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Abstract 1 

In elite sport, inertial measurement units (IMUs) are being used increasingly to measure 2 

movement in-field. IMU data commonly sought are body segment angles as this gives insights 3 

into how technique can be altered to improve performance and reduce injury risk. The purpose 4 

of this was to assess the validity of IMU use in rowing and identify if IMUs are capable of 5 

detecting differences in sagittal torso and pelvis angles that result from changes in stroke rates. 6 

Eight elite female rowers participated. Four IMUs were positioned along the torso and over the 7 

pelvis of each athlete. Reflective markers surrounded each IMU which were used to compute 8 

gold-standard data. Maxima, minima, angle range, and waveforms for ten strokes at rates of 9 

20, 24, 28, and 32 strokes per minute were analysed. Root mean square errors as a percentage 10 

of angle range fell between 1.44 and 8.43%. In most cases when significant differences (p < 11 

0.05) in the angles were detected between stroke rates, this was observed in both IMU and 12 

gold-standard angle data. These findings suggest IMUs are valid for measuring torso and pelvis 13 

angles when rowing, and are capable of detecting differences that result from changes in stroke 14 

rate. 15 

 16 

Keywords: Rowing; Biomechanics; Engineering; Measurement 17 

 18 

Introduction 19 

 20 

Rowing is a demanding Olympic sport where success relies heavily on athletes moving in time 21 

with one another, and on the coordinated inter-joint movement of each individual (Buckeridge 22 

et al., 2015; Zainuddin et al., 2019). Performance is also reliant on the ability of each athlete to 23 

transfer the force they generate at the foot stretcher to the oar which is then used to propel the 24 

boat forward (Baudouin & Hawkins, 2002). The trunk plays an important role in the 25 



transmission of foot stretcher forces to the oar, and in linking the lower and upper extremities 26 

(Baudouin & Hawkins, 2002). For this reason, rowing spinal and pelvic kinematics and kinetics 27 

has received a lot of research attention (Buckeridge et al., 2015, 2016; Martinez-Valdes et al., 28 

2019; McGregor et al., 2005; Trompeter et al., 2019; Wilson et al., 2013). A further reason for 29 

the focus on spinal and pelvic motion in the literature is that the back is the most common site 30 

of injury for elite rowers (Newlands et al., 2015; Smoljanovic et al., 2015; Trease et al., 2020). 31 

 32 

Previous studies have found that rowers who suffer from low back pain exhibit greater pelvic 33 

rotation and have less efficient trunk muscle activity (Martinez-Valdes et al., 2019; McGregor 34 

et al., 2002; Nugent et al., 2021). Previous work has also found that as stroke rates increase 35 

there are increases in back injury risk factors which is specifically exhibited by increases in the 36 

shear and compressive forces in the lumbo-pelvic region (Buckeridge et al., 2016). 37 

Furthermore, stroke rate increases have also been associated with increases in the range of 38 

motion at the lumbo-pelvic, lumbar spine, and thoracic spine regions (Buckeridge et al., 2016; 39 

Li et al., 2020; Wilson et al., 2013) which can all have implications for loading on the back. 40 

 41 

Most of the aforementioned studies have examined rowing on ergometers primarily due to the 42 

difficulties that surround measurement on-water. This is problematic as previous work has 43 

found that on-water rowing movements are significantly different to movements performed on 44 

an ergometer (Wilson et al., 2013). It would therefore be beneficial to athletes, coaches, and 45 

practitioners if data surrounding spinal and pelvic movement could be accurately collected on-46 

water. One measurement device capable of this are portable electrogoniometers; however, 47 

many of these systems require bulky data loggers to be worn. Another measurement device 48 

being used increasingly to measure movements of athletes in-field are inertial measurement 49 

units (IMUs). IMUs are lightweight, small in size, and do not require additional data loggers 50 



to be worn. IMUs consist of accelerometers, gyroscopes, and magnetometers and the signals 51 

from these sensors can be combined using fusion algorithms (Kalman, 1960; Madgwick et al., 52 

2011) to measure body segment motion.  53 

 54 

Previous work has found that IMUs are valid for measuring segment motion and relative 55 

segment motion in a number of movements and sporting disciplines (Bergamini et al., 2013; 56 

Blair et al., 2018; Brice et al., 2018; Brice et al., 2020; Brouwer et al., 2020; Cottam et al., 57 

2018; Faber et al., 2009; Hindle et al., 2020; Liu et al., 2020). Concerning work that has 58 

reported on the validity of IMUs for measuring sagittal plane relative angles, Brice et al. (2020) 59 

examined the relative angle between the torso and pelvis and found root mean square errors 60 

(RMSE) ranged between 2.9 ± 1.3° and 3.1 ± 1.5° depeding on the IMU’s location on the spine. 61 

Concerning the work that has reported on the validity of IMUs for measuring sagittal plane 62 

segment motion, Bergamini et al. (2013) examined trunk inclination during the running sprint 63 

start and reported an RMSE of 3 ± 3° while Faber et al. (2009) reported an RMSE of 4.6 ± 2.9° 64 

when they investigated trunk inclination during a bent over lifting task. While numerous studies 65 

have found IMUs to be valid, it is noted that the degree of accuracy is site and task specific 66 

(Cuesta-Vargas et al., 2010) which is evident in the aforementioned studies. To our knowledge, 67 

one previous study has investigated the validity of IMU use in rowing (King et al., 2009). The 68 

findings of this study indicated that IMUs located over the pelvis and thoracolumbar (L1/T12) 69 

juncture can validly measure sagittal plane inclination angles; however, novice rowers were 70 

used in this study and stroke rate information was not reported. Given that novice rowers were 71 

analysed it is possible that the stroke rates used by the rowers in this study were below what 72 

elite rowers would commonly work at in training and competition. It is possible that as stroke 73 

rates increase the error in the IMU angles may change due to the increased movement speed. 74 

King et al. (2009) also investigated the impact of poor technique on IMU measured angles. 75 



Visual inspection of the IMU waveforms was undertaken and differences were visible. Another 76 

study that used IMUs to assess differences in technique is that of Klitgaard et al. (2021) who 77 

examined the differences between elbow, shoulder, and knee angles when kayaking on-water 78 

versus on an egometer. Statically significant differences were evident in the IMU data that were 79 

collected for the two kayaking conditions. In both the aforementioned studies, there were no 80 

comparisons made between the IMU data and a gold-standard to assess if the differences that 81 

were evident in the IMU data were identical to that of a gold-standard. One previous study that 82 

did compare IMU angles with a gold-standard found IMUs are capable of detecting technique 83 

differences in shoulder and elbow flexion during canoeing (Liu et al., 2020). It would also be 84 

desirable to know if IMUs have the precision to be able to detect the changes in the spinal 85 

motion of rowers that are detected by gold-standard 3D motion capture systems. 86 

 87 

The purpose of this present study was two-fold. The first aim was to assess the validity of the 88 

IMeasureU (Oxford Metrics, Oxford, UK) IMUs for measuring sagittal plane motion of the 89 

spine and pelvis when rowing at different stroke rates. The second aim was to examine if the 90 

IMUs were capable of detecting if and when there were differences in the angle between stroke 91 

rates.  92 

 93 

Materials and Methods 94 

 95 

Eight elite female rowers participated in this study which was given ethical approval by the 96 

James Cook University Human Research Ethics Committee. All eight were national team 97 

members and competing at an international level at the time of data collection. Prior to data 98 

collection, all subjects gave written informed consent. A priori sample size calculation with an 99 



alpha level of 0.05 found that seven participants was sufficient to generate statistical power of 100 

80% with a large effect size. 101 

 102 

Participants performed a self-selected warm-up and then rowed continuously for seven minutes 103 

on an ergometer (Concept 2, Morrisville, VT, USA). Before rowing commenced each 104 

participant sat in an upright stationary position on the ergometer. The angle of the spine relative 105 

to the vertical in this position was then defined as zero degrees. Participants rowed for one 106 

minute at rates of 20, 24, 28, and 32 strokes per minute. These stroke rates were chosen as they 107 

are reflective of the rates used during the incremental “step test” which is commonly used to 108 

monitor the training levels and fitness of rowers, and are reflective of a range of normal training 109 

intensities (McGregor et al., 2005). Between each increment, participants rowed for one minute 110 

at 18 strokes per minute for active recovery. Each participant had four IMeasureU IMUs v2.0 111 

(Oxford Metrics, Oxford, UK) positioned on their back and pelvis. Each IMU consisted of tri-112 

axial accelerometers (± 16 g), gyroscopes (± 2000 °/s), and magnetometers (± 1200 mT). The 113 

average maximum angular speed of the rowing motion measured in this study was 288 ± 62°/s 114 

which is well below the range specified by the manufacturers. IMUs were located over the 115 

spinous processes of the first thoracic (T1 sensor), seventh thoracic (T7 sensor), second lumbar 116 

(L2 sensor), and second sacral (S2 sensor) vertebrae. The T1, T7, and L2 sensors were mounted 117 

on rigid plastic boards with three retro-reflective markers surrounding them. The S2 sensor was 118 

skin mounted with three markers positioned around it. The S2 sensor and markers were not 119 

placed on a plastic board as this part of the pelvis is flat. The markers were used to compute 120 

the gold-standard angle data. 121 

 122 

Throughout the seven minutes of rowing, IMU data was logged to an on-board SD card at 123 

500Hz. The IMUs were used in accordance with the manufacturer’s instructions and were 124 



operated and synchronised using the manufacturer’s custom applications. When the 125 

participants were rowing at stroke rates of 20, 24, 28, and 32 strokes per minute, marker 126 

location data were also collected at 250Hz. Marker locations were collected using a 14 Vicon 127 

Vantage camera system and the Vicon Nexus v2.8 software (Oxford Metrics, Oxford, UK). A 128 

fifth IMU (sync IMU) was used during data collection to allow motion capture and IMU data 129 

to be synchronized during post-processing. This involved aligning magnetic pulses from an 130 

electromagnet that were collected by the analogue input of the motion capture system and the 131 

sync IMU (Brice et al., 2020). 132 

 133 

Marker data were filtered in Vicon Nexus using a Woltring filter with a mean standard error of 134 

9 mm. This filter level was determined via a residual analysis (Winter, 2009). IMU data were 135 

processed using custom Matlab scripts (Mathworks, Natic, USA). Firstly, the magnetometers 136 

were calibrated using an ellipsoid fitting procedure. General descriptions of this procedure have 137 

previously been reported (Gebre-Egziabher, 2007; Li & Li, 2012). However, in our 138 

implementation, the fitting was constrained to find only ellipsoids whose principal axes align 139 

with the IMU's axes, because we found that restricting the fitting in this way increased its 140 

robustness when the magnetometer had not been fully rotated through all possible angles during 141 

the data collection. These constrained ellipsoids correct for "hard iron" offsets in 3 axes, and 142 

scale factor adjustments in 3 axes. The Kalman filter uses two reference vectors to define the 143 

IMU orientation relative to a fixed laboratory reference frame. These two reference vectors are 144 

the direction of gravity and the direction of the Earth’s magnetic field. Gravity was taken to be 145 

along the lab’s Z axis. For the magnetic field reference, we extracted the magnetic field as 146 

measured by each sensor during the initial part of each trial where the participants were 147 

stationary on the ergometer. Each sensor measures the magnetic field in its own reference 148 

frame, so we converted from the sensor’s frame to the lab frame by rotating the measured 149 



magnetic field using the orientation extracted from the Vicon system at the same moment in 150 

time. The result was the Earth’s magnetic field in the Vicon coordinate system according to 151 

each of the IMUs. We then averaged over all sensors to give a single reference vector for the 152 

direction of the magnetic field in the laboratory reference frame.  153 

 154 

Since the parameter of interest was spinal flexion and extension, we extracted a scalar angle 155 

from the 3D orientation of each sensor as shown in Figure 1. The angle of each sensor was 156 

calculated as the angle between the lab Z axis and the sensor’s Y axis, as indicated by the angle 157 

θ in Figure 1. This angle was calculated using  158 

𝜃𝜃 = atan
𝒚𝒚𝑌𝑌
𝒚𝒚𝑍𝑍

, 159 

where 𝒚𝒚𝑌𝑌 and  𝒚𝒚𝑍𝑍 are the projection of the IMU y axis onto the lab Y and Z axes, respectively. 160 

Angle calculations were performed separately for the Vicon data and the IMU data, resulting 161 

in two different measurements of the same angle at every time step in the recording. Finally, 162 

an anatomically neutral angle of 0° was defined as the position that each participant adopted 163 

when they were seated stationary on the ergometer (see Table 1 for the mean angles of the 164 

spine in this position). All angles are reported relative to this neutral position. It should be noted 165 

that the sagittal plane angle calculated here is not calculated in the same manner as an 166 

anatomical marker based model in a global reference frame. This has been noted previously in 167 

the literature (Brice et al., 2020; Cottam et al. 2018).  168 

 169 

[Figure 1 near here] 170 

[Table 1 near here] 171 

 172 

Ten complete strokes at the mid-point of the 20, 24, 28, and 32 stroke rate intervals were 173 

selected for analysis. The maximum, minimum, and range of the sagittal plane inclination for 174 



each stroke was determined for the four IMU locations. For each sensor location a total of 80 175 

data points (eight athletes x ten strokes) for each discrete variable at each stroke rate were 176 

examined. Discrete angle values were analysed as rowing literature that has examined spinal 177 

motion has previously focused on examining discrete angle values. In addition to examining 178 

discrete variables, the entire waveform for each participant’s ten strokes at each stroke rate was 179 

also examined. While waveforms of spinal angles have not been looked at in depth in the 180 

literature, waveforms of other variables such as oar angle have been examined in rowing 181 

(Warmenhoven et al., 2017).  For the discrete variables, the root mean square error (RMSE) 182 

and RMSE as a percentage of angle range (RMSE%) were determined, at each IMU location, 183 

for each stroke rate (Bauer et al., 2015). 95% confidence intervals (CILower and CIUpper) were 184 

also determined for RMSE. Bland-Altman biases and 95% limits of agreement (LOAUpper and 185 

LOALower) were also computed (Bland & Altman, 1986). For each ten stroke waveform the 186 

aforementioned comparison measures were determined. The comparison measures were then 187 

averaged for each sensor for each of the stroke rates (Brice et al., 2020). 188 

 189 

For each athlete, the average of the maximum angle, minimum angle, and angle range for each 190 

stroke rate was determined for each sensor (i.e. average of the ten strokes examined). A 191 

repeated measures ANOVA was then used to assess for a main effect of stroke rate for each 192 

variable. The level of significance was set at p < 0.05. When significant main effects were 193 

detected F values, p values, and effect sizes (partial η2) were reported (Bakeman, 2005). The 194 

effect sizes were classified as trivial (<0.0099), small (0.0099 – 0.0587), moderate (0.0588 – 195 

0.1378), and large (≥0.1379) (Cohen, 1988). Where there were main effects detected, post-hoc 196 

tests with a Bonferroni adjustment were used to identify where the differences were and 197 

adjusted p values and effect sizes (Cohen’s d) were reported. The adjusted effect sizes were 198 

classified as trivial (0 – 0.19), small (0.20 – 0.49), moderate (0.50 – 0.79), and large (≥0.80) 199 



(Cohen, 1988). This was done to assess if the IMUs were capable of identifying changes in the 200 

maximum, minimum, and range of the angle between the stroke rates if they were present. 201 

 202 

Results 203 

 204 

There was strong agreement between the angles measured using the IMUs and the motion 205 

capture system (Table 2a and 2b; Figure 2-5). Considering first the discrete values, RMSE 206 

values ranged from between 1.05° and 4.90° with the average being 2.29 ± 0.97°. RMSE% 207 

values ranged from 1.44% to 8.43% with the average being 3.93 ± 1.99%. Bland-Altman biases 208 

ranged from -3.09° to 2.87° with the average being 1.31 ± 0.21°. In most cases the biases were 209 

positive which indicates the IMUs generally overestimated the maximum, minimum, and range 210 

of the angle at each sensor location (Table 2a and 2b). Considering the waveforms, RMSE 211 

values ranged from between 1.19° and 3.77° with the average being 2.16 ± 0.93°. RMSE% 212 

values ranged from 1.55% to 7.11% with the average being 3.79 ± 2.24%. Bland-Altman biases 213 

ranged from -0.91° to 1.51° with the average being -0.02 ± 0.72°. In most cases the biases were 214 

negative which indicates that for the overall waveform the IMUs slightly underestimated the 215 

angle at each sensor location. 216 

 217 

[Table 2a near here] 218 

[Table 2b near here] 219 

[Figure 2 near here] 220 

[Figure 3 near here] 221 

[Figure 4 near here] 222 

[Figure 5 near here] 223 

 224 



 225 

Assessment of whether the IMUs were capable of identifying if and when stroke rate 226 

significantly altered the maximum, minimum, and range of the angles revealed that the IMUs 227 

had similar results to that of the gold-standard 3D motion capture system’s measurements. 228 

There were three instances for both gold-standard and IMU angles where main effects of stroke 229 

rate were observed. A main effect was observed in the minima for T1 (gold-standard: F = 6.861, 230 

p = 0.026, partial η2 = 0.533 [large] and IMU: F = 7.455, p = 0.017, partial η2 = 0.554 [large]), 231 

in the minima for T7 (gold-standard: F = 6.021, p = 0.005, partial η2 = 0.501 [large] and IMU: 232 

F = 3.614, p = 0.033, partial η2 = 0.376 [large]), and in the maxima for T7 (gold-standard: F = 233 

21.211, p = 0.000, partial η2 = 0.780 [large] and IMU F = 13.236, p = 0.000, partial η2 = 0.688 234 

[large]). Where main effects were observed, post-hoc testing results revealed the following for 235 

both the 3D motion capture angles and the IMU angles (Table 3): 236 

- T1 minima were significantly greater for step 24 than steps 28 and 32 237 

- T7 minima were significantly greater for step 24 than steps 28 and 32. 238 

- T7 maxima were significantly smaller for step 20 than steps 28 and 32 239 

- T7 maxima were significantly smaller for step 24 than step 32 240 

There was one post-hoc testing result observed for 3D motion capture angles that was not 241 

observed for the IMU angles which was that T7 maxima were significantly smaller for step 28 242 

than step 32 (Table 3). 243 

[Table 3 near here] 244 

 245 

Discussion 246 

The purpose of this investigation was two-fold. The first aim was to assess the validity of the 247 

IMeasureU IMUs for measuring torso and pelvis sagittal plane inclination when rowing at 248 

different stroke rates. Sagittal plane inclination at three torso locations (T1, T7, and L1) and 249 



the pelvis (S2) for four different stroke rates (20, 24, 28, and 32 strokes per minute) was 250 

measured. Ten strokes at each stroke rate for each athlete were examined. For each stroke the 251 

angle’s maximum, minimum, and range were determined. Discrete angle validity was assessed 252 

by comparing maximum, minimum, and range for each stroke measured by the IMUs at each 253 

location with angles measured by a 3D motion capture system (gold-standard). For the entire 254 

ten strokes measured at each sensor location for each athlete, the waveforms were also 255 

examined for all four stroke rates. Like the discrete variables, waveform validity was assessed 256 

by comparing the ten stroke waveforms measured by the IMUs and the 3D motion capture 257 

system waveforms at each sensor location. The second aim was to examine if the IMUs were 258 

capable of identifying if and when stroke rate significantly altered the angles. This was assessed 259 

by comparing the average of each athlete’s maximum, minimum, and range at each sensor 260 

location for each stroke rate.  261 

 262 

Concerning the first aim, it has been reported that for a measurement system to be considered 263 

valid RMSE% values should be below 10% (Walgaard et al., 2016) and RMSE values should 264 

be below 5° (McGinley et al., 2009). All RMSE% and RMSE values were below these limits 265 

(Table 2a and b) which indicates that the IMUs are valid for measuring sagittal plane trunk 266 

inclination during rowing. The level of agreement that we observed is similar to what has been 267 

observed by others who have also examined IMU use for measuring trunk inclination relative 268 

to the vertical during sporting activities (Bergamini et al., 2013; King et al., 2009). The level 269 

of agreement we observed is slightly lower than what has been observed with electromagnetic 270 

devices (Bull & McGregor, 2000); however, these devices are constrained to the laboratory 271 

environment which is a limitation that IMUs overcome. To our knowledge only one previous 272 

study (King et al., 2009) has attempted to validate IMU use in rowing. In this previous study 273 

novice rowers were examined and IMUs were located at the L1/T12 juncture and on the pelvis. 274 



An average error of 3.98° was observed at L1/T12 while the error at the pelvis was slightly 275 

higher at 4.08°. We also observed that the pelvis IMUs error was slightly higher (Table 2a and 276 

2b). In the previous study they did not report the stroke rate of the novice rowers which was 277 

noted in our introduction as a limiting factor. Novice rowers may not row at the rates expected 278 

of elite athletes and differences in movement speed may impact on IMU validity. In our study 279 

we addressed this by investigating a number of stroke rates and found that stroke rate did not 280 

impact on the accuracy of the IMUs. This provides confidence to practitioners that IMUs are a 281 

suitable device to use in the assessment and monitoring of torso and pelvis motion in training 282 

and competition where varied stroke rates occur. 283 

   284 

Concerning the second aim of our study, the IMUs and 3D motion capture system detected 285 

identical main effects of stroke rate on the maxima at T7 and the minima at T1 and T7. Post-286 

hoc tests further revealed that all findings were identical with the exception being that for the 287 

3D motion capture data the T7 maxima were significantly smaller for step 28 than step 32 288 

(Table 3). It should be noted that while not significant, an identical trend was present for the 289 

step 28 and 32 T7 IMU maxima (Table 3). These findings suggest that the IMUs examined in 290 

this study are capable of detecting differences in technique; however, care should be taken 291 

particularly when using an IMU located at T7. To our knowledge one previous study has 292 

examined whether the IMU traces for different rowing techniques are different. King et al. 293 

(2009) provided novice rowers with examples of good technique and two types of bad 294 

technique. The participants were then instructed to row with the three techniques they had been 295 

shown. Angle traces from IMUs located at the L1/T12 juncture and over the pelvis were 296 

compared to see if visual differences were present in the waveforms. Visually the waveforms 297 

looked different (predominantly at the maxima); however, there was no comparison with gold-298 

standard angles and the waveforms of single participant were presented. Despite this King et 299 



al. (2009) claim that the IMUs were capable of identifying differences in technique which our 300 

statistical analysis supports. 301 

 302 

It should be noted that our study had some limiting factors. First, a small number of athletes 303 

were used. Care should be taken particularly when drawing conclusions from our between 304 

stroke rate comparisons of the angles we measured. It is also possible that the errors we 305 

observed may have been different had a larger sample been examined, although nearly all 95% 306 

confidence interval upper limits were below values reported as being acceptable in the 307 

literature. Second, we carried out our validation on an ergometer. It should be noted that the 308 

error in the IMU angles may be different when rowing on-water and future work should attempt 309 

to validate IMU use on-water to assess if the error is significantly different to what is observed 310 

on an ergometer. Third, while we did examine stroke rates that are reflective of the different 311 

training intensities (McGregor et al., 2005), others have found even higher stroke rates can be 312 

used in competition (Silva et al., 2020). For all stroke rates we investigated we did find that the 313 

IMUs were valid and future work should consider confirming that the IMUs continue to be 314 

valid when using higher stroke rates. 315 

 316 

Conclusion 317 

 318 

This study investigated the accuracy of sagittal plane torso and pelvis angle data collected using 319 

IMUs when rowing at four different stroke rates. The angles measured by the IMUs were found 320 

to be highly valid as there was close agreement between IMU angles and those measured using 321 

the gold-standard 3D motion capture system. We also investigated whether the IMUs were 322 

capable of detecting if and when differences in stroke rate altered the sagittal plane angles. We 323 

found that in most instances significant differences detected in the gold-standard angles were 324 



also detected in the IMU angles. Our work suggests that IMUs are a viable option for measuring 325 

accurate sagittal plane angle data during rowing. 326 
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Table 1. Mean angle of the spine relative to the vertical for the participants while seated on the ergometer measured by the IMUs and by the 3D 

motion capture system (gold-standard data - GS). For the rowing trials, the spine was defined as being in 0° in this position. Standard deviations 

are indicated in brackets. 

 Location 
T1 T7 L1 S2 

GS angle (°) 34.55 (6.43) 12.20 (9.25) -5.38 (9.96) -13.95 (8.41) 
IMU angle (°) 34.96 (6.19) 10.53 (10.30) -5.86 (11.82) -12.09 (3.52) 

  



Table 2a: Comparison between maximum, minimum, range, and waveforms of the angles measured by the IMUs and by the 3D motion capture 

system (gold-standard data) for stroke rates 20 and 24. Standard deviations are indicated in brackets for the waveform values. 

 Rate 20 Rate 24 
T1 T7 L1 S2 T1 T7 L1 S2 

M
ax

 

RMSE (°) 1.88 1.55 1.23 3.74 2.21 1.71 1.37 4.12 
RMSE CILower (°) 1.63 1.34 1.07  3.24  1.91 1.48 1.19 3.57 
RMSE CIUpper (°) 2.22 1.83 1.46 4.42 2.61 2.02 1.62 4.87 
RMSE% 4.34 1.98 1.70 6.48 5.15 2.13 1.82 7.09 
Bias (°) -1.05 0.94 0.49 -2.30 -0.85 0.89 0.68 -3.09 
LOAUpper (°) 2.02 3.36 2.72 3.54 3.17 3.77 3.03 2.31 
LOALower (°) -4.13 -1.48 -1.74 -8.15 -4.88 -1.99 -1.67 -8.48 

M
in

 
 

RMSE (°) 1.75 1.73 1.05 3.72 1.77 1.85 1.11 3.68 
RMSE CILower (°) 1.52 1.50 0.91 3.22 1.53 1.60 0.96 3.19 
RMSE CIUpper (°) 2.07 2.05 1.24 4.40 2.09 2.18 1.31 4.35 
RMSE% 4.04 2.22 1.44 6.44 4.12 2.30 1.47 6.33 
Bias (°) 0.97 0.15 0.34 2.85 0.93 0.21 0.32 0.21 
LOAUpper (°) 3.84 3.56 2.30 7.57 3.89 3.83 -1.77 7.53 
LOALower (°) -1.89 -3.26 -1.62 -1.87 -2.03 -3.41 2.41 -7.12 

R
an

ge
 

RMSE (°) 1.63 2.07 1.71 3.38 1.52 2.29 1.79 4.90 
RMSE CILower (°) 1.41 1.79 1.48 2.92 1.31 1.98 1.55 4.24 
RMSE CIUpper (°) 1.93 2.44 2.02 3.99 1.80 2.71 2.12 5.79 
RMSE% 3.77 2.65 2.35 5.85 3.54 2.85 2.37 8.43 
Bias (°) -0.08 1.09 0.83 0.55 0.08 1.10 1.00 -2.88 
LOAUpper (°) 3.14 4.55 3.77 7.18 3.07 5.06 3.93 0.02 
LOALower (°) -3.29 -2.37 -2.11 -6.09 -2.92 -2.87 -1.93 -5.78 

W
av

ef
or

m
 

RMSE (°) 1.85 (0.87) 1.26 (0.37) 1.19 (0.57) 3.77 (0.50) 2.05 (0.94) 1.31 (0.38) 2.05 (0.94) 3.63 (0.81) 
RMSE CILower (°) 1.82 (0.85) 1.24 (0.36) 1.18 (0.56) 3.71 (0.49) 2.02 (0.92) 1.29 (0.38) 1.39 (0.81) 3.56 (0.79) 
RMSE CIUpper (°) 1.88 (0.88) 1.28 (0.37) 1.21 (0.56) 3.83 (0.50) 2.09 (0.95) 1.34 (0.39) 1.44 (0.84) 3.69 (0.82) 
RMSE% 3.99 (2.21) 1.51 (0.41) 4.33 (1.26) 7.11 (0.64) 4.45 (1.47) 1.57 (0.43) 4.45 (1.47) 6.83 (1.75) 
Bias (°) -0.82 (1.14) 0.16 (0.35) -0.23 (0.71) 0.94 (1.90) -0.79 (1.38) 0.00 (0.50) -0.06 (0.60) 1.19 (0.97) 
LOALower (°) -3.56 (1.65) -2.19 (0.85) -2.23 (1.34) -5.49 (2.34) -3.75 (1.52) -2.41 (0.88) -2.60 (1.94) -5.30 (1.90) 
LOAUpper (°) 1.91 (1.65) 2.51 (0.81) 1.76 (0.88) 7.36 (1.55) 2.17 (2.32) 2.41 (0.95) 2.48 (1.46) 7.68 (1.99) 



Table 2b: Comparison between maximum, minimum, range, and waveforms of the angles measured by the IMUs and by the 3D motion capture 

system (gold-standard data) for stroke rates 28 and 32. Standard deviations are indicated in brackets for the waveform values. 

 Rate 28 Rate 32 
T1 T7 L1 S2 T1 T7 L1 S2 

M
ax

 

RMSE (°) 2.01 1.84 1.47 2.58 2.64 2.24 1.22 4.22 
RMSE CILower (°) 1.74 1.59 1.30 2.23 2.28 1.94 1.06 3.66 
RMSE CIUpper (°) 2.38 2.17 1.74 3.05 3.11 2.66 1.45 4.99 
RMSE% 4.92 2.32 1.97 4.65 6.78 2.84 1.65 7.33 
Bias (°) 0.05 1.05 0.62 -2.70 -0.26 0.55 0.39 -2.62 
LOAUpper (°) 4.02 4.03 3.26 1.17 4.92 4.85 2.68 3.94 
LOALower (°) -3.91 -1.93 -2.03 -6.57 -5.44 -3.75 -1.89 -9.18 

M
in

 
 

RMSE (°) 1.72 1.92 1.34 4.00 2.66 2.32 1.58 3.14 
RMSE CILower (°) 1.49 1.67 1.16 3.47 2.31 2.01 1.37 2.72 
RMSE CIUpper (°) 2.04 2.27 1.58 4.74 3.15 2.75 1.87 3.71 
RMSE% 4.22 2.43 1.79 7.22 6.86 2.94 2.14 5.45 
Bias (°) 0.77 0.42 0.29 -0.09 0.74 0.59 0.46 2.87 
LOAUpper (°) 3.81 4.12 2.87 7.86 5.77 5.02 3.44 5.85 
LOALower (°) -2.27 -3.28 -2.29 -8.04 -4.30 -3.85 -2.53 -0.11 

R
an

ge
 

RMSE (°) 1.99 2.30 1.97 4.38 1.36 2.94 1.76 2.43 
RMSE CILower (°) 1.71 1.99 1.70 3.79 1.18 2.54 1.53 2.10 
RMSE CIUpper (°) 2.35 2.72 2.33 5.18 1.61 3.47 2.08 2.87 
RMSE% 4.87 2.90 2.63 7.89 3.51 3.72 2.39 4.22 
Bias (°) 0.82 1.47 0.91 -2.79 0.69 1.14 0.85 0.25 
LOAUpper (°) 4.40 4.95 4.36 5.89 3.07 6.48 3.90 3.84 
LOALower (°) -2.75 -2.02 -2.54 -11.47 -1.69 -4.21 -2.20 -3.33 

W
av

ef
or

m
 

RMSE (°) 2.44 (1.19) 1.76 (0.59) 1.47 (0.78) 3.14 (1.06) 2.45 (1.00) 1.72 (0.57) 1.31 (0.39) 3.73 (1.47) 
RMSE CILower (°) 2.40 (1.17) 1.73 (0.58) 1.44 (0.77) 3.08 (1.04) 2.40 (0.98) 1.67 (0.56) 1.28 (0.38) 3.66 (1.44) 
RMSE CIUpper (°) 2.49 (1.21) 1.80 (0.60) 1.49 (0.80) 3.20 (1.08) 2.50 (1.02) 1.75 (0.58) 1.34 (0.40) 3.81 (1.50) 
RMSE% 5.48 (2.94) 2.12 (0.68) 1.84 (0.87) 6.02 (2.31) 5.61 (2.62) 2.05 (0.62) 1.66 (0.43) 7.01 (2.71) 
Bias (°) -0.91 (1.60) -0.03 (0.53) -0.16 (0.79) 0.32 (0.73) -0.85 (1.15) -0.24 (0.46) -0.28 (0.82) 1.51 (1.76) 
LOALower (°) -4.43 (1.95) -3.32 (1.35) -2.68 (2.03) -5.68 (1.70) -4.82 (1.99) -3.48 (1.11) -2.38 (1.17) -4.73 (1.42) 
LOAUpper (°) 2.61 (3.13) 3.26 (1.38) 2.37 (1.13) 6.32 (2.57) 3.11 (2.57) 3.01 (1.22) 1.82 (0.59) 7.75 (3.57) 



Table 3. Means of the maximum, minimum, and range of the gold-standard (GS) and IMU angles at each stroke rate for all eight participants. 

Standard deviations are indicated in brackets. 

Location Step Max GS 
(°) 

Max IMU 
(°) 

Min GS 
(°) 

Min IMU 
(°) 

Range GS 
(°) 

Range IMU 
(°) 

T1 20 14.28 (6.71) 13.23 (7.54) -28.98 (10.26) -29.96 (10.03) 43.26 (6.62) 43.18 (6.89) 
24 13.12 (7.45) 12.27 (7.32) -29.76 (10.32)AB -30.69 (9.92)AB 42.89 (6.98) 42.96 (7.50) 
28 12.87 (7.37) 12.93 (7.04) -27.92 (10.47)A -28.68 (10.24)A 40.79 (7.39) 41.61 (7.62) 
32 13.21 (7.30) 12.70 (7.29) -25.63 (10.39)B -26.83 (12.04)B 38.84 (10.08) 39.53 (9.88) 

T7 20 38.61 (7.51)CD 39.56 (8.31)CD -39.37 (8.94) -39.52 (10.15) 77.98 (9.12) 79.08 (10.01) 
24 40.43 (6.65)E 41.32 (7.53)E -39.87 (9.91)GH -40.08 (10.92)GH 80.31 (9.27) 81.40 (10.07) 
28 41.50 (6.33)CF 42.55 (7.48)C -37.62 (10.82)G -38.04 (12.31)G 79.13 (9.22) 80.59 (10.12) 
32 42.92 (6.15)DEF 43.47 (7.56)DE -36.02 (11.63)H -36.60 (13.13)H 78.94 (10.57) 80.07 (11.63) 

L1 20 36.88( 6.79) 37.38 (7.25) -35.81 (8.00) -36.15 (7.86) 72.70 (7.97) 73.53 (8.63) 
24 37.89 (5.82) 38.57 (5.95) -37.59 (9.15) -37.91 (8.99) 75.48 (8.12) 76.48 (8.48) 
28 38.63 (5.01) 39.24 (5.11) -36.12 (9.54) -36.41 (9.61) 74.74 (7.58) 75.65 (8.03) 
32 39.32 (4.54) 39.71 (4.38) -34.53 (10.77) -34.99 (10.66) 73.85 (9.03) 74.70 (9.46) 

S2 20 28.07 (8.25) 25.23 (6.53) -29.67 (9.30) -27.42 (12.07) 57.74 (12.53) 52.65 (17.10) 
24 26.80 (6.98) 24.22 (6.62) -31.31 (8.69) -29.91 (13.52) 58.11 (11.96) 54.14 (18.88) 
28 25.38 (6.19) 22.41 (6.91) -30.10 (6.97) -29.84 (10.22) 55.48 (9.26) 52.25 (15.75) 
32 27.42 (8.81) 25.88 (13.93) -30.18 (7.46) -27.73 (12.55) 57.60 (11.72) 53.61 (19.42) 

AT1 Step 24 minima are significantly greater than Step 28 minima for GS (p = 0.002, d = 2.01 [large]) and IMU (p = 0.001, d = 2.37 [large]) 
BT1 Step 24 minima are significantly greater than Step 32 minima for GS (p = 0.009, d = 1.45 [large]) and IMU (p = 0.009, d = 1.44 [large]) 
CT7 Step 20 maxima are significantly smaller than Step 28 maxima for GS (p = 0.036, d = 1.57 [large]) and IMU (p = 0.046, d = 1.49 [large]) 
DT7 Step 20 maxima are significantly smaller than Step 32 maxima for GS (p = 0.008, d = 2.13 [large]) and IMU (p = 0.035, d = 1.58 [large]) 
ET7 Step 24 maxima are significantly smaller than Step 32 maxima for GS (p = 0.004, d = 2.41 [large]) and IMU (p = 0.043, d = 1.51 [large]) 
FT7 Step 28 maxima are significantly smaller than Step 32 maxima for GS (p = 0.041, d =1.52 [large]) 
GT7 Step 24 minima are significantly greater than Step 28 minima for GS (p = 0.03, d = 1.63 [large]) and IMU (p = 0.038, d = 1.00 [large]) 
HT7 Step 24 minima are significantly greater than Step 32 minima for GS (p = 0.017, d = 1.83 [large]) and IMU (p = 0.013, d = 1.31 [large])
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Figure 1: Coordinate system used to analyse the orientation data, shown here in (a) 3D 

perspective and (b) the side view. The retro-reflective markers (grey circles) define the sensor's 

XY plane. We define the angle with respect to the vertical as the angle between the lab’s Z axis 

and the sensor’s Y axis, indicated here as θ. 

 

Figure 2: The gold-standard (GS) angles and IMU angles at (a) T1 (RMSE = 3.04°), (b) T7 

(RMSE = 1.02°, (c) L1 (RMSE = 0.71°), and (d) S2 (RMSE = 3.57°). This was for a stroke 

rate of 20 strokes per minute for one participant. 

 

Figure 3: The gold-standard (GS) angles and IMU angles at (a) T1 (RMSE = 3.51°), (b) T7 

(RMSE = 1.04°), (c) L1 (RMSE = 0.73°), and (d) S2 (RMSE = 3.54°). This was for a stroke 

rate of 24 strokes per minute for one participant. 

 

Figure 4: The gold-standard (GS) angles and IMU angles at (a) T1 (RMSE = 3.65°), (b) T7 

(RMSE = 1.10°), (c) L1 (RMSE = 0.83°), and (d) S2 (RMSE = 2.97°). This was for a stroke 

rate of 28 strokes per minute for one participant. 

 

Figure 5: The gold-standard (GS) angles and IMU angles at (a) T1 (RMSE = 3.17°), (b) T7 

(RMSE = 1.07°), (c) L1 (RMSE = 0.91°), and (d) S2 (RMSE = 3.65°). This was for a stroke 

rate of 32 strokes per minute for one participant. 

 

 

 


