22 + 7) (Spencer et al., 2004). Therefore,
quantifying the on-field movement characteristics via
time-motion analysis, along with analyzing the underpin-
ning mechanical determinants and F-v relationship of the
lower limbs contributing to performance may provide
greater insight to further enhance field hockey strength and
conditioning practice.

Received: 18 December 2022 / Accepted: 22 February 2023 / Published (online): 01 March 2023
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Investigating Vertical and
Horizontal Force-Velocity
Profiles in Club-Level

Field Hockey Athletes: Do
Mechanical Characteristics
Transfer Between

Orientation of

Movement?

Dylan Shaun Hicks', Claire Drummond', Kym J. Williams', & Roland van den Tillaar

SHAPE Research Centre, Flinders University, Bedford Park, Australia,

Nord University, Norway

ABSTRACT

To inform physical preparation strategies in
field hockey athletes, this cross-sectional study
investigatedthetransferofmechanicalcharacteristics
in different force-vectors and determined the
correlations between vertical and horizontal force-
velocity (F-v) profiles and performance outcomes
(i.e., jump height, sprint time). Thirty-one club-level
field hockey athletes (age: 23.1 + 4.3yrs, body mass:
70.6 = 10.3kg, height: 1.72 + 0.09m) performed
vertical force-velocity profiles by completing
countermovement jumps at three incremental loads
(bodymass[BM], BM+25% externally added mass
relative to BM, BM+50% externally added mass
relative to BM), and horizontal force-velocity profiles
by performing maximal 30-meter sprint efforts.
When comparing matched mechanical variables
between F-v profiles in each force orientation, small
to moderate significant correlations r = (0.37-0.62,
p < 0.03) were observed for relative theoretical
maximal force (F,), power (P,,,) and theoretical
maximal velocity (v,). The performance outcomes

Dept. of Sport Science & Physical Education,

of both F-v profiles highlighted a large, significant
negative correlation (r = -0.86, p = 0.001) between
variables. Multiple linear regression analysis of F-v
profiles identified F, and v, accounted for 74% and
94% of the variability in jump height and sprint tme
respectively; however, v, appeared to be a greater
predictor of both performance outcomes. Due to
the significant relationships between variables, the
results of this study suggest vertical and horizontal
F-v profiling may explain the same key lower-limb
mechanical characteristics, despite the orientation
of the movement task. With club-level field hockey
athletes, coaches could potentially use mechanical
profiling methods interchangeably to prescribe
physical preparation interventions, however for
greater neuromuscular and mechanical insight, it
is likely worthwhile to assess mechanical strengths
and weaknesses in both force-vectors.

transfer,

Keywords: force, velocity, power,

mechanical, field hockey
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Background. Sprint performance in junior Australian football (AF) players has
been shown to be a differentiating quality in ability level therefore developing sprint
characteristics via sprint-specific training methods is an important aspect of their
physical development. Assisted sprint training is one training method used to enhance
sprint performance yet limited information exists on its effect on sprint force-velocity
characteristics. Therefore, the main aim of this study was to determine the influence
of a combined sprint training intervention using assisted and maximal sprint training
methods on mechanical characteristics and sprint performance in junior Australian
football players.

Methods. Upon completing familiarization and pre-testing, twenty-two male junior
Australian football (AF) players (age 14.4 £ 0.3 years, body mass 58.5 = 10.0 kg, and
height 1.74 + 0.08 m) were divided into a combined sprint training (CST) group (n
= 14), and a maximal sprint training (MST) group (n = 8) based on initial sprint
performance over 20-meters. Sprint performance was assessed during maximal 20-
meter sprint efforts via a radar gun (36 Hz), with velocity-time data used to derive
force-velocity characteristics and split times. All subjects then completed a 7-week in-
season training intervention consisting of maximal sprinting (MST & CST groups) and
assisted sprinting (CST only), along with their usual football specific exercises.
Results. Moderate to large pre-post within group effects (—0.65 < ES = 0.82. p < 0.01)
in the CST group for relative theoretical maximal force (Fy) and power (P,,..) were
reflected in improved sprint performance from 0-20 m, thereby creating a more
force-oriented F-v profile. The MST group displayed statistically significant pre-post
differences in sprint performance between 10-20 m only (ES = 0.18, p = 0.04).
Moderate to high relative reliability was achieved across all sprint variables (ICC =
0.65-0.91), except for the force-velocity slope (Sgy) and decrement in ratio of forces
(Dgg) which reported poor reliability (ICC = 0.41-0.44), while the CST group exceeded
the pre-post minimal detectable change (MDC) in most sprint variables suggesting a
‘true change’ in performance across the intervention.

Conclusion. It is concluded that implementing a short-term, combined sprint training
intervention consisting of assisted and maximal sprint training methods may enhance
sprint mechanical characteristics and sprint performance to 20-meters in junior AF
players.
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Abstract: Abstract:Objective: This case study aimed to explore changes to sprint force-velocity
characteristics across a periodized training year (45 weeks) and the influence on sprint kinematics
and performance in national level 100-meter athletes. Force-velocity characteristics have been
shown to differentiate between performance levels in sprint athletes, yet limited information exists
describing how characteristics change across a season and impact sprint performance, therefore
warranting further research. Methods: Two male national level 100-meter athletes (Athlete 1: 22 years,
1.83 m, 81.1 kg, 100 m time: 10.47 s; Athlete 2: 19 years, 1.82 cm, 75.3 kg, 100 m time: 10.81 s)
completed 12 and 11 force-velocity assessments, respectively, using electronic timing gates. Sprint
mechanical characteristics were derived from 30-meter maximal sprint efforts using split times (i.e.,
0-10 m, 0-20 m, 0-30 m) whereas step kinematics were established from 100-meter competition
performance using video analysis. Results: Between the preparation (PREP) and competition
(COMP) phase, Athlete 1 showed significantly large within-athlete effects for relative maximal
power (Pyax), theoretical maximal velocity (vp), maximum ratio of force (RFyax), maximal velocity
(Vamax), and split time from 0 to 20 m and 0 to 30 m (—=1.70 < ES > 1.92, p < 0.05). Athlete 2 reported
significant differences with large effects for relative maximal force (Fy) and RFyax only (ES: < —1.46,
p < 0.04). In the PREP phase, both athletes reported almost perfect correlations between Fp, Pyax
and 0-20 m (r = —0.99, p < 0.01), however in the COMP phase, the relationships between mechanical
characteristics and split times were more individual. Competition performance in the 100-meter
sprint (10.64 = 0.24 s) showed a greater reliance on step length (r > —0.72, p < 0.001) than step
frequency to achieve faster performances. The minimal detectable change (%) across mechanical
variables ranged from 1.3 to 10.0% while spatio-temporal variables were much lower, from 0,94 to
1.48%, with Athlete 1 showing a higher "true change’ in performance across the season compared
to Athlete 2. Conclusions: The estimated sprint force-velocity data collected across a training year
may provide insight to practitioners about the underpinning mechanical characteristics which affect
sprint performance during specific phases of training, plus how a periodized training design may
enhance sprint force-velocity characteristics and performance outcomes.

Keywords: force; velocity; power; sprint; training; biomechanics; profile

1. Introduction

Across a training year, sprint athletes typically progress through a periodized training
program aimed at peaking towards major competitions including national championships.
Training components within a sprint program generally include acceleration and maximal
velocity sprinting, resistance training and plyometrics [1] which aim to enhance neuromus-
cular, biomechanical and technical sprint characteristics. However, the overall aim of all
sprint programs should be to improve an athlete’s ability to run fast. Sprint running re-
quires athletes to overcome inertia and accelerate from a stationary start to a high maximal

Int. ]. Environ. Res. Public Health 2022, 19, 15404. https:/ /doi.org/10.3390/ijerph192215404

https: / /www.mdpi.com/journal /ijerph

327



Appendix K

Chapter 8 published in the Strength and Conditioning Journal.

Individualization of
Training Based on Sprint
Force-Velocity Profiles:
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for Biomechanical and
Technical Training
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ABSTRACT

The purpose of this articleis to provide
practitionars with & system to catego-
rize a&nd indwduslze training pre-
scrption from sprint force-valocity (Fv)
profiles to enhance performance in
team and individual sport athletes.
Despite F-v vanables presenting key
information about the underpinning
mechanisms contrbuting to sprint
performence, the overall data inter-
pratation may be limited for the prac-
titioner to implemant applied training
interventions compared with the
researcher. Therefore, this article pro-
vides & conceptual framework for
appropnate training prescrptions
besad on individual biomechanical and
technical charactenstics contributing
to sprint peformance.

Addres comespondence to Dvlan 5 Hicla,
Drylam hic ke @flncders edu
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INTRODUCTION

cocleration ablity & one of the

key components to success in

athletic sprint events yet also
an essential skill in many team-based
field and court sports. Faster team
sport players can often reposition
themselves on the ficld more quickly
during decisive moments of the game
such as challenges for the ball and dur-
ing goalscoring opportunities (26,62);
therefore, identifying the mechanical
characteristics underpinning accelera-
tion and sprint performance is desir-
able. Eey performance  mdicators
during the acccleration phase of a
sprint action inchide propulsive
impuke (3136), thereby producing
and applying a high level of anteropos-
teror (horizontsl direction) foree (54)
under time constraints; increased mag-
nitude of maxdmal external power (65);
plus the continued abiity to orient the
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force vector horizontally as mnning
velocity increases (38,5461). To quan-
tify the mechanical determinants con-
tributing to sprint performance, a fickd
method known as force-velocity (F-v)
profiling has been proposed (66).

Sprint F-v profiling is a diagnostic tool
wed to  determine  the maximal
mechanical capabilities of the neuro-
muscular systemn (66) and describes
the linear F-v relationship. Sprint F-v
profiling has gained greater interest n
the sports performance literature more
recently because of simple  feld
method approaches (61,66) providing
performance characteristics, which can
be used to individualize training inter-
ventions  (45,46), ple identfy the

KEY WORDS:

foroe; welocity; power, acceleration;
mendmeal velocity; sprinting;
hiomechanics
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ABSTRACT

Sport scientists and strength and
conditioning coaches are showing
growing interest in the magnitude,
orientation, and application of ground
reaction force during acceleration ac-
tions in sport, as it can identify the key
mechanical determinants of perfor-
mance. Horizontal force-velocity pro-
filing or sprint profiling helps
practitioners understand the capacity
of the mechanical force production
during the acceleration phase of

a sprint. This review examines the
methods used in the field for deter-
mining horizontal force-velocity (sprint)
profiles. It also includes recommenda-
tions for practical training methods to
address individual force-velocity char-
acteristics, mechanical effectiveness,
thereby optimizing acceleration per-
formance.

Address correspondence to Dylan Shaun
Hicks, dylanhicks@flinders.edu.au.
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INTRODUCTION

trength and conditioning coaches
Sarc interested in understanding

the limitations in mechanical per-
formance during activities involving lin-
ear and multidirectional speed. High-
speed running (sprinting) is the funda-
mental component of many team sports
and involves 2 key phases: acceleration
and maximal velocity (7). The ability to
accelerate and reach the highest velocity
possible in the shortest period is under-
pinned by the mechanical components of
the neuromuscular system, force, velocity,
and power, and specifically the force-
velocity (F-v) profile (73). Within the
strength and conditioning literature,
methods to identify these mechanical
components during acceleration have
been limited, making it unclear the most
appropriate training  prescription  that
should be used to improve these qualities.
Therefore, if a resistance training pro-
gram is designed to enhance sprint accel-
eration, should strength and conditioning
coaches select exercises, which focus on
force, velocity, and power, or prioritize
one variable over the other?
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During the stance phase of a sprint
action, a ground reaction force (GRF)
is produced, which includes both hor-
izontal and vertical components of the
GRF (referred to as horizontal and
vertical forces for simplicity), along
with the resultant GRF. The stance
or contact phase can be divided into
braking and propulsive phases in the
anteroposterior direction, followed by
a flight phase when the limbs are re-
positioned in the air before contacting
the ground again (58). This ongoing
exchange of kinematic positions de-
fines sprinting as a ballistic action
(58). In comparison with various track
and field events where only linear
speed is required, in team sports such
as Australian rules football and rugby,
jumping actions followed by a sprint
acceleration in multiple directions are
common. These constant changes in
velocity require athletes to accelerate

KEY WORDS:
power; force; velocity; acceleration;
sprinting; resistance training
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Force-velocity profiling: Is the juice worth the
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An article written for Simplifaster discussing my understanding of research methods within
an applied practice setting.
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