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WITHIN- AND BETWEEN-SESSION RELIABILITY OF A PEDAL FORCE 
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Abstract
Purpose. The study assessed within- and between-session reliability of power output (PO) and pedal force effectiveness 
and compared PO from the pedals with the Lode Excalibur cycle ergometer.
Methods. Seventeen male cyclists performed 10 trials at 3 levels of PO (1.5, 2.5, and 3.5 W/kg) and 3 cadences (60, 80, 
and 100 rpm) in 2 sessions. Instrumented pedals and a portable motion tracking system were synchronized to collect pedal 
forces and 3D full body motion, respectively. PO and the index of effectiveness (IE) were compared within and between 
sessions for the pedals while PO was compared with the Lode Excalibur.
Results. Good agreement was observed for PO within sessions whilst right and left pedal IEs were moderate. Between-
session reliability ranged from poor to good for PO measured from the pedals, and reliability for IE ranged from poor to 
good. Significant differences in PO were observed between the pedals and the Lode Excalibur ergometer (17–50 W).
Conclusions. The customized system to measure pedal forces was reliable within a given session for measuring IE and 
PO but variability in data increased in the second session, potentially because of the repositioning of the motion tracking 
sensors. Validity in measuring PO from the pedals without the use of the crank encoder is questionable.
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Introduction

Performance in endurance cycling and triathlon 
has been evaluated by using power output because of 
the strong reliability of this measure [1, 2]. Power me-
ters have been designed to measure power output at 
crank sets, crank arms, or wheel hubs. More recently, 
power output has been measured by instrumented 
pedals that enable per-leg assessment of power pro-
duction, which provides information on asymmetries 
in power output during cycling. Although instrumented 
pedals have been used in biomechanics laboratories 
for many years [3–6], their availability as commer-
cial products is more recent. These commercial sys-
tems have shown to be accurate in comparison with 
the SRM power meter, often used as a gold standard 
[7–12].

A limitation of most pedal-based power meters is 
that they only provide data on power output, which 
therefore does not allow adequate assessment of ped-

alling technique. Traditionally, pedalling technique 
has been evaluated by the ability of cyclists to transfer 
force from the pedals in a way that helps to rotate the 
pedals in favour of the crank movement. The most 
often used measure to translate this ability for cyclists 
is the index of effectiveness (IE), defined as the ratio 
between the impulse from the effective force (i.e. force 
perpendicular to the crank) and the impulse from the 
total force applied to the pedals [13–16]. Better tech-
nique (i.e. larger transfer of force to the cranks) has 
been associated with larger IE values (which range 
from 0 to 100%). Using a different approach, commer-
cial power meters (i.e. Garmin Vector, Favero Assioma, 
Inpeak Powercrank) enable the assessment of tech-
nique via torque effectiveness, which is calculated as 
a difference between positive and negative torques (i.e. 
evenness of torques) [14].

More recently, commercial pedals have provided 
measurements of force throughout the crank cycle, 
which allows improved assessment of pedalling tech-
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nique. The benefit in measuring force is that it enables 
the assessment of true effectiveness, in comparison 
with torque effectiveness, because peak torque and 
peak pedal forces are not often time-aligned during 
the crank cycle [17]. Among the options on the mar-
ket, the I-Crank system (Sensix, France) also enables 
synchronization of pedal force with motion capture 
systems, which allows the extraction of additional meas-
ures from the movement (e.g. joint torques). However, 
one limitation of this system is that it does not pro-
vide a crank angular sensor that would fit into most 
cycle ergometers. As an example, the Lode Excalibur 
[7, 18] and the Wattbike ergometers [19] have been 
used in many exercise physiology studies but are in-
compatible with the crank sensor provided by Sensix. 
Therefore, movement data must be gathered by motion 
analysis systems, which potentially reduces the reli-
ability of measures taken from these pedals because 
of different sample rates from multiple sensors. This 
method requires large accuracy in data acquisition 
and handling to ensure that both data sets (i.e. force 
and motion) are optimally time-aligned, particularly 
when calculations of joint torques are required.

In order to employ a system that would allow meas-
urements of performance (i.e. power output and tech-
nique) and clinical related measures from cyclists (i.e. 
joint forces) during intervention studies (i.e. measure-
ments across multiple sessions), this study assessed 
the within- and between-session reliability of power 
output and pedalling technique (from IE measures). 
A comparison with power output from the Lode Ex-
calibur allowed to explore the potential accuracy from 
this customized system in comparison with prior evi-
dence on the accuracy of the I-Crank system in meas-
uring crank torque [20].

Material and methods

Study design

The study used a cross-sectional randomized com-
parative design. The participants attended 2 laboratory 
sessions which involved cycling at 3 predetermined 
power outputs and cadences, in random order. Data 
from the instrumented pedals were collected simulta-
neously with motion data and with power output from 
the cycle ergometer.

Participants

A total of 17 male cyclists, ranging from recreational 
(3) to national competitive (14), without musculoskele-

tal or neurological diseases participated in the study. 
At the time of the study, they were characterized by 
24 ± 5.9 years of age, 75 ± 8 kg of body mass, 181 ± 
6 cm of stature, and 6 ± 2.1 years of racing experience. 
The cyclists were provided with full information on 
the study.

Protocol

The cyclists’ bicycles were measured in the first 
session (i.e. saddle height, bar drop, fore-back saddle 
position, and handlebar reach) and replicated in the 
cycle ergometer (Excalibur Sport, Lode, Netherlands). 
In order to enable motion-related measurements, an-
thropometric data were collected from each cyclist, 
in accordance with guidelines from the motion tracking 
system manufacturer (Xsens, Netherlands). Stature, 
arm span, foot length, ankle height, knee height, hip 
width, and shoulder width were measured on the right 
side of the body of each cyclist. Overall, 15 wireless 
sensors (MVN Awinda; Xsens, Netherlands) were at-
tached to predefined body segments, as described by 
the manufacturer, prior to a static pose calibration.

The cyclists were positioned on the cycle ergometer 
and warmed up for 10 min at 100 W at a self-selected 
pedalling cadence. During the warm-up, they were 
familiarized with the visual feedback of their pedal-
ling cadence so they could control it at ± 2 rpm during 
all trials. The cyclists performed 1 trial of 1-min cycling 
at 9 randomized combinations of power outputs (1.5, 
2.5, and 3.5 W/kg) and pedalling cadences (60, 80, 
and 100 rpm). With a prior study using approximately 
2.4 W/kg [21], we expanded the power output to a lower 
intensity (1.5 W/kg) and a higher intensity (3.5 W/kg). 
The cycle ergometer was manually configured in the 
constant wattage mode which allowed for wheel re-
sistance to be constantly modulated once pedalling 
cadence was changed in order to sustain a fixed power 
output. The first trial was repeated at the end of the 
session to assess within-session variability of outcomes. 
After 2–7 days, the cyclists returned to the laboratory 
to perform the same protocol in a new random order 
in an attempt to keep learning effects between sessions 
minimized. The participants were allowed to use their 
own shoes and cleats (i.e. Shimano) during all trials 
in both sessions.

Data collection

A pair of instrumented pedals were attached to the 
cycle ergometer (I-Crankset system, Sensix, France) 
and controlled by the manufacturer software to col-
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lect 3D pedal force data at 300 Hz. In parallel, the 
motion tracking system collected data at 60 Hz using 
the manufacturer software (MVN Studio v.4.4, Xsens, 
Netherlands). The Xsens system has been shown ac-
curate in measuring joint angles for a range of activi-
ties [22–24], with a standard error of measurement 
smaller than 5° when compared with an optoelec-
tronic system [23]. Both systems were off-line syn-
chronized by using a TTL trigger signal sent from the 
motion tracking system to the instrumented pedals 
software and data were collected during the last 20 s 
of each trial.

Data analysis

Data were exported from the pedal force and mo-
tion tracking systems and imported into customized 
software in MATLAB (R2018b, MathWorks, USA) for 
further analysis. Pedal forces and 3D motion were 
smoothed by using a second-order zero lag low pass 
Butterworth filter with cut-off frequencies of 10 Hz and 
6 Hz, respectively. The motion tracking system pre-
dicted bony landmarks from the segmentation used to 
derive the biomechanical model. For the analysis of 
pedal motion (in order to calculate forces transferred 
to the cranks), the predicted foot and heel centres were 
applied to determine the angular inclination of the foot-
pedal in relation to the global coordinate system. The 
predicted foot centre was also used to estimate the top 
of the crank cycle because of the clip-in system utilised 
by all cyclists, similar to methods applied in prior 

studies [25, 26]. The shoe-pedal offset from the cleat 
attachment was measured with a goniometer and cor-
rected for calculations of foot-pedal angle (i.e. 5°). This 
allowed the selection of 10 consecutive crank cycles 
for the analysis of IE (as described by LaFortune and 
Cavanagh [16]) and power output. Once crank torque 
was calculated (using pedal transfer force via foot-
pedal angle measurements), angular velocity was de-
termined from the 10 cycles from average pedalling 
cadence, which enabled calculations of mean power 
output for each full crank cycle. Mean IE and power 
output from the 10 crank cycles were then converted 
into a mean value per trial for each cyclist. The sequence 
from data extraction to processing is illustrated in 
Figure 1.

Statistical analysis

Intra-class correlation coefficients (ICC) were used 
to assess the reliability of the data between sessions, 
for the pedal force system (i.e. IE and power output), 
and within sessions, for the pedal force system and 
the cycle ergometer (power output only, manually reg-
istered from the ergometer head unit). For comparisons 
between systems (pedals vs. cycle ergometer), data from 
both sessions were collated for each combination of 
power output and pedalling cadence. Typical errors 
were calculated for all comparisons (within and be-
tween sessions and between systems) as the ratio be-
tween the standard deviation of the differences and 

Figure 1. Diagram illustrating the customized system to measure power output and index of effectiveness.  
Arrows and insets show the sequence of the data for calculations of the intended outcomes
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the square root of 2 [27]. Student’s t-tests were em-
ployed to assess differences within and between ses-
sions (pedals only) and in relation to the cycle ergometer 
(power output only) along with Cohen’s effect sizes (d). 
ICCs were ranked as poor (0–0.5), moderate (0.5–0.75), 
good (0.75–0.90), and excellent (> 0.9) [28], whilst Co-
hen’s d was ranked as trivial (0–0.25), small (0.25–0.5), 
moderate (0.5–0.80), and large (> 0.80) [29].

Ethical approval
The research related to human use has complied 

with all the relevant national regulations and institu-
tional policies, has followed the tenets of the Declara-
tion of Helsinki, and has been approved by the ethics 
committee from La Trobe University (HEC17-085).

Informed consent
Informed consent has been obtained from all indi-

viduals included in this study.

Table 1. Within-session reliability of power output and index of effectiveness measured by instrumented pedals.  
Typical errors (TE) and intra-class correlation coefficients (ICC) are presented for comparisons between trials

Power output Right index of effectiveness Left index of effectiveness

First trial 198 ± 72 W 54 ± 8% 56 ± 6%
Last trial 201 ± 65 W 54 ± 6% 56 ± 5%
Difference 2 ± 23 W (3 ± 14%) 1 ± 4% < 1 ± 4%
p 0.61 0.26 0.73
Cohen’s d 0.04 (trivial) 0.12 (trivial) 0.05 (trivial)
TE 16 W (10%) 2% 3%
ICC 0.94 (good) 0.88 (moderate) 0.78 (moderate)

Table 2. Between-session reliability of power output and index of effectiveness measured by instrumented pedals  
for different combinations of power outputs (1.5, 2.5, and 3.5 W/kg) and pedalling cadences (60, 80, and 100 rpm). 

Typical errors (TE) and intra-class correlation coefficients (ICC) are presented for comparisons between sessions

Power output Right index of effectiveness Left index of effectiveness

1.5 W/kg – 60 rpm
Session 1 107 ± 18 W 51 ± 5% 53 ± 4%
Session 2 113 ± 19 W 51 ± 4% 53 ± 3%
Difference < 1 ± 10 W (< 1 ± 9%) 3 ± 1% 2 ± 2%
p 0.48 0.42 0.89
Cohen’s d 0.33 (small) 0.35 (small) 0.06 (trivial)
TE 4 W (4%) 1% 1%
ICC 0.94 (good) 0.98 (good) 0.90 (good)

2.5 W/kg – 60 rpm
Session 1 165 ± 30 W 54 ± 7% 58 ± 8%
Session 2 165 ± 12 W 58 ± 5% 59 ± 4%
Difference 16 ± 8 W (9 ± 4%) 5 ± 5% 6 ± 6%
p 0.93 0.23 0.63
Cohen’s d 0.04 (trivial) 0.60 (moderate) 0.22 (trivial)
TE 20 W (14%) 3% 5%
ICC 0.41 (poor) 0.71 (moderate) 0.48 (poor)

Results

Within-session reliability

Good agreement was observed for power output 
within sessions whilst right and left pedal IE values 
were moderate. Differences were trivial and non-sig-
nificant for power output and for IE (Table 1).

Between-session reliability

Between-session reliability ranged from poor to 
good for power output measured from the pedals. Dif-
ferences ranged from trivial to moderate and were not 
significant between sessions. Reliability for IE ranged 
from poor to good, with differences being trivial to 
large. The trial at 3.5 W/kg – 60 rpm resulted in sig-
nificant differences between sessions for the right pedal 
(Table 2).
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3.5 W/kg – 60 rpm
Session 1 232 ± 50 58 ± 5% 62 ± 6%
Session 2 258 ± 65 65 ± 6% 66 ± 5%
Difference 31 ± 55 W (17 ± 29%) 7 ± 8% 5 ± 6%
p 0.37 0.02* 0.26
Cohen’s d 0.46 (small) 1.31 (large) 0.54 (moderate)
TE 39 W (20%) 6% 4%
ICC 0.50 (moderate) 0.09 (poor) 0.52 (moderate)

1.5 W/kg – 80 rpm
Session 1 127 ± 22 W 47 ± 5% 51 ± 3%
Session 2 128 ± 9 W 51 ± 5% 52 ± 3%
Difference 7 ± 10 W (6 ± 8%) 4 ± 4% 2 ± 4%
p 0.89 0.06 0.46
Cohen’s d 0.06 (trivial) 0.83 (large) 0.32 (small)
TE 7 W (6%) 3% 3%
ICC 0.87 (good) 0.72 (moderate) 0.34 (poor)

2.5 W/kg – 80 rpm
Session 1 187 ± 33 W 51 ± 6% 56 ± 4%
Session 2 199 ± 32 W 54 ± 5% 56 ± 4%
Difference 15 ± 22 W (8 ± 13%) 3 ± 4% 2 ± 2%
p 0.44 0.23 0.73
Cohen’s d 0.35 (small) 0.55 (moderate) 0.15 (trivial)
TE 16 W (9%) 3% 2%
ICC 0.75 (moderate) 0.66 (moderate) 0.86 (good)

3.5 W/kg – 80 rpm
Session 1 238 ± 41 W 55 ± 4% 59 ± 4%
Session 2 256 ± 20 W 58 ± 4% 60 ± 2%
Difference 34 ± 49 W (16 ± 25%) 4 ± 5% 3 ± 4%
p 0.22 0.13 0.46
Cohen’s d 0.60 (moderate) 0.82 (large) 0.36 (small)
TE 35 W (18%) 3% 3%
ICC 0.05 (poor) 0.31 (poor) 0.54 (moderate)

1.5 W/kg – 100 rpm
Session 1 162 ± 31 W 47 ± 5% 51 ± 3%
Session 2 170 ± 43 W 49 ± 5% 52 ± 5%
Difference 3 ± 41 W (< 1 ± 25%) 2 ± 4% 2 ± 5%
p 0.73 0.35 0.72
Cohen’s d 0.22 (trivial) 0.42 (small) 0.17 (trivial)
TE 29 W (18%) 3% 4%
ICC 0.34 (poor) 0.67 (moderate) 0.20 (poor)

2.5 W/kg – 100 rpm
Session 1 217 ± 38 W 51 ± 6% 55 ± 4%
Session 2 231 ± 27 W 54 ± 5% 57 ± 4%
Difference 25 ± 57 W (13 ± 29%) 3 ± 5% 3 ± 6%
p 0.41 0.35 0.48
Cohen’s d 0.43 (moderate) 0.53 (moderate) 0.40 (small)
TE 41 W (20%) 4% 4%
ICC 0.76 (good) 0.55 (moderate) 0.11 (poor)

3.5 W/kg – 100 rpm
Session 1 259 ± 47 W 53 ± 6% 57 ± 6%
Session 2 281 ± 22 W 55 ± 4% 59 ± 3%
Difference 31 ± 51 W (13 ± 21%) 1 ± 3% 3 ± 5%
p 0.17 0.49 0.36
Cohen’s d 0.66 (moderate) 0.34 (small) 0.43 (small)
TE 36 W (15%) 2% 3%
ICC 0.23 (poor) 0.83 (good) 0.60 (moderate)

* significant difference between sessions
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Table 3. Comparison for power output measured by the instrumented and the Lode Excalibur cycle ergometer  
for different combinations of power outputs (1.5, 2.5, and 3.5 W/kg) and pedalling cadences (60, 80, and 100 rpm). 

Typical errors (TE) and intra-class correlation coefficients (ICC) are presented for comparisons between pedals and Lode

Pedals Lode

1.5 W/kg – 60 rpm
Power output 110 ± 18 W 111 ± 10 W
Difference 1 ± 11 W (2 ± 9%)
p 0.54
Cohen’s d 0.10 (trivial)
TE 7 W (6%)
ICC 0.75 (moderate)

2.5 W/kg – 60 rpm
Power output 165 ± 21 W 182 ± 13 W
Difference 17 ± 16 W (10 ± 9%)
p 0.02*
Cohen’s d 0.96 (large)
TE 11 W (6%)
ICC 0.61 (moderate)

3.5 W/kg – 60 rpm
Power output 245 ± 58 W 264 ± 38 W
Difference 19 ± 34 W (8 ± 12%)
p 0.26
Cohen’s d 0.42 (moderate)
TE 24 W (9%)
ICC 0.72 (moderate)

1.5 W/kg – 80 rpm
Power output 127 ± 15 W 109 ± 10 W
Difference 18 ± 14 W (17 ± 14%)
p 0.01*
Cohen’s d 1.20 (large)
TE 10 W (10%)
ICC 0.48 (poor)

2.5 W/kg – 80 rpm
Power output 193 ± 32 W 185 ± 18 W
Difference 8 ± 24 W (4 ± 14%)
p 0.46
Cohen’s d 0.30 (small)
TE 18 W (10%)
ICC 0.54 (moderate)

Pedals Lode

3.5 W/kg – 80 rpm
Power output 247 ± 30 W 255 ± 13 W
Difference 9 ± 27 W (3 ± 10%)
p 0.52
Cohen’s d 0.29 (small)
TE 19 W (7%)
ICC 0.39 (poor)

1.5 W/kg – 100 rpm
Power output 166 ± 37 W 115 ± 13 W
Difference 50 ± 30 W (43 ± 24%)
p < 0.01*
Cohen’s d 1.35 (large)
TE 21 W (17%)
ICC 0.41 (poor)

2.5 W/kg – 100 rpm
Power output 223 ± 33 W 182 ± 9 W
Difference 41 ± 30 W (23 ± 17%)
p 0.01*
Cohen’s d 1.29 (large)
TE 22 W (12%)
ICC 0.36 (poor)

3.5 W/kg – 100 rpm
Power output 270 ± 34 W 251 ± 15 W
Difference 19 ± 34 W (12 ± 13%)
p 0.28
Cohen’s d 0.78 (moderate)
TE 24 W (9%)
ICC 0.34 (poor)

* significant difference between the pedals and the Lode 
ergometer

Cycle ergometer comparison

Agreement in power output measures between the 
pedals and the cycle ergometer ranged from poor to 
moderate (Table 2). Differences between systems ranged 
from trivial to large. Trials at 2.5 W/kg – 60 rpm, 
1.5 W/kg – 80 rpm, 1.5 W/kg – 100 rpm, and 2.5 W/kg 
– 100 rpm presented significant differences between 
systems (Table 3).

Discussion

The present study assessed within- and between-
session reliability of power output and pedalling tech-
nique and compared power output measured by a cus-
tomized system with a cycle ergometer. The agreement 
in power output measured by the pedals in relation 
to the cycle ergometer was also analysed. The results 
indicated that measures from the customized pedal 
force-motion tracking system were generally reliable 
within sessions, but the reliability reduced in com-
parison with a second session. The comparison of power 
output with the cycle ergometer indicated that agree-
ment was reduced, and differences were larger than 
those observed in prior studies [7, 12]. These findings 
are new as they provide evidence that customized sys-
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tems to measure power output and pedalling technique 
should be used carefully. The main consideration for 
reduced reliability is the combination of different sen-
sors with varying procedures for users. For the com-
parison performed in this study between pedals and 
the cycle ergometer, the absence of measurements of 
pedal and crank angles by using built-in encoders may 
have been an important component of differences. Of 
particular attention, portable technology, such as the 
motion tracking system applied in this study, should 
be used wisely as these systems tend to be sensitive 
to environmental (e.g. magnetic field) and user inter-
ference. Given that Van Praagh et al. [30] suggested that 
the technical error for power output measures from 
exercise ergometers should be less than 5%, the system 
employed in this study was considered only reliable 
for comparison of data within a given session.

Within-session reliability

Differences within a given session were expected 
to be lower than those between different sessions be-
cause of different elements. The first element involves 
the variability of cyclists in reproducing their pedalling 
technique, which has been shown to vary by 5–14% 
for pedal force measures [31]. However, the propor-
tion of overall variability from movement patterns and 
from errors in equipment is unclear. Trained cyclists 
have been shown to vary their IE by 7.7–12.4% within 
the same session [32], which is related to the potential 
existence of 4 synergies that control muscle activation 
during cycling [33]. Therefore, differences between 
trials observed in the present study were lower than 
prior findings, which suggests that our cyclists were 
consistent in their pedalling pattern and that the cus-
tomized pedal force-motion tracking system was ca-
pable of detecting differences of > 4% in IE within the 
same session.

For power output, differences were larger than the 
variability observed in elite cyclists (i.e. 2%) when per-
forming constant-load testing [34]. The larger varia-
bility in our results may be due to our cyclists being 
competitive, which could reduce their consistency in 
comparison with elite cyclists. In addition, the true 
variability of the cycle ergometer in controlling power 
output was uncertain. When using the constant watt-
age more, the ergometer modulated the wheel resistance 
whenever pedalling cadence was changed. From ob-
servations during data collection and other testing, 
we found that the ergometer seemed to lag 1–2 s be-
fore changing the resistance when cadence deviated 
from targeted values. Further investigation is required 

to determine the threshold used by the ergometer to 
control wheel resistance, which would help understand 
the expected variability in moment of inertia when the 
angular velocity changes.

Between-session reliability

Differences in power output and IE increased when 
compared with the second session. Pedal forces and 
IE were expected to vary by 5–14% between sessions 
because of similar elements as in the within-session 
analysis (i.e. variability in technique) [31]. Unfortu-
nately, no study has assessed trained cyclists for such 
a comparison. This is important as coaches and prac-
titioners more often use motion analysis technology 
to assess changes in pedalling technique from training, 
or to determine the effectiveness of bike fitting in 
changing pedalling patterns.

As most of the clinical-based commercial systems 
now rely on portable/wearable sensors, our study pro-
vides information for the assessment of reliability of 
such systems in clinical practice. Unfortunately, for 
power output, most trials have shown between-ses-
sion variability larger than suggested previously [30], 
which limits the use of these systems to detect large 
changes. For performance monitoring, the customized 
pedal force-motion tracking system would not be able 
to detect improvements from interventions (i.e. between 
sessions) in power output lower than 20% for some 
trials. For pedalling technique, changes less than 4% 
would not be detectable, which is lower than findings 
from prior studies employing technique-oriented in-
terventions [35, 36].

A potential source of difference, particularly for 
wearable technology, involves the position of sensors on 
the body. The motion tracking system used in this 
study provided generic instructions on how sensors 
should be positioned in relation to anatomical land-
marks, which in our view increased the likelihood of 
differences in measurements whenever the sensors 
were repositioned. A prior study observed that this 
could be the case for vertical jumps [37], which con-
flicted with another study, looking at walking gait [38]. 
Further research is required to assess the extent of the 
variability in other measures, such as joint angles, 
moments, and forces, and to determine if the use of a 
baseline trial for data normalization could reduce the 
between-participant variability between sessions. This 
normalization would allow comparisons in relation 
to a given combination of power output and pedalling 
cadence, similar to analysis of electromyographic data 
in cycling [39].
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Cycle ergometer comparison

The results from this study showed that power out-
put measured by the customized pedal force-motion 
tracking system was substantially different from the 
pre-set power output from the cycle ergometer. Al-
though the Lode Excalibur ergometer has been widely 
used for measurements of power output [7, 18] and 
torque [40], we were unable to find studies on the va-
lidity of these measures taken from a calibration rig, 
which is the gold standard in assessing accuracy of 
power meters [41]. Therefore, a proportion of the dif-
ferences between pedals and the cycle ergometer could 
be due to the previously referred instantaneous con-
trol of the wheel resistance when cadence fluctuated. 
This could have inflated the differences between sys-
tems to an unknown extent.

Along this line of reasoning, a portion of the differ-
ences could have relied on the methods used for de-
riving foot-pedal angles, which are critical for calculat-
ing crank torque and power. We extracted predicted 
body landmarks from the motion tracking system to 
determine the inclination of the foot-pedal in the global 
coordinate system throughout the crank cycle. These 
predicted landmarks have not been compared with 
a camera-based system for accuracy. Therefore, varia-
bility in predicting the foot-pedal position in the soft-
ware modelling could have influenced our precision 
in determining the magnitude of force transferred from 
the pedals to the cranks, which largely affects crank 
torque. The fact that the angular velocity was derived 
from pedalling cadence should have had a small effect 
on force transmission. Although the pedal force system 
has built-in pedal encoders, data from these devices 
were not reliable when the crank encoder was not ap-
plied. This limitation requires the use of an external 
sensor for foot-pedal-crank motion, which can be prone 
to errors, as shown by our data.

Another possible factor in calculations of power 
output was related to the magnetic field from the cy-
cle ergometer. The foot sensors detected some mag-
netic interference, which affected the biomechanical 
model. The updated version of the motion tracking 
system has shown improved results in terms of mag-
netic interference for over-ground walking gait [42] 
but further studies are needed to assess its use with 
other devices that could produce magnetic interference 
(e.g. exercise equipment, ergometers).

Limitations

Data from this study were limited to a certain ex-
tent. The protocol was designed to cover a reasonable 

range of power outputs and cadences but we were 
unable to perform sprints. In addition, further studies 
should assess if changes in body position on the bicycle 
(e.g. standing) would influence measurements of power 
outputs within and between sessions as a result of an 
increase in degrees of freedom. We were also unable 
to use a validated power meter (e.g. SRM) to ascertain 
true differences in power output from the customized 
pedal force-motion tracking system. It would be ben-
eficial to adapt the customized system for outdoor use 
(e.g. tracks) as this would provide real-time feedback 
for cyclists and coaches during training sessions.

Conclusions

A customized system to measure pedal forces that 
employed different sensors was reliable within a given 
session for measurements of pedalling technique and 
power output. However, variability in data increased 
in a second session, with differences in power output in 
relation to the cycle ergometer limiting the use of this 
system for intervention studies whenever motion track-
ing sensors would have to be repositioned. Significant 
differences in power output between the pedals and the 
cycle ergometer also preclude the use of the pedals to 
monitor power output during training interventions.
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