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Abstract 

The Incentive Spirometer (IS) is a device prescribed to patients following abdominal or thoracic 

surgery, to facilitate deep breathing and reduce, or prevent, Postoperative Pulmonary 

Complications (PPCs). The utility of the IS has been debated in recent literature, as disengagement 

with the IS has been reported to contribute to lowered patient compliance, hence expected 

respiratory benefits have not been realised (Fernandez-Bustamante, Schoen, et al., 2017). In 

2011, over 1 million PPCs occurred annually in the United States, associated with 46,200 deaths 

and 4.8 million additional hospitalisation days (Shander et al., 2011). IS compliance has been 

reported to be as low as 6% (Pantel et al., 2017). To potentially improve respiratory outcomes 

and satisfaction during therapy, a music-focused electronic therapeutic device was modelled from 

the IS.  

The trumpet is a musical instrument Activated by the mouth and breath, which can be naturally 

coupled to a breath-based therapy such as Incentive Spirometry (ISy). A more interactive and 

enjoyable respiratory rehabilitation program was integrated through the design of an electronic 

trumpet. To increase user engagement, multiple mobile applications were designed to integrate 

with the electronic trumpet, which provided customisable visual and graphic feedback, with the 

option to include tactile feedback. The combination of adaptability, trimodal feedback and 

customisation and have been recognised to contribute positively to user engagement (Frid, 2019). 

The intricate and complex process required to play modern musical instruments often requires 

the musician to possess complete muscular control. Such systems impose great challenges for 

those with physical impairments who wish to access and play music. Music has been shown to 

promote cognitive development (Talamini et al., 2017; Vaughn, 2000), reduce, or prolong, the 

onset of dementia and cognitive impairment in the elderly (Balbag et al., 2014), and music therapy 

has also been shown to improve mental health (Canga et al., 2015; Ferrer, 2007). 

The assistive electronic trumpet was designed to be portable, simple, and convenient to use, 

embedded with onboard processing capabilities and Bluetooth connectivity. In addition to acting 

as a therapeutic device, the electronic trumpet, also provides musical access to users who lack 

either the fine motor control or the respiratory capacity required to play a conventional trumpet. 
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Introduction 
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1 Introduction 

It was estimated that 321.5 million surgical procedures were performed worldwide in 2010 

(Rose et al., 2015); a substantial increase of 31% from the estimate of 234.2 million surgical 

procedures performed in 2006 (Weiser et al., 2008). Of the 321.5 million listed procedures, 

41.23 million were of respiratory, cardiovascular and digestive in nature, equating to 

approximately 12.8% of the total number of surgeries performed annually (Rose et al., 2015). 

Postoperative Pulmonary Complications (PPCs) have an associated incidence ranging 

between 6% - 80%, depending on the research method, surgery type and classification of a 

PPC (Fernandez-Bustamante, Frendl, et al., 2017).  A PPC refers to a pulmonary abnormality 

resulting in a disease or dysfunction combined with a negative patient outcome, usually 

identified as respiratory failure, pneumonia or atelectasis (Davies et al., 2017). PPCs 

significantly affect patient outcomes and attribute to an increased hospitalisation duration, 

morbidity and mortality. Strategies to reduce PPCs can occur preoperatively, perioperatively 

and postoperatively (Davies et al., 2017). It was found that the occurrence of a complication 

within the 30-day postoperative period was the strongest determining factor of mortality 

(Khuri et al., 2005).  

The primary focus of this analysis is abdominal or thoracic surgeries, associated with the 

highest incidence of PPCs (Ruscic et al., 2017). The occurrence of significant PPCs was found 

in 20% - 40% of abdominal or thoracic surgeries (Bartlett et al., 1973). However, 

approximately 3% of general surgical procedures result in PPCs (Johnson et al., 2007), due to 

the disruption of the natural deep breathing pattern while under the influence of anaesthesia. 

Regular deep breathing prevents atelectasis and is therefore critical to maintaining standard 

lung function (Bendixen et al., 1964). 

In 2011, over 1 million PPCs occurred annually in the United States, associated with 46,200 

deaths and 4.8 million additional hospitalisation days (Shander et al., 2011). The annual 

rehospitalisation cost in the United States was estimated to be USD$835 million (Sabaté et 

al., 2014).  
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To prevent the incidence of, or reduce the effect of a PPC, the Incentive Spirometer (IS) is 

commonly prescribed which facilitates voluntary deep breathing, or sustained maximal 

inspiration (U.S. National Library of Medicine, 2017). Following the invention of the IS by 

Bartlett in 1970, the IS was shown to be superior in reducing PPCs compared to alternative 

physical therapies recommended in the 1970s (Craven et al., 1974). Ten IS repetitions are 

commonly prescribed per waking hour, for the first five postoperative days (do Nascimento 

Junior et al., 2014), equating to approximately 160 total repetitions per day.  

More recently, PPCs were reduced following the appropriate engagement with the IS 

(Westwood et al., 2007). However, it was reported in 2017 that low patient compliance 

resulted in the device being used less than the recommended amount, hence expected 

benefits were not achieved (Fernandez-Bustamante, Schoen, et al., 2017). An analysis of 12 

studies found no statistical difference between those prescribed Incentive Spirometry (ISy) 

and those prescribed either no respiratory therapy, deep breathing exercises, or chest 

physiotherapy (do Nascimento Junior et al., 2014). Patients have been reported to perform 

as little as 6% of the recommended exercises (Pantel et al., 2017).  It is assumed that patient 

compliance is a major factor in the results, however, most studies do not record compliance 

and therefore do not offer a mechanism to validate claims without further investigation.  

Acknowledging the additional respiratory complications associated with poor IS compliance 

(Fernandez-Bustamante, Schoen, et al., 2017; do Nascimento Junior et al., 2014), a more 

engaging electronic therapeutic device is proposed. The device is intended to be incorporated 

into respiratory rehabilitation programs; initially through music, with possible extensions to 

digital gameplay-based therapy. The music produced by the device will reflect the sounds of 

a trumpet and require logic similar to conventional trumpet play. Unlike a conventional 

trumpet, however, the breathing emphasis can be placed on either inspiration or expiration, 

at the discretion or requirements of the user. The electronic trumpet will be designed for both 

music therapy purposes and as an assistive musical instrument. End-users who lack either fine 

motor control or the respiratory capacity required to play a conventional trumpet will be able 

to access music through the proposed electronic trumpet. 

Auditory feedback is projected to increase compliance as musical engagement has been 

demonstrated to enhance physical effort and ability to complete tasks (Elliott et al., 2005). 
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Music has been shown to promote cognitive development through the improvement of 

memory (Talamini et al., 2017), mathematical capacity (Vaughn, 2000) and literacy 

(Department for Education, 2019). The onset of dementia and cognitive impairment was also 

reduced, or prolonged in the elderly following musical engagement (Balbag et al., 2014). In a 

medical context, music therapy has demonstrated an improvement in physiological responses 

such as respiration (Smith et al., 1989), heart rate (Uggla et al., 2016) and blood pressure (do 

Amaral et al., 2016). Mental health was also positively affected by music therapy, with a 

reduced incidence of depression (Canga et al., 2015) and anxiety recorded (Ferrer, 2007). 

This thesis provides a review of current literature in Section 2, identifying the prevalence and 

consequences of PPCs, the current modalities to prevent or reduce PPCs and commercially 

available assistive devices, with a musical or respiratory therapy focus. Section 3 provides an 

overview of the project while Section 4 describes the developmental process of an assistive 

electronic trumpet. The hardware and software components utilised to develop the 

functional prototype were discussed and integrated. Section 5 presents the final outcomes of 

the project while Section 6 summarises the limitations and future recommendations.  
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2 Literature Review 

2.1  Postoperative Pulmonary Complications 

To understand the effects of anaesthesia on pulmonary function, Mead and Collier performed an 

experiment on anaesthetised dogs (Mead and Collier, 1959). The results indicated that short-term 

atelectasis, the collapse or partial collapse of the lung, occurred while performing regular and 

constant tidal ventilation (Figure 1) with a volume between 400mL to 500mL (Bartlett et al., 1973). 

Atelectasis continued to occur until the required pressure was applied to reopen the closed alveoli 

through a deep breath (Mead and Collier, 1959). It was found that these deep breaths, either a 

sigh or a yawn, generally occur 5 - 10 times per hour, are critical to maintaining standard lung 

function, however, do not occur under the influence of anaesthesia (Bendixen et al., 1964).  

The abnormality of exclusively breathing shallow breaths, combined with the tidal volume 

reduction, prevented the natural clearance of secretions and resulted in hypoventilation through 

retained secretions, leading to atelectasis (Craven et al., 1974) after a number of hours (Bartlett 

et al., 1973). Atelectasis had the potential to lead to PPCs such as pneumonia (Kigin, 1981). 

Patients with reduced lung capacity prior to the surgery, due to chronic bronchitis, emphysema, 

smoking, or obesity, also had a higher chance of developing a PPC (Kigin, 1981). The review 

conducted by Kigin found that respiratory failure contributed to approximately 50% of 

postoperative deaths in the 1970s.  

Figure 1: Lung Volumes (Carroll, 2007) 

Figure 1 has been removed due to copyright restrictions
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2.1.1 Postoperative Pulmonary Complication Prevalence 

Following any procedure requiring neuromuscular blocking drugs such as general anaesthesia, 

PPCs often occur due to the reduction in lung volume and change in respiratory and drive muscle 

functions (Miskovic and Lumb, 2017). Common complications include short-term atelectasis in at 

least 75% of patients who received a general anaesthetic (Miskovic and Lumb, 2017), pneumonia, 

and increased occurrences of morbidity and mortality (Sengupta, 2015). The high inflation of the 

alveoli over a sustained period of time is critical for preventing respiratory diseases (Bartlett et 

al., 1973).  

PPCs after a thoracotomy vary in prevalence, depending on a range of factors relating to both the 

patient and the procedure (Forrest, 2016). Fisher et al. conducted a systematic review of blinded 

studies ranging from 1966 to 2001 to determine the accuracy of predicting the prevalence of a 

PPC based on preoperative factors. Although a statistically significant factor could not be 

identified across studies, it was found that the incidence of PPCs ranged from 2% – 16% (Fisher et 

al., 2002).  

A study conducted by Arozullah et al. analysed the outcomes following major surgery for 160,805 

patients who were all operated on in 100 Veterans Affairs Medical Centres. It was found the 1.5% 

of patients developed pneumonia with a 21% mortality rate following the 30-day postoperative 

period. The surgeries performed were abdominal aortic aneurysm repair, thoracic, upper 

abdominal, neck, vascular, and neurosurgery (Arozullah et al., 2001).  

A later study compared the prevalence of complications following postoperative respiratory 

failure. Of the 180,359 patients who underwent major vascular and general surgical operations, 

respiratory failure occurred in 3% of patients (Johnson et al., 2007). Of the 3% of patients, 35.4% 

developed pneumonia (1.05% of total patients), with a 26.5% mortality rate within the respiratory 

failure group compared to a 1.4% mortality rate without postoperative respiratory failure, 

following the 30-day postoperative period (Johnson et al., 2007). The study by Johnson et al. 

comprised of 19.8% female subjects; of while 2.19% developed pneumonia, compared to 3.18% 

of males. Compared to the findings of Arozullah et al., the number of patients who developed 

pneumonia was lower, however, it was recognised that only 3.2% of subjects were female. Both 
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studies displayed a significant correlation between the identification of PPCs and mortality, with 

males shown to carry a greater risk (Johnson et al., 2007).  

A study conducted by Dimick et al. investigated the likelihood of a postoperative complication 

occurrence following a high-risk surgery, depending on whether the procedure was performed in 

a high-volume hospital (HVH) or low-volume hospital (LVH). The findings identified a near 2-fold 

increase of PPCs when the three analysed operations were performed at a LVH compared with a 

HVH (Dimick et al., 2003). For oesophageal resection, pancreatic resection and abdominal aortic 

aneurysm repair, the HVH resulted in postoperative complication for 30%, 6% and 12%, compared 

with 51%, 12% and 18% for LVHs, respectively (Dimick et al., 2003). It is assumed that the higher 

quality hospital resources, combined with the superior experience of nursing, anaesthesia and 

intensive care staff led to the decrease in PPCs in HVHs (Dimick et al., 2003).  

The combined PPC prevalence was recorded to be 25.9% (HVH) and 35.9% (LVH), 9.3% (HVH) and 

14.7% (LVH), and 8.7% (HVH) and 10.2% (LVH), for oesophageal resection, pancreatic resection 

and abdominal aortic aneurysm repair, respectively (Dimick et al., 2003).  

Depending on the definition followed by each researcher of a PPC, the type of surgery performed 

and the personal factors of the patient, the prevalence of PPCs do change, therefore making it 

difficult to confidently identify if PPC reduction strategies have been effective.  

It was reported by Bartlett et al. in 1973 that between 20% and 40% of abdominal or thoracic 

operations were followed by pulmonary complications, including atelectasis, tachypnoea, 

hypoxia, fever, and pneumonia according to sources published in 1957 and 1971 (Bartlett et al., 

1973). In approximately 30% of post laparotomy patients, the usual decrease in total lung 

capacity, functional residual capacity and residual volume were not naturally restored within 

seven days, and instead presented atelectasis, observable through an x-ray (Bartlett et al., 1973). 

A review conducted based on studies ranging from 1966 to 2001, where only nonthoracic 

surgeries were included, reported a PPC occurrence in 2% – 16% (Fisher et al., 2002). 
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2.1.2 Postoperative Pulmonary Complication Risk Factors 

The risk of developing a PPC is dependent on a number of factors, of which age has the most 

significant influence, followed by the presence of additional medical conditions, and the nature 

and severity of the operation (Table 1) (Forrest, 2016). 

Table 1: Risk of Postoperative Respiratory Failure (Adapted from Forrest, 2016) 

Risk Factor Multiplier Risk Factor 

6x Age > 80 

4.5x ASA IV-V 

4x Low serum albumin thoracic surgery 

2x Upper abdominal surgery totally dependent functional state CCF 

2x ASA III neurosurgery emergency surgery COPD 

1.5x General anaesthesia 

1.5x Diabetes 

1.5x Renal failure 

1.5x Anaemia 

1.5x Blood transfusion 

1.5x CVA 

1.5x Recent respiratory infection 

1.5x Recent weight loss 

1.5x Smoking 

1.5x Regular alcohol consumption 

Irrespective of the cause, prevention of PPCs is of the utmost importance as PPCs reduce patient 

quality of life and are associated with significant additional economic factors. PPCs are estimated 

to cause 4.8 million additional hospitalisation days (Shander et al., 2011) with an annual 

rehospitalisation cost of USD$835 million in the United States (Sabaté et al., 2014).  
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Pulmonary impairment was observed up to four months postoperatively following coronary 

artery bypass graft surgery (Westerdahl et al., 2003), confirming respiratory conditions persist 

significantly beyond the period of anaesthesia and effective management strategies are critical 

for the prevention of PPCs. 

The review conducted by Fisher et al. incorporated more recent studies and does display a 

reduction in PPCs, presumably due to the incorporation of recent preoperative, perioperative and 

postoperative techniques implemented to reduce PPCs. However, it is acknowledged that the 

studies did not measure identical surgical procedures, and due to the number of studies included, 

the personal factors of each patient could not be localised to a singular population, which would 

have enabled higher confidence of progress. Due to the high prevalence of PPCs, the development 

of effective countermeasures is imperative.  
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2.2 Postoperative Interventions  

The postoperative interventions explored in this review include expiratory manoeuvres, CO2 

induced hyperventilation, ISy, and physical therapy aided by music.  

A study conducted in 1954 demonstrated postoperative atelectasis occurred in 42% of the control 

group, 27% of the postoperative deep breathing group and 12% in the preoperative and 

postoperative deep breathing group (Thoren, 1954). Bartlett et al. also reported two studies from 

1966 identified sustained and maximum inspiration assisted both the postoperative hypoxemia 

reversal and alveolar inflation.  It was reported by McConnell et al. that in 1974, the US spent an 

annual USD$400 million in the prevention of PPCs (McConnell et al., 1974).  

In 1973, Bartlett et al. provided a critical review of the physiological effects of performing 

respiratory manoeuvres postoperatively, with the intention of preventing PPC’s. The findings and 

recommendations of Bartlett et al. were analysed and compared against current literature 

findings to assess the appropriateness of each intervention method. 

2.2.1 Expiratory Manoeuvres 

Postoperative expiratory manoeuvres, such as coughing, breath-holding and blowing into a 

balloon or against resistance in post-laparotomy patients induced significant pain after recruiting 

expiratory muscles such as abdominal muscles (Bartlett et al., 1973). However, expiratory 

manoeuvres increase the pleural pressure with respect to the airway pressure, causing the alveoli 

to deflate, the opposite of the desired effect (Bartlett et al., 1973).   

It was also recommended that postoperative patients blow on a wind instrument to prevent 

pulmonary complications. Similarly, blow bottles were recommended postoperatively, by which 

the patient would blow into a bottle, partially filled with water to create resistance.  

The only recorded benefit of the expiratory manoeuvres was the associated preparatory 

inspiration, however the expiration that followed often resulted in unnecessary pain and effort 

which did not provide worthwhile benefit (Bartlett et al., 1973).  
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2.2.2 Intermittent Positive Pressure Breathing 

Intermittent Positive Pressure Breathing (IPPB) correctly emphasised inspiration, which resulted 

in maximal inspiration through the inflation of the lungs by either automatically with a 

flow-generating pressure-controlled ventilator or manually with a gas-filled anaesthesia bag 

(Bartlett et al., 1973).  

Although theoretically valuable, IPPB has been unsuccessful in studies prior to the 1970s, 

primarily due to the inflation volume being incorrectly measured. If dependant on the peak airway 

pressure or resistance was experienced by the patient, the supplied volume was often too small 

due to the reduction in Functional Residual Capacity following atelectasis, leading instead to 

shallow ventilation  (Bartlett et al., 1973).  

In 2002, Méndez-Téllez et al. completed a review of IPPB studies and concluded the routine use 

of IPPB is not supported, nor beneficial. Evidence of appropriate use of IPPB leading to successful 

outcomes of reducing atelectasis, prevention of respiratory failure, accelerated pneumonia 

recovery was not reported (Méndez-Téllez et al., 2002). 

Modern techniques including a carefully measured inflating volume were shown by Moses et al. 

in 2016 to reduce postoperative pulmonary complications following blunt chest trauma. It was 

recognised that chest wall trauma which results in fractured ribs reduce the capacity to breathe 

deeply, leading to pulmonary complications such as atelectasis and pneumonia, and later 

respiratory failure (Moses et al., 2016). Although the study by Moses et al. comprised of only 30 

patients, the results found a 36% reduction in pulmonary complications and demonstrated that 

when appropriately delivered, IPPB is safe and effective (Moses et al., 2016). 

2.2.3 CO2 Induced Hyperventilation 

The method of CO2 induced hyperventilation was also investigated as the monotonous tidal 

ventilation was improved, and breathing was recorded to be deeper. However, due to the 

increase in breath rate per minute, the sustained alveolar inflation could not be achieved for a 

duration with enough length to significantly reduce PPCs (Bartlett et al., 1973).   
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2.2.4 Positive End Expiratory Pressure 

Positive End Expiratory Pressure (PEEP) describes the process of pumping air into the lungs to 

increase alveolar pressure if the alveoli were unable to inflate. Alveoli pressure reaches its most 

positive value at the end of inspiration, then decreases to its least positive value at the start of 

expiration  (Bluth et al., 2019). PEEP prevents the pressure from dropping to the original pressure 

of the lungs, hence alveolar inflation is maintained, preventing the collapse of the alveoli and 

increasing stability. PEEP also decreases venous return and cardiac output. PEEP is implemented 

as a peri-operative strategy and was found to be ineffective at reducing PPCs (Bluth et al., 2019). 

2.2.5 Incentive Spirometry 

Sustained inspiration through deep breathing or yawning has been shown to inflate alveoli and 

prevent pulmonary complications, primarily atelectasis (Ward et al., 1967). Harken introduced 

remedial breathing exercises and physical therapy which focussed on the chest to the United 

States in 1945, following the proposal of post-thoracotomy sustained maximal inspiration in 

England by Edwards (Harkden, 1946). The technique of holding a deep breath for 3 – 5 seconds 

was found equivalent to a sigh or yawn in the prevention of a PPC (Bartlett et al., 1970).  

The IS is a device prescribed to patients following abdominal or thoracic surgery, to facilitate deep 

breathing and reduce, or prevent, PPCs (U.S. National Library of Medicine, 2017). The common 

prescription of use is 10 deep breaths for each waking hour for the first five postoperative days, 

as reported by the American Association for Respiratory Care (AARC) Clinical practice guidelines 

(Restrepo et al., 2011), and repeated by multiple authors (Hall et al., 1996;  do Nascimento Junior 

et al., 2014; Overend et al., 2001). 

An operational objective of the IS was to reduce the demand for medical personnel (Lederer et 

al., 1980). The IS is ideally placed on the bedside table, to serve as both a visual reminder and 

remain within reach, for independent postoperative use (Hough, 1996). Once educated by 

medical personnel, the IS is expected to be used prior to discharge from the hospital and has been 

independently continued at the home for up to two months (Basoglu et al., 2005). 
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2.2.5.1 Device Progression 

The Bartlett-Edwards Incentive Spirometer (Figure 2) was the first iteration of Volume-orientated 

Incentive Spirometers (VIS), released in 1973 (Lederer et al., 1980). VIS are designed to encourage 

consistently low but sustained inspiratory flow (Alaparthi et al., 2016). Detection of the inspired 

volume in the Bartlett-Edwards Incentive Spirometer occurred through the rise of a piston-like 

plate along the volumetric shaft (Figure 3). Once the desired volume was reached, feedback was 

provided through battery-powered flashing lights (Lederer et al., 1980).  

Figure 2: Bartlett-Edwards Incentive 
Spirometer (Van De Water, 1980) 

Figure 3: Bartlett-Edwards Incentive Spirometer Components 
(Stock et al., 1985) 

Figure 2 has been removed due to copyright restrictions

Figure 3 has been removed due to copyright restrictions
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Similarly to the Bartlett-Edwards Incentive Spirometer, the Spirocare provides confirmation of the 

volume through an incremental illumination of lights as the patient approaches the volume goal 

(Lederer et al., 1980). The Spirocare, another VIS released in 1975, displayed both the volume 

objective set by the physician and the number of times the goal was achieved through a visible 

counter. The device (Figure 4) is dependent on mains power and is, therefore, less portable 

(Lederer et al., 1980). The Spirocare utilised a bellow which would rise upon inhalation between 

200mL and 2000mL; the speed at which the propeller within the mouthpiece was spinning 

determined the depth of inspiration (Lederer et al., 1980). 

Released prior to 1980, the Triflo represents Flow-orientated Incentive Spirometers (FIS) that 

contain a ball in each of the three chambers positioned in series. Through inhalation, the ball rises 

due to the subatmospheric pressure generated above each ball, at an inspiratory flow of 600mL/s, 

900mL/s and 1200mL/s for the first, second and third ball, respectively (Alaparthi et al., 2016), 

From  Figure 5 the leftmost ball requires the least flow to lift, compared to the rightmost ball 

which will require the strongest flow (Lederer et al., 1980). The Triflo was the lightest, cheapest 

and most portable of the three investigated devices.  

Figure 4: Spirocare Incentive Spirometer (Frea, 2012) 

Figure 4 has been removed due to copyright restrictions



Literature Review - Postoperative Interventions 

11 

The effectiveness of three devices designed to encourage deep-breathing, the Triflo, 

Bartlett-Edwards Incentive Spirometer, and Spirocare, were investigated and compared following 

upper-abdominal surgery (Lederer et al., 1980). The Triflo was used the most frequently on 

average, however, no patient used their respective device as frequently as recommended. 

Additionally, 15% - 77% of patients did not use their device at all (Lederer et al., 1980).  

No statistical significance in respiratory benefit between the three devices was found, therefore 

providing no therapeutic incentive to support expensive and complex devices (Lederer et al., 

1980). The Triflow (Figure 5) and Voldyne 5000 (Figure 6) represent modern FIS and VIS, the two 

primary IS categories widely available and currently used. FIS and VIS are plastic, disposable and 

inexpensive, which surpassed the popularity of the initial electronic models, primarily due to 

convenience and low-cost (Eltorai et al., 2018). 

VIS such as the Voldyne 5000 (Figure 6), contains a slider to indicate the desired volume inspired. 

The main white float will reach to indicator following inspiration of the total required volume. A 

smaller yellow float in the left chamber was designed to indicate the inspiratory flow. 

Figure 5: Triflow Incentive Spirometer 
(David Jones Pharmacy, 2019) 

Figure 6: Voldyne 5000 Volumetric Incentive 
Spirometer (Healthy Kin, 2019) 

Figure 6 has been removed due to copyright restrictions

Figure 5 has been removed due to copyright restrictions
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2.2.5.2 Volume-Orientated and Flow-Orientated Incentive Spirometry 

While both VIS and FIS mimic the natural process of sighing through encouraging long, slow, deep 

breaths, the resultant physiological effects differ between the two methods. VIS improve 

diaphragmatic activity, and require reduced work of breathing and respiratory activity of the 

intercostal and sternocleidomastoid muscles, assumed to be a result of additional abdominal 

compartment displacement (Paisani et al., 2013). FIS was found to improve postoperative 

diaphragmatic dysfunction and preserve inspiratory muscle endurance, in bariatric surgery 

patients (Pazzianotto-Forti et al., 2015). FIS devices do, however, increase upper chest muscular 

activity as a higher level of work is enforced (Paisani et al., 2013). It was found that FIS introduced 

thoracoabdominal asynchrony (TAA) in healthy adult subjects, attributed to an increase in 

respiratory loading (Paisani et al., 2013), while in the elderly both FIS and VIS lowered 

thoracoabdominal synchrony similarly (Lunardi et al., 2014). TAA describes nonparallel motion, 

and in certain cases opposition, of the abdomen and rib cage during inspiration. The asynchrony 

results from the uncoordinated respiratory muscles relating to lung mechanics, primarily the 

diaphragm and inspiratory accessory muscles (Pereira et al., 2017). Compared to FIS, a greater 

chest wall volume can be achieved through VIS (Paisani et al., 2013).  

Diaphragm excursion and pulmonary function, assessed through forced vital capacity, were found 

to improve postoperatively with VIS and diaphragmatic breathing than FIS (Alaparthi et al., 2016). 

FIS and VIS were compared in relation to increasing the chest wall volume and were found to 

perform similarly in the elderly (Lunardi et al., 2014), while in adults VIS outperforms FIS (Paisani 

et al., 2013). FIS was also found to require greater muscle activity in the elderly whereas adults 

required equal inspiratory muscle activity for both FIS and VIS (Lunardi et al., 2014).  

VIS has been demonstrated to provide superior respiratory recovery outcomes when compared 

to FIS (Paisani et al., 2013; Alaparthi et al., 2016; Pereira et al., 2017), with lowered respiratory 

frequency and sternocleidomastoid activity (Tomich et al., 2007). However, it was found that the 

resultant breathing pattern was dependent on the inspiratory flow rate and independent of 

device type. Low flow rates reduced chest wall movement and increased abdominal wall 

excursion while high flow rates increased chest wall movement (Chang et al., 2010). The 

importance of factoring the patient’s clinical conditions, age, preference and objective of the 

therapy, is critical in prescribing the correct form of ISy (Lunardi et al., 2014). 
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2.2.5.3 Clinical Effectiveness 

Craven et al. conducted a study following the invention of the IS by Bartlett in 1970 to determine 

the effectiveness of IS. Sustained maximal inspiration achieved with IS was compared to 

conventional preoperative and postoperative physiotherapy and was found to reduce the number 

of abnormal postoperative chest X-rays from 63% to 40%, from the physiotherapy and ISy groups, 

respectively (Craven et al., 1974). The primary findings support the proposal that the sustained 

maximal inspiration achieved with the IS was superior in reducing PPCs compared to alternative 

physiotherapy recommended in the 1970s (Craven et al., 1974). ISy was found to reduce PPCs and 

the length of hospital stay (Ali Khan et al., 2015). Craven et al. also found that of the 35 ISy 

patients, only 11 completed the prescribed number of exercises. This indicated uncooperative 

patients must be instructed and supervised by a nurse, physician or physiotherapist to receive the 

full benefit of the device (Craven et al., 1974). 

In 2007, an observational study found that alongside other postoperative physiotherapy 

interventions, IS contributed to a decrease in the incidence of PPCs (Westwood et al., 2007). The 

visual feedback observed by the patients as the volume inhaled is reflected by the rising of an 

object was found to encourage users and provide enthusiasm and motivation to continue therapy 

(Hough, 1996). Thomas et al. also found that either ISy or deep breathing exercises provide a 

greater ability to prevent PPCs than no physical therapy (Thomas et al., 1994). 

Do Nascimento Junior et al., conducted a meta-analysis of the evidence for the benefits of IS in 

2014, and concluded the evidence cannot confidently assume IS is effective in reducing PPCs 

following upper abdominal surgery. It was acknowledged that patient compliance was not 

recorded and should be considered in future studies (do Nascimento Junior et al., 2014). 

Recently, the benefit of ISy according to the literature has been inclusive. A study was conducted 

to determine the effect of respiratory physiotherapy, inclusive of ISy, on PPC occurrence and 

concluded that no combination of respiratory therapy assisted in the prevention of PPCs 

(Pasquina et al., 2006). ISy was defended through the argument that few studies record patient 

compliance and those that do report low levels of engagement with the IS (Narayanan, Hamid, et 

al., 2016). The low ISy patient compliance was attributed to the absence of expected benefits 

(Fernandez-Bustamante, Schoen, et al., 2017).  
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Pfenninger and Roth demonstrated in 1977 that IPPB could be used to produce higher inflation 

volumes of the lungs than IS, however, reiterated that for IPPB to be successful, the delivery must 

be optimal. To detect the optimal pressure, accurate spirometry must be performed; to produce 

high inflation volumes, the flow rate must be as low as possible (Pfenninger and Roth, 1977). It 

was also speculated that if a trained physiotherapist or intensive care unit was not available to 

facilitate IPPB, IS will be a more effective form of respiratory rehabilitation (Pfenninger and Roth, 

1977).  

2.2.5.4 Patient Compliance 

A study consisting of 152 patients found that on the second postoperative day, the patients slept 

for an average of 8.47 hours (Dolan et al., 2016), resulting in 16.87 were waking hours. If applied 

broadly, at least 160 repetitions of ISy should be performed on the second postoperative day. 

Bariatric surgery participants were found to use the IS an average of 10.4 times in the second 

postoperative day (Pantel et al., 2017), approximately 6% of the recommended amount. 

Following instructions to perform ten breathing exercises every two hours, daily, during the 

postoperative period of myocardial revascularization surgery, approximately 67% of the 

recommended exercises were completed (Renault et al., 2009). During the trial, patients were 

asked to fill out an “Adhesion Diary” to document all efforts. It is acknowledged that 23% of 

participants did not complete the adhesion diary, it is therefore unknown if the exercises were 

performed as recommended as only documented efforts were included in the analysis (Renault 

et al., 2009), assumed to consist of the more compliant participants. Additionally, it is recognised 

that the prescription was halved, compared to the amount reported by the AARC, which may have 

contributed to higher compliance than that reported by Pantel et al. 

Another study which measured IS compliance following abdominal surgery reported 63% of the 

recommended exercises were completed (Hall et al., 1996). The compliance was assessed based 

on a visual linear analog scale, completed by the research nurse (Hall et al., 1996), it is unclear if 

the nurse was present during the ISy, or if the patient completed a log, which was translated into 

a visual linear analog scale. 
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2.2.5.5 Electronic Accessories to Monitor/Improve Compliance 

To further highlight the dangers associated with non-compliance, a study investigated the 

effectiveness of an ISy reminder in coronary artery bypass patients. The IS accessory, a 

SpiroTimer, recorded and timestamped each breath effort, and reminded patients to use the 

device each hour, with a bell (Eltorai et al., 2019). The experimental group received hourly 

reminders, while the control group did not receive any reminder. The mean number of daily 

breaths and recorded hours of use doubled for the experimental group, compared to the control 

group (Eltorai et al., 2019). As expected, additional engagement with the IS led to physiological 

benefits including a reduction in presence of atelectasis, postoperative length of stay, intensive 

care unit length of stay and mortality rate after 6 months (Eltorai et al., 2019). 

An additional (unpublished) study was designed to assess the effectiveness of increasing patient 

compliance through a digital IS, the SmartpeakflowTM. Results are yet to be published, however, 

the outcome of the study will provide a behavioural insight following interaction with a mobile 

phone application, designed to encourage, track and report use (U.S. National Library of 

Medicine, 2019). Similarly, a device was designed at the National University of Malaysia, to 

monitor ISy performance by attaching directly to the Spiro-ball incentive spirometer. Although 

not universally applicable to all IS models, the device did enable a quantitative method to assess 

patient engagement (Narayanan, Ayob, et al., 2016). 

Two patents were identified that propose electronic devices designed to integrate with incentive 

spirometers, both aiming to increase patient compliance. Abandoned in 2013, patent 

US20130066225A1 describes an ISy monitoring system designed to record all engagement and 

encourage use through alarms (Kojouri, 2013). Patent US8262583B1 utilises a capacitive sensing 

circuit to determine performance and outputs an electronic human-like voice, programmed to 

assist, guide and prompt additional use (Bryant, 2019). 

A growing number of electronic additions to the IS have been designed and commercially sold, 

with the common objective to increase patient compliance. With the exception of the GroovTube 

discussed in 2.2.6, no respiratory therapy device has been released with a musical focus.  

In the evaluation of ISy effectiveness, it is therefore essential to record and include patient 

compliance as a significant contributing factor.  
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2.2.5.6 Financial Analysis 

Despite the conflicting literature evidence of effectiveness, ISy is ubiquitously recommended 

postoperatively. It was reported that Lahey Hospital & Medical Center in Massachusetts, visited 

by 3,000 patients daily (Tufts University School of Medicine, 2018), spent USD$33,491 in 2013 on 

IS devices (Pantel et al., 2017). The total annual financial cost of routinely prescribing ISy after 

surgery in the United States is estimated to be USD$1.04 billion (Eltorai, Baird, et al., 2018). The 

financial impact was calculated based on the time physicians, nurses and respiratory therapists 

spend performing ISy related activities, including the initial education of use, following by 

reminders and repeated education. The per-patient cost of ISy is predicted to be between 

USD$65.30 to USD$240.96 (Eltorai, Baird, et al., 2018).  

In 2018, the global spirometry market was identified as a USD$655 million dollar industry, and is 

projected to exceed USD$1 billion by 2023; the projection includes a compound annual growth 

rate of 9.8% (MarketsAndMarkets Research Private, 2018). The increase in demand was and is 

forecast to be, due to both an ageing population, and the industrialisation of emerging 

economies, leading to higher pollution levels and associated respiratory conditions such as COPD 

(MarketsAndMarkets Research Private, 2018).  The growing trend of spirometer sales, which 

further emphasises the importance of an effective respiratory therapy modality (Figure 7).  

Figure 7: Spirometer Sales Trend  (MarketsAndMarkets Research Private, 2018) 

Figure 7 has been removed due to copyright restrictions
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2.2.6 GroovTube 

The GroovTube is a device designed to facilitate breathing control development and improve 

motor skills through an interactive modality. The GroovTube inputs to an iPad, with specific apps 

designed to encourage both inspiration and expiration. The GroovTube is intended to introduce 

respiratory therapy as an enjoyable and interactive exercise, with the objective of increasing 

patient compliance.  

Eight apps were developed for the GroovTube, each differing in the modality by which the 

breathing exercise is delivered 

The GroovTube can be purchased for €1,200, approximately AUD$1,900, directly from the official 

GroovTube website in the Netherlands (GroovTube, 2019).  

The GroovTube App first requires the selection of an image within the iPad camera roll. An effect 

such as performing a swirl, pixelating, or expanding a particular section of the image for 

entertainment purposes occurs once the desired level of force from each breath is detected. 

(GroovTube, 2018). The expand and swirl effects are shown in the middle and right of Figure 8; 

the original image selected from the camera roll is shown on the left of Figure 8. 

Figure 8: GroovTube Screen: Left - Original Image, Middle  - Expand, Right - Swirl (GroovTube, 2018) 

Figure 8 has been removed due to copyright restrictions
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2.2.6.1 Fairhammer 

The Fairhammer App moves a thermometer style graphic to the top of the screen if the inhaled 

or exerted breath reaches the required level (Figure 9). The input can be toggled between 

inhalation and exhalation, and the breath strength required can also be modified depending on 

the user’s abilities (GroovTube, 2018). The interface and function of Fairhammer are assumed to 

be modelled from the IS, with the additional function of training expiration in addition to 

inspiration. 

Figure 9: Fairhammer Screen (GroovTube, 2018) 

Figure 9 has been removed due to copyright restrictions
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2.2.6.2 Billiard Breath 

The objective of the Billiard Balls App is to move the eight balls to the top of the screen in one of 

the three modes: sequence, power or duration; all three modes have multiple difficulty settings. 

Sequence – Move each ball to top with a new breath above the required threshold. 

Duration – Maintain a breath of the required strength for the desired period of time, the 

percentage of time is graphically depicted as all eight balls move towards the top of the screen. 

Power – Raise all eight balls at the same time with a single powerful breath above the threshold, 

(Figure 10) 

Easy to interpret graphs of progress can also be accessed following each exercise; the zoom 

functions can be applied to the graph and the axis can be shifted for optimised viewing 

(GroovTube, 2018). 

Figure 10: Billiard Breath Screen - Power Mode (GroovTube, 2018) 

Figure 10 has been removed due to copyright restrictions
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2.2.6.3 Groovy the Dragon 

The Groovy the Dragon App is similar in concept to the population game Flappy Bird, however 

instead of increasing a bird’s flight position by tapping, Groovy the dragon moves up or down 

within the screen depending on whether the user inspires or expires, respectively (Figure 11). The 

objective of the game is to use breath control to dodge obstacles and maximise distance flown 

(GroovTube, 2018). To increase difficulty, gravity can be toggled, once gravity is off, either inhaling 

or exhaling is performed as Groovy will automatically reduce flight position, hence continual 

breath must be exerted for Groovy to maintain a position. Additionally, the required strength of 

each breath can be modified depending on the ability of the user (GroovTube, 2018). 

Figure 11: Groovy the Dragon Screen (GroovTube, 2018) 

Figure 11 has been removed due to copyright restrictions
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2.2.6.4 Breath Trainer 

The Breath Trainer App controls the journey of a cyclist either along a flat surface or up a hill 

(Figure 12), while either inspiring or expiring. The objective is to cycle as far as possible by 

breathing for as long as possible; to increase the difficulty a minimum strength of breath can be 

set, or the focus can be entirely based on the length of the breath (GroovTube, 2018).  

Figure 12: Breath Trainer Screen (GroovTube, 2018) 

Figure 12 has been removed due to copyright restrictions
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2.2.6.5 BreathScore 

The BreathScore App displays a music score, sheet music, on the iPad in traditional musical 

notation. The app can digitally play the music score, while visually indicating which note is being 

played, to enable the user to hear the piece as it is intended to be played (Figure 13). The objective 

of the app is to encourage breathing of varying lengths; each inspiration, or expiration, of the 

user, is recognised and the audio file of one music note will be played. The objective of this 

exercise is to encourage fast, shallow breathing as the app will stop producing sound after the 

duration of a single note, and will not continue until the next breath (GroovTube, 2018). 

Figure 13: BreathScore Screen (GroovTube, 2018) 

Figure 13 has been removed due to copyright restrictions
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2.2.6.6 Breath Music 

High-level music creation and control can be made through the three modes, tap, song, and scale. 

Tap – After selecting the desired instrument and song, inhaling or exhaling either slows down or 

speeds up playback of the song.  

Song – After selecting the desired instrument sound and the song, the objective is to breathe for 

as long as possible and ‘play’ as much of the song as possible in one breath. The sound is not 

determined by the user, the action of the user blowing, or inhaling, instructs the app to play the 

embedded song as an audio file (GroovTube, 2018). 

Scale – After selecting the desired instrument sound and the key, the eight notes within the octave 

are cycled through individually; a new note is played with each new breath (Figure 14). 

Figure 14: Breath Music Screen (GroovTube, 2018) 

Figure 14 has been removed due to copyright restrictions
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2.2.6.7 PEP 

The Positive Expiratory Pressure (PEP) App is a similar version of the GroovTube App, however, 

designed specifically to integrate with a PEP mask and for children with profound intellectual and 

multiple disabilities (GroovTube, 2018). Through engagement with the app, the number of 

repetitions and the appropriate length of breath are configured. Following each correctly 

performed breath, an effect is applied to an image; Figure 15 displays the swirl effect performed 

on the shape of a heart (GroovTube, 2018).  

Figure 15: PEP Screen: Left - Original Image, Right - Swirl (GroovTube, 2018) 

Figure 15 has been removed due to copyright restrictions
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2.3 Music 

Music is a form of art associated with the combination of instrumental or vocal accompaniment 

(Epperson, 2019). Music is used to convey and express emotion, provide entertainment and is 

referred to as a protean art form, as it is incorporated into writing through lyric and physical 

movement through dance (Epperson, 2019). Music has been recorded as a part of human culture 

for the past 60,000 years (Black, 2013), and has been divided into six main periods, 

Medieval/Gothic, Renaissance, Baroque, Classical, Romantic and Modern; the style a reflection of 

the era (Paterson, 2019).  

2.3.1 Music Education in School Systems 

Music in schools has been identified to increase attendance and school activity participation, 

improve literacy and numeracy performance and build social inclusion (Department for 

Education, 2019). In both the United States and Australia, music is generally taught once or twice 

a week in primary school, outside of school hours during middle school and as an elective in high 

school (The Australian Curriculum, 2019). For the optimal benefit of musical education to occur, 

it must be incorporated into the curriculum with a stronger focus. Hungary, Japan and the 

Netherlands have integrated music into the core of their school curriculums and were ranked as 

the leading three nations following a scientific achievement study for 14 to 17-year-old school 

students (Kelstrom, 1998).  

2.3.2 Effect of Music on Cognition 

Bugaj and Brenner published an overview of the correlation between cognitive development and 

reading skills with music. It was identified that learning to read music is similar to learning to read 

text as both are generally read from left to right (Bugaj and Brenner, 2011). Additionally, language 

processing skills such as phonological distinctions, blending and sound segmentation, based on 

auditory analysis, are similar to the music perception skills required to identify rhythm, harmonies 

and melodic discrimination (Bugaj and Brenner, 2011). Music and language are temporally 
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organised, as both are perceived as frequencies, produced from a finite set of possible sounds. 

This similarity in interpretation has been confirmed as music and language share processing 

components within the brain (Bugaj and Brenner, 2011). Studies involving primary school 

students strongly suggested those with musical exposure possessed significantly better 

mathematics, vocabulary and reading skills (Bugaj and Brenner, 2011). 

Talamini et al., conducted a meta-analysis to determine whether musicians were shown to have 

a better memory than non-musicians. The memory was separated into short-term, working and 

long-term memory and the three memory systems were studied against tonal, verbal and 

visuospatial stimuli (Talamini et al., 2017). It was concluded that musicians do possess better 

long-term memory than non-musicians, however, the difference between the three memory 

systems was not statistically significant (Talamini et al., 2017). Improved working memory for 

musicians was recorded to be higher for verbal stimuli and significantly higher for tonal 

stimulation. The multisensorial nature of music training through the association of music notation 

with sounds and motor actions is assumed to enhance active and controlled learning skills, and 

hence improve memory for visuospatial stimuli (Talamini et al., 2017).  

Musicians have been shown to have a greater capacity to hear speech in challenging listening 

environments, attributed to the effective combinational use of working memory, stream 

segregation, and the identification of time-varying perceptual-based cues (Parbery-Clark et al., 

2009). The positive correlation between music training and mathematics found that the voluntary 

study or training of music does improve mathematical achievement (Vaughn, 2000).  

The active involvement of playing music through adulthood has also been identified to reduce the 

likelihood of dementia and cognitive impairment (Balbag et al., 2014). The study comprised of 

157 twin pairs, one twin who was confirmed to have either dementia or cognitive impairment, 

and the other twin who did not (Balbag et al., 2014). The assessment concluded the twin with a 

higher musical interest possessed a reduced risk of developing dementia (Balbag et al., 2014). 

Music has been strongly associated with cognitive development, relating to improved 

mathematical, scientific (Kelstrom, 1998), literacy and memory skills (Talamini et al., 2017) during 

the developmental years as a child (Bugaj and Brenner, 2011). Additionally, continual music use 

has been shown to reduce the likelihood of dementia and similar cognitive impairment later in 

life (Balbag et al., 2014).  
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2.4 Music Therapy 

Following the positive benefits playing a musical instrument was reported to have on the general 

population regarding improvements to cognition (Talamini et al., 2017), further investigation into 

the positive outcomes of music therapy was explored. Music therapy is a recognised paramedical 

profession, categorised alongside occupational therapy, speech therapy, psychology and 

physiotherapy, delivered by music therapists (Misic et al., 2010). Music therapy can be applied to 

individuals across a range of ages and with a variety of conditions including physical impairments, 

substance abuse, ageing, communication disorders, psychiatric disorders, sensory impairments, 

interpersonal problems and developmental disabilities (Misic et al., 2010). 

2.4.1 Effect of Music Therapy on Blood Pressure 

Do Amaral et al. performed a meta-analysis of two studies investigating the effects of music on 

hypertensive patients. The first study, performed in a Chinese aged care facility, identified that 

listening to classical music at approximately 60 beats/minute significantly reduced systolic blood 

pressure (SBP) after one month of daily listening (do Amaral et al., 2016). The second study was 

completed in Turkey and focussed specifically on the effect of listening to Turkish classical music 

or resting for 25 minutes; the results indicated a reduction in SBP for both groups, however, the 

music-listening group experienced twice the reduction in SBP benefit (Bekiroğlu et al., 2013). 

Therefore, music therapy presents a low-risk and simple strategy to reduce SBP in comparison to 

lifestyle changes and medication (do Amaral et al., 2016). 

The benefits of music therapy were also recognised by Zanini et al., who assessed patients over 

50 with stage 1 hypertension. The patients participated in weekly musical therapy for 12 weeks, 

in addition to the conventional treatment, compared to a control group that only received 

conventional treatment. The outcome of the study showed a significant improvement in the 

quality of life and blood pressure in patients with stage one hypertension (Zanini et al., 2009). 

Between the findings of Zanini et al. and do Amaral et al. it is shown the treatment of 

hypertension can be positively aided by music therapy, which is capable of eliciting the 

physiological response of a reduction in blood pressure. 
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2.4.2 Effect of Music Therapy on Heart Rate 

The effect of music therapy on the heart rate of severely sick children younger than 16 were 

explored by Uggla et al. (2016). As paediatric recipients of haematopoietic stem cell transplants 

(HSCT) possess an increased risk of post‐traumatic stress disorder development, the objective of 

the study was to determine a potential alleviation method of stress (Uggla et al., 2016). Uggla et 

al. reported a significant reduction in heart rate, sustained for four to eight hours after the music 

therapy, indicating a reduction in stress levels and hence reduction in post‐traumatic stress 

disorder likelihood. No significant changes in blood pressure or blood saturation were observed 

between the experimental and control group (Uggla et al., 2016). 

It was found by Ferrer in 2007 that when patients undergo chemotherapy treatment, live music 

therapy significantly reduced fatigue and anxiety sensations, and improved relaxation and 

comfort. It was therefore concluded that music had the potential to improve quality of life and 

result in positive responses for patients undergoing chemotherapy (Ferrer, 2007). Chuang 

explored the effect of music therapy on cancer survivors, focussing on fatigue, relaxation and 

comfort. Heart rate variability was used as an indicator for sympathetic and parasympathetic 

neural activity. Supporting the conclusion of Ferrer, it was found that music therapy did reduce 

fatigue and increase relaxation, observed through the increase of parasympathetic nervous 

system activity in treated cancer survivors (Chuang et al., 2010). 

Although focussed on chemotherapy, treated cancer survivors and stem cell transplants, Uggla et 

al. Chuang and Ferrer discovered the positive effect music therapy elicits in physiological 

responses. The responses were specifically related to the reduction of fatigue and anxiety, and 

improvement of comfort and relaxation through heart rate reduction. 

2.4.3 Effect of Music Therapy on Respiration 

A study conducted by Canga et al. explored the effect of music therapy on chronic lung diseases, 

specifically Chronic Obstructive Pulmonary Disease (COPD), in combination with common 

pulmonary rehabilitation practices. Multimodal music therapy was evaluated, which included 

music visualisation, therapeutic singing and live wind played (Canga et al., 2015). Music as a 
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non-invasive and non-pharmacological intervention method against breathlessness is well 

recognised in modern literature (Bausewein et al., 2008). Easy-to-play wind-based instruments 

have increasingly gained research focus as instruments such as the harmonica, melodica, recorder 

and slide-whistle facilitate voluntary diaphragmic breathing and body posture awareness, leading 

to a possible expiratory airway pressure increase (Canga et al., 2015). The literature identified 

that wind-instrument musicians were capable of voluntary regulation of breath size, achievable 

through heightened awareness of lung volume changes (Smith et al., 1989).  

In COPD patients, depression has an estimated prevalence of 25%, approximately twice as high 

as people without COPD (van Manen, 2002). Music therapy was observed to reduce symptoms of 

depression after six weeks of treatment, the difference between the music therapy group and 

control group was most apparent after an extended period of time (Canga et al., 2015). The 

improvement attributed to the critical therapeutic relationship achievable through music therapy 

in patients suffering from breathlessness, trust and empathic understanding enabled the 

improvement in symptoms of depression (Canga et al., 2015).  

The conclusions derived by Canga et al. are of particular significance as COPD is one of the primary 

diseases in which alternative treatment modalities will be proposed.  

2.4.4 Effect of Music Therapy in Children and Families 

A study conducted by Rose et al. (2018) assessed the benefits of a child with special needs learning 

a musical instrument. The child began the study at the age of 8, underwent music training for one 

year and was then reassessed. The child was diagnosed with comorbid autism spectrum disorder, 

attention deficit hyperactivity disorder, sensory processing difficulties, dyslexia, and dyspraxia 

throughout the duration of the study (Rose et al., 2018). At the conclusion of the study, the child 

was reported to have improved motor skills, IQ, pattern detection, reasoning, problem-solving 

and fluid intelligence, and good musical progress was recorded (Rose et al., 2018).  The results did 

indicate a decline in social-emotional functioning, however, it is common for children with 

multiple development disorders to experience high levels of aggression, behavioural problems 

and depression (Rose et al., 2018).  
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Family therapy is a form of psychotherapy that encourages and facilitates discussions regarding 

development and change within a family context (Nemesh, 2016). Nemesh conducted a study 

that incorporated music therapy into family therapy sessions. While family-music therapy is 

commonly used to focus on a child, family member with special needs or families with multiple 

diagnoses, the objective was to enable exploration of the family as an entity, including non-clinical 

families who desire therapy (Nemesh, 2016). 

Following the completion of one musical intervention implementation workshop, 35 certified 

family therapists incorporated music therapy into their conventional family therapy sessions 

(Nemesh, 2016). The results included a stimulation in family dynamics, better communication 

between family members, more meaningful interactions, and a platform to develop positive 

change in a safe, non-threatening and playful environment (Nemesh, 2016). By modifying the 

learning environment and incorporating expressive arts into family therapy, the new behaviours 

were reported to be effective in promoting family and personal health and well-being (Nemesh, 

2016). 

Prior to the findings of Nemesh, a study by Twyford investigated the effects of music therapy in 

New Zealand mainstream schools for students with special needs. The objective of the program 

was to enable students with special educational needs to develop peer relationships. In all 

sessions, at least one school staff member was present in addition to the music therapist 

(Twyford, 2012). The results of the study were separated into five themes: new learning, 

wellbeing through music, relating to others, musical skills and generalising skills. The study 

reported consistent positive outcomes across the five themes, and the benefits of the therapy 

were recorded by both teachers and peers (Twyford, 2012). Benefits included improvements in 

the student’s confidence, appropriate behaviour and peer interaction, and enthusiasm for 

non-music related activities and new music skills through which a creative and expressive 

platform was enabled (Twyford, 2012). 

Across the articles explored, music therapy has been shown to be an effective therapeutic 

modality in the improvement of physiological and psychological responses. The major outcomes 

from music therapy include improved self-esteem and learning, physical exercise support, a 

reduction in stress and the likeliness of dementia and seizures, and facilitation of other health-

related activities (Misic et al., 2010).  



Literature Review - Musical Instruments 

31 

2.5 Musical Instruments  

2.5.1 Assistive Instruments 

2.5.1.1 Magic Flute  

Musician and physical therapist Ruud van der Wel from the Netherlands created The Magic Flute, 

an inclusive electronic musical instrument designed to enable people with disabilities to access 

music (My Breath My Music, 2007). The Magic Flute can be played without the use of hands, 

where the angle of the device is controlled by head movements to alter the note, and the volume 

is dependent on the velocity of the breath. The angular position is detected by an internal 

gyroscope and the device can swivel on a camera mount (My Breath My Music, 2007). Through 

the Musical Instrument Digital Interface (MIDI), the instrument itself can be toggled between 128 

different instruments ranging from a flute, saxophone, or trumpet to a guitar, piano or drum kit. 

The scale of the music can be altered and additional MIDI interfaces can also be connected (My 

Breath My Music, 2007). 

The Magic Flute can be purchased for USD$2,300, approximately AUD$3,000, from Touch the 

Future, an American-based assistive technology distributor (Touch the Future, 2019).  

2.5.1.2 Virtual Musical Instrument 

Social isolation, learned helplessness, disengagement and passivity are a number of the risk 

factors associated with physical disabilities such as cerebral palsy (Hough, 1999). These traits have 

the negative impact of potentially causing an emotional, medical, psychosocial, cognitive or 

physical secondary condition which reduces quality of life, health and wellness (Hough, 1999). As 

previously discussed (Section 2.4), improvisational music therapy was found to increase 

communicative behaviours in eleven children with autism (Edgerton, 1994).   

The objective of the Virtual Musical Instrument (VMI) was to allow children with disabilities to 

create music based on gestures. (Ahonen-Eerikainen et al., 2008). The VMI operates through 

video-capture software, combined with the placement and assignment of musical instruments to 

blocks visible on the screen (Figure 16). The VMI is programmed such that if a movement is 
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detected in the area of the drawn shape, the instrument or sound assigned to shape will play, 

which could be a single note or a chord (Ahonen-Eerikainen et al., 2008). The VMI converts 

movement in a given region of interest into sound as the user is able to see themselves interact 

with the shape and produce music as a result. The size of the shape can be drawn to reflect the 

requirements and control of the user, and the graphic assigned to the shape can be correlated to 

the instrument through a user-selected graphic (Ahonen-Eerikainen et al., 2008). 

The results concluded that the VMI enhanced the participant’s physical, cognitive, 

communicative, emotional, behavioural and social functioning; the participant was also 

recognised to develop competency in the VMI through practice and exposure (Ahonen-Eerikainen 

et al., 2008). Beyond providing a platform for the child to create music, the self-image of the child 

was restored, auditory, kinaesthetic, and visual skills were increased, and self-awareness was 

developed while interacting with the VMI (Ahonen-Eerikainen et al., 2008). As a therapeutic tool, 

the VMI is therefore recommended for the child to develop social-communicative skills, 

kinaesthetic abilities, cognitive development, socio-emotional growth and motor skills. 

Additionally, the VMI can be utilised for the purposes of speech therapy, psychotherapy, 

occupational therapy and physiotherapy, depending on the specific requirements of the child 

(Ahonen-Eerikainen et al., 2008; Hobbs and Worthington-Eyre, 2008).  

Figure 16: Virtual Musical Instrument 
 (Ahonen-Eerikainen et al., 2008) 

Figure 16 has been removed due to copyright restrictions
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2.5.1.3 Quintet 

The Quintet is a switched-based musical instrument that can replicate the sounds of any 

instrument through the MIDI controller (AudioRhoon, 2018). The five multi-coloured switches and 

control unit (Figure 17: Quintet (Frid, 2019)Figure 17) enable musical interaction through either 

individual or group-based play. Songs can be stored within the battery-operated device, and 

output through the built-in speaker (AudioRhoon, 2018). The Quintet retails for approximately 

AUD$3,000 and can be used to create music, and as a therapeutic aid (AudioRhoon, 2018). 

2.5.1.4 Human Instruments 

Human Instruments (HI) is an organisation dedicated to providing musical instruments 

opportunities to people with physical disabilities. Rolf Gehlhaar initially developed sound=space, 

a musical instrument which responded to position movement in the human body, prior to 

founding the organisation with his son, Vahakn Matossian (Human Instruments, 2019).  

Human Instruments designed the Hi Note, Touch Chord and Doosafon; the Doosafon is described 

as a mouth and head operated digital xylophone. Doosafon is a device with components from 

both Hi Note and Touch Chord; moving upwards or downward enables access of either sharps 

and flats or natural notes, respectively, while music is generated in combination with a breath 

and conductive paint key touch (Human Instruments, 2019).  

Figure 17: Quintet (Frid, 2019) 

Figure 17 has been removed due to copyright restrictions
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Hi Note (Typhoon) 

Hi Note is a hands-free expressive instrument designed to translate the positional movement of 

the head in the X and Y direction, breath and other mouth characteristics into music. The sensors 

are contained within a mouthpiece which also relays position information relative to the music 

key through haptic vibrations (Matossian and Gehlhaar, 2015). Hi Note is a hands-free dual 

controller of both music and a computer. The 9-dimensional wireless motion sensor combines the 

head position with breath pressure (Figure 18) to compose and perform music (Figure 19). 

Touch Chord (Puffin) 

Touch Chord is an instrument designed to be controlled through a combination of breath and 

touch. With two fingers the musician is able to play notes over three octaves and is the first breath 

controlled instrument to do so (Human Instruments, 2019). Previously titled Puffin, Touch Chord 

is polyphonic, enabling multiple notes to be played simultaneously, including access to chords. A 

note is generated by combining a breath with the touch of a note key. The keys are painted onto 

the instrument with Bare Conductive – Electric Paint, which offers a superior ability for musical 

expression unobtainable with a touch screen tablet (Figure 20) (Human Instruments, 2019). 

Certain keys are also modifiable and customisable to the user, hence additional functionality can 

be incorporated. The synthesizer also enables expression to be conveyed with breath control, 

ranging from subtle tone changes to soundscape reconstructions (Human Instruments, 2019). 

Figure 18: Clarence Adoo Testing Hi Note 
(Human Instruments, 2019) 

Figure 19: Hi Note Breath Component 
 (Human Instruments, 2019) 

Figure 19 has been removed due to copyright restrictions

Figure 18 has been removed due to copyright restrictions
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Instrument A 

Instrument A is a music composing and performing tool generated through a loop-based 

sequencer. Through the engagement of a switch such as a blow switch, push switch, footswitch 

or head switch, the automatically rotating menus can be controlled (Gehlhaar et al., 2014). 

The instrument comprises of the graphical user interface and the audio driver. By rotating through 

the submenus the user is able to select the desired sound through controlling the pitch, volume, 

position in the loop (Gehlhaar et al., 2014). The device, therefore, can be mouth operated, 

however, the mouth operation does not create the music directly, it instead enables selection of 

the desired sound generated in software.  

2.5.1.5 Review of Inclusive Musical Interfaces 

In 2019, Frid released a review of musical interfaces in inclusive music practice, through which 

the critical factors of a successful Accessible Digital Musical Instrument (ADMI) was assessed. The 

review investigated 113 publications released from 1990 to 2018, which collectively assessed 83 

instruments (Frid, 2019). The field of ADMIs has grown significantly in recent years following the 

open-source capabilities of MIDI, the low-cost of electronic hardware, and the rise of digital 

musical instruments, which offer the opportunity for customisation into an ADMI (Frid, 2019).  

Figure 20: Touch Chord (Human Instruments, 2019) 

Figure 20 has been removed due to copyright restrictions
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Organisations, initiatives and companies such as Drake Music, Open Up Music, Adaptive Use 

Musical Instruments Projects, One-Handed Musical Instrument Trust, and Human Instruments 

aim to promote and facilitate access to ADMIs. Commercial musical instruments designed for 

incorporation into musical therapy sessions include the Soundbeam, Beamz, Skoog, Magic Flute, 

Quintet, Jamboxx Pro, BioVolt, and Groovtube (Frid, 2019). 

The 83 analysed ADMIs were separated into categories based on the primary mode required for 

sound synthesis. It was acknowledged that while the majority (30) of the ADMIs were tangible or 

physical, few incorporated vibrotactile feedback, indicating the lack of haptic feedback receivable 

by many ADMIs (Frid, 2019). Of particular significance were the mouth-operated interfaces, which 

included only 3 ADMIs (Frid, 2019). The low number of mouth-operated ADMIs currently available 

indicates a large potential for growth. 

Frid acknowledged that the majority of the ADMIs were designed to suit physical disabilities and 

very few were suitable for those with a visual or hearing impairment. The majority of the ADMIs 

equally produced either unimodal or bimodal feedback, while only 4.8% presented trimodal, 

despite findings that multisensory environments facilitate optimal learning and music creation 

(Frid, 2019). The most successful ADMIs were found to be adaptable, customisable, and were 

developed by interdisciplinary teams, following user feedback and iterative prototyping.  

In conclusion, the frequency of publications in the field of musical instruments with an assistive 

focus is increasing over time, indicating growth in both interest and knowledge of the ADMI field. 

Future instruments have the potential to become more intelligent through sensor fusion and 

machine-learning; it is recognised that most creators intentions are to produce a simple and 

affordable solution with readily available components (Frid, 2019). Frid identifies the 

incorporation of multisensory feedback as an area to improve the ADMI field as children with 

learning disabilities function optimally in multisensory environments (McCord, 1990). 

Table 2 was designed to compare the IS with mouth-operated ADMIs, to determine the points of 

difference between the devices. It was identified that all assess devices accept an analog input, 

however, no other criteria are met by all four devices. The Magic Flute and Hi Note facilitate 

expiratory music creation and the GroovTube plays music files following inspiration or expiration. 

The IS is purely rehabilitative and does not contain and electronic or musical capabilities. It was 

identified that no current device enables music to be created through inspiration.
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Table 2: Respiratory Devices Comparison 

Assessment 

Criteria 

Magic Flute 

(My Breath My Music, 

2007) 

Hi Note 

(Matossian and Gehlhaar, 

2015) 

GroovTube 

(Ruud van der Wel, 

2018) 

Incentive Spirometer 

(Healthy Kin, 2019) 

Analog Input Yes Yes Yes Yes 

Create Music 

Through Expiration 
Yes Yes 

Instruct music file to 
start/stop/change speed 

No 

Create Music 

Through Inhalation 
No No 

Instruct music file to 
start/stop/change speed 

No 

Control pitch with 

breath 

No (breath controls 
volume, angle controls 

pitch 

No (breath pressure 
controls volume, head 

angle selects note) 

Instruct music file to 
start/stop/change speed 

No 

Designed for music Yes Yes No No 

Designed for 

therapy 
No No Yes Yes 

Cost (AUD) $3,000 - $1,900 (+ iPad) $8 - $40 

Figures in Table 2 have been removed due to copyright restrictions



Literature Review - Musical Instruments 

38 

2.5.2 Trumpet 

2.5.2.1 Acoustic Trumpet 

Prior to 1810, the trumpet was only capable of producing the natural harmonics, and to change 

key a different trumpet was required. The inclusion of valves in a trumpet enabled a mechanism 

to decide which tube the trumpeter’s breath followed. By extending the length of the tube, the 

notes would lower in turn, assuming a consistent lip movement and speed of breath (Yamaha 

Corporation, 2017). 

To play the trumpet, the musician blows into the mouthpiece, the sound is expelled through the 

bell (Figure 21). To produce an appropriate sound, the lips must vibrate into the mouthpiece 

through a steady exhale; the speed at which the lips vibrate directly influences the pitch (Yamaha 

Corporation, 2017). The mouthpiece is primarily made from silver or brass, and the size and depth 

influence the sound produced (Yamaha Corporation, 2017). The three tubes each extend the 

length of the tube by a differing amount, correlating to a lowering by one tone, one semitone, 

and one and a half tones, for the 1st, 2nd, and 3rd, valves, respectively. Multiple valves can also be 

pressed simultaneously, to lower the note further (Yamaha Corporation, 2017). The valves 

produce only an approximation of the desired note and the fine adjustments to produce the exact 

note occur through mouth adjustments, the 1st slide or the 3rd slide (Yamaha Corporation, 2017). 

Figure 21: Trumpet Components (Yamaha Corporation, 2017) 

Figure 21 has been removed due to copyright restrictions
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The acoustic trumpet requires precise control of the lips, fingers and lungs. For people with 

cerebral palsy or a similar physical condition which affects muscle coordination and body 

movement, manipulating a conventional trumpet is often not possible. Similarly, COPD or a 

similar respiratory condition which affects the amount of breath which can be expelled, the force 

of that breath and the time it can be sustained, may prevent play (Walters Wright, 2019). 

2.5.2.2 Digital Trumpet 

Numerous electronic trumpets are available including the Morrison Digital Trumpet (MDT), 

designed by Steve Marshall and renowned Australian trumpet player James Morrison, available 

for AUD$2195 (Morrison and Marshall, 2005). The MDT offers advantages such as a MIDI interface 

to vary the instrument sound produced, transposition to change key without changing the style 

of play, and software micro-adjustment to ensure the precisely correct frequency is output. The 

MDT also facilities longer playtime through note control without the requirement to ‘buzz’ the 

lips, and produces professional-quality sound without requiring professional technique, both of 

which reduce the physical requirements necessary (Morrison and Marshall, 2005). However, the 

device is designed to look and feel similar to an acoustic trumpet (Figure 22) and is therefore 

inappropriate for play with the impairments listed above.  

Figure 22: Morrison Digital Trumpet (Morrison and Marshall, 2005) 

Figure 22 has been removed due to copyright restrictions
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The Yamaha EZ-TP Electronic Trumpet (Figure 23) was designed as a teaching tool to demonstrate 

the required fingering to play a song and included 21 built-in demonstration songs (Japan Trend 

Shop, 2019). The EZ-TP (now discontinued) is used by ‘singing’ or ‘humming’ into the mouthpiece 

and the microphone identifies the frequency and applies the sound to the appropriate note. 

Hence, it does not require traditional trumpet expertise to produce the desired sound (Japan 

Trend Shop, 2019). The device does appear appropriate in some contexts as an alternative 

modality to access music if physically impaired. Many past trumpet players who lost their teeth 

have reported enjoyment with the device (Amazon, 2017).  

The Yamaha WX range, the WX5 (Figure 24), WX7 and WX11, are MIDI wind controllers based on 

saxophone finger positions, and due to the key layout and lip pressure sensor, must be played 

similar to a clarinet or saxophone (Yamaha, 2017).  The WXs are capable of producing trumpet-

like sounds, as well as any sound accessible by MIDI through the external sound module or tone 

generator. The WX range has been discontinued but is listed as costing approximately AUD$1,000 

(Yamaha, 2017). The objective of the WX range is to replicate traditional music creation through 

an electronic modality and therefore is not suitable for users who lack the physical ability to play 

the acoustic equivalent. 

Figure 23: Yamaha EZ-TP Electronic Trumpet (Amazon, 2017) 

Figure 24: Yamaha WX5 Wind Controller (Yamaha, 2017) 

Figure 23 has been removed due to copyright restrictions

Figure 24 has been removed due to copyright restrictions
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2.6 Literature Conclusions 

Humans regularly incorporate deep breaths, through either a sigh or yawn, into tidal breathing; 

the deep breaths reopen closed alveoli that would otherwise cause permanent atelectasis (Mead 

and Collier, 1959). Anaesthesia prevents the natural response of deep breathing and causes 

atelectasis, which can lead to PPCs such as pneumonia (Kigin, 1981). PPCs have an associated 

incidence ranging between 6% - 80%, depending on the research method, surgery type and 

classification of a PPC (Fernandez-Bustamante, Frendl, et al., 2017). It was reported that 

significant PPCs occurred in 20% – 40% of patients after an abdominal or thoracic operation 

(Bartlett et al., 1973). In 2011, over 1 million PPCs occurred annually in the United States, 

associated with 46,200 deaths and 4.8 million additional hospitalisation days (Shander et al., 

2011).  

It was found that Expiratory Manoeuvres, CO2 Induced Hyperventilation and Intermittent Positive 

Pressure Breathing were not effective or appropriate for treating or preventing PPCs, and that 

emphasis must be placed on sustained maximal inhalation (Bartlett et al., 1973). The IS was found 

to be the most appropriate tool to prevent or reduce PPC onset (Craven et al., 1974). The utility 

of the IS has been debated in recent literature, as disengagement with the IS has been reported 

to contribute to lowered patient compliance, hence expected respiratory benefits have not been 

realised (Fernandez-Bustamante, Schoen, et al., 2017). IS compliance has been reported to be as 

low as 6% (Pantel et al., 2017) 

Music is known to benefit the player in both a developmental and therapeutic context, at all 

stages of life. In children, music promotes cognitive development through the improvement of 

memory (Talamini et al., 2017), mathematical capacity (Vaughn, 2000) and literacy (Department 

for Education, 2019). In the elderly, music has also been shown to reduce, or prolong, the onset 

of dementia and cognitive impairment in the elderly (Balbag et al., 2014). For adults or those with 

a medical condition, music therapy has also been shown to improve physiological responses such 

as respiration (Smith et al., 1989), heart rate (Uggla et al., 2016) and blood pressure (do Amaral 

et al., 2016). Mental health was also positively affected by music therapy as shown by a reduced 

incidence of depression (Canga et al., 2015) and anxiety (Ferrer, 2007). 
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The acoustic trumpet requires precise control of the lips, fingers and lungs, often not possible for 

those with physical impairments (Walters Wright, 2019). While electronic trumpets have been 

commercially introduced, dependency on an acoustic equivalent technique often remains with 

the exception of the discontinued Yamaha EZ-TP Electronic Trumpet (Japan Trend Shop, 2019). 

ADMIs were found to be increasing in both popularity and number of available devices, following 

the capabilities of MIDI, and music technology advancements (Frid, 2019). ADMIs promote 

physical, cognitive, communicative, emotional, behavioural and social functioning, and an 

improved self-image and feeling of environmental control  (Ahonen-Eerikainen et al., 2008). 

Despite findings that multisensory environments facilitate optimal learning and music creation, 

only 4.8% of the ADMIs included in the review were found to present trimodal feedback (Frid, 

2019). 

Frid proposed that personal expression through music and full participation in society, including 

music-making, is a basic human right, however, the design of mainstream musical instruments 

prevents those with physical disabilities to do so. An ADMI that simultaneously facilities musical 

expression and creativity coupled with respiratory rehabilitation is yet to enter the commercial 

market and warrants further investigation (Table 2). 
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3 Project Overview 

3.1 Problem Statement 

Surgical procedures disrupt the natural, subconscious, deep breathing process required to 

maintain healthy lung function, leading to the development of PPCs in 6% - 80% of postoperative 

patients (Fernandez-Bustamante, Frendl, et al., 2017). The IS is prescribed to patients following 

surgery, to facilitate deep breathing and reduce or prevent PPCs. Disengagement with the IS has 

contributed to lowered patient compliance, hence expected respiratory benefits have not been 

realised (do Nascimento Junior et al., 2014; Fernandez-Bustamante, Schoen, et al., 2017). 

3.2 Project Objectives 

The primary objective of this project was to develop a cost-effective engaging respiratory therapy 

device, which provided health benefits equivalent to the IS. Rather than exclusively providing 

visual feedback, the proposed device also provided auditory feedback, in the form of music. The 

device was designed to replicate a trumpet in logic, where the strength of the breath was the 

primary input, however, was configured to accept inspiratory or expiratory breaths. To further 

promote engagement with the electronic trumpet, a mobile application (app) interface was 

incorporated into the project design, which provided three different modes and enabled user 

customisation. The electronic trumpet was designed to be convenient to use and was therefore 

battery-powered and on-board processing was enabled.  

A secondary objective was to develop a breath-based assistive musical instrument for people with 

physical disabilities. The trumpet was designed to be played as an expressive musical instrument, 

or as a therapeutic tool with a musical output.  
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4 Methodology 

4.1 Hardware Development 

4.1.1 Breath Sensor 

The primary objective of the device was to facilitate the control of an electronic trumpet through 

breathing. It was critical to enable the user to simulate ISy through inhalation, and acoustic 

trumpet play through expiration. To ensure users received maximum benefit from the device, it 

was identified that customisation and adaptation to the user’s individual preferences were critical 

(Frid, 2019). 

During an examination of pre-existing assistive technologies, sip ‘n’ puff devices were explored, 

as inhalation and exhalation could both be utilised as control methods. Upon further 

investigation, it was understood that the sip ‘n’ puff systems accepted only digital inputs (Special 

Needs Computer Solutions Inc., 2019). Digital inputs are optimised for activation of a system, 

however, are unusable as a method of selecting from 31 options in a single action.  

Sensors capable of accepting analog inputs were examined and evaluated based on their ability 

to translate breath information into an electrical signal. It was identified that a differential 

pressure sensor could analyse breathing patterns. A differential pressure sensor compares the 

difference between two recorded pressures. The MPXV7002DP is a commercially available sensor 

that possesses two sensing elements (DigiKey Electronics, 2019a). In breath-based applications, a 

tube ending with a mouthpiece was attached to one sensing element, while the other remained 

unconnected, providing a constant comparison with atmospheric pressure. A review of 

respiratory pressures confirmed that Maximal Expiratory Pressure (MEP) is greater than maximal 

inspiratory pressure (Evans and Whitelaw, 2009). Based on the derived formula for adults, 

𝑀𝐸𝑃 = 174 − (0.83 × 𝐴𝑔𝑒), it was found that the MEP occurs at age 20, at 157.4 𝑐𝑚 𝐻2𝑂 

(Evans and Whitelaw, 2009), or 15.4𝑘𝑃𝑎. Trumpets and incentive spirometers are controlled 

through the flow rate of the breath, both include a mechanism for air to exit the device and 

prevent the build-up of pressure. Therefore, the maximum pressure required for detection is 

significantly lower than the maximum respiratory pressure a person is capable of generating. The 

introduction of an air-outlet valve into the electronic trumpet tube significantly reduced the 

recorded pressure, hence, a pressure range of ±2𝑘𝑃𝑎 was deemed acceptable.  



Methodology - Hardware Development 

45 

From the MPXV7002DP datasheet, the critical specifications examined were the accuracy, 

operating pressure and the Auto Zero capabilities. Auto Zero negates the zero pressure output 

reading of the device, in the event that mechanical stresses and the mounting position altered 

the output (DigiKey Electronics, 2019a). Through extensive research, the MPXV7002DP was 

selected as the primary input sensor as the requirements described in Table 3 were met. All 

MPXV7002DP specifications can be found in detail in the datasheet, located in Appendix A. 

Table 3: Pressure Sensor Specifications 

Specification Requirement 
MPXV7002DP 

Capability 
Justification 

Signal Type Analog Analog 
Detection of breath variation was required to 

select different notes 

Accuracy < 3% 2.5% 

10-bit analog reading obtained from the sensor
with 31 different notes, the note selection had

a tolerance of 33 values, accounting for 3% 
error tolerance   

Pressure 

Range 
±2𝑘𝑃𝑎 ±2𝑘𝑃𝑎 

Air relief mechanism configured to release 87% 
of maximal expiratory pressure  

Auto Zero Yes Yes 
Account for misaligned mounting position or 

variation in zero-state output 

At atmospheric pressure, or without the detection of a breath, the MPXV7002DP will return a 

value at half the maximum analog value. Based on the configuration that the tube was connected 

to the top sensing element (Figure 25), an exhale will raise the analog output towards the sensor’s 

maximum, while an inhale will lower the analog output towards the sensor’s minimum. For the 

purposes of simplification during prototyping, a potentiometer will initially be utilised to simulate 

the output of the MPXV7002DP, prior to the differential pressure sensor integration. 

Figure 25: MPXV7002DP Differential Pressure Sensor 
(DigiKey Electronics, 2019a) 

Top Sensing 
Element 

Bottom Sensing 
Element 

Figure 25 has been removed due to 
copyright restrictions
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4.1.2 Arduino Uno 

An Arduino Uno Development Board was utilised as the primary microcontroller during 

prototyping. Arduino is an open-source platform and was selected due to extensive online 

support and documentation (Arduino, 2017). The capabilities of music production within the 

Arduino was first explored through inbuilt functions, followed by more complex MIDI libraries and 

sensor integration.  

The Arduino function tone()was trialled initially, which delivered a specified frequency to the 

designated output pin; the output pin was connected to a buzzer. The tone() function 

generates a square wave at the designated frequency and is limited to outputting a single tone, 

(Arduino, 2019a). To control the frequency of the buzzer, a potentiometer was implemented; the 

Arduino Uno contains a 10-bit analog to digital (A/D) converter and the analogRead() 

function, therefore, returned a value between 0 and 1023 (Arduino, 2019b). To regulate the 

output volume, a second potentiometer was introduced that dynamically reduced the voltage 

supplied to the buzzer.  

Three pushbuttons were also implemented to replicate the effect of the three valves of a trumpet 

(Figure 26), where the pitch could be lowered by one to six semitones, depending on the 

combination of valves pressed. Table 4 identifies the number of semitones the note was lowered 

by, depending on the combination of valves pressed; a valve status of 0 refers to the unpressed, 

or open, position, while a 1 refers to a valve in the pressed position.  

Table 4: Valve Effect 

Valve Status Semitones Lowered 

0-0-0 0 
0-1-0 1 
1-0-0 2 
0-0-1 3 
1-1-0 3 
0-1-1 4 
1-0-1 5 
1-1-1 6 

Figure 26: Trumpet  
(Yamaha Corporation, 2017) 

Valves 

Figure 26 has been removed due to 
copyright restrictions
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The desired frequency was derived from the output of the centre potentiometer, connected to 

analog Pin A5, depicted in orange (Figure 27). The frequency information was then sent to volume 

regulating potentiometer, connected to analog Pin A0 depicted in blue, and finally, the output 

frequency was supplied to the buzzer (Figure 27). The pushbuttons returned HIGH when 

unpressed and LOW when pressed, and therefore operated as active low, connected to digital Pins 

8, 9 and 10, in green (Figure 27). 

The output frequency did not correlate to a specific note and simply confirmed a tone could be 

generated. To simulate the frequencies correlating to notes on a trumpet, the 31 standard 

trumpet notes from E3 - Bb5 (Haas, 2011) were identified and assigned their respective value in 

Hertz, ranging from 164.81Hz - 932.33Hz (Michigan Technological University, 1998). To ensure 

the output frequency did not occur in-between notes, a scaling factor of 33 was applied to the 

potentiometer value, which then referenced a lookup table to correlate the name of each note 

to its frequency equivalent. 

Figure 27: Arduino Pushbutton and Potentiometer Connections 
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The tone()function was confirmed to regulate frequency based on the value returned by the 

potentiometer and the status of the pushbuttons, however, the sound produced did not 

represent any musical instrument and purely represented a buzzer. The tone()function was 

therefore not appropriate for music generation and alternative approaches were investigated. 

4.1.2.1 MIDI Integration 

Standardised in the 1980s, MIDI is a protocol that enables communication between computers 

and instruments for electronic music generation and synthesis (The MIDI Association, 2016). MIDI 

enables musicians to control instruments digitally, either through computer software or 

electronic instruments, and edit instrument parameters such as volume or add synthetic effects. 

Modern electronic keyboards utilise MIDI to output the sound of different instruments, such as a 

guitar, despite maintaining a piano interface (The MIDI Association, 2016).  

Editing MIDI sequences is simplified through the ability to alter the tempo, key or instrument. The 

sequences can also be converted into music notation, or music notation can be played back, 

enabling the composition of music without the required standard prerequisite music theory 

knowledge (The MIDI Association, 2016). Similar to the tone() function, the frequency is 

specified, however, the status and velocity of the note are also included, enabling more 

sophisticated musical simulation.  

The Arduino Uno is not a recognised MIDI instrument and could not directly interface with music 

production software. The MIDIUSB library that provided critical MIDI communication commands 

was therefore incompatible. (Gratton, 2011). 

Hairless MIDI and loopMIDI are two software applications that when combined, facilitate MIDI 

message transmission from the Arduino Uno, through serial communication (Gritti, 2016). 

Configuration of Hairless MIDI and loopMIDI, as detailed by Gritti, enabled the Arduino Uno to 

interface with a music production software package. However, hardware limitations prevented 

access to the MIDIUSB library (Gratton, 2011).  
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Gritti manually created a function capable of transmitting MIDI messages without the MIDIUSB 

library, which was modified and applied. Ableton Live 10 Lite was then configured to receive MIDI 

messages from the Arduino. To send a note, the pushbutton connected to digital Pin 7 of the 

Arduino was pressed; the note was determined by the position of the potentiometer (Figure 28) 

The notes were successfully output as a Silk Horn Synth Brass instrument, the most 

appropriate instrument available to simulate an acoustic trumpet within Ableton Live.  

The primary disadvantage of utilising Hairless MIDI application was that any other form of 

communication across the serial port was prevented. While transmitting MIDI commands to 

Ableton Live, the Arduino could not be reprogrammed, and information could not be sent to the 

serial monitor. Hence, Hairless MIDI could not be connected during the debugging of the program 

if access to values displayed on the serial monitor was required.  

The complete Hairless MIDI, loopMIDI and Ableton Live configuration process is detailed in 

Appendix B. Additionally, a technical description of the Arduino Uno hardware limitations, an 

analysis of the MIDI function written by Gritti, and the modifications applied, are also explained.  

Figure 28: Preparation for Ableton Live Connections 
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4.1.2.2 Visual Display 

It was desired to display information regarding the note being played, and whether inhalation or 

exhalation was expected. As the serial monitor was inaccessible while providing information to 

Ableton Live, the 1602A LCD module was incorporated into the prototype to provide visual 

feedback.  

The Liquid Crystal Display (LCD) module was configured in 4-bit mode, 12 connections were 

therefore required (de Bakker, 2019). Four orange Data pins, the blue Enable pin and the green 

Register Select pin were connected to the Arduino, while the black Ground and red 

Power pins, and yellow Display Contrast Adjustment pins were connected to the 

breadboard and potentiometer, respectively (Figure 29). 

Figure 29: LCD to Arduino Connections 
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The 1602A is a 16 pin, 16 x 2 character display LCD module, with a maximum of 32 characters 

displayable at once. The mode of breath, numerical index of the note and corresponding note 

represented as a letter were assigned the positions of the first line, bottom left and bottom right 

of the LCD, respectively (Figure 30). The potentiometer was substituted for the differential 

pressure to confirm the output could be controlled through inhalation or exhalation. As both 

sensors were read through a 10-bit A/D, the input was equivalent to the Arduino and therefore, 

the output produced the expected Silk Horn Synth Brass note.  

Pin 1 is required to be reserved for serial communication within the Arduino (Arduino, 2019c). 

The Register Select pin was initially connected to Pin 1 of the Arduino, which resulted in 

the improper display of characters.  

Musical association to the character which represented the note was provided through a pair of 

quavers (Figure 30). Typically, only standard ASCII characters can be directly displayed on an LCD, 

however, the quaver pair was defined as a custom character. 

The full developmental process including the consequences associated with incorrect 

connections, the design of the custom quaver pair character, and a description of the 1602A LCD 

module pinout and Arduino LCD functions are detailed in Appendix C. 

The Arduino Uno coupled with Ableton Live was able to convert the flow rate of the breath into 

a musical note. However, the objective of increasing respiratory therapy compliance through an 

engaging and convenient device was not met due to the additional software interfacing required. 

An alternative MIDI-compliant developmental board was therefore investigated. 

Figure 30: LCD Output:  
Top Left – Breath Mode, Bottom Left – Note Index, Bottom Right - Note 
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4.1.3 Teensy 3.6 

The Teensy 3.6 USB Development Board (Figure 31) is a USB-based microcontroller development 

system, with a 32 bit 180 MHz ARM Cortex-M4 processor, full specifications are located in 

Appendix D. The primary reason for the selection of the Teensy board was due to the USB MIDI 

capabilities through configuration within the Arduino IDE (PJRC, 2017).   

Sending and receiving MIDI messages as a ‘class compliant’ MIDI device enabled the Teensy to 

communicate with music software packages directly and independently. Therefore, programs 

that translated serial data into MIDI data, such as Hairless MIDI and loopMIDI, were no longer 

required, simplicity in design and use were subsequently increased. 

Standard MIDI messages to turn notes on or off could be sent by selecting the USB Type to contain 

MIDI within the Arduino IDE (PJRC, 2017). The Teensy 3.6 connection configuration is shown in 

Figure 32, through which the differential pressure sensor and three pushbuttons are inputs. 

Figure 31: Teensy 3.6 (PJRC, 2017) 

Figure 32: Teensy 3.6 Connections 

Figure 31 has been removed due to copyright restrictions
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The Teensy 3.6 coupled with Ableton Live was able to simply convert the flow rate of the breath 

into a musical note. However, further convenience was desired through the removal of music 

production software dependency. A method to achieve on-board musical processing was 

therefore investigated. 

The primary user interface was a plastic tube connected to the differential pressure sensor. The 

plastic tube was designed to represent the mouthpiece and flexible tube, or lead pipe, of either 

the incentive spirometer or trumpet, respectively. The output was controlled by a continual 

breath and a modular relief valve was attached to the mouthpiece to facilitate continual air 

movement. The valve could be opened fully to enable a user with exceptional lung capacity to 

breath maximally or partially opened for users with reduced lung capacity. The principle of the 

valve was based on regulating the volume, with the air released through an inline tap connected 

to the breathing tube Figure 33.  

Air Relief 
Valve Outlet 

To Pressure Sensor From Mouthpiece 

Figure 33: Modular Air Relief Valve 
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4.1.4 Teensy Audio Adaptor Board 

The Teensy Audio Adaptor Board (Figure 34) enables the incorporation of CD-quality audio into 

Teensy-based projects. The board supports mono microphone and stereo line-level inputs, and 

stereo headphone and stereo line-level outputs (PJRC, 2019a). The board integrates with the 

Teensy Audio Library, a purpose-built library which provides access to audio processing objects. 

The library enables simultaneous play of the input and output, multiple audio file playback, 

synthesized waveform creation, the application of effects, and real-time fast-Fourier transform 

analysis, to create sound-reactive projects (PJRC, 2019a). Most importantly, the board enables 

capabilities to output audio without the requirement to be connected to a computer. 

The pin layout of Teensy Audio Adaptor Board (Rev C) was designed correlate to the pin layout of 

the Teensy 3.6 modules, therefore enabling direct mounting in the form of a shield  (PJRC, 2019a). 

While attempting to remove dependence on computer software, 87 MP3 samples of each note 

of the trumpet, ranging from the A0 to Gb7, were located (VexFlow, 2014). Although each note is 

unique in frequency, the duration of the sample and audio characteristics displayed equivalence 

across each sample. Figure 35 displays the audio profile of the A3 MP3 sample, representative of 

the collection of samples. The duration of each audio file is 2.456 seconds; however the files do 

not contain a consistent sound; a 0.055-second absence of audio output can be observed at the 

beginning of each file, followed by a temporary increase in amplitude before stabilisation occurs. 

Figure 34: Teensy Audio Adapter  Board 
(PJRC, 2019a). 

Figure 34 has been removed due to copyright restrictions
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The Teensy Audio Adapter Board cannot playback MP3 files, the files were, therefore, converted 

into WAV files and saved onto the SD card of the Teensy Audio Board. The A3 note was looped 

during playback with a playSdWav object. The output produced an audible trumpet note, 

however, the initial lack of audio prevented immediate playback and the length of the note could 

not be effectively controlled. When looped, the overlaying between the ending and beginning of 

the track was distinctly noticeable and did not simulate the true sustain of a note. 

To reduce the obviousness of the loop, a second playSdWav object was created and played at 

an offset to the first object. The second file was played 0.06 seconds prior to the completion of 

the first file;  audio was, therefore, output during all instances of the desired playback (Figure 36). 

The additional 0.005 seconds was programmed to enable crossfading; the volume of the second 

file was progressively decreased as the first file was increased, in an attempt to create a smooth 

transition between audio tracks. Tuning was implemented through proportional gain control 

during the crossfade, however, despite all efforts, the looping of each track remained detectable. 

Figure 36: Crossfaded A3 Audio Profile 

Figure 35: A3 Musical Note Audio Profile 



Methodology - Hardware Development 

56 

In addition to the audible loop, alternative strategies were investigated as playing an audio file 

did not utilise the advanced synthesis capabilities of the Teensy Audio library and restricted the 

user to an unmodifiable output.  

Within the Arduino IDE, the simpleWavetable example was loaded to understand the 

capabilities of a wavetable object. The example enabled playback and control of a flute sample 

by referencing the C++ class Flute_100kbyte_samples. The corresponding header file 

which contained the class functions and definitions and cpp file which contained the 

implementation of the class were contained within the example folder (Microsoft, 2018).     

The wavetable object was stored within the flash memory of the Teensy Audio Adaptor (PJRC, 

2019a). The USB cable was unplugged from the PC and supplied powered only to the Teensy from 

an AC outlet, therefore removing dependency to the Arduino IDE and any computer applications; 

the audio output remained unchanged. 

By modulating the frequency, different notes were achieved, however, the output was not 

constrained to the frequency of musical notes and usually produced frequencies in-between 

notes. To ensure an exact musical note was produced, a lookup table was constructed such that 

the 10-bit analog input was converted to one of the 31 standard notes of a trumpet.  

The files contained within the MidiSynthLarge example provided the audio array of a 

trumpet with five note samples included titled trumpet_samples.  

Through replication of the naming conventions and references required to select 

Flute_100kbyte as the wavetable instrument, trumpet was assigned the designated 

instrument. To do so, the trumpet_samples header and cpp files were obtained from the 

MidiSynthLarge example and inserted into the simpleWavetable folder. Without further 

modification, the gain and frequency of the trumpet sample were modulated, confirming the 

functions could be applied to any compatible data array.  

To confirm the frequency passed through the wavetable.playFrequency() function was 

output correctly, the line out pin of the Audio Adapter Board was connected to an oscilloscope. 

A frequency of 185.00Hz  was passed to represent the note F#3 (Inspired Acoustics, 2019). As 

denoted by the red ellipse in Figure 37, a frequency of 185.1Hz was recorded, therefore assumed 

equivalent to the specified frequency due to a negligible error of 0.05%. 
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The lookup table produced the desired output by correlating the 10-bit analog value to an integer 

between 0 and 30 representing a note and finally to a frequency. MIDI communication typically 

required an index number and not a precise frequency, for simplicity, additional wavetable 

functionality was investigated. Through analysis of the AudioSynthWavetable.cpp file, the 

function playNote() was discovered which accepted an integer. Although unspecified, it was 

assumed that the integer represented the MIDI note number. To verify, the MIDI note number 

representation of the note F#3, found to be 54, (Inspired Acoustics, 2019) was passed through 

the wavetable.playNote() function. As denoted by the red ellipse in Figure 38 a frequency 

of 185.1Hz was again recorded, therefore confirming the wavetable.playNote()function 

expected to receive the MIDI Note Number.   

Figure 37: Oscilloscope wavetable.playFrequency(185) Output 
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In previous examples, multiple samples of an instrument were contained within the cpp file, 

enabling the entire range of notes to be extrapolated. The minimum number of samples required 

to extrapolate additional notes was undefined; the capabilities of the wavetable object were 

further tested through assigning an instrument with a single sample to the wavetable.  

The MidiSynthLarge example contained 24 unique audio sounds with varying sample 

numbers. The French horn contained one sample and though assignment as a wavetable 

instrument, was tested through the range of the 31 notes applied to the trumpet. The test was 

successful as each note was derived from the original sample, therefore confirming the wavetable 

was capable of mapping a range of notes from a single note sample.  

In the event that the user desired an instrument which was not available within the examples, 

methods to input external instruments and sounds were investigated. To play MIDI files, 

SoundFont (sf2) files were utilised; the Teensy SoundFont Decoder accepts and converts 

SoundFont files into data arrays for interpretation by the Teensy Audio Adapter (Mellmer, 2017). 

Figure 38: Oscilloscope wavetable.playNote (54) Output 
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Trumpet samples were located from a Synth Brass 2 sf2 file obtained from Musical Artifacts 

(Strix SoundFont Team, 2018). The trumpet samples were successfully converted from an sf2 file 

to a header file and cpp file, and imported into the Arduino sketch (Mellmer, 2017). Upon 

assignment of the imported trumpet to the wavetable instrument, compilation errors presented. 

The Teensy SoundFont decoder was released in 2017; it is assumed that current Teensy libraries 

have been updated such that compatibility with the decoder is not directly achievable. The 

following modifications made to the header file and cpp file, shown in Table 5 and Table 6, 

respectively, enabled the trumpet object to be assigned as a wavetable instrument. Although a 

trumpet file within a Teensy example could be utilised, the process represents the ability for the 

user to output any sound with a corresponding sf2 file, including non-traditional instruments, for 

future development and additional customisation. 

Table 5: Header File Modifications 

Original Modified 

#include <AudioStream.h> <Audio.h> 

#include <AudioSynthWavetable.h> (removed) 

sample_data TRUMPET_samples[12] AudioSynthWavetable:: sample_data 

TRUMPET_samples[12] 

instrument_data TRUMPET  =  

{12, TRUMPET_ranges, TRUMPET_samples }; 

AudioSynthWavetable:: instrument_data TRUMPET 

= {12, TRUMPET_ranges, TRUMPET_samples }; 

Table 6: Cpp File Modifications 

Original Modified 

#include <AudioStream.h> <Audio.h> 

#include <AudioSynthWavetable.h> (removed) 

sample_data TRUMPET_samples[12] = { AudioSynthWavetable:: sample_data 

TRUMPET_samples[12] = { 

SAMPLES_PER_MSEC AudioSynthWavetable:: SAMPLES_PER_MSEC 

LFO_PERIOD AudioSynthWavetable:: LFO_PERIOD 

UNITY_GAIN AudioSynthWavetable:: UNITY_GAIN 

DECIBEL_SHIFT WAVETABLE_DECIBEL_SHIFT 

CENTS_SHIFT WAVETABLE_CENTS_SHIFT 
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The Teensy Audio Board Adaptor Board enabled access to the Audio System Design Tool, an online 

block-based interface for audio system configuration. The Audio System Design Tool contains 

blocks from the categories: input, output, mixer, play, record, synth, effect, filter, analyse and 

control (PJRC, 2019b). 

One wavetable block enables the output of one note, of a particular instrument. To enable up to 

four notes, or instruments, to be output simultaneously, four wavetable objects were included as 

inputs to the audio system. The four wavetable outputs were then connected to a mixer block; 

the mixer output provided a single stereo line that combined the four wavetables. The Teensy 

and Audio Board communicate through the  I2S protocol, utilised specifically to connect digital 

audio devices through the transfer of audio data (PJRC, 2019b). The mixer output was therefore 

connected to the i2s block, the output of the audio system. 

The SGTL500 is a low-power stereo codec capable of controlling of the audio board. The SGTL5000 

block does not require inputs or outputs, however, configures I2S communications and was 

required to be included in the audio system. 

Upon completion of the Audio System (Figure 39), the code was generated online, in the Audio 

System Design Tool, for direct inclusion into the Teensy Code, detailed in Appendix E. 

Figure 39: Audio System Design Tool 
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4.1.5 Cost Evaluation 

For the proposed assistive electronic trumpet to substitute current incentive spirometers, the 

price must be considered. Australian incentive spirometers have been found to retail between 

AUD$8 (Opentip, 2019) and AUD$40 (Stark Medical Pty Ltd, 2019), on average. The individual 

component cost required to build the electronic trumpet totalled AUD$122.53 (Table 7). It is 

acknowledged that the assembly labour and a casing solution have not been factored into this 

analysis and the total prototype price will exceed AUD$122.53.   

Table 7: Cost Evaluation of Final Solution 

Specification 
Teensy 3.6 

(Little Bird 

Electronics, 

2019) 

Audio 

Adaptor 

Board 

(Core 

Electronics, 

2019a) 

HC-06 

Bluetooth 

Module 

(Core 

Electronics, 

2019b) 

MPXV7002DP 

Pressure 

Sensor 

(Mouser 

Electronics, 

2019) 

Pushbutton 

(DigiKey 

Electronics, 

2019b) 

Jumper 

wire 

Bundle 

(Element14, 

2019) 

Quantity 1 1 1 1 3 1 

Cost (AUD) $45.00 $30.30 $12.00 $25.84 $1.83 $7.56 

Total (AUD) $122.53 

The 67% - 93% cost increase is expected as the prototype contains multiple complex electronic 

components. Additionally, the proposed device is designed for longevity and continual use 

following recovery, conversely, modern incentive spirometers are designed to be cost-effective 

and disposed of immediately following recovery (Eltorai et al., 2018).  
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4.1.6 System Block Diagram 

The block diagram (Figure 40) denotes the pure inputs (green), output (orange), processors (blue) 

and element which acts as both an input and an output (black). Following a breath from the user 

into the mouthpiece, the differential pressure sensor provides the Teensy with a digital 

representation of the breath strength. User input from the app is provided to the Teensy via the 

HC-06, similarly, visual information from the Teensy is output by the app via the HC-06. Audio 

information is then provided from the Teensy to a loudspeaker from the Teensy auxiliary output. 

Figure 40: System Block Diagram 
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4.2 Software Development 

4.2.1 Music Development 

4.2.1.1 Chords 

The ability to output single notes had been achieved, however, additional musical expression was 

facilitated through the more complex note combination, chords.  

A chord is officially defined as two or more notes played simultaneously, however; most chords 

consist of at least three notes (MacFarlane, 2016). The naming convention of a chord provides 

two pieces of information; the root note of the chord and the chord type. For example, a C Major 

identifies the root note of the chord to be a C, while the chord type belongs to the Major type 

(MacFarlane, 2016).  

The root note determines the note the chord is built upon, while the intervals between each note 

within the chord determine the characteristics and identifiable sounds produced, the chord type. 

Each chord type can be attributed to particular feelings or emotions. The emotions include 

happiness, sadness, strength or suspense, elicited from major (maj), minor (min), dominant 

seventh (7) or augmented (aug) chords, respectively, described for each chord type (Table 8) 

(MacFarlane, 2016).  

Each chord type can be built based on the interval between each note within the chord and root 

note (MacFarlane, 2016). To program each chord, the interval pattern described in Table 8 was 

applied to a function within the Arduino code. For example, to produce a major chord, an array 

with three elements was initialised, the first, second and third elements were assigned the 

numerical value of the root note, the root note + 4 and the root note + 7. A second function was 

then called which played the three-note array simultaneously with three consecutive 

usbMIDI.sendNoteOn commands, followed by a delay dependant on the duration specified, 

which concluded the chord with three usbMIDI.sendNoteOff commands. A similar 

secondary function was designed for the dominant seventh and suspended chords, which contain 

four notes as opposed to three.  
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Table 8: Chord Information (MacFarlane, 2016) 

Chord Type Interval Pattern Emotion Association 

Major (maj) 0 – 4 – 7 Happy and Simple 

Minor (min) 0 – 3 – 7 Sad and Serious 

Dominant Seventh (7) 0 – 4 – 7 – 10 Strong and Relentless 

Suspended Second (sus2) 0 – 2 – 7 Bright and Nervous 

Suspended Fourth (sus4) 0 – 5 – 7 Bright and Nervous 

Major Seventh (maj7) 0 – 4 – 7 – 11 Thoughtful and Soft 

Minor Seventh (min7) 0 – 3 – 7 – 10 Moody and Contemplative 

Augmented (aug) 0 – 4 – 8 Anxious and Suspenseful 

Diminished (dim) 0 – 3 – 6 Tense and Unpleasant 

The chords programmed into the electronic trumpet were based on the chords commonly utilised 

by professional musicians and are therefore present in popular music. Based on an audio chord 

recognition analysis of 1100 unique songs obtained from the Billboard ‘Hot 100’ chart in the 

United States between 1958 and 1991, the most popular chord types were realised (Burgoyne 

and Wild, 2011). The major (maj), minor (min), seventh (7), minor seventh (min7) and major 

seventh (maj7) chords were the five most popular chord types, with a prevalence of 

approximately 52%, 13%, 11%, 8%, and 5%, respectively (Burgoyne and Wild, 2011). All 

subsequent chords displayed an occurrence of less than 5% and with the omission of chords with 

less than three notes or more than four notes (Burgoyne and Wild, 2011), the suspended fourth 

(sus4) and suspended second (sus2) were the most recognisable chord types and were also 

included. 

Extended chords are not listed in Table 8 and will not be included in the electronic trumpet, 

however, an extended chord consists of notes beyond the octave of the root note, of which there 

are many variations including ninth, eleventh and thirteenth chords (MacFarlane, 2016).  
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4.2.1.2 Scales 

In addition to playing chords during music creation, it was desired to produce a musical output 

during ISy. As the task required the user to sustain a consistent flow, it was initially thought that 

a single sustained note would be appropriate. However, the objective of the device was to 

encourage use and increase user compliance, meaning that strategies to excite and entice the 

user to maintain therapy engagement were pursued. Through investigating the addictive factor 

of electronic gambling machines, it was discovered that receiving visual and auditory cues 

associated with previous wins increased the desire to continue gambling (Cherkasova et al., 2018). 

It was therefore assumed that providing musical variance through positive reinforcement of 

correctly performed therapy could improve focus, attention and motivation. The musical variance 

was enabled through the output of a music scale, which played a series of ascending and 

descending notes in sequence, usually with equivalence.  

The Australian Music Examination Board (AMEB) is the primary musical accreditation and 

certification body in Australia utilised to assess students from a preliminary to diploma level. To 

ensure the music theory introduced within the program was recognised to be useful in musical 

skill development and training, the AMEB examination syllabus was analysed (AMEB, 2018). 

AMEB begins at Preliminary Level, followed by Grade 1 and continues to Grade 8, after which a 

Certificate of Performance can be achieved, followed by associates and licentiates (AMEB, 2019). 

It was discovered that major scales and natural minor scales were introduced in Grade 1, 

harmonic minor scales in Grade 2 and melodic minor scales in Grade 5 (AMEB, 2018); the four 

scales were then enabled for playback within the final application.  

Typically played from low to high, a musical scale consists of an organised sequence of tones and 

semitones usually arranged as octave repeating notes (Simplifying Theory, 2014). As the most 

simple and fundamental scales, a function was written to output, the two natural, or diatonic 

scales, the major and minor scale. A major scale consists of a tone, tone semitone, tone, tone, 

tone, semitone, with pattern 0 – 2 – 4 – 5 – 7 – 9 – 11 – 12, while the natural minor scale consists 

of the pattern tone, semitone, tone, tone, semitone, tone, tone (Simplifying Theory, 2014). 



Methodology - Software Development 

66 

 Similarly to the chord function, a scale function was designed to turn on and off multiple MIDI 

note commands, however, a delay was set in between the activation of each note, therefore 

staggering the output of the scale to replicate incremental rather than simultaneous play.   

In addition to the two natural scales, the harmonic minor and melodic minor were also 

programmed into the scale function. The harmonic minor scale is equivalent to the natural minor; 

however, the seventh step is raised by half a step. The melodic minor raises both the sixth and 

seventh note by half a step while ascending unlike the previous scales, however, the melodic 

minor scale descends in the natural minor scale (Hollis, 2017). All four scale intervals are described 

in Table 9. 

Table 9: Scale Information (Simplifying Theory, 2014; Hollis, 2017) 

Scale Type Interval Pattern 

Major Ascending 0 – 2 – 4 – 5 – 7 – 9 – 11 – 12 

Major Descending 12 – 11 – 9 – 7 – 5 – 4 – 2 – 0 

Natural Minor Ascending 0 – 2 – 3 – 5 – 7 – 8 – 10 – 12 

Natural Minor Descending 12 – 10 – 8 – 7 – 5 – 3 – 2 – 0 

Harmonic Minor Ascending 0 – 2 – 3 – 5 – 7 – 8 – 11 – 12 

Harmonic Minor Descending 12 – 11 – 8 – 7 – 5 – 3 – 2 – 0 

Melodic Minor Ascending 0 – 2 – 3 – 5 – 7 – 9 – 11 – 12 

Melodic Minor Descending 12 – 10 – 8 – 7 – 5 – 3 – 2 – 0 
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4.2.2 App Development 

To provide additional feedback and engagement mechanisms, an app was designed in MIT App 

Inventor 2, an online platform that facilitates android app development through visual 

block-based programming (MIT App Inventor, 2019). Trimodal feedback was recognised to 

facilitate optimal learning and music creation (Frid, 2019), therefore visual and haptic feedback 

were incorporated into the different app modes.  

Three different app modes, or interfaces, were created, each enabling the user to select the 

preferred mode of breath detection, either inhalation or expiration, and whether haptic feedback 

was desirable. Two of the three app interfaces were designed to provide the benefits of either FIS 

or VIS, depending on the recommendations prescribed by the physician and the preferences of 

the user. The final app interface was designated to music creation, controlled with FIS techniques. 

To enable communication between the app and the Teensy 3.6, a low-cost Bluetooth Module was 

incorporated into the project. The HC-06 was selected due to simplicity in connectivity through 

serial communication with the designated microcontroller, and the ability to define the baud rate 

through ATtention (AT) commands (Core Electronics, 2019b).  

Due to the large availability of online support for the Arduino Uno compared to the Teensy 3.6, 

communication was first achieved between the Arduino and the app, prior to interfacing with the 

Teensy 3.6. To confirm the Bluetooth module did not possess any manufacturing faults, the 

output following trial inputs were confirmed against known outputs provided by Anghel, before 

formal testing was commenced. Anghel detailed how to connect the HC-06 to the Arduino, which 

assigned the HC-06 transmitter and receiver pins to pin 0 and pin 1 of the Arduino, respectively 

(Anghel, 2017). A potentiometer was then connected to the Arduino, the analog value was scaled 

between zero and five to represent the voltage and was printed serially. As pin 0 and pin 1 of the 

Arduino directly stream data to the serial monitor, the data was transmitted via the HC-06 

(Anghel, 2017). For the app to receive data, a ListPicker block was placed on the app screen 

(Figure 41), the ListPicker is set to the Bluetooth Client.  
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The ListPicker enabled selection of the intended Bluetooth device (Figure 42), all paired 

Bluetooth devices were displayed, and the HC-06, circled in red, was selected. 

To open the list displayed in Figure 42, the Bluetooth symbol (Figure 43) is pressed. The app was 

then confirmed to produce a value of 2.50V as the potentiometer was positioned in the centre of 

its rotational range (Figure 43).  

Figure 41: Receive and Display Bluetooth Data Code - Test 

Figure 42: Bluetooth List Selection 
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A baud rate of 9600 was set by default for the HC-06, however, for communication with the MIDI 

software, a baud rate of 115200 was required. To modify the settings of the HC-06, serial 

communication was required to access the AT commands. Prior to reconfiguring parameters, it 

was required to confirm communication between the HC-06 and the serial monitor of the Arduino 

by typing “OK” into the serial monitor receiving “OK” as a reply (Rahman, 2018). Based on the 

original pinout configuration, a reply could not be generated, attributed to pin 0 and pin 1 

exclusively being required for serial communication (Arduino, 2019c). 

A second tutorial was located which presented an alternative connection method to any two 

digital pins, therefore removing the requirement to disconnect the module for each new code 

upload and enabling serial communication. The method included the Software Serial 

Library, built to replicate the hardware serial capabilities of pin 0 and pin 1, on any digital pins 

(Chen, 2019). To change the baud rate from 9600 to 115200, the command AT+BAUD8 was 

required (Rahman, 2018). The command was applied and confirmed as successful after the serial 

monitor baud rate was set to 115200 and the “OK” reply was received following the “AT” test 

command.  

The receiver of the HC-06 operates at 3.3V, and as the Arduino outputs 5V, a voltage divider circuit 

was implemented (Chen, 2019). The following equation demonstrates the appropriateness of 

selecting a 1𝑘Ω and 2𝑘Ω resistor:  

𝑉𝑜𝑢𝑡 =
𝑉1𝑅2

(𝑅1 + 𝑅2)
=

5𝑉 × 2𝑘Ω

1kΩ + 2𝑘Ω
=

5𝑉 × 2𝑘Ω

(1 + 2)𝑘Ω

𝑉𝑜𝑢𝑡 =
10𝑉

3
≈ 3.33𝑉 ≈ 3.30𝑉 

Figure 43: Bluetooth Voltage Output Test 
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With the new baud rate and pinout configuration, the results shown in Figure 43 were replicated 

and the HC-06 was therefore confirmed to successfully transmit information from the Arduino at 

the required baud rate of 115200. The information could then be received and displayed on a 

mobile device through an MIT App Inventor program.  

Through MIT App Inventor, the received data can be displayed and manipulated as either text-

based or numerical-based information.  

For the Arduino program to receive information from the app, a string was created based on the 

summation of each individual character, from the Serial.read() function, which reads the 

first byte of incoming serial data (Arduino, 2019d). 

The first integration into the application was to display the name of the note, which was stored 

in an array as a string. The desired variable was sent, and the label assigned accordingly, as 

observed in the tutorial. 

To establish a connection between the HC-06 and the Teensy 3.6, Pin 33 and 34 were defined as 

TX5 and RX5, which offered serial communication through the declaration of Serial5, while 

Serial was maintained to refer to the Arduino Serial Monitor. For communication to occur, the 

receiver and transmitter of the Teensy were connected to the transmitter and receiver of the HC-

06, respectively. Unlike the Arduino, the Teensy 3.6 operated at 3.3V, not 5V, therefore removing 

the requirement to assemble a voltage divider circuit for the receiver of the HC-06 (PJRC, 2019c). 

All connections made on the breadboard from the HC-06 and the three pushbuttons to the Teensy 

3.6 are shown in Figure 44. As the Audio Adaptor Board was mounted onto the Teensy 3.6, the 

board was made partially transparent, to ensure all connections remain visible. The physical 

prototype is shown in Figure 45, as the differential pressure sensor could not be inserted directly 

onto a breadboard, the required pins were soldered to an external board and attached. 
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Figure 44: HC-06 to Teensy Connections 

Air Relief 
Valve Outlet 

Figure 45: HC-06 to Teensy Connections – Physical Prototype 
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HC-06 Bluetooth 
Module 

Teensy Audio Adaptor 
mounted onto Teensy 3.6 

Pushbuttons 
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4.2.2.1 Flow-Orientated Incentive Spirometry Mode 

The first interface was based on FIS; music is created based on the flow, or strength, of the breath. 

The user selects the desired note to be played, which determines the position of a solid red line 

on the main graphic. To play a note, the user either inhales or expires into the mouthpiece, 

depending on the selection, the relative position of the note will then be displayed against the 

desired note in scatter plot form with lines and markers. An increase in breath strength will raise 

the pitch of the output note; the objective is to learn breath control such that the output will 

overlay the desired note. 

If haptic feedback is enabled, the mobile phone will vibrate upon reaching the desired note or 

successfully matching the output note to the desired note. 

As can be observed in the top-left corner of Figure 46, the Bluetooth module icon facilitates the 

Bluetooth connection between the app and the HC-06. By pressing the Bluetooth icon, the screen 

displayed in Figure 42 is generated, enabling the selection of the HC-06 module. The two black 

buttons in the top-right corner of Figure 46 enable the app to transfer to either the Music Creation 

Mode or Volume-Orientated Mode. It is noted that the placement of the Bluetooth icon, and the 

two toggle buttons which link to the two additional screens, remained consistent between all 

three screens.  

From the bottom of Figure 46, it can be observed that the direction of the breath, either inhalation 

or exhalation, can be selected; the current mode is displayed in green. The vibrate toggle-button 

is located in the bottom-right corner, and in Figure 46 is in the off position, as the circular 

component of the button is in the leftmost position, and the button background is grey. In the on 

position, the button background would be yellow, and the circular component would be in the 

rightmost position.  

To select the desired note, the horizontal slider could be moved to one of the 31 positions, or one 

of the two arrows can be pressed. By pressing either the left or right arrow, the note was 

decremented or incremented by one note, respectively. In Figure 46, the Desired Note 

display is fixed at 31 and is not linked to the output of the slider or arrows. Both the Current 

Note display and the graph are dependent on the value obtained from the pressure sensor. 
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To construct the graph shown in Figure 46, a point was assigned to one of 31 positions, dependent 

on the current note, and drawn on a canvas titled Graph_Canvas. Following each clock cycle, 

a horizontal position increment was applied, and the previous and current points were connected 

with a line until the width of the canvas was reached. The canvas was then cleared with the 

Graph_Canvas.Clear command and the horizontal position was reset.  

The minimum pixel position in both the x-direction and y-direction were found to be 45 and 198, 

respectively. Conversely, the maximum pixel position in the x-direction was found to 335, and 37 

in the y-direction. The coordinates of the canvas have been indicated in red in Figure 47, depicting 

the total usable area. 

Figure 46: Flow-Orientated Initial Interface 
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The next development stage included a solid line to represent the desired note, to enable 

comparison between the user’s objective and actual performance. For a clear comparison, the 

desired and observed lines were coloured red and blue, respectively, with the set 

Graph_Canvas.PaintColor command. The width of both lines was also increased from a 

value of 1 to 3 with the set Graph_Canvas.LineWidth command. 

The plot was confirmed to operate as expected if the Desired Note remained constant, as the 

canvas was only cleared after 12 breath values were plotted. During testing, it was discovered 

that if the Desired Note was modified before the canvas was cleared, multiple instances of 

the red indicator would remain, as depicted in Figure 48. 

Figure 47: Flow-Oriented Graph Background 
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For the Desired Note line to represent only the most current note, it was required to erase 

the position of the previous Desired Note status. Firstly, a method of detecting a change in 

the Desired Note was required, achieved through a secondary variable that recorded the 

previous Desired Note value and compared it with the current Desired Note value. As 

the graph contained information regarding the recorded breath strength, the canvas could not be 

cleared upon the detection of a new desired note position.  

To simulate the effect of clearing the canvas while maintaining critical breath information, 

another line matched to the background was drawn over the previous Desired Note value. 

Figure 48: Flow-Orientated Line Duplication 
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The RGB index of the graph was found to be (236, 240, 249), and through the make colour 

command, a line of the background colour was redrawn on top of the previous line position. Two 

unintended effects resulted, the dark gridline of the background graph was removed, leaving a 

footprint of the previous Desired Note position (Figure 49). Secondly, the previously plotted 

breath information was partially erasing leaving horizontal rows in the diagonal lines.  

It was therefore understood that for the Desired Note line to be modified without negatively 

impacting the appearance of the graph, the breath information could not be modified. 

Through online investigation, an app designed for drawing sketches was posted, capable of an 

undo feature. To effectively remove the latest input to the sketch, a list was created and 

updated following each addition to the design (Ferguson, 2015).  

Figure 49: Flow-Orientated Line Incorrectly Removed 
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The list stored the x1, y1, x2 and y2 coordinates of all lines drawn in four list indexes. Upon 

selection of the undo tool, the most recent line information was removed from the list, the 

canvas was cleared and then redrawn (Ferguson, 2015). Figure 50 displays the major components 

of the Undo function, through which the most recent line created from a sketch based on a single 

colour could be removed (Ferguson, 2015). 

The applicable components of the undo file were incorporated into Flow-Orientated mode; 

however, the desired result was not obtained. Two instances were added to the list (Figure 51), 

plotTarget represented the Desired Note and plotline represented the breath 

information. It therefore, ensured that the most current information was plotted in the desired 

colour.   

Figure 50: Undo Capability (Ferguson, 2015) 

Figure 51: Individual List Generation 
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It is observed from Figure 52 that although the most current Desired Note was output 

correctly in red, all previous instances were output in blue. It was realised that as plotTarget 

and plotline contributed to the same list, upon redrawing the list after clearing the canvas, 

the two variables could not be differentiated. Additionally, the previous Desired Note 

information was not appropriately cleared due to the list amalgamation.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 52: Flow-Orientated Undo Error 
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As shown in the removePrevTarget function (Figure 53), representing the removal of the 

previous Desired Note, an additional list titled storeTarget was created. The list enabled 

specific recognition and differentiation between the breath information and Desired Note 

information. Two instances of Graph_Canvas.DrawLine were instigated, following the 

initialisation of either red or blue, dependant on the information being graphed (Figure 53).    

The red Desired Note indicator appears on top of the blue breath information (Figure 54). 

The reference to two separate lists ensured only the current Desired Note position is 

observed.  

Figure 53: Remove Previous Desired Note Function 
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Compared to the initial development stage shown in Figure 46, the Select Note arrows were 

rotated 90 degrees, from pointing left and right to pointing up and down. To maximise simplicity 

and intuitive use, the direction of the arrow therefore directly correlated to the movement of the 

red Desired Note line. To further increase usability, it was attempted to also rotate the slider. 

Upon investigation, it was discovered that an ImageSprite is the only the component which 

can be rotated. As the Slider object is comprised of numerous complex elements and could 

not be simply recreated vertically, the horizontal direction was maintained.  

Figure 54: Flow-Orientated Final Interface 
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As the Flow-Orientated Mode was designated as the default interface, the breathState and 

Vibrate parameters defined were communicated between the two remaining screens. To 

enable data sharing across multiple screens, the non-visible TinyDB component was included 

on each screen.  

A TinyDB.StoreValue block was therefore placed on the Flow-Orientated Mode screen. The 

tag enabled a mechanism to reference the desired value, as multiple values can be stored in a 

single TinyDB component. In Figure 55, the state of the breath to be detected is recorded in the 

form of a string, as either Inhale or Exhale and assigned to valueToStore. 

To retrieve the value stored in breathState, the TinyDB.GetValue block was called 

following the initialisation of a different screen. The stored value is set to the variable 

breathState; if no value is located, the default state is set to Inhale, defined by the 

valueIfTagNotThere command (Figure 56). 

To open one of the two alternative screens, two buttons were created, Music_Mode_Button 

and VolumetricButton, located in the top-right position of the app interface. Figure 57 

shows how the open another screen block opens the specified screen, actioned following 

the click of Music_Mode_Button. 

Figure 56: Retrieving a Stored Value 

Figure 55: Storing a Value 

Figure 57: Open Alternative Screen 
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4.2.2.2 Music Creation Mode 

The second interface is designed specifically for music creation and enables chord selection based 

on the root note played by the user. The root note is played based on FIS techniques; a competent 

user is expected to arise only after significant exposure to the flow-oriented interface. The major, 

minor, seventh, minor seventh, major seventh and suspended second and fourth were the seven 

available chords. An intentional design decision was to ensure all buttons on the musical creation 

interface were large, such that users lacking fine motor control would not be disadvantaged.  

In addition to replication of the trumpet through physical pushbuttons, the three valves were also 

simulated on the app, in the event that interfacing with an app is more convenient or appropriate 

for the user. The three trumpet valves were simulated by the three buttons located in a vertical 

arrangement on the left of Figure 58, labelled PB1, PB2 and PB3. 

Figure 58: Music-Orientated Initial Interface 
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Compared to the Flow-Orientated Mode, the display of the Music Creation Mode was much 

simpler. The two buttons in the top-right corner maintain the control to the two alternative 

screens, however, the Current Note was the only dynamic information displayed. The current 

note was received as string information from the Teensy through Bluetooth communication.  

Unlike the state of breath from the Flow-Orientated mode, the chord selected is output for the 

duration the button is pressed. Therefore, it is required to detect when the button is pressed, and 

when the button is released, for the variable to be set accordingly. The action of pressing the any 

of the chord buttons instigates the setting of the chord variable, as shown by the assignment of 

the suspended second chord in Figure 59, followed by a call to the vibrate function. The variable 

stored in chord remains unchanged, until another button representing a different chord is 

pressed, or the button is released. To detect the release of a button, the TouchUp block was 

utilised, which set the chord variable to a null state. The assignment of –- (Figure 60), to chord 

does not correlate to a chord defined in the Teensy, therefore no chord will be played back. 

As the size of the buttons was maximised, the number of buttons was therefore limited. To enable 

the output of seven available chords, the five buttons visible on the right of Figure 58 were 

pressed in specific combinations. The simultaneous combination of pressing either Major and 

7th, or Minor and 7th, would result in a major seventh, or minor seventh chord, respectively. 

The programming for the Major, Minor and 7th buttons, therefore, included an additional 

statement, which evaluated the current status of all other buttons. As shown in Figure 61, if the 

7th button is pressed, titled Dom7Button, the string assigned to chord is dependent on 

whether Major or Minor was also pressed simultaneously.  

Figure 59: Action Following Chord Press Figure 60: Action Following Chord Release 
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As can be observed in Figure 62, all buttons have been colourised, such that the valves and chords 

are distinctly separated into different groups. Additionally, a sheet music background has been 

applied, as the Music Creation mode focuses on musical expression, rather than therapy. 

Figure 62: Music-Orientated Final Interface 

Figure 61: Assignment of 7th Chord 
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The final modification implemented transparency and an opacity change following a button press. 

The make color block enabled the definition of a colour in the form of a list. In Figure 63, the 

first three items specify the Red, Green, and Blue, values of and RGB complex, respectively, the 

fourth item specifies the desired opacity, all values range from 0 – 255. 

As can be observed in Figure 64, the three buttons have been renamed from PB1, PB2 and PB3, 

to Valve 1, Valve 2, and Valve 3. Additionally, the change in opacity of the Valve 2 and 

Sus2 button can be observed following a press, in comparison to the other buttons. 

Figure 63: Design of Blue Chord Buttons 

Figure 64: Music Creation Mode - Button Press 
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4.2.2.3 Volume-Orientated Incentive Spirometry Mode 

 

The final interface provides a digital representation of the visual information obtained through 

VIS. The prescribed volume is entered by the user, through which the app calculates how many 

seconds of inhalation is required. Following detection of inhalation, the bar graph will rise in 

increments of 31, during which a scale of the trumpet will be cycled through; both the music and 

bar graph will cease if the lack of inhalation is detected. To ensure the user inhales at a rate 

consistent with an IS, a colour-based indicator will be represented against the bar graph, visually 

confirming if the breath is too fast. Additionally, the volume of the scale will be loudest when 

correct breath velocity is detected, and proportionally reduce as the velocity is raised. Haptic 

feedback is also provided through a single vibration once the designated volume has been 

reached. The varying auditory output combined with the vibration enables outcomes of the IS to 

be achieved for the vision impaired, currently unachievable with commercial options.  

In 2010, 32.4 million people were found to be blind globally, while 191 million people were found 

to have either moderate or severe vision impairment, leading to a combined 223.4 million people 

with significant or complete vision loss (Stevens et al., 2013). The global population in 2010 was 

approximately 7 billion people (Worldometers, 2019), therefore approximately 3% of the 

population is assumed to be unable to independently engage with ISy. 41.23 million surgeries in 

2015 were recorded to be of respiratory, cardiovascular and digestive nature (Rose et al., 2015), 

each requiring postoperative ISy to minimise the development of PPCs. Therefore, it can be 

assumed that approximately 1.2 million people will have significant or complete vision loss and 

will also undergo respiratory, cardiovascular or digestive surgery, who will benefit from this 

device.  

Development was commenced through the design of a bar graph, with a height which could be 

dynamically set. The bar graph was created with the button TimeBarGraph, and the visible 

height was modified by the set TimeBarGraph.HeightPercent block (Hochgraf, 2016), 

For the bar graph to rise to the desired height, an increment of 1 pixel was initialised to increase 

every 30ms, until the threshold of 40% was reached. In the initial development stage, the desired 

input volume did not determine the threshold.  
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A Start Exercise and Continue Exercise button were designed (Figure 65). A single 

Start Exercise button press initialised the first clock cycle and generated a single increment, 

while a sustained  Continue Exercise press maintained the graph increment. For the bar 

graph height to return to the initial position upon reaching the threshold, an if statement was 

implemented to resent the height of the bar graph, which was actioned the following clock cycle. 

For the bar graph to reflect the desired volume, a reference scale was implemented in the form 

of a simulated IS background image. The input volume of 3000mL is reflected by the indicator 

(Figure 66), which was programmed to automatically adjust its position based on the specified 

input volume.  

Figure 65: Volume-Orientated Initial Interface 
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It was identified that the maximum desired height of the IS was represented by 291 pixels, and 

the minimum was offset to 13 pixels.  The desired height of the bar graph could, therefore, be 

mathematically derived based on the set TimeBarGraph.Height block, dependent on a 

position rather than a percentage. The threshold was calculated by dividing the desired volume 

by 4000, representing the maximum value of 4000mL, multiplied by the scaling factor of 291 and 

the result was added by 13. If the height of the bar graph was greater than the threshold, the 

function to vibrate the phone was called if vibration as enabled, and the bar graph height was 

reset to 13 (Figure 67). 

Figure 66: Volume-Orientated with Background 



Methodology - Software Development 

89 

The indicator was represented by an ImageSprite, an element which can be programmed to 

change positions if placed on a canvas. To control the indicator of the desired volume, a similar 

calculation was performed, however as the original position of the canvas is located in the top-left 

corner, the scaled value was subtracted from 291. 

Finally, the melodic minor, natural minor, harmonic minor, and major scale blue buttons to select 

the desired scale from the four options were added (Figure 68).  

The full code for the FIS mode, music creation mode and VIS mode is located in Appendix E.

Figure 67: Volume-Orientated Threshold Calculation 

Figure 68: Volumetric-Orientated Final Interface 
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5 Results 

The functionality of FIS was simulated through the ability to correlate a breath flow to a note. A 

graphical user interface with the ability to set the desired note, select the preferred breath mode 

and toggle the vibrational feedback was produced (Figure 69).  

Figure 69: Flow-Orientated Final Interface 
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An opportunity for the user to exhibit musical expression was enabled through the ability to play 

the melody with the breath and valves, and harmony with the introduction of chords (Figure 70). 

Acoustic trumpets are monophonic instruments, therefore only one note can be played at a time 

(Nypaver, 2018). The ability to play chords through the electronic trumpet is a unique feature to 

further encourage and facility musical creativity.  

Figure 70: Music Creation Mode - Button Press 
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The functionality of VIS was simulated through the ability to sustain a breath alongside a timed 

series of ascending and descending notes in the form a musical scale. VIS usually provides a visual 

indicator to assist in ensuring minimal breath force is expelled during use, the indicator is usually 

separated into three categories, good, better and best, as shown in the left column of Figure 6. 

In addition to the proportional reduction in auditory volume of the scale, the breath force 

information was also provided by the colour of the bar graph. From Figure 71, the green, yellow 

and red graphs represent a breath force which is ideal, intermediate and too high, respectively.  

The device is yet to be tested by patients or target users; future focus groups will include trials 

conducted by those with a PPC, recovering from a surgery, and with physical limitations. Feedback 

from all demographics will be taken into consideration to improve both the hardware and 

software component of the device.  

Figure 71: Volumetric-Orientated Interface: Left - Ideal Range, 
Middle - Intermediate Range, Right - Poor Range 
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6 Discussion 

 

The device was successful in its ability to convert analog breath-based information into a digital 

integer, that was then mapped to a MIDI note and lastly, output as a trumpet sound, providing 

auditory feedback.  

Designed to operate in two separate modes, the device could successfully be used as a musical 

instrument or as a therapy tool. Functionality and customisation were maximised through a 

tailored app environment, that provided a digital interface and visual feedback; haptic feedback 

could also be provided within the app if desired by the user. Three apps were designed, which 

focussed on FIS, VIS and music creation. Each app was designed to benefit a different user group 

most significantly, however, all apps were designed to be useable by those with a physical 

impairment can be enjoyed by all users. 

The cost of the proposed device in electronic components is AUD$122 (Table 7), compared to 

AUD$8 - AUD$40 for a currently-prescribed analog incentive spirometer (Table 2). Although a 

factor of 3 – 15 times greater in cost than the current IS, the proposed device incorporates an 

electric and musical element and is intended to be utilised beyond therapy, justifying the increase 

in cost. Compared to current breath-based digital instruments, costing between AUD$1000 

(Figure 24) - AUD$3000 (Table 2), and digital music-based respiratory rehabilitation devices 

costing AUD$1900 and the requiring an iPad (Table 2), the proposed device is a factor of 8 – 24 

times more cost-effective than commercially available alternatives.  
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6.1 Limitations 

A major limitation was the lack of worldwide clinical evidence recording the patient compliance 

of ISy use, but more importantly, the lack of understanding reasons for a potential reduction in 

prescribed use. It was assumed that the repetitiveness of the exercise and lack of multimodal 

feedback resulted in the loss of interest for a significant number of patients. It is known that 

inspiration causes discomfort following abdominal or thoracic surgery (Bartlett et al., 1973), 

however, the effect of discomfort or pain on IS use were not analysed prior to commencement of 

the project. Additionally, information of the demographic who were either more likely, or less 

likely, to complete the prescribed respiratory exercises, such as age, gender, and location, was 

not available. If the patient was old enough to fully understand the risks of discontinuing therapy, 

or if the patient was from a location with a high prevalence of respiratory diseases, the likelihood 

of continuing with therapy may have been higher. Following approval from the Southern Adelaide 

Clinical Health Research Ethics Committee (SAC HERC), a survey should have been provided to 

postoperative thoracic and abdominal patients of varying demographics. The survey would have 

been critical in the understanding of the primary limiting factors to full IS engagement, for a 

variety of demographics. Ideally, survey responses would be obtained from multiple states within 

Australia, both rurally and in metro areas.  

The device has only been tested by the developer, therefore, has not had an opportunity to 

receive user feedback from patients or target users, and be modified accordingly. Iterative 

development based on focus group testing will be critical in creating a convenient and desirable 

device.  

The most significant limitation was the inability to quantitatively correlate the flow rate of an IS 

with the flow rate of the electronic trumpet. The diameter and length of the tube, the size of the 

IS body and the arrangement of the air-release holes all contribute to the flow required to cause 

the float, or ball(s), to rise. The outlet valve of the electronic trumpet was configured to be 

qualitatively equivalent to an IS, however numerical confirmation could not be obtained.  
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6.2 Future Directions 

The outcomes of this thesis presented a functional prototype which successfully translated both 

inhalation and exhalation into a numerical value, and finally into a music note.  

For the project to become incorporated into ISy therapy, a mouthpiece equivalent to commercial 

incentive spirometers must be integrated with a gooseneck neck tube, in place of the single tube. 

The current tube diameter of 4mm requires fine muscular control of the face to breathe 

exclusively through the tube, unachievable for many physical impairments such as cerebral palsy 

(Walters Wright, 2019). The current design does not allow sufficient release of air, which causes 

a higher resistance compared to either VIS or FIS.  

The primary objective of the device was to increase user compliance and appropriate engage with 

respiratory therapy. Following approval from the SAC HERC, clinical trials should be commenced 

to compare user engagement against current incentive spirometers. A survey should be provided 

alongside the trial to understand the user experience following the use of the device, including 

but not limited to: 

• Willingness to perform required therapy

• Engagement with the app, and which app mode was preferred

• Simplicity to use without the app

• Simplicity to establish a Bluetooth connection and navigate functionality within the app

• Level of comfort compared to traditional IS

Prior to the trial, it is critical that the user demographic is recorded, and analysed appropriately, 

specifically, age and previous musical engagement. Compared to play therapy, music therapy has 

been shown to increase happiness for hospitalised children (Hendon and Bohon, 2008). It is 

therefore expected that children will participate strongly following the musical additional to ISy. 

Secondly, engagement from a current professional musician, amateur or past musician, or a non-

musician, is expected to vary. Additionally, a variance is expected within the musical class, 

depending on the musician’s instrument preference. The highest participation is expected from 

brass players, followed by woodwind players, due to the similarity in the process required to 

generate a sound.   
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Following the clinical trial assessing user engagement, the therapeutic outcomes of the device 

must be assessed post-trial and compared against the current therapeutic outcomes. 

Quantitative studies should be undertaken to confirm than an equivalent level of effort results in 

an equivalent benefit. 

In relation to the app interface, MIT App Inventor was utilised due to fast turnaround time from 

conceptualisation to a functional prototype, however, limitations and restrictions were observed. 

A debugger mode could not be accessed, preventing the ability to analyse each line of the 

program. Additionally, the block-based layout was simple to interface, however, did not offer a 

mechanism to understand the order in which commands were being executed. Regarding 

Bluetooth interfacing, a connection could not be maintained following the selection of a different 

mode, or screen, resulting in the undesirable requirement to regularly reconnect to the HC-06. 

Finally, multiple objects could not be overlaid, and exact object positions could not be specified, 

resulting in the inclusion of empty horizontal and vertical arrangements, intended only to act as 

a placeholder for object positioning. It is therefore recommended that text-best programming 

environment, dedicated to mobile app development, is employed in future iterations, such as 

Android Studio. 

An electronic reminder generated in the form of a beep resulted in a twofold increase in patient 

compliance, compared to those without the reminder (Eltorai et al., 2019). Similarly, the time 

between uses could be detected by the app interface to instigate a reminder to the user. If the 

user is found to repeatedly ignore reminders, an alarm my sound on the user’s mobile device 

which can only be turned off after appropriate inhalation is detected. The physician will initially 

define the required frequency of use in the hospital, and if internet connectivity is configured, 

may have access to the profile of the patient and can adjust parameters or communicate 

accordingly. Reducing health insurance premiums through demonstrations of healthy lifestyles 

have become increasingly prevalent following the rise in wearable devices (Laycock, 2019). 

Potential partnering with health insurance companies may provide a monetary incentive to 

perform sufficient postoperative rehabilitation. 
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It is acknowledged that following the purchase of the Teensy 3.6, and Audio Adapter Board 

(Rev C), the Teensy 4.0 has been released. The Teensy 4.0 offers six times the processing 

capabilities, and a reduction in size following a reduction from 62 to 34 I/O pins, compared to the 

Teensy 3.6 (PJRC, 2019d). The pin layout of the Teensy 4.0 differs from the Teensy 3.X modules 

and was not directly compatible with and Audio Adapter Board (Rev C);  therefore the Audio 

Adapter Board (Rev D) has been released (PJRC, 2019a). If released earlier, the Teensy 4.0 and 

Audio Adapter Board (Rev D) would have been purchased, the superior processor reduces 

limitations with computationally complex audio analysis and playback functionality.  

Incorporating the full capabilities of the Audio System Design Tool into the app interface was 

beyond the scope of the project. However, the Teensy Audio Library is designed to enable users 

without extensive programming capabilities to design audio systems. Future iterations may 

include the ability to select an instrument other than the trumpet and apply different MIDI effects. 

For example, the output instrument could be converted to a guitar, and typical guitar effects such 

as distortion, delay and reverb may be introducing, while maintaining control of the notes through 

the breath. 

The final recommendation is the design of a custom printed circuit board (PCB). PCBs offer 

superior current carrying capacity, the ability to reduce the footprint of the design and 

permanence of the soldered components (Candor Industries, 2018). As the Teensy can be 

externally powered, 3.3V can be supplied to the Vin pin of the Teensy, and the HC-06. The 

pushbuttons and airflow sensors do not require a specific voltage, however, the 3.3V supplied by 

the Teensy has facilitated functional operation and is assumed to remain appropriate following 

PCB incorporation. Once the size of the prototype has been reduced, the trumpet form factor is 

expected to be developed. To provide versatility and customisation, critical for an assistive 

musical device (Frid, 2019), the form factor will be 3D modelled and printed; the position, 

arrangement and size of the buttons can, therefore, be designed specifically to the requirements 

and preferences of the user. 
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7 Conclusion 

 

Initially, the capabilities of the Arduino Uno were explored; the challenges associated with 

producing a MIDI output without a MIDI-compliant device were identified. The complexities of 

integrating two additional software packages with the Arduino IDE, combined with the loss of the 

ability to debug and access the Serial Monitor deemed the Arduino Uno an unsuitable 

development board for the aims of the project.  

The Teensy 3.6, a MIDI class compliant device alleviated all difficulties associated with the Arduino 

Uno and facilitated simple MIDI communication. A primary objective of the project was to enable 

convenience in use, as to minimise impediments to participate in respiratory therapy. Although 

the Teensy 3.6 was capable of transmitting MIDI messages to Ableton Live, the generation of the 

musical instrument was dependant on the music production software, and thus, connection to a 

computer. The Teensy Audio Adaptor Board interfaced with the battery-powered Teensy 3.6 and 

provided onboard audio processing functionalities, through which the trumpet notes were output 

without computer dependency. The Teensy 3.6 accepted information from the MPXV7002 

differential pressure sensor, capable of detecting positive and negative pressures, hence 

extended potential therapy applications to inhalation and exhalation. Information detected from 

the differential pressure sensor correlated to the strength of breath, and hence determined the 

output trumpet note. The primary project objective of developing a cost-effective and engaging 

respiratory therapy device, to provide health benefits equivalent to the IS is therefore met. 

The device was designed to operate in one of two modes, as a musical instrument or as a therapy 

tool. To maximise functionality and provide customisation, a visual interface was provided 

through a tailored app environment. A Bluetooth module was incorporated into the electronic 

trumpet, which communicated the differential pressure sensor and push-button information to 

the app located on a mobile device. Three apps were designed, which focussed on FIS, VIS and 

music creation. The FIS and VIS applications were designed to require similar breathing actions 

and result in analogous therapeutic outcomes as current incentive spirometers. The secondary 

objective of developing a breath-based assistive musical instrument for people with physical 

disabilities is also met. The device is capable of being played as an expressive musical instrument, 

or as a therapeutic tool with a musical output, therefore meeting the secondary project objective. 
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This thesis reports on an innovative alternative to standard incentive spirometers. Once the 

system has been fully developed and prototyped, it will be trialled with end-users to determine 

acceptance and utility, as well as assessing whether multimodal interactive feedback through 

music from the device increases patient compliance, enjoyment, and a willingness to perform 

respiratory therapy. 
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9 Appendices 

9.1 Appendix A - MPXV7002 Data Sheet 
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9.2 Appendix B – MIDI 

MIDI files in isolation do not contain audio, the files instead include a list of commands such pitch 

and tempo that can then be referenced by a sample or synthesised sound to produce audio (The 

MIDI Association, 2016). The standard MIDI file is a format type that enables music sequences 

files to be transported, exported and saved. The header of MIDI files detail which file format the 

music sequence is saved, usually type 0 for a single track to represent the entire performance or 

type 1 for individually layered tracks arranged synchronously (The MIDI Association, 2016). 

The ATmega16U2 microcontroller (MCU) onboard the Arduino Uno does not contain a USB 

module. The Arduino was therefore not recognised as a MIDI instrument and could not directly 

interface with music production software (Gratton, 2011). To convert the Arduino Uno into a MIDI 

class compliant device, it was required to modify the firmware of the MCU. To prevent the 

possibility of unintentionally causing permanent damage to the Arduino or undesirably modifying 

its function, the MCU firmware was not modified. 

The Hairless MIDI preferences were configured in accordance with the recommendations of Gritti 

(Figure 72). The baud rate of 115200 is optimal for communication between the Arduino and 

Ableton Live (Gritti, 2017), the selected digital musical production software package.  

Figure 72: Hairless MIDI Preferences 
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The Arduino Uno was connected to COM3 port and as shown in Figure 73, was selected as the 

serial port by which the information would be transferred across. The MIDI output and MIDI input 

were assigned to loopMIDI, a secondary software application capable of translating Windows 

MIDI data between two software applications.  

LoopMIDI is a Virtual MIDI pass-through driver and was configured by creating a MIDI port named 

loopMIDI Port Ard (Figure 73).  

To configure Ableton Live 10 Lite to accept MIDI data from the Arduino, the preferences were 

modified such that the track and remote inputs were set to on. Hence, Ableton Live was 

instructed to accept non-standard MIDI controllers, which did not map notes in a format such as 

an electronic keyboard or other standard MIDI controller (Gritti, 2016). To ensure the desired 

channel appropriately processed the MIDI command, the track was first defined as a MIDI Track, 

not an Audio Track. The track was then set to accept MIDI data from all inputs and all channels 

and output the audio to the Master to enable playback. Ableton Live does not possess an inbuilt 

trumpet instrument, however, a Silk Horn Synth Brass was identified as sounding most 

similar to a trumpet and was deemed acceptable for testing purposes. As highlighted by the red 

ellipse in Figure 74, the Silk Horn Synth Brass instrument was selected within the Ableton 

Live interface. 

Figure 73: Hairless MIDI Interface 
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The Arduino Uno could now be configured to communicate with a MIDI software package, 

however, as the firmware was not modified an alternative to the MIDIUSB library was required to 

send MIDI commands. An example program of how to send MIDI messages with an Arduino was 

provided on GitHub and comprised of the function MIDI_TX()(Gritti, 2017). Three parameters 

were passed through MIDI_TX(), the MESSAGE, PITCH and VELOCITY, which correlated to 

the MIDI status, the note and the speed at which the note was pressed, respectively.  

The status byte was primarily utilised to send a Note On or Note Off event. The status byte was 

separated into two 4-bit nibbles; the most significant nibble was set to either 1001 or 1000 for a 

Note On or Note Off command, respectively, while the least significant nibble ranged from 0 – 15 

and represented MIDI channels 1 – 16 (MIDI Association, 2019). A Note On command to channel 

1 was therefore 0b10010000. The Pitch byte ranges from 0b00000000 to 0b01111111, where 

0b00111100, or 0d60, correlates to C4, or Middle C. The Velocity byte ranges from 0b00000000 

to 0b01111111, where a higher value correlates to a faster note press and will, therefore, result 

in a louder sound (MIDI Association, 2019); a default velocity value of 0b01111111 was assigned. 

The MIDI_TX() function was confirmed to send a MIDI command and the pushbutton 

environment from the tutorial was replicated. By modifying the code obtained from GitHub, the 

pushbutton input was converted to a potentiometer which was scaled between E3 - Bb5 and 

confirmed to function as expected. The original code contained a for loop which referenced 

either the lower or higher of the two predefined notes, depending on the state of the loop 

variable, at the time of the pushbutton activation. The Note On command will only be sent if one 

Figure 74: Ableton Live Musical Instrument Selection 
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of the two pushbuttons were pressed. The value of pin will be utilised in the call, 

PadNote[pin], which sends a pitch number of either 36 or 38, correlating to the note C2 or D2. 

In the original program, two buttons controlled the only two notes accessible to be output, 

however, the code was modified such that a button press instigated the analog value to be read 

and subsequently assigned to one of the 31 notes stored in PadNote. The button connected to 

digital Pin 7 was maintained as a control method, to regulate the timing of the note length and 

prevent the MIDI commands from continuously being sent. The potentiometer was read from 

analog Pin A0, and an additional pushbutton was connected to digital Pin 7 to complete the circuit 

(Figure 75). 

The sound of a single note played by a horn was audibly confirmed for the length of the 

pushbutton press. Although the note could be dynamically set based upon the position of the 

potentiometer, the note sent to Ableton Live was read at the time of the pushbutton press. To 

change the note, the pushbutton was required to be released, and pressed again, if the 

potentiometer was moved to a new position, a different note would be played.  

Figure 75: Preparation for Ableton Live Connections 
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The pushbutton activation was removed to enable smooth transitions between different notes. 

However, the high number of MIDI commands caused Hairless MIDI to crash, even by adding a 

one-second delay, therefore terminating the connection between the Arduino and Ableton Live.  

The leftmost track of Figure 76, representing the Silk Horn Synth Brass instrument, was 

configured to receive a MIDI signal from Channel 1; the orange box to the left of Ch. 1 indicates 

that MIDI data is being received. The green bar in the leftmost track represents the volume of the 

audio received, which was sent to the rightmost Master track.  

The primary disadvantage of utilising the Hairless MIDI application was that any other form of 

communication across the serial port was prevented. While transmitting MIDI commands to 

Ableton Live, the Arduino could not be reprogrammed, and information could not be sent to the 

serial monitor. Hence, Hairless MIDI could not be connected during the debugging of the program 

if access to values displayed on the serial monitor was required.  

Figure 76: Ableton Live Receiving MIDI Data 
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9.3 Appendix C – LCD Display 

The 1602A is a 16 pin, 16 x 2 character display LCD module, with backlight capabilities. The 

number of pins connected depended on the mode of operation; 8-bit mode required all 16 pins 

while 4-bit mode required only 12 (All About Microcontrollers, 2017). Characters displayed on the 

LCD module are comprised of 8-bit data; in 8-bit mode, one byte is sent in a single pulse, while in 

4-bit mode, each byte is sent in two pulses, introducing latency (All About Microcontrollers, 2017).

As a high refresh rate and high-speed data transmission were not required, the simplification in 

wiring associated with the omission of four pins was desirable and therefore implemented. 

The pinout of the 1602A is described in Table 10, where pins 7 - 10 (DB0 - DB3) were omitted due 

to the 4-bit mode configuration.  

Table 10: LCD Module Pinout (SHENZHEN EONE ELECTRONICS CO. LTD, 2010) 

Pin No Function Symbol 

1 Ground LCD Module (0V) Vss
 

2 Supply voltage to LCD Module 5V (4.7V – 5.3V) Vdd 

3 Contrast adjustment; through a variable resistor V0 

4 Selects command register when low, and data register when high RS 

5 Low to write to the register; High to read from the register R/W 

6 Sends data to data pins when a high to low pulse is given E 

7 Data Pin 1 DB0 

8 Data Pin 2 DB1 

9 Data Pin 3 DB2 

10 Data Pin 4 DB3 

11 Data Pin 5 DB4 

12 Data Pin 6 DB5 

13 Data Pin 7 DB6 

14 Data Pin 8 DB7 

15 Anode - Supply voltage to Backlight (5V) BLA+ 

16 Cathode – Backlight Ground  (0V) BLK- 
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The status of the Register Select pin determines which type of information was sent; when 

high, commands to the LCD module could be sent such as screen-clearing and cursor position, 

when low, characters for display could be sent (Nedelkovski, 2015).  

The Read/Write pin selects the LCD mode, read or write are specified by a status of either 

1 or 0. For the purpose of displaying information, only the write mode is required and is 

therefore permanently set low through its connection to ground (Nedelkovski, 2015). 

The Enable pin is timing-dependent and coordinates the writing to each of the data pins 

following the detection of a falling edge (Nedelkovski, 2015).  

Neither the Anode nor Cathode are required for the LCD Module to function, however, the two 

pins do control the backlight (Nedelkovski, 2015). 

The LCD module was connected to the Arduino in accordance to a successfully completed project 

(Nedelkovski, 2015). The description was from that Arduino Mega to the Arduino Uno, and the 

connections are depicted in Figure 77. 

The connections from the LCD module to the Arduino are summarised in Table 11. All digital pins 

were directly connected to the Arduino while the power and ground pins were connected through 

the power rails of the breadboard.  

Figure 77: LCD to Arduino Connections 
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Table 11: LCD to Arduino Connections 

Pin No Name Arduino Connection 

1 Ground GND

2 Supply voltage 5V 

3 Display Contrast Adjustment POT 

4 Register Select  Digital Pin 1 

5 Read/Write GND 

6 Enable Digital Pin 2 

7 Data Pin 1 - 

8 Data Pin 2 - 

9 Data Pin 3 - 

10 Data Pin 4 - 

11 Data Pin 5 Digital Pin 4 

12 Data Pin 6 Digital Pin 5 

13 Data Pin 7 Digital Pin 6 

14 Data Pin 8 Digital Pin 7 

15 Backlight VCC (5V) 5V 

16 Backlight Ground (0V) GND 

To display the desired information, the Liquid Crystal Library was first initialised within the 

Arduino sketch, with the command #include <LiquidCrystal.h>.  

A Liquid Crystal object in 4-pin mode was created by specifying the LCD pins connected to the 

Arduino in the following format: LiquidCrystal (RS, Enable, D4, D5, D6, D7). With 

respect to each connection specified in Table 11, the Liquid Crystal object was created with the 

following command: LiquidCrystal lcd(1,2,4,5,6,7). 

The commands described in Table 12 were implemented into the sketch; lcd.begin(16,2) 

was called in the setup(), while all other functions listed were accessed in the main loop(). 

Upon initial testing, the LCD module was confirmed to display the desired text and variables, 

following the lcd.print(x) command. The breath mode, index number and output note were 

displayed, with the position specified by the lcd.setCursor(w,h) command.  
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Table 12: LCD Arduino Commands 

Command Description 

lcd.begin(w,h) 
Initialises the LCD screen interface for dimensions 

width, w, and height, h 
lcd.print(x) Prints the variable x, to the LCD 

lcd.print(“x”) Prints the string x, to the LCD 

lcd.setCursor(w,h) 
Defines the location of the next character at position 

width, w, and height, h 
lcd.clear() Clears the LCD screen 
lcd.blink() Displays the position of the cursor by blinking 

lcd.noBlink() Removes the blinking cursor 
lcd.cursor() Displays the position of the cursor with an underscore 

lcd.noCursor() Removes the cursor from view 

 

The LCD output shown in Figure 78 was generated in a separate sketch to the main project; prior 

to integration, it was desired to confirm the LCD module was functional.  

 

 

 

 

 

 

 

With the exception of the punctuation colon, all characters displayed in Figure 78 comprised 

exclusively of numbers and letters. To incorporate a musical association with the name of the 

note, musical symbols such as a clef or musical note, methods to display non-standard characters 

were investigated. 

Typically, only standard ASCII characters can be directly displayed on an LCD, however, custom 

characters can be created with the createChar() function (de Bakker, 2019).  

Figure 78: LCD Output 
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Each element on the LCD screen contains a 5 x 8 dot display, therefore the equivalent of a 40-

pixel symbol or character can be constructed (de Bakker, 2019).  Acknowledging the small number 

of pixels available, a simplistic symbol was selected, a pair of quavers, representative of the 

duration of one-eighth of a whole note. For reference, a traditional symbol for a pair of quavers 

is shown in Figure 79, the 40-pixel depiction of a pair of quavers is shown in Figure 80. 

The custom character was converted into an array of eight bytes, each byte representing a dot 

display row. The five least significant bits of each byte directly correlate to the binary state of the 

custom character; as can be observed from the first row of Figure 80, the first four dots are white, 

while the final dot is black, hence the byte is set to B00000001, or B00001 (de Bakker, 2019).  

All custom characters must be globally declared in the Arduino sketch, above the setup(); the 

pair of quavers is defined as quaverPair (Figure 81). 

Within the setup(), the Arduino sketch, the custom character is initialised as follows: 

lcd.createChar(1, quaverPair). Multiple custom characters can be defined in a single 

sketch; hence the character is assigned an index number; 1 was assigned above, and hence was 

referenced in the lcd.write(byte(1)) command. 

The custom character was confirmed to output as expected, (Figure 82), programmed to replace 

the string Note shown in Figure 78. 

Figure 80: Quaver Pair 
Custom Character 

Figure 79: Pair of Quavers 
(Flaticon, 2014) 

byte quaverPair[] = { 
  B00001, 

  B00011, 

  B00101, 

  B01001, 

  B01001, 

  B01011, 

  B11011, 

  B11000  

}; 

Figure 81: Quaver Pair 
Character Definition 

Figure 79 has been removed due 
to copyright restrictions
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Following the success of the LCD configuration and display, the code was transferred into the 

main project. Figure 83 displays four instances of the non-static output displayed from the code 

utilised to produce Figure 82. 

From Figure 83, it was identified that both lines were incorrectly displayed on the first line, hence 

the cursor position could no longer be controlled, additionally, non-specified characters were also 

observed. 

Figure 82: LCD Output - Customised Quaver Pair Character 

Figure 83: Incorrect LCD Output 
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It was discovered that by removing the Serial.begin() command, the LCD output returned 

to the previously observed and expected display.  

Through an exploration of the serial specifications within the Arduino Uno module, it was learned 

that during serial communication, Pin 0 and Pin 1 of the Arduino are used as the receiver and 

transmitter, respectively  (Arduino, 2019c). As the RS pin of the LCD was connected to Pin 1 of the 

Arduino, the unexpected output was attributed to the duplication use of Pin 1.  

To maintain intended functionality across the Arduino and LCD module, the RS pin and E pin were 

shifted from Pin 1 and Pin 2 to Pin 2 and Pin 3, respectively. The connection changes are reflected 

in Figure 84, while the Liquid Crystal object declaration was therefore amended as follows: 

LiquidCrystal lcd(2,3,4,5,6,7). 

Following the connection and declaration modifications, the LCD display and the serial monitor 
were confirmed to operate as expected. 

Figure 84: Correct LCD to Arduino Connections 
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9.4 Appendix D – Teensy 

9.4.1 Teensy 3.6  

Figure 85: Teensy 3.6 Pinout (PJRC, 2018) 

Figure 85 has been removed due to copyright restrictions
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Figure 86: Teensy 3.6 Schematic (PJRC, 2019d)

Figure 86 has been removed due to copyright restrictions
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9.4.2 Teensy Audio Adapter Board 

Figure 87: Teensy Audio Adapter Board Schematic (PJRC, 2019a) 

Figure 87 has been removed due to copyright restrictions
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Table 13: Audio Adapter Board Pin Assignments 

Signal 
Rev D 

Teensy 4.0 
Rev C 

Teensy 3.x 
Function 

MCLK 23 11 Audio Master Clock, 11.29 MHz 
BCLK 21 9 Audio Bit Clock, 1.41 or 2.82 MHz 
LRCLK 20 23 Audio Left/Right Clock, 44.1 kHz 

DIN 7 22 Audio Data from Teensy to Audio Shield 
DOUT 8 13 Audio Data from Audio Shield to Teensy 

SCL 19 19 Control Clock (I2C) 
SDA 18 18 Control Data (I2C) 
SCK 13 14 Data Storage (SPI) Clock 

MISO 12 12 Data Storage (SPI) from SD/MEM to Teensy 
MOSI 11 7 Data Storage (SPI) from Teensy to SD/MEM 
SDCS 10 10 Chip Select (SPI) for SD Card 

MEMCS 6 6 Chip Select (SPI) for Memory Chip 
Vol 15 / A1 15 / A1 Volume Thumbwheel (analog signal) 

Figure 88: Audio Adapter Board Pin Locations (PJRC, 2019a)

Figure 88 has been removed due to copyright restrictions
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9.4.3 Module Specification Comparison 

Table 14: Teensy Module Specification Comparison (Core Electronics, 2018) 

Specification Teensy LC Teensy 3.2 Teensy 3.5 Teensy 3.6 

Clock Speed 48MHz 96MHz 120MHz 180MHz 

RAM 8K 64K 192K 256K 

Flash 62K 256K 512K 1M 

I/O Pins 27 (all on 

headers) 

34 (24 on 

headers) 

62 (42 on 

headers) 

62 (42 on 

headers) 

Pin Voltage 3.3V 3.3V (5V 

tolerant) 

3.3V (5V 

tolerant) 

3.3V 

EEPROM 256 Bytes 2K 4K 4K 

Connectivity USB, Serial, SPI, 

I2C, I2S 

USB, Serial, SPI, 

I2C, CAN, I2S 

USB, CAN, I2C, 

SPI, Ethernet, 

SD, I2S 

USB (High 

Speed), CAN, 

I2C, SPI, 

Ethernet, SD, 

I2S 

Timers 7 12 14 14 

PWM Outputs 10 12 20 20 

Analog Inputs 13 21 25 25 

Price (USD) $11.65 $19.80 $24.25 $29.25 
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9.5 Appendix E – Software 

9.5.1 Teensy Code  

#define HWSERIAL Serial5 

#include <Bounce.h> 

#include <Audio.h> 

#include <Wire.h> 

#include <SPI.h> 

#include <SD.h> 

#include <SerialFlash.h> 

#include "Trumpet_samples.h" 

// GUItool: begin automatically generated code 

AudioSynthWavetable wavetable1;

AudioSynthWavetable wavetable3;

AudioSynthWavetable wavetable2; 

AudioSynthWavetable wavetable4; 

AudioMixer4 mixer1;

AudioOutputI2S i2s1;

AudioConnection patchCord1(wavetable4, 0, mixer1, 3); 

AudioConnection patchCord2(wavetable1, 0, mixer1, 0); 

AudioConnection patchCord3(wavetable3, 0, mixer1, 2); 

AudioConnection patchCord4(wavetable2, 0, mixer1, 1); 

AudioConnection patchCord5(mixer1, 0, i2s1, 0); 

AudioConnection patchCord6(mixer1, 0, i2s1, 1); 

AudioControlSGTL5000 sgtl5000_1;

// GUItool: end automatically generated code 

// Bounce objects to read pushbuttons 

Bounce button0 = Bounce(30, 15);  // 15 ms debounce time 

Bounce button1 = Bounce(31, 15);  // 15 ms debounce time 

Bounce button2 = Bounce(32, 15);  // 15 ms debounce time 

// MIDI notes corresponding from E3 - Bb5 

int noteMIDI[31] = { 

  52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 

71, 72, 73, 74, 75, 76, 77, 78, 79, 80, 81, 82 

}; 

// Notes names from from E3 - Bb5 

String noteName[31] = { 

  "E3", "F3", "Gb3", "G3", "Ab3", "A3", "Bb3", "B3", "C4", "Db4", "D4", "Eb4", 

"E4", "F4", "Gb4", 

  "G4", "Ab4", "A4", "Bb4", "B4", "C5", "Db5", "D5", "Eb5", "E5", "F5", "Gb5", 

"G5", "Ab5", "A5", "Bb5" 

}; 

int breathDetect = 0; 

int duration = 2000; 

int ICLevel; 

int ICNote; 

int ICVolume; 

int maxEx; 

int maxIn; 

int missedCountBT = 0; 

int note; 

int noteCharLength = 2; 
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int noteDes; 

int noteIndex = 0; 

int notePrev; 

int PB1Status = 0; 

int PB2Status = 0; 

int PB3Status = 0; 

int scaleRunning = 0; 

String breathStatus = "Inhale"; 

String chordType; 

String ICVolumeS; 

String PB1StatusS; 

String PB2StatusS; 

String PB3StatusS; 

String noteDesS; 

String readdata; 

String rx_byte; 

String rx_note; 

String scaleType; 

String screen = "Solo"; 

String screenPrev = "Solo"; 

String vibrate = "Y"; 

String vibrateNum; 

void setup() { 

  // Initialise Hardware Serial ports with baud rate 115200 

  Serial.begin(115200); 

  HWSERIAL.begin(115200); 

  // Set active low pins as input with pullup resistor 

  pinMode(29, INPUT_PULLUP); 

  pinMode(30, INPUT_PULLUP); 

  pinMode(31, INPUT_PULLUP); 

  pinMode(32, INPUT_PULLUP); 

  // Configure Audio elements 

  AudioMemory(20); 

  sgtl5000_1.enable(); 

  sgtl5000_1.volume(0.5); 

  mixer1.gain(0, 0.9); 

  // Set instrument to a trumpet - based on Trumpet_samples files 

  wavetable1.setInstrument(trumpet); 

  wavetable2.setInstrument(trumpet); 

  wavetable3.setInstrument(trumpet); 

  wavetable4.setInstrument(trumpet); 

} 

void loop() { 

  // Read input from Serial Monitor 

  if (Serial.available() > 0) { 

rx_byte = Serial.readStringUntil('\n'); 

  } 

  // Enter if note is not within defined range 

  if (screen == "Invalid Input") { 

Serial.println(screen); 

  } 

  else { 

// Obtain length of note name 

noteCharLength = noteName[noteIndex].length(); 

// Enter if Bluetooth is not connected 
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if (screen == "Solo") { 

if (!digitalRead(29)) breathStatus =  "Inhale"; 

else breathStatus =  "Exhale"; 

// Display variable labels 

Serial.print("Screen"); 

Serial.print(" | "); 

Serial.print("Note "); 

Serial.print("| "); 

Serial.print("Index"); 

Serial.print("  | "); 

Serial.print("Breath"); 

Serial.print(" | "); 

Serial.print("Vibrate"); 

Serial.print(" | "); 

Serial.print("PB1"); 

Serial.print(" | "); 

Serial.print("PB2"); 

Serial.print(" | "); 

Serial.println("PB3"); 

// Display variables of interest 

Serial.print(" "); 

Serial.print(screen); 

Serial.print("  |  "); 

Serial.print(noteName[noteIndex]); 

// Vary spacing depending on number of characters in note name 

if (noteCharLength == 2) Serial.print("  |   "); 

else Serial.print(" |   "); 

Serial.print(note); 

Serial.print("   | "); 

Serial.print(breathStatus); 

Serial.print(" | "); 

Serial.print(vibrate); 

Serial.print("    |  "); 

Serial.print(!digitalRead(30)); 

 Serial.print("  |  "); 

Serial.print(!digitalRead(31)); 

Serial.print("  |  "); 

Serial.println(!digitalRead(32)); 

Serial.println(" "); 

delay(500); 

} 

// Enter if Bluetooth communication is established 

if (HWSERIAL.available() > 0) { 

// Read screen type with delimiter '|' 

screen = HWSERIAL.readStringUntil('|'); 

// Enter if volume-based incentive spirometry screen is open 

if (screen == "Volume") { 

scaleType = HWSERIAL.readStringUntil('|'); 

ICVolumeS = HWSERIAL.readStringUntil('|'); 

ICVolume = ICVolumeS.toInt(); 

vibrateNum = HWSERIAL.readStringUntil('|'); 

HWSERIAL.print(breathDetect); 

HWSERIAL.print("|"); 

HWSERIAL.print(noteIndex); 
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        Serial.print("Screen"); 

        Serial.print(" | "); 

        Serial.print("Note "); 

        Serial.print("| "); 

        Serial.print("Index"); 

        Serial.print("  | "); 

        Serial.print("Breath"); 

        Serial.print(" | "); 

        Serial.print("Vibrate"); 

        Serial.print(" | "); 

        Serial.print("Scale"); 

        Serial.print("  | "); 

        Serial.println("Volume"); 

 

        Serial.print(screen); 

        Serial.print(" |  "); 

        Serial.print(noteName[noteIndex]); 

        if (noteCharLength == 2) Serial.print("  |   "); 

        else Serial.print(" |   "); 

        Serial.print(note); 

        Serial.print("   | "); 

        Serial.print(breathStatus); 

        Serial.print(" |    "); 

        if (vibrateNum == "1") vibrate = "Y"; 

        else vibrate = "N"; 

        Serial.print(vibrate); 

        Serial.print("    | "); 

        Serial.print(scaleType); 

        if (scaleType == "Major") Serial.print("  |  "); 

        else Serial.print(" |  "); 

        Serial.println(ICVolumeS); 

        Serial.println(""); 

 

        if (ICVolume < 2000) { 

          duration = (ICVolume * 3) / 8; 

          ICLevel = 1; 

        } 

        else { 

          duration = (ICVolume * 3) / 15; 

          ICLevel = 2; 

        } 

 

        ICNote = noteMIDI[(ICVolume / 4000) * 30]; 

 

        //if (!scaleRunning) scale(ICNote, scaleType, duration, ICLevel); 

 

      } 

 

      // Enter if music creation screen is open 

      if (screen == "Music") { 

        breathStatus = HWSERIAL.readStringUntil('|'); 

        chordType = HWSERIAL.readStringUntil('|'); 

        // Read in string containing numberical data 

        PB1StatusS = HWSERIAL.readStringUntil('|'); 

        // Convert string to integer for use in calculations 

        PB1Status = PB1StatusS.toInt(); 

        PB2StatusS = HWSERIAL.readStringUntil('|'); 

        PB2Status = PB2StatusS.toInt(); 
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PB3StatusS = HWSERIAL.readStringUntil('|'); 

PB3Status = PB3StatusS.toInt(); 

vibrateNum = HWSERIAL.readStringUntil('|'); 

HWSERIAL.print(noteName[noteIndex]); 

HWSERIAL.print("|"); 

HWSERIAL.print(note); 

Serial.print("Screen"); 

Serial.print(" | "); 

Serial.print("Note "); 

Serial.print("| "); 

Serial.print("Index"); 

Serial.print("  | "); 

Serial.print("Breath"); 

Serial.print(" | "); 

Serial.print("Vibrate"); 

Serial.print(" | "); 

Serial.print("PB1"); 

Serial.print(" | "); 

Serial.print("PB2"); 

Serial.print(" | "); 

Serial.print("PB3"); 

Serial.print(" | "); 

Serial.println("Chord"); 

Serial.print(" "); 

Serial.print(screen); 

Serial.print(" |  "); 

Serial.print(noteName[noteIndex]); 

if (noteCharLength == 2) Serial.print("  |   "); 

else Serial.print(" |   "); 

Serial.print(note); 

Serial.print("   | "); 

Serial.print(breathStatus); 

Serial.print(" | "); 

if (vibrateNum == "1") vibrate = "Y"; 

else vibrate = "N"; 

Serial.print(vibrate); 

Serial.print("    |  "); 

Serial.print(PB1Status); 

Serial.print("  |  "); 

Serial.print(PB2Status); 

Serial.print("  |  "); 

Serial.print(PB3Status); 

Serial.print("  |  "); 

Serial.println(chordType); 

Serial.println(" "); 

} 

// Enter if flow-based incentive spirometry screen is open 

if (screen == "Flow") { 

breathStatus = HWSERIAL.readStringUntil('|'); 

noteDesS = HWSERIAL.readStringUntil('|'); 

noteDes = noteDesS.toInt(); 

vibrateNum = HWSERIAL.readStringUntil('|'); 

HWSERIAL.print(noteName[noteIndex]); 
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        HWSERIAL.print("|"); 

        HWSERIAL.print(noteIndex); 

        HWSERIAL.print("|"); 

        HWSERIAL.print(noteName[noteDes]); 

 

        Serial.print("Screen"); 

        Serial.print(" | "); 

        Serial.print("Note "); 

        Serial.print("| "); 

        Serial.print("Index"); 

        Serial.print("  | "); 

        Serial.print("Breath"); 

        Serial.print(" | "); 

        Serial.print("Vibrate"); 

        Serial.print(" | "); 

        Serial.println ("Desired Note"); 

 

        Serial.print(" "); 

        Serial.print(screen); 

        Serial.print("  |  "); 

        Serial.print(noteName[noteIndex]); 

        if (noteCharLength == 2) Serial.print("  |   "); 

        else Serial.print(" |   "); 

        Serial.print(note); 

        Serial.print("   | "); 

        Serial.print(breathStatus); 

        Serial.print(" |    "); 

        if (vibrateNum == "1") vibrate = "Y"; 

        else vibrate = "N"; 

        Serial.print(vibrate); 

        Serial.print("    |     "); 

        Serial.println(noteName[noteDes]); 

 

        Serial.println(""); 

 

      } 

 

 

      // Clear Bluetooth after successful connection 

      missedCountBT = 0; 

    } 

 

    // Refresh rate of code is higher than Bluetooth communication 

    else { 

      // Increment each time Bluetooth connection is unsuccessful 

      missedCountBT++; 

      // Device is no longer connected to Bluetooth module 

      if (missedCountBT >= 15) { 

        screen = "Solo"; 

        missedCountBT = 0; 

      } 

    } 

  } 

 

  // Update all the button objects 

  button0.update(); 

  button1.update(); 

  button2.update(); 

 

  // Set previous note to current note 
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  notePrev = note; 

  // Obtain new note value 

  note = noteNum(breathStatus); 

  // Modify note based on pushbutton status 

  note += valve(digitalRead(30), digitalRead(31), digitalRead(32)); 

  //Serial.println(note); 

  // Store index of note 

  //noteIndex = note; 

  // Enter if note is not within acceptable range 

  if (note < 0 || note > 30) { 

    screen = "Invalid Input"; 

    wavetable1.stop(); 

  } 

  // Assign note to MIDI equivalent 

  else { 

    if (screen != "Invalid Input") screenPrev = screen; 

    screen = screenPrev; 

    noteIndex = note; 

    note = noteMIDI[note]; 

  } 

 

  // Send command to play a new note note if differnt to the previous note 

 

  if (notePrev != note && screen != "Invalid Input") { 

    if (screen != "Volume") { 

      wavetable1.playNote(note); 

    } 

    else wavetable1.stop(); 

    notePrev = note; 

  } 

 

 

 

 

 

  // Assign chord and scale types based on Serial Monitor input 

  if (rx_byte == 'M') { 

    chordType = "Major"; 

  } 

  if (rx_byte == 'm') { 

    chordType = "Minor"; 

  } 

  if (rx_byte == '7') { 

    chordType = "7th"; 

  } 

  if (rx_byte == '2') { 

    chordType = "Sus2"; 

  } 

  if (rx_byte == '4') { 

    chordType = "Sus4"; 

  } 

  if (rx_byte == "m7") { 

    chordType = "Minor7"; 

  } 

  if (rx_byte == "M7") { 

    chordType = "Major7"; 

  } 

  if (rx_byte == "SM") { 

    scaleType = "Major"; 

  } 
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  if (rx_byte == "Sm") { 

    scaleType = "NMinor"; 

  } 

  if (rx_byte == "Shm") { 

    scaleType = "HMinor"; 

  } 

  if (rx_byte == "Smm") { 

    scaleType = "MMinor"; 

  } 

 

  // Change note based on Serial Monitor Input 

  if (rx_byte == "note") { 

    while (Serial.available() == 0) {} 

    rx_note = Serial.readStringUntil('\n'); 

    note = rx_note.toInt(); 

  } 

 

  // Stop playback based on Serial Monitor Input 

  if (rx_byte == "stop") { 

    chordType = ""; 

    scaleType = ""; 

    wavetable1.stop(); 

  } 

 

  if (screen != "Invalid Input") { 

    // Call function to play chord 

    // chord (note, chordType, duration); 

    // Call function to play scale 

 

  } 

 

  delay(100); 

} 

 

// Convert analog pressure sensor input into note value between 0 - 30 

int noteNum(String breathStatus) { 

 

  int scaling_factor; 

  int sensorVal; 

  int note; 

 

  // Modify calculation based on breath type expected 

  if (breathStatus == "Exhale") { 

    maxEx = 1024; 

    scaling_factor = (maxEx - 625) / 30; 

    sensorVal = analogRead(A16); 

 

    //Serial.println(sensorVal); 

 

    note = (sensorVal - 615) / scaling_factor; 

  } 

  if (breathStatus == "Inhale") { 

    maxIn = 450; 

    scaling_factor = (maxIn) / 30; 

    sensorVal = analogRead(A16); 

    //Serial.println(sensorVal); 

    note = (maxIn - sensorVal) / scaling_factor; 

  } 

  return note; 

} 
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// Replicate function of valves with physical or virtual push buttons 

int valve(int Pb1, int Pb2, int Pb3) { 

  int value = 0; 

  // First push button represents first valve - lowers pitch by two semitones 

  if (!Pb1 || PB1Status) { 

value -= 2; 

  } 

  // Second push button represents second valve - lowers pitch by one semitone 

  if (!Pb2 || PB2Status) { 

value -= 1; 

  } 

  // Third push button represents third valve - lowers pitch by three 

semitones 

  if (!Pb3 || PB3Status) { 

value -= 3; 

  } 

  return value; 

} 

// Calculate notes to play in scale 

void scale(int rootNote, String scaleType, int duration, int ICLevel) { 

  wavetable1.stop(); 

  // Calculate notes to play in Major scale 

  if (scaleType == "Major") { 

int note[8]; 

note[0] = rootNote; 

note[1] = rootNote + 2; 

note[2] = rootNote + 4; 

note[3] = rootNote + 5; 

note[4] = rootNote + 7; 

note[5] = rootNote + 9; 

note[6] = rootNote + 11; 

note[7] = rootNote + 12; 

if (!scaleRunning) playScale(note[0], note[1], note[2], note[3], note[4], 

note[5], note[6], note[7], duration, ICLevel); 

  } 

  // Calculate notes to play in Natural Minor scale 

  if (scaleType == "NMinor") { 

int note[8]; 

note[0] = rootNote; 

note[1] = rootNote + 2; 

note[2] = rootNote + 3; 

note[3] = rootNote + 5; 

note[4] = rootNote + 7; 

note[5] = rootNote + 8; 

note[6] = rootNote + 10; 

note[7] = rootNote + 12; 

playScale(note[0], note[1], note[2], note[3], note[4], note[5], note[6], 

note[7], duration, ICLevel); 

  } 

  // Calculate notes to play in Harmonic Minor scale 

  if (scaleType == "HMinor") { 

int note[8]; 

note[0] = rootNote; 

note[1] = rootNote + 2; 

note[2] = rootNote + 3; 

note[3] = rootNote + 5; 
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    note[4] = rootNote + 7; 

    note[5] = rootNote + 8; 

    note[6] = rootNote + 11; 

    note[7] = rootNote + 12; 

    playScale(note[0], note[1], note[2], note[3], note[4], note[5], note[6], 

note[7], duration, ICLevel); 

  } 

 

  // Calculate notes to play in Melodic Minor scale 

  if (scaleType == "MMinor") { 

    int note[8]; 

    note[0] = rootNote; 

    note[1] = rootNote + 2; 

    note[2] = rootNote + 3; 

    note[3] = rootNote + 5; 

    note[4] = rootNote + 7; 

    note[5] = rootNote + 9; 

    note[6] = rootNote + 11; 

    note[7] = rootNote + 12; 

    playScale(note[0], note[1], note[2], note[3], note[4], note[5], note[6], 

note[7], duration, ICLevel); 

  } 

} 

 

// Calculate notes to play in chord 

void chord (int rootNote, String chordType, int duration) { 

  if (chordType == "Major") { 

    int note[3]; 

    note[0] = rootNote; 

    note[1] = rootNote + 4; 

    note[2] = rootNote + 7; 

    playChord3(note[0], note[1], note[2], duration); 

  } 

  if (chordType == "Minor") { 

    int note[3]; 

    note[0] = rootNote; 

    note[1] = rootNote + 3; 

    note[2] = rootNote + 7; 

    playChord3(note[0], note[1], note[2], duration); 

  } 

  if (chordType == "7th") { 

    int note[4]; 

    note[0] = rootNote; 

    note[1] = rootNote + 4; 

    note[2] = rootNote + 7; 

    note[3] = rootNote + 10; 

    playChord4(note[0], note[1], note[2], note[3], duration); 

  } 

  if (chordType == "Major7") { 

    int note[4]; 

    note[0] = rootNote; 

    note[1] = rootNote + 4; 

    note[2] = rootNote + 7; 

    note[3] = rootNote + 11; 

    playChord4(note[0], note[1], note[2], note[3], duration); 

  } 

  if (chordType == "Minor7") { 

    int note[4]; 

    note[0] = rootNote; 

    note[1] = rootNote + 3; 
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note[2] = rootNote + 7; 

note[3] = rootNote + 10; 

playChord4(note[0], note[1], note[2], note[3], duration); 

  } 

  if (chordType == "Sus2") { 

int note[3]; 

note[0] = rootNote; 

note[1] = rootNote + 2; 

note[2] = rootNote + 7; 

playChord3(note[0], note[1], note[2], duration); 

  } 

  if (chordType == "Sus4") { 

int note[3]; 

note[0] = rootNote; 

note[1] = rootNote + 5; 

note[2] = rootNote + 7; 

playChord3(note[0], note[1], note[2], duration); 

  } 

} 

// Play chord containing 3 notes 

void playChord3(int note1, int note2, int note3, int duration) { 

  wavetable1.playNote(note1); 

  wavetable2.playNote(note2); 

  wavetable3.playNote(note3); 

  delay(duration); 

  wavetable1.stop(); 

  wavetable2.stop(); 

  wavetable3.stop(); 

} 

// Play chord containing 4 notes 

void playChord4(int note1, int note2, int note3, int note4, int duration) { 

  wavetable1.playNote(note1); 

  wavetable2.playNote(note2); 

  wavetable3.playNote(note3); 

  wavetable4.playNote(note3); 

  delay(duration); 

  wavetable1.stop(); 

  wavetable2.stop(); 

  wavetable3.stop(); 

  wavetable4.stop(); 

} 

// Play chord containing 4  notes 

void playScale(int note1, int note2, int note3, int note4, int note5, int 

note6, int note7, int note8, int duration, int ICLevel) { 

  scaleRunning = 1; 

  wavetable2.playNote(note1); 

  delay(duration); 

  wavetable2.stop(); 

  wavetable3.playNote(note2); 

  delay(duration); 

  wavetable3.stop(); 

  wavetable4.playNote(note3); 

  delay(duration); 

  wavetable4.stop(); 

  wavetable2.playNote(note4); 
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  delay(duration); 

  wavetable2.stop(); 

  wavetable3.playNote(note5); 

 

  delay(duration); 

  wavetable3.stop(); 

  wavetable4.playNote(note6); 

 

  delay(duration); 

  wavetable4.stop(); 

  wavetable2.playNote(note7); 

  delay(duration); 

  wavetable2.stop(); 

  wavetable3.playNote(note8); 

 

  delay(duration); 

  wavetable3.stop(); 

 

 

  if (ICLevel == 1) { 

    delay(duration); 

    scaleRunning = 0; 

 

    return; 

  } 

  else playScale2(note7, note6, note5, note4, note3, note2, note1, duration); 

} 

 

void playScale2(int note1, int note2, int note3, int note4, int note5, int 

note6, int note7, int duration) { 

 

  wavetable2.playNote(note1); 

  delay(duration); 

  wavetable2.stop(); 

  wavetable3.playNote(note2); 

 

  delay(duration); 

  wavetable3.stop(); 

  wavetable4.playNote(note3); 

 

  delay(duration); 

  wavetable4.stop(); 

  wavetable2.playNote(note4); 

  delay(duration); 

  wavetable2.stop(); 

  wavetable3.playNote(note5); 

 

  delay(duration); 

  wavetable3.stop(); 

  wavetable4.playNote(note6); 

 

  delay(duration); 

  wavetable4.stop(); 

  wavetable2.playNote(note7); 

  delay(duration); 

  wavetable2.stop(); 

 

  delay(duration); 

  scaleRunning = 0; 

} 
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9.5.2 MIT App Inventor Code Blocks 

9.5.2.1 Flow-Orientated Mode 
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9.5.2.2 Music Creation Mode 
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9.5.2.3 Volumetric-Orientated Mode 
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