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Abstract 

In this study, the cyclic motion of front crawl was analyzed to determine the 

relationship between peak trunk acceleration and the arm stroke cycle. The data acquired 

in this study to quantify the timing of peak trunk acceleration, was recorded using tri-

axial accelerometers attached to the participants’ left and right wrist and one mounted on 

the swimmers’ lower back. Fifteen competitive national level front crawl swimmers were 

selected as participants (2 female, 13 male) to swim two trials of front crawl. For trial 1, 

the participants were instructed to swim at a preselected speed of their best time from 

competition, plus 50%. For trial 2, the swimmers were instructed to swim at their 

individual maximum velocity. The swimmers had 2 minutes of recovery between trials.  

Acceleration data were collected to determine the duration from the point where the hand 

enters the water, to the point of peak trunk acceleration (HaTD). To determine the peak 

trunk acceleration as a percentage of the stroke cycle (HaT%), the point of hand entry 

preceding the peak trunk acceleration was also determined.   

The results showed that trunk acceleration occurs earlier in the stroke cycle, 

meaning a smaller HaTD when swimming fast compared to when swimming slow         

(p < 0.05). The results also showed that the trunk acceleration occurs at the same 

percentage of the stroke cycle, meaning that HaT% was the same when swimming fast 

compared to when swimming slow (p > 0.05). Finally it was shown that varying degrees 

of bilateral asymmetry in HaTD and HaT% occur when swimming at both maximum and 

slow velocity.  
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1. INTRODUCTION 

  

Swimming is a global sport that millions of people partake in every day. From 

infants to elders, swimming is conducted in numerous ways in oceans, lakes, and pools 

in every country on earth. Competitive swimming is a way of turning movement in water 

into a race with set regulations and distances. In competitive swimming, the difference 

between victory and defeat can be as small as 1/100 of a second. Coaches and swimmers 

are continuously looking for ways to increase swimmers’ velocities, with the intention of 

improving their performance. Of the four competitive strokes in swimming, front crawl 

is the stroke that has been studied the most, but the number of studies that have analyzed 

front crawl are limited.  

A number of research studies that investigated front crawl used the concept of 

stroke length and stroke rate to analyze how swimmers swim (Morrison, & Hinrichs, 

2007; Seifert, Chollet, & Chatard, 2007). The stroke length (SL) is the displacement of 

the swimmer’s body per stroke cycle in the direction of swimming. This is normally 

derived as an average measurement calculated by dividing the distance traveled, by the 

number of stroke cycles taken. Komar, Leprêtre, and Alberty (2011) used the decrease in 

stroke length of elite sprinters as an indicator of fatigue. The stroke rate (SR) is the 

frequency of strokes in a given time period (typically per minute) calculated as an 

average based on a specific number of stroke cycles. Marinho et al. (2006) found that the 

stroke rate of swimmers increased during a VO2Max test as swimmers increased their 
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effort level. The knowledge of the swimmers’ stroke rate was used to determine 

maximum effort for elite swimmers. SL and SR describe two fundamental biomechanical 

properties of movement, in which the number of stroke cycles taken per second and the 

displacement per stroke cycle can be used to determine the swimmer’s velocity.  

To understand how SL is achieved, another type of analysis is needed. For 

example, to determine how the in-sweep of the hand results in propulsion a visual 

underwater analysis is required. Most studies that have investigated the biomechanics of 

swimming have used video cameras to collect data. Chatard and Wilson (2000) used 

video to collect data about SL to determine the degree to which competitive swimsuits 

could reduce drag forces. In a study conducted by Barden, Kell, and Kobsar (2011) video 

was used to determine bilateral differences in stroke phase duration in front crawl. This 

study was important because it found that swimmers possess bilateral differences in 

stroke technique. Video is a useful tool to count repetitions and timing between events, 

but for absolute measurements of distance and the stroke path of the hand underwater, 

video has several limitations. Quantitative biomechanical analysis using video requires 

the cameras to be in a fixed position, which only allows for analysis of a few swim 

strokes per length. Recent studies have shown that it is possible to measure SR using 

accelerometers, which provide the opportunity to collect data on multiple strokes in 

addition to providing an analysis of technique without the time consuming process of 

camera installation and configuration, calibration, and digitization (Chakravorti, Le 

Sage, Slawson, Conway, & West, 2013; Hagem, O’Keefe, Fickenscher, & Thiel, 2013; 

Le Sage et al., 2010). 
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Accelerometers have been used to analyze swimming technique in a limited 

number of studies. Ohgi, Ichikawa, Homma, and Miyaji (2003) conducted one of the 

first studies in which accelerometers were used in swimming research. In this study, 

wrist-worn accelerometers were used to determine the different stroke phases of the 

breaststroke arm pull. Davey, Anderson, and James (2008) used accelerometers to 

determine stroke count, lap count, and stroke rate by attaching accelerometers to the 

lower back. Dadashi et al. (2013) used the knowledge from previous research to 

determine stroke phases in front crawl by using both wrist and back-worn 

accelerometers. To date, research using accelerometers has been mostly technical in 

nature, demonstrating that accelerometers can be used to collect meaningful data. 

However, while technical research papers have validated the accelerometer as a research 

tool for swimming, they have not contributed new knowledge about swimming from a 

scientific perspective. Specifically, the number of participants that have been tested in 

accelerometer studies are very low (typically 1-2 participants) and despite their utility, 

accelerometers have not been used to conduct actual biomechanical studies of stroke 

mechanics.  

In the sport of competitive swimming, there are currently no practical tools for 

coaches to analyze and evaluate mechanisms of propulsion in individual swimmers. It is 

possible to analyze a swimmer’s speed, but this only represents the outcome of 

propulsive and resistive forces applied over numerous strokes. Ideally, propulsion is 

what coaches should be assessing when performing technical evaluations of their 

swimmers, as it is the combined effect of strength, flexibility, endurance, and technique 

that determines a swimmer’s optimal or maximum speed for any given distance. 
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Swimming technique is biased by predetermined and subjective preferences from 

coaches who typically view the teaching and application of proper stroke mechanics 

from a “one-size-fits-all” perspective. All swimmers are unique individuals, and the 

same technique does not necessarily work well for everyone. By using accelerometers to 

analyze various aspects of technique that relate to propulsion, it may be possible to make 

individual assessments based on objective data. Further, the accelerometer makes it 

possible to analyze technique based on each individual stroke as opposed to average 

measurements based on a limited number of strokes per length. Acquiring and accessing 

data using accelerometers is relatively simple and the materials needed are inexpensive.  

In front crawl, a swimmer’s velocity is achieved through numerous fluctuating 

accelerations in the direction of swimming. The accelerations are a result of both the 

propulsion generated by the swimmer and the drag forces acting on the swimmer’s body. 

In swimming (with the possible exception of the breaststroke), the majority of propulsion 

is generated by the propulsive phases of the arm stroke cycle. By recording the 

acceleration of the trunk and arms using accelerometers placed at the lower back and 

wrists, respectively, it is possible to determine at what point in the arm stroke cycle peak 

acceleration of the trunk occurs. Knowledge about the timing of peak trunk acceleration 

can provide coaches with a tool for analyzing front crawl stroke technique based on the 

timing and propulsion (acceleration) it generates. The ability to measure the 

effectiveness of the arm stroke cycle based on the acceleration of the trunk/body 

provides a new parameter for the biomechanical analysis of swimming, which can be 

used in a number of different ways. For example, it can be used to compare the 

propulsive effectiveness of both arms to determine the presence and/or extent of bilateral 
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asymmetry in the stroke cycle. Further, it can be used to acquire information about the 

timing of the peak trunk acceleration in relation to the stroke cycle at different velocities 

and under different conditions (e.g., fatigue). The ability to obtain and apply this 

information will lead to improved knowledge and understanding of stroke mechanics in 

competitive swimming, which in turn will lead to improved technical 

evaluation/correction and better performance in swimming.  

1.1 Research Purpose 

The purpose of this study is to identify the peak acceleration of the swimmers’ 

bodies (as determined by the acceleration of the trunk) in the direction of motion during 

front crawl swimming, and to coordinate this event to the specific point in the arm stroke 

cycle at which it occurs. This study will also investigate the extent to which speed affects 

the peak trunk-acceleration timing parameter (HaT) and the degree to which bilateral 

differences exist between right and left strokes.   

 1.2 Research Hypotheses 

It is hypothesized that the peak acceleration of the trunk in the direction of 

motion will occur earlier in the arm stroke cycle when the participants swim at maximum 

speed, as compared to a slower, steady-state distance speed. Further, it is hypothesized 

that swimmers will possess varying degrees of bilateral differences in HaT, which will 

be unaffected by swimming velocity.  
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2. LITERATURE REVIEW 

 

2.1 Swimming Mechanics 

As the understanding of movement has improved through locomotor 

biomechanics, a number of tools to quantify spatial-temporal parameters have become 

available to scientists. Spatial is the displacement in space measured in distance, and 

temporal refers to time. These two basic parameters of movement analysis create a 

foundation upon which many swimming performance analysis models are based. 

Movement in its simplest form involves the application of a force to overcome a given 

resistance. If the force applied is larger than the resistance, the object the force is applied 

to will move in the direction of the applied force. In swimming, a higher level of 

performance is achieved by altering the two basic parameters of propulsion and drag.  

2.1.1 Drag forces in swimming 

 
The hydrodynamic forces experienced by swimmers in the water are very 

different from the forces experienced on land. Water consists of billions of hydrogen and 

oxygen molecules which causes the density of water to be 1000 times greater than air, 

which makes swimming very difficult if it is not done efficiently (Maglischo, 2003).  

Swimmers experience two kinds of hydrodynamic drag forces while swimming, known 

as passive and active drag. Passive drag is the resistive force working in opposition to 

the motion of the swimmer as the swimmer’s body moves passively through the water 

(i.e., the drag that occurs when a swimmer is towed through the water without moving). 

Passive drag is encountered when a swimmer pushes off the wall in a streamlined 

position or is gliding through the water without moving his/her limbs to generate 
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propulsion (Havriluk, 2005). Active drag is the drag force working in the opposite 

direction of movement, and acts when a swimmer uses his/her arms and legs to propel 

the body forward through the water.  

Both active and passive drag is dependent on three factors, known as resistive 

drag forces. The first is form drag, which is the drag caused by the size and form of the 

frontal area of the swimmer. Form drag can be minimized by improving the swimmer’s 

position in the water towards a more horizontal, streamlined, and buoyant body position 

(Morrison & Hinrichs, 2007). Another type of resistive drag force is friction drag, which 

is the drag caused by the friction between the water and the surface area of the 

swimmer’s body submerged in water. The friction drag is dictated by the drag 

coefficient, which quantifies the drag caused by the viscosity of the water and the 

molecular composition of the submerged area of an element moving through the water. 

In competitive swimming, the drag coefficient is dependent on skin, the swimsuit, and 

hairs on the swimmer’s body. Mollendorf, Termin, Oppenheim, and Pendergast (2004) 

have shown that friction drag can be reduced significantly by wearing specially designed 

competition swimsuits that cover a large surface area of the swimmer’s body. The third 

type of resistive drag force is called wave drag, which also was investigated by 

Mollendorf et al., and is caused by turbulence in the surface of the water around the 

swimmer. Moving through the water, the swimmer’s arms and legs will create waves 

when they break the surface. Pools with wave breaking lane ropes that divide the lanes 

and shallow sides that allow the waves to crash over, limit the amount of wave drag 

encountered by swimmers. Drag in swimming is one parameter that affects the velocity 

achieved in the water. Knowledge about the drag forces in swimming is important for 
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this study, due to the fact that peak trunk acceleration is one of the parameters to be 

investigated. Peak trunk acceleration can be seen as a measure of net propulsion, which 

is the propulsion generated by the swimmer minus the various drag forces acting on the 

swimmer’s body. If a swimmer’s propulsion is unchanged and drag is reduced, the 

swimmer will achieve a larger net propulsion. Another way of achieving larger net 

propulsion is simply to generate greater propulsion, which will lead to a higher velocity.  

 

2.1.2 Propulsion in swimming 

 
In swimming, the resistance of the water is used by the swimmer to create 

propulsion. When a swimmer completes sweeps in the front crawl arm stroke, they move 

themselves forward by pushing backwards against the water. Newton’s third law of 

motion states that every action on an object will produce a reaction of equal magnitude 

in the opposite direction. Newton’s law can be used to explain how swimmers achieve 

their propulsion in the front crawl stroke. Swimmers push their hands backwards to 

create a forward directed reaction force, in the direction of swimming, which causes the 

swimmer’s propulsion. The swimmer’s body will move through the water in the opposite 

direction of the force applied as a reaction to the push of the hand. The lateral and 

diagonal movements of the hand and forearm are used by swimmers to build resistance 

in the water, which enables them to push their bodies forward through the water. The 

“solid” water is created by the lift forces around the hand, which in turn are created by 

the lateral and diagonal sweeps of the stroke (Maglischo, 2003). Propulsion in front 

crawl is achieved through the propulsive phases of the front crawl stroke. In order to 

describe in greater detail how propulsion is achieved, knowledge about the different 
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phases of the front crawl stroke is needed. The front crawl stroke consists of several 

phases, which are both propulsive and non-propulsive. 

2.1.3 Front crawl 

 
The front crawl arm stroke is a cyclic motion conducted with both the right and 

left arm. The stroke is typically divided into four distinct phases (Chollet, Chalies, & 

Chatard, 2000; McCabe, Psycharakis, & Sanders, 2010), which are as follows: 

1. The entry and down sweep to catch. In this phase, the hand enters the water (entry) 

and sweeps down until the catch position, which is the part of the stroke where the 

swimmer starts to exert pressure backwards in order to achieve forward propulsion. This 

phase is illustrated in pictures 1 and 2 in Figure 1. 

2. The pull phase. This phase begins when the tips of the fingers begin to move 

horizontally backwards. The phase continues as the hand and forearm are pulled 

backwards until the hand is vertically aligned with the shoulder, and the hand is directly 

under the elbow. The hand and forearm move horizontally backwards, but also sweep 

under the body laterally. This phase is illustrated in pictures 2 and 3 in Figure 1, where 

picture 2 illustrates the start of the phase and picture 3 illustrates the final position of the 

arm and hand in the pull phase. 

3. The push phase. This phase begins when the hand is directly under the elbow and the 

elbow joint is horizontally aligned with the shoulder joint. The hand and forearm then 

move backwards from a vertical alignment to a horizontal alignment in which the elbow, 

forearm, and hand prepare to exit the water. This phase ends when the fingers leave the 

water and the recovery phase begins. The end of this phase is illustrated in Figure 1, 

picture 4.   
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4. The recovery phase. In this phase the hand exits the water and is moved forward above 

the water until it re-enters the water in front of the shoulder. This phase occurs between 

pictures 4 and 5 in Figure 1, illustrated by the swimmer’s right arm.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 11 

 

 

 

 

      

1  2       3   4          5  

 

Figure 1. Underwater image showing the four different stroke phases of freestyle. 

Reproduced from Kinematic differences between front crawl sprint and distance 

swimmers at sprint pace, C. McCabe, S. Psycharakis, & R. Sanders, Journal of Sports 

Science, © (2010, Taylor & Francis Group). Reprinted with permission from Taylor & 

Francis Group. 
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Chollet, Chailes, and Chatard (2000) investigated freestyle coordination patterns 

by having swimmers swim at velocities appropriate to their 50 meter, 100 meter, and 800 

meter freestyle speeds. Their study found that three distinct coordination patterns are 

used to propel the body forward at different speeds. The authors refer to the three 

coordination patterns as: 1) superposition, 2) opposition, and 3) catch-up. The 

superposition pattern is associated with an overlap in the propulsive phases of the stroke 

cycle, such that one arm is still in the push phase when the other arm enters the pull 

phase. This kind of coordination is primarily found in sprint swimming, meaning 

distances of 100 meters or less. The second type of coordination pattern identified was 

the opposition pattern, which occurs when one hand leaves the push phase while the 

other hand begins the pull phase. The third form of coordination pattern identified was 

the catch-up pattern, which occurs when a delay exists between the end of the arm stroke 

cycle of one arm, and the beginning of the cycle of the opposite arm. This knowledge of 

coordination patterns and stroke phases has been used to study bilateral asymmetry in the 

arm stroke cycle of freestyle swimmers, which found that arm stroke asymmetry 

appeared to be related to lateral breathing and arm dominance, and was less influential 

on performance in elite swimmers than mid-level and non-expert swimmers (Seifert, 

Chollet, & Allard, 2005). The break down of the stroke and different types of 

coordination have been used to explain how the swimmers move their arms both in 

regards to the path of the stroking hand, and how the left and right arm move in 

connection with each other. To analyze the outcome of both drag and propulsion, it is 

necessary to focus on the forward velocity achieved by the swimmer. Velocity of the 

swimmer’s body can be calculated by using the formula V = SR x SL, in which velocity 
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is the product of both stroke rate (SR) and stroke length (SL) ; (Seifert et al., 2007). 

These two parameters (SR and SL) are often used in articles about movement analysis as 

parameters for evaluating movement and performance. 

2.1.4 Spatial parameter 

 
An important and basic parameter for locomotor movements in movement 

analysis, is stroke or stride length. Stride length is defined as the horizontal displacement 

of one foot from the point of foot strike to the next point of contact of that same foot 

(Conoboy & Dyson, 2006). The parameter of stride length makes analysis and 

comparison between strides possible and has often been used in studies of movement. 

Stride length is comparable to stroke length (SL) in swimming, which is defined as the 

linear displacement of the swimmer’s body per arm stroke cycle (Maglischo, 2003). SL 

(also known as distance per stroke) is an average measurement (i.e., expressed as an 

average value for each length), and is typically indirectly determined using the formula: 

SL = V/SR (Seifert et al.,  2007). Knowledge of SL is important as it provides a tool for 

understanding a variety of factors in swimming, such as the efficiency of the stroke cycle 

and the relationship between efficiency and fatigue. As an example, Komar et al. (2011) 

used the decrease in SL to determine the point at which fatigue occurred during a 6 x 300 

meter freestyle interval training set, with increasing intensity. A swimmer’s SL is 

dependent on the relationship between the drag force experienced by the swimmer and 

the propulsive forces generated by the swimmer’s arm strokes and kicking movements 

through the water. To understand how the swimmer generates velocity, the frequency of 

the swimmer’s arm strokes must also be considered. 
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2.1.5 Temporal parameter 

  
When specific movements such as a stride in walking, an arm stroke in 

swimming, or a paddle stroke in rowing are repeated multiple times, the movement 

pattern is said to be cyclic. The duration of an individual cyclic movement (i.e., the stride 

time or the stroke time) is used in biomechanical analysis to describe the temporal 

aspects of how motion is achieved. The temporal aspects of cyclic movements are 

typically expressed either as a frequency (referring to the number of cycles taking place 

in one second) or a rate (e.g., the number of cycles occurring in one minute). There are 

several ways to determine the frequency of cyclic motions, for example the stride rate or 

the stroke rate (SR). One is to calculate the average SR over a given distance. In running, 

television footage of male elite-level sprinters has been used to calculate the average 

stride rate during a 100-meter race. The calculations were based on the number of steps 

taken during the 100 meter race and the duration of the race (Salo, Bezodis, Batterham, 

& Kerwin, 2010). Cycle rate (stride or stroke) is an important variable in the analysis of 

human movement because of its relationship to, and effect on, velocity. The frequency or 

rate of a specific movement is easily analysed to determine its effects on other aspects of 

movement such as efficiency, as demonstrated by Umberger (2010) who analysed stride 

rate in order to calculate the metabolic cost of different phases of human walking at a 

constant speed. In swimming, SR is frequently used to analyze the manner in which 

swimmers achieve their speed. One study (Marinho et al., 2006)  performed an 

incremental step test in which VO2 progressively increased for elite swimmers 

swimming front crawl. The study showed how SR and SL have an inverse relationship as 

swimming speed increases. Both SR and SL are used to describe how velocity is 
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achieved. The level of performance in sports is often defined by the velocity athletes are 

able to achieve.  

2.1.6 Velocity 

 
Velocity (defined as the rate of change of position with respect to time) is 

arguably the most important kinematic parameter, due to the fact that performance in 

many sports involves covering a set distance in the shortest amount of time. Velocity is 

also required for the calculation of acceleration and is dependent on both the spatial 

(cycle length) and temporal (cycle rate) aspects of movement.  Average velocity, which 

refers to the displacement traveled in a certain time, is used in many aspects of 

movement analysis such as running, walking, and swimming. Velocity can also be 

determined by using the previously discussed parameters SR and SL and the formula: V 

= SL x SR (Seifert et al., 2007). Using spatial and temporal parameters to explain how 

velocity is achieved makes comparisons between studies, different individuals, and even 

different species possible. The contribution of cycle rate and cycle length has also been 

used to analyze how velocity is achieved in studies of various movements. For example, 

it has been used to show the relationship between the stride length and stride rate in 

walking, to achieve a higher horizontal velocity when walking, both the stride length and 

the stride rate must increase (Hay, 2002). The relationship between stride rate and stride 

length has also been used to analyze how different animals achieve their running speeds. 

Stride rate and stride length were used to explain the difference in how cheetahs and 

greyhounds achieve galloping speed (Hudson, Corr, & Wilson, 2012). The study showed 

that the greyhounds use approximately the same stride frequency when accelerating, but 

increase their speed by increasing stride length. The results also show that at any given 
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speed, the cheetahs use a substantially lower stride rate in combination with a longer 

stride length compared to greyhounds.  

In swimming, SR is often used to explain swimming velocity by using the linear 

relationship between velocity and SR. If SL is constant, velocity will increase with an 

increase in SR, until critical speed is reached (Maglischo, 2003). Critical speed is the 

maximum speed a swimmer, in theory, can maintain indefinitely (Barden et al., 2011). 

When a swimmer reaches velocities higher than their individual critical speed, studies 

indicate that SR increases disproportionately (i.e., more) compared to pre-critical speed 

levels while SL decreases, presumably as the result of the increased metabolic cost due 

to the increase in intensity (Arellano, Brown, Cappaert, & Nelson 1992; Barden et al., 

2011; Dekerle, Sidney, Hespel, & Pelayo 2002). Other studies have examined what 

happens to SL and SR when swimming specific distances. A study found that elite 

freestyle swimmers maintained their stroke length and coordination throughout a 100 

meter freestyle, while the SL of less proficient swimmers decreased as the race 

progressed (Seifert et al., 2007). The study also noted that non-elite swimmers tend to 

increase the duration of time spent with their hands in the propulsive phase of the stroke 

towards the end of a 100 meter maximal effort swim. Similarly, for swimmers reaching 

critical speed, Barden et al. (2011) demonstrated how the time spent in the propulsive 

phase of the stroke decreased relatively more than the time taken to complete the 

recovery phase, which was interpreted as being the result of the hand moving faster 

through the water as a consequence of trying to increase the power of the stroke. The 

findings of these studies provide the background for the hypothesis of this study, which 

is that peak trunk acceleration will occur earlier as a percentage of the stroke cycle, as 
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velocity increases. To obtain data on stride/stroke rates and repetitions of cyclic actions, 

accelerometers have been used successfully as a research tool in several recent 

investigations.  

2.2 Accelerometry 

An accelerometer is an instrument used for measuring applied acceleration along 

one, two, or three sensitive axes. To record accelerations, most modern accelerometers 

use a mass spring system, where a spring changes electrical resistance when it is either 

stretched or compressed (Mathie, Coster, Lovell, & Celler, 2004). This is illustrated in 

Figure 2.   
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Figure 2: A mass spring system. Reproduced from Accelerometry: Providing an  

integrated, practical method for long-term, ambulatory monitoring of human movement. 

M. Mathie, A. Coster, N. Lovell, & B. Celler, Physiological. Measurement, Copyright © 

(2003, Institute of Physics and Engineering in Medicine). Reproduced by permission of 

IOP Publishing. All rights reserved. 

 

 

 

 

 

 

 

 

 

 

 



 19 

To determine the acceleration acting upon the spring, Hooke’s Law and 

Newton’s 2nd Law of Motion are used. Hooke’s Law dictates that force (F) is equal to the 

displacement of the spring (x) multiplied by the spring constant (k; which quantifies the 

stiffness of the spring). Newton’s 2nd Law of Motion states that force (F) is equal to mass 

(m) times acceleration (a). Therefore, these two relationships can be combined to 

determine the acceleration from the mass-spring system. 

Hooke’s Law: F = kx 

Newton’s 2nd Law of motion: F = ma 

Thus: F = kx = ma 

a =
  

 
 

Given that the mass and stiffness of the spring are known constants, the acceleration can 

be calculated with the spring’s displacement as the only variable (Kavanagh & Menz, 

2008). Due to the limited size, light weight, and relatively low price of modern 

accelerometers, they have become increasingly popular in scientific movement 

research.   

2.2.1 Motion analysis using accelerometers 

 
Modern accelerometers can measure acceleration in three axes, and due to their 

light weight and small size they can be mounted on different parts of the body (trunk or 

limbs) without impairing movement, which makes them ideal for movement analysis. 

Accelerometers have been used to analyze a variety of movements in different fields of 

study, such as recording coughing by mounting tri-axial accelerometers on the chest of 

healthy adults (Lamraoui et al., 2010) or to measure tremors in Parkinson’s patients by 

using wrist-mounted accelerometers (Veltink, Bussmann, de Vries, Martens, & Van 
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Lummel, 1995). In the field of gait analysis, Moe-Nilssen and Helbostad (2003) used 

waist-mounted accelerometers to determine cadence, step length, gait regularity, and 

symmetry in walking. Physical activity under free-living conditions has also been 

investigated using accelerometers, by recording physical activity of 134 adults over a 

period of one week of continuous recording (Ayabe, Kumahara, Morimura, & Tanaka 

(2013). Due to the low power requirements of modern accelerometers, they are able to 

record data for several weeks at a time without needing the battery recharged. This 

makes them highly applicable for conducting studies that require movement to be 

recorded over long periods of time (Godfrey, Conway, Meagher, & ÓLaighin, 2008; 

Howe & Rafferty 2009). Within competitive sports, accelerometers have been used to 

analyze and improve performance (Zijlstra, 2004), such as in cross-country skiing where 

accelerometers have been mounted on the back of skiers to determine and evaluate 

differences in technique (Marsland et al., 2012). Accelerometers make it possible to 

acquire data showing repetitions of a specific action, which also make it possible to 

analyze each repetition by dividing it into phases. The accelerometer data can be used to 

analyze the phases of a single participant, in terms of variability of duration, but also 

makes it possible to compare phase duration between different participants.  

2.3 Swimming Analysis Using Accelerometers 

The use of accelerometers to analyze stroke parameters and performance in 

swimming is a relatively new concept, and it is only within the last 15 years that 

accelerometers have been used to measure swimming variables. The number of studies 

has also been limited, and of those that have been conducted, all have focused on 

demonstrating the validity of accelerometers as a useful tool in analyzing swimming 
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kinematics. One of the first studies in which accelerometers were used for swimming 

research involved wrist-worn accelerometers to determine the different phases of the 

breaststroke arm pull (Ohgi et al., 2003).  From this study it was concluded that 

accelerometers can be used to gain information about the entire stroke cycle as well as 

the durations of the phases of the arm pull. The analysis of the breaststroke arm pull was 

made possible by using accelerometer data from 3 axes, (X, Y, and Z) shown in Figure 3, 

to make a 3D model in which the direction and magnitude of hand acceleration was used 

for stroke phase identification. This study demonstrated that by using an accelerometer 

to provide information about stroke phase duration, it is possible for researchers to 

investigate the effect of other factors (such as fatigue) on the different phases of the 

stroke cycle, in breaststroke as well as the other three competitive swimming strokes.  
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Figure 3. Acceleration patterns of the right arm in medium and fast breaststroke 

swimming. Reproduced from Stroke phase discrimination in breaststroke swimming 

using a tri-axial acceleration sensor device. Y. Ohgi, H. Ichikawa, & C. Miyaji. Sports 

Engineering, Copyright © (2003, Springer, CCC). Printed with permission of Springer. 

Original caption of the graph: The wrist acceleration of subject M. Each stroke’s 

acceleration was normalized between 0 and 1 and superimposed in the same graph. The 

mean and the standard deviations at every 0.01 normalised time scale are shown as a 

closed circle and vertical line. The thick grey line indicates the stroke which is 

synchronized to the underwater video analysis. 

 

 

 



 23 

In this graph x,y,z markers depict different phases in the arm stroke cycle of breast 

stroke. The y-axis depicts insweep, x outsweep and z is used to establish the orientation 

of the hand. 

Another method of using accelerometers to study swimming was conducted by 

Davey and colleagues (2008), who used waist-mounted tri-axial accelerometers to 

determine stroke count, stroke rate, lap count, and lap time in front crawl swimming 

(Figure 4). These parameters are typically used by swim coaches to analyze 

performance, and are usually recorded using a handheld stopwatch. The negative 

acceleration peaks were used to identify strokes, such that the peaks were counted to 

establish stroke count and the duration between peaks was used to calculate the average 

stroke rate.  Most importantly, this study showed that it was possible to count strokes and 

determine the body’s forward acceleration caused by each stroke, thereby demonstrating 

that accelerometers can be used to determine several basic swimming parameters 

previously described in this review. The study showed that accelerometers are superior 

to handheld stopwatches for determining stroke rate and equivalent for determining 

stroke count.  
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Figure 4. Tri-axial trunk acceleration during 100 meter freestyle swimming. Reproduced 

from Validation trial of an accelerometer-based sensor platform for swimming. Sports 

Technology. N. Davey, M. Anderson, & D.A. James. Sports Technology, Copyright © 

(2008, Taylor & Francis Group). Reprinted with permission from Taylor & Francis 

Group. 
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A similar study to validate the use of accelerometers as an analysis tool in 

swimming, analyzed the stroke patterns of the four types of competitive swim strokes 

(butterfly, backstroke, breaststroke, and front crawl), using an accelerometer placed on 

the lower back of the swimmers (Slawson et al., 2008). The findings showed that 

accelerometer data can be used to derive SR and stroke count, but it also showed that 

accelerometer motion data possesses great potential for analyzing stroke technique. The 

study tested two swimmers, and the data clearly showed that the swimmer’s acceleration 

curves were unique to each swimmer, but still quite similar with respect to the stroke 

profiles of the four types of competitive swim strokes. While this study further 

demonstrated the potential of accelerometers as a tool for swimming analysis, it was not 

able to provide detailed information about how the arm stroke cycle causes forward 

propulsion of the body. Using peak accelerations from the hand and the trunk 

independently provides a limited view of the relationship between the stroke phases and 

the forward acceleration of the body. However, results of these studies showed the 

validity of using accelerometers as a tool for quantifying swimming parameters to 

analyze technical components. This was important in terms of providing a basis from 

which to generate the purpose and hypothesis of the current study. 

Most recently, Bächlin and Tröster (2012), in developing the SwimMaster 

system, conducted a study in which several accelerometers were placed on a swimmer’s 

body to obtain a detailed analysis of the stroke. This study was the third of a group of 

studies that were directed at measuring stroke parameters and determining stroke 

efficiency (Bächlin et al., 2008 ; Bächlin & Tröster, 2009 a). Through these studies, 
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Bachlin and his colleagues worked towards the creation of an automatic swimming 

analysis system, the purpose of which was to provide detailed information about stroke 

efficiency, body balance, SR, velocity, and propulsion. With this system, Bachlin and 

associates analyzed the freestyle arm stroke by using data from the wrist-mounted 

accelerometers to establish stroke count. This information was then used to calculate the 

average speed, stroke length, and SR of the swimmer (for one length of freestyle) based 

on the lap time calculated using the acceleration peaks from the waist-mounted 

accelerometer. The SwimMaster studies demonstrate the potential of using multiple 

body-mounted accelerometers to provide a large amount of information about the 

kinematics of the stroke. While a benefit of this system is that it can provide a lot of 

information, one of its disadvantages is that it sacrifices individual stroke analysis at the 

expense of calculating average measurements. Another recent study also used both wrist 

and back-worn accelerometers to determine stroke phases and peak trunk acceleration in 

front crawl (Dadashi et al., 2013). This study used algorithms to automatically calculate 

and determine the different phases of the front crawl stroke.  

2.4 Future directions of research 

Stroke analysis in swimming using accelerometers is a new (and surprisingly 

limited) field of investigation that has existed for approximately fifteen years. Several 

new ways of analyzing kinematics in swimming have been discovered and the 

possibilities of this new tool seem endless. Most studies have attempted to validate the 

use of accelerometers to determine basic stroke parameters such as stroke count/rate and 

average velocity. Other studies have used accelerometers for stroke phase identification 

and to determine kinematic parameters such as the forward acceleration of the trunk, but 
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none have investigated how the different propulsive phases of the arm stroke cycle 

contribute to the forward motion of the body (Davey et al., 2008; Ohgi et al., 2003). This 

requires obtaining simultaneous information about both hand and body acceleration, and 

to date no studies have attempted such an analysis. While Bächlin and Tröster’s (2012) 

Swimmaster system attempts to take many factors into account, their research has not 

investigated to what extent the different phases of the arm pull cause the forward 

acceleration of the body. A clear analysis on how much propulsion or forward 

acceleration of the trunk each phase causes, and the effect that stroke phase duration has 

on this acceleration, can be conducted in a fairly simple way. Using knowledge from the 

work of Ohgi et al., (2003), Slawson et al., (2008), Bächlin et al., (2009b) and Davey et 

al. (2008), it will be possible to conduct a detailed analysis of freestyle arm pulls. The y-

axis data (oriented along the length of the swimmers’s body) from an accelerometer 

placed on the lower back of the swimmer, and the x,y, and z- axes of wrist-worn 

accelerometers, will provide an in-depth understanding of the different phases of the 

stroke and their influence on the forward acceleration of the body. Dadashi et al., (2013) 

designed a system that automatically calculates the stroke phases in front crawl, and as 

such was a big step towards a comprehensive model for the analysis of the front crawl 

arm stroke. This study has a similar objective in terms of quantifying the arm stroke 

cycle, but will use it to quantify the timing of the peak trunk acceleration in the direction 

of swimming as a percentage of the cycle and as an absolute time (duration) measured 

from the beginning of the cycle (i.e., hand entry).  
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3. METHOD 

 

3.1 Participants 

Fifteen university level swimmers participated in this study. The participants 

consisted of 13 male and 2 female swimmers ranging from the ages of 18-24. Typically, 

the number of participants would be selected using an a priori statistical power test, but 

with no prior knowledge about any of the values to be measured in this study, it was not 

possible to estimate theoretical values for mean and standard deviation needed for the 

test. Ethics approval was obtained from both the University of Regina and University of 

Calgary Ethics boards, prior to the start of data collection. Once approval was granted, a 

request letter was sent to the swimmers of the University of Calgary varsity swim team, 

in order to recruit participants. This letter provided the swimmers with detailed 

information about the study and clearly stated the inclusion criteria for participation.  

Due to the fact that this study analyzed repeated phases of the front crawl stroke at 

competitive speeds, it was important that the participants were experienced and trained 

swimmers. The following selection criteria were used: (1) participants had a minimum of 

three years of competitive swimming experience to ensure that they had learned, trained, 

and optimized the front crawl stroke to an extent where it was efficient and fast; (2) 

swimmers had to have qualified for a provincial championship in a freestyle race within 

the last year; (3) and were required to be over 18 years of age. The primary researcher 

contacted the head coach of University of Calgary’s varsity swim team via email, with 

instructions to forward information about the study to swimmers meeting the criteria. 
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Swimmers were instructed to contact the researcher for participation in the study. Each 

participant was given a written consent form and information sheet, which explained the 

nature and scope of the research. The signed consent forms were obtained on the pool 

deck prior to testing.   

3.2 Measures 

To collect the acceleration data, this study used three tri-axial accelerometers 

(GENEActiv, Cambridge, UK). Each accelerometer measured 36mm by 30mm by 

12mm, had a weight of 16 grams, and can measure accelerations up to ± 8 g. Several 

studies have used GENEActiv accelerometers for gathering data on physical activity and 

demonstrated sufficient reliability and validity of the data (Rowland & Stiles, 2011).   

Accelerometers were attached to the right and the left wrist of the swimmers using a 

watchstrap. The axes of these accelerometers were aligned as shown in Figure 5. By 

using the accelerometers on both wrists the researcher was able to detect bilateral arm 

asymmetry in regards to forward trunk acceleration. One additional accelerometer was 

strapped to the swimmers’ lower back using an elastic waist belt. The y-axis of this 

accelerometer was aligned with the spine of the swimmer, with the x-axis perpendicular 

to the y-axis (mediolateral axis with respect to the swimmer’s body), and the z-axis 

vertical to the horizontal body position. All accelerometers were set to record at 60 Hz.  
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Figure 5. Axes of acceleration for the wrist mounted accelerometers. 
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All participants had their height and weight recorded on the pool deck. Further, the 

swimmers were asked to provide the researcher with their age and their best time in 50 

meters of front crawl from short course competition. This data was used to determine the 

appropriate speed for the trials and to make generalized assumptions about the results in 

the discussion section. 

3.3 Experimental Protocol 

The testing of all participants took place at the Aquatic Centre at the University of 

Calgary in a fifty (50) meter pool. Accelerometers were placed on the participants prior 

to testing. The lower back accelerometer was placed centrally on the lower back of the 

swimmer, with the y-axis of the accelerometer following the alignment of the spine. 

Further it was positioned so the flat top of the accelerometer was as horizontal as 

possible. Participants were instructed to do a standardized warm up, consisting of 500 

meters of front crawl at a self-selected easy speed. During the warm up, participants 

wore the accelerometers to become familiar with the feeling of wearing the sensors while 

swimming. Once the warm up had been completed, the participants were instructed to 

push off the wall and swim fifty (50) meters of front crawl two times, with two minutes 

of rest in between. Each trial was timed using a handheld stopwatch operated by an 

experienced swim coach to determine average velocity. Swimmers would push off the 

wall of the pool to start the trial instead of diving into the pool. The rationale behind this 

way of starting was to have a more constant velocity during the swim, and to minimize 

the long underwater phase following a dive into the water. 
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For the first trial, participants were instructed to swim 50 meters of front crawl at a 

preselected speed of their best time from competition in the 50m front crawl event plus 

50% of this time (e.g., 30 s = 30 + {30*0.5} = 45s). Having participants swimming at a 

preselected comfortable speed for the first trial provided information regarding their 

normal stroke rhythm without the effect of fatigue. The swimmers were instructed to 

breathe between zero (0) and a maximum of five (5) times during the first trial. The 

purpose of the controlled breathing pattern was to allow for as many non-breathing 

cycles as possible. It was hypothesized that a stroke cycle in which the swimmer took a 

breath would influence the timing of the peak trunk acceleration. 

For the second trial, the participants were asked to swim fifty (50) meters of front 

crawl as fast as possible, with the number of breaths between zero (0) and five (5). 

Depending on the speed, height and level of the swimmer’s efficiency, it was estimated 

that each trial would provide between twelve (12) and twenty (20) complete arm stroke 

cycles for both arms for data analysis. Both trials were video recorded to ensure that the 

breathing and non-breathing stroke cycles could be identified in case this was not clear 

from the accelerometer data. Any trial where a swimmer took more than five (5) breaths 

was redone.  

3.4 Data Analysis 

Upon the completion of both trials, the raw accelerometer data was extracted 

from the three accelerometers for each participant using GeneActiv’s proprietary 

software. This raw data was then imported to Microsoft Excel for data processing. Using 

a low-pass digital filter with a cutoff frequency of 3 Hz, the data were filtered and 

aligned using the accelerometer timestamps and peak generated by the jump on land, 
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which was used as a common reference point for all three sets of data. Based on the pilot 

data collected prior to the study, a 3 Hz cutoff was determined to be sufficient to 

determine all peak accelerations needed for analysis, as seen in Figure 6. 

Individual stroke cycles were established by using the peak accelerations of the 

swimmer’s hand entering the water. Subsequently, hand entries were identified using 

reference points from the video collected at the trials. Swimmers were asked to jump 

twice on land before entering the water. These acceleration peaks were identified in the 

data set, and using the 60 Hz video, it was possible to determine the exact point of hand 

entry both on video and in the acceleration data. The average duration of the stroke cycle 

was calculated for all strokes, using the duration between subsequent hand entry 

acceleration peaks for both the right and left arms. The peak acceleration of the trunk 

was extracted from the y-axis data of the lower back mounted accelerometer. The 

average duration from entry of the hand until the peak acceleration of the trunk (HaTD) 

was identified and calculated. This variable was also used to calculate the point of peak 

trunk acceleration expressed as a percentage of the stroke cycle (HaT%), which starts at 

0% with the entry of the hand to 100% immediately prior to when the hand enters the 

water again to begin the next arm stroke cycle. These variables describe the point of peak 

trunk acceleration in two different ways. HaTD is an absolute measurement, meaning it 

describes the peak trunk acceleration in time (i.e., duration in seconds). HaT% is a 

relative measurement, describing peak trunk acceleration as a percentage of an event, in 

this case the arm stroke cycle. 
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Figure 6. Trunk and Left Hand Y-axis Acceleration at 3 Hz cutoff. 
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The reason for using both absolute and relative descriptions of peak trunk 

acceleration was to be able to compare athletes of different sizes who swim with SL’s 

and SR’s that are different. If two athletes have significantly different HaTD values, the 

HaT% measurement might still be the same, given the difference in arm stroke duration, 

which makes comparisons possible. With this method of analysis, it was possible to 

analyse and compare the peak trunk acceleration in absolute and relative terms for both 

the right and left arm stroke cycles. To determine the extent of right/left arm difference 

in each of these parameters, the degree of bilateral HaTD and HaT% asymmetry was 

calculated using an asymmetry index (ASI) previously reported by Carpes, Mota, and 

Faria (2010):         
           
 
 
           

      

3.5 Statistical Analysis 

Means and standard deviations for HaTD left arm slow trial, HaTD right arm 

slow trial, HaTD left arm fast trial, and HaTD right arm fast trial were calculated using 

the statistical analysis program SPSS. The same analysis was conducted for HaT% for 

left and right arms for both the slow and fast trials. Two one-way repeated measures 

analysis of variance (ANOVA) were conducted to analyze the data. 

The independent variables of the ANOVA’s were: speed (slow, fast) and arm (right, 

left), and the dependent variable was mean HaTD for the entire trial for the first 

ANOVA. The dependent variable for the second ANOVA was mean HaT%. The level of 

significance was set at p < 0.05 for all trials. 

 To analyze ASI, two paired t-tests were conducted, in which the independent 

variable was speed (fast, slow) and the dependent variable was ASI HaTD and ASI 
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HaT% for the first and second test, respectively. The level of significance was set to 

p<0.05 for both tests.   
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4. RESULTS 

 

Figure 7 depicts a representative section of data from a fast trial, showing 

acceleration data from the trunk and right wrist. The figure shows 3 arm stroke cycles 

with the right arm in which the first stroke cycle starts at “Hand Entry 1” and finishes at 

“Hand Entry 2”. The point of “Peak Trunk Acceleration” is also identified within the 

first arm stroke cycle. Within the second arm stroke cycle starting at “Hand Entry 2” the 

dependent variable HaTD is illustrated graphically, as a part of the total duration of the 

arm stroke cycle.  

Figure 8 shows acceleration data from the lower back and right wrist sensors of a 

swimmer, for one of the fast 50-meter trials. From this graph it is possible to see all 

aspects of the trial shown in the data. The trial starts with a push-off of the wall followed 

by five under water dolphin kicks. The figure shows the initiation of the first stroke and 

the following 17 strokes with the right arm, used to complete the 50 meters of 

swimming. The figure also shows the end of the trial, making it clear that the swimmer 

swam the 50 meters of front crawl in approximately 28 seconds.   
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Figure 7. Representative stroke cycles showing right wrist and peak trunk acceleration 

from a trial at maximum velocity. 
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Figure 8. Representative right wrist and trunk acceleration data for a 50-meter front 

crawl trial at maximum velocity.  
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Table 1 shows the mean (±SD) anthropometric and trial data for all participants. 

The table shows the age, height, weight, best 50-meter front crawl time in competition, 

time for the slow trial, slow trial time as a percentage of best time, fast trial time and fast 

trial time as a percentage of best time, for both female and male participants.  

The first one-way repeated measures ANOVA showed that HaTD was dependent 

on the velocity of the swimmer: F(1.000, 5383.885)=62.785, p < 0.01. The duration from 

hand entry to peak trunk acceleration was significantly smaller during the fast trial (Left: 

23.6±5.5 ms; Right: 24.4±5.4 ms) compared to the slow trial (Left: 42.9±7.8 ms; Right: 

43.0±8.6 ms).  There was no significant main effect for arms (ie., there was no difference 

in HaTD between left and right arms) (p = 0.75). The means and standard deviations for 

the duration of hand entry to peak trunk acceleration for the left and right wrists are 

shown in Figure 9. This shows that the time it takes for a swimmer to move the hand 

from entry to the highest propulsive part of the stroke cycle (i.e., peak trunk propulsion) 

is less when swimming fast compared to when swimming slow. The significant 

difference in values for HaTD between fast and slow trials was due to the change in 

swimming speed, not a difference in values between left and right arm. 
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Table 1. Anthropometric and trial data 

   Female Swimmers (2) Male Swimmers (13) 

Age (years) 20.0±1.41 20.6±1.19 

Height (cm) 170.0±7.07 185.4±5.08 

Weight (kg) 65.0±1.41 75.2±5.92 

50 Best time (s) 27.40±0.28 25.09±0.79 

Slow Trial (s) 40.60±0.57 35.99±2.47 

Slow trial % from best time (%) 148.17±0.54 143.67±11.63 

Fast Trial (s) 30.35±0.78 27.61±0.64 

Fast Trial % from best time (%) 110.79±3.98 110.13±2.54 
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Figure 9. Mean durations of left and right hand entry to peak trunk acceleration (HaTD) 

for fast and slow trials (* = p < 0.01). 

Note: Error bars represent 1 standard deviation. 
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The second one-way repeated measures ANOVA was conducted to analyze the 

difference in HaT%, which was defined as the time from the hand entry to peak trunk 

acceleration, as a percentage of the arm stroke cycle (i.e,. from hand entry to the next 

hand entry). This analysis was completed to determine whether the duration from hand 

entry to peak trunk acceleration happened proportionately sooner or later in the arm 

stroke cycle, at slow compared to fast swimming velocities. No significant difference 

was found in HaT% between the fast and slow trials; F(1.000, 197.628) = 3.849,             

p < 0.07. The ANOVA did not show a significant difference between arms (ie., left and 

right arm) (p = 0.89). The result shows that the point of peak trunk acceleration in the 

arm stroke cycle occurred at the same point when swimming fast compared to when 

swimming slow. However, given that a p value of 0.07 was obtained, it should be noted 

that this finding likely represents a Type II error (particularly given the significant results 

for HaTD). If so, these findings suggest that peak trunk acceleration occurred 

proportionately earlier in the stroke cycle for the fast trials compared to the slow trials. 

The means and standard deviations of HaT% are shown in Figure 10.  
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Figure 10. Representative mean values for HaT% for fast and slow trials for the right and 

left hand. 

Note: Error bars represent 1 standard deviation. 
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To analyze ASI for both HaTD and HaT% for the fast and slow trials, two paired 

t-tests were conducted.  

The first dependent t-test was conducted to compare ASI for HaTD between the 

fast and slow trials. No significant difference was found between the two conditions; i.e,. 

Fast (5.8 ± 6.12) vs. Slow (2.9 ±1.66); t(14)=-1.765, p = 0.099. This means that the level 

of bilateral asymmetry for HaTD at fast and slow velocities of swimming was the same. 

Although the difference was not significant, the p value of 0.099 indicates the possibility 

of a Type II error within this analysis. Based on the mean values, the data suggests that 

the degree of bilateral asymmetry in the variable HaTD, is greater when swimming at 

maximal velocity, compared to when swimming at slow velocities. 

Similarly, the second dependent t-test was conducted to compare ASI for HaT% 

between the fast and slow trials. No significant difference was found between the two 

conditions; i.e,. Fast (6.0, ±6.1) vs. Slow (3.0 ± 1.6); t(14)=-1.806, p = 0.092. This result 

showed that the degree of bilateral asymmetry in HaT% was the same for swimming fast 

compared to swimming slow. As was the case with ASI for HaTD, the possibility of a 

Type II error is present, due to the p value of 0.092. Based on the mean values, the data 

suggests that the degree of arm asymmetry with respect to HaT%, was greater at 

maximal swimming velocity, compared to the slow swimming velocities.  
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5. DISCUSSION 

 

The purpose of this study was to analyze the temporal relationship between the 

arm stroke cycle and peak trunk acceleration at different velocities of front crawl, using 

body-mounted accelerometers. The primary findings of the study were: 1) a statistically 

significant shorter duration (HaTD) from hand entry to peak trunk acceleration in fast 

compared to slow trials and 2) no significant difference in HaT% for the fast vs. slow 

trials.  The secondary purpose of the study was to determine whether the degree of 

bilateral asymmetry for HaTD and HaT% was different for fast vs. slow trials. Neither 

ASI for HaTD or HaT% was significantly different for slow vs. fast trials.  

5.1 Accelerometers as a research tool in swimming.  

Body worn accelerometers have been used to analyze swimming technique in 

previous studies. Accelerometers mounted on the trunk and wrists have been used to 

automatically determine front crawl stroke phases by Dadashi et al. (2013). The current 

study used the same sensor placement, but is the first study to analyze the relationship 

between hand entry and the peak trunk acceleration in the direction of swimming. The 

variables used in this study show that accelerometer data collected from elite swimmers 

can be used to derive meaningful objective results, that can be applied to within-subject 

analysis (for e.g., different speeds or distances for the same swimmer) or used to 

compare athletes with different anthropometric measurements, skill level, or gender.  
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5.2 HaTD 

The results show that the duration from hand entry to peak trunk acceleration was 

smaller at fast compared to slow swimming velocities, as hypothesized. The hypothesis 

used in the current study was based on the findings of Dekerle et al. (2002), who showed 

that swimmers increase their stroke rate, hence decreasing the duration of each stroke 

cycle, to increase swimming velocity. Therefore, it was expected that the absolute 

duration from hand entry to peak trunk acceleration would progressively get smaller as 

swimming velocity increased. This means that a swimmer applies pressure to the water, 

in order to create propulsion in the direction of swimming, earlier in absolute terms, 

when he/she is swimming fast compared to swimming slow. The findings from this study 

provide the average time needed to accelerate the trunk for each arm stroke, which can 

be compared and used to objectively analyze front crawl technique and efficiency. The 

parameter HaTD, is designed to be used by coaches and swimmers to evaluate stroke 

technique in front-crawl. When a swimmer’s individual HaTD for both left and right 

arms is determined at maximum velocity, it can serve as a benchmark. Knowing a value 

for the desired outcome of training (i.e., the optimal HaTD), could potentially be used by 

coaches to determine whether the swimmer is performing to the best of their ability in a 

training set or race. This value could also be used to evaluate a swimmer’s arms 

individually, establishing bilateral deviations from optimal HaTD values, and thereby 

making stroke specific corrections to the left or right arms. The HaTD parameter could 

also be used to determine fatigue for any given distance of racing or training. Knowing 

that HaTD values will increase when swimming slower than the maximum velocity, a 

distance swim can be analyzed in great detail. An example could be a swimmer who 
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swam 50 meters of front crawl, with the first 25 strokes at optimal HaTD, and the 

remaining 9 strokes with HaTD values that increased exponentially towards the finish. 

The reason for the increased HaTD would be that the swimmer fails to apply pressure 

and generate propulsion early in the arm stroke cycle, and therefore slows down towards 

the finish. There are many ways for coaches to use HaTD in the training environment, 

which will provide them with the ability to objectively analyze a swimmer’s training or 

racing bilaterally, stroke by stroke. There are no previous studies that have investigated 

the duration from hand entry to peak trunk acceleration, making comparison with results 

from other studies impossible.  

5.3 HaT% 

For this study it was hypothesized that there would be a difference between 

HaT% for fast compared to slow speeds. The hypothesis was based on the findings of a 

study done by Barden et al. (2011), which found that an increase in swimming velocity 

caused the power phase of the stroke (defined as the time from hand entry to exit) to 

decrease proportionately more than the recovery phase. It was therefore hypothesized 

that HaT% would be smaller at fast velocities compared to slow. The reason is that the 

arm stroke cycle time decreases as the velocity increases (i.e., an increase in SR), but it 

was believed that HaTD would decrease proportionately more than the stroke cycle 

duration. The statistical analysis however, did not show a significant difference in HaT% 

for fast trials compared to slow trials. This outcome suggests that if the swimmers 

increase their stroke rate in order to swim at a higher velocity, the peak trunk 

acceleration will occur at the same relative time (or point) within the stroke cycle. The 

output from the ANOVA showed a probability value of p = 0.07. The fact that the p 
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value is so close to 0.05 likely indicates a Type II error, due to lack of statistical power. 

A solution to the statistical power problem would be to have more participants in the 

study, which would add degrees of freedom and decrease the probability of a Type II 

error. Another factor that could have impacted the findings was the swimmer’s pre-

determined velocity for the slow trial. In this study, the swimmers were instructed to 

swim at a speed equal to their best time from competition in 50 meters of front crawl 

plus 50%. The trials showed that swimmers on average swam at 144.27%±10.88 from 

their personal best time, which was slightly faster than intended. Had the swimmers been 

instructed to swim at their best time plus 75% the result could have shown a significant 

difference in HaT% between the slow and fast trial. A final possibility that could have 

indirectly contributed to a non-significant result, is the fact that HaT% was calculated 

using three points of reference; i.e., hand entry 1, peak trunk acceleration, and hand entry 

2 (as opposed to HaTD which uses just the first two). A parameter that uses 3 points of 

reference is more likely to be influenced by measuring inaccuracies than a parameter 

based on two such events, such as HaTD. This could explain why the statistical analysis 

showed a significant difference between fast and slow trials for HaTD and not for 

HaT%.  

The HaT% value makes it possible to depict a swimmer’s technique at maximum 

velocity as a relative proportion of the stroke cycle, for both right and left arm strokes. 

HaT% can provide coaches with a value to analyze and evaluate swimming based on the 

relationship between peak trunk acceleration and SR at different velocities. It is possible 

that this variable could be used to find a swimmer’s optimal SR, by testing different 

stroke rates and determining where the HaT% would stop to decrease, which could 
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illustrate the point of optimal SR. The HaT% variable is different from the HaTD 

parameter, because it provides coaches with the ability to discriminate between whether 

an increase in SR is also associated with a relative decrease in the time from hand entry 

to peak trunk acceleration (i.e., earlier propulsive force generated by the hand), as 

opposed to situations in which this is not the case (i.e., SR increases but HaT% remains 

the same). In order to improve stroke technique, all phases of the arm stroke cycle are 

important, and this variable identifies a relationship between the two phases of the arm 

stroke cycle, as defined by the relative durations of the time before and after peak trunk 

acceleration. It is therefore possible to analyze, evaluate and implement stroke 

corrections based on objective data about two phases (hand entry 1 to peak trunk 

acceleration, and peak trunk acceleration to hand entry 2) of each arm stroke. Because 

HaT% is a novel swimming parameter developed for this study, it is not possible to make 

comparisons or references to findings of other studies.  

5.4 ASI 

In this study, it was found that swimmers showed varying degrees of bilateral 

asymmetry at different speeds, which was what was expected. There was however, no 

significant difference in bilateral asymmetry for either HaTD or HaT% between fast and 

slow trials. The level of significance obtained for HaTD was p=0.097 and p=0.092 for 

HaT%. This shows, as in the case of the ANOVA for HaT% described above, that there 

is the possibility that this result could represent a Type II error. A Type II error could 

have been prevented as described above; namely by including more participants or by 

selecting a slower speed for the slow trial. For HaTD, the ASI for the fast trial was 

5.80±6.12 and for HaT% 5.95±6.09. The fact that there was greater bilateral asymmetry 
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in the fast trials compared to the slow trials (ASI HaTD: 2.9±1.66 and ASI HaT%: 

3.0±1.6), was surprising. It was expected that a swimmer, when swimming at maximum 

velocity, would have roughly the same values of bilateral asymmetry (i.e., similar ASI’s) 

as the slower velocity. The practical use of the ASI variable for HaTD and HaT% is that 

it shows how the right and left arm work together to produce propulsion similarly or 

differently at any given swimming velocity or distance. The mean values found in this 

study show that the level of ASI for both HaTD and HaT% increase as the velocity of 

swimming increases.  This could serve as an indicator of mistakes or technical 

imperfections, having a greater influence when swimming at maximal velocities, 

compared to slow swimming velocities. Knowing an athlete’s individual ASI for a slow 

swimming velocity, it would be possible to evaluate stroke technique based on the 

athlete’s ability to maintain ASI at increasing swimming velocities. This could be used 

as an analysis tool to identify the point at which ASI increases, which would be one way 

of indicating the speed at which an athlete’s technique changes.  

  

5.5 Limitations 

There were a number of limitations to the current study, with the main limitation 

being the small number of participants.  It was not possible to determine a calculated 

sample size using a statistical power test, due to the novelty of the variables analyzed in 

this study. Therefore, it was estimated that 15 participants would be sufficient to test the 

study’s hypothesis. It is now clear that a few more participants would likely have 

reduced the Type II error rate for both the HaT% ANOVA and the two ASI T-Tests.  
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The composition of the participants was also something of a potential limitation in that 

the gender of the participants was not equally distributed, and consisted of 2 females and 

13 males. This composition was not selected prior to the study, but represented the 

available swimmers that fit the inclusion criteria. The findings of the study would better 

represent the population of all swimmers, if the number of male and female participants 

had been closer in number. With the small number of female test subjects, this study’s 

results may not be representative of female swimmers.     

      The composition of the participants does however make the findings of this study 

relevant to senior national level front crawl swimmers. The strict inclusion criteria in 

terms of the requirement for a high skill level in front crawl, makes the findings of this 

study applicable towards understanding the swimming technique of national level front 

crawl swimmers. 

The swimmer’s kicking during the 50-meter trials could have had an effect on the 

results of this study. An example could be the swimmer’s increased kick rate for the fast 

trials, which might have affected the timing of peak trunk acceleration. This increased 

kick rate could be partly responsible for the significant difference found in the HaTD 

between slow and fast trials. The only way to eliminate the effect of kicking would be to 

have the swimmers complete the 50-meter trials without any kicking. This could 

however have affected both the stroke technique and coordination of the swimmers’ 

front crawl. In addition, the results would not have been generalizable to front crawl 

swimming.    

Breathing is another limitation of this study. On average, the swimmers took 3 

breaths per 50-meter trial. As mentioned in the methods, it is believed that the breathing 
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cycles (arm stroke cycles during a breath) may have had an affect on both HaTD and 

HaT%, which is why the swimmers were instructed to take a maximum of 5 breaths. The 

breathing cycles included in the analysis could have had an effect on the results of this 

study. There were however, no differences in the average number of breaths between fast 

and slow trials, such that the number of breaths were approximately the same for all 

swimmers and for both conditions.   

5.6 Future research. 

Using the same protocol as the current study, several other studies could be 

conducted to analyze the same parameters for the three other competitive swimming 

strokes; backstroke, butterfly, and breaststroke. With the exception of ASI for butterfly 

and breaststroke, the methods and procedures used in this study could be replicated and 

the findings could lead to comparisons of HaTD and HaT% for all four types of 

competitive swimming strokes. 

From the acceleration data derived from the wrist worn accelerometers, it is 

possible to determine the point in time when the swimmer’s hand enters the water and 

the point when the hand leaves the water. These two reference points can be used to 

determine the relationship between the entirety of the propulsive phase of the arm stroke, 

where the hand is in the water, and the recovery phase where the hand is above the water 

surface. This data could be used to analyze how a change in stroke rate impacts the 

duration of the recovery and propulsive phases of the arm stroke cycle as speed increases 

or decreases as demonstrated by the study of Barden et al. (2011). Using this method, it 

is possible to conduct studies investigating the relationship between propulsive and non-

propulsive phases of the stroke cycle at different speeds and stroke rates, for backstroke, 
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butterfly and front crawl using accelerometers. This information would add to the 

knowledge about which part of the stroke cycle decreases in absolute and relative terms, 

when swimming velocity is increased.  

Given that no other studies have investigated the peak trunk acceleration, it 

would be interesting to examine this parameter in more detail. The timing of peak trunk 

accelerations caused by left and right arm strokes could be used to analyze coordination. 

An example would be a swimmer who at maximum velocity has the following timing of 

peak trunk accelerations: Duration between the peak trunk acceleration caused by the left 

arm and the peak trunk acceleration caused by the right arm = 0.5 seconds. Duration 

from peak trunk acceleration caused by right arm to left arm peak trunk acceleration = 

0.75 seconds. Values like these would indicate a stroke coordination asymmetry, which 

could be used to identify an individual coordination pattern for a swimmer with duration 

values at maximum velocity. It would also be possible to establish optimal coordination 

values at different speeds, which could be used to analyze and evaluate training or races. 

These coordination values would provide the swimmer and coach with a tool to 

objectively analyze coordination in front crawl and the ability to identify changes in 

coordination due to fatigue or a change of speed.  

The g-values (i.e., the amplitude) of the acceleration-curve could also be used to 

analyze propulsion in even greater detail. Using a body-mounted sensor with a built-in 

accelerometer and gyroscope would make it possible to calculate the orientation of the 

accelerometer, thereby making it possible to calculate accurate, absolute acceleration-

values for the accelerations in the direction of swimming. Knowing the exact orientation 
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of the accelerometer is critical, to be able to eliminate the gravitational force that can 

impact the recorded data.  

The possibilities of using accelerometers to analyze swimming seem endless. The 

results from this study further establish that it is possible to use accelerometers to 

analyze various aspects of stroke mechanics in great detail.   
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6. CONCLUSION 

  
The findings of this study show that swimming velocity has a direct influence on 

the time at which peak trunk acceleration in the direction of swimming occurs relative to 

hand entry. This study found that peak trunk acceleration occurred earlier (in terms of 

absolute time) when swimming at maximum velocity compared to a slower velocity 

(best time plus 50%) in 50 meter sprints. In relative terms (expressed as a percentage of 

the total stroke cycle), the findings showed that peak trunk acceleration occurred at the 

same point of the arm stroke cycle, when swimming at fast and slow velocities. The 

study also found that the amount of bilateral asymmetry for absolute and relative values 

of peak trunk acceleration were the same at maximal swimming velocity, compared to 

slow swimming velocity.    
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Appendix A: Consent form 

 

Title:  Relationship between peak hip acceleration and arm stroke cycle coordination in competitive front crawl swimming. 
Principal Investigator: John Barden 

Ethics ID: REB15-0417 

April 28
th

 2015 

Version 1 

Page 1 of  3 

 
CONSENT FORM 

 
Relationship between peak hip acceleration and arm stroke cycle coordination in competitive front crawl 

swimming. 

Investigators: 

 

 Dr. John Barden Dr. Reed Ferber  Mads Hansen 

 Faculty of Kin. & Health Studies Faculty of Kinesiology Faculty of Kin. & Health Studies 

 University of Regina University of Calgary University of Regina 

 Regina, SK  Calgary, AB  Regina, SK  

 Phone: (306) 585-4629 (403) 210 6468  (306) 527-5751 

 E-mail: john.barden@uregina.ca rferber@ucalgary.ca hansen5m@uregina.ca 

  

To be completed by the participant: 

 

Have you read and received a copy of the attached Information Sheet?    Yes No 

Do you understand the benefits and risks involved in taking part in this research study?  Yes No 

Have you had an opportunity to ask questions regarding the study?    Yes No 

Do you understand that you are free to refuse to participate or withdraw from   Yes No 

the study at any time? 

Has the issue of confidentiality been explained to you?      Yes No 

Do you want the result of this analysis shared with your coach?     Yes No 

 

 

This study was explained to me by: _______________ 

 

I agree to take part in this study. 

 

_________________________                _____________                     ___________________________ 

Signature of participant                            Date                                       Witness 

 

_________________________                                                              ___________________________ 

Printed Name                                     Printed Name 

 

I believe that the person signing this form understands what is involved in the study and voluntarily agrees to 

participate. 

 

_________________________                 ____________ 

Signature of Investigator                           Date 

 

 

This project has been approved by the Research Ethics Board of the University of Calgary. If you have any questions 

concerning your rights as a possible participant in this research, or research in general, please contact the Chair of the 

Conjoint Health Research Ethics Board, University of Calgary at (403) 220-7990. Should you have any questions or 

wish to discuss the procedures or objectives of the study, please contact Mads Hansen via phone (306) 527-5751 or 

e-mail (mbh84@hotmail.com).   
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Appendix B: Information Letter 

 

 

INFORMATION SHEET 

 

Relationship between peak hip acceleration and arm stroke cycle coordination in competitive front crawl 
swimming. 

Investigators: 

 Dr. John Barden     Mads Hansen 

 Faculty of Kin. & Health Studies     Faculty of Kin. & Health Studies 

 University of Regina     University of Regina 

 Regina, SK S4S 0A2     Regina, SK S4S 0A2 

 Phone: (306) 585-4629     Phone: (306) 520-7236 

 E-mail: john.barden@uregina.ca     E-mail: : hansen5m@uregina.ca  
PURPOSE OF THE STUDY: 
 This study will determine where in the arm stroke cycle the peak acceleration of the hip in the direction of swimming occurs. This 

will be examined for both left and right arm at a comfortable predetermined swimming velocity and at the swimmers maximal swimming 

speed. 

BACKGROUND: 
 Recently researchers have started using sensors attached to the swimmer's body (limbs and trunk) to acquire data on movements in 

the water. With a body-fixed tri-axial accelerometer, it is possible to collect acceleration data on all strokes for hundreds of lengths in the 

swimming pool. When worn on the wrist, these sensors make it possible to determine the different phases of the arm stroke cycle based on the 

pattern of acceleration. Similarly, attaching an accelerometer to the lower back of the swimmer makes it possible to analyze the pattern of 

motion of the swimmer's body as it moves through the water at different points in the stroke cycle. These accelerations are a result of the 

propulsion created by the swimmer's arms and legs and the drag forces acting on the swimmer. By using data collected from wrist and back-

mounted accelerometers it is possible to determine where in the arm stroke cycle the peak acceleration of the body (in the direction of motion) 

occurs. This information can be used for technical evaluation and correction which can lead a more efficient stroke and a higher swimming 

velocity. 

PROCEDURE: 
To collect the data, tri-axial accelerometers will be attached to the swimmer’s right and left wrists, and one will be attached around the 

swimmer's waist at the lower back. Participants will be instructed to do a standardized warm up, consisting of 500 meters of front crawl at a 

self-selected easy speed, followed by four 50 meter front crawl swims with increasing intensity. Once the warm up has been completed, the 

participant’s will be instructed to push off the wall and swim fifty (50) meters of front crawl two times, with two minutes of rest. Swimmers 

will push off the wall of the pool to start the trial. For the first trial, participants will be instructed to swim 50 meters of front crawl at a pre-

selected speed which will correspond to 70% of their best 50 m freestyle time in competition. For the second trial, the participants will be 

asked to swim fifty (50) meters of front crawl as fast as possible. All trials will be recorded using video. The time requirement to participate in 

this study will be approximately 30 minutes. All trials will be conducted at University of Calgary Aquatic center, between 6.00 am and 5.00 

pm., either during practice sessions or public swim time. It is therefor not possible to be anonymous participating in this study. 

RISKS/BENEFITS: 
There are no known risks, beyond your normal training regime, being involved with participating in this study. Your participation will 

help to provide important data on peak hip acceleration. This information can be used by researchers and coaches to understand and improve 

technical models of front crawl swimming, and subsequently improve performance.  

CONFIDENTIALITY/FREEDOM TO WITHDRAW: 
Each swimmer will have their own results made available to them. With the participants consent, the results will be made available to 

their coaches as well. Only the investigators will have access to participant information including video. You are free to withdraw from the 

study within two weeks of the date of your swimming trial. Data from this study will not be used in future studies without further approval 

from an ethics committee.  

 

If you have any questions about the study or wish to provide comments about the research and its procedure, please contact Mads Hansen at 

(306) 527-5751 or via e-mail: hansen5m@uregina.ca; or Dr. John M. Barden at (306) 585-4629 or via e-mail at john.barden@uregina.ca. 

 

Please note that researcher Mads Hansen, is a hired coach at University of Calgary Dino’s varsity swim team. Participating or choosing not to 

participate in this study, will not have any effect on the coach/athlete relationship.  

 

Please sign below to indicate that you have read and understand the information described on this page. 

 

 

______________________________   ____________________________ 

Signature of the Research Participant   Signature of the Investigator 

 

As a participant, it is important to note that in research-setting I am a researcher not a coach. I am however aware of my double role. There is 

will be no negative consequence for not participating in the study or withdrawing.  

 

Faculty of Kinesiology and Health Studies 
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