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Abstract 

This research quantified the velocity during the swimming phase and investigated the 

arm symmetry using a single triaxial accelerometer in freestyle swimming. This 

included the data collection, analysis and feature extraction of parameters of interest. 

A main question related to the collection of acceleration data from several athletes in the 

discipline of swimming under training conditions. This involved developing and testing 

of suitable sensor technology for tracking the movement of the swimmer. Furthermore, 

after the first data was collected, more elementary questions evolved: Which data is of 

interest to athletes and coaches and therefore should be collected? What does the 

acceleration data mean? How should this data be interpreted? These questions involve 

human movement studies, especially related to biomechanical & physiological sports 

science. It also includes digital signal processing of the data. This analysis was 

performed on a desktop computer after the data were collected from the inertial sensor. 

This thesis therefore addresses two issues, the data collection and the data analysis used 

to extract information of interest to athletes and coaches. 

Data collection from elite swimmers usually involves the use of complex and expensive 

equipment, either under laboratory conditions or in special prepared pools. 

Biomechanical analysis requires the use of velocity meters, swimming pools with 

specialised multi camera video systems or flumes. Physiological monitoring requires 

sampling of blood, monitoring of heart-rate and expired gases and other intensive 

techniques. With the introduction of MEMS1 gyroscopes, magnetometers and 

accelerometers, the possibilities in sports monitoring during normal training sessions or 

competitions have increased significantly. While some athlete monitoring may require 

multiple synchronised sensors recording at the same time, which further introduces the 

need to synchronise the sensors using a wireless network, this thesis is focused on a 

single sensor attached to the athlete for data gathering. 

Data collected from elite athletes has enormous potential at elite sport levels. This thesis 

investigates the automated analysis of the performance of swimmers during training 

sessions. 

Accelerometers have been used as tools to detect stroke phases, timing parameters and 

also mean velocities in swimming. Recently one study used accelerometer and 
                                                 
1 Micro-Electro Mechanical System 
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gyroscopes to quantify lap velocity during freestyle swimming. In contrast this research 

verified that a single inertial sensor alone can be used to quantify swimming velocity 

during freestyle swimming. 

While the mean velocity provides the athlete with only the average velocity for each 

individual lap, an inter-lap velocity could show the different velocity phases during each 

lap. To extract useful information from the collected data, different signal processing 

techniques were evaluated and their correctness, usability and accuracy analysed. The 

inter-lap velocity analysis was broken down into two steps, firstly the push-off velocity 

and secondly the intra-stroke velocity. Both were investigated using biomechanical 

analysis of multi-athlete multi-effort swimming data which were collected during 

multiple training sessions. 

27 swimmers with different levels of experience participated in this study. Elite 

swimmers swam 162 laps in a velocity range of 0.87 to 1.72 m.s-1, while the 

recreational swimmers swam 27 laps in a velocity range of 1.01 to 1.43 m.s-1.  

The understandings of the biomechanics of swimming in conjunction with the 

biomechanical analysis led to the identification of features during the swim which were 

used to identify the different push-offs and stroke phases from the gathered acceleration 

data alone. A linear regression analysis with a reference measure showed that both 

methods have a strong agreement (R2=0.92) for the maximum push-off velocity.  

The mean velocities during the swimming phase were compared using regression 

analysis and showed an agreement of R2=0.86. The intra-stroke velocities were 

compared using Bland-Altman analysis. For the elite swimmers the mean results 

showed little bias of 0.02 m.s-1 and a lower and upper limit of agreement of 0.52 and 

-0.49 m.s-1, respectively. The scattering around the bias followed a normal distribution 

with a mean skewness of 1.07 and a kurtosis of 3.222. The mean results for the 

recreational swimmers showed a slightly higher bias of 0.06 m.s-1 and a lower and 

upper limit of agreement of -0.28 and 0.41 m.s-1. The scattering around the bias 

followed a normal distribution (skewness of 0.97 and a kurtosis of 3.09), which means 

that there was no systematic measurement error between the two methods. 

  

                                                 
2 Normal distributions kurtosis is 3. 
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1 Introduction  

1.1 Background 

Sport plays an important part in the life of humans whether as an elite or a recreational 

athlete. The athlete usually strives to beat competitors or if no competitor is available 

themselves. This usually means trying to beat previous achievements or records in the 

particular sport. Sport at international and national levels is also of high interest to the 

�J�H�Q�H�U�D�O�� �S�X�E�O�L�F�� �D�Q�G�� �W�K�H�U�H�I�R�U�H�� �S�U�H�V�H�Q�W�� �L�Q�� �H�Y�H�U�\�G�D�\�¶�V�� �P�H�G�L�D���� �V�X�F�K�� �D�V�� �Q�H�Z�V�S�D�S�H�U�V����

magazines, internet or TV. Some sports have huge entertainment factors and therefore 

attract big investments which can increase the pressure on athletes to perform at the 

highest level. This leads to the development of new training methods, a growing interest 

in sports research, and therefore an increasing number of research projects. 

The interest in sports monitoring, especially in investigating and understanding human 

body movements, called biomechanics, has grown rapidly over the last few decades. 

Another big research area is physiological measurements, which quantifies energy 

systems and performance of the muscles. This usually requires direct measures of the 

athlete, whereby the biomechanics is focussed on performance characteristics such as 

kinematics, kinetics, force, work, energy and power. 

With more and more technical systems available (e.g. video motion capture systems) it 

is now relatively easy to investigate and transfer a body movement into a computer 

movement model. However these systems still require a lot of manual processing to 

gather and interpret results from these systems. Recent research is utilising MEMS3, 

(e.g. accelerometers or gyroscopes) to detect acceleration in three directions (x, y and z) 

and rotation around these three axis (roll, pitch and yaw4). These small sensors often 

come with integrated wireless communication capabilities which can be used to trigger 

data logging or build meshed sensor networks. This thesis looks at developing 

techniques for monitoring, collecting, analysing and presenting biomechanical data 

recorded during training activities in the discipline of swimming. 

Investigating the performance of athletes and monitoring them is important to athletes 

and coaches because it can provide information about the training progress and injury 

recovery. Inertial sensors are small, light, easy to use and can be operated by the athlete 

                                                 
3 Microelectromechanical system 
4 Roll represents rotation around the x-axis, pitch around the y-axis and yaw around the z-axis.  
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without any technical knowledge. Small sensors are designed to not encumber or restrict 

the athlete during normal training/competition and provide the opportunity to monitor 

all training sessions. The ability to compare one training session with previous ones and 

show ways to improve the skills used in swimming is of enormous interest. For coaches 

it is difficult  to see a minor improvement in technique by visual inspection alone. To 

detect minor improvements, coaches need the help of technical measurement systems 

following changes to swimming technique. 

The rapid development of electronics technology in recent years enables sensor devices 

to be developed at very small sizes, very good power efficiency and at low cost. The 

sensor used for this thesis was specially designed and developed by the CWMA5 at 

Griffith University to meet the requirements for an aquatic environment (e.g. 

swimming). This sensor also meets the requirement for other sports and therefore can be 

used to monitor athletes at different sports. 

1.2 Thesis outline and research direction 

This thesis dealt with (1) developing a new accelerometer based device to be used for 

swimming sports, (2) adopting and modifying an existing structure for storing the 

recorded data for further processing, (3) developing a download tool to easily transfer 

the collected data from the device to a computer, (4) identifying important activities in 

freestyle swimming, (5) analysing gathered athlete data and (6) the presentation of the 

results in a understandable way to athletes and coaches. 

This thesis is focused on a small subset of athlete monitoring, an investigation into the 

performance of swimmers. The initial project outline was to undertake a longitudinal 

study of a number of sub-elite athletes using an existing sensor. The recorded data 

should be analysed and parameters such as stroke rate (SR), stroke type, lap split times 

and turn times extracted and presented in an easy understandable way. As part of the 

requirements, a web based interface with the possibility of uploading recently recorded 

data to an individual training diary should be created. This diary should present 

automatically analysed data using only the key results in a graphical way to the athlete 

and coach to help the further development. 

As this research progressed it was realised that (a) the existing sensor could not fulfil all 

the requirements, (b) the usability of existing sensors was too complicated for athletes 
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and (c) the analysis of sensor recorded athlete data is of more importance. The research 

focus changed to; 

�x develop a wireless sensor platform, 

�x collect athlete data using accelerometers and gyroscopes, 

�x undertake general analysis of athlete data, 

�x undertake specific analysis to find, 

o push-off velocity, 

o intra-stroke velocity, 

o general acceleration and velocity stroke patterns, 

o identify stroke phases using acceleration data, 

o investigate arm symmetry, 

�x develop a graphical display to provide the results to athletes and coaches. 

This thesis is presented in standard scientific format (Introduction, Literature Review, 

Theory, Methodology, Push-off velocity determination, Intra-stroke velocity 

determination, Discussion and Conclusion). 

Chapter 1 presents a general introduction to this thesis, an overview of the requirements 

of a swimming monitoring project and the overall research focus. 

Chapter 2 provides a review of literature according to the field of technology used in 

swimming monitoring including a critical review of numerous publications. As many 

researchers are using the same technology for their research, this chapter was divided 

into sections according to the used technology. 

Chapter 3 explains the theory, such as how accelerometer, gyroscopes and 

magnetometers work and presents some basic mathematical equations. Additionally the 

basics of biomechanics in swimming are outlined. 

Chapter 4 presents the research method which addresses the key issues in relation to the 

research approach, design and analysis in this study. This includes the presentation of 

the hardware including the sensor and the Speed Probe 5000 as reference system. It 

further includes the methodology of the data collection and data analysis as well as the 

experimental environment and setup. 

Chapter 5 presents the study for the push-off velocity determination. It comprises seven 

sections which are introduction, the different trials and a comparison of the results. 
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Chapter 6 describes the intra-stroke velocity determination and consists of six sections: 

introduction, the different trials and a comparison of the results. 

Chapter 7 summarises the key outcomes of this research, highlights the contribution 

made to the study field of measuring swimmers performance and the relevance to 

coaches and elite athletes. It also reflects on the limitations of this study and presents 

some possible future research topics. 

  



 

  
5 

 
  

2 L iterature review 

This chapter reviews the existing literature in the field of swimming monitoring. As 

many researchers are using the same technology for their research, this chapter was 

divided into sections according to the used technology. One group of researchers used 

accelerometers to analyse the swimmers motion, in most cases in conjunction with other 

technologies. Section 2.1 provides a review of literature which only used 

accelerometers, section 2.2 provides a review of literature where researchers used 

accelerometers and gyroscopes, section 2.3 presents research that used accelerometers 

and tethered devices and section 2.4 research studies that used accelerometers and video 

based analysis of swimming. Other researchers used tethered devices combined with 

video analysis (section 2.5), only video analysis (section 2.6) or only tethered devices 

(section 2.7) to investigate the swimmers motion. Section 2.8 presents researchers who 

used force plate measurements, which focused on starts and turns while swimming. 

Many researchers have investigated the performance of swimmers in various ways. 

Rocha et al. [1] investigated body kinematics during aqua aerobic sessions. They 

developed a swimming suit with integrated interface electronics and five sensors to 

build a sensor network. These sensors consisted of a 3-axis accelerometer, a 3-axis 

magnetometer, a heart rate monitor and a temperature sensor. The suit has radio 

transmission using a 2.4 GHz RF transceiver. 

Several general review papers are available. Callaway et al. [2] presented a comparison 

of video and sensor based studies looking at swimming performance. They pointed out 

the possibilities of MEMS in swimming performance monitoring and showed a general 

research direction. They stated that accelerometers are good to measure angles, hand 

pitch, acceleration over the phases and to identify strokes but are less accurate to 

calculate velocity. Stamm et al. [3] explained the different types of measurements and 

the techniques used in swimming monitoring. They presented an overview of emerging 

technologies and proposed the requirements for a new monitoring system. 

In general, this review of the literature is focused on current technologies used to 

investigate swimmers and their performance. Table 2-1 shows a summary of the 

methods used in swimming research and the investigated parameters. 
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2.1 Accelerometer 

Pansiot et al. [4] developed a head-worn inertial sensor weighting only seven grams and 

mounted this on the swimmers goggle strap next to the ear. The sensor provides a three-

axis accelerometer, 2 MB onboard memory and a 2.4 GHz RF transmitter and is fully 

enclosed in rubber latex. It samples at 50 Hz and transfers the recorded data using the 

wireless link to a computer. The swimmer was asked to perform three different strokes: 

freestyle, breaststroke and backstroke. Simple and flip turns were performed between 

laps. After gathering the recorded data, they filtered the raw acceleration data with a 5 

Hz low-pass filter. They used the acceleration to calculate the pitch (��) and roll (�3) 

angles in this study. Here �3 represents the head rotation and �� the head angle relative to 

the water surface. They found an overall measured acceleration between 5.9 ms-1 and 

13.7 ms-1 (e.g. gravity ± 40 %). From the flip turns they calculated the lap and split 

times. They could detect the different strokes from the derived pitch and roll angles and 

the SR for freestyle and breaststroke strokes. The results showed that the underwater 

phase of the stroke was significantly longer when the swimmer was breathing, which 

can be explained due to longer glide and downsweep phases. 

Bächlin et al. [5] developed a computing system called SwimMaster, which consists of 

four sensors attached to the upper and lower back and the left and right wrist. The 

sensors consisting of a micro-controller, 1 GB flash memory, a rechargeable battery and 

an analog 3-axis accelerometer which samples at 256 Hz using a 10 Bit A/D6 converter. 

The size of the sensor is 36 x 42 x 12 mm and has a weight of 34 g. The System also 

provides a feedback path to the swimmer consisting of a visual (goggles), tactile and 

acoustic device, which is not working yet as the processing of the data has not been 

implemented into the sensors and is therefore still done offline. They used this system to 

detect wall-push-offs, wall-turns and wall-strike events. The gained acceleration data 

was low pass filtered using a 2nd order Butterworth filter and a 0.2 s sliding window. 

They calculated the mean swimming speed by dividing the length of the pool by the 

subtracted wall-push-off time from the wall-strike time. The time per stroke (ST) was 

calculated by dividing the time between the first and last stroke by the number of 

strokes. From these two results they calculated the average distance per stroke (DPS) by 

the product of the average velocity and ST. They compared the automatic detected 

parameters with hand measured parameters and found that the manual measured 
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velocity is slightly more accurate but in contrast the automatic calculated ST was 

significantly better that the manual measured ST. 

2.2 Accelerometer & gyroscope 

Ohgi et al. [6] developed a waterproof sensor platform with an 3 axis accelerometer, 3 

axis gyroscope and a 16 Mbyte onboard memory. Four male and one female triathlon 

athletes were asked to perform breaststroke and front crawl strokes with the sensor 

mounted on their wrist. They were able to detect the entry, downsweep, insweep and 

upsweep phases, which are defined by Maglischo [7], from the accelerometer data and 

confirmed the findings with the data logged from the gyroscopes. The angular velocity 

measured by the gyroscopes also helped to estimate the swimmers forearm movements 

in each stroke phase. 

Le Sage et al. [8] developed a wearable wireless sensor node with embedded data 

processing to extract lap count, stroke count and SR from recorded acceleration data. 

The device contains a 3-axis accelerometer, dual-axis gyroscope, 8-bit microcontroller 

and an RF transceiver allowing underwater communications of up to 35 m. The sensor 

measures 15 x 9 cm, has a weight of 110 g and is powered by a 9 V battery. The sensor 

node is transmitting the recorded data to an access point (AC) on the pool side which is 

connected to a PC for data analysis, visualisation and storing. The sensor node itself 

was low-pass filtering the acceleration data, using a Butterworth filter, at 5 Hz to 

smooth the data. Signal processing algorithms, using the determination of local maxima, 

were applied to the filtered data to extract estimates of lap count (using z-axis) and lap 

times. A zero crossing algorithm was used to find the stroke durations and SR. To 

determine the stroke count during backstroke and front crawl the y-axis was used and 

for butterfly and breaststroke the x-axis. As every stroke style has a different 

acceleration pattern, they used different frequencies for the filter to extract the wanted 

parameters. To gather the lap count a cut-off frequency of 1 Hz was used, for the stroke 

count for front crawl and backstroke a cut-off frequency of 2 Hz and for breaststroke 

and butterfly a frequency of 6 and 8 Hz respectively. These frequencies do not need to 

be set by the swimmer, but the proposed swimming stroke style was supplied before the 

start of the session. The testing was conducted with four elite swimmers investigating 

all four stroke types. They found the differences of 0.07 cycles/min for butterfly, 0.34 

cycles/min for backstroke, 0.25 cycles/min for breaststroke and 0.10 cycles/min for 
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freestyle comparing the results of the real-time processing with the manual digitisation 

of the recorded video, with a standard deviation of less than 2 cycles/min. 

Dadashi et al. [9] developed a sacrum worn single inertial measurement unit (IMU) to 

estimate velocity in freestyle swimming. The device contained a triaxial accelerometer, 

triaxial gyroscope and onboard memory to store the recorded data. The data were 

recorded with a sampling rate of 500 Hz. Thirty swimmers with different background 

experiences participated in this study performing four different velocity trials each. A 

tethered system (SpeedRT®, ApLab, Rome, Italy) was used as a reference system 

attached to the swimmers waist using a belt. This device uses a thin cord which is hold 

tight by an adjustable clutch on the pulley compartment of the system and set to a 

resistance of 500g. As they have mounted the reference system on the starting block, 

they had to correct the recorded velocity by the parallax error occurred due to the 

system placement. They developed algorithms which corrected the measured 

acceleration by the sensor orientation using the recorded �J�\�U�R�V�F�R�S�H���G�D�W�D���E�H�I�R�U�H���W�K�H�\�¶�Y�H��

used trapezoidal integration to estimate velocity. As this velocity integration introduces 

drift, they used a shape preserving spline to remove this drifts. They found that the IMU 

was capable to estimate the swimmers velocity with a difference of 0.6 ± 5.4 cm.s-1 on 

mean cycle velocity and an RMS difference of 11.3 cm.s-1. 

2.3 Accelerometer &  tethered 

James et al. [10] reported a swimming sensor platform (Mini-Traqua) which includes a 

3 axis accelerometer, 1 axis gyroscope, a display and radio to enable remote control of 

the device. They used two sub elite swimmers (one male and one female) who 

performed a series of 25m laps at training pace using freestyle, butterfly and 

breaststroke strokes. One sensor was attached to the sacrum and one to the wrist. A 

tethered system [11] was used as a reference to measure a velocity profile in one 

direction with a resolution of better than 0.1 m.s-1. This system used a nylon line 

attached to the swimmers costume as close as possible to the sacrum and records a 

sample for every cm of pulled line. They compared the recorded velocity profile from 

the velocity meter with the recorded acceleration profile from the sensor platform. They 

found a clear relationship between the measured acceleration and the velocity, although 

the derived velocity from the accelerometer shows variations of 65 % and 39 % of the 

tethered system velocity for butterfly and breaststroke respectively. 
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2.4 Accelerometer & video 

Davey et al. [12] designed an accelerometer in a waterproof casing for swimming and 

used this device to determine the acceleration during a 200m freestyle swim. They 

collected 164 data sets each over a 4 x 50 m race pace from elite athletes and developed 

an algorithm which can detect the start, stop and turn times as well as every individual 

stroke. They used a hamming windowed filter with a length of 64 samples and a 0.5 Hz 

cut-off frequency. Further they used a previous developed algorithm to identify the 

stroke type. From this algorithm they obtained the lap times and the SR and compared 

this with the manual digitisation of video recordings as a reference and manual hand 

counts from coaches. They found that for 90% of the trials the stroke count was within 

+/- 1 stroke of the hand derived stroke count. 

Ohgi et al. [13] developed a waterproof wrist worn sensor device with a tri-axis 

accelerometer to measure the hand acceleration during freestyle swimming of two 

national competition junior swimmers. Additionally they used two video cameras to 

capture the stroke motion, with one placed behind an underwater window and took the 

side view of the swimmer and the other one positioned on the bottom of the pool and 

took the bottom view. The cameras were synchronised by a frame counter which 

overlaps a sequential time code to every video frame. To analyse the video data they 

marked the right hand middle finger and used the DLT method with a mean squared 

error accuracy of 12 mm to track the hand movement path. They compared the results 

�Z�L�W�K�� �0�D�J�O�L�V�F�K�R�¶�V�� �V�W�U�R�N�H�� �S�K�D�V�H�� �G�H�I�L�Q�L�W�L�R�Q��[7], which is defined by hand entry and 

stretch, downsweep, catch, insweep, upsweep and release. They found a strong 

relationship between the accelerometer data and the defined different stroke phases. It 

was possible to clearly identify the hand entry, stretch, insweep, upsweep and angle of 

hand entry. 

Khoo et al. [14] developed a real time software system using an underwater video 

camera and wireless sensor module to investigate the within�±stroke variations of the 

swimmers velocity. They built a small sensor device which is attached to the swimmers 

head and wirelessly connected to a base node, which is connected to a notebook. The 

video camera was connected to the same notebook, which was used to record the video 

footage. The software synchronised the video recording and initiates the sensor unit to 

start logging the acceleration data to an internal memory on the sensor unit. They 

recorded only two channels of acceleration (x and y) on the sensor device and used the 
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x-channel, which represented the swimming direction, to compare the acceleration 

profile with the video recording. The sensor unit was attached to the swimmers head 

underneath the goggle strap. One result was a measure of the maximum acceleration for 

the swimmers (one male and one female), which was 3.72 ms-2 and 2.62 ms-2 

respectively. They also measured the time between each individual stroke, which can be 

represented by the SR. 

Daukantas et al. [15] designed an accelerometer for swimming in a waterproof case, 

similar to [16]. Restricted by weight, mass and cost, the sensor device used a switchable 

1.5, 2, 4 and 6 g tri-axial accelerometer, which sampled at 200 Hz and stored the 

acceleration in a 128 MB flash memory. The data can be transferred to any computer 

using a build in USB interface. They investigated the butterfly stroke style looking at 

the recorded z-axis acceleration. To eliminate the high frequencies a 4th order 

Butterworth filter with a 10 Hz cut-off frequency was used. They developed algorithms 

to detect stroke counts, stroke identification and time duration measurements for various 

phases and periods. Four swimmers were assessed; one an elite swimmer and the other 

recreational swimmers. A video camera system was pulled synchronously with the 

swimmer to record the swimmers video footage. This footage was used to manually 

count the strokes, which were compared to the strokes calculated from the 

accelerometer data. In 13 out of 16 trials the algorithm counted strokes matched with 

the manually counted strokes from the video, in all other cases the strokes count 

differed by one stroke only. 

Slawson et al. [17] investigated the relationship between stroke characteristics and 

acceleration data recorded by an sacrum mounted sensor. They used a digital video 

camera to record the swimmer during the experiment as a reference system. The two 

swimmers, one national and one international level, performed the main four swimming 

styles (freestyle, breaststroke, backstroke and butterfly). The sensor samples the 

acceleration data at 100 Hz and storing it on board for processing using a computer. 

Stroke counts and duration were calculated from the acceleration data and compared 

with the video measure. They used the x-axis (forward direction) to evaluate butterfly 

and breaststroke and y-axis (mediolateral) to evaluate backstroke and freestyle. They 

found the stroke counts derived from acceleration data to be the same as that gathered 

from the video for all trials. Recurrent peaks were used to find the stroke cycle and an 

average difference of 0.056 s and 0.077 s for swimmer 1 and 2 were found respectively, 

which gave an average difference of 0.067 s. 
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Dadashi et al. [18] investigated the arm coordination to identify the different phases of 

arm movement during freestyle swimming. Seven elite swimmers (age 18.7±5.3 years) 

performed three 300 m freestyle trials in a 50 m indoor pool. The swimmers were asked 

to conduct the three trials in three different modes: a) catch-up (lag time between two 

propulsive phases), b) superposition (an overlap between the two propulsive phases) 

and c) freely chosen. They used sensors attached to both forearms, which contained a 3 

axis accelerometer and a 3 axis gyroscope recording data at 500 Hz. A video camera 

system was used as a reference and the synchronisation was done with an inbuilt flash 

light on start of the sensor recording the inertial data. The recorded acceleration and 

rotational data were then converted from the sensor frame to the fixed inertial frame 

(without the gravitational effect) using a technique developed by [19]. They determined 

a full arm cycle by the peaks on the pitch angular velocity of the arm. The four 

distinguishable stroke phases [20] were considered and matched with the inertial sensor 

data. They found that the start of the pull phase can be distinguished on the pitch 

angular velocity and forward acceleration in the sensor frame data. The beginning of the 

recovery phase was found by a maximum acceleration in the fixed frame data after the 

gravity was removed. They stated that the inertial sensor was a valid method of 

estimating the stroke phases automatically. 

2.5 Tethered & video 

Williams et al. [21] investigated three different swimming styles (resisted [RS], assisted 

[AS] and freestyle) with an underwater camera system to extract stroke length (SL), SR 

and the average forward velocity. The swimmers were ten female junior elite swimmers 

aged 17.0 +/- 1.9 years with personal best times of 28.5 +/- 1.4 seconds. The cameras 

filmed a calibrated area which was approximately 20 m from the start. They used a 

�µ�3�R�Z�H�U�� �5�H�H�O�¶�� ���7�R�W�D�O�� �3�H�U�I�R�U�P�D�Q�F�H�� �,�Q�F������ �I�R�U�� �W�K�H�� �U�H�V�L�V�W�H�G�� �D�Q�G�� �D�V�V�L�V�W�H�G�� �W�U�L�D�O�V���� �7�K�L�V�� �S�R�Z�H�U��

reel is a motorised tethered device attached to the swimmers waist. During the AS, the 

reel pulled the swimmers with a constant velocity equivalent to a 28.1 +/- 0.8 second lap 

time. During the RS, the reel applied an average resistant force of 17.5 +/- 2.9 N to the 

swimmer. The swimmers performed a training session one day before the experiment 

and additionally a warm up on the day of the experiment. The swimmers then 

performed 50 m trials under each condition (freestyle, RS, AS) with a normal stroke 

pattern at a 100 m freestyle race pace with 5 minutes rest between each individual task. 

The researchers found no difference for the displacement of the hand relative to the 

shoulder between the different conditions, but a slightly increased SR during the AS 
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compared to the freestyle. This was consistent with [22] and comes from a modified 

stroke pattern, similar to the results of [23]. Furthermore they found no significant 

change in SR during the RS which differs from the results of [24] and [25], who found a 

decrease in SR during tethered swimming. This difference could be explained by the 

use of a different tethered system which might apply a much greater resistance to the 

swimmer, causing the swimmer to change their stroke mechanics. As expected the SL 

was significantly increased during AS and decreased for RS as found by [24]. 

Craig et al. [26] investigated the velocity of a swimmer using a fine non-stretchable line 

attached to the swimmers waist and underwater video cameras. The cameras were 

placed in that way, that at the time the swimmer disappeared from the field of view on 

one camera he immediately appeared on the next. The video footage was synchronised 

with the tethered system. The swimmers were asked to perform all four stroke styles. 

They stated that the ideal time for the first stroke could be identified from the push-off 

profile of each individual swimmer. Investigations in the different stroke styles showed 

that for breaststroke and butterfly, a very clear two peak velocity pattern with high 

velocity variations was recorded while for backstroke and freestyle the velocity 

fluctuation was less. 

2.6 Video 

Seifert et al. [27] investigated the arm coordination in the freestyle swimming using 

video analysis. Fourteen elite male swimmers (age 22.8 ± 3.8 years) participated in this 

experiment performing eight swim trials with increasing velocities. Swim velocity, SR, 

SL and stroke phases were calculated from the manual digitised video data. They 

quantified the arm coordination by an index of coordination based on the lag time 

between the propulsive phases of each arm. This index expressed the three swim modes 

�L�Q���I�U�R�Q�W���F�U�D�Z�O�����³�R�S�S�R�V�L�W�L�R�Q�´�����L�Q�G�H�[���R�I���F�R�R�U�G�L�Q�D�W�L�R�Q��� �����������Z�K�H�U�H���W�K�H���S�U�R�S�X�O�V�L�Y�H���S�K�D�V�H���R�I��

�R�Q�H���D�U�P���I�L�Q�L�V�K�H�G���Z�K�H�U�H���W�K�H���S�U�R�S�X�O�V�L�Y�H���S�K�D�V�H���R�I���W�K�H���R�W�K�H�U���D�U�P���V�W�D�U�W�V���V�W�D�U�W�H�G�����³�F�D�W�F�K-�X�S�´��

(index of coordination < 0) consisting of a lag time between the propulsive phases of 

�H�D�F�K�� �L�Q�G�L�Y�L�G�X�D�O�� �D�U�P�� �D�Q�G�� �³�V�X�S�H�U�S�R�V�L�W�L�R�Q�´�� ���L�Q�G�H�[�� �R�I�� �F�R�R�U�G�L�Q�D�W�L�R�Q�� �!�� �������� �Z�K�H�U�H�� �W�K�H��

swimmer is propelling with both arms at the same time. They found that an abrupt 

change in the coordination pattern occurred as soon as the swimmers performed at their 

maximum velocity (100m race pace). Furthermore they concluded that SR, SL, velocity 

and the SR/SL ratio can be considered as control parameters. 
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Rejman et al. [28] investigated the kinematic parameters of a monofin swimming turn 

using video analysis and a movement analysis system. They analysed the fastest turn 

out of three turns done after swimming a 25 m lap for all of the six international level 

swimmers (age 17.2 ± 1.2) and classified five turn phases. Additionally they found that 

all activities between the moment of wall contact and the commencement of stroking 

are crucial for turn improvement and that the quality of a monofin swimming turn could 

be increased by finding the optimal wall contact, push-off and glide time. 

Psycharakis et al. [29] used a set of six synchronised video cameras (four under and two 

above water) to investigate velocity fluctuation during a 200 m swim trial. The 

participants of this study were eleven male swimmers (aged: 16.9 ± 1.2 years), who 

were ranked at a national level or above. The tests were conducted in a 25 m pool after a 

warm up session of up to 1000 m with a push start to eliminate any diving influence. 

The swimmers were instructed not to breathe when they passed through the calibrated 

6.5 m measurement area. This study used the medium velocity (Vmean), maximum 

velocity (Vmax) and minimum velocity (Vmin) measurements to calculate variation in 

velocity (Vfluct). They found that Vmean had a strong relationship with both Vmax and Vmin 

throughout the 200 m trial. Furthermore they found that the relative values for Vmax and 

Vmin were approximately 11 % higher or lower than Vmean, therefore resulting in a 

relative Vfluct for the swimming direction being consistent at approximately 22 % of 

Vmean. This result means that the relative values of Vmax, Vmin and Vfluct compared to Vmean 

are not linked to the swimming performance. This could probably be explained by the 

homogenous group of male athlete swimmers who have roughly the same performance 

level. 

Shimadzu et al. [30] investigated the video recordings of 34 swimmers during the 200 m 

male freestyle race at the 2004 Japan Swimming Championships. This is one of the 

major swimming competitions in Japan and was part of the Athens Olympic selection 

procedure. They developed a deterministic model based on this experiment. The race 

was recorded by 5 video cameras at 60 frames per second, placed parallel to the 

swimming direction. To reduce perspective (parallax) problems, each camera covered 

only one interval (5-7.5, 10-15, 20-30, 35-40 and 42.5-45 m) in a 50 m pool. The 

camera synchronisation accuracy was within 5 milliseconds on each frame and they 

took the head as a measurement point. Every time the head passed by one of the 21 

check points, the time was noted except at the end of the pool, were the wall touch on 

was recorded. They took the first point after 15 m, because of difficulties identifying the 
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7.5 m point during the glide. Each lap was divided into three different phases (first, 

middle, last) which are representing the start/wall push off including glide, swimming 

and turn phase. They found that the start velocity in the first lap was higher than for the 

other laps and that the swimmers exhaust their energy as the race progresses. The initial 

velocity decreased by 0.07 m.s-1 for each following lap. The velocities in the middle 

phase showed an exhaustive trend with velocities of 1.83, 1.73, 1.67 and 1.65 m.s-1 

respectively, which are consistent with findings by [31] and [32]. The comparable 

higher velocity in the last lap reflected the swimmer mobilising his last energy to finish 

off the race. They found that only three swimmers lay outside the 95 % confidence 

bounds and identified the problems for each of them from the developed stochastic 

model. 

Zamparo et al. [33] investigated the role of the trunk incline (TI) and projected frontal 

area (Aeff) for determining drag during active/passive measurements at different speeds 

(0.6 to 1.4 ms). They used a 50 Hz video camera located about 0.5 m below the water 

surface and around 7 �± 8 m from the swimmer away. The camera was placed so that the 

swimmer was recorded between 10 and 20 metres from the start. They digitised the 

video data to calculate the angle �7�,���.�� between the shoulder and the hip at the end of the 

insweep. The geometric distortion was corrected by applying a fourth degree 

polynomial correction technique and using a bilinear interpolation [34] to correct each 

frame. Matlab 7 (Mathworks, Inc., USA) was used to do the corrections indicated by 

[35]. They found that �7�,���.�� �L�V�������Û���D�W�����������P�V-1 �D�Q�G�������Û���D�W�����������P�V-1 and Aeff is 0.4 m2 and 

0.23 m2 respectively and therefore about half the value for active drag measurements. 

For passive drag measurements they found no change in the speed specific passive drag 

(Dp/v
2) for male swimmers with Dp/v

2 = 23.63 * v1.99 whereas it increased with speed for 

female swimmers Dp/v
2 = 19.11 * v2.17. This suggests that female swimmers tend to 

assume less streamlined positions at high swimming speeds when passively towed 

compared to male swimmers. These results are consistent with other researchers [36], 

were swimmers of comparable age, sex and anthropometric characteristics were 

assessed. They show also a remarkable consistency even if different experimental 

designs are used [37] and [38]. This study shows that the human body changes 

�³�F�R�Q�I�L�J�X�U�D�W�L�R�Q�´�� �Z�L�W�K�� �L�Q�F�U�H�D�V�H�G�� �V�S�H�H�G����D/v2 decreased for increasing speed, which is 

related to the change of Aeff of the swimmer, which decreased with increasing speed. 

The projected frontal area along with TI is lower during passive drag than while 

swimming, which indicates that active drag is larger than the passive drag. 
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Toshimasa [39] investigated the stroke frequency in freestyle swimming and its 

relationship to the fluid forces required in non-propulsive directions. He used a three-

dimensional videography method with panning periscopes [40]. Eleven male swimmers 

from a collegiate swimming team were asked to perform freestyle strokes at different 

speeds (moderate = 1.3 ± 0.1 ms-1 and race pace = 1.6 ± 0.1 ms-1) at their usual SR. The 

recorded videos were manually digitised in 2D for every field (60 fields/s) for one 

stroke cycle. In each field, 21 body landmarks were digitised to represent 14 segments 

of a human body model with a digitize-redigitize reliability of r>0.98. The resulting sets 

of two-dimensional coordinate data were then transformed into three-dimensional 

coordinates based on a DLT-algorithm [40]. He found a mechanical formula to extract 

�W�K�H���W�X�U�Q�L�Q�J���H�I�I�H�F�W���I�R�U���W�K�H���E�R�G�\�¶�V���O�R�Q�J���D�[�L�V���J�H�Q�H�U�D�W�H�G���E�\���W�K�H���I�O�X�L�G���I�R�U�F�H�V���R�I���U�!���������I�R�U���U�D�F�H��

pace and r>0.6 for moderate pace. There was also a strong correlation between the 

observed and estimated SR with r>0.85 for race pace and r>0.70 for moderate pace 

respectively. As the swimmers increased their stroke frequency by 38 % for the race 

pace, body roll was decreased by 19 % and the trunk twist was increased by 40 %, 

which was followed by a small reduction of the shoulder roll of 12 %. There was also a 

small increase in the magnitude of external torque by 40 %. These results demonstrate 

that the developed formula can describe the mechanical relationship between SR and the 

factors influencing body roll. This indicates that a swimmer should adopt the lowest 

possible SR and therefore increase the generated force to match the frequency of the 

body roll cycle with the arm movement cycle. A lower SR requires a reduced amount of 

fluid forces in the non-propulsive swimming directions to maintain the same amplitude 

of body roll. 

Lauder et al. [41] investigated the hand produced propulsive forces in swimming. They 

used a full-scale mechanical arm capable of simulating a controlled and highly 

repeatable underwater freestyle stroke captured by two video cameras for a set of five 

trials. One camera was mounted in an underwater housing positioned 3.7 m from the 

arm support, while the other camera was placed behind an underwater window 

approximately 3 m from the arm. The cameras were event synchronised. They used a 

seven-point model of the arm and hand which was then digitised at 25 Hz. Hand 

velocity, sweepback angle and pitch angle were calculated using [42], [43] and [44]. 

They used statistical comparisons between the different procedures to establish their 

relative accuracy and reliability throughout the stroke. The absolute mean error in hand 

velocity measurements between points on the hands was very small (±0.04 and ±0.06 



 

  
16 

 
  

ms-1 in the x and z directions). The mean errors in sweepback angle and pitch angle 

�Z�H�U�H���� �������Û�� �D�Q�G�� �������Û��[43]���� ���������Û�� �D�Q�G�� �������Û��[42] �D�Q�G�� ���������Û�� �D�Q�G�� �������Û��[44] respectively. The 

four point reconstruction method of the hand orientation as mentioned in [44] and [42] 

was shown to be less sensitive to errors in the digitising procedure. The reconstruction 

procedure they developed further reduced the sensitivity to digitising errors in the 

reconstruction of sweepback and pitch angles in swimming. They compared the 

different methods and pointed out that the methods of [42] and [43] provide more 

accuracy and stable reconstruction and are less sensitive to random errors. The method 

of [43] required less points for reconstruction, which could be a clear advantage if some 

points are obscured by water turbulence.  

2.7 Tethered 

Dopsaj et al. [45] investigated the relationship of a 50 m freestyle competition velocity 

and a basic mechanical characteristic of pulling force as well as impulsive force in a 

tethered swimming experiment. The swimmers who participated in their study were 8 

male swimmers (age 24.6 ± 5.6), from which three were swimming at national level. 

The swimming test was started after a 10 minute rest after an individual warm up 

session was performed by each swimmer of up to 1000 m. The test equipment was 

based on a dynamometer connected to a computer for data logging. The recorded data 

undertook a basic statistic analysis before the backward elimination criterion in multiple 

regression analysis was used to predict variables in relation to the criterion. They found 

a predictor system model which matched the competition velocity at a high level of 

96.4%.  

Craig et al. [46] �G�H�Y�H�O�R�S�H�G���D���W�H�W�K�H�U�H�G���G�H�Y�L�F�H�����³�V�Z�L�P-�P�H�W�H�U�´�����Z�L�W�K���D���V�S�L�Q�Q�L�Q�J���V�W�H�H�O���O�L�Q�H����

which was attached to the swimmers waist. They investigated the relationship between 

SR, SD and a�F�K�L�H�Y�H�G���Y�H�O�R�F�L�W�\���� �7�R���Y�H�U�L�I�\�� �W�K�H���Y�H�O�R�F�L�W�L�H�V���D�F�K�L�H�Y�H�G���E�\�� �W�K�H���³�V�Z�L�P-�P�H�W�H�U�´����

they performed a calibration by pulling the wire at different speeds over a 10 m 

pathway. The error of the system was less that 0.5 %. The swimmers were two 

professional swimmers who were asked to swim a series of pool lengths at different 

stroke styles and at different SR and SD trying to achieve maximum velocity. They 

found that a combination of increasing SR and decreasing SD in all stroke styles leads 

to an increased velocity and that a swimmer who wants to achieve faster velocity 

needed to maximise the SL. They found that the fluctuations of velocity are +/- 20 % in 

front crawl, +/- 15 % in back crawl, +/- 50 % in butterfly and breast stroke swimming. 
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2.8 Force plate 

Toshiaki et al. [47] performed a push off test with thirty (seventeen elite and thirteen 

trained) swimmers using a digital video camera system connected to an underwater 

synchronised force plate. Every swimmer performed ten glides whereby the maximum 

distance and the force measured by the force plate was recorded. They found that the 

distance covered by the glide was not dependent on the peak force, but from the impulse 

and the streamlined position for the wall push off. Furthermore they found that an elite 

swimmer�¶s push off duration is around 0.44 seconds whereby the push off time for a 

trained swimmer was around 0.64 seconds. The average peak force divided by the mass 

was 13.58 N and 10.19 N respectively. Additionally they noted that the depth and the 

centre of gravity were between 0.2 m and 0.4 m for beginners and 0.6 m to 0.8 m for 

elite swimmers and therefore are close to the suggestions of [48]. The result is that the 

beginners reach the water surface much faster than elite swimmers, which causes a 

much higher resistance and therefore a smaller glide distance. 

2.9 Freestyle swimming velocity and swimmer characteristics 

This section provides an overview over elite level athlete world record performances to 

provide a better understanding of the range of results found in this study.  

�7�K�H�� �Z�R�U�O�G�� �U�H�F�R�U�G�� �L�Q�� �����P�� �P�H�Q�¶�V�� �I�U�H�H�V�W�\�O�H�� �V�Z�L�P�P�L�Q�J�� �Z�D�V�� �V�H�W�� �E�\�� �&�H�V�D�U�� �&�L�H�O�R�� �R�Q�� �W�K�H��

18.12.2009 in Sao Paulo with a time of 20.91 s, which equates to a mean velocity of 

2.39 m.s-1. The fastest Australian swimmer over this distance was Ashley Callus on the 

26.11.2009 in Canberra setting the Oceania record with a time of 21.19 s, which 

corresponds to a mean velocity of 2.36 m.s-1. The world record in 400 m freestyle was 

set by Paul Biedermann on the 26.07.2009 in Rome with a time of 3:40.07 minutes, 

which equates to 1.82 m.s-1. In comparison to this the world record over 1500 m 

freestyle was set by Yang Sun on the 04.08.2012 in London with a time of 14:31.02 

minutes, which equates to a mean velocity of 1.72 m.s-1. 

This shows that the mean velocity in freestyle swimming varies according to the 

distance swam, which can be interpreted as different swimming efforts. The swimming 

effort is different for every swimmer, which results in different mean velocities even 

�Z�K�H�Q���G�L�I�I�H�U�H�Q�W���V�Z�L�P�P�H�U���Z�H�U�H���D�V�N�H�G���W�R���V�Z�L�P���D�W���W�K�H���V�D�P�H���³�O�R�Z�´���H�I�I�R�U�W�� 
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2.10 Literature Review Summary 

This chapter provided a review of literature in monitoring swimmers performance in the 

pool. Video analysis is still the most used technique by researchers investigating the 

performance of swimmers during training and competition. But as the analysis of video 

data is time consuming and has some drawbacks like blurring, newer technologies were 

introduced a several years ago and are now playing a growing role in swimming 

monitoring. One of these technologies are inertial sensors containing accelerometers 

and gyroscopes. Their advantages are much higher sampling rates of up to 500 Hz 

(video usually has 25 Hz), small sizes with low weight, instant data availability (after 

the end of the training), digital data logging, live data streaming and onboard data 

processing. As these sensors have been verified to be accurate in determining the stroke 

rate, split times, lap times, turns, push-off time, time per stroke, body roll, average 

distance per stroke and arm coordination, no researcher has used the recorded 

acceleration to calculate the lap velocity profile to my knowledge. Significant work 

undertaken in past by other researchers and the used technology were presented in this 

chapter and are summarized in Table 2-1. 

Sensors containing accelerometers can be used to gain velocity by integrating the 

gravity adjusted acceleration data after applying a method to remove the baseline drift, 

which is a problem of this technology. 

The theory behind accelerometers, gyroscopes, magnetometers and data filtering is 

explained in the following chapter. It also provides the basics of the biomechanics of 

swimming and explains the stroke phases, swimming styles and the three different arm 

�F�R�R�U�G�L�Q�D�W�L�R�Q�¶�V���G�X�U�L�Q�J���I�U�H�H�V�W�\�O�H���V�Z�L�P�P�L�Q�J�� 
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Table 2-1: Summary of investigated parameters and methods used. 

Investigated parameter Method 

Accelerometer Gyroscope Tethered Video Force plate 

Acceleration X     

Stroke rate (SR) X  X X  

Stroke length (SL)    X  

Distance per stroke (SD)    X  

Average distance per stroke X     

Time per stroke X     

Split times X   X  

Lap times X X X(one lap only) X  

Min velocity   X X  

Max velocity   X X  

Average lap velocity X X X X  

Velocity variation    X  

Hand velocity X X  X  

Effective frontal area    X  

Passive drag   X X  

Active drag   X X  

Push-off force X  X  X 

Push-off time duration X  X X X 

Detecting turns X X    

Body roll X X  X  

Arm coordination X X    

 

�6�R�P�H���R�I���W�K�L�V���Z�R�U�N���Z�D�V���S�D�U�W�O�\���S�X�E�O�L�V�K�H�G���L�Q���W�K�H���D�X�W�K�R�U�¶�V���S�X�E�O�L�F�D�W�L�R�Q�� 

�x Stamm, A., Thiel, D. V., Burkett, B. J. and James, D. A. (2009), "Roadmapping 
performance enhancement measures and technology in swimming." The Impact 
of Technology in Sport II, pp. 213-217, 2009. 
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3 Theory 

3.1 Introduction  

Many different technical solutions are used to monitor human movement. One part of 

enormous interest is the biomechanical monitoring of sports. A well known and 

accepted method to investigate the movement of athletes is the use of inertial sensors. 

This research uses these sensors to investigate and understand the movement of 

swimmers. This chapter explains the basic biomechanics in swimming, the theory of 

accelerometers, gyroscopes and magnetometers and the different filtering techniques 

applied to inertial sensor data. 

An inertial sensor can contain different devices, such as accelerometers, gyroscopes and 

magnetometers with a small CPU7, memory and sometimes a radio capability. The 

different components can be used to detect different parameters as shown in the Table 

2-1. Table 3-1 explains the use of these different components. 

Table 3-1: Overview of different MEMS sensors and their measures. 

MEMS component Measurement 

Accelerometer Acceleration (usually in three axes) 

Gyroscopes Rotation (usually in three axes) 

Magnetometer Direction (usually in three axes) 

3.2 Biomechanics of swimming 

Biomechanics is the study of the mechanical operation of cells up to investigation in the 

mechanical system of humans which results in motion of the human body. The last 

�L�Q�Y�H�V�W�L�J�D�W�L�R�Q�V�� �D�U�H�� �X�V�X�D�O�O�\�� �U�H�I�H�U�U�H�G�� �W�R�� �D�V�� �µ�+�X�P�D�Q�� �0�R�Y�H�P�H�Q�W�� �6�W�X�G�L�H�V�¶���� �Z�K�L�F�K�� �X�V�X�D�O�O�\��

describes the study of the human movements of athletes. In sports science these 

investigations are often just called biomechanics. As this study uses inertial sensors to 

investigate the movement of the athlete during freestyle swimming, the most important 

terms in biomechanics of freestyle swimming are explained in this chapter. 

The freestyle stroke (front crawl) is the fastest of the four competition swimming styles. 

After the wall push-off and glide phases the swimming phase commences, which 

consists of many strokes, usually divided into stroke cycles. One stroke cycle consists of 

one left and right arm stroke. Each stroke can further divided into six phases [49]: (1) 

                                                 
7 Central Processing Unit 
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the entry and stretch, (2) the downsweep, (3) the catch, (4) the insweep, (5) the upsweep 

and (6) the release and exit. A swimmer uses additionally leg kicks to generate forward 

propulsion and to maintain balance. As the leg kicks can be very different for different 

athletes and have only a 10 % contribution [42, 50-52] on the overall propulsion, the 

focus of this biomechanics explanation is on the different stroke phases. 

3.2.1 Stroke phases 

Investigating the stroke phases and their different propulsive phases, a stroke pattern 

can be developed which is similar for all athletes swimming the freestyle stroke as 

illustrated in Figure 3-1. This stroke pattern describes the way of the hand through the 

water in three dimensions according to a fixed point in the pool. The points marked in 

Figure 3-1 represent the start and end of the individual stroke phases according to 

Maglischo [49] and are described on the following pages. 

Figure 3-1: Typical stroke pattern for a swimmer swimming freestyle from front, side and underwater 
view. (Maglischo Figure 4.1[49]) 

(1) Entry and Stretch 

This phase starts when one hand enters the water while the other hand is in the middle 

of the propulsive phase. During this phase the body rotates downwards resulting in an 

s2566871
Typewritten Text
Image removed
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upwards rotation of the body at the other side and therefore allowing the second arm to 

produce more propelling force. The hand usually enters the water in front of the head 

with the fingertips first to reduce drag. The arm then follows the hand through the same 

point which causes less turbulence in the water and therefore less drag. The length of 

the stretch depends on the overlapping stroke style of the athlete. Figure 3-2 shows the 

start of the entry and stretch stroke phase. 

  
Figure 3-2: Begin of first stroke phase, right hand entry underwater (left) and above water (right). 

(2) Downsweep 

The downsweep is the preparation phase for the catch and begins when the other arm 

finished the upsweep and starts the recovery phase. This phase describes the transition 

from stretch to the position which provides the best start for propelling the body 

forward. This means that the hand moves downwards, which forces the shoulder to 

rotate and move the arm sideways. Additionally the arm and shoulder motion causes the 

body to rotate towards the downsweeping arm, and the other side rotates upwards. The 

other arm starts the first half of the above water recovery phase. Figure 3-3 shows the 

start of the right arm downsweep. 

  
Figure 3-3: Begin of second stroke phase, start downsweep right arm and recovery left arm. 
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(3) Catch 

The catch phase commences after the downsweep phase has finished and will have the 

elbow flexed at around 90° and the hand at around 50-70 cm depth. The hand and the 

arm will be further out and facing back due to normal flexion during the catch phase. 

The first propulsive phase during the stroke, the insweep, is commenced after the catch 

phase. The start of the third stroke phase is shown in Figure 3-4. 

  
Figure 3-4: Begin of third stroke phase, catch with right arm & recovery with left arm. 

(4) Insweep 

The insweep commences at the catch when the elbow has a high flexion and finishes 

�Z�K�H�Q���W�K�H���K�D�Q�G���D�U�U�L�Y�H�V���X�Q�G�H�U���W�K�H���V�Z�L�P�P�H�U�¶�V���F�K�H�V�W�����7�K�H���K�D�Q�G�����O�R�Z�H�U���D�U�P���D�Q�G���X�S�S�H�U���D�U�P��

form a maximal area which is then used to propel the body forwards with the greatest 

available force. The insweep is part of one smooth transition which started with the 

downsweep. This is represented by the hand moving outwards and downwards while 

changing the direction of the hand from forward to backwards. The end of the insweep 

phase occurs when the upper arm is close to the ribs and the hand is under the chest. 

During this transition the pitch of the hand and arm is also changing from out to in. The 

elbow flexion usually stays the same as during the downsweep or slightly increases to 

prepare the arm for the following phase, the upsweep. Figure 3-5 shows begin of the 

insweep, while Figure 3-6 presents the end of the insweep. 

  
Figure 3-5: Begin of the fourth stroke phase, insweep right arm and entry left arm. 
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Figure 3-6: End of the fourth stroke phase, end insweep right arm & stretch left arm. 

(5) Upsweep 

The upsweep begins at the end of the insweep and is represented by the hand and arm 

moving backwards and upwards from underneath the body to the surface of the water. 

The upsweep is the second propelling phase in freestyle swimming and the most 

propulsive one. This big force usually produces the highest swimming velocity during 

the stroke at the end of the upsweep. The transition between the previous phase and the 

upsweep is performed when the hand passes by the midline of the body. During this 

transition, the arm changes from back up and in to back up and out by rotating the palm 

of the hand and the forearm. The propelling phase will end when the hand is in line with 

�W�K�H���V�Z�L�P�P�H�U�¶�V���W�K�L�J�K�����$�W���W�K�L�V���W�L�P�H�����W�K�H���D�U�P���L�V���D�W���W�K�H���V�W�D�U�W���R�I���L�W�V���U�H�F�R�Y�H�U�\���S�K�D�Ve with the 

elbow is now out of the water. The transition from insweep to upsweep for the right arm 

is shown in Figure 3-7 while Figure 3-8 shows the end of the upsweep for the right arm. 

  
Figure 3-7: Begin of the fifth stroke phase, transition from insweep to upsweep with right arm, 
continuation stretch left arm. 

  
Figure 3-8: End of the fifth stroke phase, end of upsweep right arm and begin of downsweep left arm. 
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(6) Release and Recovery 

The release starts with the hand reaching the end of the previous phase when it passes 

�W�K�H�� �W�K�L�J�K���� �)�U�R�P�� �W�K�L�V�� �S�R�L�Q�W�� �W�K�H�� �K�D�Q�G�� �F�D�Q�¶�W�� �S�U�R�G�X�F�H�� �H�Q�Rugh propulsion to accelerate the 

body any further and therefore starts the release and recovery phase. The palm of the 

hand is turned inwards to reduce the area and therefore the drag while the hand is 

travelling to the water surface. The goal of this phase is to prepare the arm for the next 

phase and move it into the direction to start the entry. As this phase is not contributing 

to accelerating the swimmer, the functions of this phase are (a) providing the arm a 

short period of rest and (b) move the arm into the start position for the entry with at 

least as possible disruptions to the velocity. The start of this phase is represented by the 

shoulder leaving the water before the upper arm, elbow and lastly the lower arm with 

the hand leaving the water. The recovery is complete by lifting the arm only as much 

needed to keep it out of the water, which means that the elbow will be flexed to allow 

the arm to be close to the water surface. The entry should be prepared as soon as the 

hand passes by the head. At this time the other arm is completing the insweep phase and 

the body is starting to rotate back to support the next stroke phase. The next starts with 

the hand entry at a point in front of the head and the arm following this entry point to 

reduce the drag during the entry. Figure 3-9 presents the release of the right arm, and 

therefore the begin of the sixth stroke phase and Figure 3-10 the entry of the right hand, 

which represents the end of the sixth stroke phase. 

 
Figure 3-9: Begin of the sixth stroke phase, release right arm and begin downsweep left arm. 

 
Figure 3-10: End of sixth stroke phase, right hand entry and insweep left arm. 
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Each individual swimmer has slightly different movement patterns during the freestyle 

swimming as well as during the stroke cycles. Nevertheless, the six stroke phases will 

be recognizable for every swimmer swimming this style. 

Each of these six stroke phases will have a propulsive phase which will accelerate the 

body of the swimmer and therefore contribute to the swimming velocity. The velocity 

of the swimmer will vary as the propulsion during the different stroke phases varies. 

The typical velocity patterns occurring in freestyle swimming are presented in the next 

section. 

3.2.2 Acceleration & Velocity pattern 

The six stroke phases (section 3.2.1) will generate an accelerometer pattern which is 

related to the stroke style and skill level of the swimmer. This acceleration pattern will 

�O�H�D�G�� �W�R�� �D�� �Y�H�O�R�F�L�W�\�� �S�D�W�W�H�U�Q�� �Z�K�L�F�K�� �G�H�V�F�U�L�E�H�V�� �W�K�H�� �V�Z�L�P�P�H�U�¶�V�� �Y�H�O�R�F�L�W�\���� �7�K�H�U�H�� �D�U�H�� �W�Z�R��

velocity patterns in freestyle swimming (Maglischo [49, 50]). The first is the one peak 

velocity pattern and the second the two peak velocity pattern. 

The one peak velocity pattern is illustrated in Figure 3-11 (b). The swimmer has one 

continuous propulsive phase during the insweep and upsweep and therefore one 

acceleration peak (see Figure 3-11 (a)). This is different to swimmers with a two peak 

velocity pattern. The insweep and the upsweep will become a continuous motion with 

only a small hand change under the body and therefore only one acceleration peak. An 

advantage of this velocity pattern is that the swimmer will experience no loss of 

velocity between the insweep and upsweep. A disadvantage will be that the insweep and 

upsweep will be shorter, which might lead to a lower peak velocity. 

 
Figure 3-11: (a) One peak average acceleration pattern over one lap and (b) average velocity pattern of a 
national level junior swimmer (derived from (a)). These graphs were generated from data from swimmer 
14 lap 1. 
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Figure 3-12 (b) illustrates a two peak velocity pattern. The swimmer has two propulsive 

phases with a pause between the insweep and upsweep. This causes a deceleration 

between the two stroke phases during the hand transition from insweep to upsweep as 

illustrated in Figure 3-12 (a). 

 
Figure 3-12: (a) Two peak average acceleration pattern over one lap and (b) average velocity pattern of a 
national level junior swimmer (derived from (a)). These graphs were generated from data from swimmer 
20 lap 1. 

Swimmers will sweep the hand into the midlines of the body to gain a longer insweep 

and sweep the hand out which provides a longer upsweep. A disadvantage is the pause 

between the two propulsive phases when the hand needs to change from insweep to 

upsweep. 

3.3 Accelerometer 

Accelerometers are devices which are capable of detecting magnitude and direction (if 

multi-axis) of acceleration (translational, centripetal and tangential) in relation to 

gravity. An accelerometer at rest measures approximately 1g (vertically) which 

�U�H�S�U�H�V�H�Q�W�V���W�K�H���H�D�U�W�K�¶�V���J�U�D�Y�L�W�D�W�L�R�Q�D�O���I�L�H�O�G����Accelerometers are one form of inertial sensors 

were a mass is attached to the sensor body by a flexible suspension system (Figure 

3-13). When acceleration is applied along the sensor axis, the sensor body moves 

relative to the mass. The position change is a measure of the applied acceleration to the 

sensor. If the sensor is stationary and vertical, the proof-mass will move to a position 

representing the gravity.  

 
Figure 3-13: Basic operation of accelerometer. 
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Figure 3-14: Image of an MEMS based accelerometer extracted from [53]. Capacitance is measured 
between the fixed and moving fingers. 

Most MEMS accelerometers nowadays are based on silicon and etched in using similar 

technologies as used for semiconductor manufacturing. The distance change of the mass 

is measured as a capacitance change of the sense fingers (moving and fixed fingers). 

Figure 3-14 shows an image of a MEMS accelerometer and the mentioned components. 

To obtain the acceleration of a moving object in respect to the earth, �W�K�H���³�J�U�D�Y�L�W�\���R�I�I�V�H�W�´��

needs to be subtracted from the acceleration measured. This is not needed for other 

�G�L�U�H�F�W�L�R�Q�V���Z�K�L�F�K���D�U�H���S�H�U�S�H�Q�G�L�F�X�O�D�U���W�R���W�K�H���H�D�U�W�K�¶�V���J�U�D�Y�L�W�\���I�L�H�O�G�� 

The acceleration component ai(t) at time t along the i th axis (i=x,y and z) is given by the 

equation: 

 )(.)()(.)()(.))(cos()( 2 trittrittaitgta Ti �D�Z�T �������  ( 1 ) 

Where g is the gravitational acceleration, �����W�� is the time dependent angle between the 

axis and the vertical direction, i is the unit vector, aT(t) is the translational acceleration, 

�&���W�� �L�V�� �W�K�H�� �D�Q�J�X�O�D�U���Y�H�O�R�F�L�W�\�� �R�I�� �U�R�W�D�W�L�R�Q�� �D�W�� �D�Q�G�� �.���W���� �L�V�� �W�K�H�� �D�Q�J�X�O�D�U�� �D�F�F�H�O�H�U�D�W�L�R�Q�� �E�R�W�K�� �D�W�� �D��

distance r(t) from the centre of rotation. 
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Velocity vi(t), is calculated by numerical integration of acceleration, e.g. 

 �³� 
2

1

)()(
t

t ii dttatv  
( 2 ) 

where t1 is the start and t2 the end time. 

For example, if the acceleration ai is a constant (e.g. independent of t) then 

 11)()( Catttv ii ����� 
 

( 3 ) 

where C1 is the integration constant and is equal to the initial velocity when t = t1. That 

is 11)( Ctvi �  if the acceleration is a linear function of time: 

 )()( taktta i��� 
 

( 4 ) 

where k is the rate of change of the acceleration with time and ai(t) is the starting 

acceleration, then equation (2) yields: 
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( 5 ) 

where C2 is the integration constant and is equal to the initial velocity when t = t1. That 

is 21)( Ctvi � . Thus a linear change in acceleration with time results in a change in 

velocity with time squared. The relationship between acceleration and velocity is non-

linear and requires the solution of equations ( 4 ) and ( 5 ) simultaneously. 

The use of discrete accelerometer data can result in major errors for the following 

reasons: 

I. The acceleration data is contaminated by changes in the orientation of the sensor 

units causing baseline changes due to the gravitational acceleration and the 

rotation of acceleration into the other orthogonal directions. 

II.  �7�K�H���L�Q�K�H�U�H�Q�W���Q�R�L�V�H���O�H�Y�H�O���L�Q���W�K�H���D�F�F�H�O�H�U�D�W�L�R�Q���X�Q�L�W�¶�V���U�H�V�X�O�W�V���L�Q��additive noise so that 

as t - t1 increases, so the noise level in vi(t) increases. 

III.  Angular velocity changes can dominate equation (1) if the rotation radius r is 

large. 



 

  
30 

 
  

As accelerometer data can be recorded by many different inertial sensors (e.g. low-cost 

or high-quality) they all need a calibration for offset and sensitivity. These parameters 

can vary between different accelerometers out of one production batch as well as 

between the different axes of one triaxial accelerometer. These parameters have 

tolerances due to the manufacturing process. 

There are many calibration techniques available [54, 55]. Lai et al. [55] uses the 6-point 

Newton-Raphson based calibration technique which does not require the device to be 

exactly aligned with gravity. It gives good results but the calibration requires six distinct 

stationary orientations. Another common technique is the manual calibration, which 

requires each axis of the sensor to be perfectly aligned to positive and negative gravity 

to estimate each axis offset and sensitivity. These offsets and the sensitivity can then be 

used to calibrate the measured acceleration in relation to gravity. This manual 

calibration technique is further described in section 4.4.3. 

High-pass filtering of the recorded acceleration data removes the gravitational 

component in equation ( 1 ). The sensor placement, close to the centre of rotation of the 

swimmer (lower back), reduces the radius of rotation (r�o 0) and therefore the impact of 

the centripetal and tangential acceleration to a minimum. Considering this and the effect 

of the filter, the acceleration component ai(t) from equation ( 1 ) can be rewritten as: 

 )(.)( taita Ti �#  ( 6 ) 

3.4 Gyroscopes 

Gyroscopes are devices which measure angular rotation, based on the principles of 

conservation of angular momentum. A mechanical gyroscope has three orthogonal 

rotation axes. The first is a spinning axis, which defines the gyroscope moment. The 

other two axes are usually called input and output axes (see Figure 3-15). The spinning 

axis rotates around the vertical line, the input axis rotates the whole gyroscope in the 

plane of the page, and the output axis rotates the gyroscope up-and-over into the page. 

MEMS gyroscopes are usually manufactured as highly integrated systems in small 

packages (LGA8 4x4x1 mm) providing up to three axes (yaw, pitch and roll). They are 

different from the above mentioned general description as they use accelerometers 

inside to detect rotation. Figure 3-16 illustrates the principle of a vibratory MEMS 
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gyroscope and Figure 3-18 shows a picture of an Invensense IDG300 MEMS gyroscope 

[56] taken by an scanning electron microscope. Figure 3-17 shows a 

STMicroelectronics manufactured triaxial gyroscope in a LGA package. Bugrov [57] 

explained how a single-axis vibratory gyroscope works. 

 
Figure 3-15: Diagram of a gyroscope. Arrows show the different rotational axes. 

 
Figure 3-16: Single-axis MEMS based gyroscope. 

 
Figure 3-17: MEMS gyroscope from STMicroelectronics [58]. 
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Figure 3-18: Scanning electron microscope picture of an Invensense IDG3000 MEMS gyroscope [56]. 

The equations describing the MEMS gyroscope follow [59]. The strength of a 

gyroscopic effect is termed the gyroscopic moment. A higher moment requires more 

torque to precess at the same frequency, or the same torque at a lower frequency. 

�1�H�Z�W�R�Q�¶�V���H�T�X�D�W�L�R�Q���V�W�D�W�H�V���W�K�D�W���W�K�H���V�X�P��of the external forces F is equal to mass m times 

acceleration a. 

 amF � 
 

( 7 ) 

�1�H�Z�W�R�Q�¶�V�� �R�U�L�J�L�Q�D�O�� �I�R�U�P�X�O�D�W�L�R�Q�� �S�X�W�� �W�K�H�� �H�[�W�H�U�Q�D�O�� �I�R�U�F�H�� �L�Q�� �U�H�O�D�W�L�R�Q�� �Z�L�W�K�� �W�K�H�� �O�D�U�J�H�� �O�L�Q�H�D�U��

momentum so that equation ( 7 ) becomes: 
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( 8 ) 

where v is the velocity. If we now choose a reference point z and y is a position vector to 

the mass. We know that the angular momentum Lo is: 

 vmyLo �u�  ( 9 ) 

So the momentum of the force (Mo) acting on the mass to the angular momentum (Lo) of 

the mass in respect to the reference point is: 

 
dt
vd

myM o �u� 
 

( 10 ) 
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If we now consider that: 

 
dt
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v � 

 

( 11 ) 

The time derivative of the angular momentum yields: 
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Then equation ( 12 ) with ( 11 ) yields to: 
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Considering that the cross product of two equivalent vectors is zero (
0� �u

dt

yd
m

dt

yd

) 

we get: 

 
dt
vd
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Ld o
�u�  

( 14 ) 

Substituting this into equation ( 10 ) we get: 

 
dt

Ld
M

o
o �  

( 15 ) 

This shows, that for a moving mass, the sum of moments is equal to the time rate of 

change of the masses angular momentum relative to the reference point. We know that 

the angular momentum is equal to the moment of inertia (I0) times the angular velocity 

as shown in equation ( 16 ). 

 ooIL �Z� 0  ( 16 ) 

If we now replace the reference point O with the xyz coordinate we get: 
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( 17 ) 

We now have the angular velocity from equation ( 17 ). 
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3.5 Magnetometers 

A magnetometer is a device which can measure the strength and the direction of a 

�P�D�J�Q�H�W�L�F���I�L�H�O�G�����,�W���F�D�Q���E�H���X�V�H�G���W�R���P�H�D�V�X�U�H���W�K�H���H�D�U�W�K�¶�V���P�D�J�Q�H�W�L�F���I�L�H�O�G���D�Q�G���W�K�H�U�H�I�R�U�H���G�H�W�H�F�W��

the orientation and direction of the device. A simple representation of an MEMS based 

magnetometer is shown in Figure 3-19. 

The equations describing the basic magnetometers follow [60, 61]. In a simple 

magnetometer (compass), a ferromagnetic needle with permanent magnetization M and 

volume Vmag is mechanically driven to align the magnetization with the external field H. 

 

Figure 3-19: Schematic representation of MEMS magnetometer operation. 

The torque experienced by the magnet Tmag is given by: 

 magmag VHMT )( �u� 
 

( 18 ) 

If the magnetometer is designed as shown in Figure 4, where the magnet is 

mechanically deflected, the torsion beam applies a mechanical restoring torque Tmech, 

which is defined by: 

 �I�IkTmech � 
 

( 19 ) 

with the torsion beam stiffness �Ik  and angular deflection�I . When the magnet is placed 

in a field, the equilibrium established between the magnetic and mechanical torque (e.g. 

Tmag = Tmech) determines the resultant angular deflection of the magnet. 

Then equation ( 18 ) and ( 19 ) can be solved to determine �I  to: 
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Where Vmag represents the volume of the magnet and �Ik  is dependent on the dimensions 

of the torsion beam. 

 
magV

k
HM �I�I

� �u
 

( 21 ) 

From equation ( 21 ), H can be determined. H provides information about the location 

�D�Q�G���R�U�L�H�Q�W�D�W�L�R�Q���R�I���W�K�H���V�H�Q�V�R�U���R�Q���W�K�H���H�D�U�W�K�¶�V���V�X�U�I�D�F�H�� 

3.6 Theory Summary 

This chapter presented an introduction to the theory in context with the undertaken 

research. It explained the stroke phase definition by Maglischo [49] and the relative 

movements of the swimmer during these phases. It also introduced the acceleration, 

velocity and stroke patterns investigated by athletes swimming the freestyle swimming 

stroke. 

Section 3.3 explained the accelerometer and its operation. This included the 

mathematics behind acceleration as well as the development of the equations which can 

be used to calculate velocity. It further presented some limitations of accelerometers and 

calibration procedures. The operation of gyroscopes and their mathematics were 

explained in section 3.4 followed by section 3.5 explaining the function of 

magnetometers. 

As all inertial sensors are nowadays equipped with at least one tri-axial accelerometers 

and occasionally a multi-axis gyroscope, this research focused on tri-axial acceleration 

data to find and extract useful information for coaches, athletes and sports scientists. 

The methodology of this research is presented in the following chapter. 
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4 Methodology 

4.1 Introduction  

This chapter presents the research methodology, which includes the research approach 

and the relevant analytical techniques carried out during this research. Section 4.2 

presents the equipment used during this research, which included the nCore 2.0, a low-

cost tri-axial accelerometer, the zCore, a newly developed sensor, the software used for 

downloading the recorded data and the Speed Probe 5000 velocity meter (SP5000), 

which was used as a reference system to verify the accelerometer derived results. 

Section 4.3 deals with the data collection approaches and procedures used for this 

research, which includes the used facilities and measurement equipment. Section 4.4 

explains the data analysis requirements, which includes; the analysis software, filtering 

techniques and the data calibration procedure. Section 4.5 presents the approach used to 

calculate the SR, velocity and displacement. The last Section 4.6 draws a summary of 

the whole methodology section. 

4.2 Equipment 

This section presents the equipment used during this research. This includes the sensors, 

the software used for downloading and storing the triaxial acceleration data, the data 

analysis GUI and the reference system used to collect the velocity of the swimmer. 

4.2.1 nCore 2.0 

With the emergence of Sports Engineering as a whole new discipline in sports science, 

the availability of commercial inertial sensors has become better but at significant cost. 

The CWMA at Griffith University developed the nCore 2.0 [62], a low-cost inertial 

sensor for the cost of approximately $60 (Figure 4-1). 

Hardware 

This platform contains a low cost microprocessor, 2 MB9 on board memory, a low-g 

three axis accelerometer, a USB10 connection and provision for additional sensors. The 

Core is the RISC11 based ATmega324P microprocessor, with 8 channels for analogue 

                                                 
9 1 Megabyte = 1024 Kilobyte = 1024 * 1024 Byte = 1024 * 1024 * 8 Bit 
10 Universal Serial Bus 
11 Reduced Instruction Set Computer 
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input, 32 Kbyte flash memory, 1 Kbyte EEPROM12, 32 digital I/O13 lines and SPI14 bus 

for communicating with peripheral devices. This processor can operate from kHz up to 

20 MHz and therefore meeting the requirements from low power consumption up to 

high performance (up to 10 MIPS15 processing throughput) devices. The 2 Mbytes on 

board memory can store up to 45 minutes of triaxial accelerometer data at a sampling 

frequency of 100 Hz. The accelerometer, a Freescale A7260, features a programmable 

gain with up to ± 6 g range on every single axis, which allows collection of three 

dimensional data. This accelerometer at rest reports a static acceleration of 1 g which is 

�U�H�O�D�W�H�G���W�R���W�K�H���H�D�U�W�K�¶�V���J�U�D�Y�L�W�\���I�L�H�O�G�����$�Q���R�Q���E�R�D�U�G���8�6�%���F�K�L�S���D�Q�G���F�R�Q�Q�H�F�W�L�R�Q���V�R�F�N�H�W���D�O�O�R�Z�V��

communication with a PC. External analogue and digital connection sockets allow other 

sensors to be attached and therefore makes this platform customizable. The nCore can 

be powered in the range between 2.4 and 3.3V using batteries of any size due to the 

requirements of the investigated sports discipline. Figure 4-1 and Figure 4-2 shows the 

board layout for the nCore platform and components and a picture of an actual used unit 

for the conducted experiments. 

The nCore consumes about 5 mA in record mode, which will allow up to 44 hours of 
recording time on two AAA  standard batteries (220 mAh) and up to 20 hour with the 
battery pack shown in Figure 4-2. 

 

Figure 4-1: Sensor platform layout showing key components [62]. 

                                                 
12 Electrical Erasable Programming Read Only Memory 
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14 Serial Peripheral Interface 
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Figure 4-2: nCore 2.0 with battery pack used for first experiments (original size). 

Operating System 

The operating system used on the nCore platform is a loosely-coupled, low power, 

embedded, RTOS16 developed within the CWMA at Griffith University by Wixted et al. 

[63]. This RTOS can provide appropriate hardware abstraction being loosely coupled to 

the hardware that minimise dependencies on specific hardware and allows periodic 

technology updates. It also minimises power consumption and assists application 

developers in minimising application power use. The RTOS is capable of performing 

sensing, data acquisition, signal processing and communications on a limited power 

budget. 

The operating system uses two background schedulers and some independent threads 

managing specific tasks. Tasks like the data acquisition, which is a synchronised 

function, are usually repetitive tasks and placed in the RTS17. RTS are usually atomic18 

or near atomic tasks. The RTS can start an independent thread of control for non atomic 

real time tasks if needed as well it can add tasks to the BGS19. 

Depending on the implementation, background tasks run either on a scheduler designed 

to run every task to completion or on a round-robin scheduler. The RTS is running 

independent from the BGS, where long running tasks are usually run by the BGS or on 
                                                 
16 Real Time Operating System 
17 Real-Time Scheduler 
18 An atomic task is a very short task run by the operating system 
19 Background Schedule 
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an independent thread. A typical independent thread is a full data log buffer which 

needs the data to be transferred via the serial bus to the flash memory. An overview of 

the architecture of the RTOS is shown in Figure 4-3. 

This operating system provides two lists of tasks, the RTS and BGS, which are executed 

on primary interval and idle time, respectively. The RTS is designed for either simple 

tasks or routines that are going to use a separate interrupt routine, while the BGS is used 

for non time critical or long running tasks. 

Figure 4-3: Architecture of the Real-Time Operating System [62]. 
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Summary 

The nCore 2.0 was used for the first experiments undertaken during this research. These 

sensors were not waterproof and were packed into sealed plastic bags when used in 

water. The plastic bags were not 100 % water proof and the shape of the sensor was not 

suitable for underwater research. A new sensor to be used in the harsh environment of 

the pool was developed. Section 4.2.2 presents the concept and design of the new 

sensor. 

4.2.2 zCore 

This section describes the requirements, design considerations, hardware design and the 

operating system used on the newly developed sensor, the zCore. The requirements for 

the new sensor device where evaluated according to the needs and are described below. 

Requirements  

As the new inertial sensor was intended to be used mainly in the harsh environment of 

the pool, this was a prior design focus. Additional needs for other sports were 

implemented to improve the range of applications. The main requirements included: 

�x Three axis accelerometer (at least ± 6 g) 

�x Three axis gyroscope (at least ± 1200 degrees per second) 

�x Low power consumption (I < 20 mA, to allow long battery life) 

�x Sufficient CPU power for on board processing 

�x Easy user interface 

�x Graphics display 

�x Switches to operate the device 

�x Good storage capacity (at least 1 GB) 

�x Recording multiple sessions (at least 100 sessions) 

�x USB connection for charging and downloading recorded data 

�x Radio capability (only for other sports) 

�x Low weight (less than 30 g) 

�x Small size (smaller than 100 x 100 x 30 mm, to not influence the swimmer) 

All these requirements were taken into consideration together with parts availability. 
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Hardware 

The hardware development of the zCore was started as part of this research in 

association with a research engineer at the CWMA. After the main components and 

their availability were verified the design phase began. It turned out that the 

development of the new sensor was too time consuming, therefore the research was 

focussed completely on athlete assessment. The final development of the zCore was 

completed by the research engineer. 

The new inertial sensor used an Atmel microcontroller (Atmega AT90USB1286). The 

core is an RISC based 8 bit microcontroller with build in USB function and adaptable 

USB boot loader for direct USB support. The build in USB function has the benefit that 

no UART20 to USB bridge chip is required and that the microcontroller can be 

programmed using the USB interface. It also features a 128 Kbytes of flash memory, 8 

Kbytes of internal SRAM, 4 Kbytes of EEPROM, a SPI21 interface, an I2C22 interface 

and a USART23 interface. To connect external components an 8 channel 10 bit ADC24 is 

available as well as 48 programmable I/O lines. To communicate with other peripheral 

the SPI, I2C and USART interfaces can be used. The processor can operate from kHz up 

to 16 MHz to meet the requirements (up to 16 MIPS). 

The onboard memory was realised using a micro SD Card directly soldered onto the 

logic board, where the size of the memory card can be up to 4GB. A 1GB SD card was 

sufficient to store up to 210 hours of triaxial acceleration and triaxial rotational data at a 

sampling frequency of 100Hz. 

The accelerometer was a digital STMicroelectronics LIS331DLH with a resolution of 

16-bit and a selectable range of 2 g, 4 g and 8 g. It communicates with the processor 

using the I2�&�� �L�Q�W�H�U�I�D�F�H�� �D�Q�G�� �K�D�V�� �D�� �W�\�S�L�F�D�O�� �F�X�U�U�H�Q�W�� �X�V�H�� �R�I�� �������� ���$���� �7�K�H�� �W�K�U�H�H�� �D�[�L�V�� �R�I��

rotation are realised using two gyroscopes, one dual-axis and one single-axis. The pitch 

and roll gyroscope is the analogue STMicroelectronics LPR5150AL which is sampled 

through a 10-bit ADC interface on the microprocessor. The yaw gyroscope was the 

analogue STMicroelectronics LY5150AL sampled again through a 10-bit ADC 

�L�Q�W�H�U�I�D�F�H���� �%�R�W�K�� �J�\�U�R�V�F�R�S�H�V�� �K�D�Y�H�� �D�� �V�H�O�H�F�W�D�E�O�H�� �P�H�D�V�X�U�H�P�H�Q�W�� �U�D�Q�J�H�� �R�I�� ���������� �Û���V�� ���G�H�J�U�H�H�V��

                                                 
20 Universal Asynchronous Receiver Transmitter 
21 Serial Peripheral Interface 
22 Inter-Integrated Circuit 
23 Universal Synchronous Asynchronous Receiver Transmitter 
24 Analogue Digital Converter 
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�S�H�U���V�H�F�R�Q�G�����R�U�������������Û���V���Z�L�W�K���W�K�H���V�H�Q�V�L�W�L�Y�L�W�\���R�I���������������P�9���Û���V���D�Q�G���D���W�\�S�L�F�D�O���F�X�U�U�H�Q�W���X�V�H���R�I��

6.8 mA and 5 mA, respectively. 

The zCore additionally provides a radio link, realised using a Nordic nRF24L01+ 2.4 

GHz transceiver. The nRF24L01+ provides and SPI, 0 dBm output power (at 

�U�H�F�R�P�P�H�Q�G�H�G�� �O�R�D�G�� �R�I�� ������ �
�� ���� �M������ �
������ �������� �5�)�� �F�K�D�Q�Q�H�O�V�� �D�Q�G�� �*�)�6�.�� �P�R�G�X�O�D�W�L�R�Q���� �7�K�H��

typical current use is 11.3 mA and 13.5 mA for Tx25 and Rx26, respectively. This 

frequency was chosen as it is operating in the free ISM band and requires only a small 

antenna, which contributes to the size requirements of the device. The current design of 

�W�K�H���]�&�R�U�H���L�P�S�O�L�H�V���D���������
���3�&�%���D�Q�W�H�Q�Qa and a matching network consisting of capacitors 

and resistors (see Figure 9-2), which was taken from a reference design of the 

AVRUSBRF01 USB/RF Dongle [64]. 

To power the logic board a small high density battery was required. A replacement 

lithium polymer iPod battery was found to meet the requirements best with the 

dimensions of 16.9 x 22.5 x 2.7 mm, a weight of less than 10 grams, a voltage of 3.7 V 

and an energy of 0.74 Wh. This battery is connected to a 3.3 V 180 mA LDO voltage 

regulator (Fairchild Semiconductor, FAN2558S33), a 12 V 25 mA DC/DC booster 

(Texas Instruments, TPS61041) and a 120 mA Li-Ion27 battery charger (Linear 

Technology, LTC1734). The battery supplies a DC/DC booster, which is needed to 

power the display and the voltage regulator. The voltage regulator supplies the whole 

logic board with a constant voltage of 3.3 V independent from the battery voltage until 

the battery voltage drops below 1.2 V as these is a critical level for a Li-Ion battery. The 

battery is charged through the battery charger IC28, which is supplied with 5 V from the 

USB port (see Figure 9-1). The whole circuit is powered up by a button press and USB 

connect. The total current drawn from the battery for the accelerometer and gyroscopes 

logging at 100 Hz, radio enabled and screen is around 40 mA. This allows the zCore to 

record up to 3 hours with one battery charge. 

The USB port is used for charging the zCore, downloading the logged data and using 

the attached zCore as a network hub. A via USB connected zCore can be used to remote 

�F�R�Q�W�U�R�O�� �R�W�K�H�U�� �]�&�R�U�H�¶�V�� ���V�W�D�U�W�� �D�Q�G�� �V�W�R�S�� �U�H�F�R�U�G�L�Q�J���� �D�Q�G�� �D�V�� �D�� �U�H�F�H�L�Y�L�Q�J�� �F�O�L�H�Q�W�� �I�R�U�� �O�L�Y�H��

streamed acceleration or rotational data. 

                                                 
25 Tx describes data transmitting 
26 Rx describes data receiving 
27 Lithium Ion 
28 Integrated circuit 
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The PCB layout and design was made using Altium Designer 2009 [65] and is attached 

in Appendix A. Figure 9-1shows the upper layer of the zCore and its main components: 

microprocessor, screen connection, battery connection, micro SD card connection and 

USB socket. Figure 9-2 therefore gives an overview of the bottom layer with the two 

gyroscopes, the accelerometer and the radio transceiver. Figure 9-3 shows the schematic 

of the zCore and Table 9-1 a list of all components. 

The first working prototype is shown in Figure 4-4 and the first usable sensor for 

recording the movement of athletes in Figure 4-5. A docking cradle prototype is shown 

in (a) and with the zCore plugged in (b) of Figure 4-6. 

 
Figure 4-4: First working zCore prototype. 

 
Figure 4-5: First fully functional zCore prototype in its casing. 
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Figure 4-6: (a) Presents a docking cradle prototype. (b) Presents a zCore plugged into the docking cradle. 

Operating System 

The operating system used on the zCore platform is the FreeRTOS developed by Real 

Time Engineers Ltd. [66]. The advantage of this RTOS is the very good support of 30 

different architectures including ARM, Atmel and PIC. The OS29 is small, simple and 

easy to use. It is mostly written in C and comes with stack overflow detection, a 

powerful execution trace, efficient software timers and support for tasks and co-

routines. Furthermore it has no restriction on the number of tasks that can be created as 

well as no restriction on the number of priorities that can be used. 

�7�K�H���5�7�2�6���X�V�H�V���W�K�H���V�F�K�H�P�H���R�I�� �µ�)�L�[�H�G���3�U�L�R�U�L�W�\���3�U�H-�H�P�S�W�L�Y�H���6�F�K�H�G�X�O�L�Q�J�¶���� �)�L�[�H�G���S�U�L�R�U�L�W�\��

�P�H�D�Q�V�� �L�Q�� �W�K�L�V�� �F�D�V�H�� �W�K�D�W�� �H�Y�H�U�\�� �W�D�V�N�� �K�D�V�� �D�� �I�L�[�H�G�� �S�U�L�R�U�L�W�\�� �Z�K�L�F�K�� �F�D�Q�¶�W�� �E�H�� �F�K�D�Q�J�H�G�� �E�\�� �W�K�H��

kernel. However running tasks can still change the priority. Pre-emptive means, that if a 

task enters the ready state or has a priority change, the running state task will be pre-

empted if his priority is lower. Tasks can also be placed in a waiting queue called 

blocked state to wait for certain events to occur before they are moved back into the 

ready state. That means for three level priorities (low, medium and high) that the 

continuously running idle task can be interrupted by all other priorities. The low priority 

task can only be interrupted by the medium and high priority task and the medium 

�S�U�L�R�U�L�W�\�� �W�D�V�N�� �R�Q�O�\�� �E�\�� �W�K�H�� �K�L�J�K�� �S�U�L�R�U�L�W�\�� �W�D�V�N���� �7�K�H�� �K�L�J�K�H�V�W�� �S�U�L�R�U�L�W�\�� �W�D�V�N�� �K�R�Z�H�Y�H�U�� �F�D�Q�¶�W�� �E�H��

pre-empted by any other task. Figure 4-7 shows the different priority tasks and their pre-

emption points. 

Hardware real-time tasks are usually implemented as highest priority tasks, where 

software real-time tasks still have high priorities but below hardware real-time tasks. 

                                                 
29 Operating System 
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Figure 4-7: Example of execution pattern for the used FreeRTOS. 

4.2.3 Data download tool 

Terminal software 

The zCore communicates via a virtual COM port using any terminal software (e.g. 

hyper terminal, Windows). This software can be used to configure the zCore and 

download recorded sessions. Figure 4-9 shows an established connection after the 

connection settings have been made as shown in Figure 4-8. The menu of the zCore 

allows the user to change the zCore sensitivity by choosing C from the menu, to erase 

all recorded sessions by choosing E from the menu and to download a specific session 

by choosing G from the menu. For downloading a session, the session number must be 

entered after the download session menu item was chosen. The recorded data will then 

appear in the terminal software window and can be saved as a text file (see Figure 

4-10). 

 
Figure 4-8: Terminal settings for establishing a zCore connection via serial interface. 
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Figure 4-9: Download menu of zCore using hyper terminal. 

 
Figure 4-10: Download of data using the hyper terminal. 

As this procedure of downloading recorded data is very time consuming and the text file 

needs to be imported into further processing software like MATLAB, a more 

comfortable download tool was required. This new download tool developed by the 

author is described in the next section. 

MATLAB software (z_core_downloader 1.0) 

As MATLAB is a common data analysis software tool used in the CWMA, this 

software was chosen to implement the new download tool. Z_core_downloader 

principally opens a serial connection like terminal software and communicates through 

that serial connection with the zCore. To be able to use special commands for 

configuring the zCore or downloading data from the zCore, those commands must be 

implemented in the zCore RTOS. 
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To be able to automatically detect the COM port where the zCore device is connected, a 

new function (get_zCore_usbserialport) was written. This function opens the Windows 

registry and checks first for the Windows version as the registry works different for 

every Windows. A search string to find the device driver path is used according to the 

detected Windows version to find the path where the device driver is registered. After 

the device driver path was found, the COM port assigned to the zCore can be looked up 

at the device driver registry. Once the COM port is detected MATLAB can open a serial 

connection to the zCore using the implemented function serial. 

The first download tool called z_core_downloader was written as part of this research 

and is shown in Figure 4-11. This download tool prompts the user to enter the event 

date, event description and the filename under which the zCore data should be saved. 

The event date is automatically set to the day when the session was downloaded and the 

�H�Y�H�Q�W�� �G�H�V�F�U�L�S�W�L�R�Q�� �D�Q�G�� �I�L�O�H�Q�D�P�H�� �W�R�� �³Event_downloaded_on_dd-mm-yyyy�´�� �L�I�� �W�K�H�� �X�V�H�U��

leaves this field blank. The GUI30 shows the sampling rate of the zCore as well as the 

total number of recorded sessions. Each session will display the length of its duration 

after the session number as a selection field of the pop-up menu. The user must choose 

which session to download before the download starts. 

 
Figure 4-11: First version of download tool z_core_downloader. 

The download tool can further be used to erase all sessions on the zCore by pressing the 

�³Erase zCore�´�� �E�X�W�W�R�Q�� �D�Q�G�� �S�O�R�W���W�K�H�� �V�H�O�H�F�W�H�G���V�H�V�V�L�R�Q�� �E�\�� �S�U�H�V�V�L�Q�J�� �W�K�H�� �³Plot File�´�� �E�X�W�W�R�Q����

On the bottom of the download tool window is a text box which displays the status of 

the current task. 

                                                 
30 Graphical User Interface 
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With the start of downloading a session, the download tool sends a command to the 

zCore which starts transferring the specific session data to MATLAB. The download 

tool furthermore takes the received data and arranges this data together with the user 

information and the zCore settings into a ADAT31 structure which is part of the within 

the CWMA developed ADAT toolbox [67]. Figure 4-12 gives an overview of a typical 

ADAT structure used to save recorded data. 

Figure 4-12: Overview of a typical ADAT structure [67]. 

The ADAT structure has some compulsory variables which can be supplemented with 

additional variables. The use of these structures has the advantage of straight imported 

into Matlab without any conversion. Even data processing can be pre-programmed 

relying on the ADAT structure entries and performed after the ADAT structure has been 

loaded. 

After this first version of the MATLAB download tool was programmed the need to 

integrate more functions into this download tool emerged. The download tool project 

was passed over to a research engineer to focus on the athlete assessment. This research 

engineer has further developed the download tool, which is presented in the following 

section. 

  

                                                 
31 Within the CWMA developed Matlab toobox for handling time series athlete performance data.  
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MATLAB software (z_core_downloader 2.0) 

The previous version of the z_core_downloader 1.0 was extended by many functions 

such as changing the device settings, displaying the remaining battery percentage and 

network functions. The automatic detection of a connected zCore was retained as well 

�D�V���W�K�H���H�U�D�V�H���D�O�O�����Q�R�Z���F�D�O�O�H�G���³�H�U�D�V�H���K�X�E�´���D�Q�G���µ�(�U�D�V�H�¶�����I�X�Q�F�W�L�R�Q�����7�K�H���U�H�F�R�U�G�H�G���V�H�V�V�L�R�Q�V���D�U�H��

now presented in a scroll down menu instead of the pop-up menu. The focus of the 

redevelopment has been on integrating network (wireless) functions. The new version 

of the z_core_downloader 2.0 is shown in Figure 4-13. 

 
Figure 4-13: New version of download tool (z_core_downloader 2.0). 

One of the main new functions is that a USB connected zCore can be used as a network 

hub, wh�L�F�K�� �F�D�Q�� �F�R�P�P�X�Q�L�F�D�W�H�� �Z�L�W�K�� �R�W�K�H�U�� �]�&�R�U�H�¶�V�� �Z�L�W�K�L�Q�� �Z�L�U�H�O�H�V�V�� �U�D�Q�J�H���� �7�K�H�� �Z�L�U�H�O�H�V�V��

working range was 15 - �������P���O�L�Q�H���R�I���V�L�J�K�W���D�Q�G���F�D�Q���E�H���X�V�H�G���W�R���V�F�D�Q���Z�K�L�F�K���]�&�R�U�H�¶�V���D�U�H���L�Q��

�U�D�Q�J�H���� �7�K�H�� �G�H�Y�L�F�H�� �Q�X�P�E�H�U�� �R�I�� �W�K�H�� �D�V�� �K�X�E�� �X�V�H�G�� �]�&�R�U�H�� �L�V�� �V�K�R�Z�Q�� �D�E�R�Y�H�� �W�K�H�� �³�5�H-�G�H�W�H�F�W�´��

button in the �*�8�,�����7�K�H���³�6�F�D�Q���1�H�W�Z�R�U�N�´���E�X�W�W�R�Q���F�D�Q���E�H���X�V�H�G���W�R���G�H�W�H�F�W���D�O�O���]�&�R�U�H�¶�V���Z�L�W�K�L�Q��

�U�H�D�F�K�� �R�I�� �W�K�H�� �K�X�E���� �$�O�O�� �G�H�W�H�F�W�H�G�� �]�&�R�U�H�¶�V�� �D�Q�G�� �W�K�H�L�U�� �G�H�Y�L�F�H�� �Q�X�P�E�H�U�� �D�U�H�� �W�K�H�Q�� �V�K�R�Z�Q�� �L�Q�� �D��

scroll down menu located on the left side of the new z_core_downloader as shown in 

Figure 4-14. 
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Figure 4-14: New version of z_core_downloader �Z�L�W�K���I�L�Y�H���]�&�R�U�H�¶�V���G�H�W�H�F�W�H�G���Z�L�U�H�O�H�V�V�O�\�� 

�2�Q�F�H���D���V�S�H�F�L�I�L�F���Z�L�U�H�O�H�V�V�O�\�� �F�R�Q�Q�H�F�W�H�G���Q�R�G�H���K�D�V���E�H�H�Q���V�H�O�H�F�W�H�G���D�Q�G���W�K�H���³�&�R�Q�Q�H�F�W�´���E�X�W�W�Rn 

been pressed, the wireless can be used to change the accelerometer g settings (2 g, 4 g 

or 8 g), start recording, stop recording, erase all sessions, send a sync pulse and switch 

off the selected zCore. The synchronisation of a sensor network with multip�O�H���]�&�R�U�H�¶�V���L�V��

�U�H�D�O�L�V�H�G���Y�L�D���V�R�I�W�Z�D�U�H�����7�K�H���K�X�E���V�H�Q�G�V���D���V�\�Q�F���S�X�O�V�H���W�R���D�O�O���]�&�R�U�H�¶�V���F�R�Q�Q�H�F�W�H�G�����Z�K�R���U�H�F�R�U�G��

this pulse as a maximum spike in the acceleration signal on all axes. This allows the 

data analysis software to automatically detect synch pulses and lining up the different 

sensors data. Figure 4-15 shows the zCore with the device number 6 connected and the 

�U�H�F�R�U�G�H�G�� �V�H�V�V�L�R�Q�� �R�Q�H�� �V�H�O�H�F�W�H�G�� �Z�K�L�F�K�� �F�D�Q�� �Q�R�Z�� �E�H�� �G�R�Z�Q�O�R�D�G�H�G�� �X�V�L�Q�J�� �W�K�H�� �³�'�R�Z�Q�O�R�D�G�´��

button. 

 
Figure 4-15: Device info of zCore number 6 selected. 

Another main function is the batch download tool which is started by selecting the 

�7�R�R�O�V���P�H�Q�X���L�W�H�P���R�I���W�K�H���*�8�,�¶�V���W�R�R�O�E�D�U����Figure 4-16 shows the batch download tool with 
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�D�O�O���]�&�R�U�H�¶�V���L�Q���U�H�D�F�K���R�I���W�K�H���K�X�E���D�Q�G���W�K�H�L�U���V�W�R�U�H�G���V�H�V�V�L�R�Q�V�����7�K�L�V���G�R�Z�Q�O�R�D�G���W�R�R�O���V�D�Y�H�V���H�D�F�K��

individual session of each individual node into one file using the ADAT structure. The 

names of the files are chosen as described in the previous section. 

 
Figure 4-16: Batch download tool as part of the zCore downloader. 

Another function integrated into the zCore download tool is the Real Time Receive tool 

as shown in Figure 4-17. This function allows real time receiving of acceleration or 

rotational data of a wirelessly connected zCore and displays it as a continuous live 

stream in the plot area. 

 
Figure 4-17: Real Time Receive tool part of the new zCore downloader. 
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4.2.4 Data analysis GUI 

The Data analysis GUI was developed by the research engineer and is shown in Figure 

4-18. This GUI allows the user to load multiple ADAT files to display more than one 

device recording. There are a total of three different datasets each with three axial data 

loadable for analysis. Additionally it allows loading a video file (*.avi), which can be 

synchronised to the recorded acceleration/rotational data. The GUI presents the video 

and sensor data together and allows playing the video on a frame-by-frame basis as well 

as playing it at faster speeds. Once synchronised the GUI shows all sensor data 

associated with the actual video frame. The GUI can save the offset between the video 

and sensor data to the data file and therefore return to the saved position when the data 

file is reloaded. 

 
Figure 4-18: Data Analysis GUI with video and three sensor datasets loaded. 

4.2.5 Speed Probe 5000 (SP5000) 

As this research uses inertial sensors to measure acceleration of swimmers and derives 

velocity from this data, a reference system was needed to confirm the findings. There 

are many reference systems e.g. the gold standard video (2D or 3D) and tethered 

systems (see section 2). The reference system chosen was a tethered system as video 

processing is much more time consuming and does not allow a fast data analysis. The 
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tethered device used for this research is the Swift Performance Equipment Speed Probe 

5000V [11] as shown in Figure 4-19. 

Tethered systems are used to measure velocity profiles of straight motion events such as 

running and swimming. The system uses a very thin nylon line, which was attached to 

the athletes costume as close as possible to the inertial sensor (Figure 4-20). The device 

determines the velocity by measuring the time it takes for 1cm of line passing by an 

optical sensor. The time accuracy of the SP5000 is 10 ��s with an accuracy of the 

velocity of 1 mm/s. To allow a reliable measurement with the tether, a minimum 

resistance was set on the SP5000 to keep the nylon line tight. This resistance was much 

smaller than the resistance of the water and was therefore considered to not influence 

the swimmer. The system is attached to a computer via USB, powers itself through this 

USB port and saves the recorded data in a text file on the computer. This text file can be 

imported into Matlab. An additional underwater video camera (on a stick) can be 

connected to this system and its video recording is then synchronised with the recorded 

velocity data. 

The system was placed at the edge of the pool only 28cm above the water surface to 

reduce the parallax error. The thread at the start of the pool had a distance of 38 cm to 

the water surface which introduces a small error at the start, but was considered as small 

over the course of a lap.  

Figure 4-19: Swift Performance Equipment: Speed Probe 5000 [10]. 

4.3 Data collection 

The data collected by the inertial sensor can be downloaded to a computer using the 

USB interface. A data set is arranged in three (nCore) or six (zCore) columns, which 

represent the x, y and z acceleration and yaw, pitch and roll values. A ten minute trial 

s2566871
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e.g. will have a 10*60*100 = 60000 lines data set for further analysis. Because of these 

large data sets, conventional spreadsheet applications are less suitable to process the 

data. Therefore more powerful algebraic, numeric and statistical analysis software was 

needed (see section 4.4). 

Twenty-six swimmers participated in this research, which was approved by the Griffith 

Universities ethics research committee and has the ethics approval number: 

ENG/05/10/HREC. The ethics approval also included swimmers in the age of less than 

18 years if a guardian was on site. The swimmers had different levels of swimming 

experience, as shown in Table 4-1. The inclusion criterion for swimmers participating in 

this research was that the swimmers are still active in swimming (at least one swimming 

session in the last six months). Past health problems were recorded but were no 

exclusion criteria for participation in this study. 

The data were collected at two different environments. One was a 25m indoor pool 

located at the Queensland Academy of Sport (QAS), the second an Olympic-sized 

FINA standard outdoor pool located at the University of the Sunshine Coast (USC). 

Both pools were temperature controlled and operated between 25 and 28 degrees 

Celsius (FINA specifications), which was manually controlled before the experiments 

commenced. The sensor was attached to the swimmers before the warm-up session 

started to allow the sensor to stabilise to the pool temperature to minimise drift effects. 

As the normal operating temperature of the sensor is 25 �± 28 degrees Celsius, the water 

temperature was assumed to not influence the measurement accuracy. As every 

swimmer conducted a self-defined warm up session, it was assumed that the water 

temperature had no influence on the swimmers performance. 

The equipment used for the experiments includes: 

�x QAS swimming pool (4 lanes x 25 m with underwater windows) 

�x SP 5000 (velocity meter) with synchronised underwater video camera 

�x Sony HD video camera (1920x1080 @50 fps) 

�x nCore sensors 

�x zCore sensors 

�x 100 m tape measure 

�x Force plate (Vernier FP-BTA, uni-axis, up to 3500 N) 
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The methodology used for the first study was based on three different ways of gathering 

data. For all experiments undertaken in the first study, the nCore was used to measure 

the swimmers acceleration; the SP5000 measured the velocity directly and provided a 

synchronised video with the gathered velocity data. 

The main reference, the SP5000 system, is proven as a robust method and provides data 

files which can be directly imported into MATLAB. This data provides the velocity 

profile of the swimmer, which can be compared to the derived velocity calculated from 

the sensor acceleration. 

Table 4-1: List of swimmers who participated in this research and their level of experience. 

Swimmer number Swimming level Comments Height Weight Age Gender 

1 Recreational  n.a. n.a. 24 Male 

 
2 Recreational  n.a. n.a. 22 Male 

 
3 Recreational  n.a. n.a. 43 Male 

 
4 International Olympics n.a. n.a. 47 Male 

 
5 National  n.a. n.a. 25 Male 

 
6 State  n.a. n.a. 23 Male 

 
7 Recreational  n.a. n.a. 23 Male 

 
10 State  n.a. n.a. 24 Male 

 
11 Recreational  n.a. n.a. 25 Male 

 
12 State  n.a. n.a. 26 Male 

 
13 State  182 73 18 Male 

 
14 State  186 86 18 Male 

 
15 State  184 75 17 Male 

 
16 State  184 78 17 Male 

 
17 State  186 83 18 Male 

 
18 State  171 71 17 Male 

 
19 State  194 85 17 Male 

 
20 State  178 67 17 Male 

 
21 National  194 107 37 Male 

 
22 National  171 68 55 Male 

 
23 International World Cup 187 76 29 Male 

 
24 State  172 59 52 Female 

 
25 State  166 53 37 Female 

 
26 State  179 75 26 Male 

 
27 National  186 96 32 Male 

 
28 Triathlon  175 70 22 Male 

 
29 Club  166 55 26 Female 

 The inertial sensor was attached to the swimmers lower back as shown in Figure 4-20 

where the effect of body roll on the acceleration measurements is minimised. The sensor 

was set to record data at 100 Hz. The sensor was packed into a waterproof plastic bag 
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and then taped to the simmers lower back with medical tape to prevent skin problems. 

The tether from the SP5000 system was attached to the swimmers costume as close as 

possible to the inertial sensor (see blue point in Figure 4-20). 

   
Figure 4-20: Inertial sensor attached to the lower back of a swimmer (a) nCore and (b) zCore. 

In the glide position, the swimmer moves principally in the y direction, where the x and 

z are the mediolateral and anterior-posterior directions respectively. The total 

acceleration tota  was calculated using equation ( 22 ). 

 �¦
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( 22 ) 

The SP5000 system records a time point every one cm of pulled line and therefore does 

not sample at a fixed rate. This means that the accuracy is less for lower speeds than at 

higher speeds. The video camera was synchronised with the system and starting and 

stopping synchronously. In some push-off trials an inexpensive single-axis force plate, 

was covered in large waterproof plastic bags and submerged into the pool against the 

starting wall. The force plate data was recorded at 100 Hz. 

The synchronisation between the inertial sensor and video recording was done by 

capturing the whole training session, with the swimmer asked to jump once before and 

once at the end of each trial. 

For study 1 (Chapter 5), the swimmers were asked to push-off with both feet against the 

force plate and to remain motionless in the glide position until he/she became stationary 

y 

x 
y 
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or out of breath. At this point the distance travelled was measured utilising the 100m 

tape measure. 

For study 2 (Chapter 6), the swimmers were asked to swim one lane with the 

acceleration sensor and the SP5000 attached. As the SP5000 uses a very thin line, only 

one lap can be performed by the swimmer without hindrance. 

4.4 Data analysis �± requirements 

Different data analysis techniques were used to assist in understanding the obtained 

acceleration data during the studies of this research. Data was collected from swimmers 

engaged in swimming and push-off experiments under training conditions. Typical data 

processing included filtering to remove orientation information, integration to extract 

velocity and displacement information and FFT32 to extract frequency as a function of 

swimming speed. 

Accelerometers in swimming are mainly used to determine timing events such as lap 

split times, turn detection and SR. Based on the detected acceleration (usually high 

signal power) turns can be identified without applying a filter to the acceleration data 

and therefore allow data processing on the inertial sensor. As this research used 

recorded acceleration to gain velocity information by integration after complex data 

filtering, on board processing on the inertial sensor is nearly impossible. This leads to 

the need of external data processing on a computer. As standard software like Microsoft 

Excel is not able to handle large data files (e.g. 45 minutes of recorded acceleration data 

�Z�L�O�O�� �L�Q�F�O�X�G�H�� ���������������� �O�L�Q�H�V���� �D�Q�G�� �Z�R�Q�¶�W�� �E�H�� �V�X�I�I�L�F�L�H�Q�W�� �W�R�� �X�Q�G�H�U�W�D�N�H�� �W�K�L�V�� �G�D�W�D�� �D�Q�D�O�\�V�L�V����

special software packages were required. 

4.4.1 Software 

There are many commercial and freeware software packages available for analysis of 

this kind of data, but more powerful algebraic software suites are preferred. Table 4-2 

shows some available software suites for data processing and analysis. 

  

                                                 
32 Fast Fourier Transformation 
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Table 4-2: Overview of available data analysis software suites. 

Software suite Latest version (2012-08-29) License URL 

MATLAB  R2012a Commercial http://www.mathworks.com 

Mathematica 8.0.4 Commercial http://www.wolfram.com/mathematica/ 

 Scilab 5.3.3 Freeware http://www.scilab.org 

FreeMat 4.1 Freeware http://freemat.sourceforge.net 

Octave 3.6.2 Freeware http://www.gnu.org/software/octave 

Maple 16 Commercial http://www.maplesoft.com 

The MATLAB software environment [68] was chosen as signal processing and 

visualisation tool as it is common in the research area of inertial sensors, used by other 

researchers within the CWMA and licensed through the university. Matlab is able to 

perform both, time domain and frequency domain analysis. 

The following data processing and visualisation techniques are discussed in this chapter. 

�x Filtering. 

�x Orientation of Sensors. 

�x FFT for gathering frequency information. 

�x Maximum push-off velocity calculations. 

�x Stroke rate calculations. 

�x Swimming velocity calculations. 

�x Intra stroke velocity calculations. 

�x Arm asymmetry calculations. 

4.4.2 Filtering  

A normal investigation of the gathered acceleration data begins with a visualisation 

(�³�H�\�H�E�D�O�O�L�Q�J�´) of the acquired acceleration data in the time domain. Acceleration 

signals obtained from accelerometers might contain many other signals, which are not 

of primary interest for the researcher. These signals could come from imperfectly 

aligned accelerometers, noise from the accelerometer itself and also from a variety of 

other noise sources. A good way to remove this noise is to apply a filter to the 

acceleration data. Filtering of inertial sensor data is used for two purposes, (a) to remove 

the orientation of the sensor and (b) to extract the wanted signal. The ability of 

removing unwanted signals from acceleration data is determined by the quality and type 

of the filter which is dependent on the available processing power. 

http://www.mathworks.com/
http://www.wolfram.com/mathematica/
http://www.scilab.org/
http://freemat.sourceforge.net/
http://www.gnu.org/software/octave
http://www.maplesoft.com/
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Unwanted signals exist in a variety of different forms. Large impulses can distort the 

signal. Small noise added to the main signal. The wanted signal might be the gravity 

component of the overall signal or the signal after the gravity has been removed. 

Filtering can be used to remove the unwanted signal, but it might distort the wanted 

signal. The effect of filtering acceleration data must therefore also be considered in the 

data analysis. 

Post processing of data utilising a desktop computer provides enough processor power 

and system memory to perform filtering using the best filtering techniques. In 

comparison filtering on the inertial sensors is limited by the low processing power and 

small system memory. Several filtering techniques such as Hamming Windowed FIR33 

filter, Rectangular Windowed FIR filter and Moving Average filter can be used to 

extract signals from acceleration data and are explained below. 

 
Figure 4-21: Hamming Windowed FIR Filter with 99 samples. 

A filter with a length of 500 elements requires 500 floating point multiplications and 

additions per sample per channel if realised using a Hamming Windowed FIR filter. 

This means for triaxial acceleration data recorded at 100 Hz the computer needs to 

perform 150,000 floating-point operations per second (see Figure 4-21). A Hamming 

Windowed FIR filter multiplies each sample history element with the corresponding 

filter element. The multiplication results must then be summed to provide the filter 

output. Multiple filters can be applied simultaneously and the outputs combined to 

provide high-pass, low-pass or band-pass signals. 

A 500 element Rectangular Windowed FIR filter therefore can reduce the floating-point 

operations and additions to two per sample per channel but requires an additional part of 

integer arithmetic. This leads to 600 floating-point operations for triaxial acceleration 

                                                 
33 Finite Impulse Response 
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data recorded at 100 Hz (see Figure 4-22). This filter operates similar to the Hamming 

Windowed FIR Filter except that there is only one filter element. Each sample is 

therefore weighted the same. The output can be generated from the previous output by 

removing a weighted value of the oldest sample and replacing it with a weighed value 

of the current sample. Both filters require the last 500 samples in memory. 

 
Figure 4-22: Rectangular Windowed FIR Filter with 99 samples. 

 
Figure 4-23: Hamming Window function and frequency response. 

 
Figure 4-24: Rectangular window function and frequency response. 
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The Hamming Window function has a wider main lobe (0.18) than the rectangular 

window function (0.08) but therefore a bigger attenuation of -42.2 dB between the main 

lobe and the highest side lobe compared to -13.2 dB for the rectangular window 

function. Figure 4-23 and Figure 4-24 show the time and frequency domain for a 

Hamming Window and rectangular window function respectively. 

A moving average filter is a simple digital filter. This filter smooths the data by 

replacing each data point ai with the average of the neighbouring data points defined 

within a certain span. 
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( 23 ) 

where (2m+1) is the number of data points within the span. This filter is a simple 

implementation of a FIR filter and works well for statistical analysis. However its 

frequency characteristics need to be considered so that no important information is lost. 

To preserve and enhance the quality of the gained accelerometer data, the optimal cut 

off frequency (fc) must be found. The relationship between m, fc and sampling frequency 

(fs) was developed by [62] and is shown in the equation ( 24 ). 
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Changing these variables can help to improve the results gathered from the filter. To 

improve the result for some experiments, a weighted moving average filter replaces the 

acceleration values ai with the weighted smoothed values awi. 
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where W is the coefficient of normalisation and represents the time weighted values for 

each element of the filter. The coefficients of normalisation and weight of vectors can 

be derived for a second to sixth ordered weighted average smoothing method using a 

polynomial approximation.  
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This Savitzky-Golay method [69] is an approximation and follows the rules: 

�x The span34 must be odd. 

�x The polynomial degree must be less than the span. 

�x The data points are not required to have uniform spacing. 

The following table shows the coefficients (W) for different Savitzky-Golay order 

filters. 

Table 4-3: Coefficients of Savitzky-Golay (W) moving average filter for different orders. 

m\w -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 

2     -3 12 17 12 -3     

3    -2 3 6 7 6 3 -2    

4   -21 14 39 54 59 54 39 14 -21   

5  -36 9 44 69 84 89 84 69 44 9 -36  

6 -11 0 9 16 21 24 25 24 21 16 9 0 -11 

Different filters were implemented on the desktop computer. The Hamming Windowed 

FIR filter was chosen as it provides a good attenuation (see Figure 4-23) between the 

main lobe and first side lobe, which represents a good attenuation between the wanted 

and unwanted signal. The filter also provides a good combination of efficiency and 

required processing power. 

4.4.3 Data calibration 

Data recorded from inertial sensors is usually stored as numerical values between �± 2x/2 

and + 2x/2, where x is the value in bit of the sensor data output. That means -32768 and 

+32768 acceleration units as the zCore uses a triaxial accelerometer with a 16 bit data 

output. As the accelerometers are usually switchable between different sensitivities (2 g,  

4 g and 8 g for the zCore) these values represent the maximum and minimum values the 

accelerometer can detect. For example who the zCore is set for 4 g, -4 g is represented 

by -32768 and +4 g is represented by +32768 acceleration units. These numerical values 

were converted into gravi�W�D�W�L�R�Q�D�O���X�Q�L�W�V�����J�¶�V�����Z�L�W�K���W�K�H���U�H�I�H�U�H�Q�F�H���W�R���W�K�H�������J���D�F�F�H�O�H�U�D�W�L�R�Q���R�I��

�W�K�H�� �H�D�U�W�K�¶�V�� �J�U�D�Y�L�W�\���� �7�K�L�V�� �Z�D�V�� �G�R�Q�H�� �X�V�L�Q�J�� �D�� �P�D�Q�X�D�O�� �F�D�O�L�E�U�D�W�L�R�Q�� �P�H�W�K�R�G���� �Z�K�L�F�K�� �U�H�T�X�L�U�H�V��

each sensor axis to be perfectly aligned to positive and negative gravity to estimate the 

sensitivity and offset. 

                                                 
34 Window length 
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Figure 4-25 shows the acceleration after the calibration procedure has been performed. 

The x-axis represents the time in seconds and the y-axis the acceleration in units before 

the conversion. To calculate the acceleration axis sensitivity the average of the 

acceleration measured during the -1 g and +1 g orientation on each individual axis was 

calculated, which was e.g. -7974 acceleration units (average from 3 to 9 seconds) for +1 

g and +8611 acceleration units (average from 11 to 17 seconds) for -1 g (see Figure 

4-25) for the x-acceleration axis. The offset of each axis was calculated as the mean 

value between +1 g and -1 g of each individual acceleration axis. Table 4-4 shows the 

acceleration units relative to the gravitational units. 

Table 4-4: Overview of acceleration units representing the relative gravity units. 

Acceleration axis Acceleration units Gravitational units  

X -7973.8 +1 g 

-318.4 0 g 

+8610.5 -1 g 

Y -7906.8 +1 g 

379.3 0 g 

8665.3 -1 g 

Z -8118.2 +1 g 

111.8 0 g 

8341.9 -1 g 

 
Figure 4-25: Calibration of the zCore unit 2 with acceleration shown in units. 

The acceleration data was then converted to gravitational units using the calibration 

values presented in Table 4-4. This was done by taking the offset for each axis off each 

individual data points of the relevant axis (see equation ( 26 )). The result was then 
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divided by the difference between the positive 1 g and negative 1 g value of each axis 

divided by two, which then represents the acceleration in relation to gravity (see 

equation ( 27 )). 

 
xxx offsetunitdpunitsoffdpunits ____ ��� 

 
( 26 ) 

 

2/)1__1__(
__

_
gnegysensitivitgposysesnitivit

offdpunits
dpgravity x

x ��
�  

( 27 ) 

�7�K�H���U�H�V�X�O�W�L�Q�J���D�F�F�H�O�H�U�D�W�L�R�Q���G�D�W�D���L�Q���J�U�D�Y�L�W�D�W�L�R�Q�D�O���X�Q�L�W�V�����J�¶�V�����L�V���V�K�R�Z�Q���L�Q��Figure 4-26. The 

acceleration data itself looks like the acceleration plotted in Figure 4-25 but the scale on 

the y-axis has now been changed from acceleration units to gravitational units. Thus the 

converted data can be used for further processing, like deriving velocity, knowing that 1 

g is representing 9.81 m.s-2. 

 
Figure 4-26: Calibration of the zCore unit 2 with acceleration shown in �J�U�D�Y�L�W�D�W�L�R�Q�D�O���X�Q�L�W�V�����J�¶�V���� 

4.4.4 Orientation of sensors �± Extracting orientation  

In sports science the orientation of an inertial sensor is usually referred to the orientation 

of the sensor in respect to gravity. Assuming that the sensor is firmly attached to the 

�D�W�K�O�H�W�H���� �W�K�L�V�� �S�U�R�Y�L�G�H�V�� �D�Q�� �H�V�W�L�P�D�W�L�R�Q�� �R�I�� �W�K�H�� �D�W�K�O�H�W�H�¶�V�� �R�U�L�H�Q�W�D�W�L�R�Q�� �D�F�F�R�U�G�L�Q�J�� �W�R�� �J�U�D�Y�L�W�\����

However there might be some differences between the actual orientation of the athlete 

and the orientation of the sensor due to bone and skin movements. Therefore the 

orientation gained from sensors attached to the athlete, even if the sensor is firmly 

�D�W�W�D�F�K�H�G���� �L�V�� �R�Q�O�\�� �D�Q�� �H�V�W�L�P�D�W�L�R�Q�� �R�I�� �W�K�H�� �D�W�K�O�H�W�H�¶�V�� �R�U�L�H�Q�W�D�W�L�R�Q�� �D�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �J�U�D�Y�L�W�\����

Assuming a good and firm fit of the sensor to the athlete and the investigation of 
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athletes with slow orientation changes such as swimming, the sensor will allow an 

�H�V�W�L�P�D�W�L�R�Q���R�I���W�K�H���D�W�K�O�H�W�H�¶�V���D�S�S�U�R�[�L�P�D�W�H���R�U�L�H�Q�W�D�W�L�R�Q�� 

There are several orientation types available which include Reference Orientation, 

Stationary Orientation and Average Orientation. In some cases it might be necessary to 

use one of them alone or in combination to extract the orientation of interest. 

Triaxial accelerometers are usually mounted on the athlete is such way, that the human 

body frame is aligned with the accelerometer axes. That means e.g. that the 

accelerometer is attached to the swimmer in that way, that the x-axis is measuring the 

mediolateral acceleration (represents the body roll), the y-axis the forward acceleration 

(direction of movement) and the z-axis the anterior-posterior acceleration (up and down 

movement) of the swimmer (see Figure 4-27). The orientation can be read straight from 

the calibrated accelerometer recording or extracted using a low pass filter explained in 

section 4.4.2. If the athlete is standing stationary, the magnitude of the forward 

acceleration vector of the orientation signal will show approximately -1 g. 

 
Figure 4-27: Alignment of accelerometer on swimmer. 

Figure 4-28 provides an example of how sensor orientation can be extracted. The 

accelerometer shows in this case 0.162 g on the mediolateral, 0.3 g on the forward and 

0.94 g on the anterior-posterior axis. The total acceleration will be 1 g calculated from 

the trigonometric sum of three single values. The sensor is therefore 19.93 degree tilted 

out of anterior-posterior and 28.37 degree out of the forward axis. 
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Some sports might require a Reference Orientation. This orientation can be usually 

calculated by performing a calibration of the athlete/sensor combination asking the 

athlete to perform a couple of stationary positions. This could be for a swimmer e.g. 

standing upright and still to calibrate the forward direction. 

 
Figure 4-28: Example of sensor orientation extraction. The accelerometer shows 0.162 g on the 
mediolateral, 0.3 g on the forward and 0.94 g on the anterior-posterior axis. The trigonometric sum of 
these values will be the total acceleration and become 1 g (blue).  

The Stationary Orientation can be calculated using trigonometrical analysis of the 

sensor during periods where the athlete is motionless. The total dynamic acceleration in 

these periods will be zero or close to zero and the total static acceleration is 1g. This 

orientation might become a reference orientation if needed. 

The Average Orientation can be estimated from the sensor signal during athlete 

activities. Average orientation will ch�D�Q�J�H���Z�L�W�K���W�K�H���D�W�K�O�H�W�H�¶�V���R�U�L�H�Q�W�D�W�L�R�Q���R�Y�H�U���W�L�P�H���D�Q�G���L�V��

�W�K�H�U�H�I�R�U�H�� �U�H�S�U�H�V�H�Q�W�L�Q�J�� �W�K�H�� �D�W�K�O�H�W�H�¶�V�� �S�R�V�L�W�L�R�Q�� �L�Q�� �U�H�O�D�W�L�R�Q�� �W�R�� �J�U�D�Y�L�W�\���� �7�K�H�� �D�Y�H�U�D�J�H��

orientation can be estimated using low-pass filters of appropriate frequencies. The filter 

frequency is usually determine�G���E�\���W�K�H���D�W�K�O�H�W�H�¶�V���G�R�P�L�Q�D�Q�W���D�F�W�L�Y�L�W�\�� 

In swimming, where the swimmer has a SR of approximately 1 Hz, the sufficient 

frequency for signal extraction should be at maximum 0.5 Hz to correctly determine the 

orientation component. An increase in the filter frequency causes more leakage of 

activity signal into the orientation signal, whereby reducing the filter frequency results 

�L�Q�� �D�� �V�L�J�Q�D�O�� �Z�K�L�F�K�� �G�R�H�V�Q�¶�W�� �F�R�Q�W�D�L�Q�� �I�D�V�W�� �R�U�L�H�Q�W�D�W�L�R�Q�� �F�K�D�Q�J�H�V�� ���W�K�L�V�� �L�V�� �D�� �T�X�D�O�L�W�D�W�L�Y�H��

assessment). As the swimmers orientation change in relation to gravity occurs in the 
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lower frequencies below half of the stroke frequency (e.g. sensor orientation in the body 

roll signal) the average orientation can be estimated using a low pass filter with a cut-off 

frequency of 0.5 Hz. The filtered acceleration data then contains every acceleration 

component with frequencies below 0.5 Hz (independent on which axis they occur), 

which includes the body roll component, up- and down movement of the swimmer and 

the gravity. 

Figure 4-29 presents the acceleration profile of a low effort freestyle swimming lap 

(blue) and the extracted orientation (red) using a 0.5 Hz low pass filter. Figure 4-30 (a) 

shows a rotated view of the three dimensional plot of the orientation signal presented in 

(b) for a freestyle swimming lap. The rotated view presents the two axes with most 

interest, the forward and mediolateral. 

 
Figure 4-29: Acceleration profile of a low effort freestyle swimming lap (blue) and the extracted sensor 
orientation (red). 

 
Figure 4-30: Two dimensional (a) and three dimensional (b) view of the orientation vector of a freestyle 
swimming lap. 
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With the sensor firmly attached, the orientation of athletes with respect to gravity can be 

found by using trigonometry. The same method can be used to extract angles between 

the detected orientation and gravity. Orientation can be extracted from static and 

dynamic data using low-pass filters. This derived orientation might be a sufficient 

estimation of angles for many sports. 

4.4.5 Power Spectral Density (FFT) 

Calculating the power spectral density is a helpful technique used to detect the 

frequency components of a signal. The results might be used to compare the signals of 

different sensors and find some inaccuracies or to find an appropriate starting point to 

select the filter frequency. FFT analysis requires a reasonable number of cycles to 

deliver a good estimation. 

Figure 4-31 presents the power spectral density of a 1024 sample FFT of an athlete 

swimming a 25 m lap using the freestyle swimming style (a) before filtering and (b) 

after filtering was applied. Figure 4-31 (a) shows 0.5 Hz on the first axis (mediolateral, 

body roll), 1 Hz on the second axis (forward, direction of movement) and 0.1 and 0.7 

Hz on the third axis (anterior-posterior, up and down movement). The most important 

frequencies in swimming are the stroke frequency, which is the frequency found on the 

forward axis, and the body roll frequency, which is found on the mediolateral axis. 

After filtering was applied it can be seen that the magnitude of the frequencies in the 

mediolateral and anterior-posterior directions were reduced (see Figure 4-31 (b)). 

For athletes swimming in 25 m or 50 m pools with around 10-20 strokes, the FFT will 

not provide a good result due to window limitations. This is also due to the human fact 

that even a professional athlete has some variation in the stroke frequency. Therefore 

FFT can be used to find a first estimate of the stroke frequency but is not the optimal 

tool to analyse recorded acceleration data in swimming. 
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Figure 4-31: Power spectral density of a 1024 sample FFT of the acceleration of a freestyle swimming lap 
(a) before filtering and (b) after filtering was applied. Blue represents the mediolateral, red the forward 
and green the anterior-posterior channels. 

4.4.6 Power Temporal Density 

Power Temporal Density presents the power in a signal at a specific time. There are 

different methods to calculate the Power Temporal Density. If the signal contains a 

dynamic (e.g. athlete moving) and static (e.g. gravity) component, the static component 

can be removed by calculating the magnitude of the acceleration vector and subtracting 

gravity from this signal. Another method is to use a high-pass filter to extract only the 

�D�W�K�O�H�W�H�¶�V���P�R�Y�H�P�H�Q�W�V���D�Q�G���U�H�P�R�Y�H���W�K�H���O�R�Z���I�U�H�T�X�H�Q�F�L�H�V; however this might also remove 

some movements of the athlete in sports where slow movements are part of the sport. If 

the sensor orientation is unknown, it is very hard to identify the dynamic signal 

component of the total sensor signal. Both methods will then deliver only an 

approximation to the dynamic signal component. 

Estimating the dynamic signal power by using the filtering method is undertaken by 

subtracting a low-pass filter result from the calibrated sensor data. The low-pass signal 

provides the average orientation (see section 4.4.4) of the sensor but the swimmer will 

continue to change orientation. Using this method might lead to a dynamic signal which 

�Q�R���O�R�Q�J�H�U���U�H�S�U�H�V�H�Q�W�V���W�K�H���D�W�K�O�H�W�H�¶�V���P�R�Y�H�P�H�Q�W���D�W���W�K�H���S�D�U�W�L�F�X�O�D�U���W�L�Pe. 

Estimating the dynamic signal power by subtracting the gravity component from the 

trigonometric sum of all axes (total acceleration) is successful even if the sensor 

orientation is unknown. This is because the total acceleration signal contains only the 

gravity plus all dynamic accelerations. This method might have an error which is 
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dependent on the angle difference between the actual applied force and the orientation 

vector. There is no error if the applied force has the same direction as the gravity as 

shown in Figure 4-32. 

 
Figure 4-32: Applied and detected acceleration vectors. 

Figure 4-33 shows the signal power of recorded acceleration data into forward direction 

for a swimmer swimming a 25m freestyle lap. Figure 4-34 presents the high-pass 

filtered signal power to find the containing dynamic component of the acceleration data. 

The signal power of the magnitude of acceleration adjusted by the gravity is shown in 

Figure 4-35. 

 
Figure 4-33: Signal power of raw data (forward direction). 
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Figure 4-34: Signal power of raw data (forward direction) with the low-pass filter output subtracted. 

 
Figure 4-35: Signal power of total acceleration (Magnitude of acceleration) data minus gravity. 

The magnitude method was chosen to be used in this research as it provides a better 

estimation of the dynamic signal when the athlete is stationary, thus providing a better 

identification of activity. Additionally it was easier to implement this technique into the 

data analysis environment and required less processing power. 

4.4.7 Autocorrelation  

Autocorrelation is a technique which can be used to detect relationships in apparently 

random signals or to extract a regular signal out of a noisy signal. As athletes in 

swimming have a regular pattern in the forward and mediolateral axis, autocorrelation 

was investigated as a tool to detect these events. However swimmers usually swim in a 

25 m or 50 m pool and have only between 10 and 20 strokes so the recorded 
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acceleration data might not be regular enough to get good results of this method. Due to 

the above mentioned problems, autocorrelation was not used during this research. 

4.5 Data Analysis 

Different approaches were used to analyse the recorded triaxial acceleration data 

dependent on the parameter of interest. Zero crossing detection e.g. was used to find the 

stroke rate, while numerical integration was used to quantify the velocity and distance. 

Additionally this section presents possible errors associated with the velocity 

calculation and suggests ways to reduce these integration errors. 

4.5.1 Zero Crossing Detection 

Zero crossing detection can be used to detect orientation changes of the athlete 

assuming that the sensor is firmly attached to the athlete. Wixted et al. [70] used zero 

crossing detection to extract the step frequency of runners from vertical acceleration 

data. This research used zero crossing detection to detect the duration of one arm stroke 

and converts this information to stroke rate. 

During fast freestyle swimming, the acceleration data recorded often contains noise or 

signals crossing the zero gravity value several times during one crossing. Figure 4-36 

shows the calibrated and orientation corrected acceleration profile of the mediolateral 

axis. To prevent wrong SR calculations and to eliminate multiple counts of these zero 

crossings, several signal processing techniques were performed to remove this type of 

false result. 

 
Figure 4-36: Calibrated and orientation corrected mediolateral acceleration profile for one 50 m freestyle 
swimming lap. 

Applying a low-pass filter (see section 4.4.2) smooths the acceleration data giving only 

one zero crossing replacing multiple crossings. Figure 4-37 shows the acceleration 
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profile presented in Figure 4-36 with the low-pass filter output, which represents a 

smoothed version of the acceleration data (average signal). 

 
Figure 4-37: Acceleration profile from Figure 4-36 with low-pass filter result plotted on top. 

Figure 4-38 shows a fraction of the Figure 4-37 acceleration. It focuses on one stroke 

only to show the errors associated with this detection method and explains how multiple 

zero crossings are eliminated. It can be clearly seen that there is a detection error of 0.04 

s at the transition from negative to positive at the actual zero crossing at 10.09 s. At 

around 11.1 s are three zero crossings present within only 0.06 s. This makes it 

impossible to detect the crossing using the calibrated and orientation corrected 

acceleration only and gives a good example how the low-pass filter can be beneficial for 

zero crossing detection. The detected zero crossing for the second point is 11.13 s, 

which gives a total stroke duration of 1 s (11.13 s �± 10.13 s) for this one stroke. 

Zero crossing detection is a technique which does not require big computational 

resources and can be implemented in sensors which provide only low-power processing. 

The stroke duration was found by using a zero crossing detection on the mediolateral 

axis, which represents the body roll in freestyle swimming.  
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Figure 4-38: Detailed view of the zero crossing detection with the possible detection error. Data presented 
is a close view of one stroke from data shown in Figure 4-37. 

4.5.2 Stroke rate calculation 

The stroke rate calculation was performed by using the zero crossing times gathered 

using the zero crossing detection method (see section 4.5.1). Stroke duration was 

detected from a zero crossing of the calibrated mediolateral acceleration until the next 

zero crossing occurred. The SR was calculated by dividing 60 s by the duration of two 

consecutive strokes. The values for the SR where then stored for each individual stroke 

in a matrix for further processing. Figure 4-39 sho�Z�V���W�K�H���6�5�¶�V���I�R�U���W�K�H���L�Q�G�L�Y�L�G�X�D�O���V�W�U�R�N�H�V��

�R�I���D���������P���I�U�H�H�V�W�\�O�H���V�Z�L�P�P�L�Q�J���O�D�S�����)�U�R�P���W�K�H�V�H���L�Q�G�L�Y�L�G�X�D�O���6�5�¶�V�����W�K�H���D�Y�H�U�D�J�H���6�5���I�R�U���W�K�H��

whole lap was calculated including the standard deviation. The average SR for the data 

in Figure 4-39 was �������������“�������������V�W�U�R�N�H���F�\�F�O�H�V���S�H�U���P�L�Q�X�W�H�����7�K�H�V�H���6�5�¶�V���D�U�H���L�P�S�R�U�W�D�Q�W���W�R��

coaches and athletes and are often used to assess training sessions. 

 
Figure 4-39: Stroke rates for each individual stroke during a 50 m freestyle swim. 
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4.5.3 Velocity extraction - General 

Acceleration is directly related to velocity. As the acceleration of athlete activities is 

recorded during sports monitoring and velocity is a good measure of training progress in 

most sports, the idea to calculate velocity from acceleration data was investigated. The 

velocity can be derived by taking the integral of acceleration, which can be further 

integrated to find displacement. 

Inertial sensors can detect acceleration and rotation in three axes if the sensor contains a 

triaxial accelerometer and gyroscope. The measured acceleration contains different 

components, such as gravity, sensor orientation and the actual athlete movement. The 

athlete movement can be an oscillatory action like the body roll in swimming. As the 

swimmer is constantly turning and twisting the acceleration signal will be spread over 

all three channels, which makes it very complex to extract the wanted signals. 

Integrating acceleration data to get velocity is therefore very complex and will contain 

errors. As the SR calculation focused on the x-axis to detect the SR, the velocity 

calculation will utilise the y-axis as this represents the forward acceleration of the 

swimmer. The velocity at a particular time v(t) is calculated using an approximation 

(trapezoidal rule) to the numerical integration of the acceleration a (discrete data) and 

can be calculated using: 

 
2

)1()(
)1()(

����
�'����� 

tata
ttvtv

 

( 28 ) 

where v(0) = 0, a(t) and a(t+1) are adjacent acceleration values and �û�W the time between 

two samples, which is represented as 1/sampling rate of the sensor. 

There are several approaches which can be used to calculate the maximum push-off or 

lap velocity for a swimmer. Firstly to use the unfiltered forward acceleration, secondly 

to use the filtered forward acceleration, thirdly to use the un-filtered total acceleration 

and fourthly to use the filtered total acceleration. The lap velocity was normalised by 

the mean velocity of the lap regardless of which method was used. Each of these four 

mentioned methods is presented in the following sections. 

4.5.4 Velocity extraction - Errors associated with velocity extraction 

This section presents the four different techniques to calculate the velocity and shows 

their associated errors. These calculations were carried out with acceleration data of an 
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inertial sensor sitting at rest on a perfectly aligned surface. Figure 4-40 shows the raw 

acceleration data of a resting zCore in acceleration units.  

 
Figure 4-40: Raw acceleration in units of a resting zCore. 

Figure 4-41 shows the calibrated acceleration data of the resting zCore in gravitational 

�X�Q�L�W�V�� ���J�¶�V������ �7�K�H�� �U�D�Z�� �D�F�F�H�O�H�U�D�W�L�R�Q�� �G�D�W�D�� �F�R�Q�V�L�V�W�V�� �Rf the three acceleration channels. The 

calibrated acceleration data also includes the calculated total acceleration as a fourth 

channel. 

 
Figure 4-41: Calibrated acceleration in g of a resting zCore. 

Figure 4-42 shows the low-pass filtered calibrated acceleration data which was then 

subtracted from the calibrated acceleration data to get the high-pass filtered acceleration 

data shown in Figure 4-43. 
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Figure 4-42: Low-pass filtered acceleration of a resting zCore. 

 
Figure 4-43: High-pass filtered acceleration of a resting zCore. 

The first approach was to use the calibrated forward acceleration data to calculate the 

velocity using Equation ( 28 ). Figure 4-44 shows the resultant velocity. The velocity 

error associated with using only the calibrated ay acceleration data to calculate the 

velocity is 0.175 m.s-1 for every second. 

 
Figure 4-44: Calculated velocity from the calibrated forward acceleration data. 
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was calculated. Figure 4-45 shows the resultant velocity with a significantly reduced 

error compared to the first used method of only 0.0021 m.s-1 for every second. 

 
Figure 4-45: Calculated velocity from the filtered forward acceleration data. 

The third approach was to use the unfiltered total acceleration to calculate the velocity. 

The gravity component (1 g) is still present in the unfiltered total acceleration and was 

removed before the velocity calculations were be performed. Figure 4-46 shows the 

resultant velocity over the investigated time with an error of 0.091 m.s-1 for every 

second. 

 
Figure 4-46: Calculated velocity from the gravity subtracted total acceleration data. 

The last approach was to use the filtered total acceleration data to calculate the velocity 

using Equation ( 28 ). The filtered total acceleration data was shifted by the mean 

acceleration over the time period investigated to remove any left bias before the velocity 

was calculated. Figure 4-47 shows the velocity calculated over the investigated time 

with a significantly less velocity error of 0.00051 m.s-1 for every second. 

 
Figure 4-47: Calculated velocity from the gravity subtracted total acceleration data. 
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According to the different approaches used to calculate the velocity integration error, 

the filtered total acceleration approach was the method with the smallest error. This 

method is used for all further velocity calculations. 

4.5.5 Velocity extraction - Push-off velocity calculation 

As the push-off is the start of the lap and also allows swimmers to reach the highest 

velocities during swimming, the push-off velocity was investigated. 

Figure 4-48 presents a typical acceleration profile for a subsurface wall push-off. The 

first channel represents the mediolateral direction, the second the forward direction, the 

third channel the anterior-posterior direction and the last channel the calculated total 

acceleration. 

 
Figure 4-48: Acceleration profile of a subsurface push-off. 

The acceleration data was high-pass filtered using a Hamming windowed FIR filter (see 

section 4.4.2) with a cut-off frequency of 0.5 Hz to remove the sensor orientation from 
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gravity component from the three channel acceleration data no further gravity correction 

to the data was applied.  
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The velocity of the swimmer was calculated using the filtered total acceleration data 

substituted into Equation ( 28 ). The determination of the start and stop times for the 

push-off was undertaken using the unfiltered three channel acceleration data and the 

total acceleration was calculated from the unfiltered data. Figure 4-49 shows the 

unfiltered 3-channel and total acceleration data. 

 
Figure 4-49: Acceleration profile of a subsurface push-off including the start and end time points of the 
push-off. 

The push-off can be identified on the y-channel as a large positive acceleration peak 

followed by a negative acceleration peak. The total acceleration shows values above 1 g 

for the whole duration of the push-off phase35 (t1 - t2). The start of the push-off (t1) was 

identified from the point where simultaneously; the total acceleration had a local 

minimum before it starts to increase above 1g, where the z-channel had a local 

maximum and the y-channel acceleration starts to rise above 0 g. This point identifies 

the t�L�P�H�� �Z�K�H�Q�� �W�K�H�� �V�Z�L�P�P�H�U�¶�V�� �I�R�R�W�� �F�R�Q�W�D�F�W�V�� �W�K�H�� �Z�D�O�O�� �Z�K�L�F�K�� �Z�D�V�� �Y�H�U�L�I�L�H�G�� �E�\�� �Y�L�G�H�R��

recordings. The end of the push-off (t2) was identified from the point where 

simultaneously; the total acceleration returned to 1 g and had a local minimum, the y-

channel negative acceleration peak returns close to zero and the z-channel had a local 

maximum. 

The swimmer decelerates throughout the glide after the end of the push-off (t2, feets left 

the wall) as there is no more propulsive action. The total acceleration always shows a 

positive value due to the method of calculation. It therefore must be treated as negative 

                                                 
35 Please note that the total acceleration still contains the �(�D�U�W�K�¶�V���J�U�D�Y�L�W�\���������J�����D�W���W�K�L�V���V�W�D�J�H�� 
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to allow the calculation of the velocity reduction throughout the glide. This was 

implemented in the algorithm used to calculate the push-off velocity over the whole 

glide. 

Figure 4-50 presents the filtered forward acceleration in the first subplot, the filtered 

total acceleration in the second subplot and the velocity in the third subplot. The 

swimmer accelerates until t2 (marked vertical line) which results in an increasing 

velocity until that point. After t2 the swimmer decelerates and his velocity therefore 

decreases. The blue velocity trace belongs to the SP5000 and the red is the sensor 

calculated velocity. 

 
Figure 4-50: Accelerometer data set for one glide. The upper two plots show the y and total accelerations 
for the push-off phase, the lowest plot shows the velocity meter velocity (blue) and the sensor calculated 
velocity (red). The vertical line represents the end of the push-off (t2). 

As one trial usually includes more than one push-off, additional statistics are applied to 

the results to compare the results from two different systems. Figure 4-51 shows the 

regression analysis carried out to one trial consisting of five push-offs. As the two 

systems are measuring the same parameter the linear fitting was forced to go through 

the origin of the Cartesian coordinate system. The blue line represents the linear fitting 

of all data points, while the red line represents the identity line (x=y line). R2 is 

determined from the linear fitting and presented for each individual trial. 
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Figure 4-51: Regression analysis of results of one trial including the identity line (red) and linear fitting 
(blue). 

Bland-Altman analysis was used as a second statistical method to investigate the 

agreement between the two methods in determining the velocity. The Bland-Altman 

plot analyses the agreement between two different measurement techniques measuring 

the same parameter. It plots the average of both measures ((VSensor + VSP5000)/2) against 

the difference of both measures (VSensor - VSP5000) and is therefore also called a 

difference plot. 

 
Figure 4-52: Bland-Altman plot showing the bias (red) and the 95% limits of agreement (dashed). 

Figure 4-52 shows the average difference between the two measures, so called bias, and 

the 95 % limits of agreements. The upper limit represents the bias plus 1.96 times the 

standard deviation of the differences and the lower limit the bias minus 1.96 times the 

standard deviation. If the scattering around the bias is even it can be concluded that 

there is no systematic measurement error between the two methods. Additionally it can 

be identified if measurement error is dependent from the push-off velocity. An even 

spread scattering around the bias means that these scattering follows a normal 

distribution. 
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4.5.6 Velocity extraction - Freestyle swimming lap velocity calculations 

The free swimming phase commences after the push-off is finished and the swimmer 

slowed to a speed which is approximately the same as the mean lap speed. Investigating 

the intra stroke velocity is therefore the next step in calculating the whole lap velocity 

using inertial sensors. 

Figure 4-53 presents a typical acceleration profile of a freestyle swimming lap (blue). 

The first channel represents the forward direction, the second channel the mediolateral 

direction, the third channel the anterior-posterior direction and the last channel the 

calculated total acceleration. 

 
Figure 4-53: Acceleration profile of a freestyle swimming lap. Blue represents the raw calibrated 
acceleration and red the extracted sensor orientation (low pass filter results). 

A Fast Fourier Transform (FFT) was undertaken to find the appropriate cut-off 

frequency for filtering the acceleration data. Figure 4-54 shows the results of a 1024 

samples FFT (10.24 s of data @ 100 Hz sample rate) applied to the typical 25 m 

freestyle swimming acceleration data set presented in Figure 4-53. The results show the 

frequency of the body-roll of 0.5 Hz on all axes, whereby the mediolateral axis is the 

channel with the most power as this is the channel which measures the side-to-side 

motion directly. The stroke frequency of 1 Hz can be seen on the y-channel, as well as 

on the z-channel. As the lap velocity calculations are based on the y-acceleration (1 Hz 

signal), the cut-off frequency to filter the acceleration data was set to 0.5 Hz. 
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Figure 4-54: Power spectral density (FFT) of a 25m freestyle swimming lap. ax represents the 
mediolateral, ay the forward, az the anterior-posterior direction and atot the total acceleration. The 0.5 Hz 
signal (ax) is the body roll and the 1 Hz signal (ay) is the stroke frequency. Both of these frequencies can 
be seen on the anterior-posterior (az) and the total acceleration plot. It also shows the first harmonic of the 
1 Hz signal at 2 Hz. 

A high-pass Hamming windowed FIR filter (see section 4.4.2) was applied to remove 

the sensor orientation from the acceleration data. Figure 4-53 shows the calibrated 

acceleration data (blue) and the low-pass filtered acceleration data (red) which was then 

used to obtain the high-pass filtered acceleration data presented in Figure 4-55. The 

resultant filtered acceleration data oscillates about zero. 

 
Figure 4-55: Filtered acceleration profile of a freestyle swimming lap. 

There are five data points needed from the acceleration data to calculate the lap velocity 

profile. These data points are distinguished from the unfiltered triaxial acceleration data 

and shown in Figure 4-56. 
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The time points are: 

�x tsl (start of the lap, atot > 1 g, az is max) 

�x tep (end of push off, atot = 1 g, az is max) 

�x tss (start of swimming phase, ay = 0) 

�x tes (end of swimming phase, ay = 0) 

�x tel (end of the lap, small spike in all channels) 

Where tsl was determined from the time where simultaneously; the total acceleration had 

a local minimum (after atot > 1 g) and az had a local maximum. tep was chosen when 

simultaneously; the total acceleration returned to 1g and had a minimum and az had a 

local maximum. The start of the lap (tsl) and the end of the push-off (tep) can be clearly 

seen on the total acceleration plot as it contains significant acceleration changes due to 

the push-off power. All timings were validated against video footage, which was 

recorded simultaneously and synchronised to the accelerometer recording. 

The swimming phase was detected by investigating the mediolateral axis (y-axis) which 

shows the body roll of the swimmer. The start of the swim phase (tss) was chosen where 

the first zero crossing within the detected body roll occurred. This was equivalent to the 

swimmer performing his first stroke. The end of the swimming phase (tes) was chosen 

where the last zero crossing of ay occurred after the last detected full body roll was 

completed, which represented the last stroke. In some cases the last stroke coincides 

with the end of the lap. In these rare cases the end of the swimming phase was chosen at 

the zero crossing of the second last full detected body roll. 

The body roll detection was carried out by inspection of the mediolateral channel 

acceleration data (see Figure 4-56). The body roll can be identified by the mediolateral 

axis acceleration altering between roughly +1 g and -1 g regularly. Another way to 

determine the body roll was to apply a zero crossing detection algorithm (see section 

4.5.1) to the mediolateral channel acceleration data or the low-pass filtered mediolateral 

channel acceleration data. This kind of zero crossing detection algorithm is usually 

�D�S�S�O�L�H�G�� �W�R�� �I�L�Q�G�� �V�W�U�R�N�H�� �G�X�U�D�W�L�R�Q�V�� �D�Q�G�� �6�5�¶�V�� �D�V�� �V�K�R�Z�Q�� �L�Q�� �V�H�F�W�L�R�Q��4.5.2. As the velocity 

calculations only need the start of the swimming phase (start of first body roll) and the 

end of the swimming phase (end of last body roll) the detection of these time points was 

carried out by eyeballing the x-channel acceleration. The end of the lap coincides with a 

small spike in all acceleration channels caused by the swimmer touching the wall 

shortly before the forward channel returns to 1 g, which represents the swimmer 
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standing at the end of the pool. The acceleration data was integrated to find the lap 

velocity using the defined time points and different approaches; (a) using unfiltered 

forward acceleration, (b) using filtered forward acceleration, (c) using unfiltered total 

acceleration (RMS acceleration) and (d) using filtered total acceleration. 

 
Figure 4-56: Acceleration profile of a freestyle swimming lap with the important time points needed for 
the velocity calculation. tsl represents the start of the lap, tep the end of the push-off, tss the start of the 
swimming phase, tes the end of the swimming phase and tel the end of the lap. 

Regardless of the approach used to calculate the lap velocity, a correction to the 

acceleration data of the used channel was applied. The acceleration was corrected by the 

mean acceleration over the swimming phase between tes and tss in order to remove any 

bias from the acceleration data. Equation ( 29 ) shows the correction applied to the 

acceleration data. 
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( 29 ) 

After the lap velocity was calculated it was normalized by the mean lap velocity. The 

mean velocity was calculated from the lap distance divided by the lap split time. 

The corrected velocity vcorr(t) for one lap was therefore calculated using: 
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( 30 ) 

Where tsl is the start time, tel the end time of the lap, l lap is the length of the pool, loff is 

the sensor offset, v(t) the calculated velocity and v (t) the mean of these velocity 
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between tsl and tel. The sensor offset describes the difference between the lap length and 

the actual travelled distance for the sensor and is determined by an offset at the start and 

the end of the lap. The sensor offset at the start of the lap is described by the distance 

between fully extended and bend knees of the swimmer and at the end of the lap by the 

distance between fully extended arms and the head. The difference in distance between 

bend knees and fully extended knees is the same as the difference in distance between 

head and stretched arms. Therefore the height of the swimmer was used as the lap offset 

(loff). 

The velocity calculated using Equation ( 30 ) contains now the corrected velocity at 
every discrete time (t).  

The four different approaches used to calculate the lap velocity will be explained in the 

following paragraphs utilising the acceleration presented in Figure 4-53 and Figure 

4-55. 

(a) Using unfiltered forward acceleration 

The first approach was to use the bias corrected calibrated forward acceleration (see 

Equation ( 29 )) to calculate the lap velocity using Equation ( 28 ). The resultant 

velocity (blue) is displayed in Figure 4-57 and compared to the SP5000 velocity (red). It 

can be seen that this calculated velocity profile does not match the SP5000 velocity 

profile which disqualifies this method for further analysis. 

 
Figure 4-57: Lap velocity calculated from the forward unfiltered acceleration (blue) and recorded SP5000 
velocity (red). 
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(b) Using filtered forward acceleration 

The second approach was to use the bias corrected filtered forward acceleration (see 

Equation ( 29 )) to calculate the lap velocity using Equation ( 28 ). The resultant added 

velocity (blue) is displayed in Figure 4-58 and compared to the SP5000 velocity (red). It 

can be seen that this calculated velocity profile provides a good match with the SP5000 

velocity profile. Figure 4-59 presents the calculated velocity profile shifted by the mean 

velocity as described by Equation ( 30 ). 

 
Figure 4-58: Lap velocity calculated from the filtered forward acceleration (blue) and recorded SP5000 
velocity (red). 

 
Figure 4-59: Lap velocity calculated from the filtered forward acceleration shifted by the mean velocity 
(blue) and recorded SP5000 velocity (red). 
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(c) Using unfiltered total acceleration (RMS acceleration) 

The third approach was to use the bias corrected total acceleration (see Equation ( 29 )) 

to calculate the lap velocity using Equation ( 28 ). The resultant added velocity (blue) is 

displayed in Figure 4-60 and compared to the SP5000 velocity (red). It can be seen that 

this calculated velocity profile has an offset compared to the SP5000 velocity profile. 

Figure 4-61 presents the shifted velocity profile as described by Equation ( 30 ). This 

shifted velocity profile shows a good match with the SP5000 velocity profile. 

 
Figure 4-60: Lap velocity calculated from the total acceleration (blue) and recorded SP5000 velocity 
(red). 

 
Figure 4-61: Lap velocity calculated from the total acceleration shifted by the mean velocity (blue) and 
recorded SP5000 velocity (red). 

  

0 5 10 15 20 25
-0.5

0

0.5

1

1.5

2

2.5

3

Time (s)

V
el

co
ity

 (
m

/s
)

0 5 10 15 20 25
-0.5

0

0.5

1

1.5

2

2.5

3

Time (s)

V
el

co
ity

 (
m

/s
)



 

  
90 

 
  

(d) Using filtered total acceleration (total acceleration) 

The fourth approach was to use the bias corrected filtered total acceleration (see 

Equation ( 29 )) to calculate the lap velocity using Equation ( 28 ). The resultant added 

velocity is displayed in Figure 4-62 (blue) and compared to the SP5000 velocity (red). It 

can be seen that this calculated velocity profile has an offset compared to the SP5000 

velocity profile. The velocity profile closely matches the SP5000 velocity profile (see 

Figure 4-63) after the calculated velocity has been adjusted by mean velocity as 

described in Equation ( 30 ). 

 
Figure 4-62: Lap velocity calculated from the filtered total acceleration (blue) and recorded SP5000 
velocity (red). 

 
Figure 4-63: Lap velocity calculated from the filtered total acceleration shifted by the mean velocity 
(blue) and recorded SP5000 velocity (red). 
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Comparing the results from the four approaches shows that approach (b) and (d) have 

the closest match between the calculated sensor velocity and the measured SP5000 

velocity. Considering that section 4.5.4 showed that the smallest integration error was 

found using the filtered total acceleration data to calculate the velocity, the filtered total 

acceleration was chosen as the method to calculate all further lap velocities during this 

research. 

Freestyle swimming lap velocity including push-off 

As the previous sections dealt with calculating the push-off velocity (4.5.5) and lap 

velocity (4.5.6), this section combines the two methods to calculate one velocity profile 

for the swimming lap including the push-off. It therefore combines the two different 

used acceleration datasets to one dataset for calculating the velocity. 

The new acceleration dataset acomb was combined from the recalculated total 

acceleration (atot_rec, see section 4.5.5) between tsl (start of push-off) and tep (end of the 

push-off ) and from the filtered total acceleration (atot_filt, see section 4.5.6) between tep 

(end of the push-off) and tel (end of the lap). Equation ( 31 ) shows the combination 

applied to generate the new acceleration dataset. 

 
�> �@ �> �@ �> �@elepepfilttotepslslrectotleslslcomb tttatttattta ,...,,,...,,,...,, 21_1_1 �������� ��� 

 
( 31 ) 

The new dataset was then corrected by the mean acceleration over the swimming phase 

as described by Equation ( 29 ) before the velocity was calculated using Equation ( 32 ). 
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where acombj and acombj+1 are adjacent acceleration values and j represents the time 

(between tsl and tel). The velocity over the lap distance is represented by: 
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( 33 ) 

where n represents the last data point. 

As the calculated velocity is a velocity vector, containing the velocity changes at every 

discrete time, this vector needs to be processed to allow a plot of the lap velocity over 

time. The processing of the velocity vector generates a new velocity vector v(t) with the 



 

  
92 

 
  

velocity at the particular time. The new velocity vector v(t) was generated by adding the 

previous velocity value to the current velocity change as shown in Equation ( 34 ), 

( 35 ) and ( 36 ) in the following way: 

�x between tsl and tep the velocity was added by adding the absolute value from the 

velocity vector 

�x between tep and tss the velocity was added by subtracting the absolute value from 

the velocity vector 

�x between tss and tel the velocity was added by adding the value from the velocity 

vector 

 
�> �@ �> �@ �> �@epslslepslslepslsl tttvtttvtttv ,...,,,...,,,...,, 111 ������ �'���  

( 34 ) 
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( 35 ) 
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( 36 ) 

Figure 4-64 shows the calculated velocity profile including the push-off velocity 

compared to the SP5000 velocity profile. This calculated lap velocity was then adjusted 

by the mean lap velocity as described by Equation ( 30 ). 

 
Figure 4-64: Lap velocity calculated from the acceleration acomb (blue) and recorded SP5000 velocity 
(red). The difference at the start (push-off) can be explained by the approach used of combining two 
different calculation methods. 
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Figure 4-65 shows the lap velocity shifted by the mean velocity compared to the 

SP5000 velocity. It can be seen that a small time shift between the two velocity profiles 

exists. The velocity profile can be time-shifted to address this issue and allow a better 

comparability between the two velocity profiles. The difference between the two 

velocity profiles at the push-off can be explained by the approach used. In this approach 

the two different methods of calculating velocity (push-off, section 4.5.5 and 

swimming, section 4.5.6 d) were combined to allow a single calculation process. As 

both of these methods differ slightly, the combination of both shows that difference at 

the start of each lap. Figure 4-66 presents the in Figure 4-65 presented velocity time 

shifted by 0.19 s to improve the match between the two velocity profiles. 

 
Figure 4-65: Lap velocity calculated from the acceleration acomb shifted by the mean velocity (blue) and 
recorded SP5000 velocity (red). 

 
Figure 4-66: Lap velocity calculated from the acceleration acomb shifted by the mean velocity (blue) and 
by the time offset to the SP5000 velocity (red). 
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Statistical comparison of both velocity profiles 

As the accelerometer and the SP5000 are quantifying the same measure (velocity), a 

statistical approach was chosen which allowed the direct comparison of both velocity 

profiles during the swimming phase. The velocity was compared between the start of 

the swim (tss) and the end of the swim (tes). Regression analysis was carried out to find 

the relationship between the two measurement systems as a first indication. Bland-

Altman analysis was used as a second statistical method to investigate the agreement 

between the two methods in determining the velocity. The Bland-Altman plot provides 

better comparison and analysis of the two different measurement systems and was 

therefore used as the main method of validation. 

Figure 4-67 shows the regression analysis carried out for one freestyle swimming lap 

(data from Figure 4-66). Depending on the time taken for one freestyle lap, the number 

of data point analysed varies for each swimmer. The longer the time to complete one 

lap, the more data points were analysed. The red line represents the linear fitting of all 

data points. R2 was determined from the linear fitting and presented for each lap of 

swimmer. 

Figure 4-68 shows the Bland-Altman result of the freestyle swimming lap (data from 

Figure 4-66). This plot allows the interpretation if the data is evenly spread around the 

bias (mean difference between the two methods) and therefore might show if there is a 

velocity depended measurement error. Additionally it shows the upper and lower limit 

of agreements, which should include 95 % of the data points. The upper limit represents 

the bias plus 1.96 times the SD of the differences and the lower limit the bias minus 

1.96 times the SD. If the scattering around the bias is even, it can be concluded that 

there is no systematic measurement error between the two methods. An even spread 

scattering around the bias means that the scattering follows a normal distribution. 
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Figure 4-67: Regression analysis of results of one freestyle swimming lap (see Figure 4-66) including the 
linear fitting (red). 

 
Figure 4-68: Bland-Altman showing the bias (red) and the 95% limits of agreement (pink). 

To further investigate the scattering of the differences around the bias, a histogram was 

calculated as shown in Figure 4-69. This approach allows a statistical assessment of a 

freestyle swimming lap and shows the agreement between the two different 

measurement systems.  
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Figure 4-69: Histogram of differences between the two measurement systems. 

Summary 

Method (d) was chosen as the best approach for this study, as the investigations are 

focused on the intra-stroke velocities of the athletes. All lap velocity profiles were 

calculated with this method to calculate the lap velocity profiles for all investigated 

swimmers during this research. This work was published in 2011 [71]. 

As the intra-stroke velocity variation is very important to coaches and athletes, the next 

section will investigate this important measure of athlete performance. 

4.5.7 Intra -Stroke acceleration, velocity variations and arm symmetry 

Investigating the intra-stroke velocity variation and the arm symmetry of athletes can 

provide the coach or athlete with important information to improve swimming style. It 

can show discrepancies in forward acceleration between left and right arm and therefore 

differences in the velocity between the two arms. 

To be able to identify the different arm strokes it is necessary to reliably find the start 

and end points of each individual arm stroke. As the swimmers body roll is strongly 

related to the stroke phases, the mediolateral channels acceleration can be used to 

reliably detect one specific point during a stroke cycle. A simple way of detecting a 

repeating point is to use the zero crossing detection presented in section 4.5.1. This zero 

crossing algorithm is generating a matrix containing every time point where a zero 

crossing occurred and was used to find the arm symmetry and the intra stroke velocity 

variations as explained in the following sections. 
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Arm symmetry 

The time difference between two detected crossings represents one arm stroke (either 

left or right arm) and the time between three zero crossings one full stroke cycle. Table 

4-5 presents all zero crossings detected by the zero crossing algorithm during a 50 m 

freestyle swimming lap. This data was used to calculate the arm symmetry by 

investigating the time differences of every odd detected crossing (time between 1st to 

2nd, 3rd to 4th, ...) as the result of differences of the first arm, and investigating every 

even detected crossing (time between 2nd to 3rd, 4th to 5th, ...) as the result of differences 

of the second arm. The resultant stroke times for each individual stroke are presented in 

Table 4-6. 

Table 4-5: Zero crossings detected during a 50m freestyle swimming lap and its corresponding times  
(100 samples =1 s). 

Crossing 
detected 

1 2 3 4 5 6 7 8 9 10 11 12 

Time (s) 0.87 1.80 2.78 3.74 4.67 5.64 6.63 7.60 8.57 9.58 10.54 11.52 

Crossing 
detected 

13 14 15 16 17 18 19 20 21 22 23 24 

Time (s) 12.53 13.56 14.56 15.59 16.58 17.57 18.57 19.57 20.55 21.57 22.55 23.51 

Crossing 
detected 

25 26 27 28 29 30 31 32 33 34 35 36 

Time (s) 24.49 25.51 26.50 27.55 28.56 29.54 30.56 31.57 32.59 33.66 34.72 35.80 

Table 4-6: Stroke time durations for each individual stroke for both arms separated by odd and even 
strokes. 

Odd stroke number 1 3 5 7 9 11 13 15 17 

Stroke time (s) 0.93 0.96 0.97 0.97 1.01 0.98 1.03 1.04 0.99 

Odd stroke number 19 21 23 25 27 31 33 35  

Stroke time (s) 1.00 1.02 0.96 1.02 1.05 1.01 1.07 1.08  

Even stroke number 2 4 6 8 10 12 14 16 18 

Stroke time (s) 0.98 0.93 0.99 0.97 0.96 1.01 0.99 0.99 1.00 

Even stroke number 20 22 24 26 28 30 32 34  

Stroke time (s) 0.98 0.98 0.98 0.99 1.01 1.02 1.02 1.06  

Computing all the differences of each individual arm allows the calculation of the mean 

stroke time and the standard deviation. The mean time and standard deviation for the 

data presented in Table 4-6 is 1.00 ± 0.04 s for the first arm and 0.99 ± 0.03 s for the 

second arm. 
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Intra-Stroke acceleration and velocity variations 

The result of the zero crossing detection (see Table 4-6) can also be used to investigate 

the intra-stroke acceleration and velocity variation of each individual stroke and 

compare each strokes variation to the other strokes variations. To separate the different 

strokes, the zero crossing times were applied to the acceleration and velocity profile. 

Figure 4-70 presents the data of a 50 m freestyle swimming lap between the start and 

end of the swimming phase (without push-off and turn) with the detected zero crossings 

shown on each individual subplot. These zero crossings were basically used to cut the 

individual dataset and generate one dataset per stroke. Every odd stroke therefore 

belongs to the first arm and every even stroke to the second arm. 

 
Figure 4-70: Detected zero crossings from the mediolateral channel mapped to the lap velocity and total 
acceleration. 

Depending on the transition at the zero crossing (negative to positive or vice versa) it is 

possible to distinguish the swimmers arm (left or right) used for the odd and even 

strokes and therefore to compare all left and right arm strokes individually. Figure 4-71 

(a) presents the left arm strokes and (b) the right arm strokes acceleration variations 

plotted on top of each other. Further investigations of these two plots can show if the 

individual arm accelerations are repeatable and allows an assessment of the arm 

symmetry according to the acceleration patterns of the two arms. 
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Figure 4-71: (a) Right arm strokes accelerations. (b) Left arm strokes accelerations. 

Another way of investigating the acceleration pattern of a swimmer is to combine both 

arms accelerations on one plot. Figure 4-72 (a) shows accelerations for all strokes 

combined and scaled to the longest stroke. The start points of all strokes (time & 

acceleration) have been scaled to the longest strokes start point and the end points of all 

strokes to the end point of the longest stroke. This allows a comparison of the stroke 

acceleration pattern independent from the start and end acceleration and the stroke 

length of each individual stroke. 

 
Figure 4-72: (a) Left & right arm strokes accelerations combined and scaled to the longest stroke. (b) Left 
& right arm strokes accelerations combined (unscaled) with the mean of all strokes (red). 

Figure 4-72 (b) shows all strokes combined using a different approach. In this figure the 

strokes are plotted unscaled on top of each other, together with the mean acceleration 

pattern of all strokes (red). This acceleration pattern can then be compared to other 

acceleration patterns of the same swimmer, and therefore allows easy tracking of 

improvements in time and acceleration of the swimmer. 

Using the same procedure leads to velocity patterns for both arms. Figure 4-73 (a) 

presents the left arm, where (b) presents the right arm velocity variations. Investigations 

of the differences between left and right arm show that the swimmer reaches higher 
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velocities during the right arm strokes. This is in agreement with the acceleration 

patterns for the left and right arm, where the swimmer reaches higher accelerations with 

his right arm. 

 
Figure 4-73: (a) Right arm strokes velocity variations. (b) Left arm strokes velocity variations. 

Combining the velocities for all strokes in one plot allows a better comparison of 

velocity patterns. Figure 4-74 (a) presents all stroke velocities combined and scaled to 

the longest stroke. The start points of all strokes (time & velocity) were scaled to the 

longest strokes start point and the end points of all strokes to the end point of the longest 

stroke. This allows a comparison of the velocity for each individual stroke independent 

from the start and end velocity and the length of the stroke. Figure 4-74 (b) presents all 

strokes unscaled plotted on top of each other. This allows the calculation of the mean 

velocity for all strokes (red������ �7�K�L�V���Y�H�O�R�F�L�W�\���S�D�W�W�H�U�Q���F�D�Q���E�H���X�V�H�G���W�R���W�U�D�F�N���W�K�H���V�Z�L�P�P�H�U�¶�V��

improvements or to compare different swimmers. 

 
Figure 4-74: (a) Left & right arm strokes velocity variations combined and scaled to the longest stroke. 
(b) Left & right arm strokes velocity variations combined (unscaled) with the mean of all strokes (red). 
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Figure 4-75: (a) Acceleration pattern of all strokes. (b) Velocity pattern of all strokes. 

Detailed investigations show that the peak velocity of the velocity pattern (see Figure 

4-75 (b)) is reached at the same time where the acceleration at the acceleration pattern 

(see Figure 4-75 (b)) returns to zero. This coincides with the physical relationship, 

which states that the velocity is increasing as long as positive acceleration is present. 

This work was published in 2012 [72]. 

After the arm symmetry, intra-stroke acceleration variation and intra-stroke velocity 

variation were investigated in this section, the next section focuses on distance 

determination, which is another very important parameter for coaches and athletes. 

4.5.8 Distance 

Investigating the distance travelled by the swimmer will provide the coach or athlete 

with important information such as push-off distance and distance per stroke (DPS). 

The second parameter is very important and can be used as an assessment value in 

competitive swimming. 

Distance has a physical relationship with velocity and acceleration. As the acceleration 

is directly recorded by the inertial sensor and was previously used to derive velocity 

(see section 4.5.3) the idea to determine distance from velocity emerged. The distance 

can be derived by integrating velocity or double integrating acceleration. The velocity 

calculations were explained in detail in section 4.5.3. 

The calculation of velocity is complex because the forward acceleration signal is spread 

over all three acceleration channels. Thus filtering and bias removal was required to 

allow a good estimation of velocity. The second integration is based on the already 

derived velocity and is therefore not so complex. The second integration uses the 

velocity data without filtering or bias removal to estimate the travelled distance. 
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The distance d(t) was calculated using a trapezoidal rule approximation to the numerical 

integration: 

 2
)1()(

)1()(
����

�'����� 
tvtv

ttdtd
 

( 37 ) 

where d(0) = 0, v(t) and v(t+1) are adjacent velocity values and �û�W is the time between 

two samples (1/sampling rate of the sensor). 

�7�K�H���F�D�O�F�X�O�D�W�L�R�Q���R�I���W�K�H���V�Z�L�P�P�H�U�¶�V���G�L�V�W�D�Q�F�H���Z�D�V���E�U�R�N�H�Q���G�R�Z�Q���L�Q�W�R���W�Z�R���S�D�U�W�V�����W�K�H���S�X�V�K-off 

distance and the distance during the swimming phase. Part two was further broken 

down into the distance per stroke (DPS), using the zero crossings (see Figure 4-70 ) to 

split the lap velocity into velocity variations per stroke. Both distance calculations are 

presented in the following sections. 

Push-off distance 

The push-off is the part of the lap where the swimmer reaches the highest velocity 

during the lap and allows the swimmer to travel a distance without any further 

propulsive action. During this time the swimmer can rest the upper body before the 

stroke phase commences again. Due to higher velocities, the travelled distances during 

the push-off can be proportionally longer than during the swimming phase and therefore 

proves the importance of investigating and optimising. Figure 4-76 shows the distance 

calculated using Equation ( 37 ) for a performed wall push-off (blue) and the by the 

SP5000 measured distance (red). 

 
Figure 4-76: Distance for a wall push-off calculated from velocity (blue) and SP5000 (red). The sampling 
�U�D�W�H���I�R�U���W�K�H���V�H�Q�V�R�U���L�V���û�W��� �����������V�� 
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Strokes distances 

The distance covered by the push-off is the first important segment of the whole lap 

distance. The second segment is the distance covered during the swimming phase. 

Figure 4-77 presents the distances for one 50 m freestyle swimming lap of a junior elite 

swimmer. An important measure in the assessment of swimmers is the DPS, which 

represents the distance for one cycle for the left and right arm. The distance covered 

during the swimming phase can be split into distances per arm stroke using the zero 

crossing times (see Figure 4-70) in the same way as applied to split the stroke velocities 

(see Figure 4-73). The results after splitting the lap distance are shown in Figure 4-78 

(a) for the left and (b) for the right arm. 

 
Figure 4-77: Distance for the whole lap calculated from velocity (blue) and SP5000 (red). 

 
Figure 4-78: (a) Distances for all right arm strokes (17). (b) Distances for all left arm strokes (17). 

As the DPS describes the distance covered by two consecutive arm strokes, an 

algorithm was developed which adds the two consecutive arm distances together. Table 

4-7 presents the individual DPS for the in Figure 4-70 presented 50m freestyle 

swimming lap of a junior elite swimmer. 
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Table 4-7: Distances for each individual stroke cycle of a 50m freestyle swim. 

Stroke cycle number Distance per stroke (DPS) in m 

1 2.459 

2 2.430 

3 2.518 

4 2.500 

5 2.514 

6 2.541 

7 2.592 

8 2.575 

9 2.531 

10 2.534 

11 2.530 

12 2.459 

13 2.562 

14 2.600 

15 2.526 

16 2.575 

17 2.681 

The average DPS for this swimmer is 2.537 m with a standard deviation of 0.06 m. 

These findings are in close agreement with Maglischo [49] who found average stroke 

lengths between 2.39 m and 2.60 m for three finalists of the 100 m freestyle at the 1996 

Olympic Games. 

4.6 Methodology Summary 

This chapter outlined the research methods used in this study, along with the hardware 

design, data collection procedures and analytical techniques. It explained in section 4.2 

the used equipment, such as the nCore and the zCore (sensors) in function and handling. 

It also discussed the different methods for downloading the recorded data using the 

serial interface or a self developed download GUI. The reference system used to 

compare the calculated results from the accelerometer, the Speed Probe 5000 was 

presented in section 4.2.5. 

The data collection procedures were further detailed in section 4.3 including the places 

where the data collection was undertaken. Section 4.4 presented the data analysis 

requirements for this research, which included e.g. the used analysis software, filtering 

techniques, data calibration procedures and the handling of the sensor orientation. The 

data analysis section (4.5) included the presentation of the zero crossing detection 
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algorithm, SR calculations, the very important velocity calculations and the calculations 

of the travelled distance of the swimmer. The velocity extraction from the recorded 

acceleration data was explained in more detail as this was one of the main research 

questions. The last part of this chapter contained the explanation of the distance 

calculations. 

As this chapter explained extensively the methods used to analyse the recorded athlete 

data, the following two chapters present the results of the analysis applied to all 

swimmers participated in this research. 
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5 Push-off velocity investigations 

5.1 Introduction  

As the methodology in chapter 4.4 explained how the data analysis was undertaken, this 

chapter presents only the results of the different undertaken push-off trials and compares 

results for different swimmers. The results of all swimmers are presented in tables with 

representative graphs supporting the applied statistics. The graphs of all results can be 

found on a CD which is attached to the back cover page of this thesis. The order in 

which the swimmers are presented is the order the swimmers participated in the trials. 

All trials where undertaken at an indoor temperature controlled pool located at the 

Queensland Academy of Sports. 

Following the method by Craig et al. [26], the swimmers were asked to use their feet to 

push-off, and once in the glide position, to remain in the same relative body position 

until out of breath or not longer moving forward. The data analysis was undertaken 

following the methods described in section 4.5.5. 

The study was approved by the Griffith University Ethics Committee with the approval 

number: ENG/05/10/HREC. 

5.2 Trial 1 �± 28.04.2010 

One swimmer participated in the first push-off trial. The swimmer was asked to perform 

five push-offs at two different efforts (medium, full). Table 5-1 gives an overview of the 

conducted push-offs and their resultant measured (SP5000) and calculated 

(accelerometer) velocities. The average detected velocity was 92.29 % of the SP5000 

measured velocity. 

Table 5-1: Different push-offs performed by the swimmer with the derived velocities �± 28.04.2010. 

Push-off number Effort  SP5000 velocity (m.s-1) Acc derived velocity (m.s-1) 

1 Full 2.31 2.26 

2 Full 2.35 2.30 

3 Medium 1.67 1.30 

4 Medium 1.99 2.07 

5 Medium 1.75 1.48 

The regression analysis of all five push-offs results in a slope of 0.942 and an R2 of 

0.814. Figure 5-1 (a) shows the results of the regression analysis and also provides the 



 

  
107 

 
  

identity line, with an ideal slope of 1. Figure 5-1 (b) shows the results of the Bland-

Altman analysis, with a slightly higher bias of 0.168 m.s-1 and the 95 % limits of 

agreement of 0.457 m.s-1 and -0.120 m.s-1. The scattering around the bias is even which 

indicates that there is no systematic measurement error between the two measurement 

systems. It can be further seen that the scattering around the bias is independent of the 

push-off velocity, which shows that the sensor derived velocity is independent of the 

push-off velocities. 

 
Figure 5-1: Trial from 28.04.2010. (a) Results of regression analysis, with linear fitting (blue) and identity 
line (red). (b) Results of Bland-Altman analysis, with bias (red) and 95 % confidence bounds (blue, 
dashed). 

5.3 Trial 2 �± 21.07.2010 

One swimmer participated in this second push-off trial. The swimmer was asked to 

perform 28 push-offs at three different efforts (low, medium, full). Table 5-2 gives an 

overview of the conducted push-offs and their resultant measured (SP5000) and 

calculated (accelerometer) velocities. The average detected velocity was 92.33 % of the 

SP5000 measured velocity. 

The regression analysis of all 28 push-offs results in a slope of 0.939 and an R2 of 

0.915. Figure 5-2(a) shows the results of the regression analysis and also provides the 

identity line, with an ideal slope of 1. Figure 5-2 (b) shows the results of the Bland-

Altman analysis, with a slightly higher bias of 0.148 m.s-1 and the 95 % limits of 

agreement of 0.388 and -0.091 m.s-1. The scattering around the bias is even which 

indicates that there is no systematic measurement error between the two measurement 

system. It can be further seen that the scattering around the bias is independent from the 

push-off velocity, which shows that the sensor derived velocity is independent of the 

push-off velocities.  
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Table 5-2: Different push-offs performed by the swimmer with the derived velocities �± 21.07.2010. 

Push-off number Effort  SP5000 velocity (m.s-1) Acc derived velocity (m.s-1) 

1 Low 1.652 1.654 

2 Low 1.727 1.767 

3 Low 1.668 1.464 

4 Low 1.305 0.843 

843 5 Low 1.392 1.098 

6 Low 1.714 1.688 

7 Low 1.472 1.215 

8 Low 1.427 1.299 

9 Medium 1.654 1.645 

10 Medium 1.829 1.737 

11 Medium 1.617 1.422 

12 Medium 1.655 1.538 

13 Medium 1.451 1.381 

14 Medium 1.472 1.370 

15 Medium 1.369 1.079 

16 Medium 1.623 1.544 

17 Full 2.513 2.465 

18 Full 2.647 2.580 

19 Full 2.483 2.518 

20 Full 2.362 2.297 

21 Full 2.445 2.358 

22 Full 2.381 2.129 

23 Full 2.596 2.552 

24 Full 2.455 2.130 

25 Full 2.414 2.0413 

26 Full 2.469 2.355 

27 Full 2.291 2.096 

28 Full 2.340 2.495 

 
Figure 5-2: Trial from 21.07.2010. (a) Results of regression analysis, with linear fitting (blue) and identity 
line (red). (b) Results of Bland-Altman analysis, with bias (red) and 95% confidence bounds (blue, 
dashed). 
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5.4 Trial 3 �± 05.11.2010 

Four swimmers participated in the third push-off trial. The swimmers were asked to 

perform 12 push-offs at two different efforts (medium, full). Table 5-3 gives an 

overview of the conducted push-offs and their resultant measured (SP5000) and 

calculated (accelerometer) velocities. 

Table 5-3: Different push-offs performed by the four swimmers with the derived velocities �± 05.11.2010. 

Push-off 
number 

Effort  Swimmer 1 Swimmer 2 Swimmer 3 Swimmer 4 

SP5000 
velocity 
(m.s-1) 

Acc 
derived 
velocity 
(m.s-1) 

SP5000 
velocity 
(m.s-1) 

Acc 
derived 
velocity 
(m.s-1) 

SP5000 
velocity 
(m.s-1) 

Acc 
derived 
velocity 
(m.s-1) 

SP5000 
velocity 
(m.s-1) 

Acc 
derived 
velocity 
(m.s-1) 

1 Medium 2.857 2.712 1.963 1.939 2.052 1.723 2.225 1.990 

2 Medium 3.079 2.989 2.223 2.238 2.210 1.972 2.199 2.050 

3 Medium 3.033 3.209 2.482 2.361 2.058 2.081 2.115 1.958 

4 Medium 2.827 2.690 2.453 2.330 2.099 2.091 2.212 2.051 

5 Medium 2.742 3.117 2.260 2.039 2.299 1.982 2.206 2.003 

6 Full 3.141 3.079 2.519 2.357 n.a. n.a. 2.201 1.989 

7 Full 3.25 3.089 2.611 2.611 n.a. n.a. 2.233 2.210 

8 Full 3.228 3.253 2.525 2.583 2.338 2.511 2.262 1.951 

9 Full 3.299 3.224 2.656 2.231 2.258 2.324 2.215 2.107 

10 Full 3.366 3.003 2.680 2.246 2.315 2.241 2.333 1.945 

11 Full 3.165 2.748 3.165 2.812 2.417 2.170 2.310 2.070 

12 Full 3.017 2.951 3.017 2.747 2.611 2.489 2.275 2.075 

The average detected velocities were 97.67 % for swimmer 1, 93.61 % for swimmer 2, 

95.24 % for swimmer 3 and 91.14 % for swimmer 4 of the SP5000 measured velocity. 

The analysis of the push-offs were separated for each individual swimmer. The 

regression analysis of the 12 push-offs of swimmer 1 result in a slope of 0.9726 and an 

R2 of -0.114. This correlation coefficient is related to a very small variety of the push-

off velocities, which appears only in a range of 0.681 m.s-1. 

Figure 5-3 (a) shows the results of the regression analysis and also provides the identity 

line, with an ideal slope of 1. Figure 5-3 (b) shows the results of the Bland-Altman 

analysis, with a slightly higher bias of 0.174 m.s-1 and the 95 % limits of agreement of 

0.439 and -0.090 m.s-1. 
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Figure 5-3: Trial from 05.11.2010 �± swimmer 1. (a) Results of regression analysis, with linear fitting 
(blue) and identity line (red). (b) Results of Bland-Altman analysis, with bias (red) and 95% confidence 
bounds (blue, dashed). 

The regression analysis of the 12 push-offs of swimmer 2 results in a slope of 0.929 and 

an R2 of 0.648. Figure 5-4 (a) shows the results of the regression analysis and also 

provides the identity line, with an ideal slope of 1. Figure 5-4 (b) shows the results of 

the Bland-Altman analysis, with a slightly higher bias of 0.184 m.s-1 and the 95 % limits 

of agreement of 0.491 and -0.123 m.s-1. 

 
Figure 5-4: Trial from 05.11.2010 �± swimmer 2. (a) Results of regression analysis, with linear fitting 
(blue) and identity line (red). (b) Results of Bland-Altman analysis, with bias (red) and 95% confidence 
bounds (blue, dashed). 

Swimmer 3 performed 12 push-offs, but due to sensor problems only 10 push-offs 

where used for analysis. The regression analysis of the remaining 10 push-offs results in 

a slope of 0.953 and an R2 of 0.50. Figure 5-5 (a) shows the results of the regression 

analysis and also provides the identity line, with an ideal slope of 1. Figure 5-5 (b) 

shows the results of the Bland-Altman analysis, with a slightly higher bias of 0.160 m.s-

1 and the 95 % limits of agreement of 0.392 and -0.073 m.s-1. 
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Figure 5-5: Trial from 05.11.2010 �± swimmer 3. (a) Results of regression analysis, with linear fitting 
(blue) and identity line (red). (b) Results of Bland-Altman analysis, with bias (red) and 95% confidence 
bounds (blue, dashed). 

The regression analysis of the 12 push-offs of swimmer 4 results in a slope of 0.910 and 

an R2 of -0.385. The poor correlation coefficient is related to a very small range of push-

off velocities (the range was 0.264 m.s-1). Figure 5-6 (a) shows the results of the 

regression analysis and also provides the identity line, with an ideal slope of 1. Figure 

5-6 (b) shows the results of the Bland-Altman analysis, with a slightly higher bias of 

0.199 m.s-1 and the 95 % limits of agreement of 0.382 and 0.016 m.s-1. 

 
Figure 5-6: Trial from 05.11.2010 �± swimmer 4. (a) Results of regression analysis, with linear fitting 
(blue) and identity line (red). (b) Results of Bland-Altman analysis, with bias (red) and 95% confidence 
bounds (blue, dashed). 

The scattering around the bias for all four swimmers is even which indicates that there 

is no systematic measurement error between the two measurement systems. It can be 

further seen that the scattering around the bias is independent of the push-off velocity, 

which shows that the sensor derived velocity is independent of the push-off velocities. 

5.5 Trial 4 �± 13.05.2011 

Two swimmers participated in the fourth push-off trial. The swimmers were asked to 

perform 12 push-offs at three different efforts (low, medium, full). Table 5-4 provides 
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an overview of the conducted push-offs and their resultant measured (SP5000) and 

calculated (accelerometer) velocities. The average detected velocities were 93.61 % for 

swimmer 2 and 90.83 % for swimmer 7 of the SP5000 measured velocity. The analysis 

of the push-offs were separated for each individual swimmer. 

Table 5-4: Different push-offs performed by the four swimmers with the derived velocities �± 13.05.2011. 

Push-off 
number 

Effort  Swimmer 2 Swimmer 7 

SP5000 velocity 
(m.s-1) 

Acc derived 
velocity (m.s-1) 

SP5000 velocity 
(m.s-1) 

Acc derived 
velocity (m.s-1) 

1 Full 
 

2.682 2.602 2.464 2.284 

2 Full 
 

2.699 2.431 2.995 2.862 

3 Full 
 

2.560 2.527 3.135 2.849 

4 Full 
 

2.615 2.557 3.198 2.986 

5 Medium 2.264 2.206 2.474 2.358 

6 Medium 2.139 2.183 2.454 2.502 

7 Medium 1.997 1.865 2.305 2.144 

8 Medium 1.605 1.533 2.584 2.482 

9 Low 1.486 1.342 1.774 1.358 

10 Low 1.685 1.611 1.769 1.607 

11 Low 1.788 1.669 1.654 1.210 

12 Low 1.819 1.746 1.493 1.353 

The regression analysis of the 12 push-offs of swimmer 2 results in a slope of 0.960 and 

an R2 of 0.971. Figure 5-7 (a) shows the results of the regression analysis and also 

provides the identity line, with an ideal slope of 1. Figure 5-7 (b) shows the results of 

the Bland-Altman analysis, with a slightly higher bias of 0.096 m.s-1 and the 95 % limits 

of agreement of 0.222 and -0.029 m.s-1. 

 
Figure 5-7: Trial from 13.05.2011 �± swimmer 2. (a) Results of regression analysis, with linear fitting 
(blue) and identity line (red). (b) Results of Bland-Altman analysis, with bias (red) and 95% confidence 
bounds (blue, dashed). 
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The regression analysis of the 12 push-offs of swimmer 7 results in a slope of 0.926 and 

an R2 of 0.941. Figure 5-8 (a) shows the results of the regression analysis and also 

provides the identity line, with an ideal slope of 1. Figure 5-8 (b) shows the results of 

the Bland-Altman analysis, with a slightly higher bias of 0.200 m.s-1 and the 95 % limits 

of agreement of 0.440 and -0.040 m.s-1. 

 
Figure 5-8: Trial from 13.05.2011 �± swimmer 7. (a) Results of regression analysis, with linear fitting 
(blue) and identity line (red). (b) Results of Bland-Altman analysis, with bias (red) and 95% confidence 
bounds (blue, dashed). 

The scattering around the bias for both swimmers is even which indicates that there is 

no systematic measurement error between the two measurement systems. It can be 

further seen that the scattering around the bias is independent from the push-off 

velocity, which shows that the sensor derived velocity is independent of the push-off 

velocities. 

5.6 Trial 5 �± 10.06.2011 

One swimmer participated in the last push-off trial. The swimmer was asked to perform 

12 push-offs at three different efforts (low, medium, full). Table 5-5 provides an 

overview of the conducted push-offs and their resultant measured (SP5000) and 

calculated (accelerometer) velocities. The average detected velocity was 94.35% of the 

SP5000 measured velocity. 

The regression analysis of the 12 undertaken push-offs of swimmer 5 results in a slope 

of 0.946 and an R2 of 0.849. Figure 5-9 (a) shows the results of the regression analysis 

and also provides the identity line, with an ideal slope of 1. Figure 5-9 (b) shows the 

results of the Bland-Altman analysis, with a slightly higher bias of 0.154 m.s-1 and the 

95 % limits of agreement of 0.385 and -0.078 m.s-1. 

 

1.5 2 2.5 3

1.5

2

2.5

3

SP5000 velocity (m/s)

A
cc

el
er

om
et

er
 d

er
iv

ed
 v

el
oc

ity
 (

m
/s

)

1.5 2 2.5 3
-0.2

0

0.2

0.4

0.6

(V
Sensor

 + V
SP5000

) / 2 (m/s)

V
S

en
so

r -
 V

S
P

50
00

 (
m

/s
)



 

  
114 

 
  

Table 5-5: Different push-offs performed by the swimmer with the derived velocities �± 10.06.2011. 

Push-off number Effort  Swimmer 5 

SP5000 velocity (m.s-1) Acc derived velocity (m.s-1) 

1 Full 
 

3.20 3.00 

2 Full 
 

3.12 2.97 

3 Full 
 

2.98 2.73 

4 Full 
 

3.13 3.11 

5 Medium 2.76 2.65 

6 Medium 2.68 2.54 

7 Medium 2.64 2.63 

8 Medium 2.88 2.65 

9 Low 2.34 1.92 

10 Low 2.58 2.51 

11 Low 2.58 2.54 

12 Low 2.61 2.41 

 
Figure 5-9: Trial from 10.06.2011 �± swimmer 5. (a) Results of regression analysis, with linear fitting 
(blue) and identity line (red). (b) Results of Bland-Altman analysis, with bias (red) and 95% confidence 
bounds (blue, dashed). 

The scattering around the bias is even which indicates that there is no systematic 

measurement error between the two measurement systems. It can be further seen that 

the scattering around the bias is independent from the push-off velocity, which shows 

that the sensor derived velocity is independent of the push-off velocities. 

5.7 Summary push-off results 

This study yielded a verification of a new technology against an already proven 

technology. Therefore rather than analysing each swimmer individually, all push-offs 

were combined as one data set as the relation of the calculated push-off velocity was 

independent of the swimmer. Table 5-6 compares the individual results from all 

swimmers, who participated in this study and Figure 5-10 presents the results of the 

statistical analysis of all push-offs as one data set. 
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Table 5-6: Comparison of the results of all swimmers �± push-offs. 

Measure Swimmer 

11 10 1 2 3 4 2 5 7 

Bias (m.s-1) 0.168 0.148 0.174 0.184 0.160 0.199 0.096 0.200 0.154 

Upper limit (m.s-1) 0.457 0.388 0.439 0.491 0.392 0.382 0.222 0.440 0.385 

Lower limit (m.s-1) -0.120 -0.091 -0.090 -0.123 -0.073 0.016 0.096 -0.040 -0.078 

Slope 0.942 0.939 0.973 0.929 0.953 0.910 0.960 0.926 0.946 

R2 0.814 0.915 -0.114 0.648 0.500 -0.385 0.971 0.941 0.849 

Average detected % 92.29 92.33 97.67 93.61 95.24 91.14 93.61 90.83 94.35 

The regression analysis of all 115 undertaken push-offs results in a slope of 0.944 and 

an R2 of 0.923. Figure 5-10 (a) shows the results of the regression analysis and also 

provides the identity line, with an ideal slope of 1. The linear regression line is really 

close to the identity line, which proves that there is a strong match with the other 

measurement system. Figure 5-10 (b) shows the results of the Bland-Altman analysis, 

with a slightly higher bias of 0.162 m.s-1 and the 95 % limits of agreement of 0.398 and 

-0.073 m.s-1. 

 
Figure 5-10: All conducted push-offs. (a) Results of regression analysis, with linear fitting (blue) and 
identity line (red). (b) Results of Bland-Altman analysis, with bias (red) and 95% confidence bounds 
(blue, dashed). 

The scattering around the bias is even which indicates that there is no systematic 

measurement error between the two measurement systems. It can be further seen that 

the scattering around the bias is independent from the push-off velocity, which shows 

that the sensor derived velocity is independent of the push-off velocity. 

The histogram of the measured velocities of both systems can be seen in Figure 5-11. 

The SP5000 measured velocities have a skewness of -0.06 and kurtosis of 2.2836 and the 

accelerometer derived velocities a skewness of -0.19 and kurtosis of 2.46. This shows 

                                                 
36 Please note that a normal distribution has a kurtosis of 3. 
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that the two measurement systems follow a normal distribution with slight differences 

between both. While the analysis of the SP5000 has little skewness, the accelerometer 

derived velocities show a larger skewness. Investigating the kurtosis shows that the 

accelerometer derived velocity distribution is closer to a normal distribution compared 

to the SP5000 velocity distribution. 

 
Figure 5-11: Histogram of measured velocities (a) SP5000 and (b) accelerometer derived. 

 

Some of this work �Z�D�V���S�D�U�W�O�\���S�X�E�O�L�V�K�H�G���L�Q���W�K�H���D�X�W�K�R�U�¶�V���S�X�E�O�L�F�D�W�L�R�Q�V�� 

�x Stamm, A., James, D. A., Burkett, B., Hagem, R. M. and Thiel, D. V. (2013), 

"Determining maximum push-off velocity in swimming using accelerometers.�´��

Procedia Engineering, (first round accepted) 

  

0.5 1 1.5 2 2.5 3 3.5
0

5

10

15

20

25

SP5000 velocity (m/s)

F
re

qu
en

cy

0.5 1 1.5 2 2.5 3 3.5
0

5

10

15

20

Acc velocity (m/s)

F
re

qu
en

cy



 

  
117 

 
  

6 Intra -stroke velocity and arm symmetry investigations 

6.1 Introduction  

The methodology section in section 4.4 explained in detail how the data analysis was 

undertaken. This chapter focuses on the presentation of the results. The results off all 

swimmers are presented in tables, with more detailed results and graphs on a CD which 

is attached to the back cover page of this thesis. The order in which the trials and 

swimmers are presented within this chapter follows the order of testing. Trials one, two 

and four were undertaken at an indoor temperature controlled pool located at the 

Queensland Academy of Sports, while trial three was undertaken at an Olympic-sized 

FINA standard temperature controlled outdoor pool at the University of the Sunshine 

Coast. 

The swimmers were asked to swim one pool length with different efforts with the 

sensor and SP5000 line attached as described in section 4.3. The data analysis was 

undertaken following the methods described in section 4.5.6 �± 4.5.8, and is presented as 

acceleration profiles, velocity comparison with SP5000 and left and right arm velocity 

variations. Bland-Altman analysis was used to statistically compare the velocity profiles 

from both measurement systems. All results are presented in tables for each trial. 

The study was approved by the Griffith University Ethics Committee with the approval 

number: ENG/05/10/HREC. 

6.2 Trial 1 �± 13.05.2011 

Two swimmers participated in this first trial, each performing 8 freestyle laps at three 

different efforts (low, medium, fast). Due to sensor problems only three laps were 

recorded and analysed for swimmer 5. 

Table 6-1 shows a summary of the conducted freestyle swimming laps, the SP5000 and 

sensor derived mean velocities and their positive and negative variations. Figure 6-1 and 

Figure 6-2 show calibrated acceleration data for a swimmer with professional 

experience (swimmer 5) and a swimmer without professional experience (swimmer 7). 

Swimmer 5 has a very regular ax acceleration and velocity profile during the swimming 

phase (10 �± 30 s), while the ax acceleration and velocity profile of swimmer 7 shows 

little regularity during the swimming phase (8 �± 22 s). 
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Table 6-1: Overview swimmers and performed freestyle laps with the measured mean velocities and 
variations - trial 1 - 13.05.2011. Swimmer 5 has professional and swimmer 7 no professional experience. 

Swimmer Lap 
number 

Effort  SP5000 Sensor 

Mean 
velocity 
(m.s-1) 

Positive 
variation 

(%)  

Negative 
variation 

(%)  

Mean 
velocity 
(m.s-1) 

Positive 
variation 

(%)  

Negative 
variation 

(%)  

5 1 Low 0.94 36.41 38.60 0.94 20.23 25.45 

2 0.80 52.32 31.91 0.79 22.07 28.01 

3 0.99 34.87 32.46 0.99 26.55 24.50 

7 1 Low 1.21 126.66 50.36 1.22 14.55 10.94 

2 1.16 109.16 52.74 1.21 10.55 8.83 

3 1.12 55.08 44.62 1.19 17.54 22.57 

4 Medium 1.11 43.13 35.68 1.17 11.93 10.31 

5 1.07 129.69 74.38 1.14 16.34 18.56 

6 1.05 54.15 42.70 1.10 15.14 10.76 

7 Full 1.37 46.06 45.78 1.43 15.60 21.53 

8 1.33 49.38 44.86 1.43 15.17 16.28 

 
Figure 6-1: Trial from 13.05.2011 - swimmer 5 �± lap 1. (a) Acceleration profile of one 25m freestyle 
swimming lap with the calibrated acceleration (blue) and the extracted sensor orientation (red). (b) 
Velocity profile of one 25m freestyle swimming lap with the SP5000 (red) and the sensor derived 
velocity profile (blue). 

The velocity profile of swimmer 5 (see Figure 6-1 b) shows a close match for the two 

systems in both amplitude and frequency. The velocity profile for Swimmer 7 (see 

Figure 6-2 b) however shows little similarity. The video record shows swimmer 7 

kicking with his legs breaking the surface and close to the attached tether from the 

SP5000 system. This effects the measurement and makes the comparison of both 

systems impossible. At one point (Figure 6-2 b, t = 13) the swimmer kicked the tether, 

which is represented by 2.4 m.s-1 spike in the velocity data. Even world class 

professional swimmers are not capable of an instantaneous increase in velocity of this 

magnitude. There are clearly some problems with the velocity meter for less qualified 

swimmers. 
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Figure 6-2: Trial from 13.05.2011 - swimmer 7 �± lap 2. (a) Acceleration profile of one 25m freestyle 
swimming lap with the calibrated acceleration (blue) and the extracted sensor orientation (red). (b) 
Velocity profile of one 25m freestyle swimming lap with the SP5000 (red) and the sensor derived 
velocity profile (blue). 

Figure 6-3 presents the velocity profiles for each individual stroke plotted on top of 

each other to form a stroke velocity pattern (blue), with the average of all velocities 

(red). It can be seen that swimmer 5 (see Figure 6-3 a) has a much more repeatable 

stroke velocity profile as swimmer 7 (see Figure 6-3 b). This means that each stroke of 

swimmer 5 is producing the same amount of propulsion, which accelerates the body to 

�U�R�X�J�K�O�\�� �W�K�H�� �V�D�P�H�� �S�H�D�N�� �Y�H�O�R�F�L�W�\���� �+�R�Z�H�Y�H�U�� �V�Z�L�P�P�H�U�� ���¶�V�� �D�U�P�� �S�U�R�S�X�O�V�L�R�Q�� �G�X�U�L�Q�J�� �H�D�F�K��

individual stroke is varying significantly and does not accelerate the body by the same 

amount at each stroke and therefore shows no repeatable velocity profile. This very 

clear repetition is a characteristic of an elite athlete. 

Table 6-2 presents the average distance travelled per arm stroke and the average time 

per arm stroke separated by right and left arm and the average SR as well as the average 

distance per stroke (ADPS) including the standard deviation. It can be seen that the 

ADPS at low effort37 is much higher for swimmer 5 as for swimmer 7 at the same 

�H�I�I�R�U�W���� �6�Z�L�P�P�H�U�����¶�V���$�'�3�6���D�W���I�X�O�O���H�I�I�R�U�W���U�H�D�F�K�H�V�� �V�Z�L�P�P�H�U�����¶�V���D�W���O�R�Z���H�I�I�R�U�W�����L�Q�G�L�F�D�W�L�Q�J��

that swimmer 7 has room for improvements according to the ADPS. It further shows 

�W�K�D�W�� �V�Z�L�P�P�H�U�� ���¶�V�� �D�Y�H�U�D�J�H�� �V�W�U�R�N�H�� �W�L�P�H�� �Y�D�U�L�H�V�� �O�L�W�W�O�H�� �E�H�W�Z�H�H�Q�� �W�K�H�� �G�L�I�I�H�U�H�Q�W�� �H�I�I�R�U�W�V���� �H�Y�H�Q��

when swimmer 7 increased the ADPS. The SR for swimmer 5 is very low compared to 

swimmer 7. Swimmer 5 swam at an average velocity of 0.99 m.s-1 with a SR of 25.36 

strokes per minute, while swimmer 7 uses a SR of 36.22 strokes per minute to reach the 

mean velocity of 1.05 m.s-1. This shows again the difference in efficiency between a 

professional trained swimmer and an amateur swimmer. Table 9-2 in the Appendix B 

presents more detailed results for the analysis of average SR and average DPS. 

                                                 
37 The effort is self assessed by the particular swimmer. 
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Figure 6-3: Trial from 13.05.2011 - (a) Swimmer 5 left and right arm velocity variations (blue) and the 
mean velocity variation (red). (b) Swimmer 7 left and right arm velocity variations (blue) and the mean 
velocity variation (red). 

Table 6-2: Left and right arm average distance ± standard deviation and average time ± standard deviation 
for both swimmers �± trial 1 - 13.05.2011. 

Swimmer Lap Effort  Average Distance ± SD (m) Average time ± SD (s) Average 

SR 

(cycles/min) 

Average 

distance 

per stroke (m) Right arm Left arm Right arm Left arm 

5 
1 Low 1.09 ± 0.03 1.06 ± 0.03 1.15 ± 0.02 1.14 ± 0.03 26.19 ± 0.47 2.16 ± 0.05 

2 1.01 ± 0.05 0.94 ± 0.04 1.27 ± 0.06 1.21 ± 0.05 24.19 ± 0.60 1.95 ± 0.05 

3 1.20 ± 0.10 1.17 ± 0.08 1.18 ± 0.05 1.19 ± 0.05 25.36 ± 0.73 2.35 ± 0.16 

7 
1 Low 0.96 ± 0.05 0.95 ± 0.05 0.78 ± 0.04 0.78 ± 0.04 38.36 ± 1.78 1.91 ± 0.09 

2 0.94 ± 0.06 0.96 ± 0.08 0.78 ± 0.05 0.79 ± 0.06 38.44 ± 1.96 1.89 ± 0.09 

3 0.97 ± 0.09 0.98 ± 0.09 0.80 ± 0.04 0.81 ± 0.04 37.17 ± 1.22 1.91 ± 0.18 

4 Medium 0.93 ± 0.06 0.95 ± 0.05 0.79 ± 0.05 0.80 ± 0.05 37.67 ± 2.01 1.87 ± 0.09 

5 0.99 ± 0.13 0.97 ± 0.15 0.84 ± 0.12 0.84 ± 0.10 35.89 ± 2.81 1.93 ± 0.19 

6 0.91 ± 0.09 0.90 ± 0.08 0.83 ± 0.06 0.84 ± 0.07 36.22 ± 2.24 1.83 ± 0.14 

7 Full 1.05 ± 0.15 1.00 ± 0.09 0.73 ± 0.09 0.70 ± 0.05 42.28 ± 3.24 2.04 ± 0.24 

8 1.08 ± 0.10 1.04 ± 0.06 0.75 ± 0.08 0.73 ± 0.03 40.61 ± 2.09 2.12 ± 0.10 

A statistical comparison between the SP5000 and sensor derived velocity profiles were 

undertaken between the start and end of the swim (tss-tes) using regression and Bland-

Altman analysis. Figure 6-4 (a) presents the Bland-Altman analysis of swimmer 5 (lap 

1) while (b) presents the results of swimmer 7 (lap 2). The results for swimmer 5 show a 

little bias of 0.01 m.s-1 and a small lower and upper limit of agreement of -0.14 and 0.17 

m.s-1. It can be seen that the scattering around the bias is even and there is no evidence 

of velocity dependence. The scattering follows a normal distribution with a skewness of 

0.72 and a kurtosis of 2.03. The results of the analysis of swimmer 7 show a slightly 

higher bias of 0.05 m.s-1 and a higher lower and upper limit of agreement of -0.36 and 

0.45 m.s-1, respectively. It can be seen on Figure 6-4 (b) that the difference between the 

measured velocities is larger for higher velocities. This was caused by the swimmer 
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kicking the tether during swimming, influencing the mean and the difference between 

the two measures (at this kicks) used in the Bland-Altman analysis. The scattering 

around the bias follows a normal distribution with a skewness of 1.63 and a kurtosis of 

4.29. 

 
Figure 6-4: Trial from 13.05.2011 �±Bland-Altman analysis for swimmer 5 (a) and swimmer 7 (b) 
showing the bias (red) and the lower and upper limits of agreement (pink).  

The average values of the Bland-Altman results for swimmer 5 including all laps are a 

bias of 0.02 ± 0.04 m.s-1, a lower limit of -0.16 ± 0.03 m.s-1 and a upper limit of 0.20 ± 

0.04 m.s-1���� �6�Z�L�P�P�H�U�� ���¶�V�� �D�Y�H�U�D�J�H�� �U�H�V�X�O�W�V�� �R�I�� �W�K�H�� �%�O�D�Q�G-Altman analysis show a bias of 

0.06 ± 0.03 m.s-1, a lower limit of -0.34 ± 0.06 and a upper limit of 0.46 ± 0.06 m.s-1. It 

can be seen that the professional swimmer has a smaller variation around the bias and 

therefore a smaller lower and upper limit of agreement compared to the recreational 

swimmer. In comparison the recreational swimmer has a much higher variation around 

the bias, which is caused by the lack of training experience and the swimmers legs 

breaking the water surface. Investigating the video recordings proved that the 

recreational swimmers leg broke the water surface influencing the SP5000 

measurements. This kicking style also reduces the amount of forward propulsion 

generated by the feet and results in lower overall forward propulsion. 

The results of the statistical analysis for each individual lap (n=11) can be found in 

Table 9-3 in Appendix B. More graphs (n=27, for each lap) of the analysis undertaken 

are available on the CD attached to the booklet of this thesis. 

6.3 Trial 2 �± 10.06.2011 

Two swimmers participated in this second trial, each performing 8 freestyle laps at three 

different efforts (low, medium, fast). 
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Table 6-3 shows a summary of the conducted freestyle swimming laps, the SP5000 and 

sensor derived mean velocities and their positive and negative variations. Figure 6-5 and 

Figure 6-6 show calibrated acceleration data for a swimmer without professional 

experience (swimmer 2) and a swimmer with professional experience (swimmer 5). 

Swimmer 5 has a very clear and regular ax acceleration and velocity profile during the 

swimming phase (8 �± 25 s), while the ax acceleration and velocity profile of swimmer 2 

shows little regularity during the swimming phase (8 �± 23 s). 

Table 6-3: Overview swimmers and performed freestyle laps with the measured mean velocities and 
variations �± trial 2 - 10.06.2011. Swimmer 5 has professional and swimmer 2 no professional experience.  

Swimmer Lap 
number 

Effort  SP5000 Sensor 

Mean 
velocity 
(m.s-1) 

Positive 
variation 

(%)  

Negative 
variation 

(%)  

Mean 
velocity 
(m.s-1) 

Positive 
variation 

(%)  

Negative 
variation 

(%)  

2 1 Full 1.34 50.31 43.44 1.45 18.51 19.69 

2 1.29 51.65 49.74 1.36 27.05 30.9 

3 Medium 1.19 45.7 41.3 1.27 19.89 17.79 

4 1.2 111.14 78.94 1.27 14.8 20.4 

5 1.17 49.55 43.58 1.25 20.6 22.8 

6 Low 1.13 38.5 49.82 1.21 16.98 22.98 

7 1.13 48.04 49.27 1.23 19.35 21.64 

8 1.13 49.09 50.48 1.21 19.83 29.18 

5 1 Full 1.4 27.31 28.15 1.4 21.84 22.22 

2 1.34 31.11 91.74 1.44 22.3 22.55 

3 Medium 1.11 33.15 40.6 1.17 26.81 24.9 

4 1.1 29.65 33.4 1.19 26.9 25.83 

5 1.15 106.9 74.02 1.22 22.77 24.96 

6 Low 1.07 35.18 45.76 1.12 22.84 23.27 

7 1.07 198.75 87.56 1.07 29.86 29.1 

8 1.08 42.79 37.43 1.12 28.78 27.08 

The derived velocity profile for swimmer 2 (Figure 6-5 b) shows little similarity with 

�W�K�H���6�3�����������Y�H�O�R�F�L�W�\���S�U�R�I�L�O�H�����,�Q���F�R�P�S�D�U�L�V�R�Q���V�Z�L�P�P�H�U�����¶�V���Y�H�O�R�F�L�W�\���S�U�R�I�L�O�H����Figure 6-6 b) 

shows a close match for the two systems in both frequency and amplitude. Investigating 

the video recordings of the trials shows that swimmer 2 breaks the surface with his feet 

during the swimming influencing the SP5000 system. This effects the measurement and 

complicates the comparison of both systems.  
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Figure 6-5: Trial from 10.06.2011 - Swimmer 2 �± lap 5. (a) Acceleration profile of one 25m freestyle 
swimming lap with the calibrated acceleration (blue) and the extracted sensor orientation (red). (b) 
Velocity profile of one 25m freestyle swimming lap with the SP5000 (red) and the sensor derived 
velocity profile (blue). 

 
Figure 6-6: Trial from 10.06.2011 - Swimmer 5 �± lap 4. (a) Acceleration profile of one 25m freestyle 
swimming lap with the calibrated acceleration (blue) and the extracted sensor orientation (red). (b) 
Velocity profile of one 25m freestyle swimming lap with the SP5000 (red) and the sensor derived 
velocity profile (blue). 

Figure 6-7 presents the velocity profiles for each individual stroke plotted on top of 

each other to form a stroke velocity pattern (blue), with the average of all velocity 

profiles (red). It can be seen that swimmer 2 (Figure 6-7 a) has a repeatable stroke 

velocity profile which follows a two-peak velocity pattern as described by Maglischo 

[49]�����Z�K�H�U�H�D�V���V�Z�L�P�P�H�U�����¶�V���V�W�U�R�N�H���Y�H�O�R�F�L�W�\���S�U�R�I�L�O�H�����V�H�H��Figure 6-7 b) follows a one-peak 

velocity pattern. 

Table 6-4 presents the average distance travelled per arm stroke and the average time 

per arm stroke separated by left and right arm and the average SR as well as the ADPS 

including the standard deviation. While the lap velocity profiles of both swimmers 

differ significantly, a large difference in the average distance, time and SR are not 

present. The only difference can be seen at low effort38, where swimmer 5 is extending 

the stroke times above 1 s while swimmer 2 has roughly the same average stroke times 

                                                 
38 The effort is self assessed by the particular swimmer. 
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as used at medium effort. Table 9-4 in the Appendix B presents more detailed results for 

the analysis of average SR and average DPS. 

 
Figure 6-7: Trial from 10.06.2011 - (a) Swimmer 5 left and right arm velocity variations (blue) and the 
mean velocity variation (red). (b) Swimmer 7 left and right arm velocity variations (blue) and the mean 
velocity variation (red). 

Table 6-4: Left and right arm average distance ± standard deviation and average time ± standard deviation 
for both swimmers �± trial 2 - 10.06.2011. 

Swimmer Lap Effort  

Average Distance ± SD 
(m) 

Average time ± SD (s) Average 
SR 

(cycles/min) 

Average 
distance 

per stroke 
(m) 

Right arm Left arm Right arm Left arm 

2 1 Full 1.18 ± 0.04 1.15 ± 0.02 0.81 ± 0.04 0.80 ± 0.03 37.39 ± 1.56 2.34 ± 0.06 

2 1.14 ± 0.05 1.17 ± 0.06 0.85 ± 0.02 0.85 ± 0.03 35.29 ± 0.98 2.31 ± 0.10 

3 Medium 1.23 ± 0.06 1.21 ± 0.06 0.97 ± 0.05 0.96 ± 0.05 31.22 ± 1.25 2.45 ± 0.09 

4 1.21 ± 0.04 1.21 ± 0.04 0.95 ± 0.04 0.95 ± 0.04 31.51 ± 1.05 2.42 ± 0.06 

5 1.18 ± 0.04 1.17 ± 0.04 0.94 ± 0.03 0.95 ± 0.03 31.76 ± 0.80 2.36 ± 0.06 

6 Low 1.17 ± 0.04 1.17 ± 0.06 0.96 ± 0.05 0.98 ± 0.06 31.02 ± 0.64 2.33 ± 0.04 

7 1.19 ± 0.04 1.18 ± 0.05 0.96 ± 0.03 0.95 ± 0.03 31.34 ± 0.90 2.37 ± 0.07 

8 1.16 ± 0.05 1.19 ± 0.06 0.96 ± 0.04 0.98 ± 0.06 30.98 ± 1.01 2.35 ± 0.05 

5 1 Full 1.11 ± 0.13 1.06 ± 0.05 0.78 ± 0.07 0.76 ± 0.03 39.02 ± 2.33 2.17 ± 0.18 

2 1.09 ± 0.02 1.10 ± 0.02 0.76 ± 0.01 0.77 ± 0.02 39.38 ± 0.60 2.18 ± 0.05 

3 Medium 1.14 ± 0.09 1.15 ± 0.04 0.96 ± 0.05 0.98 ± 0.03 30.94 ± 0.97 2.28 ± 0.12 

4 1.20 ± 0.12 1.19 ± 0.07 0.99 ± 0.06 1.00 ± 0.05 30.21 ± 1.10 2.39 ± 0.17 

5 1.16 ± 0.06 1.18 ± 0.07 0.95 ± 0.04 0.97 ± 0.04 31.27 ± 1.30 2.34 ± 0.13 

6 Low 1.16 ± 0.04 1.13 ± 0.07 1.03 ± 0.04 1.02 ± 0.06 29.32 ± 0.99 2.29 ± 0.08 

7 1.12 ± 0.07 1.08 ± 0.08 1.03 ± 0.04 1.02 ± 0.04 29.33 ± 0.51 2.18 ± 0.15 

8 1.17 ± 0.15 1.10 ± 0.05 1.03 ± 0.10 0.99 ± 0.04 29.81 ± 1.66 2.27 ± 0.18 

Figure 6-8 (a) presents the Bland-Altman analysis of swimmer 2 (lap 5) while (b) 

presents the results of swimmer 5 (lap 4). The results for swimmer 2 show a bias of 0.08 

m.s-1 and a slightly higher lower and upper limit of agreement of -0.22 and 0.39 m.s-1. It 

can be seen that the scattering around the bias is even and there is no evidence of 

velocity dependence. The scattering follows a normal distribution with a skewness of 



 

  
125 

 
  

0.85 and a kurtosis of 2.36. The results of the analysis of swimmer 5 show a slightly 

higher bias of 0.10 m.s-1 and a small lower and upper limit of agreement of -0.09 and 

0.30 m.s-1. The scattering around the bias follows a normal distribution with a skewness 

of 0.27 and a kurtosis of 1.62. 

 
Figure 6-8: Trial from 10.06.2011 �± Results of Bland-Altman analysis for swimmer 2 (a) and swimmer 5 
(b) showing the bias (red) and the lower and upper limits of agreement (pink). 

It can be seen that the professional swimmer has a smaller variation around the bias and 

therefore a smaller lower and upper limit of agreement compared to the recreational 

swimmer. In comparison the recreational swimmer has a much higher variation around 

the bias, which is caused by the lack of training experience and the swimmers feet 

breaking the water surface. Investigating the video recordings proved that the 

recreational swimmers feet broke the water surface influencing the SP5000 

measurements. This kicking style also reduces the amount of forward propulsion 

generated by the feet and results in lower overall forward propulsion. 

The average values of the Bland-Altman results for swimmer 2 including all laps show 

a bias of 0.10 ± 0.02 m.s-1, a lower limit of -0.25 ± 0.07 m.s-1 and a upper limit of 0.44 ± 

0.06 m.s-1���� �6�Z�L�P�P�H�U�� ���¶�V�� �D�Y�H�U�D�J�H�� �U�H�V�X�O�W�V of the Bland-Altman analysis show a bias of 

0.05 ± 0.03 m.s-1, a lower limit of -0.30 ± 0.23 and a upper limit of 0.40 ± 0.20 m.s-1. 

Considering all laps the average lower and upper limit of agreement of the professional 

swimmer is in the same range as th�H�� �U�H�F�U�H�D�W�L�R�Q�D�O�� �V�Z�L�P�P�H�U�¶�V�� �O�L�P�L�W�V���� �,�Q�Y�H�V�W�L�J�D�W�L�Q�J�� �W�K�H��

video recordings showed that the professional swimmer kicked the tether at the 

beginning of some laps resulting in a spike in the velocity data between 3.0 and 4.5 

m.s-1 influencing the SP5000 system. This leads to a Bland-Altman difference between 

the two systems and therefore increases the average results of the statistical analysis. 
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The results of the statistical analysis for each individual lap (n=16) can be found in 

Table 9-4 in Appendix B. More graphs (n=27, for each lap) of the analysis undertaken 

are available on the CD attached to the back cover of this thesis. 

6.4 Trial 3 �± 19.11.2011 

Eight state level professional swimmers participated in this third trial, each performing 

between 3 and 4 freestyle laps at low effort. Table 6-5 presents the summary of the 

freestyle swimming laps, the SP5000 and sensor derived mean velocities and their 

positive and negative variations. Two data sets for swimmer 13 and one data set for 

swimmer 20 measured by the SP5000 were corrupted and could therefore not be used 

for comparison. The corrupted data sets are marked as n.a. in Table 6-5. 

Table 6-5: Overview swimmers and performed freestyle laps with the measured mean velocities and 
variations �± trial 3 - 19.11.2011. 

Swimmer Lap number Effort  SP5000 Sensor 

Mean 
velocity 
(m.s-1) 

Positive 
variation 

(%)  

Negative 
variation 

(%)  

Mean 
velocity 
(m.s-1) 

Positive 
variation 

(%)  

Negative 
variation 

(%)  
13 1 Low n.a. n.a n.a. 1.18 37.18 27.14 

2 n.a. n.a. n.a. 1.26 40.8 19.68 

3 1.25 34.3 37.14 1.27 37.08 27.01 

4 1.31 34.81 35.53 1.31 37.84 23.67 

14 1 Low 1.34 104.62 52.29 1.37 34.24 23.42 

2 1.33 49.94 54.69 1.36 34.49 23.36 

3 1.32 39.32 53.94 1.36 35.37 24.39 

15 1 Low 1.24 51.76 26.22 1.28 26.2 19.5 

2 1.27 63.63 55.24 1.31 32.02 20.93 

3 1.28 44.63 39.4 1.28 31.95 21.82 

16 1 Low 1.45 35.99 49.07 1.57 26.23 20 

2 1.42 33.12 31.86 1.49 25.03 19.61 

3 1.39 41.69 38.19 1.49 24.46 19.23 

17 1 Low 1.23 148.96 69.27 1.19 37.98 25.74 

2 1.17 34.44 45.25 1.23 38.94 19.75 

3 1.18 77.94 47.34 1.24 36.07 22.64 

18 1 Low 1.37 104.42 61.16 1.34 30.79 30 

2 1.36 58.85 45.19 1.41 27.99 27.17 

3 1.35 43.94 44.74 1.39 27.23 25.11 

 1.35 56.93 42.95 1.38 31.78 29.74 

19 1 Low 1.26 32 33.76 1.29 25.3 20.07 

2 1.28 104.59 51.73 1.35 35.1 25.6 

3 1.28 32.61 32.8 1.3 28.99 17.9 

20 1 Low n.a. n.a. n.a. 1.13 38.92 21.39 

2 1.18 39 36.64 1.2 34.17 21.61 

3 1.2 46.29 38.2 1.23 34.57 18.99 

4 Full 1.57 79.48 55.43 1.55 33.49 28.38 
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While the measured mean velocities of the SP5000 matched the sensor derived 

velocities (considering small differences at some laps), the velocity variation did not 

match. Investigating the video recordings and the velocity profiles from the SP5000 

proved that some swimmers broke the water surface with their legs influencing the 

SP5000 system. This causes velocity spikes of up to 4 m.s-1 which complicates the 

statistical analysis. Due to the amount of swimmers and laps (n=27) analysed, not all 

results can be presented in graphs in this section. The graphs of three representative laps 

are presented in this section with all results available on a CD attached to the back cover 

page of this thesis. 

Figure 6-9, Figure 6-10 and Figure 6-11 present the acceleration profile of a 50 m 

freestyle swimming lap (a) and the lap velocity profile (b) for swimmer 14, 17 and 20 

respectively. Swimmer 14 (see Figure 6-9 b) is breaking the water surface with his feet 

which is complicating the comparison between the two systems. This swimmer is 

displayed as one example for all swimmers with these kick artefacts on the SP5000 

data. Apart from kicking the SP5000 tether directly at t=16.6 and 25.7 s it can be also 

seen that this swimmer is influencing the measurement by breaking the water surface 

with his feet throughout the lap. The SP5000 measured velocity variation is big 

compared to the sensor derived velocity variation. 

 
Figure 6-9: Trial from 19.11.2011 - Swimmer 14 �± lap 1. (a) Acceleration profile of one 50m freestyle 
swimming lap with the calibrated acceleration (blue) and the extracted sensor orientation (red). (b) 
Velocity profile of one 50m freestyle swimming lap with the SP5000 (red) and the sensor derived 
velocity profile (blue). The swimmer is kicking the tether twice. 

Figure 6-10 shows the acceleration and velocity profile of swimmer 17. This swimmer 

has a more repeatable acceleration and velocity profile. The measured velocity 

variations from both systems match well during the swimming phase (10 �± 40 s). This 

swimmer does not kick the tether of the SP5000 system and so a comparison between 

both systems is possible. 
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Figure 6-10: Trial from 19.11.2011 - Swimmer 17 �± lap 2. (a) Acceleration profile of one 50m freestyle 
swimming lap with the calibrated acceleration (blue) and the extracted sensor orientation (red). (b) 
Velocity profile of one 50m freestyle swimming lap with the SP5000 (red) and the sensor derived 
velocity profile (blue). 

�6�Z�L�P�P�H�U�� �����¶�V�� �D�F�F�H�O�H�U�D�W�L�R�Q�� �D�Q�G�� �Y�H�O�R�F�L�W�\�� �S�U�R�I�L�O�H�� �D�U�H�� �G�L�V�S�O�D�\�H�G�� �L�Q��Figure 6-11. The 

acceleration and velocity profiles are quite similar with no leg kick artefacts. 

 
Figure 6-11: Trial from 19.11.2011 - Swimmer 20 �± lap 3. (a) Acceleration profile of one 50m freestyle 
swimming lap with the calibrated acceleration (blue) and the extracted sensor orientation (red). (b) 
Velocity profile of one 50m freestyle swimming lap with the SP5000 (red) and the sensor derived 
velocity profile (blue). 

While the acceleration profiles of the three swimmers look similar, their swimming 

styles and therefore their velocity variations are different. Figure 6-12 presents the 

velocity variations of swimmer 14 (a), swimmer 17 (b) and swimmer 20 (c). Swimmer 

14 and swimmer 17 use the one-peak velocity pattern, while swimmer 20 uses the two-

peak velocity pattern (Maglischo [49]). Although swimmer 14 and 17 use the same 

velocity pattern, there are still differences in the slope and width of the increasing 

velocity section indicating that swimmer 14 has a more repeatable profile. Swimmer 17 

�K�D�V���I�X�U�W�K�H�U���D���O�R�Q�J�H�U���³�O�R�Z�´���Y�H�O�R�F�L�W�\���S�H�U�L�R�G���F�R�P�S�D�U�H�G���W�R���V�Z�L�P�P�H�U�������� 

Table 6-6 presents the average distance travelled per arm stroke and the average time 

per arm stroke separated by left and right arm and the average SR as well as the average 

distance per stroke (ADPS) including the standard deviation. 
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Figure 6-12: Trial from 19.11.2011 - (a) Swimmer 14 left and right arm velocity variations (blue) and the 
mean velocity variation (red). (b) Swimmer 17 left and right arm velocity variations (blue) and the mean 
velocity variation (red). (c) Swimmer 20 left and right arm velocity variations (blue) and the mean 
velocity variation (red). 

Table 6-6: Left and right arm average distance and average time, average SR and average DPS  ± 
standard deviation for all swimmers �± trial 3 - 19.11.2011. 

Swimmer Lap Effort  

Average Distance ± SD (m) Average time ± SD (s) Average 
SR 

Average 
distance 

per stroke Right arm Left arm Right arm Left arm 

13 1 Low 1.24 ± 0.04 1.23 ± 0.05 1.05 ± 0.03 1.04 ± 0.03 28.80 ± 0.72 2.47 ± 0.08 

2 1.27 ± 0.03 1.25 ± 0.04 1.00 ± 0.02 1.00 ± 0.03 30.03 ± 0.69 2.52 ± 0.06 

3 1.28 ± 0.04 1.26 ± 0.03 1.00 ± 0.04 0.99 ± 0.03 30.16 ± 0.85 2.54 ± 0.06 

4 1.30 ± 0.04 1.27 ± 0.03 0.99 ± 0.04 0.98 ± 0.03 30.48 ± 1.00 2.59 ± 0.10 

14 1 Low 1.38 ± 0.05 1.35 ± 0.06 1.00 ± 0.02 1.00 ± 0.03 30.07 ± 0.64 2.74 ± 0.12 

2 1.37 ± 0.03 1.33 ± 0.02 1.00 ± 0.02 1.00 ± 0.02 30.09 ± 0.48 2.71 ± 0.05 

3 1.38 ± 0.05 1.33 ± 0.05 1.01 ± 0.02 0.99 ± 0.02 30.03 ± 0.59 2.73 ± 0.10 

15 1 Low 1.13 ± 0.04 1.19 ± 0.03 0.89 ± 0.03 0.93 ± 0.03 33.00 ± 0.82 2.32 ± 0.05 

2 1.15 ± 0.03 1.21 ± 0.04 0.89 ± 0.02 0.93 ± 0.04 33.10 ± 0.75 2.37 ± 0.07 

3 1.11 ± 0.03 1.18 ± 0.05 0.88 ± 0.03 0.91 ± 0.03 33.52 ± 0.91 2.29 ± 0.07 

16 1 Low 1.33 ± 0.03 1.30 ± 0.04 0.85 ± 0.02 0.84 ± 0.02 35.64 ± 0.88 2.64 ± 0.07 

2 1.26 ± 0.05 1.23 ± 0.04 0.84 ± 0.02 0.83 ± 0.02 35.87 ± 0.86 2.50 ± 0.08 

3 1.27 ± 0.03 1.22 ± 0.03 0.84 ± 0.03 0.83 ± 0.03 35.87 ± 1.28 2.49 ± 0.06 

17 1 Low 1.45 ± 0.06 1.50 ± 0.06 1.23 ± 0.02 1.26 ± 0.03 24.05 ± 0.45 2.95 ± 0.12 

2 1.53 ± 0.03 1.50 ± 0.03 1.25 ± 0.03 1.22 ± 0.03 24.35 ± 0.35 3.03 ± 0.04 

3 1.48 ± 0.03 1.48 ± 0.03 1.20 ± 0.03 1.19 ± 0.03 25.18 ± 0.47 2.96 ± 0.05 

18 1 Low 1.21 ± 0.05 1.24 ± 0.07 0.91 ± 0.02 0.92 ± 0.03 32.82 ± 0.77 2.45 ± 0.12 

2 1.26 ± 0.04 1.28 ± 0.04 0.89 ± 0.02 0.91 ± 0.03 33.30 ± 0.73 2.55 ± 0.08 

3 1.23 ± 0.02 1.26 ± 0.02 0.89 ± 0.01 0.91 ± 0.02 33.38 ± 0.43 2.49 ± 0.03 

4 1.26 ± 0.07 1.29 ± 0.07 0.92 ± 0.04 0.94 ± 0.04 32.35 ± 1.21 2.57 ± 0.15 

19 1 Low 1.41 ± 0.02 1.42 ± 0.04 1.10 ± 0.02 1.09 ± 0.03 27.38 ± 0.55 2.84 ± 0.05 

2 1.42 ± 0.07 1.44 ± 0.06 1.07 ± 0.02 1.07 ± 0.05 28.08 ± 0.70 2.87 ± 0.12 

3 1.38 ± 0.03 1.41 ± 0.06 1.07 ± 0.02 1.09 ± 0.04 27.81 ± 0.61 2.80 ± 0.07 

20 1 Low 1.17 ± 0.03 1.21 ± 0.04 1.04 ± 0.03 1.06 ± 0.04 28.63 ± 0.79 2.38 ± 0.05 

2 1.26 ± 0.05 1.29 ± 0.07 1.06 ± 0.02 1.07 ± 0.04 28.11 ± 0.63 2.55 ± 0.10 

3 1.30 ± 0.02 1.33 ± 0.02 1.06 ± 0.03 1.07 ± 0.03 28.18 ± 0.51 2.62 ± 0.07 

4 Full 1.10 ± 0.06 1.14 ± 0.06 0.72 ± 0.04 0.72 ± 0.03 41.76 ± 2.05 2.24 ± 0.11 

All swimmers (except swimmer 17) have a very consistent stroke time with both arms 

as well as a symmetrical distance per arm. However swimmer 17 has a longer average 
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time for the right arm stroke (t=1.25 s) compared to the left arm stroke (t=1.22 s). This 

leads to a longer travelled distance for the arm with the longer time period. The average 

velocities of swimmer 17 and 20 (Table 6-5) show that they both travel at an average 

velocity of around 1.2 m.s-1. Table 6-6 shows that swimmer 17 uses 4 strokes per 

minute less that swimmer 20 to reach the same velocity. Table 9-6 and Table 9-7 in 

Appendix B present more detailed results for the analysis of average SR and average 

DPS. 

Figure 6-13 shows the left arm (a) and right arm (b) acceleration profiles of swimmer 

�����¶�V���O�D�S������ ���V�H�H��Figure 6-9). It can be clearly identified that this swimmer has different 

acceleration patterns for both arms indicating a slight difference in propulsion. The 

different acceleration patterns lead to slightly different velocity patterns (Figure 6-14). 

 
Figure 6-13: Trial from 19.11.2011 - Left arm (a) and right arm (b) acceleration profile for swimmer 14 
performing a 50 m freestyle swimming lap. 

 
Figure 6-14: Trial from 19.11.2011 - Left arm (a) and right arm (b) velocity profile for swimmer 14 
performing a 50 m freestyle swimming lap. 

Using the symmetry findings, the calculated distance over the lap can be separated into 

left and right arm distance. Figure 6-15 presents the left arm (1.35 m (a)) and right arm 

(1.38 m (b)) distance during a 50 m freestyle lap of swimmer 14. Although the distance 
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profiles look similar, the right arm propulsion always leads to a longer distance 

travelled. 

 
Figure 6-15: Trial from 19.11.2011 - Left arm (a) and right arm (b) distance profile for swimmer 14 
performing a 50 m freestyle swimming lap. Blue shows distances for each individual stroke and red 
shows the mean distance. 

Figure 6-16 (a) presents the Bland-Altman analysis of swimmer 14 (lap 1), (b) of 

swimmer 17 (lap 2) and (c) of swimmer 20 (lap 3). The results for swimmer 14 show a 

small bias of 0.04 m.s-1 and a slightly higher lower and upper limit of agreement of -

0.39 and 0.47 m.s-1. It can be seen that the scattering around the bias is even and not 

velocity dependent. The scattering follows a normal distribution with a skewness of 

1.29 and a kurtosis of 3.30. The results of the analysis of swimmer 17 show a slightly 

higher bias of 0.07 m.s-1 and a lower and upper limit of agreement of -0.30 and 0.44 

m.s-1. It can be seen on Figure 6-16 (b) that the scattering around the bias is even and 

follows a normal distribution with a skewness of -0.05 and a kurtosis of 1.37. The 

results of the analysis of swimmer 20 show a small bias of 0.03 m.s-1 and a lower and 

upper limit of agreement of -0.34 and 0.40 m.s-1. The scattering around the bias follows 

a normal distribution with a skewness of 0.83 and a kurtosis of 2.22. 

 
Figure 6-16: Trial from 19.11.2011 �± Bland-Altman analysis for swimmer 14 (a), swimmer 17 (b) and 
swimmer 20 (c) showing the bias (red) and the lower and upper limits of agreement (pink). 

Table 6-7 presents the average results of the Bland-Altman analysis summarised for 

every swimmer. The bias across all swimmers is very consistent with only small 
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variations. The limits of agreement between the two measurement techniques are also 

very consistent with some variations between the swimmers. The scattering of the 

Bland-Altman results around the bias is always even and follows a normal distribution. 

Some swimmers (17 and 19) kicked the tether during some swimming laps and 

therefore the analysis is compromised. This can be seen in the big standard deviation of 

e.g. the kurtosis of swimmer 17 which had one lap with many kicks. These kicks in the 

velocity profiles from the SP5000 system result in big differences between the two 

measures in the Bland-Altman plot and therefore a bigger variation. 

Table 6-7: Overview swimmers and average results of the Bland-Altman analysis �± trial 3 - 19.11.2011. 

Swimmer Average results of Bland-Altman analysis per swimmer 

Bias (m.s-1) Lower limit (m.s -1) Upper limit (m.s-1) Skewness Kurtosis 

13 0.03 ± 0.01 -0.28 ± 0.04 0.34 ± 0.01 0.52 ± 0.23 1.79 ± 0.18 

14 0.04 ± 0.02 -0.40 ± 0.12 0.49 ± 0.09 1.15 ± 0.22 3.17 ± 0.79 

15 0.03 ± 0.02 -0.33 ± 0.01 0.38 ± 0.05 0.77 ± 0.14 2.15 ± 0.31 

16 0.02 ± 0.02 -0.37 ± 0.06 0.42 ± 0.08 0.49 ± 0.38 1.97 ± 0.53 

17 0.04 ± 0.06 -0.45 ± 0.20 0.53 ± 0.09 0.81 ± 1.01 2.86 ± 2.28 

18 0.03 ± 0.04 -0.38 ± 0.12 0.43 ± 0.05 1.23 ± 0.19 3.22 ± 0.49 

19 0.04 ± 0.03 -0.33 ± 0.06 0.40 ± 0.03 0.61 ± 0.66 2.20 ± 1.11 

20 0.00 ± 0.02 -0.40 ± 0.11 0.40 ± 0.10 0.78 ± 0.16 2.28 ± 0.21 

The results of the statistical analysis for each individual lap (n=27) can be found in 

Table 9-8 in Appendix B. More graphs (n=27, for each lap) of the analysis undertaken 

are available on the CD attached to the back cover of this thesis. 

6.5 Trial 4 �± 21.11.2011 

Nine professional swimmers of different training levels participated in the fourth trial, 

each performing 15 laps at three different efforts. 

While the measured mean velocities of the SP5000 matched the sensor derived 

velocities (considering small differences at some laps), the velocity variations did not 

match. Investigation of the video recordings and the velocity profiles from the SP5000 

showed that some swimmers broke the water surface with their feet influencing the 

SP5000 system. This causes velocity spikes of up to 4.5 m.s-1 which compromised the 

statistical analysis. Due to the amount of swimmers and laps analysed (n=135), not all 

results can be presented in graphs in this section. The graphs of four representative laps 

are shown in this section with all results available on a CD attached to the back cover 

page of this thesis. 
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Figure 6-17, Figure 6-18, Figure 6-19 and Figure 6-20 present the acceleration profiles 

for the 25 m freestyle swimming laps (a) and the lap velocity profile (b) for swimmers 

21, 22, 23 and 26 respectively. A low effort lap is presented for swimmer 21 and 22, 

while a full effort lap presented for swimmer 23 and 26. Swimmer 22 kicked the tether 

once during the lap (see Figure 6-18), while swimmer 26 kicked very close and 

sometimes kicked the tether during the lap (see Figure 6-20). While swimmers 21 and 

23 are presented as examples for laps where the swimmer did not influenced the tether, 

swimmers 22 and 27 represent laps where the SP5000 measurement system was 

compromised by the swimmer. 

Figure 6-17 (b) shows a mean of 1.17 m.s-1 and 1.22 m.s-1 for the SP5000 and sensor 

derived velocity. The maxima detected velocity variation during the swimming phase (2 

�± 18 s) were measured as 32.60 % and 37.48 % and the minima detected velocity 

variation as 33.14% and 22.47 % for the SP5000 and sensor derived velocity 

respectively. Figure 6-17 (a) shows the acceleration profile for swimmer 21 with a very 

consistent body-roll (ax) and forward acceleration (ay) and small movement on the 

anterior-posterior axis (az). 

 
Figure 6-17: Trial from 21.11.2011 - Swimmer 21 �± lap 1. (a) Acceleration profile of one 25m freestyle 
swimming lap with the calibrated acceleration (blue) and the extracted sensor orientation (red). (b) 
Velocity profile of one 25m freestyle swimming lap with the velocity SP5000 profile (red) and the sensor 
derived velocity profile (blue). 

Figure 6-18 (a) shows the acceleration profile of swimmer 22 with a very consistent 

body-roll (ax) and forward acceleration (ay). The anterior-posterior axis shows 

fluctuations during the swimming phase which indicates that this swimmer loses some 

propulsion on the anterior-posterior axis. Figure 6-18 (b) shows the lap velocity profiles 

with a mean of 0.79 m.s-1 and 0.77 m.s-1 for the SP5000 and sensor derived velocity. 

The maxima detected velocity variation during the swimming phase (3 �± 27 s) were 

measured as 115.46 % and 26.46 % and the minima detected velocity variation as 52.63 
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% and 24.65 % for the SP5000 and sensor derived velocity respectively. The big 

difference between the max and min velocity variation can be explained by the leg kick 

artefact at around 16 s which compromises the velocity variation detection algorithm. 

 
Figure 6-18: Trial from 21.11.2011 - Swimmer 22 �± lap 4. (a) Acceleration profile of one 25m freestyle 
swimming lap with the calibrated acceleration (blue) and the extracted sensor orientation (red). (b) 
Velocity profile of one 25m freestyle swimming lap with the velocity SP5000 profile (red) and the sensor 
derived velocity profile (blue). 

Figure 6-19 (a) shows the acceleration profile of swimmer 23 swimming a full effort 

freestyle lap. The body-roll (ax) is not as consistent as for the two previous swimmers, 

which is due to the swimmer swimming at full effort compared to low effort for the first 

two presented swimmers. The forward acceleration channel (ay) shows a distinct 

acceleration profile, while the anterior-posterior channel (az) shows bigger variations in 

acceleration which indicates energy loss on the anterior-posterior axis. Figure 6-19 (b) 

presents the lap velocity profile with the mean of 1.28 m.s-1 and 1.32 m.s-1 for the 

SP5000 and sensor derived velocity. The maxima detected velocity variations during 

the swimming phase (13 �± 26 s) were measured as 53.65 % and 37.71 % and the 

minima detected velocity variations as 41.13 % and 26.19 % for the SP5000 and sensor 

derived velocity respectively. 

 
Figure 6-19: Trial from 21.11.2011 - Swimmer 23 �± lap 7. (a) Acceleration profile of one 25m freestyle 
swimming lap with the calibrated acceleration (blue) and the extracted sensor orientation (red). (b) 
Velocity profile of one 25m freestyle swimming lap with the velocity SP5000 profile (red) and the sensor 
derived velocity profile (blue). 
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Figure 6-20 (a) shows the acceleration profile of swimmer 26 swimming a full effort 

freestyle lap. The body-roll (ax), forward (ay) and the anterior-posterior (az) axis shows 

noisier acceleration compared to the other three investigated swimmers. Figure 6-20 (b) 

presents the lap velocity profiles with the means of 1.80 and 1.62 m.s-1 for the SP5000 

and sensor derived velocity respectively. The 11.11% difference is due to the fact that 

the calculated mean velocity of the SP5000 data set was influenced by the leg kick 

artefacts. The maxima detected velocity variations during the swimming phase (2 �± 14 

s) were measured as 145.35 % and 23.94 % and the minima detected velocity variations 

as 82.09 % and 25.53 % for the SP5000 and sensor derived velocity respectively. This 

swimmer had multiple leg kick artefacts, which makes a comparison between the two 

measurement systems impossible. 

 
Figure 6-20: Trial from 21.11.2011 - Swimmer 26 �± lap 8. (a) Acceleration profile of one 25m freestyle 
swimming lap with the calibrated acceleration (blue) and the extracted sensor orientation (red). (b) 
Velocity profile of one 25m freestyle swimming lap with the velocity SP5000 profile (red) and the sensor 
derived velocity profile (blue). 

Figure 6-21 (a) and (b) presents the velocity variations of swimmers 21 and 22, both 

swimming at low effort. It can be seen that swimmer 21 has a more repeatable intra-

stroke velocity profile than swimmer 22, with less variations between the two different 

arms. Swimmer 22 however shows a difference between right and left arm resulting in 

an uneven velocity pattern. The low effort swimming lap of swimmer 21 (mean velocity 

of 1.22 m.s-1) is much faster than the low effort lap of swimmer 22 (mean velocity of 

0.77 m.s-1). This huge difference can be explained as every swimmer chooses his low 

effort at a different level. 
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Figure 6-21: Trial from 21.11.2011 - (a) Swimmer 21 left and right arm velocity variations (blue) and the 
mean velocity variation (red). (b) Swimmer 22 left and right arm velocity variations (blue) and the mean 
velocity variation (red). 

Figure 6-22 (a) and (b) presents the velocity variations of swimmers 23 and 26, both 

swam a full effort freestyle lap. Swimmer 23 has a major difference of the velocity 

profile between the two arms resulting in two different velocity patterns. These two 

patterns can be seen in Figure 6-22 (a), with one reaching velocities around 1.7 m.s-1 

while the other arm pattern reaches velocities of only 1.5 m.s-1. Swimmer �����¶�V���Y�H�O�R�F�L�W�\��

variations however are repeatable with minor variations and therefore forms a smooth 

mean velocity variation pattern (red). 

 
Figure 6-22: Trial from 21.11.2011 - (a) Swimmer 23 left and right arm velocity variations (blue) and the 
mean velocity variation (red). (b) Swimmer 26 left and right arm velocity variations (blue) and the mean 
velocity variation (red). 

Comparing all four presented swimmers shows, that three of them (swimmers 21, 22 

and 23) swam using the one-peak velocity pattern while swimmer 26 used the two-peak 

velocity pattern (Maglischo [49]). Even as the first three swimmers have similar 

velocity patterns, there were still major differences in their swimming style. While 

swimmers 21 and 26 had very repeatable velocity patterns and reached similar peak 

velocities, their stroke durations were 1.06 s compared to 0.62 s respectively. This 

means swimmer 26 required nearly twice as many stroke cycles to cover the 25 m lap 
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compared to swimmer 21. Swimmers 22 and 23 have major differences between the 

velocity profiles for both arms. For swimmer 23 was one pattern for each arm 

distinguishable, while this was not possible for swimmer 22. Furthermore it was found 

�W�K�D�W�� �V�Z�L�P�P�H�U�� ������ �K�D�G�� �D�� �F�R�Q�V�L�G�H�U�D�E�O�H�� �O�R�Q�J�H�U�� �µ�K�L�J�K�¶�� �Y�H�O�R�F�L�W�\�� �S�D�U�W�� �G�X�U�L�Q�J�� �W�K�H�� �Y�H�O�R�F�L�W�\��

pattern compared to all other swimmers. 

Table 9-12 (Appendix B) presents the average distance travelled per arm stroke and the 

average time per arm stroke including the standard deviation separated by left and right 

arm to allow arm symmetry investigations. Furthermore it presents the average SR as 

well as the average DPS including the standard deviations. The arm symmetry of 

swimmers 22, 23, 24, 26 and 28 had significant differences in the average distance 

travelled and average time per arm stroke at low effort but nearly no differences at full 

effort. Only swimmer 23 had these differences at medium effort decreasing at full 

effort. The time differences used for one arm stroke leads to a longer travelled distance 

for that particular arm. 

Table 6-8 presents a summary of all swimmers, their average mean velocity, SR and 

DPS. All laps of one swimmer with the same effort where grouped and an average 

calculated for each effort to allow comparison between the different swimmers and their 

related SR and DPS. Investigating the results presented Table 6-8 shows that swimmer 

�����¶�V���P�H�G�L�X�P���H�I�I�R�U�W���D�Y�H�U�D�J�H���Y�H�O�R�F�L�W�\���L�V���V�L�P�L�O�D�U���W�R���W�K�H���Y�H�O�R�F�L�W�\���R�I���V�Z�L�P�P�H�U�������¶�V���D�Q�G�������¶�V��

medium effort, which can be seen as a medium velocity group. Swimmers 21 and 23 

have a similar SR, while swimmer 26 has a much higher SR. This higher SR leads to a 

shorter DPS for swimmer 26, while the DPS for swimmer 21 and 23 is the same. 

�6�Z�L�P�P�H�U�� �����¶�V�� ���I�X�O�O�� �H�I�I�R�U�W������ �����¶�V�� ���O�R�Z�� �H�I�I�R�U�W������ �����¶�V�� ���O�R�Z�� �H�I�I�R�U�W������ �����¶�V�� ���O�R�Z�� �H�I�I�R�U�W���� �D�Q�G��

�����¶�V�����P�H�G�L�X�P���H�I�I�R�U�W�����D�Y�H�U�D�J�H���Y�H�O�R�F�L�W�L�H�V���D�U�H���V�L�P�L�O�D�U���Z�K�L�F�K���D�O�O�R�Z�V���D���F�R�P�S�D�U�L�V�R�Q���E�H�W�Z�H�H�Q��

swimmers swimming with a similar velocity (low velocity group). The SR in this group 

ranges from 23.40 to 34.77 cycles/min, which represents a DPS range of 2.19 to 3.23 m. 

A higher SR leads to a lower DPS (Maglischo [49]), which was confirmed investigating 

the SR �± DPS relationship of the previously grouped swimmers. The swimmers with 

higher average velocities form a group consisting of swimmer 21, 23 and 26, all 

swimming at full effort. Within this group the SR varied between 43.33 and 47.91 

cycles/min and the DPS between 2.02 and 2.39 m.s-1 and again follows again the rule 

that the higher the SR the lower is the DPS. Table 9-10 and Table 9-11 in the Appendix 

B present the SR and DPS for every single stroke of every swimmer and lap (n=135). 
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Table 6-8: Summary of all swimmers and their average sensor derived velocity, SR and DPS grouped by 
the different efforts. �± Trial 4 - 21.11.2011 

Swimmer Effort  Average velocity 
(m.s-1) 

Average SR 
(cycles/min) 

Averaged distance 
per stroke (m) 

21 Low 1.20 26.17 2.76 

Med 1.41 28.95 2.93 

Full 1.64 46.50 2.12 

22 Low 0.87 21.56 2.43 

Med 1.06 24.98 2.57 

Full 1.31 34.77 2.27 

23 Low 1.28 24.43 3.16 

Med 1.37 28.12 2.93 

Full 1.72 43.33 2.39 

24 Low 0.98 30.05 1.97 

Med 1.11 36.42 1.82 

Full 1.20 42.36 1.70 

25 Low 0.99 30.22 1.98 

Med 1.22 40.55 1.82 

Full 1.31 44.23 1.79 

26 Low 1.26 28.79 2.62 

Med 1.45 33.84 2.59 

Full 1.61 47.91 2.02 

27 Low 1.26 23.40 3.23 

Med 1.33 32.43 2.47 

Full 1.49 40.31 2.23 

28 Low 1.13 28.56 2.36 

Med 1.24 33.95 2.19 

Full 1.53 45.62 2.01 

29 Low 1.03 34.36 1.80 

Med 1.07 36.00 1.79 

Full 1.21 41.32 1.75 

A detailed analysis of the arm symmetry allows the acceleration, velocity and distance 

profiles to be plotted separated by arms. This allows a visual analysis in addition to the 

results presented in Table 9-10 and Table 9-11. As the graphical presentation of the 

results for all swimmers would take up to much space in this section, only one swimmer 

is presented as an example for all other swimmers of this trial. Detailed graphical results 

for all swimmers (n=9) can be found on a CD attached to the back cover page of this 

thesis. 

Figure 6-23 shows the right arm (a) and left arm (b) acceleration profiles of swimmer 

�����¶�V�� �O�D�S�� ���� ���V�H�H��Figure 6-20). The acceleration patterns are different for both arms 

indicating a difference in propulsions generated. The more repeatable right hand 

acceleration pattern (see Figure 6-23 (a)) leads to a more consistent right hand velocity 

pattern as shown in Figure 6-24 (a). The left hand acceleration pattern has more 
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variations Figure 6-23 (b), which leads to more variations in the velocity pattern (see 

Figure 6-24 (b)). 

 
Figure 6-23: Trial from 21.11.2011 - Right arm (a) and left arm (b) acceleration profile for swimmer 26 
performing a 25 m freestyle swimming lap. 

 
Figure 6-24: Trial from 21.11.2011 - Right arm (a) and left arm (b) velocity profile for swimmer 26 
performing a 25 m freestyle swimming lap. 

Using the symmetry findings, the calculated distance over the lap can be separated into 

right and left arm distance. Figure 6-25 presents the right arm (a) and left arm (b) 

distance during a 25 m freestyle lap of swimmer 26. 

 
Figure 6-25: Trial from 19.11.2011 - Left arm (a) and right arm (b) distance profile for swimmer 14 
performing a 50 m freestyle swimming lap. 
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Even as both distance profiles look similar, it can be seen that the right arm propulsion 

always leads to a more consistent travelled distance with this arm compared to the left 

arms distance. 

A statistical comparison between the SP5000 and sensor derived velocity profiles were 

undertaken between the start and end of the swim (tss-tes) using regression and Bland-

Altman analysis. Figure 6-26 (a) presents the Bland-Altman analysis of swimmer 21 

(lap 1) and (b) of swimmer 22 (lap 4) and Figure 6-27 (a) of swimmer 23 (lap 7) and (b) 

of swimmer 26 (lap 8). The results for the lap of swimmer 21 show a bias of 0.06 m.s-1 

and a lower and upper limit of agreement of -0.26 and 0.39 m.s-1. It can be seen that the 

scattering around the bias is even and not velocity dependent. The scattering follows a 

normal distribution with a skewness of 0.70 and a kurtosis of 2.52. The results of the 

analysis of swimmer 22 show a little bias of -0.01 m.s-1 and a smaller lower and upper 

limit of agreement of -0.26 and 0.23 m.s-1 compared to swimmer 21. It can be seen on 

Figure 6-26 (b) that the scattering around the bias is even and follows a normal 

distribution with a skewness of -1.63 and a kurtosis of 4.4 except the few points around 

1.2 m.s-1 mean velocity, which result when the swimmer kicked the tether. 

 
Figure 6-26: Trial from 21.11.2011 �± Bland-Altman analysis for swimmer 21 (a) and swimmer 22 (b) 
showing the bias (red) and the lower and upper limits of agreement (pink). 

The results of the analysis of swimmer 23 (see Figure 6-27 (a)) show a slightly higher 

bias of 0.07 m.s-1 and a lower and upper limit of agreement of -0.29 and 0.42 m.s-1. The 

scattering around the bias follows a normal distribution with a skewness of 0.03 and a 

kurtosis of 1.45.  

Figure 6-27 ���E�����S�U�H�V�H�Q�W�V���W�K�H���U�H�V�X�O�W�V���R�I���V�Z�L�P�P�H�U�������¶�V���O�D�S���Z�L�W�K���D���E�L�D�V���R�I��-0.17 and a lower 

and upper limit of agreement of -1.32 and 0.98 m.s-1. It can be seen that the result of the 

Bland-Altman analysis for this swimmer shows a poor match due to the swimmer 

kicking the tether. These kick artefacts occur when the swimmer kicks too close to the 
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tether or kicks the tether which is then pulled very fast and produces velocity spikes on 

the SP5000 recording. The accelerometer in contrast is recording only the normal 

swimming acceleration and none of these kick artefacts. If the statistical analysis is now 

carried out at points where these artefacts occur, the velocity difference between both 

systems (same sample) is very large. These results in higher confidence bounds for the 

Bland-Altman analysis, whereby the bias is usually not that much affected (see Figure 

6-27). These kick artefacts, if they happen more than a few times, complicate the 

comparison of both velocity profiles and distort the Bland-Altman analysis. 

 
Figure 6-27: Trial from 21.11.2011 �± Results of Bland-Altman analysis for swimmer 23 (a) and swimmer 
26 (b) showing the bias (red) and the lower and upper limits of agreement (pink). 

Table 6-9 presents the average results of the Bland-Altman analysis summarised for 

each swimmer. It can be seen that the bias across all swimmers is very consistent with 

only small variations. The limits of agreement between the two measurement techniques 

are also very consistent with some variations between the swimmers (some can be 

attributed to kicking the tether during some/all laps (swimmers 22 and 24 to 29)). The 

scattering of the Bland-Altman results around the bias is always even and follows a 

normal distribution except the laps were the swimmers kicked the tether. These laps 

show higher limits as well as higher standard deviations and therefore distort the 

statistical analysis. This can be seen in the big variation in the limits of agreement (e.g. 

swimmer 26 lap 8, see Figure 6-27 (b)) which had one lap with many kicks. These kicks 

in the velocity profiles from the SP5000 system result in big differences between the 

two measures in the Bland-Altman plot and therefore a bigger variation. 
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Table 6-9: Overview swimmers and average results of the Bland-Altman analysis �± trial 4 - 21.11.2011. 

Swimmer Average results of Bland-Altman analysis per swimmer 

Bias (m.s-1) Lower limit (m.s -1) Upper limit (m.s-1) Skewness Kurtosis 

21 0.11 ± 0.04 -0.25 ± 0.08 0.47 ± 0.08 0.61 ± 0.53 2.22 ± 0.86 

22 -0.04 ± 0.10 -0.72 ± 0.37 0.65 ± 0.23 1.86 ± 0.29 5.22 ± 1.23 

23 0.10 ± 0.04 -0.30 ± 0.11 0.50 ± 0.08 0.31 ± 0.30 1.86 ± 0.35 

24 0.03 ± 0.03 -0.43 ± 0.20 0.48 ± 0.16 1.19 ± 0.70 3.41 ± 1.49 

25 -0.04 ± 0.06 -0.60 ± 0.30 0.52 ± 0.19 1.72 ± 0.37 4.77 ± 1.32 

26 -0.04 ± 0.16 -0.80 ± 0.58 0.72 ± 0.28 1.68 ± 0.45 5.01 ± 1.57 

27 0.02 ± 0.09 -0.61 ± 0.37 0.65 ± 0.20 0.62 ± 0.29 2.02 ± 0.40 

28 0.01 ± 0.03 -0.53 ± 0.23 0.54 ± 0.20 0.86 ± 0.44 2.37 ± 0.74 

29 0.02 ± 0.02 -0.28 ± 0.08 0.30 ± 0.06 1.13 ± 0.33 2.87 ± 0.89 

The results of the statistical analysis for each individual lap (n=135) can be found in 

Table 9-13 in Appendix B. More graphs (n=27, for each lap) of the analysis undertaken 

are available on the CD attached to the back cover of this thesis. 

6.6 Summary swimming results 

The use of triaxial accelerometers in swimming research is a common technique to 

identify parameters, such as the swimming style, lap split times, average lap velocity 

and average SR and DPS. The presented data and their results showed that the 

calculation of SR, DPS and average velocity can be gathered from the acceleration data 

without applying complex mathematics. To investigate the intra-stroke velocity, 

appropriate filtering and mathematics were applied to estimate the velocity of the 

swimmer during swimming.  

The calculated intra-stroke velocity variation was expressed in percent in relation to the 

mean lap velocity. A comparison between the two measurement systems was not always 

possible due to some athletes kicking the tether or kicking to close to the tether 

influencing the SP5000 measurement. A complex statistical analysis (Bland-Altman) 

was carried out on every lap swum by each swimmer investigating the freestyle 

swimming phase (tss-tes). The results showed a small bias and small limits of agreement 

except were the swimmer broke the water surface with his/her feet or kicked the tether. 

This caused the measurement of the SP5000 system measuring the kicked tether as a 

velocity change. The SP5000 velocity profile was compared to the sensor derived 

velocity profile using the Bland-Altman analysis which plots the difference between the 

two measures over the average of the two measures. Considering that the kicks in the 
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SP5000 velocity profile are represented as large velocity spikes, it is obvious that the 

Bland-Altman analysis leads to wrong conclusions about the agreement between the 

two systems. For lap velocity profiles which had only a minor number of these kick 

artefacts, the influence on the statistical analysis was also minor and negligible. More 

kick artefacts on the velocity profile however made it impossible to compare the two 

systems using this statistical approach. Even if some of the SP5000 lap velocity profiles 

included kick artefacts, the Bland-Altman analysis was carried out automatically and the 

results for every lap presented in the according tables. 

This study verified that triaxial accelerometer data can be used for velocity extraction in 

freestyle swimming. The accelerometer derived velocity profiles were compared with 

velocity profiles collected from a velocity meter (SP5000) which is already proven as a 

robust method of measuring straight motion sport velocities. Table 6-10 shows the 

overview of all swimming results undertaken during this research. 
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Table 6-10: Comparison of the results of all swimmers - swimming. 

Swimmer Effort  Average velocity 
(m.s-1) 

Average positive 
variation (%)  

Averaged negative 
variation (%) 

Average SR 
(cycles/min) 

Average DPS 
(m) 

2 Low 1.22 18.72 24.60 31.11 0.85 

Med 1.26 18.43 20.33 31.50 1.03 

Full 1.41 22.78 25.30 36.34 1.27 

5 Low 1.01 25.06 26.24 27.37 2.20 

Med 1.19 25.49 25.23 30.81 2.33 

Full 1.42 22.07 22.39 39.20 2.18 

7 Low 1.21 14.21 14.11 37.99 1.91 

Med 1.14 14.47 13.21 36.59 1.87 

Full 1.43 15.39 18.91 41.46 2.08 

13 Low 1.26 38.23 24.38 29.87 2.53 

14 Low 1.36 34.70 23.72 30.06 2.73 

15 Low 1.29 30.06 20.75 33.21 2.33 

16 Low 1.52 25.24 19.61 35.79 2.54 

17 Low 1.22 37.66 22.71 24.52 2.98 

18 Low 1.38 29.45 28.01 33.17 2.50 

19 Low 1.31 29.80 21.19 27.76 2.84 

20 Low 1.19 35.89 20.66 28.31 2.52 

Full 1.55 33.49 28.38 41.76 2.24 

21 Low 1.20 35.94 24.47 26.17 2.76 

Med 1.41 32.45 23.28 28.95 2.93 

Full 1.64 25.61 22.39 46.50 2.12 

22 Low 0.87 24.41 26.50 21.56 2.43 

Med 1.06 25.13 29.60 24.98 2.57 

Full 1.31 26.33 31.15 34.77 2.27 

23 Low 1.28 33.78 22.43 24.43 3.16 

Med 1.37 35.17 25.30 28.12 2.93 

Full 1.72 24.50 27.67 43.33 2.39 

24 Low 0.98 37.13 31.93 30.05 1.97 

Med 1.11 34.27 38.92 36.42 1.82 

Full 1.20 31.36 38.78 42.36 1.70 

25 Low 0.99 18.00 14.82 30.22 1.98 

Med 1.22 24.30 20.93 40.55 1.82 

Full 1.31 20.00 16.11 44.23 1.79 

26 Low 1.26 34.47 25.79 28.79 2.62 

Med 1.45 34.01 26.06 33.84 2.59 

Full 1.61 28.87 27.07 47.91 2.02 

27 Low 1.26 28.37 20.93 23.40 3.23 

Med 1.33 32.99 32.08 32.43 2.47 

Full 1.49 28.26 34.67 40.31 2.23 

28 Low 1.13 30.51 29.00 28.56 2.36 

Med 1.24 36.88 41.27 33.95 2.19 

Full 1.53 28.62 39.45 45.62 2.01 

29 Low 1.03 28.51 25.51 34.36 1.80 

Med 1.07 25.09 27.39 36.00 1.79 

Full 1.21 25.56 29.11 41.32 1.75 

Figure 6-28 and Figure 6-29 present data from trial 4. Figure 6-28 presents the DPS 

over the SR and Figure 6-29 the velocity over the SR. It can be clearly seen that as the 

SR increases the DPS decreases. It shows that swimmers 24, 25 and 29 form one group 
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(females, height: 168 ± 3.46 cm, weight: 55.67 ± 3.06 kg, age: 38.33 ± 13.05 years) 

�Z�L�W�K���V�K�R�U�W�H�U���'�3�6�¶�V���F�R�P�S�D�U�H�G���W�R���W�K�H���R�W�K�H�U���J�U�R�X�S���R�I���V�Z�L�P�P�H�U�V�����P�D�O�H�����K�H�L�J�K�W�������������“������������

cm, weight: 82 ± 15.79 kg, age: 33.50 ± 11.71 years) [46]. The difference between these 

two groups can be related to the physical size differences between females and males. 

 
Figure 6-28: Distance per stroke (DPS) versus stroke rate (SR) for swimmers from trial 4. 

Figure 6-29 shows that females swim at lower velocities compared to male swimmers. 

This is supported by other research[9, 46, 49]. These differences can be partly explained 

by the physical size differences between male and female swimmers. Figure 6-30 

presents the DPS versus velocity relationship for the same group. It shows that the 

females swim at lower DPS and velocities compared to the male swimmers. 
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Figure 6-29: Velocity versus stroke rate (SR) for swimmers from trial 4.  

 

 

Figure 6-30: Distance per stroke (DPS) versus velocity.  
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7 Concluding Comments 

Velocity and arm symmetry investigations in freestyle swimming using accelerometry: 

Data Collection, Analysis and Feature Extraction 

This thesis describes the development and use of an inertial sensor in freestyle 

swimming to collect acceleration information and extract features for athletes and 

coaches. This is different to work from other researchers where accelerometer data is 

only interpreted if additional information is available (e.g. gyroscope data). The analysis 

of acceleration combined with rotational data is much more complex and therefore 

needs more sophisticated methods as described by [9, 73]. This research focused on data 

collection, analysis and feature extraction. The two studies conducted during this 

research focused on the push-off and swim phase in freestyle swimming. While both 

studies were presented in two different chapters, they had many overlapping 

components. 

Data Collection 

The data collection started with swimmers using an existing low- cost and weight small 

inertial sensor (nCore) which was developed within the research group. As this sensor 

did not fulfil all requirements for this research, the development of a new sensor device 

was necessary. The requirements for the new sensor were considered during the design 

process and implemented in the hardware design of the new sensor (zCore). One of the 

main requirements was the waterproof enclosure. The new sensor was subsequently 

used in swimming trials to collect data at the lower back of the swimmer recording at 

100 Hz. The reference system was a tethered velocity meter which recorded the distance 

over time. Data were collected at two different pools; a 25 m temperature controlled 

indoor pool and a 50 m Olympic sized outdoor pool. 

Future Research: 

With the increasing computational power available in recently released 

microprocessors, the sensor might perform real time data analysis. Even with 

increasing processor power, the power consumption usually stays at the same 

level. This opens possibilities to transfer data analysis functions to the 

microprocessor and integrate real time feedback to swimmers into the sensor 

device. If the data analysis is still too heavy for the onboard microprocessor, 

another research direction might be the integration of wireless capabilities into the 
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inertial sensor. The sophisticated requirements with underwater wireless sensors 

include the antenna design, to meet the range and size requirements of an 

unobtrusively worn sensor. 

Data Analysis & Feature Extraction 

Data were collected from a variety of athletes with a range of different backgrounds 

starting from novice up to international level. The collected data were then post-

processed on a desktop computer using the MATLAB software environment. Data 

analysis and signal processing techniques were developed to extract information of 

interest to athletes and coaches. The extracted features were then assessed against the 

reference system and compared to other research. Information of interest to athletes and 

coaches were push-off velocity, mean velocity and variation, intra-stroke velocity 

variations, arm symmetry and travelled distance. 

Push-off velocity 

The quantisation of push-off velocity without the need of complex and expensive 

equipment is of significant benefit to the sport of swimming. The push-off allows the 

swimmer to reach velocities much greater than can be achieved in the free swim phase 

and provides time for the swimmer to rest upper body during a multi-lap race. Small 

sensors simplify the documentation of training sessions and allow tracking of training 

progress including a comparison with previous trials and other swimmers. The average 

push-off velocity was found to be 2.46 ± 0.50 m.s-1 and 2.34 ± 0.52 m.s-1 for the 

SP5000 and sensor velocity. The average calculated sensor velocity was therefore 

93.43% of the velocity measured by the SP5000 system with a correlation coefficient of 

r = 0.96. These results are similar to maximum push-off velocities found by [28] who 

found an average push-off velocity of 2.66 ± 0.69 m.s-1. The Bland-Altman analysis for 

all conducted push-offs showed an agreement with a slightly higher bias of 0.162 m.s-1 

and an upper and lower limit of agreement of 0.398 and -0.073 m.s-1. The scattering 

around the bias was even and therefore indicated that there was no systematic 

measurement error between the two systems. 

Future Research: 

With the technology providing smaller and smaller sensors capable of measuring 

triaxial acceleration and rotation, the investigation of push-off angles during a 

wall push-off would be beneficial to athletes and coaches. The quantification of 

angles applied during push or jump actions are not limited to swimming. Many 
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other sports like long jump and high jump would benefit from this determination 

and allow optimisation of training programs. It would be also beneficial for many 

sports to develop algorithms to detect energy expenditure form the recorded 

acceleration and rotation to help improve training sessions. 

Mean velocity and velocity variations 

Mean swim velocity has been found by many other researchers using different 

approaches [5, 9, 21, 26, 27]. One approach involved accelerometers and developed 

algorithms to detect the start and end of the lap. With the pool length known; 

accelerometer timing can be used to calculate the mean velocity for each lap performed 

[5]. Ho�Z�H�Y�H�U���O�D�S���Y�H�O�R�F�L�W�\���Y�D�U�L�D�W�L�R�Q�V���F�D�Q�¶�W���E�H���T�X�D�Q�W�L�I�L�H�G���X�V�L�Q�J���W�K�L�V���D�S�S�U�R�D�F�K�����7�K�H���X�V�X�D�O��

way to quantify variations in swimming velocity would be to use a tethered velocity 

meter or post processing of video recordings [26, 30]. This research uses a complex 

algorithm and filtering techniques to calculate a lap velocity profile including all 

variations during the swim. To ensure the accuracy of the mean velocity, the velocity 

was normalised using the previously explained approach. The velocity variation was 

then quantified during the swimming phase (from first to the last stroke) and presented 

in percent related to the mean velocity. The average mean velocities found in trial 4 

were between 0.87 and 1.72 m.s-1 depending on the athlete and effort swum. These 

mean velocities are in line with velocities found by [30] who reported velocities 

between 1.65 and 1.83 m.s-1 and the 400 m world record by Paul Biedermann of 1.82 

m.s-1 set in 2009. 

Future Research: 

As velocity variations during the swimming phase can vary between different 

strokes, the quantification of velocity variation to the mean velocity could be 

performed. This would show an athlete or coach the capacity of the athlete to 

maintain the same high level of repeatability during the swim. It can lead to 

�L�G�H�Q�W�L�I�\�� �I�D�W�L�J�X�H���L�Q�I�O�X�H�Q�F�H�V���R�Q���W�K�H���D�W�K�O�H�W�H�¶�V���S�H�U�I�R�U�P�D�Q�F�H���D�Q�G���F�D�Q���S�R�L�Q�W���W�R���Z�D�\�V���R�I��

achieving an improved personal training program for the athlete. 

Intra -stroke velocity variations & arm symmetry 

Arm symmetry and intra-stroke velocity investigations in swimming are important 

factors to identify training lags between left and right arm. As the body roll is strongly 

related to the different stroke phases, the mediolateral channel acceleration was used to 

detect repeating points during the swimming phase. To identify left and right arm 
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strokes an algorithm was developed to find the zero crossings of the mediolateral 

channels acceleration and depending on which body roll occurred, a categorisation of 

both arms was undertaken. With this categorisation, it was possible to investigate the 

acceleration from each arm and the resulting velocity profile, to find the acceleration 

and velocity patterns. These patterns were used to find differences between the two 

arms as well as the average means and variations (acceleration & velocity). Some 

swimmers showed nearly no differences between the two arm acceleration patterns 

which lead to nearly no differences in the velocity patterns. Other swimmers showed 

major discrepancies between left and right arm, usually showing a better and more 

repeatable pattern with their preferred arm. 

Future Research: 

More precise measurements with professionally trained active swimmers 

conducting several swimming laps at different efforts are required. Monitoring 

swimmers using the latest sensor technology (accelerometers, gyroscopes and 

magnetometers) will increase the ability to remove unwanted signals such as 

gravity or rotational acceleration from the wanted signals (e.g. forward 

acceleration). With the resulting clearer acceleration signal, the identification of 

biomechanical activities, such as the different stroke phases, will be significantly 

increased. 

Travelled distance 

Quantifying the travelled distance for an athlete is not only important for open water 

swimming; it can also be beneficial for pool swimming. New sensor technology allows 

the athlete to unobtrusively wear such devices compared to for example velocity meters 

which restrict the athlete in swimming. Knowing the timings for the left and right arm, 

the results of the zero crossing detection can also be used to investigate the travelled 

distance for each arm separately. This provides the athlete with an average travelled 

distance per arm and lap including the standard deviation and therefore helps identifying 

discrepancies between the two arms. Another important parameter is the distance per 

stroke, which is usually quantified using video analysis [5]. This parameter can be 

easily quantified using our developed algorithm which reduces the post processing time 

significantly. The average DPS found in trial 4 were in the range of 1.70 and 3.23 m 

depending on the athlete and effort swum. These results are in line with findings of [46] 

who found a DPS between 1.73 and 2.28 m in freestyle swimming. Considering the 

whole lap, including the push-off, the distance calculations allow the athlete to evaluate 
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the time taken to travel certain distances (e.g. 5 m, 10 m, 15 m or 25 m) and compare 

this values with the results of other training sessions.  

Future Research: 

Research can be undertaken to improve the algorithm used to calculate the 

distance travelled. An improvement in sensor technology (e.g. using gyroscopes 

and magnetometers) will help to further remove the sensor orientation during the 

swim and therefore allow a better quantification of the travelled distance. 

Summary 

This thesis showed that the investigation of a single point tri-axial acceleration signal is 

enough to reliably quantify push-off - and mean velocity, lap velocity - and intra-stroke 

velocity variations, arm symmetry and travelled distance. The investigation of velocity 

variations, arm symmetry and distance using MEMS technology are novel in this field 

of research. These parts of the thesis reflect the major contribution of this study. 

Even as the experiments investigating the arm symmetry show that the accelerometer 

derived results are good compared to the video derived results (r2 = 0.96), there is still 

room for improvement. One of the major benefits of using accelerometers is the higher 

sampling rate (100 Hz) compared to video systems (25 or 50 Hz) accompanied by the 

faster data processing as no digitisation of video footage is required. The small size and 

weight together with the easy handling of the sensor is an additional advantage of this 

technology. 

The research underpinning this thesis helped to develop a small inertial sensor and 

software tools which are capable of extracting features of interest and provide feedback 

to athletes or coaches. Even as the focus of this research was based on swimming, the 

tools developed could be used to identify features in other sports which involve 

activities such as running or walking. The data presentation to athletes and coaches at 

this stage is still based on printouts or computer presentations. With the growing sector 

of cloud based services and mobile internet ready devices, such as smart phones and 

tablets, a web based platform which presents the results of the different training sessions 

and allows an easy comparison could be a general goal for future research.  
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9 Appendices 

9.1 Appendix A �± Hardware layout zCore 

 

Figure 9-1: zCore PCB upper layer. 

 
Figure 9-2: zCore PCB bottom layer. 
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Figure 9-3: zCore schematic. 
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Table 9-1: Overview of components used for zCore sensor. 

Component Amount Comment 

AT90USB1286 1 Microprocessor 

LIS331DLH 1 3-axis accelerometer 

LPR5150AL 1 Dual-axis gyroscope 

LY5150AL 1 Single-axis gyroscope 

nRF24L01+ 1 Radio transceiver 

UG-9664HDDAG01 1 OLED display 

SSD1331 1 Display controller 

1GB micro SD Card 1 Memory card 

LTC1734 1 Li -Ion battery charger 

FAN2558S33 1 LDO voltage regulator 

TPS61041 1 DC/DC boost converter 

Capacitors 9 Various capacitors 

Resistors 10 Various resistors 

Inductors 4 Various inductors 

ABM3, ABM8 2 Clock generators 

MBR0530T1G 1 Shottky diode 

OA7 1 fuse for circuit protection 

FMMT549 1 Transistor  

74AHC1G00GW 1 NAND gate 

74AHCT1G02GW 1 NOR gate 
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9.2 Appendix B �± Detailed results swimming study 

Table 9-2: Results freestyle swimming �± trial 1 - 13.05.2011. 

Swimmer Lap Effort  Distance per stroke cycle �± DPS (m) - stroke Stroke Rate �± SR (cycles/min) - stroke 

1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10 

5 1 Low 2.11 2.13 2.19 2.11 2.16 2.24 2.15    26.55 26.43 25.86 26.67 26.20 25.32 26.32    

2 1.91 2.02 1.90 1.95 1.93 1.98 2.00 1.92   24.90 23.62 25.10 24.19 24.29 23.81 23.35 24.29   

3 2.68 2.40 2.36 2.41 2.37 2.22 2.20 2.18   24.00 26.09 25.86 24.90 24.90 25.86 25.97 25.32   

7 1 Low 2.09 1.88 1.86 1.85 1.96 1.95 1.80    35.29 38.96 39.47 39.47 37.27 37.5 40.54    

2 1.93 1.93 1.9 1.7 1.88 1.92 1.99    37.5 37.5 38.22 42.55 38.96 37.74 36.59    

3 2.19 2.13 2.05 1.95 1.89 1.79 1.75 1.79 1.66  35.5 35.93 35.93 37.27 37.5 38.46 38.46 36.81 38.71  

4 Medium 1.98 1.79 1.92 1.74 1.85 1.94 1.98 1.85 1.75  35.93 39.74 36.59 41.1 37.97 35.93 35.09 37.5 39.22  

5 2.26 2.04 1.81 2.16 2.02 1.86 1.92 1.83 1.73 1.6 31.75 34.68 38.96 32.26 34.29 36.59 35.29 36.59 37.97 40.54 

6 1.57 1.71 1.85 1.81 1.78 1.82 1.91 2.06 1.95  40.82 37.74 35.09 36.36 37.04 36.36 35.09 32.97 34.48  

7 Full  2.64 2.02 2.07 2.01 1.95 1.93 2.02 1.94 1.82  34.09 43.8 41.96 42.86 44.12 44.12 41.67 43.17 44.78  

8 2.28 1.99 1.98 2.06 2.15 2.16 2.09 2.13 2.2  37.04 43.48 43.17 42.25 39.74 40 40.82 40.54 38.71  
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Table 9-3: Results statistical analysis freestyle swimming �± trial 1 - 13.05.2011. 

Swimmer Lap Effort  Bland-Altman analysis Regression analysis 

Bias Lower limit  Upper limit  ndata nconfidence Skewness Kurtosis Slope Intercept R2 

5 1 Low 0.01 -0.14 0.17 1696 1596 0.72 2.03 1.06 -0.07 0.8 

2 -0.01 -0.19 0.18 1255 1194 0.55 1.88 0.96 0.04 0.68 

3 0.06 -0.14 0.25 1229 1170 0.52 1.69 0.77 0.18 0.65 

7 1 Low 0.02 -0.44 0.45 1393.33 1320.00 0.60 1.87 0.93 0.05 0.71 

2 0.01 -0.36 0.46 1491 1440 1.67 4.37 -0.38 1.67 -0.08 

3 0.05 -0.26 0.4 1428 1374 1.63 4.29 -0.99 2.36 -0.2 

4 Medium 0.07 -0.27 0.39 1756 1639 0.94 2.55 0.45 0.58 0.26 

5 0.06 -0.38 0.53 1751 1658 0.5 1.69 -0.11 1.25 -0.04 

6 0.08 -0.31 0.41 1358 1313 2.21 7.36 0.64 0.33 0.17 

7 Full 0.05 -0.4 0.51 1693 1608 0.36 1.53 0.56 0.44 0.16 

8 0.05 -0.31 0.52 1400 1325 0.57 1.84 0.11 1.22 0.04 
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Table 9-4: Results freestyle swimming �± trial 2 - 10.06.2011. 

Swimmer Lap Effort  Distance per stroke cycle �± DPS (m) - stroke Stroke Rate - SR (cycles/min) - stroke 

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 

2 1 Low 2.38 2.31 2.32 2.39 2.26 2.41 2.30  38.71 39.22 38.22 36.81 37.97 35.09 35.71  

2 2.39 2.48 2.35 2.28 2.37 2.27 2.17 2.19 36.81 35.09 35.93 36.36 34.09 34.68 35.09 34.29 

3 2.33 2.46 2.4 2.58 2.52 2.37 2.5  33.15 31.58 31.91 29.85 30.15 31.91 30  

4 Medium 2.32 2.41 2.45 2.4 2.51 2.44 2.4  33.33 32.26 31.09 31.75 30.15 30.77 31.25  

5 2.37 2.27 2.32 2.42 2.38 2.32 2.41  31.58 32.97 32.26 30.93 31.25 32.43 30.93  

6 2.31 2.33 2.28 2.38 2.3 2.38 2.34 2.34 31.58 31.09 31.91 30.15 31.58 30.3 30.93 30.61 

7 Full 2.29 2.39 2.41 2.47 2.4 2.33 2.29  32.97 31.41 31.09 30.15 30.61 31.41 31.75  

8 2.28 2.39 2.41 2.38 2.35 2.29 2.36  32.97 31.25 30.61 30.46 30.77 31.09 29.7  

5 1 Low 2.55 2.22 2.04 2.08 2.12 2.12 2.08  34.09 38.71 41.1 40.82 39.22 39.47 39.74  

2 2.27 2.2 2.16 2.18 2.21 2.15 2.16 2.11 38.46 39.22 40.27 39.47 38.96 39.74 38.96 40 

3 2.54 2.3 2.24 2.3 2.18 2.25 2.18 2.23 28.99 31.41 31.75 30.93 31.91 30.61 31.58 30.3 

4 Medium 2.73 2.41 2.38 2.4 2.22 2.34 2.24  28.17 30.93 30.61 30.15 31.58 29.56 30.46  

5 2.27 2.2 2.38 2.2 2.31 2.41 2.57  31.41 32.26 30.61 32.97 31.91 30.77 28.99  

6 2.24 2.31 2.13 2.29 2.39 2.33 2.33  29.85 28.99 31.25 29.27 28.17 28.99 28.71  

7 Full 2.44 2.28 2.28 2.18 2.11 2.12 2.05 1.98 28.44 29.27 28.85 29.41 30 29.27 29.56 29.85 

8 2.64 2.25 2.3 2.19 2.13 2.11 2.29  26.55 30.46 29.7 30.77 31.25 31.09 28.85  
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Table 9-5: Results statistical analysis freestyle swimming �± trial 2 - 10.06.2011. 

Swimmer Lap Effort  Bland-Altman analysis Regression analysis 

Bias Lower limit  Upper limit  ndata nconfidence Skewness Kurtosis Slope Intercept R2 

5 1 Low 0.12 0.52 -0.29 1148 1087 0.4 1.76 0.84 0.11 0.43 

2 0.08 0.51 -0.34 1399 1323 0.46 1.95 0.83 0.14 0.46 

3 0.11 0.39 -0.18 1293 1214 0.76 2.19 0.97 -0.07 0.53 

4 Medium 0.08 0.51 -0.35 1225 1178 1.66 4.45 0.83 0.14 0.33 

5 0.08 0.39 -0.22 1193 1119 0.85 2.36 0.83 0.12 0.45 

6 0.08 0.37 -0.21 1254 1182 0.74 2.21 0.9 0.04 0.44 

7 Full 0.11 0.43 -0.21 1163 1122 0.42 1.54 0.55 0.45 0.3 

8 0.1 0.4 -0.2 1482 1412 0.93 2.67 0.92 0 0.49 

7 1 Low 0.02 0.27 -0.22 1475 1410 0.42 1.91 0.78 0.29 0.7 

2 0.03 0.83 -0.76 1305 1259 2.86 9.81 1.09 -0.16 0.39 

3 0.07 0.26 -0.13 1245 1176 0.51 1.69 0.81 0.15 0.74 

4 Medium 0.1 0.3 -0.09 1186 1130 0.27 1.62 0.8 0.13 0.74 

5 0.08 0.45 -0.28 1208 1163 1.66 4.39 0.92 0.02 0.53 

6 0.05 0.29 -0.19 1261 1207 0.32 1.73 0.81 0.16 0.61 

7 Full 0.01 0.55 -0.53 1166 1118 2.69 8.66 0.7 0.32 0.31 

8 0.04 0.28 -0.2 1452 1383 1.33 3.4 0.92 0.05 0.67 
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Table 9-6: Results freestyle swimming �± Distance per stroke �± trial 3 - 19.11.2011. 

Swimmer Lap Effort  Distance per stroke cycle �± DPS (m) - stroke 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 

13 1 Low 2.40 2.30 2.35 2.38 2.45 2.44 2.46 2.45 2.51 2.49 2.49 2.59 2.57 2.49 2.52 2.49 2.61   

2 2.38 2.48 2.50 2.59 2.50 2.58 2.48 2.48 2.51 2.48 2.51 2.55 2.54 2.59 2.56 2.63    

3 2.46 2.43 2.52 2.50 2.51 2.54 2.59 2.57 2.53 2.53 2.53 2.46 2.56 2.60 2.53 2.58 2.68   

4 Full 2.43 2.51 2.57 2.58 2.62 2.56 2.60 2.61 2.57 2.54 2.50 2.55 2.64 2.61 2.64 2.88    

14 1 Low 2.54 2.61 2.56 2.64 2.74 2.64 2.69 2.81 2.74 2.69 2.78 2.83 2.88 2.81 2.90 2.91    

2 2.64 2.70 2.64 2.69 2.71 2.68 2.68 2.74 2.69 2.68 2.77 2.74 2.74 2.79 2.75 2.77    

3 2.58 2.64 2.58 2.65 2.73 2.67 2.69 2.68 2.72 2.70 2.76 2.82 2.76 2.86 2.84 2.94    

15 1 Low 2.34 2.41 2.26 2.32 2.28 2.30 2.27 2.36 2.38 2.28 2.33 2.27 2.36 2.27 2.33 2.38 2.30 2.35  

2 2.32 2.33 2.33 2.26 2.34 2.34 2.38 2.36 2.40 2.33 2.37 2.33 2.35 2.37 2.45 2.42 2.38 2.46 2.56 

3 2.44 2.26 2.38 2.22 2.32 2.35 2.36 2.23 2.33 2.26 2.30 2.37 2.27 2.25 2.15 2.24 2.19 2.29  

16 1 Low 2.76 2.73 2.71 2.75 2.60 2.63 2.57 2.67 2.58 2.63 2.56 2.60 2.60 2.63 2.57 2.58    

2 2.57 2.45 2.43 2.38 2.43 2.42 2.48 2.45 2.54 2.43 2.58 2.46 2.57 2.63 2.54 2.57 2.59   

3 2.49 2.39 2.47 2.42 2.49 2.40 2.48 2.41 2.50 2.55 2.48 2.59 2.52 2.52 2.60 2.55 2.56   

17 1 Low 2.80 2.95 2.86 2.86 2.86 2.89 2.89 2.98 3.06 2.98 3.14 3.16        

2 3.02 3.09 3.06 3.06 3.02 3.06 3.03 2.96 3.05 3.05 2.97 2.97        

3 2.93 2.89 2.96 2.92 3.00 2.87 2.97 2.97 2.93 3.03 3.03 2.97 2.97       

18 1 Low 2.35 2.36 2.31 2.36 2.32 2.36 2.40 2.40 2.43 2.43 2.48 2.53 2.57 2.59 2.62 2.72    

2 2.47 2.48 2.46 2.47 2.47 2.49 2.51 2.50 2.51 2.66 2.58 2.59 2.65 2.66 2.62 2.67    

3 2.46 2.46 2.47 2.47 2.48 2.45 2.48 2.50 2.47 2.51 2.50 2.50 2.49 2.52 2.52 2.58    

4 2.47 2.43 2.43 2.39 2.4 2.45 2.46 2.49 2.55 2.71 2.63 2.67 2.64 2.76 2.79 2.81    

19 1 Low 2.83 2.87 2.91 2.83 2.84 2.72 2.85 2.86 2.85 2.76 2.88 2.81 2.85 2.84      

2 2.72 2.69 2.82 2.86 2.86 2.78 2.81 2.87 2.97 2.87 2.84 3.00 3.07 3.08      

3 2.69 2.62 2.72 2.73 2.81 2.83 2.83 2.86 2.88 2.87 2.83 2.82 2.82 2.84 2.78     

20 1 Low 2.29 2.36 2.38 2.34 2.33 2.44 2.48 2.41 2.43 2.40 2.38 2.38 2.32 2.43 2.44 2.41 2.35 2.30  

2 2.47 2.42 2.38 2.40 2.48 2.50 2.50 2.53 2.49 2.54 2.65 2.65 2.67 2.68 2.63 2.66 2.69   

3 2.60 2.60 2.61 2.60 2.61 2.65 2.61 2.64 2.61 2.64 2.67 2.65 2.66 2.62 2.60 2.63    

4 Full 2.30 1.99 2.18 2.12 2.15 2.19 2.15 2.06 2.16 2.23 2.25 2.28 2.33 2.36 2.35 2.33 2.35 2.36 2.36 
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Table 9-7: Results freestyle swimming �± Stroke rate �± trial 3 - 19.11.2011. 

Swimmer Lap Effort  Stroke Rate �± SR (cycles/min) - stroke 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 

13 1 Low 28.99 30.46 29.56 29.41 28.99 28.71 28.71 29.13 28.30 28.57 28.85 27.52 27.91 28.99 28.57 29.27 27.65   

2 31.75 30.30 30.15 29.13 30.15 29.27 30.46 30.46 30.15 30.61 30.30 29.70 30.00 29.27 29.85 28.99    

3 31.41 31.75 30.61 30.93 30.46 30.15 29.70 29.56 30.15 30.30 30.00 30.93 29.85 29.13 30.00 29.56 28.17   

4 Full 32.09 31.25 30.30 30.61 29.85 30.61 30.46 30.00 30.61 31.09 31.58 31.09 30.00 30.30 30.30 27.52    

14 1 Low 31.09 30.46 31.09 30.46 29.56 30.61 30.30 29.27 30.00 30.77 30.00 29.56 29.27 30.00 29.41 29.27    

2 30.77 30.15 30.93 30.30 30.15 30.46 30.46 29.85 30.30 30.46 29.56 29.85 29.85 29.27 29.70 29.41    

3 30.77 30.15 30.93 30.30 29.56 30.30 30.15 30.46 30.15 30.46 30.00 29.56 30.15 29.27 29.70 28.57    

15 1 Low 31.91 31.09 33.52 32.43 33.15 32.97 33.52 32.43 32.09 33.52 33.15 33.90 32.61 34.29 33.33 32.61 34.09 33.33  

2 33.15 33.33 33.33 34.48 33.52 33.33 32.97 33.15 32.79 33.71 33.15 33.90 33.52 33.33 32.26 32.61 33.15 32.26 30.93 

3 32.61 34.88 32.97 35.09 33.52 33.15 32.79 34.68 32.79 34.09 33.15 31.91 33.33 33.52 34.88 33.33 34.09 32.61  

16 1 Low 33.71 34.68 34.68 34.29 36.14 35.71 36.36 35.29 36.36 35.71 36.59 36.14 35.93 35.71 36.59 36.36    

2 34.29 35.93 36.59 37.27 36.81 36.81 36.14 36.36 35.50 36.81 35.09 36.36 35.09 34.68 35.50 35.50 35.09   

3 36.59 37.97 36.59 37.50 36.36 37.50 36.36 37.27 35.50 35.29 35.93 34.29 35.09 35.09 33.90 34.29 34.29   

17 1 Low 24.00 23.17 24.10 24.29 24.49 24.49 24.59 24.19 23.72 24.39 23.53 23.62        

2 24.29 23.81 24.10 24.10 24.39 24.10 24.39 24.90 24.19 24.19 24.79 24.90        

3 24.49 25.10 24.59 25.21 24.49 25.86 25.10 25.21 25.64 25.00 25.10 25.64 25.86       

18 1 Low 32.61 32.61 33.71 33.15 33.90 33.52 33.15 33.33 33.15 33.33 32.97 32.43 32.26 32.09 31.91 30.93    

2 33.71 33.71 34.09 33.90 34.09 33.90 33.71 33.90 33.90 32.09 33.15 32.97 32.43 32.26 32.79 32.26    

3 33.90 33.90 33.52 33.71 33.71 33.90 33.52 33.33 33.52 33.15 33.15 33.33 33.33 32.97 32.97 32.26    

4 32.09 32.97 33.33 33.9 33.9 33.52 33.52 33.33 32.61 30.93 32.09 31.58 32.09 30.77 30.61 30.46    

19 1 Low 27.15 26.79 26.43 27.27 27.15 28.44 27.15 27.27 27.27 28.30 27.03 27.91 27.52 27.65      

2 27.40 28.17 27.15 27.03 27.40 28.57 28.57 28.30 27.65 28.85 29.56 28.30 28.04 28.17      

3 28.44 29.27 28.30 28.17 27.52 27.27 27.40 27.15 27.03 27.15 27.65 27.78 27.91 27.78 28.30     

20 1 Low 30.46 29.41 29.13 29.56 29.56 28.17 27.65 28.30 28.04 28.44 28.57 28.44 29.13 27.78 27.52 27.78 28.44 28.99  

2 28.17 28.71 29.27 29.13 28.44 28.30 28.30 28.17 28.71 28.30 27.27 27.40 27.27 27.27 27.91 27.78 27.52   

3 28.99 28.85 28.71 28.85 28.57 28.04 28.44 28.04 28.30 27.91 27.52 27.65 27.52 27.91 28.04 27.52    

4 Full 39.74 46.51 42.55 43.80 43.17 42.55 43.17 44.78 43.48 42.25 41.67 41.10 40.27 39.74 39.74 40.00 40.00 39.47 39.47 
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Table 9-8: Results statistical analysis freestyle swimming �± trial 3 - 19.11.2011. 

Swimmer Lap Effort  Bland-Altman analysis Regression analysis 

Bias Lower limit  Upper limit  ndata nconfidence Skewness Kurtosis Slope Intercept R2 

13 1 Low n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 

2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 

3 0.04 0.34 -0.25 4396 4171 0.68 1.91 0.53 0.57 0.65 

4 Full 0.02 0.33 -0.3 4319 4123 0.36 1.66 0.53 0.6 0.64 

14 1 Low 0.04 0.47 -0.39 2989 2818 1.29 3.3 0.55 0.57 0.45 

2 0.03 0.59 -0.52 4001 3780 1.27 3.88 0.04 1.27 0.03 

3 0.06 0.41 -0.28 4105 3871 0.9 2.32 0.72 0.32 0.63 

15 1 Low 0.04 0.39 -0.32 4227 3980 0.83 2.41 -0.09 1.35 -0.06 

2 0.04 0.42 -0.34 3099 2963 0.87 2.23 0.1 1.14 0.07 

3 0 0.32 -0.32 3114 2950 0.61 1.81 0.43 0.73 0.34 

16 1 Low 0.02 0.46 -0.42 4109 3940 0.3 1.57 0.23 1.12 0.23 

2 0.01 0.33 -0.31 3979 3779 0.93 2.57 0.51 0.69 0.5 

3 0.04 0.46 -0.38 2761 2650 0.24 1.76 0.14 1.18 0.13 

17 1 Low -0.03 0.62 -0.67 2584 2464 1.92 5.49 0.28 0.89 0.18 

2 0.07 0.44 -0.3 2474 2394 -0.05 1.37 0.46 0.61 0.45 

3 0.07 0.52 -0.37 3851 3696 0.55 1.72 0.26 0.86 0.26 

18 1 Low -0.03 0.48 -0.55 2846 2670 1.39 3.43 0.13 1.2 0.08 

2 0.05 0.38 -0.28 2828 2665 1.21 3.33 0.47 0.7 0.42 

3 0.04 0.39 -0.3 4071 3833 1.36 3.62 0.4 0.8 0.37 

4 0.04 0.45 -0.38 2760 2609 0.97 2.5 0.28 0.97 0.23 

19 1 Low 0.04 0.37 -0.3 3570 3405 0.23 1.55 0.38 0.77 0.33 

2 0.06 0.41 -0.29 2848 2761 1.37 3.49 0.44 0.69 0.39 

3 0.01 0.43 -0.4 4254 4095 0.24 1.57 -0.1 1.41 -0.1 

20 1 Low -0.02 0.28 -0.32 1876 1796 0.54 2.44 0.3 0.82 0.29 

2 0.01 0.4 -0.38 3178 2999 0.89 2.44 -0.22 1.44 -0.18 

3 0.03 0.4 -0.34 3650 3442 0.83 2.22 -0.02 1.22 -0.02 

 Full -0.02 0.52 -0.56 2989 2841 0.85 2.01 0.09 1.44 0.07 
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Table 9-9: Overview swimmers and performed freestyle laps with the measured mean velocities and 
variations �± trial 4 - 21.11.2011. 

Swimmer Lap number Effort  SP5000 Sensor 

Mean 
velocity 
(m.s-1) 

Positive 
variation 

(%)  

Negative 
variation 

(%)  

Mean 
velocity 
(m.s-1) 

Positive 
variation 

(%)  

Negative 
variation 

(%)  

 21 1 Low 1.17 32.60 33.14 1.22 37.48 22.47 

2 1.16 29.03 38.20 1.26 31.65 20.85 

3 1.11 117.58 39.60 1.15 40.40 27.81 

4 1.06 32.76 42.94 1.14 36.95 27.20 

5 1.05 46.93 38.59 1.23 33.24 24.02 

6 Med 1.30 37.59 46.36 1.46 32.74 22.78 

7 1.30 31.58 35.09 1.40 30.98 24.03 

8 1.32 35.13 42.00 1.46 33.79 20.74 

9 1.30 36.90 36.22 1.37 33.39 24.00 

10 1.27 44.12 40.90 1.36 31.36 24.87 

11 Full 1.53 36.12 45.23 1.60 24.99 18.91 

12 1.50 35.62 40.95 1.63 27.65 27.32 

13 1.51 32.09 45.02 1.61 25.95 26.51 

14 1.52 29.18 47.95 1.66 24.84 20.84 

15 1.55 60.25 63.30 1.68 24.60 18.37 

 22 1 Low 0.91 134.99 86.10 0.98 24.50 27.53 

2 0.88 119.74 42.73 0.87 23.65 32.54 

3 0.85 154.11 72.84 0.85 24.21 24.29 

4 0.79 115.46 52.63 0.77 26.46 24.65 

5 0.82 165.27 64.65 0.88 23.21 23.49 

6 Med 1.06 176.26 81.15 1.12 22.87 26.38 

7 1.06 145.05 68.03 1.13 21.59 28.93 

8 1.07 149.52 73.52 0.98 24.70 31.02 

9 1.08 155.03 73.91 1.10 28.97 29.90 

10 1.11 149.12 71.18 0.99 27.53 31.77 

11 Full 1.38 166.96 84.49 1.33 24.04 30.95 

12 1.37 169.99 83.26 1.25 24.96 29.43 

13 1.42 146.90 99.72 1.26 33.55 33.42 

14 1.42 166.56 77.98 1.31 26.65 31.35 

15 1.56 151.50 78.78 1.38 22.44 30.58 

 23 1 Low 1.24 32.41 31.17 1.36 29.58 20.16 

2 1.15 48.99 36.69 1.20 38.28 24.58 

3 1.17 41.52 40.13 1.28 37.34 21.76 

4 1.19 37.52 37.38 1.31 31.80 20.70 

5 1.16 33.17 41.37 1.27 31.90 24.96 

6 Med 1.26 48.44 40.64 1.38 32.22 31.85 

7 1.28 53.65 41.13 1.32 37.71 26.19 

8 1.31 31.83 39.36 1.40 38.64 21.96 

9 1.29 34.28 40.36 1.34 36.83 24.44 

10 1.27 36.59 36.91 1.41 30.44 22.04 

11 Full 1.67 40.63 60.01 1.75 20.40 23.98 

12 1.65 55.68 54.34 1.74 28.81 26.30 

13 1.65 38.29 54.87 1.69 28.66 30.57 

14 1.68 44.11 47.14 1.78 21.76 27.19 
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15 1.65 44.73 48.67 1.65 22.85 30.30 

 24 1 Low 0.95 35.33 36.61 0.94 36.65 30.18 

2 0.96 28.59 40.57 1.02 33.42 34.91 

3 0.94 38.00 42.43 0.99 34.96 34.00 

4 0.95 42.81 40.54 0.99 40.44 29.32 

5 0.93 28.57 37.97 0.98 40.20 31.24 

6 Full 1.26 208.17 92.54 1.21 29.96 37.24 

7 1.21 124.78 83.91 1.21 28.27 35.53 

8 1.17 126.70 82.08 1.19 32.01 35.65 

9 1.17 95.97 78.38 1.20 30.76 37.80 

10 1.20 123.82 88.79 1.21 35.80 47.69 

11 Med 1.09 110.92 72.18 1.12 33.98 37.57 

12 1.07 110.83 73.76 1.10 33.37 39.11 

13 1.08 102.85 83.03 1.11 35.19 39.92 

14 1.06 115.36 75.62 1.10 34.18 43.12 

15 1.09 114.70 86.74 1.11 34.65 34.90 

 25 1 Low 0.99 80.64 60.26 0.98 14.39 13.40 

2 0.97 64.46 36.54 1.01 15.83 13.01 

3 0.98 93.92 47.47 1.00 23.31 17.65 

4 0.96 108.18 57.18 0.96 18.04 15.90 

5 0.95 63.49 39.39 1.01 18.42 14.14 

6 Full 1.31 82.11 83.26 1.26 19.14 16.20 

7 1.39 105.06 78.06 1.30 21.32 15.04 

8 1.52 95.95 85.13 1.35 18.54 16.13 

9 1.41 98.86 78.74 1.36 22.16 18.23 

10 1.45 93.59 87.23 1.29 18.82 14.97 

11 Med 1.28 99.62 75.93 1.23 23.07 17.60 

12 1.27 96.60 80.29 1.22 26.09 19.62 

13 1.25 76.06 78.91 1.24 20.85 24.81 

14 1.25 119.75 75.01 1.22 22.59 22.10 

15 1.26 104.49 67.52 1.21 28.92 20.54 

 26 1 Low 1.25 67.75 68.73 1.25 36.57 27.61 

2 1.22 51.69 48.13 1.30 34.42 27.37 

3 1.22 62.00 61.62 1.30 33.03 25.21 

4 1.19 35.25 37.11 1.24 31.25 23.35 

5 1.18 98.60 83.11 1.20 37.08 25.42 

6 Full 1.73 115.74 77.62 1.63 31.13 27.13 

7 1.71 112.19 87.93 1.59 31.23 24.36 

8 1.80 145.35 82.09 1.62 23.94 25.53 

9 2.04 151.02 88.16 1.62 31.19 29.55 

10 1.85 154.51 83.39 1.61 26.84 28.80 

11 Med 1.51 117.01 90.46 1.45 33.65 31.10 

12 1.38 94.13 63.46 1.40 34.77 24.15 

13 1.42 58.61 32.36 1.51 33.09 24.38 

14 1.41 80.48 66.72 1.45 35.17 24.23 

15 1.42 106.26 74.99 1.45 33.38 26.42 

 27 1 Low 1.20 39.92 31.78 1.35 30.32 19.47 

2 1.18 50.72 33.54 1.28 26.70 20.49 

3 1.13 61.08 34.51 1.23 26.21 20.77 

4 1.15 64.04 35.36 1.24 27.20 22.15 

5 1.13 87.54 42.52 1.19 31.43 21.76 
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6 Full 1.58 50.55 61.73 1.57 23.34 35.81 

7 1.66 163.31 81.86 1.53 28.39 39.55 

8 1.68 125.16 81.69 1.52 25.52 37.50 

9 1.46 136.06 83.68 1.44 27.63 32.93 

10 1.43 59.21 67.07 1.39 36.42 27.55 

11 Med 1.26 62.59 80.19 1.36 27.33 31.58 

12 1.30 55.45 63.41 1.27 36.21 36.99 

13 1.29 50.34 58.72 1.34 32.72 26.10 

14 1.36 60.98 59.65 1.31 34.98 33.36 

15 1.37 81.36 79.27 1.37 33.71 32.36 

 28 1 Low 1.19 52.10 48.26 1.14 29.85 33.36 

2 1.18 75.89 39.17 1.17 27.99 26.55 

3 1.15 32.71 36.78 1.16 31.78 29.59 

4 1.11 33.08 33.37 1.11 32.89 25.23 

5 1.08 32.41 42.18 1.05 30.05 30.26 

6 Full 1.60 88.20 59.71 1.59 26.51 38.36 

7 1.55 102.95 67.64 1.55 23.40 38.71 

8 1.53 102.18 80.28 1.51 37.59 44.71 

9 1.50 78.92 64.54 1.47 27.83 34.88 

10 1.50 108.01 75.35 1.52 27.77 40.60 

11 Med 1.33 165.49 86.94 1.28 31.54 35.89 

12 1.22 93.44 60.89 1.25 32.63 36.14 

13 1.31 113.33 78.47 1.24 41.33 44.30 

14 1.24 130.17 77.35 1.24 40.39 42.20 

15 1.23 112.24 76.81 1.20 38.53 47.81 

 29 1 Low 1.11 51.95 63.85 1.12 29.69 22.49 

2 1.02 53.50 41.20 1.02 31.35 28.20 

3 0.99 46.11 42.28 1.01 32.63 25.99 

4 0.99 49.29 38.08 1.01 22.96 26.61 

5 1.00 37.20 25.04 1.01 25.93 24.24 

6 Full 1.21 41.05 44.73 1.24 20.73 26.10 

7 1.19 73.16 43.23 1.20 19.60 26.17 

8 1.20 80.17 61.39 1.18 28.86 33.19 

9 1.21 59.42 57.77 1.19 28.84 29.39 

10 1.26 68.70 65.61 1.22 29.78 30.71 

11 Med 1.05 94.66 78.54 1.07 25.97 24.40 

12 1.07 59.21 54.47 1.08 24.47 29.15 

13 1.08 71.09 65.84 1.08 28.99 22.95 

14 1.05 57.34 70.38 1.05 23.65 35.74 

15 1.09 48.34 47.43 1.08 22.38 24.73 
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Table 9-10: Results freestyle swimming �± Distance per stroke �± trial 4 - 21.11.2011. 

Swimmer Lap Effort  Distance per stroke cycle - DPS (m) - stroke 

1 2 3 4 5 6 7 8 9 10 11 12 

21 1 Low 2.44 2.47 2.56 2.59 2.63 2.60 2.79         

2 2.53 2.64 2.66 2.69 2.72 2.67 2.69         

3 2.47 2.58 2.69 2.69 2.70 2.73 2.91         

4 2.66 2.71 2.80 2.84 2.93 3.04 3.04         

5 2.91 3.01 3.06 2.97 3.02 3.02           

6 Med 2.97 2.83 3.04 3.10 3.16 3.27           

7 2.59 2.76 2.89 2.91 2.95 3.00           

8 2.76 3.07 3.07 3.13 3.26 3.30           

9 2.50 2.78 2.87 2.92 3.01 3.01           

10 2.72 2.65 2.77 2.79 2.84 2.89           

11 Full 2.13 1.96 2.09 2.13 2.10 2.13 2.15 2.25       

12 2.33 1.88 2.01 2.09 2.17 2.20 2.22 2.27 2.33     

13 2.22 1.98 2.02 2.09 2.13 2.04 2.02 2.13       

14 2.25 2.05 1.88 2.07 2.11 2.11 2.18 2.19       

15 2.16 1.96 2.03 2.10 2.19 2.14 2.19 2.21       

22 1 Low 2.22 2.18 2.30 2.47 2.44 2.59 2.66 2.45      

2 1.76 2.14 2.18 2.32 2.40 2.56 2.58 2.62      

3 2.00 2.34 2.49 2.45 2.56 2.55 2.56 2.60      

4 1.91 2.35 2.40 2.40 2.31 2.40 2.48 2.52      

5 2.36 2.57 2.56 2.58 2.72 2.78 2.97        

6 Med 2.25 2.49 2.76 2.76 2.88 2.95 2.97        

7 2.27 2.52 2.69 2.71 2.84 2.87 2.97        

8 2.04 2.16 2.36 2.47 2.46 2.52 2.52        

9 2.09 2.45 2.57 2.75 2.86 2.88 3.16        

10 2.10 2.26 2.40 2.43 2.46 2.52 2.52        

11 Full 2.08 2.22 2.31 2.42 2.52 2.57 2.68 2.77      

12 2.02 2.12 2.27 2.29 2.32 2.34 2.46 2.58      

13 1.85 1.97 2.09 2.23 2.23 2.37 2.48 2.60      

14 1.88 1.96 2.10 2.20 2.31 2.38 2.44 2.57      

15 1.82 1.93 2.05 2.12 2.12 2.20 2.32 2.32 2.50    

23 1 Low 3.13 3.07 3.13 3.18 3.30 3.48         

2 2.82 3.06 3.03 3.05 3.00 3.01         

3 2.80 2.98 3.12 3.28 3.28 3.44         

4 3.00 3.14 3.23 3.25 3.22 3.50         

5 3.02 3.06 3.20 3.28 3.18 3.45         

6 Med 3.10 3.18 3.15 3.01 2.88 2.89         

7 2.75 2.85 2.78 2.91 2.88 2.90         

8 2.80 3.02 3.01 2.86 2.98 2.94         

9 2.60 2.84 2.93 2.85 2.90 2.86 2.85       

10 2.91 3.11 3.07 2.98 2.98 2.96         

11 Full 2.75 2.38 2.29 2.31 2.33 2.38 2.31           

12 2.30 2.27 2.35 2.42 2.50 2.46 2.50           

13 2.20 2.08 2.18 2.33 2.46 2.63 2.58           

14 2.47 2.30 2.38 2.47 2.55 2.35 2.47           

15 2.23 2.09 2.25 2.35 2.27 2.32 2.41 3.07         

24 1 Low 1.81 1.81 1.77 1.95 1.97 1.92 2.00 1.98 1.89 1.98 2.20   

2 1.76 1.84 1.81 1.89 1.99 1.99 2.12 2.18 2.13 2.16     
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3 1.81 1.94 1.89 1.94 2.07 1.97 1.97 2.08 2.01 1.99     

4 2.02 2.01 1.90 2.14 2.06 1.90 2.04 1.97 1.87 1.92     

5 1.98 2.02 1.93 1.95 2.04 1.92 1.94 1.99 1.85       

6 Full 1.69 1.63 1.65 1.68 1.72 1.76 1.80 1.79 1.73 1.87 1.84   

7 1.59 1.65 1.64 1.65 1.69 1.75 1.67 1.76 1.80 1.76 1.81   

8 1.59 1.51 1.62 1.62 1.65 1.73 1.78 1.69 1.75 1.76 1.73   

9 1.66 1.62 1.62 1.69 1.75 1.69 1.71 1.76 1.73 1.76 1.77   

10 1.52 1.47 1.53 1.61 1.62 1.72 1.74 1.66 1.75 1.85 1.78 1.90 

11 Med 1.71 1.62 1.74 1.82 1.75 1.79 1.86 1.85 1.88 1.99     

12 1.70 1.73 1.72 1.77 1.90 1.84 1.88 1.91 1.86 1.95 1.98   

13 1.81 1.80 1.75 1.87 1.87 1.78 1.85 1.91 1.82 1.87     

14 1.71 1.72 1.75 1.80 1.83 1.80 1.85 1.86 1.82 1.90 1.95   

15 1.76 1.77 1.74 1.77 1.76 1.84 1.85 1.80 1.85 1.96     

25 1 Low 2.13 1.84 1.98 1.85 1.98 1.96 1.88 1.96 1.93 1.93     

2 2.04 1.95 1.98 1.97 1.98 1.99 1.99 1.92 2.00       

3 2.27 2.01 2.06 1.94 1.95 1.93 1.86 1.87 1.85       

4 2.06 1.92 1.91 1.89 1.96 1.92 1.83 1.90 1.88       

5 2.20 2.11 2.05 1.99 2.05 2.08 2.00 2.09 2.04       

6 Full 2.19 1.85 1.82 1.76 1.77 1.80 1.71 1.80 1.80 1.76     

7 2.07 1.82 1.79 1.73 1.76 1.75 1.67 1.70 1.77 1.72     

8 2.12 1.77 1.82 1.75 1.79 1.76 1.73 1.76 1.79 1.72     

9 2.17 1.85 1.80 1.73 1.80 1.80 1.74 1.76 1.75 1.66     

10 1.95 1.69 1.73 1.68 1.72 1.75 1.67 1.72 1.72 1.67     

11 Med 1.97 1.72 1.76 1.76 1.81 1.88 1.84 1.86 1.85 1.82     

12 2.13 1.80 1.88 1.84 1.88 1.84 1.79 1.79 1.76 1.71     

13 2.03 1.73 1.80 1.73 1.80 1.81 1.77 1.76 1.82 1.82     

14 2.16 1.73 1.83 1.76 1.79 1.81 1.75 1.74 1.77 1.72     

15 2.22 1.83 1.84 1.78 1.80 1.77 1.65 1.67 1.72       

26 1 Low 2.44 2.52 2.44 2.58 2.50 2.65             

2 2.64 2.66 2.59 2.60 2.82 2.65 2.86           

3 2.72 2.83 2.69 2.64 2.58 2.82             

4 2.60 2.64 2.54 2.56 2.62 2.58 2.70           

5 2.72 2.47 2.58 2.56 2.63 2.54             

6 Full 2.13 2.04 2.02 1.97 2.03 2.17 1.93 1.96         

7 2.11 2.02 2.04 2.15 2.04 1.96 1.99 1.87         

8 1.92 1.92 2.00 2.04 2.08 1.98 2.05 1.98         

9 2.00 2.00 1.96 2.07 2.22 2.01 2.03 2.05         

10 1.93 1.95 1.98 2.04 2.06 1.98 2.04 1.98         

11 Med 2.61 2.46 2.40 2.52 2.53 2.50 2.66           

12 2.62 2.44 2.61 2.62 2.56 2.70 2.68           

13 2.62 2.44 2.61 2.62 2.56 2.70 2.68           

14 2.72 2.64 2.55 2.60 2.59 2.56 2.61           

15 2.72 2.64 2.53 2.48 2.64 2.71 2.65           

27 1 Low 3.17 3.23 3.26 3.57 3.70               

2 2.87 3.01 3.25 3.17 3.31 3.54             

3 2.67 3.12 3.46 3.21 3.33 3.76             

4 2.90 3.08 3.35 3.15 3.27 3.63             

5 2.97 3.05 3.13 2.98 3.00 3.24             

6 Full 2.17 2.23 2.18 2.22 2.29 2.37 2.41           

7 1.91 1.94 1.94 2.03 2.12 2.10 2.25 2.35 2.55       

8 2.03 1.96 2.05 2.18 2.18 2.19 2.18 2.29         

9 2.35 2.37 2.40 2.54 2.67 2.45 2.48           
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10 2.08 1.90 2.09 2.05 2.14 2.31 2.44           

11 Med 2.51 2.41 2.53 2.61 2.79 2.63 2.83           

12 2.30 2.17 2.25 2.32 2.43 2.52 2.57           

13 2.41 2.38 2.46 2.52 2.59 2.61 2.77           

14 2.44 2.27 2.34 2.33 2.25 2.31 2.46           

15 2.19 2.21 2.23 2.43 2.50 2.64 3.27           

28 1 Low 2.14 2.21 2.16 2.43 2.30 2.38 2.31 2.50 2.48       

2 2.62 2.48 2.46 2.49 2.36 2.41 2.39 2.38         

3 2.33 2.19 2.34 2.34 2.47 2.45 2.44 2.48         

4 2.47 2.49 2.53 2.42 2.40 2.30 2.28 2.17         

5 2.12 2.19 2.27 2.34 2.24 2.35 2.30 2.39 2.35       

6 Full 2.21 2.11 2.13 2.17 2.07 2.17 2.15 2.24         

7 2.32 1.99 2.02 2.04 1.96 2.06 2.00 2.04 1.96       

8 1.66 1.71 1.83 1.85 1.92 2.00 2.08 2.10 2.24       

9 2.02 1.92 1.97 1.91 1.90 1.84 1.90 1.87 1.90       

10 1.80 1.78 1.89 1.90 1.95 2.02 2.11 2.12 2.20 2.52     

11 Med 2.04 2.10 2.17 2.14 2.15 2.30 2.31 2.26 2.58       

12 2.24 2.17 2.23 2.28 2.28 2.25 2.26 2.28         

13 1.95 2.01 2.05 2.09 2.12 2.24 2.18 2.32 2.34       

14 2.09 2.10 2.08 2.16 2.15 2.10 2.14 2.27 2.29       

15 1.94 1.92 2.11 2.16 2.22 2.20 2.24 2.24 2.38       

29 1 Low 1.98 1.92 1.87 1.85 1.92 1.89 1.91 1.99 1.83 1.89     

2 1.88 1.85 1.75 1.77 1.75 1.77 1.85 1.82 1.70 1.72 1.74   

3 1.92 1.87 1.78 1.71 1.80 1.74 1.75 1.76 1.68 1.74 1.75 1.70 

4 1.67 1.72 1.74 1.79 1.77 1.70 1.81 1.80 1.69 1.89 2.01   

5 1.77 1.74 1.73 1.79 1.73 1.69 1.83 1.89 1.74 1.82 1.87   

6 Full 1.84 1.78 1.73 1.84 1.82 1.75 1.89 1.84 1.83 1.97 1.99   

7 1.76 1.74 1.66 1.73 1.72 1.76 1.90 1.87 1.77 1.96 2.02   

8 1.70 1.62 1.63 1.53 1.66 1.70 1.63 1.75 1.74 1.70 1.83   

9 1.53 1.56 1.56 1.62 1.68 1.72 1.74 1.72 1.77 1.82 1.88   

10 1.59 1.67 1.65 1.69 1.70 1.70 1.76 1.78 1.77 1.80 1.79   

11 Med 1.75 1.66 1.68 1.75 1.69 1.64 1.71 1.76 1.66 1.77 1.84 1.85 

12 1.78 1.79 1.72 1.81 1.77 1.75 1.81 1.79 1.66 1.79 1.75   

13 1.68 1.64 1.68 1.71 1.73 1.74 1.81 1.83 1.83 1.88 1.90 2.08 

14 1.61 1.63 1.72 1.77 1.78 1.87 1.76 1.76 1.88 1.90 2.05   

15 1.84 1.85 1.78 1.85 1.92 1.84 1.86 1.91 1.89 1.91 2.07   
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Table 9-11: Results freestyle swimming �± Stroke rate �± trial 4 - 21.11.2011. 

Swimmer Lap Effort  Stroke Rate �± SR (cycles/min) - stroke 

1 2 3 4 5 6 7 8 9 10 11 12 

21 1 Low 29.85 29.70 28.71 28.30 27.78 28.17 26.32         

2 30.30 29.13 28.57 28.04 27.40 27.65 27.27         

3 27.65 26.43 25.42 25.53 25.64 25.42 24.00         

4 24.69 24.39 24.00 24.00 23.62 23.08 23.44         

5 25.75 24.79 24.19 24.59 24.00 23.62           

6 Med 28.71 30.30 28.44 28.17 28.04 27.40           

7 32.26 30.46 29.13 28.71 28.30 27.78           

8 31.58 28.57 28.44 27.91 26.67 26.32           

9 33.33 29.85 28.71 28.04 27.15 27.03           

10 30.30 30.93 29.70 29.41 28.71 28.17           

11 Full 44.44 48.39 47.24 45.11 45.45 45.45 44.44 42.55       

12 40.54 50.42 48.39 46.51 45.11 44.44 44.44 43.80 42.86     

13 45.11 50.42 49.18 46.88 45.45 46.51 46.15 43.48       

14 44.44 48.78 53.57 48.78 47.24 46.51 45.80 44.44       

15 47.24 53.57 50.00 49.18 46.51 46.88 45.11 44.44       

22 1 Low 26.09 26.55 25.42 23.72 24.00 22.73 22.22 24.19       

2 27.52 23.17 23.17 22.14 21.90 20.91 21.05 21.20       

3 25.00 21.43 20.34 20.98 20.07 20.27 20.41 20.13       

4 23.08 19.23 18.93 19.11 20.07 19.42 19.05 18.81       

5 22.06 20.27 20.55 20.41 19.54 19.23 18.13         

6 Med 28.71 26.20 24.00 24.29 23.62 23.35 23.53         

7 28.99 26.32 25.00 25.10 24.29 24.29 23.72         

8 28.04 26.43 24.49 23.62 24.00 23.53 23.90         

9 29.27 25.53 24.90 24.00 23.72 24.19 22.56         

10 28.04 26.20 24.69 24.39 24.19 23.72 23.62         

11 Full 36.14 34.68 33.71 32.79 31.91 31.91 31.09 30.61       

12 35.93 34.68 32.61 32.61 32.43 32.43 31.25 30.15       

13 37.50 36.14 34.88 33.52 34.29 33.15 32.43 31.75       

14 38.71 37.74 36.14 35.29 34.29 34.09 33.90 32.97       

15 42.55 41.38 39.47 38.71 38.96 37.97 36.81 36.81 34.88     

23 1 Low 25.86 26.32 25.86 25.53 24.79 23.62         

2 25.42 23.53 23.81 23.72 24.19 24.10         

3 25.42 24.69 24.19 23.62 24.29 23.81         

4 25.42 24.49 24.19 24.39 25.00 23.26         

5 24.00 24.10 23.62 23.53 24.79 23.35         

6 Med 27.91 26.55 26.55 27.27 28.04 27.52         

7 29.27 28.04 28.57 27.27 27.40 27.15         

8 31.41 28.57 28.30 29.27 27.65 27.65         

9 30.61 28.04 27.40 28.17 27.78 28.44 28.71       

10 29.27 27.15 27.52 28.17 28.17 28.30         

11 Full 38.71 44.12 46.51 45.45 44.78 44.12 44.44       

12 46.88 46.51 45.11 43.48 41.67 41.67 40.82       

13 41.67 46.15 45.11 43.17 41.10 39.74 41.38       

14 45.45 46.88 46.15 43.48 41.38 43.80 41.67       

15 42.25 46.88 44.12 41.96 43.80 43.48 41.67 33.15     

24 1 Low 30.77 30.46 31.58 28.85 28.30 29.27 28.44 28.44 30.15 28.99 25.64   

2 32.43 31.41 32.43 31.41 30.30 30.61 29.13 28.99 29.85 29.70     
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3 31.75 30.30 30.93 30.15 28.99 30.00 30.30 28.99 30.00 30.46     

4 31.25 30.46 32.26 28.57 28.99 31.41 28.99 29.41 30.93 29.85     

5 30.46 30.00 30.77 30.30 29.13 30.46 29.70 29.13 30.77       

6 Full 41.10 43.80 42.86 42.25 42.55 41.10 40.27 41.38 42.55 39.47 40.82   

7 44.78 43.48 44.44 43.80 42.25 41.96 43.17 41.10 40.82 41.38 40.00   

8 44.44 46.88 43.48 44.44 43.17 40.82 40.54 41.96 40.54 41.10 41.38   

9 42.25 44.78 44.12 42.25 41.67 42.55 41.67 41.67 41.67 40.82 41.38   

10 43.17 45.11 44.12 43.80 43.17 41.38 41.96 44.12 42.25 41.38 42.86 40.54 

11 Med 36.59 38.96 36.59 36.14 37.50 37.27 36.81 37.27 36.81 35.71     

12 36.59 37.27 37.27 36.14 34.68 35.71 34.88 35.29 36.14 34.48 34.68   

13 36.59 37.04 37.97 35.50 35.93 37.04 35.71 35.09 36.14 35.09     

14 36.59 37.50 37.04 35.93 36.14 36.59 35.71 36.36 37.04 35.50 35.29   

15 36.81 37.50 37.50 37.27 37.74 36.14 36.59 37.50 36.36 35.29     

25 1 Low 28.17 32.26 30.00 31.91 29.70 30.00 31.09 29.70 30.15 29.85   

2 30.15 31.25 30.61 30.77 30.46 30.30 30.15 30.93 29.85     

3 29.27 31.91 30.61 31.91 30.93 30.77 31.25 30.15 30.15     

4 29.27 30.61 30.61 30.77 29.41 29.85 31.25 29.70 30.00     

5 28.30 28.99 29.85 30.61 29.41 29.13 30.15 28.57 29.27     

6 Full 35.71 41.67 42.25 43.17 42.86 41.96 43.80 41.67 41.38 41.96   

7 38.22 42.86 43.80 45.11 44.44 44.44 46.51 45.80 43.80 44.78   

8 38.96 46.88 45.11 46.51 45.11 45.80 46.51 45.45 44.44 45.80   

9 40.27 46.88 46.88 48.39 45.80 45.11 46.15 45.11 44.44 46.15   

10 40.54 46.88 45.45 46.51 45.45 44.12 46.15 44.78 44.44 45.45   

11 Med 36.81 42.25 41.38 41.67 40.54 39.47 40.27 39.74 40.54 41.10   

12 37.04 42.25 40.27 40.54 39.22 39.47 40.27 39.47 39.74 40.27   

13 36.36 41.96 40.82 42.55 41.10 41.10 42.25 42.55 41.67 41.67   

14 35.50 43.17 40.82 41.96 41.10 40.54 41.67 41.38 40.82 41.38   

15 35.93 41.96 41.10 41.67 40.54 40.27 42.55 41.10 39.47     

26 1 Low 30.15 29.27 30.46 28.85 30.46 28.99             

2 29.70 28.99 30.15 29.70 27.52 29.56 27.52           

3 29.27 27.52 29.13 29.27 29.70 27.15             

4 29.27 28.17 29.41 28.99 28.04 28.71 27.40           

5 27.27 29.56 27.91 28.17 27.03 28.04             

6 Full 48.78 49.59 49.59 49.59 48.00 44.12 47.24 46.88         

7 47.24 49.18 48.39 45.11 45.45 47.24 45.80 46.88         

8 50.85 52.17 49.18 48.00 46.15 48.00 46.51 47.24         

9 50.42 50.85 50.42 48.00 44.12 46.88 45.45 45.11         

10 50.00 50.85 49.59 47.62 46.88 48.00 46.88 48.00         

11 Med 32.43 33.90 34.68 32.97 33.33 33.71 31.58           

12 35.29 37.50 34.68 34.68 35.09 33.15 33.15           

13 35.29 37.50 34.68 34.68 35.09 33.15 33.15           

14 32.61 32.97 34.09 33.15 33.33 33.90 32.97           

15 32.26 32.97 34.09 34.88 32.61 32.09 32.79           

27 1 Low 24.00 24.19 24.59 23.17 22.99            

2 25.42 24.49 23.44 24.29 23.62 22.64          

3 26.55 22.99 21.20 23.17 22.56 20.34          

4 24.39 23.26 21.98 23.81 23.26 21.58          

5 25.10 23.81 23.08 23.81 23.17 21.35          

6 Full 41.67 42.55 42.86 42.25 41.38 40.00 39.22        

7 42.25 46.51 44.44 45.80 42.55 44.78 42.25 41.96 37.97    

8 42.86 46.51 44.44 42.55 41.96 41.67 41.67 39.47      

9 38.46 38.22 36.59 34.48 32.09 34.09 33.15        
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10 39.22 43.17 40.82 40.00 39.47 35.93 34.68        

11 Med 31.75 33.71 32.09 31.09 29.56 31.09 29.13        

12 32.26 34.29 33.52 32.79 31.58 30.77 30.46        

13 33.15 33.52 32.61 31.75 31.09 30.93 29.27        

14 32.79 34.68 33.71 33.71 34.68 33.90 31.58        

15 34.48 36.14 35.50 34.29 33.33 32.97 27.03        

28 1 Low 30.61 29.70 30.77 27.78 29.56 28.99 30.15 28.04 28.85     

2 27.65 28.85 28.71 28.30 29.56 28.71 28.85 28.71       

3 28.57 30.46 28.99 29.27 28.30 29.13 29.41 29.27       

4 28.71 27.91 26.91 27.65 27.52 28.30 28.04 28.85       

5 28.85 28.04 27.27 26.67 28.17 26.91 27.78 27.03 27.65     

6 Full  42.25 44.44 44.78 44.12 45.80 44.44 44.44 43.17       

7 41.10 48.78 47.62 46.88 47.24 45.80 45.45 44.78 44.78     

8 46.51 48.78 46.51 47.24 46.15 46.51 45.45 46.15 44.78     

9 45.11 49.18 46.15 47.62 46.51 47.62 44.78 45.11 44.12     

10 46.15 48.00 46.88 47.24 46.88 45.80 44.78 45.11 44.12 39.22   

11 Med 35.50 35.09 34.48 35.50 35.93 33.90 34.29 35.29 31.75     

12 33.15 34.29 33.71 32.61 33.15 33.71 33.52 33.33       

13 34.88 34.48 34.48 34.68 34.48 33.52 35.09 33.52 33.90     

14 33.52 34.09 34.48 33.71 34.29 35.50 35.50 33.71 33.71     

15 33.52 34.48 32.43 32.26 32.26 33.15 32.97 33.71 32.97     

29 1 Low 33.71 34.68 35.71 35.93 34.88 35.50 35.50 34.09 36.81 35.93     

2 34.09 34.29 35.50 35.29 35.29 34.48 32.79 32.97 35.09 34.29 33.71   

3 32.79 33.15 34.68 35.93 34.09 34.88 34.48 34.09 35.71 34.09 33.71 34.68 

4 34.88 34.29 33.71 33.33 33.71 35.29 33.71 33.90 36.14 32.97 31.25   

5 33.90 34.88 34.68 33.90 34.68 35.50 33.15 31.91 34.68 33.15 32.26   

6 Full 40.00 41.38 41.96 40.27 40.54 42.55 39.47 40.54 40.82 38.22 37.74   

7 39.74 40.54 42.25 41.38 41.38 41.10 38.22 38.71 41.10 37.74 36.59   

8 39.22 42.25 41.96 44.78 42.25 41.38 43.17 40.82 41.10 43.17 40.27   

9 43.48 43.80 44.12 42.86 41.67 41.38 41.10 41.96 41.38 40.82 40   

10 43.80 43.48 43.80 42.55 42.86 43.17 41.67 41.38 41.96 41.38 41.67   

11 Med 36.59 38.46 37.97 36.59 37.74 39.22 37.74 36.36 38.71 36.59 35.09 34.68 

12 37.97 37.50 38.46 36.59 36.81 37.04 35.71 35.71 38.22 35.29 35.5   

13 37.04 38.22 37.74 37.27 37.04 37.27 36.14 35.93 35.93 35.50 35.5 32.61 

14 36.36 36.59 35.09 34.48 35.09 33.90 35.71 36.59 35.09 34.48 32.97   

15 35.71 35.09 36.59 35.29 33.71 35.29 35.09 34.09 34.29 34.09 31.25   
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Table 9-12: Left and right arm average distance and average time, average SR and average DPS  ± 
standard deviation for all swimmers �±trial 4 - 21.11.2011. 

Swimmer Lap Effort  Average Distance ± SD Average time ± SD (s) Average 
SR 

Average 
distance 

per stroke 
Left Arm  Right Arm  Left Arm  Right Arm  

21 1 Low 1.28 ± 0.05 1.27 ± 0.04 1.06 ± 0.06 1.06 ± 0.04 28.40 ± 1.20 2.58 ± 0.12 

2 1.34 ± 0.04 1.31 ± 0.03 1.07 ± 0.05 1.05 ± 0.03 28.34 ± 1.09 2.66 ± 0.06 

3 1.37 ± 0.07 1.31 ± 0.08 1.18 ± 0.05 1.15 ± 0.05 25.73 ± 1.11 2.68 ± 0.14 

4 1.47 ± 0.07 1.39 ± 0.09 1.28 ± 0.04 1.23 ± 0.04 23.89 ± 0.56 2.86 ± 0.15 

5 1.56 ± 0.03 1.43 ± 0.03 1.27 ± 0.04 1.18 ± 0.03 24.49 ± 0.74 3.00 ± 0.05 

6 Med 1.56 ± 0.09 1.50 ± 0.07 1.06 ± 0.04 1.04 ± 0.03 28.51 ± 0.98 3.06 ± 0.15 

7 1.46 ± 0.08 1.39 ± 0.08 1.03 ± 0.06 1.02 ± 0.05 29.44 ± 1.65 2.85 ± 0.15 

8 1.57 ± 0.09 1.49 ± 0.10 1.08 ± 0.07 1.05 ± 0.07 28.25 ± 1.88 3.10 ± 0.19 

9 1.45 ± 0.11 1.40 ± 0.09 1.04 ± 0.08 1.04 ± 0.07 29.02 ± 2.36 2.85 ± 0.19 

10 1.43 ± 0.05 1.35 ± 0.05 1.03 ± 0.04 1.01 ± 0.04 29.54 ± 1.01 2.78 ± 0.09 

11 Full 1.06 ± 0.05 1.06 ± 0.04 0.66 ± 0.03 0.66 ± 0.03 45.39 ± 1.79 2.12 ± 0.08 

12 1.09 ± 0.10 1.05 ± 0.07 0.67 ± 0.06 0.66 ± 0.04 45.17 ± 2.95 2.17 ± 0.15 

13 1.04 ± 0.03 1.04 ± 0.05 0.64 ± 0.03 0.65 ± 0.04 46.65 ± 2.23 2.08 ± 0.08 

14 1.05 ± 0.06 1.06 ± 0.06 0.63 ± 0.03 0.64 ± 0.05 47.45 ± 2.99 2.11 ± 0.11 

15 1.06 ± 0.07 1.06 ± 0.06 0.63 ± 0.04 0.63 ± 0.05 47.87 ± 2.96 2.12 ± 0.09 

22 1 Low 1.19 ± 0.08 1.22 ± 0.10 1.21 ± 0.07 1.26 ± 0.09 24.36 ± 1.55 2.41 ± 0.17 

2 1.12 ± 0.17 1.16 ± 0.12 1.30 ± 0.14 1.37 ± 0.11 22.63 ± 2.16 2.32 ± 0.29 

3 1.15 ± 0.14 1.27 ± 0.08 1.38 ± 0.15 1.48 ± 0.07 21.08 ± 1.65 2.44 ± 0.20 

4 1.16 ± 0.14 1.16 ± 0.05 1.53 ± 0.15 1.52 ± 0.05 19.71 ± 1.41 2.35 ± 0.19 

5 1.35 ± 0.07 1.25 ± 0.09 1.55 ± 0.09 1.46 ± 0.11 20.03 ± 1.23 2.65 ± 0.19 

6 Med 1.38 ± 0.15 1.31 ± 0.12 1.24 ± 0.10 1.19 ± 0.08 24.81 ± 1.97 2.72 ± 0.26 

7 1.35 ± 0.11 1.30 ± 0.11 1.20 ± 0.08 1.17 ± 0.08 25.39 ± 1.79 2.69 ± 0.24 

8 1.20 ± 0.09 1.16 ± 0.10 1.23 ± 0.08 1.20 ± 0.08 24.86 ± 1.72 2.36 ± 0.19 

9 1.33 ± 0.15 1.27 ± 0.15 1.24 ± 0.11 1.19 ± 0.09 24.88 ± 2.15 2.68 ± 0.35 

10 1.20 ± 0.07 1.18 ± 0.08 1.21 ± 0.06 1.20 ± 0.08 24.98 ± 1.60 2.38 ± 0.15 

11 Full 1.20 ± 0.11 1.20 ± 0.10 0.91 ± 0.05 0.92 ± 0.05 32.86 ± 1.88 2.45 ± 0.23 

12 1.14 ± 0.08 1.12 ± 0.07 0.92 ± 0.05 0.92 ± 0.05 32.76 ± 1.82 2.30 ± 0.18 

13 1.10 ± 0.11 1.08 ± 0.11 0.88 ± 0.05 0.88 ± 0.05 34.21 ± 1.92 2.23 ± 0.25 

14 1.10 ± 0.10 1.08 ± 0.11 0.85 ± 0.04 0.85 ± 0.05 35.39 ± 2.00 2.23 ± 0.24 

15 1.05 ± 0.09 1.06 ± 0.09 0.78 ± 0.05 0.78 ± 0.04 38.62 ± 2.37 2.15 ±0.21 

23 1 Low 1.48 ± 0.06 1.68 ± 0.06 1.13 ± 0.08 1.24 ± 0.03 25.33 ± 0.98 3.22 ± 0.15 

2 1.44 ± 0.05 1.56 ± 0.06 1.19 ± 0.04 1.30 ± 0.05 24.13 ± 0.68 3.00 ± 0.09 

3 1.50 ± 0.10 1.59 ± 0.11 1.20 ± 0.05 1.27 ± 0.04 24.34 ± 0.65 3.15 ± 0.23 

4 1.52 ± 0.07 1.64 ± 0.04 1.19 ± 0.06 1.26 ± 0.03 24.46 ± 0.74 3.22 ± 0.17 

5 1.51 ± 0.07 1.64 ± 0.05 1.21 ± 0.05 1.31 ± 0.04 23.90 ± 0.52 3.20 ± 0.16 

6 Med 1.42 ± 0.05 1.64 ± 0.09 1.03 ± 0.03 1.17 ± 0.03 27.31 ± 0.65 3.03 ± 0.13 

7 1.33 ± 0.05 1.51 ± 0.03 1.01 ± 0.04 1.14 ± 0.03 27.95 ± 0.84 2.85 ± 0.07 

8 1.39 ± 0.07 1.54 ± 0.06 1.00 ± 0.06 1.08 ± 0.05 28.81 ± 1.41 2.93 ± 0.09 

9 1.35 ± 0.07 1.48 ± 0.05 1.02 ± 0.04 1.09 ± 0.04 28.45 ± 1.04 2.83 ± 0.11 

10 1.42 ± 0.06 1.59 ± 0.03 1.02 ± 0.04 1.12 ± 0.03 28.10 ± 0.73 3.00 ± 0.07 

11 Full 1.15 ± 0.04 1.24 ± 0.12 0.68 ± 0.03 0.69 ± 0.06 44.02 ± 2.49 2.39 ± 0.16 

12 1.16 ± 0.05 1.22 ± 0.06 0.68 ± 0.04 0.69 ± 0.05 43.73 ± 2.47 2.40 ± 0.09 

13 1.15 ± 0.10 1.20 ± 0.12 0.70 ± 0.03 0.71 ± 0.05 42.62 ± 2.31 

 

2.35 ± 0.21 

14 1.19 ± 0.04 1.22 ± 0.06 0.68 ± 0.03 0.68 ± 0.04 44.11 ± 2.14 2.43 ± 0.09 

15 1.12 ± 0.06 1.15 ± 0.05 0.73 ± 0.13 0.70 ± 0.04 42.16 ± 4.00 2.37 ± 0.30 
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24 1 Low 1.00 ± 0.06 0.91 ± 0.04 1.08 ± 0.10 0.98 ± 0.04 29.17 ± 1.59 1.94 ± 0.12 

2 1.02 ± 0.10 0.94 ± 0.07 1.02 ± 0.06 0.94 ± 0.03 30.63 ± 1.26 1.99 ± 0.16 

3 1.03 ± 0.07 0.94 ± 0.04 1.04 ± 0.07 0.95 ± 0.03 30.19 ± 0.82 1.97 ± 0.08 

4 1.05 ± 0.06 0.94 ± 0.05 1.05 ± 0.05 0.94 ± 0.04 30.21 ± 1.24 1.98 ± 0.09 

5 1.03 ± 0.06 0.93 ± 0.03 1.04 ± 0.05 0.96 ± 0.02 30.08 ± 0.64 1.96 ± 0.06 

6 Full 0.90 ± 0.04 0.84 ± 0.04 0.73 ± 0.02 0.71 ± 0.02 41.65 ± 1.27 1.74 ± 0.08 

7 0.88 ± 0.04 0.83 ± 0.04 0.71 ± 0.03 0.70 ± 0.03 42.47 ± 1.57 1.71 ± 0.07 

8 0.86 ± 0.05 0.81 ± 0.04 0.71 ± 0.03 0.70 ± 0.04 42.61 ± 2.05 1.68 ± 0.08 

9 0.88 ± 0.03 0.82 ± 0.03 0.72 ± 0.02 0.70 ± 0.02 42.26 ± 1.19 1.70 ± 0.05 

10 0.85 ± 0.06 0.81 ± 0.06 0.71 ± 0.02 0.70 ± 0.03 42.82 ± 1.36 1.68 ± 0.13 

11 Med 0.93 ± 0.06 0.87 ± 0.04 0.83 ± 0.03 0.79 ± 0.02 36.96 ± 0.88 1.80 ± 0.10 

12 0.94 ± 0.06 0.88 ± 0.04 0.86 ± 0.03 0.82 ± 0.02 35.74 ± 1.02 1.84 ± 0.10 

13 0.94 ± 0.04 0.89 ± 0.01 0.84 ± 0.03 0.81 ± 0.02 36.21 ± 0.94 1.83 ± 0.05 

14 0.94 ± 0.05 0.88 ± 0.03 0.84 ± 0.02 0.81 ± 0.02 36.34 ± 0.70 1.82 ± 0.07 

15 0.93 ± 0.04 0.87 ± 0.03 0.83 ± 0.02 0.80 ± 0.01 36.87 ± 0.78 1.81 ± 0.06 

25 1 Low 0.97 ± 0.11 0.97 ± 0.07 0.98 ± 0.09 1.00 ± 0.06 30.28 ± 1.19 1.94 ± 0.08 

2 0.97 ± 0.05 1.01 ± 0.04 0.96 ± 0.04 1.01 ± 0.04 30.50 ± 0.44 1.98 ± 0.03 

3 0.99 ± 0.10 0.98 ± 0.05 0.96 ± 0.05 0.99 ± 0.05 30.77 ± 0.86 1.97 ± 0.13 

4 0.94 ± 0.05 0.98 ± 0.04 0.97 ± 0.03 1.02 ± 0.04 30.16 ± 0.68 1.92 ± 0.06 

5 1.02 ± 0.06 1.05 ± 0.04 1.00 ± 0.04 1.05 ± 0.04 29.36 ± 0.74 2.07 ± 0.06 

6 Full 0.92 ± 0.11 0.91 ± 0.05 0.73 ± 0.06 0.72 ± 0.04 41.64 ± 2.22 1.83 ± 0.13 

7 0.90 ± 0.08 0.88 ± 0.06 0.69 ± 0.05 0.68 ± 0.04 43.98 ± 2.28 1.78 ± 0.11 

8 0.91 ± 0.10 0.90 ± 0.06 0.68 ± 0.06 0.66 ± 0.04 45.06 ± 2.27 1.80 ± 0.12 

9 0.91 ± 0.11 0.89 ± 0.05 0.67 ± 0.05 0.66 ± 0.04 45.52 ± 2.16 1.80 ± 0.14 

10 0.87 ± 0.07 0.86 ± 0.04 0.67 ± 0.04 0.66 ± 0.03 44.98 ± 1.79 1.73 ± 0.08 

11 Med 0.92 ± 0.07 0.91 ± 0.04 0.75 ± 0.05 0.74 ± 0.03 40.38 ± 1.52 1.83 ± 0.07 

12 0.93 ± 0.08 0.92 ± 0.05 0.76 ± 0.04 0.75 ± 0.03 39.85 ± 1.31 1.84 ± 0.11 

13 0.90 ± 0.07 0.90 ± 0.04 0.73 ± 0.06 0.73 ± 0.03 41.20 ± 1.81 1.81 ± 0.09 

14 0.92 ± 0.11 0.90 ± 0.04 0.74 ± 0.07 0.73 ± 0.03 40.83 ± 2.02 1.81 ± 0.13 

15 0.91 ± 0.12 0.89 ± 0.06 0.75 ± 0.06 0.74 ± 0.04 40.51 ± 1.95 1.81 ± 0.17 

26 1 Low 1.22 ± 0.04 1.30 ± 0.06 0.98 ± 0.02 1.04 ± 0.04 29.69 ± 0.74 2.52 ± 0.08 

2 1.28 ± 0.04 1.38 ± 0.07 1.00 ± 0.05 1.07 ± 0.05 29.02 ± 1.08 2.69 ± 0.11 

3 1.31 ± 0.05 1.40 ± 0.09 1.02 ± 0.04 1.07 ± 0.06 28.67 ± 1.06 2.72 ± 0.10 

4 1.25 ± 0.03 1.34 ± 0.04 1.02 ± 0.03 1.08 ± 0.04 28.57 ± 0.73 2.61 ± 0.05 

5 1.27 ± 0.06 1.32 ± 0.05 1.06 ± 0.05 1.09 ± 0.03 27.99 ± 0.89 2.58 ± 0.08 

6 Full 1.00 ± 0.05 1.05 ± 0.04 0.63 ± 0.03 0.63 ± 0.03 47.97 ± 1.89 2.03 ± 0.09 

7 1.00 ± 0.03 1.04 ± 0.05 0.64 ± 0.03 0.64 ± 0.03 46.91 ± 1.42 2.02 ± 0.09 

8 0.98 ± 0.04 1.02 ± 0.04 0.62 ± 0.03 0.62 ± 0.03 48.51 ± 2.10 2.00 ± 0.06 

9 1.00 ± 0.06 1.04 ± 0.04 0.63 ± 0.04 0.63 ± 0.04 47.66 ± 2.67 2.04 ± 0.08 

10 0.97 ± 0.03 1.02 ± 0.02 0.62 ± 0.02 0.62 ± 0.02 48.48 ± 1.49 2.00 ± 0.05 

11 Med 1.17 ± 0.08 1.27 ± 0.07 0.83 ± 0.04 0.86 ± 0.04 33.23 ± 1.02 2.53 ± 0.09 

12 1.19 ± 0.03 1.31 ± 0.07 0.89 ± 0.04 0.92 ± 0.03 34.79 ± 1.48 2.60 ± 0.08 

13 1.23 ± 0.06 1.36 ± 0.06 0.85 ± 0.04 0.88 ± 0.03 34.79 ± 1.48 2.60 ± 0.08 

14 1.25 ± 0.04 1.36 ± 0.08 0.88 ± 0.03 0.92 ± 0.03 33.29 ± 0.53 2.61 ± 0.06 

15 1.26 ± 0.06 1.36 ± 0.08 0.89 ± 0.04 0.93 ± 0.04 33.10 ± 1.02 2.63 ± 0.09 

27 1 Low 1.67 ± 0.13 1.71 ± 0.11 1.26 ± 0.05 1.27 ± 0.03 23.79 ± 0.69 3.38 ± 0.24 

2 1.53 ± 0.11 1.60 ± 0.07 1.23 ± 0.06 1.27 ± 0.05 23.98 ± 0.96 3.19 ± 0.23 

3 1.55 ± 0.14 1.61 ± 0.16 1.30 ± 0.10  1.35 ± 0.14 22.80 ± 2.14 3.26 ± 0.36 

4 1.53 ± 0.08 1.61 ± 0.10 1.28 ± 0.06 1.33 ± 0.06 23.05 ± 1.07 3.23 ± 0.25 

5 1.51 ± 0.08 1.55 ± 0.08 1.27 ± 0.07 1.30 ± 0.10 23.39 ± 1.23 3.06 ± 0.10 

6 Full 1.17 ± 0.05 1.10 ± 0.05 0.72 ± 0.03 0.73 ± 0.03 41.42 ± 1.35 2.27 ± 0.09 

7 1.05 ± 0.07 1.03 ± 0.10 0.69 ± 0.04 0.70 ± 0.04 43.17 ± 2.57 2.13 ± 0.22 
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8 1.09 ± 0.06 1.04 ± 0.05 0.71 ± 0.04 0.70 ± 0.04 42.64 ± 2.09 2.13 ± 0.11 

9 1.25 ± 0.07 1.22 ± 0.05 0.85 ± 0.07 0.86 ± 0.06 35.30 ± 2.49 2.47 ± 0.11 

10 1.10 ± 0.09 1.05 ± 0.09 0.77 ± 0.06 0.77 ± 0.06 39.04 ± 2.89 2.14 ± 0.18 

11 Med 1.30 ± 0.08 1.31 ± 0.09 0.96 ± 0.05 0.97 ± 0.05 31.20 ± 1.55 2.62 ± 0.15 

12 1.18 ± 0.07 1.18 ± 0.08 0.93 ± 0.04 0.93 ± 0.04 32.24 ± 1.41 2.36 ± 0.14 

13 1.27 ± 0.06 1.27 ± 0.08 0.94 ± 0.04 0.95 ± 0.05 31.76 ± 1.48 2.53 ± 0.13 

14 1.17 ± 0.05 1.17 ± 0.04 0.89 ± 0.03 0.90 ± 0.04 33.58 ± 1.10 2.34 ± 0.08 

15 1.20 ± 0.10 1.17 ± 0.09 0.92 ± 0.13 0.89 ± 0.06 33.39 ± 3.02 2.50 ± 0.38 

28 1 Low 1.09 ± 0.04 1.21 ± 0.10 0.99 ± 0.03 1.06 ± 0.06 29.38 ± 1.06 2.32 ± 0.13 

2 1.17 ± 0.05 1.29 ± 0.05 1.02 ± 0.03 1.07 ± 0.02 28.67 ± 0.54 2.45 ± 0.08 

3 1.15 ± 0.07 1.23 ± 0.04 1.01 ± 0.03 1.05 ± 0.04 29.17 ± 0.64 2.38 ± 0.10 

4 1.15 ± 0.03 1.26 ± 0.07 1.06 ± 0.03 1.09 ± 0.04 27.98 ± 0.64 2.38 ± 0.12 

5 1.11 ± 0.07 1.16 ± 0.03 1.09 ± 0.04 1.09 ± 0.03 27.59 ± 0.70 2.28 ± 0.09 

6 Full 1.04 ± 0.03 1.12 ± 0.03 0.69 ± 0.03 0.67 ± 0.01 44.18 ± 1.06 2.16 ± 0.05 

7 0.97 ± 0.04 1.08 ± 0.10 0.65 ± 0.02 0.66 ± 0.05 45.82 ± 2.23 2.04 ± 0.11 

8 0.93 ± 0.10 1.00 ± 0.10 0.65 ± 0.02 0.64 ± 0.02 46.46 ± 1.12 1.93 ± 0.19 

9 0.93 ± 0.04 0.98 ± 0.03 0.65 ± 0.02 0.65 ± 0.03 46.24 ± 1.65 1.91 ± 0.05 

10 0.95 ± 0.07 1.02 ± 0.08 0.66 ± 0.03 0.67 ± 0.05 45.42 ± 2.49 2.03 ± 0.22 

11 Med 1.07 ± 0.05 1.12 ± 0.04 0.87 ± 0.04 0.86 ± 0.03 34.64 ± 1.27 2.23 ± 0.16 

12 1.10 ± 0.03 1.15 ± 0.02 0.91 ± 0.02 0.89 ± 0.02 33.43 ± 0.50 2.25 ± 0.04 

13 1.07 ± 0.08 1.08 ± 0.06 0.88 ± 0.03 0.87 ± 0.01 34.34 ± 0.57 2.15 ± 0.14 

14 1.06 ± 0.06 1.09 ± 0.03 0.88 ± 0.02 0.87 ± 0.02 34.28 ± 0.76 2.15 ± 0.08 

15 1.06 ± 0.09 1.10 ± 0.07 0.92 ± 0.03 0.90 ± 0.02 33.08 ± 0.74 2.16 ± 0.15 

29 1 Low 0.94 ± 0.02 0.97 ± 0.04 0.85 ± 0.02 0.85 ± 0.03 35.28 ± 0.94 1.90 ± 0.05 

2 0.89 ± 0.03 0.89 ± 0.04 0.88 ± 0.02 0.87 ± 0.03 34.34 ± 0.92 1.78 ± 0.06 

3 0.87 ± 0.04 0.90 ± 0.04 0.87 ± 0.03 0.88 ± 0.03 34.36 ± 0.92 1.76 ± 0.07 

4 0.88 ± 0.04 0.88 ± 0.04 0.89 ± 0.03 0.88 ± 0.04 33.93 ± 1.28 1.78 ± 0.10 

5 0.88 ± 0.03 0.89 ± 0.05 0.89 ± 0.03 0.89 ± 0.04 33.88 ± 1.15 1.78 ± 0.06 

6 Full 0.90 ± 0.03 0.92 ± 0.04 0.75 ± 0.03 0.74 ± 0.03 40.32 ± 1.45 1.84 ± 0.08 

7 0.89 ± 0.05 0.90 ± 0.06 0.76 ± 0.03 0.75 ± 0.04 39.88 ± 1.82 1.81 ± 0.11 

8 0.84 ± 0.04 0.84 ± 0.05 0.72 ± 0.02 0.72 ± 0.03 41.85 ± 1.54 1.68 ± 0.08 

9 0.83 ± 0.07 0.76 ± 0.06 0.71 ± 0.03 0.72 ± 0.03 42.05 ± 1.33 1.69 ± 0.11 

10 0.85 ± 0.04 0.87 ± 0.04 0.70 ± 0.02 0.71 ± 0.03 42.52 ± 0.95 1.72 ± 0.07 

11 Med 0.86 ± 0.03 0.86 ± 0.04 0.81 ± 0.03 0.81 ± 0.04 37.14 ± 1.40 1.73 ± 0.07 

12 0.88 ± 0.03 0.89 ± 0.03 0.82 ± 0.03 0.82 ± 0.04 36.80 ± 1.14 1.77 ± 0.04 

13 0.89 ± 0.05 0.88 ± 0.05 0.84 ± 0.05 0.82 ± 0.03 36.35 ± 1.47 1.79 ± 0.12 

14 0.88 ± 0.05 0.88 ± 0.06 0.86 ± 0.03 0.85 ± 0.04 35.12 ± 1.15 1.79 ± 0.13 

15 0.93 ± 0.03 0.93 ± 0.03 0.88 ± 0.05 0.86 ± 0.03 34.59 ± 1.39 1.88 ± 0.07 
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Table 9-13: Results statistical analysis freestyle swimming �± trial 4 - 21.11.2011. 

Swimmer Lap Effort  Bland-Altman analysis Regression analysis 

Bias 
Lower 
limit  

Upper 
limit  ndata nconfidence Skewn. Kurtos is Slope Intercept R2 

21 1 Low 0.06 0.39 -0.26 1200 1141 0.7 2.52 0.41 0.67 0.47 

2 0.11 0.37 -0.14 1343 1288 0.24 1.6 0.61 0.39 0.67 

3 0.05 0.47 -0.37 1414 1366 1.66 4.32 0.44 0.6 0.38 

4 0.09 0.39 -0.21 1873 1766 0.89 2.39 0.54 0.44 0.56 

5 0.19 0.49 -0.1 1298 1263 -0.27 1.48 0.49 0.44 0.56 

6 Med 0.18 0.5 -0.14 1294 1230 0.69 2.04 0.54 0.5 0.61 

7 0.09 0.43 -0.25 1222 1173 0.07 1.3 0.49 0.63 0.55 

8 0.16 0.57 -0.24 1603 1541 0.29 1.9 0.35 0.79 0.39 

9 0.08 0.42 -0.26 1250 1204 -0.12 1.4 0.58 0.51 0.6 

10 0.1 0.39 -0.19 1147 1093 0.61 2.19 0.61 0.44 0.67 

11 Full 0.07 0.46 -0.32 1267 1194 0.7 1.82 0.46 0.81 0.4 

12 0.13 0.56 -0.29 1246 1179 0.64 2.03 0.33 0.97 0.3 

13 0.09 0.48 -0.3 1693 1605 0.57 1.93 0.44 0.82 0.38 

14 0.14 0.55 -0.28 1262 117 0.92 2.43 0.41 0.85 0.35 

15 0.14 0.62 -0.34 1606 1523 1.54 3.9 0.29 1.06 0.21 

22 1 Low 0.07 0.65 -0.51 1579 1474 1.83 4.93 0.38 0.54 0.14 

2 -0.03 0.35 -0.4 1413 1340 1.6 4.16 0.27 0.66 0.16 

3 0.02 0.48 -0.45 1344 1287 2.09 6.23 0.45 0.45 0.16 

4 -0.01 0.23 -0.26 1899 1842 1.63 4.4 0.73 0.22 0.46 

5 0.08 0.45 -0.28 1111 1082 2.33 7.24 0.61 0.27 0.29 

6 Med 0.08 0.67 -0.5 1369 1301 2.28 7.48 0.29 0.71 0.13 

7 0.1 0.56 -0.36 1264 1213 2.3 6.92 0.31 0.69 0.18 

8 -0.09 0.52 -0.71 1925 1825 1.47 3.67 0.5 0.58 0.19 

9 0.02 0.68 -0.64 1838 1760 1.46 3.84 -0.25 1.35 -0.12 

10 -0.09 0.63 -0.81 1456 1365 1.63 4.24 1.09 0 0.36 

11 Full -0.06 0.89 -1.01 1371 1289 1.93 5.48 0.86 0.25 0.3 

12 -0.14 0.87 -1.14 1379 1282 1.89 5.04 0.35 0.95 0.12 

13 -0.22 0.79 -1.23 1165 1076 1.69 4.39 0 1.42 0 

14 -0.1 0.88 -1.09 1823 1697 1.95 5.53 1.12 -0.05 0.38 

15 -0.16 1.07 -1.39 1405 1290 1.81 4.76 0.82 0.41 0.22 

23 1 Low 0.13 0.51 -0.26 1246 1195 0.47 2.66 0.17 1 0.12 

2 0.08 0.35 -0.18 1642 1552 0.63 1.95 0.74 0.23 0.56 

3 0.11 0.43 -0.21 1155 1094 0.4 1.69 0.45 0.59 0.39 

4 0.13 0.5 -0.23 1661 1593 0.55 2.56 0.2 0.91 0.15 

5 0.13 0.5 -0.24 1282 1227 0.44 2.16 0.11 1 0.09 

6 Med 0.13 0.51 -0.24 1343 1300 -0.49 1.71 0.31 0.82 0.28 

7 0.07 0.42 -0.29 1308 1246 0.03 1.45 0.4 0.73 0.36 

8 0.12 0.45 -0.21 1321 1268 0.26 1.75 0.55 0.52 0.49 

9 0.07 0.42 -0.27 1661 1582 0.31 1.73 0.47 0.65 0.38 

10 0.15 0.52 -0.21 1698 1647 0.11 1.7 0.39 0.71 0.32 

11 Full 0.09 0.58 -0.41 1209 1139 0.73 2 0.55 0.71 0.37 

12 0.1 0.6 -0.39 1787 1697 0.52 1.59 0.56 0.66 0.41 

13 0.04 0.57 -0.48 1253 1200 0.04 1.61 0.41 0.95 0.31 

14 0.11 0.65 -0.44 1170 1124 0.25 1.75 0.54 0.71 0.36 

15 0.02 0.54 -0.5 1255 1183 0.37 1.6 0.53 0.77 0.35 
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24 1 Low -0.01 0.29 -0.31 1523 1460 0.16 1.73 0.26 0.71 0.27 

2 0.07 0.38 -0.24 1344 1292 0.21 1.52 0.23 0.72 0.28 

3 0.05 0.31 -0.22 1553 1454 0.8 2.33 0.37 0.59 0.44 

4 0.07 0.29 -0.16 1395 1322 0.44 1.77 0.53 0.4 0.62 

5 0.05 0.28 -0.19 1265 1225 -0.02 1.53 0.4 0.53 0.54 

6 Full -0.04 0.85 -0.94 2034 1945 2.36 6.9 -0.17 1.47 -0.07 

7 0.01 0.61 -0.59 1372 1286 1.63 4.15 0.32 0.82 0.18 

8 0.02 0.55 -0.51 1247 1190 1.85 5.04 0.2 0.94 0.14 

9 0.05 0.47 -0.37 1375 1315 1.62 4.16 0.32 0.78 0.29 

10 0 0.63 -0.62 1364 1273 1.32 3.3 0.47 0.64 0.26 

11 Med 0.02 0.52 -0.48 1281 1214 1.63 4 0.28 0.79 0.2 

12 0.04 0.55 -0.47 1987 1874 1.62 4.28 0.14 0.92 0.1 

13 0.03 0.51 -0.45 1350 1271 1.39 3.32 0.32 0.73 0.22 

14 0.04 0.48 -0.39 1346 1283 1.49 3.73 0.24 0.8 0.21 

15 0.03 0.52 -0.47 1600 1493 1.38 3.35 0.35 0.7 0.24 

25 1 Low -0.01 0.29 -0.3 1413 1336 2.11 6.32 0.6 0.4 0.2 

2 0.04 0.27 -0.2 1261 1189 1.38 3.39 0.52 0.45 0.23 

3 0.02 0.35 -0.3 1355 1289 1.81 4.87 0.3 0.68 0.16 

4 0 0.29 -0.29 1879 1809 2.16 6.69 0.66 0.33 0.26 

5 0.06 0.3 -0.18 1306 1236 1.74 4.44 0.62 0.32 0.31 

6 Full -0.05 0.55 -0.64 1396 1283 1.62 4.21 0.83 0.27 0.24 

7 -0.09 0.76 -0.94 1405 1302 1.64 4.47 0.52 0.71 0.11 

8 -0.15 0.82 -1.13 1307 1234 1.26 3.64 0.9 0.29 0.17 

9 -0.07 0.71 -0.84 1552 1444 1.07 2.76 -0.59 2.21 -0.17 

10 -0.15 0.73 -1.03 1360 1238 1.82 5.07 1.51 -0.52 0.29 

11 Med -0.07 0.62 -0.75 1333 1256 1.07 2.65 -0.67 2.12 -0.19 

12 -0.04 0.54 -0.63 1397 1286 1.96 5.36 0.64 0.49 0.21 

13 -0.01 0.46 -0.49 1534 1417 1.97 5.41 0.53 0.59 0.2 

14 -0.03 0.55 -0.61 1613 1514 2.23 7.04 0.76 0.32 0.24 

15 -0.06 0.54 -0.66 1155 1078 1.89 5.22 0.29 0.92 0.11 

26 1 Low 0.02 0.45 -0.42 1668 1585 1.58 4.92 0.27 0.91 0.21 

2 0.1 0.46 -0.26 1293 1213 1.11 3.2 0.25 0.88 0.29 

3 0.1 0.49 -0.3 1274 1208 1.48 4.35 0.24 0.89 0.24 

4 0.06 0.42 -0.29 1288 1223 1.17 3.64 0.17 0.97 0.2 

5 0.03 0.55 -0.49 1248 1210 2.37 8.12 -0.11 1.31 -0.08 

6 Full -0.09 0.82 -0.99 1697 1602 2.02 5.91 0.35 1.14 0.16 

7 -0.09 0.79 -0.97 1253 1179 1.88 5.29 0.6 0.73 0.26 

8 -0.17 0.98 -1.32 1323 1225 1.71 4.37 0.54 0.92 0.17 

9 -0.47 1.35 -2.28 1403 1300 1.85 5.06 0.43 1.4 0.1 

10 -0.24 1.15 -1.63 1407 1299 1.45 3.73 -0.05 1.93 -0.01 

11 Med -0.08 0.83 -0.99 1764 1626 2.26 7.48 -0.09 1.66 -0.04 

12 0.03 0.58 -0.53 1236 1184 1.93 5.58 0.16 1.15 0.14 

13 0.11 0.46 -0.25 1239 1166 0.7 2.18 0.47 0.71 0.57 

14 0.03 0.7 -0.63 1258 1179 1.93 6.37 0.17 1.17 0.11 

15 0.04 0.71 -0.63 1472 1387 1.8 5 0.3 0.97 0.18 

27 1 Low 0.15 0.52 -0.23 1693 1611 0.04 1.51 0.16 0.98 0.13 

2 0.1 0.48 -0.28 1762 1657 0.74 2.53 0.22 0.89 0.17 

3 0.1 0.51 -0.31 1288 1214 0.61 2 0.09 1.02 0.06 

4 0.12 0.47 -0.22 1666 1538 0.81 2.31 0.25 0.81 0.2 

5 0.08 0.37 -0.21 1328 1254 0.56 1.99 0.63 0.36 0.46 

6 Full 0.02 0.71 -0.67 1348 1293 0.36 1.56 0.57 0.66 0.28 
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7 -0.14 1.09 -1.37 1850 1758 0.99 2.38 -0.4 2.28 -0.11 

8 -0.14 1.03 -1.31 1453 1346 1.02 2.53 1.04 0.08 0.24 

9 -0.03 0.86 -0.91 1299 1222 1.17 2.76 0.45 0.84 0.15 

10 -0.02 0.65 -0.7 1522 1446 0.52 1.81 0.14 1.22 0.07 

11 Med 0.1 0.61 -0.41 1600 1509 0.62 2.06 0.15 1.07 0.09 

12 -0.02 0.54 -0.57 1416 1338 0.52 1.69 0.1 1.16 0.06 

13 0.05 0.68 -0.57 1239 1186 0.3 1.54 -0.33 1.73 -0.17 

14 -0.04 0.57 -0.66 1312 1236 0.51 1.82 0.2 1.1 0.1 

15 0.01 0.7 -0.68 1374 1301 0.51 1.78 -0.14 1.57 -0.08 

28 1 Low -0.01 0.27 -0.29 2024 1878 0.94 2.38 0.67 0.39 0.59 

2 0.03 0.28 -0.22 1702 1564 0.92 2.42 0.8 0.21 0.63 

3 0.04 0.33 -0.25 1883 1798 -0.01 1.31 0.53 0.52 0.48 

4 0.02 0.27 -0.22 1443 1371 0.25 1.7 0.66 0.36 0.59 

5 0.01 0.33 -0.31 1984 1879 0.81 2.18 0.52 0.5 0.4 

6 Full 0.01 0.74 -0.71 1382 1296 0.67 1.84 0.39 0.96 0.18 

7 0.02 0.63 -0.58 1424 1369 0.65 1.92 0.41 0.89 0.24 

8 -0.01 0.74 -0.77 1463 1409 0.8 2.27 0.16 1.28 0.09 

9 0.03 0.55 -0.48 1565 1485 0.27 1.29 0.55 0.63 0.3 

10 0.03 0.74 -0.68 1349 1274 1.09 2.68 0.51 0.72 0.25 

11 Med -0.03 0.84 -0.9 1722 1607 1.4 3.31 0.11 1.19 0.04 

12 0.04 0.49 -0.42 1280 1218 1.24 2.97 0.64 0.42 0.39 

13 -0.07 0.69 -0.84 1481 1382 1.16 2.67 -0.01 1.32 -0.01 

14 0 0.59 -0.59 1728 1655 1.56 4.09 0.32 0.84 0.19 

15 -0.02 0.62 -0.66 1622 1542 1.11 2.53 -0.09 1.33 -0.06 

29 1 Low 0.03 0.28 -0.23 1571 1505 1.25 2.89 0.51 0.53 0.48 

2 0.01 0.21 -0.19 1514 1448 1.78 4.72 0.58 0.42 0.59 

3 0.03 0.25 -0.2 2087 1964 1.14 2.71 0.57 0.41 0.49 

4 0.02 0.23 -0.2 1401 1344 0.89 2.23 0.56 0.43 0.5 

5 0.02 0.2 -0.17 1785 1718 1.1 2.78 0.7 0.29 0.61 

6 Full 0.03 0.34 -0.28 1439 1354 0.84 2.16 0.45 0.66 0.32 

7 0.01 0.33 -0.31 1442 1372 0.76 1.94 0.36 0.77 0.25 

8 -0.02 0.36 -0.4 1381 1309 0.97 2.33 0.28 0.86 0.18 

9 -0.01 0.35 -0.38 1544 1459 0.75 2.11 0.5 0.61 0.3 

10 0.05 0.34 -0.44 1752 1648 1.3 3.36 0.46 0.71 0.24 

11 Med 0.03 0.37 -0.31 1618 1559 1.83 4.77 0.49 0.51 0.26 

12 0.01 0.29 -0.26 1427 1352 1.09 2.62 0.63 0.39 0.41 

13 0.01 0.34 -0.33 1487 1412 1.4 3.68 0.29 0.76 0.16 

14 0.01 0.35 -0.34 1711 1616 0.9 2.21 0.11 0.93 0.07 

15 0 0.24 -0.23 1617 1517 1.02 2.59 0.71 0.31 0.49 

 
 




