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Abstract 

Scientific evidence demonstrates that regular resistance training can be an effective intervention 
strategy to prevent or control hypertension. In order for people to leverage those benefits, it is 
normally required to go to a gym, which can be a barrier for many. Instead, promoting safe and 
effective resistance training at home could potentially facilitate adoption and adherence. However, 
from a practical as well as psychological perspective, adopting resistance training without supervision 
may be daunting for the inexperienced individual. This current study was conducted to find out 
whether a sensor-based feedback system that provides instructions via sonication and ambient-lighting 
can be used to improve concentric/eccentric contraction times and endpoints, and assist with a proper 
breathing technique. In addition to investigating whether this feedback could improve the actual form 
and technique of the exercise, it was also examined whether it could enhance peoples perceived 
competence and motivation towards resistance training. Lastly, peoples attentional focus and 
perceived physical exertion as a function of being exposed to ambient-light/sonification (A/S) 
feedback was assessed as well.  
 
A feedback system that used the Kinect sensor to gauge kinematic characteristics of the movement 
and a microphone to detect respiration was developed first. Temporal information was then conveyed 
to the participant by changing the pitch of a sound, spatial information through ‘success’ and 
‘corrective’ earcons (i.e., brief sounds), and finally, respiratory information by means of pulsating 
ambient-lights that turned off in case one attempted the Valsava manoeuvre. A total of 37 participant 
participated in a one and a half our resistance training session, where they were asked to perform three 
sets of ten repetitions of bicep curls, frontal shoulder raises and inclined pectoral flies. During one of 
the exercises participants received the A/S feedback, whereas during the other two exercises they 
received either verbal feedback or no feedback. Exercise performance was measured throughout the 
exercise session. Perceived competence, intrinsic motivation and attentional focus were measured 
after the completion of each exercise, whereas the rate of perceived exertion (RPE) was measured 
after every set. At the end, a semi-structured interview was used to gather user experiences.  
 
The experimental results showed that A/S feedback supported people to exercise with a pace more in 
line with what was being instructed. However, for the concentric contraction time, verbal feedback 
turned out to be more effective. With respect to the range of motion, ambient/light sonification 
feedback resulted in more consistent concentric endpoints but not in more consistent eccentric 
endpoints. Furthermore, breathing technique was best without feedback, with more variation and 
higher respiration rates in the feedback conditions. It appears that people have to get used to the 
feedback, as over the sets respiration rates seem to decline again. Regarding the psychological 
measures, participants did not show more positive changes in perceived competence with A/S 
feedback or with verbal feedback compared to no feedback. Yet, A/S feedback resulted in the highest 
levels of intrinsic motivation. Finally, A/S feedback resulted in a lower RPE and although not 
statistically significant, there was a trend that A/S feedback resulted in participants attention to be 
more externally oriented. This suggests that A/S feedback can be used as a strategy to distract from 
discomforting internal stimuli (fatigue, exertion), which potentially contributes to a sense of 
competence and the pleasantness of the resistance training experience, ultimately leading to increased 
exercise participation and adherence. From this study it can be concluded that A/S feedback has the 
potential to effectively promote safe and effective resistance training in the home environment. 
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1. Introduction 
 
Hypertension is a major health concern as it generally is a strong predictor for cardiovascular disease, 
a leading cause of death world-wide. In the Netherlands, approximately one-third of the population 
between the age of 30 and 70 has hypertension, following a steep increase with ageing (Blokstra et al., 
2011). Hypertension is often referred to as a ‘silent killer’ due to its limited symptoms. Besides 
genetics and demographics, there are also behavioral risk factors that contribute to the development of 
hypertension, such as the consumption of food that is too high in salt (> 6 g/day) and fat, a diet that 
lacks fruits and vegetables, excessive levels of alcohol intake, smoking, high levels of stress, and 
sedentarism (Mancia et al., 2013). Therefore, adopting a healthy lifestyle is the cornerstone of 
hypertension prevention and management.  
 
A particularly effective lifestyle intervention that has beneficial effects on cardiovascular health and 
blood pressure is physical exercise, which in addition contributes to other lifestyle health 
improvements, such as weight loss and stress reduction. A distinction can be made between aerobic 
training (e.g., walking, cycling) and resistance training (e.g., weight lifting, push ups). Traditionally, 
aerobic training is applied as a lifestyle therapy for hypertension, drawing on a strong empirical base. 
However, recent research suggests that there may also be a role for resistance training in preventing 
and controlling hypertension.  
 
Although exercise has shown to be effective in reducing blood pressure, hypertensive people find it 
hard to adhere to such exercise recommendations (Uzun, 2009). Adopting a more active lifestyle often 
requires a difficult behavior change. Numerous barriers exist that may influence the participation in 
physical activity, such as lack of time, issues of safety (i.e., fear of developing injuries), non-
enjoyment, feelings of incompetence, and the perceived effort to be sufficiently physically active for 
health (Biddle, Mutrie, & Gorely, 2015). Furthermore, where aerobic activities like brisk walking, 
jogging and cycling can be performed quite easily anywhere, resistance training on the other hand is 
traditionally done at the gym. This might impose another barrier for hypertensive people to get 
involved with resistance training, as a considerable amount of them are known not to attend the gym 
(Tobi, Estacio, Yu, Renton, & Foster, 2012). Encouraging people to perform resistance training at 
home eliminates gym associated barriers such as accessibility and affordability, but consequently 
creates a number of other challenges. Primary concerns with resistance training, which are normally 
supervised by a fitness coach, are safety and effectiveness. However, such support is lacking in the 
context of one’s home, which seems undesirable for previously inactive people that are unfamiliar 
with how resistance exercises should be performed correctly. In addition, starting with resistance 
training can seem to them like an intimidating challenge at first. Therefore, initial support is required 
until their skills and confidence are developed.  
 
Today’s available technologies could potentially be used to function in a similar way as a fitness 
coach while exercising at home. Research in the field of sonification has shown that movements in 
physical activity can be improved by giving auditory non-speech feedback based on sensor data. 
Furthermore, literature in the domain of paced breathing suggests that visual stimuli can be used to 
guide people’s respiration, which could potentially be used to obtain a proper breathing technique 
during exercise. If an intervention that leverages these technologies could besides improving exercise 
performance also target psychological factors associated with resistance training participation, 
people’s adherence to the recommended exercise plan may be improved. Therefore, the current 
research explored the use of an ambient-light-sonification (A/S) feedback system to promote safe and 
effective resistance training at home, enhancing several exercise quality metrics (i.e., repetition time, 
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range of motion, breathing technique) as well as psychological factors related to exercise participation 
(i.e., perceived competence, enjoyment and lowering perceptions of effort).  
 

1.1 Dynamic resistance training for hypertensive people  

Hypertension is a condition where the pressure in the arteries is persistently elevated. It is generally 
defined as values of ≥ 140 mmHg systolic and/or ≥ 90 mmHg diastolic blood pressure (BP). The 
excess strain on the blood vessels and the heart could eventually lead to cardiovascular events, such as 
a heart attack/failure or stroke. An effective measure to lower blood pressure is regular exercise, 
where aerobic exercise is generally seen as the primary source of exercise recommendations for 
people with hypertension. Scientific literature provides strong evidence of reducing BP 5 to 7 mmHg 
right after an exercise session (lasting up to +/- 24 hours), and this effect persists after months of 
training (Pescatello, 2015; Cornelissen & Smart, 2013).  
 
Dynamic resistance training on the other hand, is often recommended as a supplement to aerobic 
exercise as several meta-analyses concluded that it reduces blood pressure in the order of 2-3 mmHg 
among people with hypertension (Pescatello, Franklin, Fagard, Farquhar, Kelley, & Ray, 2004). 
However, the evidence upon which the recommendations for resistance training are based is limited 
and weak, lacking substantial contribution from primary level studies that investigate dynamic 
resistance training as a viable lifestyle therapy for hypertensive people (Pescatello, MacDonald, 
Lamberti, & Johnson, 2015). In a recent meta-analysis, MacDonald et al. (2016) argued that 
previously conducted meta-analyses have several limitations, for example the fact that participants 
mostly consisted out of adults with normal BP and prehypertension, as a result of which their results 
may have been generalized incorrectly to the high blood pressure population. This was confirmed by 
their findings, as their results showed that study samples with hypertensive adults showed larger 
reductions in blood pressure compared to pre-hypertensive and normal BP samples. The 
antihypertensive effects found were of the size comparable to aerobic exercise or more. Although 
more research is needed to investigate dynamic resistance training as a stand-alone lifestyle therapy, 
these results suggests that it should be added next to aerobic training in exercise recommendations for 
hypertensive people.  
 
Combining resistance exercises with aerobic exercises, either in the same session or on the same day, 
is known as concurrent exercise. Although, the combined influence of these exercise modalities has 
not yet been extensively researched, it seems that the anti-hypertensive effects are of the size 
comparable to either aerobic or resistance exercise only (acute effect: 3 to 8 mmHg) or more (chronic 
effect: 9 to 15 mmHg) (Pescatello, 2015; Corso et al., 2016). Adopting concurrent exercise seems 
promising, therefore, Radha, van der Lans, Sartor, & Spekowius (2016) proposed a concurrent 
exercise routine for hypertensive people based on Pescatello’s (2015) research and in line with current 
guidelines for exercise recommendations (American College of Sports Medicine [ACSM], 2013).  
This prescription follows the frequency, intensity, time, type, volume, and progression (FITT-VP) 
principle and is shown in Table 1.1. In order to leverage the anti-hypertensive effects related to 
concurrent exercise training, it seems advisable that people with elevated BP perform a combination 
of aerobic and resistance exercise at least three times a week, at moderate intensity. One should strive 
to achieve 800 - 1200 MET (metabolic equivalent; the energy cost of the activity relative to resting 
energy expenditure) minutes per week. Where moderate resistance training is equivalent to 5 MET’s 
per minute. With respect to the resistance training component, exercises should target the major 
muscle groups of the lower and upper body using machine weights, free weights or circuit-style 
training for a duration of 15-40 minutes per session.  
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Table 1.1 Concurrent exercise recommendations for hypertensive people 

 
Note. The concurrent exercise recommendations are from Radha et al. (2016) 
 
Although such an exercise prescription can result in a positive effect on BP post exercising, during the 
activity itself there is an acute heightened BP response. Sorace, Churilla, and Magyari (2012) 
identified several factors that influence the acute blood pressure response during resistance training. It 
was found that the amount of cardiovascular stress is a function of load, number of sets and 
repetitions, contraction time, rest periods and whether one performs the Valsalva maneuver (i.e. 
attempt to exhale while the airway is blocked). Several studies showed that the exaggerate blood 
pressure response to exercise can be a predictor of future development of hypertension and 
cardiovascular complications (Miyai et al., 2000; Filipovsky, Ducimetiere, & Safar, 1992). Therefore, 
in order to promote safe and effective resistance training it is important that these variables are 
addressed.  
 
Of the factors mentioned above, contraction time, breathing technique and number of performed 
repetitions play an important role during the actual performance of a resistance exercises. According 
to ACSM’s guidelines, resistance exercises should be executed with a proper form and technique to 
ensure optimal health benefits and reduce the risk of injuries. The movement should be rhythmic, 
performed at a moderate repetition duration (3 seconds concentric, 3 seconds eccentric), with a full 
range of motion and a normal breathing pattern without breath-holding (ACSM, 2006). Making sure 
that people adhere as closely as possible to the recommended execution of resistance training is 
something that is normally done by a fitness coach. They design appropriate training schedules, 
monitor exercise execution and provide feedback when necessary. This support seems in particularly 
valuable for sedentary hypertensive people that adopt resistance training and have no previous 
experience with it. Thus, in order to let them exercise safely and effectively in the home environment, 
where no fitness coach is present, it is important to search for alternative ways of assistance. In this 
study, the effectiveness of an in-the-moment feedback system in enhancing the factors contraction 
time, range of motion and breathing was investigated.  
 
1.2 Supporting safe and effective resistance training at home   

In recent years, technologies such as wearable fitness trackers and motion tracking cameras have 
emerged that are able to provide support for exercise by quantifying performance. Nowadays, there 
exists an abundance of applications that focus on aerobic training but far less in the area of resistance 
training. Yet, there exist a few wearable fitness trackers that target resistance training (e.g., Actofit, 
2017; Atlas wristband 2, 2015). However, most of these devices predominantly give granular statistics 
of performance after exercise and are generally designed to be used at the gym and not in the home 
environment. Furthermore, there are also some commercial products that provide support for 
resistance training through exergames, which use sensors like the Microsoft Kinect or Wii 
remote/balance board to track performance (e.g., Wii Fit U, 2013; EA Sports Active 2: Personal 
trainer, 2010; Nike+ Kinect Training, 2012). These games often show a virtual coach inside a gym 
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that provides instructions and encouragement during a workout plan. For instance, the coach in the 
Wii Fit U game gives feedback like: “Don’t hold your breath or you may raise your blood pressure”. 
However, most of these applications often heavily rely on visual feedback. Whereas with resistance 
training, people often change position from one exercise to another to work-out different muscle 
groups (e.g, push-up, sit-up, reverse flyes), which consequently can obstruct the visibility of a screen. 
Therefore, providing real-time visual feedback on a smart-watch/phone or television might not always 
be practical.  
 
Instead, conveying information through sound might be more convenient as it does not require one to 
be oriented in a particular direction. Furthermore, using the auditory modality to process feedback 
information brings forth several other advantages. First, the ear is superior in interpreting temporal 
information, which could help with the rhythmic nature of resistance training (Kramer, 1999). Second, 
auditory information can be detected and processed rapidly, especially in high-stress environments 
(Moore, 2013). This might be beneficial during resistance training such that variations in movement 
can be immediately recognized and when necessary corrected. Third, multiple sounds can be 
monitored and processed at the same time (Kramer, 1994). An example of this is the ‘cocktail party 
effect’ phenomenon, which illustrates our ability to pay attention to a conversation in a noisy room, 
while still being able to detect important sound events from unattended sources, such as our name 
(Cherry, 1953). This implies that feedback on several quality-related aspects of resistance training can 
be provided simultaneously, while requiring low attentional engagement. Fourth, the ability of our 
auditory system to experience sound as an organized ‘whole’ that is more than the sum of its parts 
(auditory gestalt formation; Kramer, 1994). People are able to discern between various psycho-
acoustic attributes of individual sounds (e.g, pitch, loudness, timbre). However, multiple sounds in 
sequence result in more than just the sum of the individual sounds, that is, people perceive musical 
characteristics such as melody, harmony and rhythm (Kramer, 1994). This multitude of perceptual 
dimensions associated with sound allow a large design space to convey feedback information. Lastly, 
sound can elicit affective responses which may make the activity more engaging (Kramer, 1994). 
Given the associated benefits highlighted above, providing feedback in the auditory modality seems 
promising for the application of resistance training.  
 
1.2.1 Support for movement kinematics through sonification  
 
A system that communicates information through sound is also referred to as an auditory display. 
Auditory displays have been applied in a variety of use cases, such as in computer interfaces, medical 
devices, seismology, rehabilitation and physical activity. The field of auditory displays builds upon 
various disciplines such as, data science, psychoacoustics and psychology. Sonification, a subtype of 
auditory displays, covers the technique of rendering non-speech sound in response to data and 
interactions (Hermann, Hunt, & Neuhoff, 2011). Kramer et al. (1999) defined sonification as: “the 
transformation of data relations into perceived relations in an acoustic signal for the purposes of 
facilitating communication or interpretation”. The use of non-speech sounds may be favorable over 
speech to provide continuous feedback, as the presentation of verbal information is slow due to its 
serial nature (Brewster, 1994). This current study explored the use of sonification to convey 
movement related performance information during resistance training.  
 
Several sonification techniques exist, such as audification, auditory icons, earcons, parameter 
mapping, and model-based sonification. Audification refers to the direct translation of data streams 
into sound waves (e.g, the stethoscope). Auditory icons are brief sounds that have a natural 
association with the event they represent (e.g, the crumpled paper sound when emptying the trash can 
in Mac OS). Earcons are used in the same way as auditory icons, in the sense that they also represent 
discrete events. However, since the sound is synthetic and its relationship with the event symbolic 
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(e.g., login to skype) they may require a learning phase. The parameter mapping approach is related to 
the mapping of data dimensions to acoustic dimensions. A change in the input data is directly 
reflected in the output signal by controlling acoustic attributes. This technique is widely used and 
offers the flexibility to represent one or more continuous data streams by means of a multitude of 
possible sound dimensions (e.g., pitch, timbre, loudness, pitch, duration, location). An analogy can be 
made with the visual representation of data by means of a scatterplot, where data characteristics are 
represented through different graphical elements, such as color, size, position, etc. An example of a 
parameter mapping sonification is representing changes in stock price with rising and falling pitch 
while at the same time loudness conveys information about whether the price is nearing a predefined 
target. Lastly, model-based sonification turns data into dynamic models instead of directly 
transforming it into sound. Only by interacting with the model, the user receives acoustic feedback 
allowing them to explore the data structures. A simple example is filling up a thermos flask (model), 
where the pitch rise informs us about the water level (Hermann et al., 2011).  
 
Applications of sonification in physical activity often used the parameter mapping approach, where 
movement kinematics are mapped to sound parameters to inform people about their performance.  
Real-time sonic feedback then aims to correct and optimize one’s technique during a specific exercise. 
For example, Schaffert, Mattes, and Effenberg (2011) created a sonification feedback system called 
Sofirow for elite rowers to enhance their perception for movement execution. The system was 
developed with the goal to improve the mean boat velocity during on-water training sessions by 
reducing intra-cyclic interruptions in the boat acceleration. The parameter mapping sonification 
method was used where every acceleration value corresponded to the pitch of a tone, the middle C 
being zero boat acceleration. The idea was that by listening to the boat’s sonified acceleration-time 
trace the rowers developed a feeling for the movement, enabling them to judge whether the stroke was 
correct or needed some adjustments. The mean boat velocity was compared between training sessions 
with and without sonification. Results showed a significant increase in the mean boat velocity when 
acoustic feedback was used, thus confirming the hypothesis that the sonification system provided 
assistance for athlete rower by enhancing their perception for executing the movement. In addition, 
questionnaires results revealed favorable attitudes of the athletes towards the experience with Sofirow.  

Another application of parameter mapping sonification informed swimming athletes about their 
movement in a qualitative study conducted by Cesarini, Hermann, and Ungerechts (2014), where the 
hand-water-interaction was sonified to enhance breaststroke symmetry. Pressure-changes were 
measured to quantify the level of symmetry between the left and right hand. Two different 
sonification mappings were designed where the amount of asymmetry, activity and hydrodynamic 
pressure corresponded to different sound characteristics like, brightness, frequency, spatial location 
and amplitude. The study concluded that the intervention was evaluated positively by the swimmers 
and that they considered it as a supportive tool to optimize hand-water-interaction.  

Furthermore, Smith and Claveau (2014) investigated how parameter mapping sonification can support 
a student in imitating the complex motion of an instructor, increasing both spatial and temporal 
accuracy. By means of the developed system Soundtracer, audio feedback was given to assist in 
movement learning. The student was asked to reproduce the sound that was previously generated and 
recorded based on the instructor’s movement pattern. The student’s spatial and temporal deviation 
from the instructor’s path determines whether the sound was modified. Corrective feedback was 
given, where the sounds envelope for volume is conveying timing information and the sounds pitch is 
related to spatial information. In a preliminary test, sonification was compared to visual aids only as 
well as a combination of visual and sonification aids. Although a thorough quantitative evaluation was 
missing, initial results were positive as the developed system was capable of mapping real-time 
motion to sound parameters, which can be used as an assistive tool to learn complex path-based 
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motion.  

Sonification in resistance training is very novel, which is apparent from the limited amount of 
publications investigating this application. For example, Hale, Hausselle, and Gonzalez (2015) 
showed how squats could be improved through parameter mapping sonification feedback. They 
mapped the knee flexion angle and the pressure location of the foot to two sounds that differed in 
pitch, of which the volume decreased as the deviation from the target point decreased. In case the 
squat was performed below the target angle an alarming ‘earcon’ was played. Results showed that 
participants with sonification feedback demonstrated qualitatively better squats compared to the ones 
without feedback. Furthermore, Yang and Hunt (2015) developed a real-time sonification system to 
support people performing a bicep curl. They used the Microsoft Kinect to track the vertical position 
of the hand. Each participant completed 4 sessions with and 4 sessions without sonification feedback, 
with a couple of days rest in between sessions. Several exercise quality criteria were measured; 
repetition time (aiming for slow and steady pace, at least 4 seconds), range of motion (aiming for 
large range of motion of the lower arm) and repetitions (aiming for at least 2 sets of 5 repetitions per 
session). The sonification technique parameter mapping was used, where the y-coordinate of the hand 
changed the pitch of a sound, muscular activity (EMG signal) was mapped to the cut-off frequency of 
a band-pass filter and a white noise was triggered when the movement velocity exceeded a threshold. 
As was aimed for, the exercise sessions accompanied with sonification feedback showed significant 
slower repetition times. However, no significant difference was found in movement range and effort, 
but there was a positive trend. In addition, survey results indicated that people enjoyed the 
sonification condition more.  

Although the overall research base that investigated the application of sonification in physical activity 
remains scarce and a proper evaluation is sometimes lacking, the literature discussed above 
demonstrates how real-time sonification feedback can be used to improve the quality of movement 
and help with motor-learning. The current study explored whether sonification, and more specifically 
the parameter mapping technique in combination with earcons, can be an effective feedback 
intervention to support the kinematic factors, contraction time and range of motion. How sounds are 
rendered in response to movement data is explained in the method section.  

1.2.2 Support for breathing technique through pulsating ambient-lights 
 
Besides improving movement kinematics, obtaining a proper breathing technique during resistance 
training, hence preventing the attempt for a Valsalva manoeuvre (i.e., breath-holding), is crucial as 
well. Linsenbardt, Thomas, and Madsen (1992) found that performing the Valsalva manoeuvre 
exaggerated the BP response to resistance training. However, correct breathing during resistance 
exercise is not always intuitive to people, as some are inclined to hold their breath while lifting 
weight. Therefore, it is important to search for a way in which people can be supported with a proper 
breathing technique without breath-holding during home-based resistance training.  
 
Unfortunately, exploring respiratory guidance during physical activity has received no attention in the 
research literature. However, it has been investigated in the context of promoting slow and deep 
breathing (<10 bpm), also known as paced breathing (Peng, et al., 2004). Paced breathing has shown 
to be effective in stress and anxiety reduction and influences several bodily functions, such as heart 
rate and blood pressure (Eisen, Rapee, & Barlow, 1990; Gilbert, 2003; Sharma, Frishman, & Gandhi, 
2011). For example, in the context of a self-treatment tool for hypertension in the home environment, 
Gavish (2010) found that people were able to synchronize to a respiratory guidance device named 
RESPeRATE. The device provides auditory guidance by means of a melody that consists of 
alternating high and low tones indicating inhalation and exhalation. When one synchronizes to the 
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rhythm, the tones gradually increase in duration to slow down their breathing. In addition, it gives 
visual biofeedback on the current breathing rate and displays a breathing gauge that empty’s or fills 
based on the users breathing movements recorded with a sensor belt (RESPeRATE, 2010). 
Furthermore, George et al. (2006) developed a system that effectively reduced respiratory variations 
during radiotherapy. Patients were given audio-visual biofeedback that consisted of auditory breathe-
in/breathe-out instructions and a visual respiratory marker with corresponding range of motion limits. 
Another system that has been capable of driving respiratory patterns is the ViMet, which uses a 
vertically ascending and descending 8 LEDs bar to indicate when and for how long to inhale or exhale 
(Rambaudi et al., 2007). Research also suggests that a pulsating light might be efficacious in 
influencing respiration. Horst (2012) investigated whether participants anxiety decreased when 
synchronizing to a pulsating light to improve MRI imaging. Results showed that the majority of 
participants were able to adjust their breathing to the pulsating light.  
 
These findings suggest that people can adapt their breathing pattern to visual and auditory stimuli. 
Although, in the illustrated examples above, people have to actively control their respiration. 
However, a study conducted by Moraveji et al. (2011) suggest that people can also synchronize their 
breathing to a visual stimulus without requiring full attention. They created a peripheral paced 
respiration system that significantly decreased participants respiration during information work on a 
desktop computer. Real time feedback was provided via a horizontal semi-translucent bar that moved 
up and down across the screen, which represented the target breath rate.  
 
Altogether, research has shown that respiratory guidance systems, that use auditory and/or visual 
instructions, on which people pay full or partial attention, can be effective in the field of paced 
breathing. However, whether these effects hold in an exercise setting has not yet been answered. As 
the auditory modality was used for providing support on movement-related aspects during resistance 
training, it was envisioned to provide support on a proper breathing technique in the visual modality 
through pulsating ambient lights. Providing information in both sensory modalities can be beneficial 
in lowering perceptions of effort, which is explained later on in the literature section. In addition, such 
an intervention can be readily implemented in the home environment. Therefore, this current study 
investigated what the influence of pulsating ambient lights as respiratory guidance/feedback 
intervention was on the breathing pattern during resistance training exercises.    
 
1.3 Promoting resistance training behavior  

The behavioral epidemiological framework of Sallis et al. (2000) was used to evaluate the current 
state of the research into the promotion of resistance training. This framework categorizes health 
promotion studies in five phases: 1) establish the link between the behavior and health outcomes, 2) 
quantify the behavior, 3) identify correlates of the behavior, 4) develop and evaluate interventions to 
change the behavior, and 5) translates research into practice.  
 
The connection between resistance training and health benefits, including those for cardiovascular 
health, has been well established in the research literature, with the result that resistance training is 
more often included in exercise recommendations (Westcott, 2012). However, prevalence rates of 
adults that meet resistance training guidelines are low, varying somewhere between 10 - 30 percent 
(Bennie et al., 2016; Centers for Disease Control and Prevention, 2013). This clearly illustrates the 
need for effective strategies to promote resistance training. In order to successfully do so, it is 
important to understand which factors play an important role in whether people participate or not in 
resistance training. Although there is extensive research that identified factors influencing the 
participation in aerobic training, studies that have been conducted to investigated the psychological 
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correlates of resistance training are limited. There currently are only two reviews that aimed to 
investigate such factors, yet both found enjoyment and self-efficacy to be significantly related to 
resistance training participation (Nakamura & Harada, 2015; Rhodes, Lubans, Karunamuni, Kennedy, 
& Plotnikoff, 2017). Self-efficacy refers to the confidence people have in their ability to execute 
specific behaviors (Bandura, 1997).  These results are in line with correlates that were found to be 
important influencers of general physical activity behavior (Bauman et al, 2012; Biddle et al., 2015). 
Interventions aimed at promoting resistance training behaviors should incorporate strategies that focus 
on these key factors. Next to creating an enjoyable experience, it might in particular be important to 
consider the fact that people need to feel confident in their ability in order to engage in resistance 
training, which in the case of novice inexperienced individuals may be insufficient. Therefore, 
supporting people to learn proper skills could potentially build confidence in their ability to perform 
resistance training and may ultimately improve adherence to recommendations. However, going back 
to the framework of Sallis et al. (2000) very few studies have been conducted in the last two phases 
and whether interventions that target peoples perceived competence and enjoyment are effective in 
increasing resistance training behaviors is unclear. Therefore, this current study investigated whether 
a feedback intervention could apart from improving the form and technique of resistance exercise also 
help raise perceptions of ability and enjoyment, and foster the motivation to engage in resistance 
training. How these factors relate to each other and how feedback can potentially play a role in this is 
described below.  
 
1.3.1 Perceived competence, enjoyment and motivation 
 
Perceived competence (a concept quite similar to the notion of self-efficacy) and enjoyment, key 
factors influencing resistance training participation, play an important role in Deci and Ryan’s (1985, 
2000) self-determination theory, a framework that is often used to understand the role of motivation in 
the context of physical activity. Motivation refers to external and/or internal forces that cause an 
individual to initiate, direct, and sustain a behavior. Generally, motivation is split up into two types; 
intrinsic and extrinsic. People who are intrinsically motivated, undertake an activity out of inherent 
interest or enjoyment in the activity itself. Whereas people that are extrinsically motivated act out of 
external motives, such as to obtain a reward, avoid punishment or as a result of experienced pressure. 
Deci and Ryan (1985) proposed in one of its sub theories a more elaborate distinction within the 
concept of extrinsic motivation. They categorized different types of motivational regulations (i.e., 
reasons to engage in an activity) based on the extent to which the behavior has been ‘internalised’.  
 
Starting with the description of extrinsic motivation presented above and moving along a continuum 
from controlled to self-determined behaviors, the next position represents introjected regulation. In 
this case, people engage in an activity because they feel they ‘have’ to, thereby avoiding negative 
feelings, such as guilt. Further internalized is identified regulation, that refers to people’s engagement 
in an activity because they ‘want’ to, but as a means to an end, whereby the activities outcome is 
considered to be valuable and important. For example, identified regulation is present when people 
engage in physical exercise for its associated beneficial effects on health. The most advanced 
internalisation of extrinsic motivation is integrated regulation, which relates to the involvement in an 
activity to achieve personal goals (Deci & Ryan, 1985; Biddle et al., 2015). Furthermore, when one 
lacks both intrinsic and extrinsic motivation this is referred to as amotivation, which can be a result of 
feelings of incompetence (Deci & Ryan, 2000).  
 
Support for the value of the SDT framework in comprehending exercise behavior was found in a 
meta-analysis by Teixeira, Carraça, Markland, Silva, and Ryan (2012). Results showed that self-
determined forms of extrinsic motivation and in particular intrinsic motivation positively predicted 
exercise participation and long-term involvement. However, hypertensive people that adopt resistance 
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training will most likely not be intrinsically motivated but rather participate for external reasons, such 
as to leverage the anti-hypertensive effect associated with exercise (i.e., identified regulation). 
Therefore, in order to promote resistance training, it is important to foster the development of 
autonomous motivations.  
 
It is theorized that although an activity might not be initially intrinsically motivating, people have the 
innate tendency to internalize their motivational regulations. Besides, it is not required to go through 
the stages of internalization successively. This internalization process can be facilitated through the 
fulfilment of three psychological needs – the need for social relatedness, autonomy and competence 
(Deci & Ryan, 2000). Where social relatedness refers to feelings of belongingness and meaningful 
connectedness with others. Autonomy is related to self-determination (i.e., perception of control, 
choice and free-will) to engage in an activity. Finally, competence refers to a person’s self-belief in 
their ability to perform a challenging task, such as exercise, and attain positive outcomes.  
 
Of these three needs, satisfying the need for competence has been investigated the most and several 
studies have established the positive association between perceived competence and high quality 
extrinsic motivation and intrinsic motivation. For example, increased feelings of competence 
predicted higher levels of enjoyment in physical education (Cairney et al., 2012). Furthermore, a 
meta-analysis found that perceived competence influences exercise intentions through its negative 
correlation with amotivation and a positive correlation with autonomous forms of motivational 
regulations (Chatzisarantis, Hagger, Biddle, Smith, & Wang, 2003). Previously inactive hypertensive 
people might have a low self-belief in their ability to perform resistance training, especially at the 
initial stage of participation. Therefore, in order to promote resistance training, it is important to 
create an environment that facilitates their need for competence thereby fostering high quality 
motivations.     
 
To understand how an environment can support or impede the development of intrinsic motivation 
through competence needs satisfaction, Deci (1975) presented cognitive evaluation theory (CET). The 
second proposition in CET suggests that environmental factors that enhance perceptions of 
competence for an optimally challenging activity will increase intrinsic motivation (in the context of 
some autonomy), whereas those that lower perceptions of competence will decrease intrinsic 
motivation. An environmental factor relevant in physical activity is the provision of feedback. For 
example, in a study by Vallerand and Reid (1984) subjects had to perform a balancing (stabilometer) 
task and received verbal feedback on their performance. They concluded that positive feedback (e.g., 
“It looks like you have a natural ability to balance and it shows in your performance”) increased 
perceived competence and intrinsic motivation, whereas negative feedback (e.g., “This is an easy task 
but your improvement is quite slow. Try to perform as well as you can”) adversely affected 
perceptions of competence and intrinsic motivation. Furthermore, path analysis revealed the 
mediating role of perceived competence in changes of intrinsic motivation. Further support for CET in 
the physical activity domain was provided by Whitehead and Corbin (1991), who gave bogus 
feedback (“your score is in the top/bottom 20% range”) on students’ performance in a fitness test that 
enhanced or decreased perceived competence. The results replicated earlier findings as the more 
positive the feedback the more competent students felt. In turn, the more competent students felt the 
more they were intrinsically motivated.  
 
Studies in the physical activity domain that go beyond the basic distinction of negative and positive 
feedback have shown that providing corrective feedback is also positively associated with perceived 
competence and intrinsic motivation (Amorose & Horn, 2000; Black & Weiss, 1992). Corrective 
feedback includes technical instructions (i.e., how to improve) after a performance error (Amorose & 
Weiss, 1998), instead of pointing out failure as is done with negative feedback. However, these 
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studies did not fully test CET, as they did not look into the mediating role of perceived competence in 
the relationship between feedback and intrinsic motivation. Furthermore, CET also suggests that the 
extent to which perceived competence has an effect on intrinsic motivation, also depends on 
perceptions of self-determination (i.e., autonomy). Markland (1999) found in a study with female 
exercisers that for the development of intrinsic motivation, fostering perceptions of competence seems 
to be especially important when self-determination is low. And according to Mullan and Markland 
(1997) self-determination is especially low during the initial adoption of exercise.  
 
Research above demonstrated that the development of intrinsic motivation, which is linked to the 
inherent interest and enjoyment in the activity, is important for exercise participation and adherence. 
Intrinsic motivation can be developed by satisfying the need for competence, for which corrective and 
positive feedback have shown to be effective. However, existing literature assessed different kinds of 
feedback by changing the content of verbal messages but did not explore whether non-speech 
feedback could be effective as well. As the way in which feedback is presented has differential effects 
on perceptions of competence, it seems worthwhile to explore how non-speech feedback is interpreted 
and whether it is detrimental or helpful in increasing perceptions of competence. Therefore, in this 
study, it was investigated whether the developed ambient-lighting/sonfication (A/S) feedback 
intervention could foster perceptions of competence during resistance training thereby increasing 
intrinsic motivation.  
 
1.4 Dissociative focus and perceptions of effort  
According to the ACSM (2013), exercise induced feelings of fatigue and negative affect during 
physical activity adoption can discourage people from long-term involvement. Therefore, it was 
suggested that strategies which aim to decrease physical discomfort and increase positive affect may 
improve exercise adherence in novice exercisers. There is evidence for aerobic exercise showing that 
there is a negative relationship between (perceived) exercise intensity and affective responses (i.e., 
enjoyment/pleasure) (Parfitt, Rose, & Burgess, 2006; Ekkekakis, Parfitt, & Petruzzello, 2011). 
Therefore, an intervention that can lower perceptions of effort may result in a more pleasant exercise 
experience. In addition, lowering perceptions of effort during aerobic exercise have been found to 
enhance people’s confidence in their ability post-exercise (McAuley & Courneya, 1992; Robbins, 
Pender, Ronis, Kazanis, & Pis, 2004). This implies that interventions that can lower perceptions of 
effort may result in enhanced perceptions of competence in physical activity skills. These results 
suggest that perceptions of effort are important to consider when designing interventions to promote 
exercise behavior. Exercise environments that provide distractions may reduce perceptions of effort 
and increase affect and perceived competence.  
 
Research showed that visual and auditory stimuli can be used to mitigate perceptions of physical 
discomfort during exercise by shifting attention away from somatic cues. One commonly used 
dissociative strategy (i.e., focusing on external stimuli) during physical activity is playing music. For 
example, it was found that the presence of music resulted in lower perceptions of exertion during a 
low-intensity cycling task, which suggests that music distracts one’s attention from internal stimuli 
(Yamashita, Iwai, Akimoto, Sugawara, & Kono, 2006). Furthermore, Razon, Basevitch, Land, 
Thompson, & Tenenbaum (2009) investigated the manipulation of auditory and visual sensory 
modalities on effort perceptions and attention in a low-intensity strength-type task (dynamometer-
squeezing). They concluded that providing sensory information in both modalities caused participants 
to divert their attention from internal sensory cues for a longer time compared to one external stimulus 
or no stimuli.  In addition, both sensory modality manipulations resulted in a decrease in RPE, 
however only until the workload became too intensive as internal stimuli then become more 
predominant. That the effect seems higher when both modalities are targeted was also found in a 
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study by Chow and Etnier (2015), who investigated whether dissociative attentional stimuli (music 
and video) could affect attentional focus and RPE during a high-intensity exercise. They found that 
the combination of music and video resulted in significantly more dissociative focus and a lower RPE 
compared to when they were presented in isolation.  
 
The effect of auditory and visual exercise feedback as dissociative strategies in exercise has not yet 
been investigated. However, providing real-time feedback on performance seems promising in 
diverting one’s attention from internal stimuli and lower perceptions of effort. Therefore, this current 
study tested whether A/S feedback, that presents information in both sensory modalities, can affect 
participants attention process and perceived rate of exertion. If such an intervention proves to be 
effective, it may likely contribute to a sense of competence and improve the pleasantness of resistance 
training experience, ultimately leading to increased exercise participation and adherence.  
 
1.5 Current study 
Research in the field of sonification has shown that movements in physical activity can be corrected 
and optimized by giving auditory non-speech feedback, based on sensor data. However, the 
application of sonification in resistance training has received little research attention to date. 
Nevertheless, such an intervention can potentially help sedentary hypertensive people that often lack 
relevant skills and knowledge on how to perform resistance training correctly. Furthermore, research 
in the field of ‘paced breathing’ shows that auditory and visual stimuli can be used to guide people’s 
respiration. However, whether respiratory guidance techniques also function sub-consciously during 
physical effort has not yet been researched. Yet, such an intervention could potentially support people 
with a proper breathing technique during resistance training.  
 
The challenge is to create a feedback system that supports people in performing resistance training 
safely and effectively in the home environment. The promising results of sonification and respiratory 
guidance techniques provide a good starting point for the development of such a feedback 
intervention. Therefore, in this current study, a feedback system is developed that aimed to improve 
exercise kinematics via sonification and assist with a proper breathing technique through pulsating 
ambient-lights. To investigate the effectiveness of this ambient-light/sonification (A/S) feedback 
system, it is compared to performing resistance exercises without any form of feedback and with 
verbal feedback. The latter can be considered as the golden standard, as this simulates the exercise-
related performance feedback one would normally get from a fitness coach. Therefore, the goal of the 
A/S feedback system is to provide similar or even better support than one would normally receive at 
the gym.  
 
RQ 1: To what extent can an ambient-light/sonification feedback system be used to improve 
exercise performance? And does it work just as well or even better than when one is supported 
by verbal feedback?  
 
First, this current research tests whether the developed sonification concept can be used to support 
people with a contraction time and range of motion, conforming to ACSM guidelines (ACSM, 2006), 
which leads to the following hypotheses:  
 
H1: Compared to no feedback, both verbal and A/S feedback show contraction times more in line 
with what was initially instructed (i.e., 3 seconds concentric, 3 seconds eccentric). 

H2: In addition, A/S feedback supports people with this to a similar extent or more compared to 
verbal feedback. 
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H3: Compared to no feedback, both verbal and A/S feedback results in range of motions that are more 
consistent and corresponds more closely to previous instructions about the optimal movement range. 

H4: In addition, A/S feedback supports people in doing so to a similar extent or more compared to 
verbal feedback. 

Furthermore, this study investigates whether pulsating ambient lights, that additionally signal breath 
holding, can be used to support people with a proper breathing technique during resistance training. 
This research hypothesizes that: 

H5: Compared to no feedback, both verbal and A/S feedback results in a better breathing rhythm with 
fewer attempts for the Valsalva maneuver. 

H6: In addition, A/S feedback supports people with this to a similar extent or more compared to 
verbal feedback. 

RQ 2: Does A/S feedback increases perceptions of competence and motivation towards 
resistance training? And how does it compare to a verbal feedback intervention?  
 
Sonification in physical activity has, for as far as known, only scrutinized its effect on behavioral 
measures like movement kinematics, while its influence on psychological factors of exercise 
participation remains unclear. In addition, ambient-light feedback has not been applied in an exercise 
context before. However, previous research showed that positive/corrective (verbal) feedback can 
have a positive effect on people’s perception of competence and intrinsic motivation. Therefore, this 
research hypothesizes that the developed A/S feedback can be used not only to improve exercise 
performance, but also to promote psychological correlates of exercise participation: 
 
H7: Compared to no feedback, both verbal and A/S feedback show higher perceived competence. 

H8: In addition, A/S feedback results in similar changes as verbal feedback or more. 

H9: Compared to no feedback, both verbal and A/S feedback show higher intrinsic motivation. 

H10: In addition, A/S feedback would result in similar changes as verbal feedback or more. 

According to cognitive evaluation theory, environmental factors can increase intrinsic motivation by 
enhancing perceptions of competence (see Figure 1.1). Research has established the mediating role of 
perceived competence in the relationship between negative/positive verbal feedback and intrinsic 
motivation. However, this has not been investigated for positive/corrective verbal feedback or non-
speech feedback. Therefore, this study assesses whether the effect of positive/corrective verbal 
feedback and positive/corrective non-speech feedback (i.e., A/S feedback) on intrinsic motivation are 
mediated by changes in perceived competence, resulting in the following hypothesis:  

H11: the effects of verbal and A/S feedback on intrinsic motivation are mediated by perceived 
competence.  
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Figure 1.1 The mediating role of perceived competence on the feedback-intrinsic motivation relationship. 

RQ 3: Can A/S feedback be utilized as a dissociative strategy do distract from bodily sensations 
and reduce perceptions of effort?   
 
Besides the potential of an A/S feedback system to improve the quality of the exercise execution and 
increase people’s perception of competence and intrinsic motivation, it might also be effective as a 
dissociative strategy. Auditory and visual stimuli, especially in combination, have shown to be 
effective in diverting attention from physical sensations, such as muscle fatigue, and lower 
perceptions of effort. Therefore, this current study also tests whether A/S feedback can be used to 
affect participants attention process and perceived rate of exertion, which resulted in the following 
hypotheses: 
 
H12: Compared to no feedback and verbal feedback, A/S feedback results in people’s attention being 
more externally oriented. 

H13: Compared to no feedback and verbal feedback, A/S feedback results in lower perceptions of 
effort 

To test the hypotheses, participants were asked to perform three different resistance training exercises, 
where each exercise was accompanied by another form of feedback.   
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2. Method 
 
2.1 Participants 
Participants were recruited by an external recruitment agency who identified eligible subjects based 
on the following inclusion criteria: 1) normotensive, pre-hypertensive or regulated stage 1 
hypertensive (i.e., normal blood pressure because of medications) men and women, 2) who have a 
sedentary lifestyle and 3) are physically capable to exercise with the upper limbs at a moderate 
intensity (i.e., no injuries or movement impairments). Besides, he/she should be between the age of 
40-60 and in order to reduce the risk of cardiac events as well as being able to exercise, have a BMI 
<30. Furthermore, people who have chronic conditions other than regulated stage 1 hypertension, take 
medication other than blood pressure lowering medication for stage 1 hypertension, are pregnant or 
have a hearing impairment were excluded.  
 
A priori sample size calculation with G*Power software indicated for a repeated measures design that 
a sample size of 36 was required to be 90% certain of detecting a medium effect size (Cohen’s f = 
0.25), with an alpha error of p<0.05. Due to double scheduling, one extra participant was tested, 
however only partially. This resulted in a total sample size of 37, consisting of 16 males and 21 
females, with an average age of M = 50.97 (SD = 5.77).  Regarding their educational level, 8 of them 
finished secondary school, 9 secondary vocational education, 16 higher professional education and 4 
university education. Participants marital status was either married (17), single (12) or cohabitating 
(8) and most of them were employed (33). All of them resided in or around Eindhoven.  
 
2.2 Research design 
A within-subjects design was used for this experiment, which helps to control the factor of individual 
differences between participants since each subject act as his/her own control group. This gives a 
‘repeated measures’ experimental set-up more power than a between-subjects design, hence a smaller 
sample size is adequate to detect an effect of the independent variables. All participants attended a 
1,5-hour session, in which they were asked to complete three resistance-training exercises that were 
selected for this study, namely standing bicep curls, frontal shoulder raises, and inclined pectoral flies, 
each targeting a different muscle group (see Figure 2.1). These exercises are often part of a basic 
resistance training schedule and can be performed quite easily in the home environment, where 
resistance can be added for example with water bottles.   
 
 
 
 
 
 
 
 
 
Figure 2.1: Types of resistance training exercises used in this study, from left to right: a bicep curl, frontal 
shoulder raise and inclined pectoral fly are depicted.  

The goal was to execute the exercises conforming to prior instructions provided by a human kinetic 
technologist. During one exercise, participants had to perform the exercise without feedback, thus 
solely based on the information that was given in advance (no-feedback condition). For the other two 
exercises, participants were supported in doing so by means of concurrent exercise feedback, either 
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through verbal prompts (verbal-feedback condition) or pulsating ambient lights in combination with 
non-speech sounds (ambient-light/sonification-feedback condition).  
 
A counterbalanced study design was used to cancel out fatigue, practice, and carryover effects. First, 
the order of exercise type, consisting of three blocks (bicep curls, frontal shoulder raises, pectoral 
flies) was counterbalanced. This resulted in 6 possible orders of presentation, which for a total amount 
of 36 participants resulted in 6 subgroups. Table 2.1 shows the first subgroup in blue and the start of 
the second subgroup in grey. Then, within each subgroup, the order of feedback types (no-feedback, 
verbal-feedback, A/S-feedback) was shifted per three participants (dark red) and repeated in a similar 
way for the next three participants (light red). For the next two subgroups, this action was redone, 
only the order of feedback types started differently (as shown in green). The order and combinations 
of exercise/feedback types in the last three subgroups are identical to that in the first three subgroups. 
In the end, this design resulted in 4 unique position-exercise-feedback combinations (e.g., 4 
participants started the experiment with bicep curls in the verbal-feedback condition, 4 participants 
ended the experiment with frontal shoulder raises in the A/S-feedback condition, etc.). 
 
Table 2.1: Counterbalanced study design; first eight combinations of exercises and feedback types 

P.1     P.4     P.7     .. .. 

P.2     P.5     P.8     .. .. 

P.3     P.6     P.9     

 

.. .. 

 
The main dependent variables that were measured included variables related to exercise performance 
(i.e., concentric and eccentric contraction time, concentric and eccentric endpoints and respiration) 
and several psychological variables (i.e., perceived competence, interest/enjoyment, attention and 
RPE). The experiment was ethically approved by the internal committee on biomedical experiments 
(ICBE) of Philips Research. 
 

2.3 Measures 

Behavioral measures  
 
Several behavioral measures were taken to assess resistance exercise performance. To gauge spatial 
and temporal kinematic information of the participant while exercising, a depth camera, the Kinect v 
2.0, was used. A plug-in named DP.Kinect 2 (Phurrough, 2017) transferred the raw data from the 
Kinect to the Max 7 (Cycling ’74, 2014) software package in a native Max message format, which 
allowed to extract 3D coordinates of the limb’s joints. Since the resistance training exercises in this 
research all involved congruent arm movement, only the y-coordinates of the left hand were extracted. 
The movement data of the left hand was recorded at 30 frames per second, as this is the native 
framerate of the Kinect sensor. To deal with measurement errors and noise in the signal, the 
DP.Kinect plug-in allows to specify parameters of filtering techniques. After some trials, it was found 
that some smoothing, little latency and filtering out small jitters [dp.kinect2 @smoothing 0.5 0.8 0.3 
0.01 0.01] resulted in the most accurate and precise signal for the purpose of resistance training. 
Figure 2.2 shows an example of a signal that corresponds to the vertical displacement of the left hand 
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for a shoulder raise, over time. From such signals the following measures of exercise performance 
were derived:  
 
Concentric and eccentric endpoints: The turning points from lifting phase to lowering phase, and vice 
versa, represented the concentric and eccentric endpoints, which were used to assess whether 
participants were able to exercise with a range of motion that corresponded to what was instructed 
(see Figure 2.2). In the case of bicep curls and frontal shoulder raises, the distance of the hand, 
measured in millimeters, was taken relative to the person’s center of mass. For the pectoral flies, the 
person’s head was taken as the origin, as this was the only stable reference point the Kinect could 
detect while laying down in an inclined position.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.2: Example of a shoulder raise (left) and the concentric and eccentric contraction of a bicep curl 
 
Concentric and eccentric contraction time: Each repetition was divided in a lifting phase (i.e., 
concentric contraction time) and a lowering phase (i.e., eccentric contraction time) to determine 
whether participants were able to maintain the instructed exercise pace, either with or against gravity 
(see Figure 2.2). Deriving both concentric and eccentric contraction time from the movement signal 
was done as follows:  
 
Concentric contraction time = current concentric endpoint timestamp -  previous eccentric endpoint timestamp 
Eccentric contraction time = current eccentric endpoint timestamp -  previous concentric endpoint timestamp 
 
The time difference was measured with an accuracy of ± 0.1 s, considering the framerate of the Kinect 
sensor. In line with ACMS’ guidelines for resistance training and in consultation with a fitness coach, 
the correct concentric and eccentric time were both defined at three seconds. Thus, participants were 
instructed to exercise with a pace of three seconds up and three seconds down.  
 
Physiological measures 
 
Respiration: Breathing rate was measured using a microphone attached to a headset that recorded 
participants exhalations in a WAV-audio file. To assess whether participants were able to breath with 
a proper breathing technique during the exercise, the audio signal was visually inspected to count the 

Eccentric contraction 

Concentric contraction 
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number of exhalations. As it is generally advised to breathe in line with the movement, 10 exhalations 
were considered as a perfect breathing rhythm (see figure 2.3).    
  
 
 
 
 
 
 
 

Figure 2.3: Example representation of an audio file representing a perfect breathing rhythm 
 
Self-reported measures  
 
Self-reported measures were taken after the completion of every resistance exercise, except for the 
RPE, which was measured after each set.  
 
Perceived competence and intrinsic motivation: Subjective experiences related to resistance training 
were assessed by the Intrinsic Motivation Inventory (IMI). The scale, based on Self Determination 
Theory, has been validated in a sport setting by McAuley, Duncan, and Tammen (1989). The 
instrument consists of six subscales (interest/enjoyment, perceived competence, effort, 
value/usefulness, felt pressure and tension, and perceived control/choice). For this study, only 
interest/enjoyment (which by itself assesses intrinsic motivation) and perceived competence (a 
positive predictor of intrinsic motivation), were considered to be relevant. Previous research suggests 
that exclusion of specific subscales appear to have no impact on the others. The interest/enjoyment 
and perceived competence subscale included seven and five items, respectively. Responses were 
given on a 7-point Likert-type rating scale ranging from “not at all true” to “very true”. Negatively 
phrased questions were reversed scored. For this study, item questions were translated to Dutch to 
increase understandability of the questionnaire. A reliability analysis was carried out on the items of 
both subscales. Cronbach’s alpha showed the questionnaire to reach acceptable reliability, α = 0.871 
for interest/enjoyment and α = 0.937 for perceived competence. Dropping any item would reduce 
alpha so all items were retained. The questionnaire used for measurement can be found in Appendix 
A.  
 
Attention: Participants focus of attention was measured through a 10-point scale, ranging from (0) 
complete dissociation (external thoughts, daydreaming, environment, singing songs) to (10) complete 
association (internal thoughts, how body feels, breathing, muscles sourness), see Appendix B. This 
one-item scale has in previous research proven to be a valid and effective measure of attention 
strategies during effortful physical activity (Razon et al., 2009). 
 
Rate of perceived exertion (RPE): A modified Borg 0-10 Category ratio scale (Borg CR-10) was used 
to assess participants amount of perceived physical exertion (Borg, 1998). Numerous studies have 
validated this self-report scale for use in resistance exercise, for example in Day, Mcguigan, Brice, 
and Foster (2004). The linear scale is ranging from “nothing at all” to “hard” to “very very hard 
(maximal)”. After each set, participants were asked to rate their overall effort by choosing any number 
on the scale, allowing ratings in between numbers as well. The scale can be found in Appendix C. 
 
User experience: Besides investigating whether the type of feedback can improve the quantifiable 
exercise quality outcome, participants subjective comments were gathered to evaluate the potential of 
technology-enabled feedback and possible implications for future use. After the exercise session was 
completed, a semi-structured interview was conducted, including questions about participants 
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experience regarding the type of feedback received during the three resistance-training exercises. The 
used interview questions can be found in Appendix D. 
 

2.4 Feedback system  
The feedback system was developed in Max 7 (Cycling ’74, 2014), a visual programming language 
often used for interactive multimedia designs. During pilot testing, it turned out that the initial system 
required too many actions from the experimenter. This caused that switching between experimental 
conditions took a long time, while at the same time mistakes in changing settings and saving files 
were easily made.  
 
Therefore, certain aspects of the system were automated and a dashboard was created to facilitate the 
interaction between the experimenter and the system (see Figure 2.4). For example, the 
counterbalanced study design could be read into the system that then, after specifying the participant 
number, automatically set the corresponding order of exercises and feedback types. At the top right of 
the main interface, boxes could be checked by the experimenter, depending on the condition and set 
number the participant was in for the next exercise session. By doing so, a unique file name was 
generated that contained the participant number, exercise type, feedback type, set number and a 
unique identifier. The unique identifier ensured that, in case the experimenter forgot to change the 
boxes to match the current condition or experimental set, the previous file was not overwritten. After 
the participant finished the set, raw movement data, a respiration audio file, and a video file of the 
exercising participant with the given feedback, were automatically saved, using the generated file 
name. Furthermore, settings such as muting sonification sounds in the no feedback and verbal 
feedback condition, switching on experimenter’s microphone in the verbal feedback condition, 
resetting the repetition counter at the start of a new set, were also automated.  
 
In the lower part of the dashboard the experimenter could reset parameters prior to a new exercise 
setting, start a new exercise session, and manually stop recoding and save files in case the participant 
did less than ten repetitions. Furthermore, the Kinect sensor sometimes failed at recognizing and thus 
tracking the participant, especially with the pectoral flies exercise. Therefore, a box displaying the 
input signal was added where the experimenter could monitor whether the Kinect was working 
correctly. Additionally, exercise quality related metrics were visualized to help the researcher assess 
participants performance during the verbal feedback condition.  
 

 
Figure 2.4 Dashboard to control experimental conditions, calibrate performance measures and monitor exercise 
performance 
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Sonification concept 
 
The sonification concept relied on two techniques to render sound in response to data, namely 
parameter mapping and earcons. Parameter mapping is arguably the most used sonification technique 
in the research literature and has also been applied in the context of resistance training before (Yang 
& Hunt, 2015). Earcons are well suited for signaling discrete events, such as the successful 
accomplishment of an activity or an error state (Hermann, Hunt, & Neuhoff, 2011). How both 
sonification techniques were used in the development of the sonification system is explained below.  
 
Parameter mapping 
Literature suggests that contraction time is an important factor to take into consideration when 
promoting resistance training for hypertensive people. Therefore, in this study, feedback was given on 
the velocity of the movement to influence participants contraction time. This was done by means of 
the parameter mapping sonification technique. Although, parameter mapping allows for the 
sonification of multivariate data through a multitude of acoustic dimensions, this research used a 
simple mapping scheme where only velocity was considered. As participants had only little time to 
get used to the ambient light/sonification system, creating an easy to comprehend interaction with the 
sound seemed desirable.  
 
As stated by Walker, Kramer and Lane (2000) there are three critical questions that have to be 
answered when designing a parameter-mapped sonification. First, which sound parameter is best for 
representing some data? According to a meta-analysis by Dubus and Bresin (2013), who reviewed 
mapping strategies for the sonification of physical quantities, pitch is the most often used auditory 
dimension to sonify the kinematic variable velocity. Despite the fact that the most frequently used 
mapping does not necessarily imply that it will also be the most successful in the context of resistance 
training, it does offer a good starting point for the design of such a new sonification application. 
Therefore, the sonification system that was developed used a change in the sounds pitch to convey 
information about whether the user’s pace was correct, too fast or too slow pace. This perceptual 
dimension of sound corresponds to the physical dimension known as ‘frequency’. The frequency of a 
sound depends on the periodic oscillation rate of a pressure wave. The human ear is capable of 
perceiving frequencies in the range of 20Hz to 20kHz and can detect changes of less than 1Hz (at a 
frequency of 100Hz).  
 
The second important design consideration is that of polarity. Polarity refers to the direction in which 
the data is mapped to the sound parameter. In other words, should the pitch increase or decrease when 
the participant is moving too fast? Walker (2002) found that when velocity was mapped to frequency, 
a positive polarity (e.g, where an increase in velocity corresponds to an increase in pitch) was most 
intuitive. A pilot test under Philips interns confirmed that this was also the case for our sonification 
concept.  
 
In addition, the pilot tests revealed that when feedback was given based on a velocity that was 
calculated over a full repetition (or concentric/eccentric contraction), users found the feedback not 
very intuitive. This was due to the fact that the movement had to be completed first, before velocity 
could be calculated and feedback given. At the moment the feedback was conveyed, one already 
progressed into the next repetition, which led to confusion regarding the interpretation of the 
feedback. As can be seen in Figure 2.2, the repetitive movement of resistance training closely 
resembles a sine wave. This allows for the calculation of a reference sine wave that corresponds to a 
perfect exercise execution, in other words one that is based on 3 seconds up and 3 seconds down (i.e., 
the sine wave’s period) and takes participants optimal movement range into consideration (i.e., the 
sine wave’s amplitude). Then, instead of calculating the movement velocity during the execution over 
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a full repetition or eccentric/concentric contraction, it was calculated over three frames and subtracted 
from the derivative of the reference sine wave (i.e., every 0.1 sec). If the obtained difference was too 
big, the pitch of the sound was altered. In this way, the feedback system was much more responsive, 
and adjustments in user’s movement pace were almost immediately reflected in the sounds pitch. An 
example of how this is done in Max can be found in Appendix F.  
 
The last critical design decision concerns the determination of an appropriate scaling between the 
auditory and physical movement dimension, that is to say, how much change in pitch is used to 
convey a certain change in velocity. After the velocity was derived from the raw movement data and 
subtracted from the optimal reference velocity, the obtained difference had to be scaled to a 
perceptually useful pitch range. It is important that the change in pitch can be noticed and that it is 
still comfortable to hear at the outer limits of the range. A piano sample was looped that consisted of a 
melody in the frequency range of 185- 247 Hz. If the obtained difference exceeded the predefined 
bounds, it was scaled linearly to control the transpose dial to go up or down one octave at most. This 
corresponds to a range with a minimum frequency of 92 Hz and a maximum frequency of 494 Hz.  
 
Earcons 
For this research, earcons were used to convey information on another critical factor during resistance 
training, namely range of motion. Earcons were chosen over auditory icons as there is no natural 
associated sound for signalling the quality of the user’s movement range. A distinctive sound was 
used that for the concentric endpoint had a higher pitch and a lower pitch for the eccentric endpoint. 
When the correct concentric and eccentric endpoints were reached a ‘success’ earcon was triggered. 
In case the lifting or lowering phase was carried out too far, a ‘corrective’ earcon (i.e., a buzzer like 
sound) was played, informing the user to stop the movement earlier at the next repetition. Finally, 
when no sound is heard, it means that the concentric or eccentric endpoint was not reached, and one 
has to move a little lower or higher on the next repetition. Besides assisting with a proper range of 
motion, an additional earcons was used that signaled the ten repetitions mark, such that participants 
did not have to count the number of repetitions.  
 
Ambient lights 
 
Three Philips hue lights, present in the experience lab’s living room, were used to provide respiratory 
guidance (see Figure 2.5). The lights were programmed to go from minimal brightness to maximum 
brightness in 3 seconds, and vice versa. In case no respiration was measured through the microphone 
for 6 seconds, the lights were turned off to signal the participant to resume breathing. This threshold 
was taken to be more confident that breath holding was indeed the case as a lower threshold might 
impede participants with slower breathing rhythms to sync with the lights. In Max, the input signal 
was monitored and in case participants stopped or resumed breathing, a message was sent to the script 
that controlled the lights (see Appendix E). 
 
 
 
 
 
 
 
 
Figure 2.5 The home environment in Philips experience lab with the experimental setup consisting of a Kinect 
sensor, pulsating Philips Hue lights and a headset with microphone. 
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2.5 Procedure 

 
 
 
 
 
 
 
 
 

Figure 2.6: Study procedure 
 
Participants were invited to the ‘user experience lab’ of Philips, located at the High-Tech Campus in 
Eindhoven. This lab closely resembles a home environment, which benefits the external validity of 
the study. Upon arrival, participants were given a short description of the study protocol, after which 
remaining questions were answered. In case everything was clear, they were asked to provide 
informed consent.  Before continuing with the study, participants’ BP was checked to make sure it 
was safe to proceed. As caffeine, nicotine, alcohol or drugs may influence BP, it was communicated 
to participants upfront to refrain from it at least two hours prior to the test. In case BP levels did not 
exceed the threshold (<139/89), he/she was asked to change into sports clothing. 
 
During the experiment participants were asked to perform three different resistance exercises, where 
each exercise consisted of 3 sets of 10 repetitions.  At the beginning of each exercise, a human kinetic 
technologist demonstrated and emphasized what was considered to be a proper execution. After 
participants were familiarized with the correct movement and breathing technique, a weight that 
equaled a moderate intensity had to be determined to ensure that participants exercised at roughly the 
same intensity level. This was done using the Borg-scale, so participants were first explained how to 
interpret this scale. After this was made clear, each participant picked the lightest weight and 
performed 3 repetitions, whereafter they indicated their perceived amount of effort on the Borg-scale. 
This was repeated while gradually increasing the weight from 1 kg to a maximum of 5,6 kg per 
dumbbell until a Borg value of 3 (i.e., moderate intensity) was reached.  
 
After the weight to exercise with was set, participants were asked to take place in front of the Kinect. 
They were instructed to put on a headset and adjust the microphone such that it was capable of 
detecting respiration. Depending on the condition, participants received either no feedback, verbal 
feedback or A/S feedback during the execution of the exercise. When no feedback was present, only 
exercise performance was measured without informing participants on whether they were doing it 
right and how they could improve. This meant that participants were on their own to carry out the 
exercise in line with previous instructions on contraction time, range of motion, and breathing 
technique. In addition, they also had to count the repetitions themselves to make sure that they 
performed ten repetitions, something that was taken out of their hands in the feedback conditions.    
 
In case there was feedback, the experimenter first calibrated the system on participants' actual range 
of motion, hence taking anthropometric differences into account, such that the right parameters were 
set on which the feedback was based. This was done by asking the participant to hold a position that 
corresponded to approximately the center of the movement range of the exercise. After starting the 
calibration mode, the participant was instructed to move slowly up until, according to the human 
kinetic technologist, the correct concentric endpoint was reached. This process was repeated in the 
opposite direction to find the correct eccentric endpoint. When verbal feedback was given during the 
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exercise, the experimenter took place behind an opaque screen, simulating a tele-coach setting. 
Feedback was provided through verbal prompts, such as “Try not to hold your breath”, “Next time 
you may go little higher”, “Highest point is correct”, “Try to move a bit slower”, “The pace is good”. 
To better compare feedback conditions, the experimenter used the dashboard that was developed in 
Max that displayed current concentric endpoints, velocity and respiration, such that exercise 
performance was assessed in a similar way to that in the A/S feedback condition. In case the 
performance of the exercise was accompanied by A/S feedback, the movement to sound mappings 
and how the ambient-lights functioned were explained first. Participants were given a short trial where 
they could experience how the sound changed based on their movement. Both verbal as well as the 
sounds of the ambient-light sonification feedback were transferred through the headphones.  
 
After each set, participants were instructed to take place on a couch, where they were asked to 
indicate their RPE for the just finished set. In addition, their BP was measured to make sure it stayed 
within safe bounds. After the exercise was completed (i.e., after 3 sets), they were asked to fill in a 
questionnaire about their perceived competence, interest/enjoyment and attention regarding the just 
finished exercise, at the same time a cup of water was served (see Figure 2.6). To prevent overload 
and possible injuries, participants were urged to indicate when the weight turned out to be too heavy 
during the exercise. In this case the weight was adjusted downwards. At any time, participants were 
given the choice to withdraw from the experiment if they experienced any form of discomfort or pain. 
At last, when the whole exercises session was completed, participants subjective experience was 
measured by means of a semi-structured interview.  
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3. Results 
Technical difficulties on the first day of testing resulted in behavioral data loss of the first three 
participants, leaving 34 participants altogether, including 16 males and 18 females. Participants’ 
anthropometrical and physiological characteristics can be found in Table 3.1. Post-test evaluation of 
the signal data revealed that the Kinect sensor sometimes failed to track the participants movement 
accurately (i.e., distortion in the signal). When this was the case, the exercise set in question was 
excluded from the dataset, resulting in a data loss of 13%, leaving 19 participants of which all sets 
were recorded properly and 15 participants where some sets were removed from analysis. In addition, 
participant thirteen started the first set of the pectoral flies exercise with an error in the movement 
(wrong grip), which resulted in a very long contraction time. This was considered to be an outlier and 
the observation was removed from further analysis. 
 
Table 3.1 Characteristics of participants  

 M  SD 
Age 51.11 5.75 
Height (m) 1.75 0.08 
Weight (kg) 76.95 13.28 
BMI 25.06 3.21 
Systolic blood pressure (mmHg) 129.52 11.56 
Diastolic blood pressure (mmHg) 81.85 8.36 
Resting Heartrate (bpm) 70.97 9.69 

 
To investigate the effect of the feedback conditions on measures of exercise performance and 
perceptions of exertion, a linear mixed effects regression model (LMER) was used for analysis as 
observations on individuals are nested within higher level groups (see Figure 3.1). Compared to a 
more traditional approach with repeated-measures ANOVA analysis, LMER allows controlling for 
the variance associated with random factors without data aggregation (see Baayen, Davidson, & 
Bates, 2008). Unfortunately, optimal concentric and eccentric endpoints for each participant were not 
recorded properly. Therefore, instead of analyzing the deviation of concentric/eccentric endpoints 
from the optimal endpoints, the variation (i.e., standard deviation) in endpoints over one set was used. 
This resulted in the fact that only concentric/eccentric contraction times were analyzed on the 
repetition level, whereas concentric/eccentric endpoints as well as respiration and RPE were studied 
on the set level. To deal with non-independence, the levels participant and exercise type were added 
as random factors. The software packages R (R Core Team, 2017) and lme4 (Bates, Maechler, Bolker 
& Walker, 2015) were used to conduct the linear mixed effects analysis, where p-values for the 
regression coefficients were obtained with the LmerTest package (Kuznetsova, Brockhoff & 
Christensen, 2016). Finally, the likelihood ratio test was used to assess if there were any statistically 
significant effects. This was done by comparing the full model against a reduced model without the 
fixed effects factor in question, but with the same random effects structure.  
  
Furthermore, to examine differences between feedback conditions on measures of attention, perceived 
competence and intrinsic motivation, either a one-way repeated measures ANOVA test (in case the 
normality assumption was satisfied) or a non-parametric Friedman test (in case the normality 
assumption was violated) was used for analysis.  
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Figure 3.1 Hierarchical model. 

 
3.1.1 Effect of feedback on behavioral measures of exercise performance  
 
Whether there was a difference in exercise performance with respect to the pace and consistency of 
the movement between feedback conditions, was investigated first. Visual inspection of residual plots 
revealed a deviation from homoscedasticity and normality for both concentric and eccentric 
contraction times, therefore a log10 transformation was applied to the dependent variable before 
analysis. To investigate whether there was a learning effect over the number of sets and repetitions for 
each feedback conditions, interaction effects were included. Table 3.2 shows the descriptive statistics 
of contraction times and contraction endpoints. The effect of feedback on concentric/eccentric 
contraction times is reported first, after which concentric/eccentric endpoints are presented. 
 
Table 3.2 Descriptive statistics of all behavioral measures for each feedback condition 

 No-feedback 
Mean(SD) 

Verbal-feedback 
Mean(SD) 

A/S-feedback 
Mean(SD) 

Concentric repetition time (s) 2.17 (0.72) 2.76 (0.66) 2.48 (0.75) 

Eccentric repetition time (s) 2.69 (0.91) 3.09 (0.75) 2.92 (1.05) 

Concentric endpoint variation (mm) 17.94 (9.75) 19.66 (13.74) 15.64 (8.31) 

Eccentric endpoint variation (mm) 10.60 (6.89) 12.94 (12.05) 12.77 (8.07) 

Note. A/S = ambient-light/sonification  
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3.1.1.1 Effect of feedback on concentric and eccentric contraction times 

Concentric contraction time 
Violin plots of concentric contraction times for each feedback condition were plotted in Figure 3.2 
and Figure 3.3, including linear model fit for the ‘Set’ and ‘Repetition’ level respectively. To examine 
the effects of feedback on concentric contraction time, a series of linear mixed effects models was 
fitted (see Table 3.3), using maximum likelihood estimation on log-transformed concentric 
contraction times.  
 

 
Figure 3.2 Violin plots of concentric contraction time for each feedback type and linear model fit for set’s. 
 

 
Figure 3.3 Violin plots of concentric contraction time for each feedback type and linear model fit for repetitions. 
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Compared to the no-feedback condition (M=2.17), concentric contraction times were, as can be seen 
in Figure 3.2, significantly higher and closer to the target of 3 seconds in the verbal feedback 
(M=2.76, bv =0.124, p<0.001) and A/S feedback condition (M=2.48, ba/s =0.066, p<0.001). 
Subsequent ‘sets’ were performed a little slower (bset =0.011, p<0.001) and within a set the pace of 
concentric contractions increased (brep =-0.005, p<0.001) (see Figure 3.3). However, in the case of 
A/S feedback, concentric contraction times actually decreased from set 1 to set 3 (bset*a/s =-0.029, 
p<0.001), as can also be seen in Figure 3.2. 
 
To test whether there was a statistically significant difference between verbal and A/S feedback, 
another model (i.e., V vs A/S) was created with custom orthogonal contrasts (see Table 3.3). The 
intercept of this model represents the overall mean. The fixed effects factor that was related to the 
comparison of the verbal feedback condition with the A/S feedback condition, was removed from the 
full model to assess its significance. Results showed that, compared to the verbal feedback condition 
(M=2.76), concentric contraction times were significantly lower and more off from the target of 3 
seconds, in the A/S feedback condition (M=2.48, bv vs a/s =-0.058, p<0.001). 
 
Table 3.3 Mixed-Models Results of Concentric Contraction Time 

  Null model   Full model  V vs A/S model 
  Variance   Variance  Variance 

Random effects       

    Participant 0.0054   0.0057  0.0056 

    Exercise type 0.0008   0.0010  0.0010 

    Residual  0.0109   0.0081  0.0086 

 b SE t   b SE t   b SE t 
Fixed effects               

Intercept 0.37 0.02 17.85  Intercept  0.315 0.023 14.02***  Intercept 0.376 0.022 16.77*** 
     V  0.124 0.005 25.45***  Control  

vs FB 0.063 0.003 22.42*** 

     A/S 0.066 0.005 13.95***  V vs A/S -0.058 0.005 -12.04*** 
     Set  0.011 0.004 2.87**      
     Rep -0.005 0.001 -4.53***      
     Set * V -0.001 0.006 -0.25      
     Set * A/S  -0.029 0.006 -5.12***      
     Rep*V -0.001 0.002 -0.77      
     Rep*A/S -0.000 0.002 -0.53      

*: p-value <0.05   **: p-value <0.01   ***: p-value <0.001 
Note. V = verbal. A/S = ambient-light/sonification. Rep = repetitions. FB = V+A/S 
Concentric contraction times are log transformed. 
 

Eccentric contraction time 
 
The full model for eccentric contraction times was compared to a reduced model that left out the fixed 
effects factor under investigation, of which the results are shown in Table 3.4. As can be seen in 
Figure 3.4, eccentric contraction times were, relative to the no-feedback condition (M=2.69), 
significantly higher and closer to the target of 3 seconds in the verbal feedback condition (M=3.09, bv 
=0.082, p<0.001) and A/S condition (M=2.92, ba/s =0.038, p<0.001). In the case of verbal feedback, 
later ‘sets’ were performed a little slower (bv =0.020, p<0.001), but in the no-feedback (bset =-0.005, 
p<0.394) and A/S feedback (bset*a/s =-0.001, p<0.847) conditions the pace of eccentric contractions 
between sets remained constant (see Figure 3.4). Furthermore, no effect of repetitions was found 
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(brep=-0.002, p<0. 0.977), eccentric contraction times were consistent within each set, as can be seen 
in Figure 3.5) 

 
The V vs A/S model revealed that eccentric contraction times were significantly lower in the A/S 
feedback condition (M=2.92) compared to the verbal feedback condition (M=3.09, bv vs a/s =-0.044, 
p<0.001). However, from Figure 3.4, it can be tentatively concluded that both feedback types resulted 
in comparable support in reaching eccentric contraction times close to the instructed pace of 3 
seconds.   
 

 
Figure 3.4 Violin plots of eccentric contraction time for each feedback type and linear model fit for set’s. 

 

 
Figure 3.5 Violin plots of eccentric contraction time for each feedback type and linear model fit for repetitions. 
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Table 3.4 Mixed-Models Results of Eccentric Contraction Time 

  Null model   Full model  V vs A/S model 
  Variance   Variance  Variance 

Random effects       

    Participant 0.0063   0.0064  0.0064 

    Exercise type 0.0023   0.0026  0.0026 

    Residual  0.0089   0.0077  0.0078 

 b SE t   b SE t   b SE t 
Fixed effects               

Intercept 0.45 0.03 14.47  Intercept 0.408 0.033 12.52***  Intercept 0.450 0.033 13.81*** 
     V 0.082 0.005 17.42***  Control  

vs FB 0.041 0.003 15.24*** 

     A/S 0.038 0.005 8.33 ***  V vs A/S -0.044 0.005 -9.59*** 
     Set -0.005 0.004 -1.25      
     Rep -0.002 0.001 -1.93      
     Set * V 0.020 0.005 3.66***      
     Set * A/S -0.001 0.005 -0.19      
     Rep*V -0.000 0.002 -0.03      
     Rep*A/S -0.002 0.002 -0.85      

*: p-value <0.05   **: p-value <0.01   ***: p-value <0.001 
Note. V = verbal. A/S = ambient-light/sonification. Rep = repetitions. FB = V+A/S 
Eccentric contraction times are log transformed. 

 
Results of the presented analyses are in line with the hypothesis (H1) that both verbal and A/S 
feedback result in contraction times closer to what was being instructed and is therefore supported. 
However, although A/S feedback resulted in approximately the same eccentric contraction times as in 
the verbal feedback condition, concentric contraction times were more off from what was instructed 
compared to the verbal feedback condition. Therefore, the hypothesis (H2) that A/S feedback results 
in similar (or better) support in comparison with verbal feedback, is only partially supported.  

3.1.1.2 Effect of feedback on the concentric and eccentric endpoint SD’s 

Concentric endpoints 
 
Results of the linear mixed effects analysis for concentric endpoints were presented in Table 3.5. As 
can be seen in Figure 3.6, compared to the no-feedback condition (M=17.94), the spread of concentric 
endpoints per set was significantly higher in the verbal feedback condition (M=19.66, bv =1.73, 
p<0.001) but lower in the A/S feedback condition (M=15.64, ba/s =-1.99, p<0.001). Although on 
average participants performed best in the A/S feedback condition, over time (see Figure 3.6), there 
was a stronger decrease in concentric endpoint variation in the verbal feedback condition (bset*v =-
3.19, p<0.001) compared to the other two conditions (bset =-1.35, p<0.001; bset*a/s=-0.22, p<0.637). 
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Figure 3.6 Violin plots of concentric endpoints sd’s for each feedback type and linear model fit for set’s. 

 

Table 3.5 Mixed-Models Results of Concentric Endpoints 

  Null model   Full model  V vs A/S model 
  Variance   Variance  Variance 

Random effects       

    Participant 29.27   28.30  29.39 

    Exercise type 17.15   16.52  16.65 

    Residual  73.17   65.61  71.04 

 b SE t   b SE t   b SE t 
Fixed effects               

Intercept 17.22 2.57 6.7  Intercept 17.41 2.53 6.87**  Intercept 17.24 2.54 6.79** 
     V 1.73 0.40 4.31***  Control  

vs FB -0.09 0.24 -0.369 

     A/S -1.99 0.39 -5.07***  V vs A/S -3.63 0.41 -8.84*** 
     Set -1.35 0.33 -4.03***      
     Set * V -3.19 0.48 -6.72***      
     Set * A/S -0.22 0.48 -0.47      
*: p-value <0.05   **: p-value <0.01   ***: p-value <0.001 
Note. V = verbal. A/S = ambient-light/sonification. Rep = repetitions. FB = V+A/S 
 

Eccentric endpoints 
 
Table 3.6 shows the results of the linear mixed effects analysis for eccentric endpoints. Relative to the 
no-feedback condition (M=10.60), and as shown in Figure 3.7, variations of eccentric endpoints per 
set were significantly higher in the verbal feedback condition (M=12.94, bv =3.89, p<0.001) and A/S 
feedback condition (M=12.77, ba/s =2.02, p<0.001). Eccentric endpoint variation decreased for every 
next set in the no-feedback and to a similar extent in the A/S feedback condition (bset =-0.75, bset*v=-
0.13, p<0.702). However, in the case of verbal feedback, the variation in eccentric endpoints actually 
increased from set 1 to set 3 (bv =1.28, p<0.001), as can also be seen in Figure 3.7.  
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Figure 3.7 Violin plots of eccentric endpoints sd’s for each feedback type and linear model fit for set’s. 

 
Table 3.6 Mixed-Models Results of Eccentric Contraction Endpoints 

  Null 
model 

  Full model  V vs A/S model 

  Variance   Variance  Variance 
Random effects       

    Participant 10.31   11.73  11.61 

    Exercise type 44.40   46.26  46.28 

    Residual  36.29   33.51  33.88 

 b SE t   b SE t   b SE t 
Fixed effects               

Intercept 12.70 3.88 3.26  Intercept 10.78 3.98 2.71  Intercept 12.77 3.97 3.213* 
     V 3.89 0.29 13.54***  Control  

vs FB 1.98 0.17 12.00*** 

     A/S 2.02 0.28 7.19***  V vs A/S -1.86 0.28 -6.57*** 
     Set -0.75 0.24 -3.17**      
     Set * V 1.28 0.34 3.76***      
     Set * A/S -0.13 0.34 -0.38      
*: p-value <0.05   **: p-value <0.01   ***: p-value <0.001 
Note. V = verbal. A/S = ambient-light/sonification. Rep = repetitions. FB = V+A/S 

 
Contrary to what was expected (H3), these results suggest that the support of verbal feedback did not 
result in a more consistent range of motion compared to no feedback and that also A/S feedback failed 
to do so for eccentric endpoints but did however improve concentric endpoints. Therefore, this 
hypothesis is only partially supported. Furthermore, data suggested that for concentric endpoints, A/S 
feedback provides similar or slightly better support, however as both failed to provide better support 
with respect to eccentric endpoints, this hypothesis (H4) was also partially supported.    
 
3.1.2 Effect of feedback on respiration  
 
Results of the linear mixed effects analysis for respiration were displayed in Table 3.7. As Figure 3.8 
shows, participants number of exhalations significantly increased from the no-feedback condition 
(M=10.88, SD=2.28) to the verbal feedback condition (M=12.83, SD=3.86), (bv =1.86, p<0.001) as 
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well as to the A/S feedback condition (M=14.29, SD=4.46), (ba/s =3.51, p<0.001). Furthermore, from 
Figure 3.8 it can be tentatively concluded that the number of attempts for the Valsalva Maneuver did 
not differ among feedback conditions. Therefore, the hypothesis (H5) that verbal feedback or A/S 
feedback would support people better than no feedback in obtaining a proper breathing technique 
without breath holding, has to be rejected. Since both feedback conditions failed to provide better 
support than no feedback, comparisons between feedback conditions became irrelevant, and the 
hypothesis that A/S feedback would result in similar support or more compared to verbal feedback 
(H6) was also rejected. However, participants did improve over time (see Figure 3.8), showing a 
decrease in respiration rate with later sets in both the verbal feedback condition (bset*v =-0.46, 
p<0.001) and A/S feedback condition (bset*a/s =-0.65, p<0.001). Since there was no main effect of 
‘set’, the rate of respiration remained constant in the no-feedback condition (bset =-0.04, p<0.720).  
 

 
Figure 3.8 Violin plots of respiration for each feedback type and linear model fit for set’s. 

 
Table 3.7 Mixed-Models Results of Respiration  

  Null model   Full model  V vs A/S model 
  Variance   Variance  Variance 

Random effects       

    Participant 9.15   8.91  8.98 

    Exercise type 0.02   0.00  0.00 

    Residual  7.17   5.17  5.32 

 b SE t   b SE t   b SE t 
Fixed effects               

Intercept 12.74 0.55 23.07  Intercept 11.10 0.54 20.42***  Intercept 12.86 0.54 23.77*** 
     V 1.86 0.13 14.22***  Control  

vs FB 1.77 0.08 23.34*** 

     AS 3.51 0.13 27.03***  V vs A/S 1.61 0.13 11.97*** 
     Set -0.04 0.11 -0.36      
     Set * V -0.46 0.16 -2.93**      
     Set * A/S -0.65 0.16 -4.20***      
*: p-value <0.05   **: p-value <0.01   ***: p-value <0.001 
Note. V = verbal. A/S = ambient-light/sonification. Rep = repetitions. FB = V+A/S 
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3.1.3 Effect of feedback on self-reported measures   
 
The next section describes the effect of feedback on psychological factors considered to be important 
for the promotion of resistance training, such as perceptions of competence and intrinsic motivation, 
attention and RPE.  

3.1.3.1 The effect of feedback on perceived competence and intrinsic motivation  

Descriptive statistics of the two used Intrinsic Motivation Inventory (IMI) components are reported in 
Table 3.9. Mean scores of perceived competences and interest/enjoyment were plotted in Figure 3.11.  
 
Table 3.9 Descriptive statistics of intrinsic motivation self-reported measures  

 No-feedback 
 

Mean(SD) 

Verbal-feedback 
 

Mean(SD) 

A/S-feedback 
 

Mean(SD) 

Perceived competence  5.07 (1.42) 5.38 (0.96) 5.16 (1.33) 

Interest/enjoyment 4.46 (1.25) 4.89 (0.95) 5.22 (0.93) 

 
The perceived competence score for the sonification condition was not normally distributed, therefore 
a nonparametric Friedman test was used to investigate intervention effects. There was no statistically 
significant difference in perceived competence depending on which type of feedback was given whilst 
exercising, χ2(2) = 0.583, p = .747. Therefore, the hypothesis (H7) that verbal or A/S feedback would 
increase participants perceived competence compared to no feedback, has to be rejected. 
Consequently, the hypothesis (H8) that A/S feedback would results in similar changes as verbal 
feedback or more, was also rejected.  
 
A one-way repeated measures ANOVA was used to examine whether there was a statistically 
significant difference in interest/enjoyment among feedback conditions.  Mauchly's Test of Sphericity 
indicated that the assumption of sphericity was violated, χ2(2) = 9.74, p = .008, hence the Huyhn-
Feldt Epsilon correction was used. A statistically significant effect of feedback type on 
interest/enjoyment was found (F(1.666, 58.310) = 12.380, p = .000, partial η2 = .261). Post-hoc 
pairwise comparisons using the Bonferroni correction revealed that verbal feedback elicited an 
increase in interest/enjoyment compared to no feedback (M=4.89, SD= 0.95 vs M=4.46, SD=1.25, 
respectively), which was statistically significant (p = 0.033). Exercising with A/S feedback increased 
interest/enjoyment the most (M=5.22, SD=0.93), which was statistically different from no feedback 
(p = 0.000) and verbal feedback (p= 0.018).  
 

 
Figure 3.11 Boxplot of perceived competence and mean scores of interest/enjoyment (error bars represent 
standard errors) for each type of exercise feedback.  
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This confirms the hypothesis (H9) that verbal and ambient-light sonification feedback increases 
participants intrinsic motivation (i.e., interest/enjoyment) compared to no feedback. These results are 
also in line with the hypothesis (H10) that A/S feedback would result in (similar or) higher levels of 
intrinsic motivation that verbal feedback and was therefore supported. However, since there was no 
significant difference for participants perceived competence in the verbal feedback and A/S feedback 
condition, the hypothesis (H11) that perceived competence mediates the relationship between verbal 
feedback or A/S feedback and intrinsic motivation, has to be rejected.  

3.1.3.2 Focus of attention  

On average, participants attention was more diverted in the A/S feedback condition (M=6.53, 
SD=2.81) than in the no-feedback (M=7.29, SD=2.05) and verbal feedback condition (M=7.17, SD = 
2.11). However, a Friedman test (the normality assumption was violated for all feedback types) 
indicated that attention scores were not statistically different among feedback conditions, χ2(2) = 
0.698, p = .705. Therefore, the hypothesis (H12) that people’s attention would be more externally 
oriented in the A/S condition compared to the no-feedback and verbal feedback condition, has to be 
rejected.  

3.1.3.3 Rate of perceived exertion   

 
 

Figure 3.10 Violin plots of RPE for each feedback type and linear model fit for set’s. 
 

Results of the linear mixed effects analysis for RPE were presented in Table 3.8. As can be seen in 
Figure 3.10, participants rated their perceived level of exertion to be significantly lower when the 
exercise was accompanied by A/S feedback (M=3.37, SD=0.78) (ba/s =-0.31, p<0.001) compared to 
no-feedback (M=3.64, SD=0.76) and verbal feedback (M=3.64, SD=0.82) (bv vs a/s =-0.36, p<0.001). 
This evidence supports the hypothesis (H13) that people would report a lower rate of perceived 
exertion with the presence of A/S feedback compared to verbal feedback and no feedback. As shown 
in Figure 3.10, perceptions of effort increased from set 1 to set 3 (bset =0.15, p<0.001) and this 
increase was the same in all conditions (bset*v =0.02, p<0.472; bset*a/s=-0.01, p<0.654). 
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Table 3.8 Mixed-Models Results of RPE   

  Null model   Full model  V vs A/S model 
  Variance   Variance  Variance 

Random effects       

    Participant 0.17   0.19  0.19 

    Exercise type 0.16   0.16  0.16 

    Residual  0.34   0.30  0.31 

 b SE t   b SE t   b SE t 
Fixed effects               

Intercept 3.56 0.24 14.90  Intercept 3.65 0.24 14.95***  Intercept 3.56 0.24 14.61*** 
     V 0.04 0.03 1.37  Control  

vs FB -0.09 0.02 -5.83*** 

     A/S -0.31 0.03 -11.72***  V vs A/S -0.36 0.03 -12.76*** 
     Set 0.15 0.02 6.43***      
     Set * V 0.02 0.03 0.72      
     Set * A/S -0.01 0.03 -0.45      
*: p-value <0.05   **: p-value <0.01   ***: p-value <0.001 
Note. V = verbal. A/S = ambient-light/sonification. Rep = repetitions. FB = V+A/S 
 

 
3.2 User experience evaluation 
This section summarizes the findings that relate to participants user experience with the three forms of 
feedback and in particular with that of the ambient light/sonification system. To gather user 
experiences, a semi-structured interview was conducted at the end of the exercise session. This 
sometimes caused that questions had to be skipped due to possible time constraints, therefore it has to 
be noted that not all participants answered all questions. Participant’s quotes had to be translated into 
English since the interviews were conducted in Dutch. The used ‘interview guide’ can be found in 
Appendix D. The interview with participant 1 was lost due to technical issues, leaving 36 participants 
altogether whose feedback was transcribed and analyzed.  
 
3.2.1 User preference regarding the type of feedback  
 
Participants were asked which of the three feedback conditions they preferred most to provide support 
during resistance training, and why so. Of the in total 36 participants, 17 indicated they preferred the 
verbal feedback condition, 15 favored the ambient-light sonification feedback and 3 participants 
rather exercised without the addition of feedback (see Figure 3.11). One participant did not make a 
clear statement regarding his preference.  
 

 
Figure 3.11 Responses to the question “Which type of feedback do you prefer for resistance training support?”. 
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Ambient light/sonification feedback 
 
People who preferred the A/S system provided several reasons. One of them, mentioned by five 
people, was that it felt as if the exercise accompanied by A/S feedback was less effortful. For 
example, one participant (male, 57) said “You get in some sort of flow, I had the feeling that it was 
therefore less heavy.”, one (female, 48) indicated “After a while I got into it and then the tune makes 
you forget about the fact that you’re exercising”, and one (female, 57) mentioned “Remarkably, with 
all the bells and whistles I experienced it to be less heavy. My motto is minimal effort, maximum 
results and that would be the case if I don't have to go to the gym. I have never been enthusiastic 
about sports, but this could be something.”.  
 
The other reasons mainly had to do with the fact that people believed the ambient light/sonification 
system to provide better support for improving exercise execution.  There were comments such as "It 
lets you know whether you are performing well, and what you need to improve.", “With the piano, I 
was really focused on the exercise.”, “Because then I really had the feeling I was doing it right”, 
“You still hear what you’re doing wrong and I think it is more pleasant than the voice.”. Furthermore, 
three participants indicated that it also made the exercise more meaningful, one (male, 60) reflected 
“In a way it supports you to do it exactly right (..) you will do the exercises more seriously, making it 
more interesting than just doing something.”, one participant (female, 50) reported “You really hear 
that you are being checked (..) a satisfying feeling, oh yes I did it!, and one (male, 45) said “Yes, then 
you know whether you are doing it right. Look, you can exercise but if you do not do your exercises 
properly, you might as well stay on the couch.” Another three participants mentioned that with this 
type of feedback it was easier, for example one of them (female, 50) reflected “I really liked the 
sonification. I’m not the sporty type and then it’s a bit of a kick to get it right (..) you could just 
anticipate for the next beep, and then you have to return. (..) you get in some sort, of course it was 
only very short, but in a sense of flow like hey this is going well!.”. In addition, it is worth mentioning 
that one participant (female, 56), although she preferred the verbal feedback system, reported that “It 
is a challenge to get it right with the music, which adds a bit of a game element that might make it 
more fun.” 
 
Verbal feedback 
 
Participants who favored the verbal feedback most often indicated that it was clearer / easier to 
comprehend (mentioned by 9 people). For example, one participant (female, 54) said “As the exercise 
becomes heavier it is easier to get verbal support”, one (male, 50) told “For me it is easier to absorb 
(…) The voice was clearer, little bit slower or stretching a little bit further.”, and one (male, 60) 
explained “I understand it better than the musical one. Although music is interesting, with verbal I 
can respond immediately.” Furthermore, seven participants found it more pleasant to get verbal 
feedback, where a reason like “I liked it, it was as if I was not doing it alone.” was mentioned twice. 
And one (female, 57) said “With the beeps and buzzer, you more easily get the feeling that you are 
doing it wrong. I have the feeling that with the verbal you’ve got much more positive feedback, less 
emphasis on bad performance but more on oh this is going well, little bit higher, little bit lower”.  
 
Moreover, a couple of people valued the feedback as it makes it safer to practice resistance training, 
one participant (female, 45) stated that “It is helpful that you get feedback, otherwise you do it wrong 
and develop injuries.” and one (male, 57) indicated that “I’ve thought about buying some weights 
before, but since I’m not the gym type the risk of developing injuries was what held me back. This 
eliminates that barrier”. Yet one (female, 47) said that “I imagine you would do these two or three 
times a week, after you have done it a couple of times you know the movement, so extensive feedback 



 36 

is not necessary for a simple exercise.”. In addition, one participant (female, 57) commented “If you 
have something that monitors, you become more confident. Besides, when feedback about whether 
you are doing it right or wrong is given, you get the feeling its more effective.”. This was also 
mentioned by someone (female, 45) that actually preferred the ambient light/sonification system “On 
the other hand, when you give verbal feedback you gain more confidence.” 
 
No feedback 
 
Three people preferred exercising without feedback, where one participant (female, 56) explained 
“Because I already learned these kinds of exercises in the gym, therefore I rather have silence. 
Personal feedback is of course fantastic, similar to what you would have at the gym. But in the gym at 
a certain point you do it without feedback, so I think I don’t need someone constantly saying now this, 
now that.”, and another one (female, 51) said “I don’t get distracted. Otherwise I’m too focussed on 
the feedback, instead of concentrating on the exercise.”. Almost all other participants found 
exercising without feedback the least attractive. The main reasons being that they were not sure 
whether they were doing it right (mentioned by 6 people) and that they often had the feeling they went 
too fast (mentioned by 6 people). For example, one (female, 57) commented “Without feedback I 
always wonder, am I doing it right? Then I rather be confirmed.” and one (female, 54) said “I always 
have the tendency to go too fast when there is no feedback.”. 
 
3.2.2 User experience with ambient-light/sonification feedback 
 
Understandability of the feedback: 
 
To the question whether the information the sounds represent was clear, the majority of people replied 
that the sounds were indeed informative. Comments included “It was pretty straightforward, you just 
had to pay attention to three things.”, “It was clear, not too hard to understand. I think it’s a valuable 
tool, at least better than without.”, “Informative, as it provided good support with respect to how far 
you could go upwards as well as downwards.”  
 
Yet, several people (15) mentioned that the ambient light/sonification system was confusing and that 
the feedback was not clear. For example, some experienced difficulties with the perception of the 
sounds, where one participant (female, 48) said “I was thinking, is this the correct pitch of the piano, 
or not?”, one (male, 49) commented “I couldn’t translate the small deviation in pitch into going 
faster or slower. It would be better if, after the countdown to start, the correct pitch of the piano 
melody is heard for 5 seconds, than you have a better reference of what is correct.” and one (female, 
42) replied “I think the sounds were not distinctive enough with the music.”. Others struggled more 
with the interaction itself, one participant (male, 50) said “The music was really...when it went faster I 
had to go slower, that was really a switch for me. Not intuitive”, and another one (male, 51) 
mentioned “Too much information, too complex, confusing and not useful.” One participant (female, 
56) suggested “I wouldn’t do it all at once, first try to master one thing and then continue to the next. 
Or choose for one thing if you think, I understand the exercise but the weak spot is my breathing, that 
you have a separate module for breathing.” 
 
A few participants also reported that it sometimes felt as if the system was not working correctly. For 
example, one participant (female, 47) reported that "I was really paying attention, but still I heard the 
error, what is it that I'm doing wrong? Then it becomes annoying.", and one (male, 42) said “One 
time I missed the sound, so the next time I went extra far, but still I heard no sound.”. Furthermore, 
twelve people mentioned that there was a learning curve associated with the ambient light/sonification 
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system. For example, one (female, 57) indicated that “You really have to get used to it, because when 
the music goes high and low I don’t know exactly how to get it back to normal as soon as possible.”, 
one (female, 56) said “I didn’t think it was too much information, but I think I needed some more 
practice”, and another one (female, 53) expressing “It takes some time to get used to, now you do it 
only short so I think when you do it more often it becomes easier.”  
 
Likability of the feedback: 
 
With respect to the pleasantness of the sonic output, almost one-third of the people disliked the sounds 
that were used to sonify the kinematic variables. For example, one participant (female, 56) stated that 
“The sounds did not appeal to me. It would be better if you could set the music to your own taste.” 
and another one (female, 41) told that “The variation in pitch is annoying, it’s not pleasant to hear.”. 
A few other participants only considered the ‘corrective’ earcon to be unpleasant, where one (female, 
57) said “That you hear a sound when you do it right is good, but I didn’t like that there is also a 
sound when you go too far. The piano was also fine, it took some time to focus on it, but I think that 
when you do it more often you can get the exact right pace.”, and one (female, 47) mentioned that 
“The sound associated with the error message is a little bit annoying, but that also shouldn’t be 
something that is nice to hear.”.  
 
Exercise progression: 
 
Pertaining to the progression of the exercise set about 20 participants indicated that they had no 
trouble with keeping count during the no feedback condition. Though, one of them (male, 40) 
mentioned that counting repetitions might go at the expense of a proper execution "Yes, since I was 
really only paying attention to counting, did I reach ten yes or no? People that did have trouble 
keeping track of repetitions (mentioned by 12 people), noted things like “I do, you have to stay really 
focused otherwise you will just lose count.”, “I really struggled with it, you are also busy with other 
things.”, “I can’t keep my mind on it.”, “I didn’t like that I had to count by myself, because I can’t 
focus on that many things. I prefer when it is done for you.”. Providing informing about when the set 
is over, either verbally or with the 'finish' earcon, was appreciated by 21 participants. One participant 
(male, 58) said “When counting is taken care of, it is always easier, you can focus more on a 
technically correct execution.”. Someone else (male, 50) reflected “In my opinion it is pretty pointless 
to let someone make a simple addition of repetitions, since the goal is to keep your body in good 
shape. I think it is much more important that you have a proper exercise form, than whether you can 
count to ten.”.  
 
Difficulty of the exercises: 
 
Overall, participants did not find the exercises difficult to perform. According to 14 people, the three 
exercises were comparable with respect to their degree of difficulty.  Yet, 19 people reported they did 
experience a difference in difficulty between the exercises, where the pectoral flies being harder (11) 
and the bicep curl being easier (9) were reported most often.  
 
Respiratory support with the ambient lights: 
 
To the question if they experienced any difficulties keeping a proper breathing rhythm without 
holding their breath, 22 mentioned that they had no trouble or were at least not consciously aware of 
it. For example, one participant said “I know I hold my breath when it becomes really heavy, but that 
wasn’t the case now.”, one said “I used to do a lot of sporting, so I’m pretty focused on it.”, and one 
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indicated "More unconsciously, at the beginning you look when to breathe in and breath out, but after 
a while you let it go.". Yet, 13 people reported it to be hard, for example there were replies like 
“Somewhere during the exercise, you reminded me to keep breathing, after which I became aware 
that I was holding my breath! From then on, I paid more attention to it.”, “As it gets heavier, you 
focus more on the execution of the exercise because you still want to do it right, which makes you 
sometimes forget to breath.”, “I notice that my breathing rhythm fluctuates, sometimes it is indeed 
three seconds in three seconds out and sometimes I do too little.”, “When I used to go running with 
my mom, she always told me to breath in 3 steps, breath out 3 steps, but for me it was so not 
connected that I couldn’t do it. So yes, I think it is difficult.”, “I completely lost control over my 
breathing, you are so busy with other things.”. In addition, two participants mentioned they struggled 
with their breathing only during the A/S feedback.  
 
As to the extent to which the ambient light feedback helped participants with their breathing, 20 out of 
25 respondents reported the ambient light setup to be unsupportive or did not notice the feedback. 
Among which were comments like “Honestly, I hardly noticed the lights, as I was completely focused 
on the sounds.”, “I have to say that at some point I was thinking, what was it again that the lights 
represent.”, "I'm not sure about the lights, maybe it worked its way into my subconscious, I can't tell, 
but I didn't see the added value.", “I didn’t pay attention to the lights, if I’m honest. You’re mainly 
listening to the sounds, am I in the right pace, etc. When the exercise was over I was thinking oh yeah 
the lights also did something with the breathing.” One participant evaluated that “I didn’t observe the 
lights, so it’s certainly not a disturbing factor.”. Of the few that considered the lights to be helpful, 
one said “At a certain point something happened in the lighting that reminded me to focus on my 
breathing. So that was a good trigger.”. Moreover, one person answered that not the lights but the 
sounds supported breathing “With the sounds, you experience some kind of flow, like hey this is going 
well. I’m not sure but I think this also causes me to breathe easier.” 
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4. Discussion  
 
This study explored the use of A/S feedback to promote the practice of safe and effective resistance 
training in the home environment. More specifically, the study investigated whether sonification of 
user’s hand kinematics could improve concentric/eccentric contraction times and endpoints, while 
simultaneously looking into whether pulsating ambient lights could assist with a proper breathing 
technique, hence preventing the Valsalva maneuver. In addition, this study tested whether the 
intervention of A/S feedback could increase people’s perceived competence and intrinsic motivation. 
And lastly, whether A/S feedback could divert people’s attention from bodily sensations and reduce 
their perceived exertion was also investigated.  
 
A feedback system was developed where participants’ left-hand movement was analyzed and sonified 
for the purpose of improving exercise performance. First, deviations in movement velocity from the 
ideal envisioned execution were mapped to the pitch of a musical piece to guide participants towards 
the right concentric and eccentric contraction times. Thus, an increase in pitch acoustically 
represented that the movement was too fast and vice versa. Second, the spatial position of the hand 
triggered ‘success’ and ‘corrective’ earcons to inform participants about the correct range of motion. 
Furthermore, the feedback system also provided support for a proper breathing technique by pulsating 
ambient-lights that, in case participants held their breath too long, turned off automatically to prevent 
the Valsalva Maneuver. To study the effects, thirty-seven people took part in a one-and-a-half-hour 
resistance training session. During this session participants were instructed to perform three different 
resistance exercises, one without feedback, one with verbal feedback and one with A/S feedback.  
 

4.1 Effect of A/S feedback on exercise performance  

4.1.1 Sonification  
 
Previous research has used sonification to improve movement in physical activity. However, its 
research base remains scarce and its application in resistance training was limited. Therefore, the 
purpose of this study was to investigate its potential as a feedback intervention in the home 
environment to improve resistance training performance. It was found that, in line with the 
hypothesis, A/S feedback resulted in concentric and eccentric contraction times more consistent with 
what had been instructed compared to no feedback. However, compared to verbal feedback, A/S 
feedback offered less support for concentric contraction times, but to a similar extent for eccentric 
contraction times. Thus, when people exercised without feedback they were inclined to go faster than 
what was instructed but with the support of verbal feedback as well as A/S feedback their exercise 
pace could be corrected. When inspecting the results at the set level, it can be noticed that A/S 
feedback becomes significantly less effective in providing support for concentric contraction times 
over the three sets. A possible explanation could be that participants did not find the A/S feedback 
pleasant and therefore rushed through the exercise to get it over with. Interview results revealed that 
about one-third of participants stated that they disliked the used sonification, such as the change in 
pitch, melody and corrective earcon. Therefore, although the sonification mapping used in this 
research was effective in offering support with respect to contraction times, subsequent research may 
look into how the sound aesthetics of the sonification can be improved. For example, to accommodate 
individual preferences, a choice of sonification options could be provided to enhance the usability and 
acceptance of the sounds (e.g., choosing their own music), which may consequently increase the 
effectiveness of the feedback.  
 
It was also hypothesized that A/S feedback would support participants with a proper range of motion. 
The results partly supported this hypothesis as participants showed less variation in concentric 
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endpoints per set with A/S feedback but more in the case of eccentric endpoints compared to verbal 
and no feedback. However, the magnitude of the differences between feedback conditions was very 
small, that is in de order of a few millimeters. Thus, although the results were statistically significant 
its practical significance was neglectable. It seems that people on average have no trouble with 
keeping a constant range of motion throughout the resistance exercise.  
 
4.1.2 Pulsating ambient-lighting  
 
A study in the field of paced breathing by Horst (2012) showed that people were able to consciously 
follow pulsating lights with their breathing, whereas in another study Moraveji et al. (2011) 
demonstrated that people can also adapt their breathing to a visual stimulus without requiring their full 
attention. However, whether pulsating light can also be effective without requiring people’s full 
attention was not known. Besides, respiratory guidance techniques are commonly used to reduce 
stress or anxiety and its application in physical activity to support a proper breathing technique was 
not yet been explored. This current study tried to provide an answer to both.  
 
It was expected that the pulsating ambient-lights, just as verbal feedback, could support people with a 
proper breathing technique. Results did not provide evidence for this since participants respiration 
rates were in both feedback conditions higher than the no-feedback condition, in which their breathing 
technique was best. Therefore, the hypothesis has to be rejected. It may have been that participants 
arousal level was higher in the feedback conditions than in the no-feedback condition and that this 
caused their reparation rate to increase. Furthermore, participants amount of allocated attention 
towards the pulsating ambient-lights could have been too limited for it to be effective, focusing more 
on the sound feedback (i.e., selective attention). In the evaluation of the A/S feedback, the majority of 
participants mentioned that they found the ambient-lights unsupportive or did not notice them, where 
some even mentioned that there breathing technique seemed to get worse. This is in line with previous 
research by Brandt (2010) that found that people were not able to synchronize their breathing 
unconsciously to pulsating lights, but instead it leaded to more arousal and an increased respiration 
rate. The results of this study further show that participants respiration rate is especially high for the 
first set but starts to decrease with subsequent sets. This might indicate that the negative effect of 
feedback, especially that of A/S feedback, on respiration rate is only temporarily and that when people 
would be given more time to get used to this feedback intervention their breathing technique would no 
longer be negatively influenced. However, more research is needed to investigate this.  
 
Results of this study suggest that ambient-pulsating lights are not effective in supporting people using 
a proper breathing technique during resistance training. However, it appears that participants in this 
study on average were already able to perform resistance training using a proper breathing technique 
without the need for support. The majority of participants also indicated in the interview that they did 
not struggle with their breathing technique. Future research could study the effect of pulsating 
ambient-lights as a separate module that could be offered to educate those that do struggle with a 
proper breathing technique.  
 

4.2 Effect of A/S feedback on perceived competence and intrinsic motivation  
Past research suggests that fostering people’s perception of competence can result in higher quality 
motivations, which in turn have been found to positively predict exercise adoption and maintenance. 
It is further suggested that this can be achieved by providing positive and corrective (verbal) 
feedback. However, whether this can also be accomplished through positive and corrective non-
speech feedback (i.e., A/S feedback), in a resistance training situation, had not yet been investigated. 
Therefore, the purpose of this study was to test, in line with CET, whether the developed A/S 
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feedback intervention could increase peoples perceived competence thereby increasing their intrinsic 
motivation.  
 
It was predicted that with the support of A/S feedback as well as verbal feedback people would report 
more positive changes in perceived competence and that A/S would be as good or better than verbal 
feedback. In contrast with the hypothesis, results showed that neither verbal nor A/S feedback had a 
statistically significant effect on perceived competence. Thus, after three sets of resistance training 
with verbal feedback or A/S feedback, participants did not feel more competent in performing the 
exercise correctly. Participants on average already had high scores on perceived competence, 
regardless of the feedback they received. A possible reason for this is that the three exercises selected 
for this research were easy to carry out or that the weight used to exercise with was not challenging, 
such that participants did not question their ability to replicate the exercises as was instructed. 
Interview results supported this as the exercises were generally considered to be easy. It was also 
hypothesized that both verbal and A/S would result in an increase of participants intrinsic motivation, 
where A/S feedback would result in similar changes or more compared to verbal feedback. People 
reported to be significantly more intrinsically motivated for the exercise where verbal and A/S 
feedback was present compared to no feedback. Besides, A/S feedback resulted in more positive 
changes of intrinsic motivation than verbal feedback. Therefore, this hypothesis was accepted. In line 
with CET, it was also expected that perceived competence would mediate the relation between 
feedback and intrinsic motivation. However, as there was no direct effect of feedback on perceived 
competence, this hypothesis has to be rejected. The fact that only intrinsic motivation was found to be 
significant could be due to a novelty effect, as participants might have had an increased interest in the 
new technology instead of feeling inherent enjoyment for the activity itself.  
 
A possible explanation that A/S and verbal feedback did not influence perceived competence might 
have been that the activity did not provide enough challenge. According to Deci and Ryan (1985), 
feedback that promotes feelings of competence will be more effective if the activity provides optimal 
challenge. That is, the skill level of an individual should be in balance with the challenge level of the 
activity, such that people foresee that they will sometimes fail and sometimes succeed, leaving 
opportunities for growth. Thus, if the activity in this study failed to afford optimal challenge, this may 
have interfered with the development of perceived competence. Therefore, it can be concluded that 
for feedback to be most competence-enhancing, it is crucial to choose an optimal challenge level. 
Though, creating a more challenging activity out of resistance training, for example through 
gamification, is a topic that could be explored in future research.  
 
Another factor that may have influenced that participants did not show more positive changes in 
perceived competence could have been the way in which they interpreted the feedback. Previous 
research found that people’s interpretation of the feedback can influence its effect on perceived 
competence. For example, people’s competence decreased in an easy shuttle run task when mild 
positive feedback was given, whereas with strong positive feedback perceptions of competence 
remained (Mouratidis et al., 2008). This suggests that for easy tasks where people assume they will do 
well feedback may be interpreted as critical and instead undermine perceptions of competence. 
Although the corrective and positive feedback that was used in this study was aimed at enhancing 
competence, the way in which it was interpreted by the participants may have influenced its effect. 
For example, it might have been better to only use the ‘success’ earcon in the sonification for range of 
motion support as some people mentioned that the ‘corrective’ earcon was annoying.  
 
Lastly, it might have been that in order to build confidence participants needed more time with the 
A/S feedback system.  
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4.3 Effect of A/S feedback on attentional focus and RPE 
Previous research suggested that auditory and visual stimuli, often in the form of music or video, can 
be effective dissociative strategies to distract people’s attention from internal sensations that may also 
reduce perceptions of effort. In addition, a combination of both auditory and visual stimuli can result 
in a stronger effect than when presented in isolation. However, to our knowledge there has been no 
previous research that investigated the potential benefits of feedback as dissociative strategy on 
attentional focus and RPE. Hence, this study tried to find out whether feedback presented in both the 
auditory and visual modality would influence participants attention and perception of effort during 
moderate resistance training.  
 
Findings of this study are partly in line with previous research. Inconsistent with the hypothesis, 
results suggested that there was no significant difference of attentional focus among conditions. 
However, there is a clear trend that people in the A/S condition have a more dissociative focus than in 
the verbal feedback and no feedback condition. Furthermore, results indicated that when participants 
were presented with feedback in both sensory modalities, they reported a significantly lower RPE 
when compared to the other conditions, even though the initial load was comparable. This finding 
supports the hypothesis that participants would report a lower RPE with A/S feedback compared to 
other conditions. Thus, it appears that when feedback is presented in both the auditory and visual 
sensory modality participants are more distracted from internal stimuli and at the same report a lower 
RPE. These results provide an important extension to the literature as it demonstrates that the 
combination of auditory and visual feedback could function in a similar way as has been demonstrated 
with music and video.  Further research is warranted to look into whether changes in attentional focus 
due to the distraction of feedback mediates the effect on perceived exertion. In addition, subsequent 
research is necessary to investigate if lowering perceived exertion during resistance training in 
response to dissociative attentional stimuli (i.e., feedback) has implications for resistance training 
adherence.  
 
4.4 Limitations and future research  
There are several issues that may have affected the internal validity of this study. First of all, as it is 
common to breathe in and out at the same pace as the repetitive movement of the resistance training 
exercises, both the sonification and ambient-light system were set at a similar value (i.e., three 
seconds) to give feedback. However, this may have caused that participants used the pulsating 
ambient-light feedback instead of the sonification feedback to exercise with the right movement pace. 
Although, interview results suggested that this was unlikely because most participants failed to 
register or did not find the ambient-lights supportive, future research is warranted that investigates 
both systems separately.  
 
Secondly, the measurement of participants respiration might not have been very accurate. In order for 
the microphone to detect an exhalation signal, it had to be placed quite close in front of the nose or 
mouth. However, wrong placement of the microphone, change of the respiratory pathway, or 
displacement of the microphone due to the exercise movement may have led to a wrong measurement 
of respiration. 
 
One of the weaknesses in the research methodology was the way in which the weight to exercise with 
was chosen. It was envisioned to let participants exercise with a weight that was relatively 
challenging. However, after one or two exercises, participants could have figured out that, for setting 
the weight, it was gradually increased until a score of three (i.e., moderate intensity) on the Borg scale 
was reached. Therefore, it was possible that some of them exaggerated their perceived effort score so 
that a lighter final weight was determined, making it a bit easier for themselves to perform the 
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exercise. It is worthwhile to explore the use of a supposedly less subjective method, the 1-RM test, to 
fix the weight in such a way that it provides an appropriate challenge given one’s level of ability. 
Furthermore, the limited time that was available to familiarize with the A/S system (due to overall 
time constraints of the study) may have limited its effectiveness. As became clear from the interviews, 
a learning curve was associated with this feedback system, which should be taken into consideration 
for future research.  
 
For this study, only one generic sonification concept was developed. However, some people indicated 
that they disliked the sounds that were used or that the information they conveyed was difficult to 
comprehend. If multiple concepts with different sounds and mappings were developed from which 
participants could choose, the feedback may have been appreciated more, potentially enhancing its 
effectiveness. Besides, the Kinect sensor sometimes failed at registering motion, resulting in no or 
incorrect feedback. This may have affected user’s perception regarding the trustworthiness of the 
system. Subsequent research might look into alternative technologies, such as accelerometers to 
effectively support resistance training.  
 
4.5 Conclusions 
Exercise recommendations for hypertensive individuals have evolved to now include resistance 
training. The current study proposes a way in which resistance training support can be delivered in the 
home environment making it easier for people to participate. Although verbal feedback was best at 
enhancing concentric contraction times, the developed concept of A/S feedback succeeded in 
improving participants contraction times compared to no feedback. Furthermore, it also improved 
participants concentric contraction endpoints, even more so than verbal feedback, but failed to do so 
for eccentric contraction endpoints. Yet, these differences in contraction endpoints between conditions 
were very small (several millimeters). Therefore, it seems better to conclude that participants in this 
study on average were already able to exercise with a constant range of motion without any support. 
Future research could determine whether people are also able to exercise according to a 
predetermined ideal range of motion. This was also what was initially envisioned in this study but 
could not be investigated due to improper recording of participants ideal concentric/eccentric 
endpoint. In conclusion, since several risks (i.e., exaggerated BP response, injuries) are involved when 
exercising without instructions, and support from a fitness coach at home is not feasible, the 
developed A/S feedback system seems promising to learn novice exercises the necessary skills to 
perform resistance training safely and correctly.  
 
Moreover, ambient-lights turned out to be unsupportive of a proper breathing technique during 
resistance exercise. Participants being more aroused with this feedback or the limited amount of 
attention on the lights may have caused it to be ineffective. However, these results have to be 
interpreted with caution as the way in which breathing was measured was not very precise. To 
conclude, A/S feedback did not succeed in reducing the attempts for the Valsalva maneuver nor with 
obtaining a proper breathing rhythm. Future research may look into alternative ways, for example 
with auditory stimuli, to enhance peoples breathing technique during resistance training.  
 
With respect to psychological determinants of physical activity, A/S feedback but verbal feedback as 
well, failed at promoting perceptions of competence. Participants did, however, report higher levels of 
intrinsic motivation compared to both verbal and no feedback. From this research it can be concluded 
that resistance training is not regarded as a challenging activity and people do not question their 
ability to perform resistance training. However, succeeding in an activity without being challenged 
can cause people to get bored and is therefore not motivating. Therefore, creating a more challenging 
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activity out of resistance training, for example through gamification, could be a potential topic for 
further investigation.  
 
Furthermore, it was found that A/S feedback, that consisted of auditory and visual stimuli in both 
sensory modalities, resulted in a trend where participants reported to have a more dissociative focus 
while also reporting a significantly lower perception of effort. This suggests that a combination of 
auditory and visual feedback can be used during resistance training to lower perceptions of effort, 
which could potentially increase exercise adherence.  
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Appendices 
 
Appendix A: Intrinsic Motivation Inventory 

 

 
 

Interest/Enjoyment 
1. I enjoyed doing this exercise very much / Ik vond deze  
2. This exercise was fun to do 
3. I thought this was a boring exercise  
4. This exercise did not hold my attention at all 
5. I would describe this exercise as very interesting 
6. I thought this exercise was quite enjoyable 
7. While I was doing this exercise, I was thinking about how much I enjoyed it 

Perceived competence 
8. I think I am pretty good at this exercise 
9. After working at this exercise for awhile, I felt pretty competent 
10. I am satisfied with my performance at this exercise  
11. I was pretty skilled at this exercise  
12. This was an exercise that I couldn't do very well  

 
Interesse / Plezier 

1. Ik vond deze oefening erg leuk om te doen 
2. Deze oefening was erg leuk 
3. Ik dacht dat dit een saaie oefening was 
4. Deze oefening hield mijn aandacht totaal niet vast 
5. Ik zou deze oefening omschrijven als erg interessant 
6. Ik dacht dat deze oefening best wel leuk was 
7. Terwijl ik met deze oefening bezig was, dacht ik eraan hoe leuk ik het vond 

Waargenomen competentie 
8. Ik denk dat ik best wel goed ben in deze oefening 
9. Na het afronden van deze oefening, voelde ik mij best wel competent 
10. Ik ben tevreden met mijn prestatie op deze oefening 
11. Ik was best wel vaardig in het uitvoeren van deze oefening 
12. Dit was een oefening die ik niet zo goed kon doen 
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Appendix B: Attention scale  
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Appendix C: Modified Borg CR-10 scale 

 
De Borgschaal /  The borg-scale  
Een schaal voor de zwaarte van een l ichameli jke belasting  

 

0  Geen enkele inspanning /  Nothing at  al l  

0.5  Extreem licht  /  Very,  very l ight  

1  Zeer l icht  /  Very l ight  

2  Licht /  Fairly l ight  

3  Matige inspanning /  Moderate  

4  Redeli jk zwaar /  Somewhat hard  

5  Zwaar /  Hard  

6 

7  Zeer zwaar /  Very hard  

8 

9  Extreem zwaar /  Very very hard  

10  “Maximale” inspanning /  Maximal 

 
Instructies voor de Borgschaal 
Geef tijdens de taak aan hoe zwaar u de belasting vindt. De ervaren zwaarte hangt voornamelijk af 
van de mate van inspanning en vermoeidheid in de spieren. Bekijk de scores op de schaal. Geef een 
score van 0 tot 10. Hierbij betekent 0 geen enkele inspanning en 10 een maximale inspanning. Probeer 
uw gevoelens zo eerlijk mogelijk te beschrijven zonder te overwegen hoe zwaar de belasting 
werkelijk is. Geef noch een overschatting, noch een onderschatting. Alleen uw eigen gevoel op dit 
moment is hierbij belangrijk. 10, “maximale inspanning” is de zwaarste inspanning die u ooit ervaren 
heeft. Het zou echter kunnen dat u een inspanning zult ervaren die u nog zwaarder vindt. Daarom staat 
er onderaan de schaal een *. Als u de taak zwaarder vindt dan 10, dan mag u een getal hoger dan 10 
geven. Kijk goed naar de schaal en beschrijvingen, voordat u een getal kiest. 
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Appendix D: Interview questions 
General 

1. Which feedback condition do you prefer most? Please tell me why? What were the strong 
points; also possible weaker points? How to improve? Which condition did you like least? 
And why? 

2. Which feedback condition provided most support in performing the exercise? Please elaborate 
3. Which feedback condition would you most likely use in a home-based environment? Why? 

And which condition would you less likely use in your home? Why? 
4. Which feedback condition do you most enjoy using for performing the exercises? 

Respiration 
5. Do you experience difficulties with breathing (holding your breath) during the exercise?   
6. If yes, why do you find it hard to maintain proper breathing rhythm?  
7. Which feedback condition best helps you maintain your breathing during the exercise? 
8. Would you like to make use of a tool that supports you with a correct breathing technique? 
9. Do you have other suggestions how a tool could support you with this?  

Performance 
10. Do you experience difficulties performing the exercise with correct velocity and range of 

motion?  
11. If yes, why do you find one or more exercises difficult to perform correctly? 
12. Which feedback condition best helps you maintain your form during the exercise? 
13. Would you like to make use of a tool that supports you with correct form during exercise?  
14. Do you have other suggestions how a tool could support you with this?   

Progression  
15. Did you ever lose track of counting repetitions?  
16. If yes, why? 
17. Would you like to make use of a tool that supports you with counting repetitions during 

exercise?  
18. Do you have other suggestions how a tool could support you with this?  
19. Which feedback condition resulted in your best performance?  
20. Which feedback condition was the easiest to learn?  

Sonification system 
21. What is your opinion about the sounds used in the ambient light/sonification feedback 

condition (like or dislike)?  
22. Was the information that the sounds represent clear to you (confusing or informative)?  
23. Do you have other comments or suggestions about this feedback system?   
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Appendix E: Pulsating ambient-light script  
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Appendix F: Velocity feedback patch in Max 7 

 

 

 

1 = Calculation of an optimal sine wave and its derivative,   

2 = Calculating the current velocity over three frames,  

3 = Subtracting the reference velocity values from the current values.  

4 = Mapping velocity to pitch  
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