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ABSTRACT

This study investigates the design and performance of tactile whisker sensor systems for texture
detection and directional force sensing in mobile robotics. The primary objective is to compare two
prominent sensing methods: stress measurement at the base and strain measurement along the side of
the whisker. The project aims to implement a design as a supplementary or alternative solution to
conventional sensors such as LIDAR, ToF cameras, and SONAR.

The requirements are to measure surface texture features with a whisker shaft length of at least 200
mm, resolve surface features of a texture with an average gap size and amplitude of 60 um, and
achieve a force direction sensing capability with an average error margin of less than 0.3 degrees.
The hypothesis is that setting up the sensing element at the side will resolve the gap size of the texture
features more accurately, while setting up the sensing element at the base will resolve the amplitude
more accurately. Dynamic simulations were conducted using Ansys workbench motion tool to
analyse texture detection, while static analysis was performed in the Ansys workbench static
structural to analyse the whisker design's force-directional sensing capability. In both cases, Stress
was probed from the whisker's base and strain from the sides.

The results indicated that Stress sensing at the base resolved the texture amplitude more accurately
than the strain probed at the sides, and strain sensing at the sides resolved gap sizes better than
measuring stress at the base of the whisker. Regarding directional force sensing, stress measurements
at the base achieved a 0.1-degree resolution but were limited by the sensors' limitations and the
whisker length. Strain probing at the side, although limited by sensor noise for the sensor considered,
demonstrated potential for higher force detection, thus requiring further exploration by using different
Sensors.

The results showed that the whisker design considered resolved texture features with a 60 pm
amplitude and 50 pm gap size for the strain probed from the side, while the texture surface with a 40
um amplitude and 90 um gap size was resolved by probing the Stress from the base of the whisker.
These results agree with the hypothesis made. Future work includes extending dynamic simulations
to varying whisker dimensions and experimental validation using physical prototypes.

Keywords: Ansys, Dynamic analysis, LIDAR, Mobile robotics, motion tool, SONAR, Static
analysis, Tactile whisker, Tactile sensors, Texture detection, ToF cameras, workbench,
Whisker.
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1. CHAPTER ONE INTRODUCTION

1.1. MOTIVATION:

1.1.1. BACKGROUND:

n modern times, mobile robots excel in tasks such as mapping, localizing objects and measuring

surface features in confined spaces. The capability to detect and interpret surface features and

textures is crucial for tasks requiring high precision and reliability. It is utilized in applications such

as quality control in industries to detect surface irregularities, defects, and inconsistencies; for example,

it is used in inspecting industrial pipelines for miro-crack detection [1-4]. In archaeology, this capability
helps to analyse the texture of artifacts and excavation sites to preserve details [5].

The mobile robots predominantly employ conventional sensor technologies as their primary

means for mapping and task execution [6-8]. However, these conventional sensors come with significant

limitations. Among these limitations, a significant concern is their susceptibility to external factors [9],

[10].

1.1.2. OVERVIEW:

In Mobile robots, tactile perception allows a system to gather information about an object, encompassing
characteristics like texture, shape, temperature, vibration, and normal force, through direct physical
contact. Tactile sensing by a whisker is a highly reliable and environmentally robust method. It can
overcome the limitations imposed by the external environment on conventional sensing methods [9-11].

A typical tactile whisker system consists of protruding elements affixed to an active sensing
component. In a tactile whisker sensor system, the deflection of the whisker in response to an external
disturbance acts as the trigger for the sensing element, which subsequently allows for signal acquisition
and interpretation [12]. For tactile whisker sensing systems, two prominent sensing methods used in
literature include a sensing mechanism located solely along the side of the whisker [13-17] or at the base

of the whisker [18-27].

1.1.3. Limitation of conventional sensors used in mobile robotics:

Some of the commonly used conventional sensor technologies in mobile robots include conventional
cameras, light detection and ranging (LIDAR), time of flight (ToF) cameras, and SONAR, as their
primary means for mapping and task execution [6], [7], [8]. Here LiDAR uses laser beams to illuminate
a target with laser light and analyse the reflected light [28], ToF cameras measure the travel time of light
pulses to determine the distance to an object [8], and SONAR uses sound waves to detect objects and
measure distances via echo timing [6]. However, these conventional sensors come with significant
limitations. Among these limitations, a significant concern is their susceptibility to external factors [9],

[10]. This vulnerability is a multifaceted issue, encompassing the following facets:
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e External environment conditions: External surrounding conditions such as fog, smoke, rain, or any
situation leading to elevated concentrations of airborne particles can interfere with signal
transmission by diminishing visibility. This condition can cause the water droplets or particles in the
air to scatter or absorb the signals emitted by these sensors, thereby affecting their reading [29], [30].

e Interference from other electronic devices: Deploying mobile robots in environments with multiple
sensors like LIDAR, ToF and SONAR can lead to interference or crosstalk, leading to the generation
of erroneous data [31], [32].

e Reflective and irregular surfaces: Conventional sensors, particularly LIDAR, ToF, and SONAR
sensors, when encountering reflective surfaces and objects with irregular or jagged shapes, can cause
signal reflections and distortions, further complicating the accurate capture of data [30], [31].

e Poor lighting conditions: Sensors that rely on visual data for mapping, such as cameras, profoundly
rely on adequate lighting conditions [33].

Apart from these Limitations, conventional sensors like LIDAR, SONAR, and ToF sensors are
limited in capturing fine textures due to their operational principles and resolution constraints. These
sensors primarily measure distance or depth by emitting and detecting reflected signals (light, laser, or
sound waves). The precision required to detect minute variations in texture is beyond the standard
operational capabilities of these sensors but can be achieved through integration with other techniques,
such as spectroscopy measurements [34]. For such requirements, conventional vision-based cameras are
usually used, employing image processing methods that are computationally expensive [35]. Another
significant limitation of conventional sensors like Lidar, SONAR, and ToF is their difficulty in collecting
data at very close ranges, often resulting in “blind spots” [18]. These blind spots occur when the object
blocks the sensor's field of view or when the minimum detectable range is large. This makes it

challenging to obtain precise recordings for tasks requiring close-range sensing [18].

1.1.4. Scope:

This project's scope encompassed the design of a tactile whisker sensor system intended to serve as an
alternative or supplementary solution to conventional sensors such as vision-based cameras, LIDAR,
ToF, and SONAR, specifically within the context of mobile robotics. The core project scope is to design
an object texture detection system with force direction resolving capabilities by performing a
comparative dynamic and static analysis using computer aided engineering (CAE) tools for the two
prominent methods utilized in tactile whisker sensors: measuring stress/force at the base of the whisker
and measuring strain along the side of the whisker relative to its deflection or oscillation present in the
system.

The project scope also involves selecting the type of sensing mechanism and sensing device for the

two methods explored. The study does not delve into the intricate details of the whisker design itself but



instead concentrates on conducting a comparative analysis between the two main implementation

methods using the prominent piezo-resistive sensor for a whisker of fixed dimensions.

1.2. Tactile Whisker Sensors:

Whisker-like tactile sensors draw their inspiration from the remarkable sensory abilities of animals,
particularly rodents like rats. These sensors emerge as an intriguing solution to address two critical
challenges encountered by conventional sensors: vulnerability to external environmental factors and low
detection accuracy near conventional sensor blind spots.

Firstly, these sensors mimic the proficiency observed in animals such as rats that rely on their
whiskers for navigation, especially in dimly lit and confined spaces [12]. This allows for object detection,
especially in environments characterized by high particle concentration, limited lighting, or other
adversities where conventional sensors may prove less effective [11], [12].

Another notable advantage of tactile whiskers is their extended reach, surpassing the boundaries
of the robot to which they are attached. This is instrumental in preventing damage to essential robotic
components in dynamic and unpredictable environments. [36]. Whisker-like sensors also offer the
advantage of providing real-time feedback, which allows the robot to navigate crowded spaces
effectively [37].

Furthermore, these whisker sensor systems are renowned for their precise object detection
capabilities as they come in direct contact with the object, by providing comprehensive information
about an object's size, shape, and location when it comes into contact, which is invaluable for tasks

including texture analysis [23], [25].

1.2.1. Key Objective:

The primary objective of this study was to design tactile-whisker sensors for texture detection of surface
features and directional force sensing by performing a comparative dynamic and static analysis between
two prominent methods, which include setting up the sensing mechanism either at the base or along the
side of the whisker system. The ultimate goal was to determine which of the two design methods has the
capability to serve as a supplementary or alternative solution to conventional sensors. The project's
requirements were:
1. The whisker system design should be able to measure the surface texture feature with the typical
blind zone of a conventional sensor (refer Appendix-I).
» The whisker shaft should be at least 200 mm in length
2. The whisker sensor system design should have the capability to measure the texture of the object
it comes into contact with. In literature, using a whisker tactile system with sensors at the base,
amplitude and gap size of surface features up to 30 pm were resolved for a whisker of length 5

cm [23], [25]. Here for longer whisker length considered, almost double the value was aimed:
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» The whisker system should be able to resolve surface features with an average gap size
and amplitude of 60 pm.
3. The whisker sensor system should have a force direction sensing capability with a margin of
error detection of at least that of typical conventional sensors like LIDAR (refer Appendix-I)

» The direction resolving capability should have an average error less than 0.3 degree.

1.2.2. Research Hypothesis:

Based on previous studies showing that a sensing element at the base of the sensor can detect forces with
higher resolution compared to a sensor placed on the side [23], [25], [38], it is hypothesized that placing
the sensor at the base will have a higher capability in detecting the amplitude of the texture. Conversely,
it has been found that a sensor placed on the side provides better resolution for detecting the deflection
of the whisker [26]. Therefore, it is hypothesized that a side-mounted sensor will be more capable of

accurately measuring the gap size between the surface features of the textured object.

1.3. Experimental Methodology:

The project began by exploring two prominent approaches for setting up the sensing mechanism in the
tactile whisker sensor: sensors at the base and sensors at the side of the whisker. The whisker sensor
system selected was a 200 mm long structure and had a taper of 1:9 tip to base area ratio. This specific
ratio was selected as it provides a benchmarking for the previous study performed [39]. For assigning
the sensing element at the base, an approach that included setting up three barometric sensors in a
triangular configuration at the whisker base was selected, as it was the promising approach found in the
literature [23], [25]. Similarly, for assigning the sensing element at the side of the whisker, the
straightforward approach with strain gauges along the side was used with reference to [38].

For the first simulation setup, a comparative analysis between the two methods considered was
performed using dynamic simulation in Ansys workbench 2023 with the "motion" tool. The textural
analysis involved dynamic interaction between an object with 3-D surface features on it and the whisker
considered, the interaction between whisker and the surface feature was performed at constant velocity
of 16 mm/s which was selected to provide a benchmarking for the previous study performed [39]. The
texture analysis was conducted with surface features of varying gap sizes (1 mm to 0.05 mm) and
amplitudes (1 mm to 1 pum); this allowed for the establishment of the relationship between gaps,
amplitudes, and the data obtained from the sensing mechanism (strain from side and stress from the base
of the whisker). The surface texture analysis performed in this study mainly includes determining the
amplitude and spacing between the surface features

A second simulation setup involved force directional sensing analysis using the "static
structural" tool in Ansys Workbench. This setup examined the relationship between the angle of
application and the magnitude of force for the two sensing methods considered. The force magnitude
varied from 1 N to 1 uN, with forces applied in an angular range from 0 to 60 degrees in 0.1-degree
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increments. This aimed to establish a relationship between the direction and magnitude of force applied

with strain and stress probed at the side and base of the whisker respectively.

1.4. Thesis Outline:

Chapter 1: Explains the specific problems encountered with conventional sensing methods in mobile
robots and their limitations, proposing an alternative approach using tactile whisker sensing systems.
Chapter 2: Provides a literature review of tactile whisker systems, exploring their history, previous
developments, transduction mechanisms used, and data acquisition and fabrication techniques.

Chapter 3: Describes the methodology used, including setting up dynamic simulations for detecting
texture and performing static simulations for force directional sensing. It also briefly explains the
fabrication method for the whisker and the whisker sensing system at the base.

Chapter 4: Presents the results and, shows the outcomes of the static and dynamic simulations for the
two methods.

Chapter 5: Discussing the findings and comparing the advantages and disadvantages of the two
approaches

Chapter 6: Concludes the thesis by presenting the findings and suggesting future extensions.



2. CHAPTER TWO LITERATURE REVIEW

21. Tactile Perception and Tactile Whisker Sensor Technology
Overview:

Research about tactile sensors in mobile robotics has been going on for the past three decades [12]; this
is because the Tactile whisker sensors offer a viable alternative to traditional sensors, addressing their
environmental vulnerabilities and mapping limitations [11], [18]. In tactile whisker sensing systems, two
distinct categories are encountered in the literature: macroscale and microscale. Microscale whiskers
interact with the environment at a very small scale, detecting minute forces, displacements, and
vibrations, whereas macroscale whiskers are employed in industrial settings for detecting larger surface
features or objects [12]. Initial macroscale whiskers were similar to elastic beams with hinges [40].
However, in later stages, mechanical components gave way to electronic ones [8]. With technological
advancements in recent years, the microscale whisker is an attractive choice over the macroscale. Micro-
scale tactile whiskers use a material with exceptional properties, including superior mechanical and
thermal characteristics. This allows microscale whiskers to leverage the remarkable qualities of micro-
and nanoscale materials to enhance their performance and sensitivity. However, microscale whiskers are
more complex and sophisticated to fabricate [14-17], [41], [42]. In this project, the macroscale approach
is followed as its implementation is straightforward to fabricate.

Over the years, there have been significant efforts made to advance tactile sensing. A wide
variety of transduction mechanisms, from commonly used piezoresistive-based sensing, such as strain
gauges, to complex optical-based sensing methods by incorporating fiber grating, have been explored
and studied [12]. However, the use of tactile sensors in practical applications is still limited, which is
because of the difficulties in processing acquired data [43], [44]. This is because tactile sensors exhibit
significantly greater variability due to their increased noise levels and high dimensionality(complexity).
Thus, advancing intelligent tactile sensing systems remains an ongoing challenge characterized by

numerous technical and scientific hurdles [45].

2.2. Transduction Mechanism in tactile sensors:

The tactile whisker sensor transduction mechanism here involves the development of a mechanism to
connect the electronic domain with the mechanical domain. The common transduction mechanisms in
tactile sensors from the literature are piezoelectric, capacitive, optical, and piezoresistive. These four
sensing mechanisms are favoured for their reliable application in creating functional structures at the
Microelectromechanical Systems (MEMS/NEMS) level [45], [46]. Trade-offs in these commonly used

sensors are shown in Table 1.



Transduction Mechanism Advantages Disadvantages

Capacitive High sensitivity Stray capacitance
High spatial resolution Complex measurement circuit
Large dynamic range Cross-talk between elements
Temperature independent Susceptible to noise
Hysteresis
Optical Good reliability Non-conformable
Wide sensing range Bulky in size
High repeatability Susceptible to temperature
High spatial resolution
Piezoelectric High frequency response Poor spatial resolution
High accuracy Charge leakages
High sensitivity Dynamic sensing only
High dynamic range
Piezoresistive Simple construction Hysteresis
High spatial resolution High power consumption
Low cost Lack of reproducibility
Compatible with VLSI

Table 1 Representation of trade-offs between the common transduction mechanism used in tactile sensors [47]

2.3. Transduction mechanism and designs in tactile whisker
sensors.

Capacitive tactile sensors: The fundamental structure for capacitive sensing relies on parallel plate
capacitors, offering at least one geometric degree of freedom that can be adjusted to modify capacitance.
Capacitive sensitivity in tactile whisker systems is applied in fields requiring precision, including
detecting fluid flow direction [20], Other similar developments to the whisker structure included using
a whisker system implemented using coplanar capacitive sensing [48], but in both cases, the whisker
length was short and less than the project requirement. In contrast to many other sensor types, capacitive
sensors typically exhibit a broader range, excellent spatial precision, and a strong frequency response.
However, they are vulnerable to interference from noise due to crosstalk, field interactions, and fringing
capacitance, which require relatively complex electronics to filter out this noise. [46].

Optical tactile sensors: The optical tactile sensor operates based on the geometric change of an
electromagnetic waveguide, achieved by modulating the wave's wavelength. The optical sensor type is
utilized in tasks ranging from surface roughness determination to object detection and directional
sensing due to its enhanced resolution and sensitivity [11], [49]. Whisker technology incorporating Fiber
Bragg grating (FBG) sensors can be lightweight, small in size, and flexible, making them suitable for
shape recognition [11]. Similar developments in literature use optical sensing for microsurgery
applications [49], [50]. Optical sensors exhibit immunity to electric noise and exhibit high sensitivity
and good precision, but the components are expensive, bulky, complex, and challenging to integrate into
a mobile robot [46].

Piezoelectric tactile sensor: Piezoelectric tactile sensors can change voltage or current within the
electrical readout circuit when subjected to external stress. The Piezo-electric sensors can achieve
resolutions of 3 uN and sensitivities of 0.1682 mV/uN [7]. A study featuring a piezoelectric transducer

at the outer conical body at the base of the whisker of 20 cm was able to detect a texture amplitude of



Imm [38]. Similar developments in the literature use piezo-electric sensing in whisker sensor systems
involving sensing for flow detection or microsurgeries, which requires high sensitivity achieved through
microfabrication techniques, consequently having a shorter whisker length. [51-53].
Piezoresistive tactile sensors: They involve altering the resistivity of a sensing structure through
mechanical means. strain gauge is one of the options for the piezo-resistive sensing [54], [55]. An
instance of this design method found that sensitivity was limited because the strain gauges were
positioned on the 2-D plane base from which the whisker protruded [54]. A similar development used
Four strain gauges arranged in a three-dimensional configuration around a pole (at an angle) connected
to the whisker and exhibited good resolution, having a resolution of 0.002 N [55]. For a piezoresistive
strain gauge, mechanical strain alters the gauge's resistance, which can be detected with high sensitivity
using Wheatstone bridge circuits [56].

The approach which uses a sensing mechanism directly at the base typically measures the stress
or pressure experienced [18], [23], [25], [26]. A popular MEMS-barometer-based approach uses a
barometric sensor directly at the base of the whisker in a triangular configuration [57]. This approach
resolved force as small as 3.33 uN [23]. It is used in multidirectional contact force detection, fluid flow
sensing, and texture analysis, having texture resolution as small as 30 um [23], [25]. This design
enhanced cost-effectiveness and heightened sensitivity, but size constraints were an issue (5 cm long
whisker). In a closely related study conducted a whisker sensor system utilizing a piezoresistive base in
a cross-shaped configuration with numerous small (4 cm long whisker) bristles was able to distinguish
texture remarkably from the roughness of sandpaper up to a grit rating of 1000 (average amplitude and

gap size of 18 um) [26].

24. Data Interpretation and Analysis:

In literature, the texture is considered as the repetitive or random variation deviation from the
nominal surface that forms a three-dimensional feature and characterizes the texture by
amplitude(height) and spacing (gap) between the three-dimensional features on the object's surface [58].
The slip and stick mechanism is widely accepted as the mechanism between the whisker and surface
interaction [25]. The slip and stick mechanism is the alternating motion phases that occur when the
whisker interacts with a surface. A study that used a piezoelectric sensing mechanism used the temporal
data and spectrogram of the temporal data present in the sensors during interaction to decode the texture
variability [25].

A study conducted using barometric sensors at the base of the whisker detected the oscillation
pattern in the output data for the constant amplitude and gap size of a textured object for different speeds;
they observed an increase in the signal's magnitude with an increase in contact speed [25], their
observation also represented a similarity to slip and stick mechanism as there was occurrence of
conceptive minima and maxima at equal distance. A similar study using a micro bristle whisker for micro
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crack detection with strain gauges on the sides detected high magnitude variation in the signal for
different gap sizes, ranging from smooth to rough surface [26], this variation can also be related to the
slip and stick motion as there we maxima and minima occurrence seen for a different texture. Another
study, which employed base sensing for force measurement, observed high-frequency noise present in
the signal [23].

In vibrational and oscillatory environments, often low-pass filtering methods are used, which
helps the high-frequency noise and oscillations to be cancelled [56], [59]. A low-pass filter is a filter that
allows signals with a frequency lower than a certain cut off frequency to pass through and attenuates
frequencies higher than the cut off frequency. A Butterworth low-pass filter can be selected for requiring
maximally flat frequency response in the passband, which minimizes signal loss in the specified pass-
band [60].

A discrete Fourier analysis was done to determine the frequency spectrum of the signal, by which
the low pass filter was applied to remove high frequency [61]. The direct computation of the DFT is
computationally expensive as it requires O(N?) operations. The Fast Fourier Transform (FFT) algorithm
will reduce this to O(N log N) by employing a divide-and-conquer approach[62]. The FFT function in
MATLAB software uses the Cooley-Tukey algorithm [63], which recursively divides the DFT into
smaller DFTs of even and odd indexed elements until DFTs are reduced to size 1, making the

transformation straightforward (less computation required).

2.5. Research Gap and Key Finding:

Although effective for texture detection, capacitive sensors are susceptible to noise and involve complex
fabrication and integration processes [20], [48]. While highly sensitive, optical sensing methods was
expensive and required complex setups [11], [49], [50]. Piezoelectric methods require complex setups
and are difficult to integrate with components [51], [52], [53]. In contrast, piezoresistive sensors,
including strain gauges, feature straightforward readout circuits like the DC-biased Wheatstone bridge
are more suitable alternatives [45]. In piezo-resistive sensing, the approach using strain gauges
positioned at an angle on the side of a whisker [55] and the approach utilizing a barometer at the base of
the whisker [23], [25], [57] seem to be the most promising. These two prominent sensing methods should
be further explored to determine which is more effective under different circumstances.

The literature research reveals a significant gap in the limited exploration of tactile whisker
sensor systems with extended whisker lengths. Most of the reviewed studies have primarily focused on
shorter whiskers (less than 20 cm). Notably, a correlation between whisker length and sensitivity has
been observed, suggesting that longer whiskers tend to have reduced sensitivity. This research gap
underscores the imperative need for refined whisker sensor systems that strike a balance between length

and sensitivity.



3. CHAPTER THREE METHODOLOGY

3.1. Whisker Design:

The whisker design requirement was 200 mm, with a taper of 1:9 tip to base area ratio. The taper of this
specific ratio was selected as it provides a benchmarking for the previous study performed [39]. The
whisker material selected was Acrylonitrile Butadiene Styrene (ABS), which made it easier to build
using a 3-D printer. An approach that included setting up three barometric sensors at the whisker's base
in a triangular configuration to sense pressure was used to assign a sensing element at the base. The
barometric sensor used was the BOSCH BMP384, specifically chosen for its exposed sensing element
(refer Appendix-II for BMP 384 design), which made it easier to integrate with the whisker base support
structure. The barometric sensor has a sensing range from 0.125 Mpa to 0.03 Mpa (refer appendix-VI),
with a full bandwidth noise of 1.2 Pa.

Initially, before designing the whisker base support structure, a printed circuit board (PCB) design
was developed in Altium 2023 to fix the position of barometric sensors relative to each other. The PCB
dimensions were selected as the minimum necessary to accommodate three barometric sensors in a
triangular configuration, along with space for three parasitic capacitors, ports, and non-intersecting
sensor connections (refer to Appendix II For PCB Design).

The whisker base support structure, as seen in Fig.1a, had a diameter of 11 mm, with barometric sensors
arranged in a 4 mm radius. This dimension was chosen to integrate the whisker with the PCB design.
For measuring the strain, strain gauges were used at the side of the whisker by 20 cm from the base to
provide a benchmark to previous studies [39]; the strain gauge selected had dimensions of 4.5 mm in
length and 1.4 mm in width, which made it easier to integrate with thin whisker width. The strain gauge
was positioned on the whisker along the line of motion of the texture object and was situated on the
contact side of the whisker. The strain gauge considered was Tokyo measurement instruments lab

FLKB-1-11-1LJC-F with an unfiltered noise of 1.332e-7 mm/mm.

. Whisker structure .
A/ Strain guage notch

Whisker base support structure

¢)

Force pad

d)

Sensor

Figure 1 a) Representation of the overall whisker system structure, b) Representation of notch for mounting strain gauge, c) whisker
base support structure with respect to the barometer position in PCB base d) whisker base support structure with the force pads
(bottom view), e) whisker structure top view.
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3.2. Texture Detection Analysis:

3.2.1. Dynamic Analysis Overview:
Texture analysis required dynamic analysis, as it requires relative motion between the whisker and
texture. In the analysis considered, the surface feature was determined on the basis of two parameters,
which were the amplitude of the feature and the spacing (gap size) between the features. This approach
allows for determining the relationship between the spatial spacing between the features and the feature
amplitude with the data acquired in the form of stress or strain, offering a much more explicit texture

analysis.

3.2.2. Dynamic Analysis Setup:

The dynamic analysis was performed by fixing the whisker's base support structure and sliding the tip
over a surface with 3-D surface features of constant amplitude and varying gaps between them at 16mm/s
mm (refer to Appendix III section E for whisker simulation sample setup). The 16 mm/s was taken to
benchmark against the previous study [39]. The gaps between the surface features varied from 1 mm to
50 pm while the amplitude remained constant. The gap and amplitude sizes varied from Imm to 50 um,
which was lower than the 70 um requirement to evaluate the boundary conditions.

A total of sixteen features were present on the texture object with an initial gap size of 1 mm,
which decremented by 0.1 mm until it reached a gap size of 0.1 mm, followed by decrementing by 0.01
mm until it reached a gap size of 0.05 mm as shown in Fig.2. Using texture object with the varying gap
size between features as shown in Fig.2, ten different analyses were done with varying amplitude. The
amplitude of the surface feature varied from 1 mm to 0.05 mm. The amplitude taken for the simulation
was 1 mm, 0.8 mm, 0.6 mm, 0.4 mm, 0.2 mm, 0.1 mm, 0.08 mm, 0.06 mm, 0.04 mm.

The breadth and width at the base of the feature were 1 mm, and the breadth and width at the top
were 0.5 mm, which was kept constant throughout the simulation. This was based on the assumption
that textures are generally characterized by the amplitude and spacing between the three-dimensional
features on the object's surface [58].

P mldpo,m Feature top width = 0.5 mm SRR

Side View o

:s;m?ﬂ% M I [MMW/MHYMMW\'

Feature base width =1 mm

Figure 2 Representation of the texture Object CAD model which mimic a varying surface texture by varying the gap between 3-D
features, here the gap sizes are measured from the midpoint of each surface feature.

The simulation was conducted initially for the whisker structure with four base diameters: 4.5 mm, 3.5
mm, 2.5 mm, and 1.5 mm, with the whisker support structure dimensions constant for all (refer Appendix
III section C for the whisker base-to-tip area relationship and section D for stress probed at the base for

different whisker base diameters). The initial simulation was performed with an intermediate amplitude
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of 0.4 mm, in which the 2.5 mm diameter whisker was found to be within the range of the barometric
sensor considered. Consequently, the remaining ten simulations with varying amplitudes were continued
using the 2.5 mm diameter whisker. Here, all computer-aided design (CAD) components were created
using SolidWorks 2022, and simulation was performed in Ansys 2023.

In the Ansys motion software tool, the whisker was defined as a fixed joint at the three contact
points at the base of the whisker support structure, as shown in Fig.1. The texture object was defined as
a translational joint with a constant velocity value of 16 mm/s. The texture object was 18 mm long,
requiring the simulation to be run for at least 1.125 seconds with a velocity of 16 mm/s to have the
whisker come in contact with all the 16 features on the object. However, the simulation was run for 2.6
seconds to capture the natural oscillation of the whisker after the texture object had interacted. This will
provide us with information about the properties of the whisker, which can be used to filter out unwanted
signals. The dynamic simulation was performed in 2.6 s in 1000 steps, making the simulation perform
at a 384 Hz sampling frequency. The step size of a thousand was selected to provide a more detailed
resolution of the stress and strain data probed, as smaller step sizes provided fewer data points, which
did not adequately resolve the variations observed in the data, resulting in an inability to resolve the gap
size in the whisker system.

The mesh size for the whole whisker was 0.4 mm, but a finer face mesh of 0.05 mm was selected
for the tip, and a finer body mesh of 0.05 mm was used for texture surface features, as both of these
bodies interacted with each other. This mesh size was then varied for simulation with the amplitude of
the texture object less than 1mm as it required finer resolving capability for smaller amplitudes. (For the

detailed simulation setup and mesh information, refer to Appendix III, sections A and B, respectively).

3.2.3. Data Processing and Analysis
3.2.3.1.  Frequency spectrum analysis:
For determining the frequency component, the DFT analysis was done for the stress and strain signals

probed. The DFT equation used is shown in (1) [64].
N-1
_ 2T
X[k] = Z x[n]e W for k = 01,2 ..N — 1 )
n=0
Where X/k] is the DFT output corresponding to the A" frequency component, x” is the input sequence
value at index n, N is the total number of point or the sample size for a signal of length “L” [64]. The

DFT was computed using the FFT algorithm. This was done in MATLAB (refer to Appendix-IV
section A) with the built-in Fast Fourier Transform (FFT) function.

3.2.3.2. Data Filtering:

Data filtering was applied to the probed strain and stress values to remove high-frequency noise.
After the last contact with the 3-D feature of the textured object, the whisker was allowed to oscillate

freely. This system transition from an active state to a free oscillation state was considered analogous to
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the reverse of a step response. The resulting free oscillations were analysed using to identify the
whisker’s natural frequency components. This straightforward method assumes that the frequencies
observed during free oscillation reflect the whisker’s inherent vibrational characteristics. The entire
signal's frequency spectrum was then analysed, and the natural whisker response frequencies were
removed using a low-pass filter to eliminate high-frequency components.

A Butterworth low-pass filter was selected for its maximally flat frequency response (see
Appendix-1V section B) in the passband [60], this ensures minimal signal distortion, which is necessary
in our case for determining the fine gap size and small amplitude of the texture 3d features. The general

transfer function of the Butterworth filter for order “n” is as shown in (2) [65].

1
H(jw)| = ——= 2
1+ [

Where, w is the angular frequency used and w, is the cutoff frequency, and n is the filter order
The Butterworth filter was implemented using MATLAB 2023 software (see Appendix IV
section C), which includes a built-in function for the Butterworth filter design. The filter used was the

4™ order for probing stress and a 5™ order for probing strain at a 20 Hz corner frequency.

3.2.4. Data Interpretation and Validation:

The filtered data for stress and strain were evaluated based on two factors: the temporal difference
between occurrences of maxima and minima and the average magnitude of the data response. It was
seen in the literature that by measuring stress at the base of the whisker, repeating occurrence between
consecutive maxima and minima was correlated with constant texture surface features of equal spacing
and amplitude [38]; thus for the simulation, it was assumed that the intervals between consecutive
maxima or minima correlate with the spacing of the sixteen texture features. Additionally, it was
assumed that higher amplitudes correspond to greater deflection, causing more significant stress at the
base and strain at the sides of the whisker support structure. Therefore, the average magnitude of the

output data was evaluated to determine the amplitude of the textured object

3.2.4.1. Standard Deviation:
The deviation of temporal changes between consecutive minima and maxima in stress and strain data

from the nine simulation runs can be analysed using standard deviation. Standard deviation quantifies
the variation or dispersion in a dataset. This study uses the population standard deviation, which
considers the entire dataset. It measures how much individual data points deviate from the mean. The
population standard deviation is calculated as the square root of the average squared deviations from the

mean, as shown in (3) [66]

3)
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Where, o is the standard deviation of the population, N is the total number of data points of the
population, x; represents each individual data point and p is the mean average of the population

considered.

3.3. Force directional analysis:

3.3.1. Static analysis overview:
Using static analysis, force directional analysis was conducted to determine the directional resolving
capability of the two methods. Static analysis was selected because the requirement was to focus on the
response of the two sensing methods to applied force, independent of time. The static simulation was
performed on the 2.5 mm base whisker as it provided the stress value within the range of the sensor used
at the base as a barometer.

3.3.2. Static analysis setup:
The static analysis setup involved setting up the whisker support base structure as a fixed joint and then

applying a force of varying amplitude on the tip of the whisker. As the whisker base support structure
has three sensing elements configured in a triangular configuration, the whisker dimension can be
resolved into three sections of 120 degrees which are identical. Since the whisker is symmetric, applying
force at a 60-degree angle will be identical to applying force in the next 60-degree segment. The stress
was probed at the two whisker base points opposite to the direction force applied, and the strain was
probed at 0 and 90 degrees with respect to the force applied, as shown in Fig. 3. For the simulation, the
force ranged from 0.1 N to 1 uN, applied at an increment of 0.1 degrees, making a total of 600 force
points or steps on the whisker tip. The force of 1 uN was selected because it was the smallest force
resolved using the barometric approach [23]. (refer to Appendix V, section A for a detailed simulation

setup, section B for mesh size considered, and section C for the simulation setup sample).

rce applied

Figure 3 Representation of the a) static analysis simulation setup and b) probing of stress and strain values

3.3.3. Data interpretation and validation:

The data was analysed by calculating the rate of change of the stress or strain value probed between two
consecutive points. A slope between two consecutive points that is smaller than the sensor resolution
indicates that the sensor cannot distinguish between these points or, in this case, different angles of force.

The slope is calculated as in (4), with 4u as the change in stress or strain and 46 as the change in angle.

Au

20 4)

slope =
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4. CHAPTER FOUR RESULT

4.1. Texture detection:
The setup of texture analysis is shown in Appendix III, section A. Fig.4 and 5 show the unfiltered stress

and strain values probed at the base and side of the whisker, respectively, for different amplitudes. The
simulation results show that the total time taken for the whisker to interact with every surface feature
present for every amplitude was the same. It was observed for both methods that there was a repeating
pattern present in the signal output, which was seen clearly for smaller gap sizes. For larger gap sizes, a
higher oscillatory behaviour was present. The simulation at the end also captured the natural oscillation

of the whisker for all amplitude, which was the same as expected for both cases.

Loading Phase Unfiltered stress Vs time
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Figure 4 Representation of Unfiltered Stress value for different amplitude texture objects with 16 surface features of varying gap

Unfiltered Strain Vs Time
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Figure 5 Representation of Unfiltered Strain value for different amplitude texture objects with 16 surface features of varying gap
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4.1.1. Resolving texture feature amplitude:
Fig.6 and 7 show the averaged value of unfiltered stress and strain value probed at the base and side of

the whisker, respectively. It was found that the stress value was resolved between the smooth surface
and 0.04 mm amplitude, whereas the strain method could not resolve between texture amplitude of 0.04
mm and of a smooth surface. The stress value observed was within the range of sensor, as shown in
Fig.6 (refer to Appendix VI for the specification of the barometric sensor used). Both the methods are
almost linear but have different linear variations. It was also observed that the standard deviation was

more for the stress sensing method than the strain sensing.

Average Stress observed at different texture amplitudes
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Surface feature amplitude [mm]
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Smooth surface

Figure 6 Representation of average value of stress observed for different amplitude of the surface features
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Figure 7 Representation of average value of strain observed for different amplitudes of surface features

1.1.1. Resolving texture feature gap size:

1.1.1.1. Performing FFT and Filtering the data:
The FFT analysis of the whisker's natural oscillation was performed in MATLAB, as shown in Fig.8.a

It was observed that both the natural oscillation (or noise), and the overall signal shown in Fig.8.b exhibit
significant frequency components around 17-19 Hz, indicating that they overlap very slightly in this
frequency range. The noise was removed by using a low pass filter of the fourth order for stress probed
and the fifth order for strained probed for a corner frequency of 20 Hz, as shown in Fig.9 and 10. Fig.8
b with 8 ¢ shows the before and after application of the lowpass filter respectively, for the stress value

probed where the lower frequency shape was preserved after filtering.
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Figure 8 a) Representation of Frequency spectrum of the natural oscillation of the whisker, b) Frequency spectrum of the whole
signal for the stress probed at the base for an amplitude of surface feature as 1 mm, c¢) Frequency spectrum of the whole signal for
the stress probed at the base for an amplitude of surface feature as 1 mm after filtering.
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Figure 9 Representation of filtered Stress value for different amplitude texture objects with 16 surface features of varying gap size.
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Figure 10 Representation of filtered Strain value for different amplitude texture objects with 16 surface features of varying gap size

1.1.1.2. Consecutive Maxima and Minima: Determining the standard deviation
(SD) and coefficient of variation (CV):

The filtered signal was processed further to find the consecutive maxima and minima occurrence points.
It was observed that there were a total of 16 minima and maxima occurrences throughout the filtered
signal, as seen in Fig 9 and 10. It was also observed that the temporal change between each consecutive
minimum or maximum decreases with the decreasing gap of the surface, thus agreeing with the initial
assumption made, which correlates the temporal change of the extremities with gap size. In both cases,
for a smaller gap size, a more frequent occurrence of minima or maxima was observed. From the filtered
signal, the last sixteen consecutive minima and maxima points were determined, and their temporal
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changes with the consecutive points were taken for analysis (refer to Appendix VII for the maxima
occurrence for all output signals for the stress and strain probed values). It was observed that the strained
probe at the side of the whisker was able to resolve until 0.05 mm gap size, whereas the case for the
stress probe was only resolved until 0.09 mm.

The temporal change can be averaged out for the nine amplitudes for the stress and strain output
signals to obtain Fig. 11 and 12. The linear equations of the temporal characteristics in the four cases
were almost similar and the standard deviation for all four graphs throughout the nine simulations
performed indicated consistency in results. By considering the equations obtained from Fig.11 and 12,

equation (4) is obtained as an average of the linear equation which relates the temporal response to gap

size as:
] Temporal change — 0.042675
Gap size = 0.067975 (4)
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Figure 11 Representation of average temporal change between consecutive a) maxima and b) minima for the stress probed at
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Figure 12 Representation of average temporal change between consecutive a) maxima and b) minima for the strain probed at different
amplitudes for different gap sizes

1.2. Force directional sensing:

1.2.1. Barometric base sensor:
It was observed that only for the force applied between 1.68 mN and 1.2 mN, the sensing range was

partly inside the sensing range of the barometric sensor considered (refer to Appendix- VIII section A).
For resolving the force direction, the stress experienced at the right and left base of the whisker was
subtracted to obtain the linear change observed shown in Fig.13. Performing Linear interpolation for
these two equations present in Fig.13, for a known force “F” and the change in stress observed at base.

“Ochange > the direction of force applied can be resolved as (5):
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Figure 13 Representation of stress difference between the right and left base of the whisker with respect to the angular direction of
force applied
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The simulation performed for 0.1 degrees of increment found that the minimum rate of change was well
within the barometer sensor resolution of 0.016 Pa, and sensor noise of 0.03 Pa was acceptable within

these changes (refer appendix-VIII section B)

1.1.1. Strain sensor:
For force direction sensing by strain gauge at the sides, it was found that considering the strain gauge

used has a sensor noise of 1.37e-& mm/mm, the force can only be resolved between 1 N and 0.01 N for
direction sensing with 0.3 degree resolution as shown in Fig.14. The direction was resolved by
subtracting the strain obtained; it was seen that the output was not linear and thus could not linearly
interpolate to find a general linear equation relating change in strain with direction resolving. (refer to
Appendix- IX; section A shows the strain measured for force applied, and section B shows the difference

in the strain between the two points considered).

Minimum strain change detection required for direction resolving at different
force values for 0.3 degrees
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Figure 14 Representation of minimum strain resolution required to resolve 0.3 degrees for different forces
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CHAPTER FIVE DISCUSSION

For resolving texture amplitude, the initial time taken before the first minimum occurs was longer for
higher amplitudes in simulations. This is because higher amplitudes, which resulted in providing higher
stress at the base, required more deflection of the whisker, this extra deflection introduces a delay before
it slips out and sticks to the next surface feature, as explained by [25]. The stress value probed from the
whisker's base could detect variations in lower amplitudes than strain. This observation agrees with the
initial hypothesis that using the sensor at the base has more resolving force capability. Another important
finding was that the standard deviation present in stress sensing was more than strain probed at the side
for amplitude variation, which indicated that the stress probing method at the base is more prone to noise.
For resolving the texture feature gap size for unfiltered output, the exact positions of the maxima

and minima cannot be determined for larger gap sizes, as more significant gaps allow the whisker to
oscillate freely between them until it interacts with the next feature providing noise. In contrast, when
the whisker has limited space to oscillate in smaller gaps, it results in less noise from oscillation and a
much more stable response. Furthermore, at higher amplitudes, more oscillations were seen between
each reoccurring minima and maxima; this is because greater deflection for large amplitude sizes of the
texture feature causes the whisker to deflect back and oscillate far more significantly than in the case of
smaller amplitudes. Taking reference from literature the presence of high frequency noise in the output
signal was filtered by using a low pass filter [56], [59]. The output frequency signal had their lower
frequency components preserved due to flat band frequency response of the Butterworth filter used [60].
The temporal change (time between each occurrence) between each consecutive minimum or
maximum was unique and constant for each gap size for different amplitude variations; this agrees with
the output obtained by [38], as they also obtained a series of similar occurring patterns for a varying
whisker amplitude. In both cases, a smaller gap size meant a more frequent occurrence of minima or
maxima, the slip and stick mechanism as reported by [25] is evident here as lower the gap size, the faster
it can jump between surface features. The signal pattern obtained here agrees with the observation made
by [26], who found that for higher texture feature size (higher amplitude and gap size) a larger magnitude
variance between maxima and minima is found in the whisker system. The fact strain probed at the base
resolves the gap size more accurately than for stress probed from base agrees with the initial assumption
made that strain gauges at the sides have more capability in detecting whisker deflection, thus detecting
the gap sizes with more precision. The stress at the base of the whisker resolved force direction with a
resolution of 0.1 degrees, but only for a short range as per sensor specification, this limitation can be
explained by the whisker length; as the whisker length increases, the sensitivity at the base for detecting
lower forces decreases exponentially. This explains why the studies that used smaller whisker sizes done
by [23] and [25] were able to detect forces with good sensitivity. The strain probed at the whisker was
only able to resolve the force direction of 0.1 degrees for higher forces, as it was limited by noise in the

sensor considered. Therefore, these two approaches need to be explored using different sensors.
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CHAPTER SIX CONCLUSION

The study was performed to determine which of the two prominent literature sensing stress at the side
of the whisker or the base of the whisker was better. The study was carried out by characterizing the
texture with the amplitude and the gap size of the surface feature present. The results showed that the
design considered for the study could resolve amplitude up to 40 pm and gap size up to 90 um by probing
stress values at the base of the whisker and was able to resolve amplitude of 60 pm and 50 um gap size
by probing strain on the side of the whisker. Thus project goal was achieved by using the strain method.

The amplitude of the texture feature was detected by probing the magnitude of the stress and
strain signals. By measuring the stress at the base of the sensor, the amplitude was detected more
accurately than by measuring strain at the sides. The texture feature gap size, which was measured by
taking the temporal change in extremities (maxima and minima) occurrence in the signal, was able to be
resolved more accurately by using the strain measurements at the side of the whisker than by probing
the stress from the base of the whisker element. These observations agree with our hypothesis.

The oscillation that was present in the system due to the oscillatory behaviour of whisker was
able to be resolved by the use of a low pass Butterworth filter, which was also seen to preserve the shape
of the signal after filtering, due to which the extremities (maxima and minima) measurement in the signal
was made accurate.

For force direction resolvability, the method that used stress at the base for measurement
achieved a resolution of 0.1 for forces between 1.68 mN and 1.2 mN, limited due to the considered
sensors range specification. Similarly, the stress probed at the sides achieved limitations due to
considered sensors noise specification. It could only resolve higher forces 1 N to 10 mN mechanism for

the aimed 0.3 degree direction resolution. Thus, this needs to be explored more using different sensors.
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FUTURE WORK

Extended Dynamic Simulation:

This study performs dynamic simulation by varying only the amplitude and gap size between texture
surface features and not the texture object base width. A future extension could also include varying the
width of the surface object and finding how it correlates to the current findings. Furthermore, the study
considered a 200 mm whisker with a 2.5 cm base diameter and a taper of 1:9 tip-to-base area ratio; future
extension can include exploring and setting up dynamic simulations for different whisker lights and

dimensions.

Experimental Validation:

This study was only performed using CAE and CAD tools, and the hardware testing was not started due
to time restrictions; the PCB integrating the three barometric sensors was already developed but still
needs to be tested. Building and testing actual whisker prototypes and conducting physical experiments
to validate the findings obtained from CAE and CAD simulations is one of the future extensions that can

be considered to provide real-world data to compare with the simulated results.
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APPENDICES

APPENDIX-I:

Sensor Type Angular Minimum range Literature related
resolution [source] publication

Sharp Infrared -- 10cm [67] [68]

GP2Y0AO02YKOF

RPLIDAR A1 LIDAR 0.1 degree 15 cm [69] [70]

Hokuyo UTM-30LX | LIDAR 0.25 degree 10 [cm] [71] [70]

[Low range]

YDLIDAR X4 LIDAR 0.43 degree 12cm [72] [73]

MB7363 HRXL- SONAR -- 50 cm [74] [75]

MaxSonar-WRLS

MB1003 HRLV- SONAR - 30 cm [76] [75]

MaxSonar-EZ0

UST-10LX LIDAR 0.25 degree 6 cm [77] [71]

LMS111-10100 LIDAR 0.25 degree 50 cm [78] [79]

Table 2 Representation of some of the conventional sensors which is used in literature
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APPENDIX-II:

PCB Design Overview:
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Figure 15 Representation of the PCB design used a) PCB design circuit view, b) PCB board showing the parasitic capacitors used, c)
PCB board showing the barometric sensors, d) PCB board developed exposing the sensitive elements.
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APPENDIX-III:

A. Dynamic Simulation Setup Overview:

Define role of whisker: Fixed -
[ joint at base * _[ Define Cl')n‘necunuu and 1
joints
Define role of texture object:
( o T e

Interaction between texture
object and whisker (fricti

[ Define Material J
l N Import CAD File in st
[ Lotye Leini el J format to wutkbenc:p ]
[ Load type : Velocity (16 mm/s) | R I
El : Texture Object J | B Defining loading
ition Define processor and
= used in L SO [ number of cores ]

Definefimeof L | [ Motionsover v |
Load control Jo

[ Stress probe at whisker base

L 5

Strain probe at whisker side
( equivalent elastic strain)

[

Figure 16 Representation of the setup for dynamic analysis in Ansys workbench motion tool.’

The Whisker element mesh was selected to be 0.4 mm, any finer mesh was seen to increase the
simulation time exponentially, and the mesh size of the texture object with the surface feature was
selected to be 0.05 mm, which was equal to the smallest gap size in the texture object, this value was
further decreased to 0.02 mm for mesh below 1 mm amplitude, as it required more fine resolution for
smaller amplitude. A finer face mesh of 0.05 mm was selected at the tip of the whisker as the whisker
was interacting with the object; for amplitude less than 1 mm, this was further decreased to 0.02 mm for
the same reason as before. The face mesh size at the whisker base plate was 0.1 mm, allowing for a finer

resolution of the stress.

B. Mesh Size considered:

Element Whole Texture  Whisker Whisker Whisker base
Whisker object Tip structure  support structure

Mesh up to Imm amplitude for 0.4mm  0.05mm 0.05mm 0.4 mm 0.1 mm

texture object

Mesh below to 1 mm amplitude 0.4mm  0.02mm 0.02 mm 0.2 mm 0.1 mm

for texture object
Table 3 Representation of mesh size considered for different elements in dynamic analysis.
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C. Whisker tip area to whisker element base area:

Base Diameter mm Base Area mm”2  Area Factor Tip Area mm*2 Tip radius mm
4.5 15.89625 9 1.76625 1.5
2.5 4.90625 9 0.545139 0.833333
3.5 9.61625 9 1.068472 1.166667
1.5 1.76625 9 0.19625 0.5

Table 4 Representation of the whisker element base area to tip area for different base diameters

D. Stress probed at the base for different whisker base diameters for 0.04 mm
surface feature amplitude

Different whikser base for 0.04 mm surface feature amplitude

0.45
0.35
0.25
0.15
0.05
-0.05
-0.15
-0.25
-0.35
-0.45

Stress (Mpa)

—1.5 mm =—2.5mm 3.5 mm =——4.5mm Max stress 0.125[Mpal] Min stress 0.03[Mpa]

Figure 17 Representation of stress observed for different whisker base diameter with respect to sensor range for a surface feature of
0.04 mm

E. Whisker setup sample:

16 mm/s

Figure 18 Representation of whisker interacting with a Imm amplitude surface feature texture
object of varying gap size in Ansys
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APPENDIX-IV:

A. FFT analysis MATLAB script

filename = 'Bookl.xlsx'; %

sheet = 1;

range = 'A:B';

data = xlsread('Bookl.xlsx', sheet, range); $ READ DATA

time = data(:,1);
signal = data(:,2);

Fs = 1 / mean(diff (time)) ; %Calculate sampling Time
T =1/ Fs;
L = length(signal); $Perform FFT

o°

Y = fft(signal);

P2 = abs(Y / L);

Pl = P2(1:L/2+1);

Pl (2:end-1) = 2 * P1l(2:end-1);
f =TFs * (0:(L/2)) / L:

Compute the two-sided spectrum P2
Compute the single-sided spectrum Pl

o°

o

Define the frequency domain x axis

figure;

plot(f, P1l);

title('Single-Sided Amplitude Spectrum of Signal');
xlabel ('f (Hz)'");

ylabel (" [P1(£)|");

grid on;

B. 2" Order Butterworth low-pass filter frequency response at 1 rad/s corner
frequency

Butterworth lowpass filter magnitude response, order 2

2nd order

overall

-20

-25

gain (dB)

-30

-35

-40

45 | | |
30 102 10! 10°
freauency (Hz)

Figure 19 Representation of 2nd order Butterworth filter frequency response and pole zero map
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C. Butterworth low-pass filter MATLAB script:

[numData, ~, ~] = xlsread('INPUT DATA.xlsx'"); SREAD DATA

time = numbData(:, 1); $ Extract time data

inputvalues = numData(:, 2); % Extract pressure signal data [Mpa]
$5%5%%%%%%5%5%%%%%%% Filter code $%%%%%%%%%%%%5%%%%%

Fs 1 / (time(2) - time(1l)); % GEthe sampling frequency

fc = 20; % Define the cutoff frequency for the
filter

[b 1p, a 1lp] = butter(4, fc / (Fs / 2), 'low'); % Using Butterworth low-pass
filter

$%%%%%%%%%%%%%%%% Filter data $%%%%%%%%%%%%%%%%%

o
)]
f—

T
[
3

o]
[
o+
<
o)
f—
[
()
0]

finalsignalvalue = filtfilt(b 1

%%%%%%%%%%%%%%%% Save filter data %%%%%%%%%%%%%%%%%%
outputData = [time, finalsignalvalue]; % Combine time and filtered signal
xlswrite ('DAT OUT.xlsx', outputData); % Save to Excel sheet

%$Plotting the original and filtered pressure signal in separate subplots
figure;

3%%%%%%%%5%5%55%5%5%5%%% Plot original signal %%%%%%%%%%%%%%%%%%

plot (time, inputvalues, 'b');
xlabel ('Time"'") ;

ylabel ('Pressure');
title('Original Pressure Signal');
grid on;

39%%5%%%%%%%5%%%%%%% Plot final filtered signal $%%%%%%%%%%%%%%%%%
plot(time, finalsignalvalue, 'm');

xlabel ('Time"') ;
ylabel ('Pressure');

title(['Filtered Signal with Low-Pass Filter (f ¢ = ', num2str(fc), ' Hz)'l);
grid on;
$%%%%%%%%%%%%%%%%% Plot original and final filtered signals together

, inputvalues, 'b', 'DisplayName', 'Original Pressure Signal');

plot (time, finalsignalvalue, 'm', 'DisplayName', 'Final Filtered Signal');
xlabel ('Time"'") ;
ylabel ('Pressure');

title('Original and Final Filtered Pressure Signals');

legend;

grid on;

hold off;

$%%%%%%%%%%%5%%%%%%%%%%$%$CODE TO FIND CONCECUTIVE MXIMA AND
MINAMAS%%%%%%%%%%%%5%%%%%%%%

% Find local minima and maxima

inverted filtered signal = -finalsignalvalue;

[~, local min indices] = findpeaks(inverted filtered signal, 'MinPeakProminence'
0.001);

local minima = finalsignalvalue (local min indices);

num minima to display = min(16, length(local minima));
local min indices = local min indices(l:num minima to display);
local minima = local minima (l:num minima to display):;
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time differences minima = diff (time(local min indices));

[~, local max indices] = findpeaks(finalsignalvalue, 'MinPeakProminence', 0.001);
local maxima = finalsignalvalue (local max indices);

num maxima to display = min(16, length(local maxima)) ;

local max indices = local max indices (l:num maxima to display);
local maxima = local maxima (l:num maxima to display):;
time differences maxima = diff (time(local max indices));

% Calculate the average value of the data between the first maxima and minima
if ~isempty(local max indices) && ~isempty(local min indices)

first max index = local max indices (1) ;

first min index = local min indices (find(local min indices > first max index,
1))

if ~isempty(first min index)

avg _value between max and min =

mean (finalsignalvalue (first max index:first min index));

else
avg_value between max and min = NaN;
end
else
avg _value between max and min = NaN;

end
% Calculate the average of the first 16 maxima and minima

avg value maxima = mean(local maxima);

avg value minima = mean(local minima);

% Display the average values of the first 16 maxima and minima

fprintf ('Average value of the first 16 maxima: %.3f\n', avg value maxima);
fprintf ('Average value of the first 16 minima: %.3f\n', avg value minima);
% Display transfer function of filter

tf lowpass = tf(b 1lp, a lp, 1 / Fs);

disp('Transfer Function of Low-Pass Filter:');

tf lowpass

% Calculating difference between concecutive maxima and minima
num_time diffs to save = min (16, length(time differences maxima));

time differences maxima to save =

time differences maxima (l:num time diffs to save);

times maxima = time (local max indices(2:num_time diffs to save + 1));
% Corresponding timesto maxima
output maxima = [times maxima, time differences maxima to save];

xlswrite ('TimeDifferencesMaxima 0 0 6.xlsx', output maxima, 'Sheetl', 'Al');
sSave

% Calculating difference between conceutive maxima and minima
time differences minima to save =

time differences minima (l:num time diffs to_ save);

times minima = time(local min indices(2:num time diffs to save + 1));
%Corresponding times for minima
output minima = [times minima, time differences minima to save];

xlswrite ('TimeDifferencesMinima 0 0 6.xlsx', output minima, 'Sheetl', 'Al'"); S%Save
% Save MAX DATA (save value at each maxima)

maxima data = [time (local max indices), local maxima];

xlswrite ('"MAX DATA.xlsx', maxima data, 'Sheetl',6 'Al'); % Save to Excel sheet

% Save MIN DATA (save value at each minima)

minima data = [time(local min indices), local minima];

xlswrite ('MIN DATA.xlsx', minima data, 'Sheetl', 'Al'); % Save to Excel sheet.
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APPENDIX-V:

A. Static Simulation setup overview:

_.

Figure 20 Representation of setup for static analysis in Ansys workbench static structural tool

B. Mesh Size considered for the static simulation:

Element ‘Whole Whisker Whisker Tip Whisker structure Whisker base

support structure

Mesh 0.4 mm 0.05mm 0.4 mm 0.1 mm

Table 5 Representation of mesh size considered for different elements in static analysis

C. Basic setup:

Figure 21 Representation of setup for static simulation where the a) whisker is fixed at the base, b) force applied at the tip, c)whisker overview.
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APPENDIX - VI

Table 1: Key Features of BMP384
Package 2.0 mm x 2.0 mm x 0.95 mm metal lid LGA

Digital interface I2C (up to 3.4 MHz) and SPI (3 and 4 wire, up to 10 MHz)

Vpp main supply voltage range: 1.65 V to 3.6 V

Supply voltage

Vooio interface voltage range: 1.2 Vto 3.6 V
typ. £9 Pa, equiv. to £ 0.756m

Relative accuracy (900 .. 1100 hPa, 25 40°C)

typ. £ 50 Pa

Absolute accuracy (300 ...1100 hPa, 0 ... 65 °C)

typ. + 1.0 Pa/K
(900 hPa, 25 ... 40°C)

Temperature coefficient offset

_ 3.4 pA at 1 Hz pressure and temperature
Current consumption
2.0 pAin sleep mode

Operating range -40 - +85 °C, 300-1250 hPa

The product is RoHS compliant, halogen-free, MSL3

Table 6 Representation of key features of the barometric sensor used.
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APPENDIX-VII:

Temporal change in maxima occurrence for different gap sizes at different amplitude for strain probed
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Figure 22 Representation of Temporal change in a) strain maxima, b) strain minima, c) stress maxima, and d) stress
maxima occurrences, probed for different surface feature amplitude
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APPENDIX-VIII:

A. Stress probed at the Left and right base of the whisker for forces with the
range of stress sensor used

Force resolution of BMP384 sensor
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0.0012 N Right 0.00168N Left 0.00168 N right MIN Value Max Value

Figure 23 Representation of stress probed at the left and right base of the whisker

B. The minimum rate of change of stress required for achieving angular
resolution of 0.1 degrees at force magnitudes between 1.2 N and 1.68 N

Minimum change seen in stress value at base for resolving force

direcction by 0.1 degrees
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Force applied (N)

Figure 24 Representation of minimum resolution needed for resolving direction sensing at 0.1 degrees at various force amplitudes for
stress probed from base, (e here sensor error signal 0.03 pa)
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APPENDIX-IX:

A. Strain probed for forces ranging from 1 N to 1 uN for 0.1 increments in
angular force

Strain Probed at the whikser with respect to 0° and 90° to the force applied
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Figure 25 Representation of strain probed for the different forces applied at an angular space of 60 degrees for two strain gauges 90
degrees apart

B. The difference between the two strain values probed at 90 degrees with
respect to each other for a force applied from 0 to 60 degrees.

Strain difference vs angular change
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Figure 26 Representation of difference between strain sensors positioned 90 degrees with respect to each other for force 0.1 N and
IN applied at varying angles
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