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Abstract 

Investigating the performance of an athlete and monitoring them is important to athletes and coaches because it can provide 
information about the training progress and injury recovery. Coaches are not always on side when athletes doing their training, so 
a device which is small and easy to use will increase the monitored training sessions significantly and allow the athlete to 
compare multiple training sessions. This technology has seen rapid development over the last years and is now available in very 
small sizes which have little effect on the swimmer. Using this kind of sensor, kinematics can be measured and extracted [1], [2] 
and [3] for stroke characteristics investigations. This research used an sacrum mounted self-developed inertial sensor, providing a 
triaxial accelerometer, gyroscope and RF capability in a waterproof casing to investigate the arm symmetry and swimming 
velocity in freestyle swimming. The recorded data were filtered using a high-pass Hamming windowed FIR filter to remove the 
gravity components from the wanted signal. The acceleration signal was then processed to find the velocity of the swimmer. A 
zero-crossing detection algorithm was used to investigate the arm symmetry and to find the individual stroke rates (SR), the 
differences between left and right arm stroke durations and the left and right arm stroke velocities (asymmetry). The investigation 
of the left and right arm velocity patterns of each individual swimmer allowed the investigation of each swimmers asymmetry in 
propulsion and velocity for the individual arms. The results of the mean lap velocities showed that the two different methods 
agree with an R2 of 0.92. Furthermore a conducted Bland-Altman analysis showed a low bias of -0.04 with an upper limit of 
agreement of 0.03 and a lower limit of agreement of -0.11. 
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1. Introduction 

The investigation of swimming performance during training sessions is essential for athletes and coaches. The 
majorly used technologies to investigate the performance of swimmers are video camera systems and tethered 
velocity meters. These systems are usually very bulky and complex to operate. Video systems have a long 
digitization process before data analysis can be performed whereas velocity meters can only be used for 
unidirectional assessment. Due to the complex setup, long digitization processes and limited access to such technical 
equipment, athlete tracking is not conducted for each training session.  

In recent years accelerometers have become smaller, lighter and more convenient to use for athletes and coaches. 
These devices are capable of measuring the swimmers acceleration during the training session or competition and 
record this data for later assessment [1-3, 7-13, 15, 16]. This assessment allows the comparison of different training 
session as well as the monitoring of training loads [4-7] and tracking of the athlete development. Accelerometers 
have been proven to provide accurate stroke rates [8-10], lap times [3, 8, 10-13], real time feedback to swimmers 
using optical communication [14] and real time feedback to coaches on site using RF communication [3]. 

As many researchers have investigated stroke rates, lap times and lap velocities during training and competition 
the investigation into arm symmetry using accelerometers alone is novel in this field of research. 

2. Methods 

2.1. Instrumentation 

This study used a custom designed inertial sensor [17] which contained a tri-axial accelerometer (±8g), a tri-axial 
gyroscope (1500 degrees per second) and RF capabilities. The sensor comes in a waterproof casing, records at a 
sampling rate of 100Hz and can store multiple sessions on an internal 1GB memory.  

A second data set was collected using a tethered velocity meter (SpeedProbe 5000 – SP5000) [18]. This velocity 
meter was attached to the athletes costume at the centre of the back as close as possible to the sensor. The velocity 
meter uses a very thin non-stretchable nylon line which passes by an optical sensor. The optical sensor measures the 
time it takes for 1cm of pulled line and stores the result in a text file on an via USB attached computer.  

2.2. Data collection 

Eight swimmers (see table 1) all with the level of national training experience took part in this study which was 
approved by the institutions ethics committee in line with the Helsinki protocol for human research.  

Data were collected at a 50m temperature controlled Olympic sized outdoor pool. Each swimmer conducted three 
low effort laps after an individual warm up session was completed.  

Table 1. List of swimmers with their height, mass, age and experience. 

Group Swimmer number Height (cm) Mass (kg) Age (years) Experience Gender 

Junior 1 182 73 18 National Male 

 2 186 86 18 National Male 

 3 184 75 17 National Male 

 4 184 78 17 National Male 

 5 186 83 18 National Male 

 6 171 71 17 National Male 

 7 194 85 17 National Male 

 8 178 67 17 National Male 
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In this study, the sensor was taped to the swimmers lower back. Figure 1 shows the position of the sensor, the 
coordinate system for the three axes and the point where the nylon line was attached. The forward direction is 
represented by ay, the mediolateral direction by ax and the anterior-posterior direction by az. 

The data were downloaded straight into the analysis software using a self-developed graphical user interface 
(GUI) and the radio capability of the sensor after each individual training session was finished.  

 
Fig. 1. Inertial sensor taped to the swimmer with respective coordinate system. 

2.3. Data processing 

The acceleration data collected by the sensor was firstly calibrated before the data analysis was undertaken in 
MATLAB® using a method similar to the method described by Lai et al. [19]. The acceleration data was then high-
pass filtered using a Hamming windowed FIR filter with a cut-off frequency of 0.5Hz to remove the sensor 
orientation. 

To allow the identification of arm symmetry, a zero-crossing detection algorithm as described by Stamm et al. [7] 
was implemented to distinguish between left and right arm strokes. According to the way the sensor was mounted to 
the swimmer (see Figure 1), a left arm stroke occurred when ax < 0 g and a right arm stroke occurred when ax > 0 g. 
The detected zero-crossings were then used to investigate the arm symmetry based on the stroke rates, lap 
acceleration and lap velocity profiles. Figure 2 (a) shows the mediolateral acceleration profile of one lap with the 
sensor orientation overlapped (red) while (b) shows the mediolateral acceleration profile of the same lap with the 
results of the zero-crossing detection overlapped (red). 

 

Fig. 2. (a) Raw acceleration lap profile (blue) with the sensor orientation overlapped (red), (b) mediolateral acceleration (blue) during the 
swimming phase with the detected zero-crossings (red) used for arm symmetry investigations. 

To allow the left and right arm velocity investigations, a lap velocity profile was calculated as described by 
Stamm et al. [13]. Figure 3 presents a lap velocity calculated from the swimmers filtered forward acceleration. The 
calculated zero-crossings were then applied to the lap acceleration profiles and lap velocity profiles of each 
individual swimming lap to find the left and right arm acceleration and velocity variations. From these variations, 
acceleration and velocity patterns were calculated as shown in Figure 4 and 5. 

 

Fig. 3. Calculated lap velocity profile. 

+ay 

+ax 

+az 
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Fig. 4. Left and right arm accelerations overlapped with the acceleration pattern (red) plotted on top. 

 

Fig. 5. Left and right arm velocities overlapped with the velocity pattern (red) plotted on top. 

3. Results 

Three laps within the trials were excluded from the data analysis due to problems with the SP5000 recordings 
which lead to a total of 21 laps investigated within this study. The found zero-crossings allowed the investigation of 
the left and right arm stroke durations and the stroke rate (SR). Table 2 presents the mean values including the mean 
standard deviation (SD) calculated for each swimmer. 

Table 2. Left and right arm stroke durations and stroke rates (SR) including the standard deviation (SD) for each swimmer. 

Swimmer SR ± SD 
(stroke per 
second) 

Left arm Right arm 

 Stroke duration (s) ± SD Stroke duration (s)±SD 

1 29.87 ± 0.81 0.99 ± 0.03 1.00 ± 0.04 

2 30.06 ± 0.57 1.00 ± 0.02 1.00 ± 0.02 

3 33.21 ± 0.82 0.92 ± 0.03 0.89 ± 0.02 

4 35.79 ± 1.01 0.83 ± 0.02 0.84 ± 0.02 

5 24.52 ± 0.42 1.21 ± 0.03 1.23 ± 0.03 

6 33.17 ± 0.64 0.91 ± 0.03 0.89 ± 0.02 

7 27.76 ± 0.62 1.08 ± 0.04 1.08 ± 0.02 

8 28.31 ± 0.64 1.07 ± 0.04 1.05 ± 0.03 

 
Figure 4 shows that the acceleration patterns are different for both arms, which leads to different velocity patterns 

as presented in Figure 5. Investigation of the mean velocity stroke pattern allows finding the mean intra-stroke 
velocity and the mean maximum and minimum variations. Table 3 presents the mean results for each swimmer 
individually. Regression analysis was undertaken to validate the sensor with the SP5000 derived mean velocities. 
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An R2 of 0.92 was found for the velocity comparison. A Bland Atman analysis was conducted to find the agreement 
between the two methods used to measure the mean velocities. The result shows a bias of -0.04 with an upper limit 
of agreement of 0.03 and an lower limit of agreement of -0.11. The scattering around the bias is even and follows a 
normal distribution with a skewness of 1.08 and a kurtosis of 2.96 (normal distribution is 3).  

Figure 6 (a)shows the conducted regression analysis while (b) shows the results of the Bland Altman analysis. 

Table 3. Intra-stroke mean velocities and variations for each swimmer. 

Swimmer Left arm Right arm both arms combined 

 Mean 
velocity 
(m/s) 

Positive 
variation (%) 

Negative 
variation (%) 

Mean 
velocity 
(m/s) 

Positive 
variation (%) 

Negative 
variation (%) 

Sensor mean 
velocity (m/s) 

SP5000 mean 
velocity (m/s) 

1 1.25 30.86 13.94 1.26 22.46 18.50 1.29 1.28 

2 1.35 29.75 17.52 1.38 22.29 17.81 1.36 1.33 

3 1.29 11.16 12.81 1.28 20.09 15.08 1.29 1.26 

4 1.43 15.82 15.55 1.45 16.30 15.91 1.52 1.42 

5 1.22 30.60 17.24 1.22 21.69 13.38 1.24 1.18 

6 1.38 11.38 9.73 1.50 13.87 25.55 1.39 1.35 

7 1.32 20.66 12.51 1.30 16.11 14.47 1.31 1.27 

8 1.19 15.61 8.22 1.18 25.05 13.54 1.19 1.18 

 

Fig. 6. (a) Regression analysis and (b) Bland Altman analysis of sensor vs. SP5000 mean velocities. 

4. Discussions & Conclusions 

The arm symmetry of swimmers performing freestyle swimming laps was investigated using a self-developed 
sensor unit attached to the swimmers lower back. The recorded tri-axial acceleration data were firstly low-pass 
filtered to remove the sensor orientation from the wanted signal before a zero-crossing detection algorithm was used 
to find the arm stroke timings. The orientation corrected acceleration data were then used to calculate a lap velocity 
profile for each swimming lap using an approximation to the numerical integration (trapezoidal rule). The detected 
zero-crossings were then used to split the lap acceleration and velocity profiles into left and right arm acceleration 
and velocity profiles (see Figure 4 & 5) which allowed a visual comparison of arm symmetry and identifying 
differences in arm propulsion. The velocity profiles were then further investigated to find the maximum and 
minimum intra-stroke variations. 

A statistical analysis on the derived mean lap velocities (sensor & SP5000) was carried out with an R2 found to 
be 0.92. Bland Altman analysis was used to find the agreement between the two different measurement systems. A 
bias of -0.04 m/s, a upper limit of 0.03 m/s and a lower limit of -0.11 m/s. The bias is within 3.5%, the upper limit 
within 2.3% and the lower limit within 9% of the mean velocities over all performed laps. 
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Considering the small and light weight of the used sensor, it can be nearly used during every swimming session. 
This offers the opportunity to all athletes and coaches to record as many swimming sessions as they want without 
complex and bulky equipment. It allows arm symmetry investigations in different ways (stroke rate, acceleration 
and velocity) and offers the possibility of keeping track of training progress or injury recovery. Furthermore it brings 
up the opportunity to identify symmetry problems in swimming styles and helps to adjust the swimmers style if 
necessary. 
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