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A B S T R A C T   

Effective ground contact (tce) and flight (tfe) times were proven to be more appropriate to decipher the landing- 
take-off asymmetry of running than usual ground contact (tc) and flight (tf ) times. To measure these effective 
timings, force plate is the gold standard method (GSM), though not very portable overground. In such situation, 
alternatives could be to use portable tools such as inertial measurement unit (IMU). Therefore, the purpose of this 
study was to propose a method that uses the vertical acceleration recorded using a sacral-mounted IMU to es
timate tce and tfe and to compare these estimations to those from GSM. Besides, tce and tfe were used to evaluate 
the landing-take-off asymmetry, which was further compared to GSM. One hundred runners ran at 9, 11, and 13 
km/h. Force data (200 Hz) and IMU data (208 Hz) were acquired by an instrumented treadmill and a sacral- 
mounted IMU, respectively. The comparison between GSM and IMU method depicted root mean square error 
≤22 ms (≤14%) for tce and tfe along with small systematic biases (≤20 ms) for each tested speed. These errors are 
similar to previously published methods that estimated usual tc and tf . The systematic biases on tce and tfe were 
subtracted before calculating the landing-take-off asymmetry, which permitted to correctly evaluate it at a group 
level. Therefore, the findings of this study support the use of this method based on vertical acceleration recorded 
using a sacral-mounted IMU to estimate tce and tfe for level treadmill runs and to evaluate the landing-take-off 
asymmetry but only after subtraction of systematic biases and at a group level.   

1. Introduction 

Back in 1988, Cavagna et al. (1988) defined two key running pa
rameters denoted as effective ground contact (tce) and flight (tfe) times. 
They differ from the usual ground contact (tc) and flight (tf ) times by the 
fact that tce and tfe correspond to the amount of time where the vertical 
ground reaction force is above and below body weight, respectively, 
rather than where the foot is in contact with the ground or not (Cavagna 
et al., 2008a). These effective timings were proven to be more appro
priate to decipher the landing-take-off asymmetry of running than the 
usual timings (i.e., tc and tf ) (Cavagna, 2006; Cavagna et al., 2008a, b). 

These two parameters are usually obtained from effective foot-strike 
(eFS) and toe-off (eTO) events, i.e., when vertical ground reaction force 

goes over and below body weight, respectively. To obtain such events, 
the use of force plates is considered as the gold standard method (GSM). 
However, force plates are not always available and not very portable 
overground (Abendroth-Smith, 1996; Maiwald et al., 2009). To over
come such limitation, gait events detection methods were developed 
using inertial measurement units (IMU) (Chew et al., 2018; Day et al., 
2021; Falbriard et al., 2018, 2020; Flaction et al., 2013; Giandolini et al., 
2016; Giandolini et al., 2014; Gindre et al., 2016; Lee et al., 2010; Moe- 
Nilssen, 1998; Norris et al., 2014). Amongst them, a natural choice is a 
sacral-mounted IMU, the reason being that such placement approxi
mates the location of the center of mass (Napier et al., 2020). 

On the one hand, Flaction et al. (2013) determined effective timings 
using the Myotest® but did not explicitly mentioned the exact procedure 
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to go from raw IMU data to effective timings. Moreover, the Myotest® 
outcomes were compared to tc and tf from photocell- and optical-based 
systems instead of tce and tfe from GSM, leading to an “unusable” validity 
assessment (Gindre et al., 2016). On the other hand, Day et al. (2021) 
calculated tc and tf from usual foot-strike and toe-off events obtained 
using a 0 N threshold applied to an estimation of the vertical ground 
rection force (using Newton’s second law of motion). However, the 
authors did not attempt to calculate tce and tfe. Nonetheless, they showed 
that a 5 Hz low-pass filter was resulting in the best correlation between tc 
obtained from GSM and their method, though mentioning that more 
research investigating the effect of different filtering methods is needed. 
For this reason, the purpose of this study was to estimate tce and tfe using 
a different filtering method than the one proposed by Day et al. (2021), i. 
e., a Fourier series truncated to 5 Hz instead of a 5 Hz low-pass filter, to 
filter the sacral-mounted IMU data (IMU method; IMUM) and to 
compare these estimations to those from GSM. Besides, estimated tce and 
tfe were used to evaluate the landing-take-off asymmetry of running and 
compare it to that obtained using GSM. 

2. Materials and methods 

2.1. Participant characteristics 

Hundred recreational runners, 74 males (age: 30 ± 8 years, height: 
180 ± 6 cm, body mass: 71 ± 7 kg, and weekly running distance: 37 ±
22 km) and 26 females (age: 30 ± 7 years, height: 169 ± 5 cm, body 
mass: 61 ± 6 kg, and weekly running distance: 22 ± 16 km) voluntarily 
participated in this study. For study inclusion, participants were 
required to do not have current or recent lower-extremity injury 
(≤1month). The study protocol was approved by the local Ethics Com
mittee (CER-VD 2020–00334) and each participant gave written 
informed consent. 

2.2. Experimental procedure and data collection 

After providing written informed consent, an IMU of 9.4 g (Move
sense, Vantaa, Finland) was firmly attached to the sacrum at the 
midpoint between the posterior superior iliac spinae (Fig. 1) using an 
elastic strap belt (Movesense, Vantaa, Finland). Then, a 7-min warm-up 
run (9–13 km/h) was performed on an instrumented treadmill (Arsalis 
T150–FMT-MED, Louvain-la-Neuve, Belgium), followed by three 1-min 
runs (9, 11, and 13 km/h) performed in a randomized order. Three- 
dimensional (3D) kinetic and IMU data were collected during the first 
10 strides following the 30-s mark of running trials. 

3D kinetic data were collected at 200 Hz using the force plate 
embedded into the treadmill and Vicon Nexus software v2.9.3 (Vicon, 
Oxford, United-Kingdom), and processed in Visual3D Professional soft
ware v6.01.12 (C-Motion, Germantown, USA). Ground reaction forces 
were interpolated using a third-order polynomial least-square fit algo
rithm and low-pass filtered at 20 Hz using a fourth-order Butterworth 
filter (Swinnen et al., 2021). 

IMU data were collected at 208 Hz (manufacturing specification) 
with a saturation range of ± 8 g, and using an iPhone SE (Apple, 
Cupertino, USA) and a home-made iOS application that communicated 
with the IMU via Bluetooth. During each running trial, the iPhone was 
kept close to the participant (≤1 m) to avoid losing the Bluetooth 
connection. Kinetic and IMU data were not exactly synchronized 
(Fig. 2). 

2.3. Gold standard method 

eFS and eTO were identified within Visual3D by applying a body 
weight threshold to the vertical ground reaction force (Cavagna et al., 
1988). Then, tce was given by the time between eFS and eTO while tfe by 

Fig. 1. The Movesense inertial measurement unit attached to the sacrum of a 
representative participant using an elastic strap belt. 

Fig. 2. Vertical ground reaction force (Fz) obtained using force plate (gold 
standard; solid line) and inertial measurement unit (IMU; raw: dotted line and 
filtered: dashed line) during two running strides for a given participant at A) 9 
km/h, B) 11 km/h, and C) 13 km/h. The gray dash-dotted line represents the 
body weight threshold used to detect effective foot-strike and toe-off events. 
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the time between eTO and eFS. 

2.4. Inertial measurement unit method 

A custom c++ code (ISO/IEC, 2020) was used to process IMU data. 
First, the z-axis of IMU was aligned with z-axis of local coordinate system 
(Appendix A). Then, aligned raw acceleration data were filtered using a 
truncated Fourier series to 5 Hz. This cut-off frequency was chosen 
because it led to the best estimation of tc in Day et al. (2021). Filtered 
data were used to detect eFS and eTO using a g = 9.81 m/s2 threshold 
(equivalent to the body weight threshold of GSM), and to reconstruct 
vertical ground reaction force by multiplying it by body mass. Besides, 
tce and tfe were calculated from eFS and eTO (Appendix B). 

2.5. Data analysis 

Root mean square error [RMSE; in absolute (ms) and relative units, i. 
e., normalized by the corresponding mean value over all participants 
and obtained using GSM] was calculated for tce and tfe. RMSE was 
computed from tce and tfe averaged over the 10 analyzed strides for each 
participant and each running trial. Data analysis was performed using 
Python (v3.7.4, available at http://www.python.org). 

2.6. Statistical analysis 

All data are presented as mean ± standard deviation. Systematic 
bias, lower and upper limit of agreements, and 95% confidence intervals 
between GSM and IMUM for tce and tfe were examined using Bland- 
Altman plots for each speed (Atkinson and Nevill, 1998; Bland and 
Altman, 1995). Systematic biases have a direction, i.e., positive values 
indicate overstimations of IMUM while negative values indicate 

underestimations. Proportional bias was identified by a significant slope 
of the regression line. Coefficients of determination (R2) were computed 
to assess the quality of the linear fit. tce and tfe obtained using IMUM and 
GSM were compared using two-way [method of calculation (GSM vs. 
IMUM) × running speed (9 vs. 11 vs. 13)] repeated measures ANOVA 
with Mauchly’s correction for sphericity and employing Holm correc
tions for pairwise post hoc comparisons. Differences between GSM and 
IMUM were quantified using Cohen’s d effect size and interpreted as 
very small, small, moderate, and large when |d| values were close to 
0.01, 0.2, 0.5, and 0.8, respectively (Cohen, 1988). The landing-take-off 
asymmetry was evaluated as the difference between tfe and tce (Δ) 
(Cavagna, 2006; Cavagna et al., 2008a, b). Δ obtained using IMUM and 
GSM were compared using two-way repeated measures ANOVA and 
differences between GSM and IMUM were also quantified using Cohen’s 
d effect size. Statistical analysis was performed using Jamovi (v1.2, 
retrieved from https://www.jamovi.org) with a level of significance set 
at P ≤ 0.05. 

3. Results 

Fig. 2 depicts the vertical ground reaction force obtained using GSM 
(force plate) and IMUM (raw and filtered IMU). 

tce and tfe depicted small systematic biases (≤20 ms) at all speeds. The 
smallest absolute bias was given for 9 km/h, followed by 11 km/h and 
13 km/h (Fig. 3 and Table 1). Both effective timings reported a signif
icant negative proportional bias at all speeds but were accompanied 
with small R2 (Table 1). 

Significant effects for both method of calculation and running speed 
as well as an interaction effect were depicted by repeated measures 
ANOVA for tce and tfe (P < 0.001; Table 2). Significant differences be
tween GSM and IMUM for tce and tfe at all speeds (P < 0.001) were 

Fig. 3. Comparison of A) effective contact time (tce) and B) effective flight time (tfe) obtained using inertial measurement unit method and gold standard method 
[differences (Δ) as function of mean values together with systematic bias (black solid line) as well as lower and upper limit of agreements (black dashed lines), and 
proportional bias (black dotted line), i.e., Bland-Altman plots] for three running speeds. For systematic bias, positive and negative values indicate the inertial 
measurement unit method overestimated and underestimated tce and tfe, respectively. 
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reported by Holm post hoc tests. RMSE was ≤22 ms (≤14%) for tce and tfe 
(Table 2) and Cohen’s d effect size was large for tce and tfe except at 9 
km/h which was moderate (Table 2). 

Due to the presence of systematic biases for tce and tfe obtained by 
IMUM (Table 1), Δ was also estimated from these tce and tfe but with 
further subtracting the systematic biases (corrected IMUM). Significant 
effects for both method of calculation and running speed as well as an 
interaction effect were depicted by repeated measures ANOVA for Δ (P 
< 0.001; Table 3). Holm post hoc tests reported significantly larger Δ for 
GSM than IMUM and for corrected IMUM than IMUM at all speeds (P <
0.001) whereas GSM and corrected IMUM were not statistically different 
(P = 1.0). Cohen’s d effect size was large between GSM and IMUM but 
very small between GSM and corrected IMUM at all speeds (Table 3). 
Noteworthy, proportional biases were not taken into account because 
their corresponding R2 (≤0.30) were not satisfactory. Indeed, using 
proportional biases to correct tce and tfe resulted in a worse estimation of 
Δ than with corrected IMUM (data not shown). 

4. Discussion 

Our findings demonstrated systematic and proportional biases be
tween GSM and IMUM for tce and tfe at each speed employed as well as 
significant differences between GSM and IMUM. Nonetheless, system
atic biases were small (≤20 ms). In addition, after subtraction of these 
systematic biases, the landing-take-off asymmetry was correctly 

evaluated by corrected IMUM at a group level. However, as revealed by 
the small standard deviations obtained for corrected IMUM, the landing- 
take-off asymmetry was not as correctly evaluated at an individual than 
at a group level. 

IMUM reported systematic biases ≤20 ms and RMSE ≤22 ms (≤14%) 
for tce (Tables 1 and 2). Noteworthy, error in tfe (in absolute units) tends 
to be equal to the one in tce when the number of strides per individual 
tends to infinity. Indeed, the only difference to calculate tce and tfe being 
in the first eFS and last eTO. In addition, errors in tce and tfe could not 
directly be compared to the actual literature because, to the best of our 
knowledge, no study comparing several methods to calculate these 
effective timings was conducted so far. Indeed, we are only aware of the 
comparison between tce and tfe obtained using Myotest® and tc and tf 
obtained from photocell- and optical-based systems (Gindre et al., 
2016), which makes this comparison useless as different outcomes (tce 
vs. tc and tfe vs. tf ) were actually being compared. Nevertheless, the 
authors were aware of this limitation and clearly stated this limitation 
(Gindre et al., 2016). 

Errors in tce and tfe could be compared to those obtained for usual 
timings (tc and tf ). For instance, the errors reported in this study seemed 
to be smaller than the one obtained for tc by Day et al. (2021) though 
bias and RMSE were not explicitely given [~30 ms by visual inspection 

Table 1 
Systematic bias, lower limit of agreement (lloa), upper limit of agreement (uloa), proportional bias ± residual random error together with its corresponding P-value, 
and coefficient of determination (R2) between effective contact (tce) and flight (tfe) times obtained using inertial measurement unit method and gold standard method at 
three running speeds. 95% confidence intervals are given in square brackets [lower, upper]. Significant (P ≤ 0.05) proportional bias are reported in bold font. For 
systematic bias, positive and negative values indicate the inertial measurement unit method overestimated and underestimated tce and tfe, respectively.   

Running Speed (km/h) Systematic Bias lloa uloa Proportional Bias (P) R2 

tce(ms)  9 9.0 [8.4, 9.5] − 15.8 [-16.7, − 14.9] 33.7 [32.8, 34.7] ¡0.64 ± 0.02 (<0.001)  0.30  
11 14.5 [13.9, 15.0] − 10.0 [-10.9, − 9.0] 38.9 [38.0, 39.8] ¡0.60 ± 0.02 (<0.001)  0.25  
13 18.8 [18.3, 19.3] − 4.1 [-5.0, − 3.2] 41.7 [40.8, 42.5] ¡0.50 ± 0.03 (<0.001)  0.15 

tfe(ms)  9 − 8.9 [-9.4, − 8.3] − 34.6 [-35.6, –33.6] 16.9 [15.9, 17.9] ¡0.35 ± 0.02 (<0.001)  0.10  
11 − 14.5 [-15.0, − 13.9] − 39.9 [-40.9, − 39.0] 11.0 [10.0, 12.0] ¡0.51 ± 0.02 (<0.001)  0.18  
13 − 18.9 [-19.4, − 18.3] − 43.0 [-43.9, − 42.1] 5.3 [4.3, 6.2] ¡0.50 ± 0.02 (<0.001)  0.19  

Table 2 
Effective contact (tce) and flight (tfe) times obtained using gold standard method 
(GSM) and inertial measurement unit method (IMUM) together with root mean 
square error [RMSE; both in absolute (ms or N) and relative (%) units], as well as 
Cohen’s d effect size for three running speeds. Significant (P ≤ 0.05) method of 
calculation, running speed, and interaction effect, as determined by repeated 
measures ANOVA, are reported in bold font. *Significant difference between tce 
and tfe obtained using GSM and IMUM, as determined by Holm post hoc tests.  

Running Speed (km/h)  tce(ms)  tfe(ms)  

9     GSM 
IMUM 
RMSE (ms)  
RMSE (%) 
d 

172.2 ± 14.4* 
181.2 ± 8.0 
14.7 
8.5 
-0.71 

198.6 ± 14.3* 
189.8 ± 10.3 
14.8 
7.4 
0.65 

11     GMS 
IMUM 
RMSE (ms)  
RMSE (%) 
d 

162.5 ± 13.6* 
177.0 ± 8.1 
18.5 
11.4 
-1.21 

198.7 ± 13.8* 
184.2 ± 8.4 
18.6 
9.4 
1.14 

13     GSM 
IMUM 
RMSE (ms)  
RMSE (%) 
d 

152.7 ± 12.0* 
171.5 ± 7.9 
21.6 
14.2 
-1.72 

197.3 ± 13.3* 
178.4 ± 8.0 
21.7 
11.0 
1.51 

Method of calculation effect 
Running speed effect 
Interaction effect 

P < 0.001 
P < 0.001 
P < 0.001 

P < 0.001 
P < 0.001 
P < 0.001 

Values are presented as mean ± standard deviation. 

Table 3 
Landing-take-off asymmetry (Δ), i.e., the difference between effective flight and 
effective contact times, obtained using gold standard method (GSM), inertial 
measurement unit method (IMUM), and corrected IMUM (subtraction of sys
tematic biases on effective flight and effective contact times), as well as Cohen’s 
d effect size between GSM and IMUM and between GSM and corrected IMUM for 
three running speeds. Significant (P ≤ 0.05) method of calculation, running 
speed, and interaction effect, as determined by repeated measures ANOVA, are 
reported in bold font. * and † denote a significant difference between Δ obtained 
using GSM and IMUM and using IMUM and corrected IMUM, respectively, as 
determined by Holm post hoc tests.  

Running Speed (km/h)  Δ (ms) 

9     GMS 
IMUM 
corrected IMUM 
d (IMUM)  
d (corrected IMUM) 

26.4 ± 23.0* 
8.6 ± 7.0 
26.5 ± 7.0†

0.96 
0.00 

11     GMS 
IMUM 
corrected IMUM 
d (IMUM)  
d (corrected IMUM) 

36.2 ± 22.1* 
7.2 ± 3.7 
36.2 ± 3.7†

1.67 
0.00 

13     GSM 
IMUM 
corrected IMUM 
d (IMUM)  
d (corrected IMUM) 

44.6 ± 20.1* 
6.9 ± 2.4 
44.6 ± 3.4†

-2.32 
0.0  

Method of calculation effect 
Running speed effect 
Interaction effect 

P < 0.001 
P < 0.001 
P < 0.001 

Values are presented as mean ± standard deviation. 
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of their Fig. 5 (14–19 km/h)]. As for foot-worn inertial sensors, a sys
tematic bias on tc of ~ 10 ms (10–20 km/h) (Falbriard et al., 2018) and 
RMSE of ~ 10 ms (11 km/h) (Chew et al., 2018) were reported, which 
placed IMUM at a similar level of accuracy. In addition, Falbriard et al. 
(2018) depicted a proportional bias for tc, as in this study for tce. Besides, 
IMUM showed similar accuracy than an opoelectronic system (3D ki
nematic data), which reported RMSE ≥ 15 ms for tc (20 km/h) (Smith 
et al., 2015). However, such system suffers from a lack of portability and 
do not allow continuous data collection. For this reason, using a single 
IMU was advantageous by its portability, and was shown to be quite 
accurate to estimate tce (and tfe). Moreover, in practice, a systematic 
subtraction of the bias corresponding to the given speed could be 
applied when estimating tce and tfe. 

Due to the inexact synchronization between kinetic and IMU data, 
eFS and eTO could not be compared between GSM and IMUM. However, 
we suspect that even under perfect synchronization, eFS and eTO from 
GSM and IMUM would not exactly coincide as vertical force used in 
IMUM is an approximation of ground truth vertical force recorded by 
force plate. Nonetheless, further studies involving synchronized kinetic 
and IMU data would prove useful, especially if one is interested in 
assessing metrics at specific eFS and eTO, for instance using additional 
IMUs (Favre et al., 2008) themselves synchronized with the sacral- 
mounted one which would provide eFS and eTO. 

A single cut-off frequency was used to filter the vertical ground re
action force, i.e., 20 Hz. Though this choice of cut-off frequency is quite 
widespread (Mai and Willwacher, 2019; Swinnen et al., 2021), other 
cut-off frequencies (e.g., 30 or 80 Hz) are also used in the literature 
(Alcantara et al., 2021; Breine et al., 2017). In this case, the error of 
IMUM might increase because the cut-off frequency affects the magni
tude of the vertical ground reaction force and thus the time at which eFS 
and eTO occur. Hence, it would also be useful to explore the effect of the 
cut-off frequency of the truncated Fourier series on the accuracy of 
IMUM, as already explored by Day et al. (2021) for a low-pass filter. 
Additionally, the effect of the filter itself (e.g., truncated Fourier series, 
4th order low-pass Butterworth filter, 8th order low-pass Butterworth 
filter, etc.) might also be worth exploring. Therefore, further studies 
investigating the effect of the cut-off frequency of both the gold standard 
and IMU signals as well as the kind of filter should be conducted. 
Furthermore, a significant effect of running speed was observed for tce 
and tfe (Table 2). The most accurate estimation (smallest systematic bias 
and RMSE) was given at 9 km/h (Fig. 3 and Tables 1 and 2). These 
findings suggests that the cut-off frequency that estimates best tce and tfe 
might be speed dependent and reinforce the need to further explore the 
effect of the cut-off frequency of both GSM and IMUM, and to explore 
slower and faster speeds. 

The landing-take-off asymmetry was reported to increase from ~20 
to ~50 ms with increasing running speed (8–20 km/h) (Cavagna, 2006; 
Cavagna et al., 2008a, b). The present study depicted that Δ increased 
from 25 to 45 ms with running speed (9–13 km/h) for GSM and for 
corrected IMUM while Δ was ~7 ms at all tested speeds for IMUM. Due 
to the systematic biases reported for tfe and tce, though similar than 
previously published methods that estimated usual tf and tc, IMUM was 
not able to evaluate the landing-take-off asymmetry. The main reason 
was that tfe and tce were underestimated and overestimated, respectively, 
leading to an accumulation of errors. Moreover, the deviation from GSM 
increased with increasing speed because the error on tfe and tce also 
increased with speed. However, after subtraction of these systematic 
biases, the landing-take-off asymmetry was correctly evaluated by cor
rected IMUM at a group level. Nonetheless, even though these biases 
might be generalizable due to the large dataset employed, i.e., 100 
runners, they might still be dependent on the given dataset. Therefore, 
we suggest researchers willing to employ this method to first calculate 
these biases using their own dataset and then subtract these calculated 
biases to evaluate the landing-take-off asymmetry. Finally, the landing- 

take-off-asymmetry evaluated by corrected IMUM reported small stan
dard deviations (Table 3), meaning that the landing-take-off asymmetry 
was not as correctly evaluated at an individual than at a group level. 
Indeed, corrected IMUM was not totally able to provide insights into the 
inter-individual variation of the landing-take-off asymmetry. 

This study presents few limitations. The comparison between IMUM 
and GSM was performed using treadmill runs. As spatiotemporal pa
rameters between overground and treadmill running are largely com
parable, IMUM might also perform well overground (Van Hooren et al., 
2020). However, it was concluded that participants behaved differently 
when attempting to achieve faster speeds overground than on a tread
mill (Bailey et al., 2017). Therefore, the comparison between IMUM and 
GSM using additional conditions (i.e., faster speeds, positive and nega
tive slopes, and different types of ground) should be further studied. 

5. Conclusion 

A IMUM was provided to estimate tce and tfe. These timings were 
obtained by filtering the vertical acceleration recorded by a sacral- 
mounted IMU using a truncated Fourier series to 5 Hz. GSM and 
IMUM depicted RMSE ≤22 ms (≤14%) together with small systematic 
biases (≤20 ms) for tce and tfe at each speed. These errors are similar to 
previously published methods that estimated usual tc and tf . To avoid 
that the errors on tce and tfe accumulate when evaluating the landing- 
take-off asymmetry, the systematic biases on tce and tfe were sub
tracted before calculating the landing-take-off asymmetry, which 
permitted to correctly evaluate it at a group level. Therefore, the find
ings of this study support the use of this method based on vertical ac
celeration recorded using a sacral-mounted IMU to estimate tce and tfe for 
level treadmill runs and to evaluate the landing-take-off asymmetry of 
running but only after subtraction of systematic biases and at a group 
level. 
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Aurélien Patoz: Conceptualization, Methodology, Investigation, 
Formal analysis, Writing – original draft, Writing – review & editing, 
Supervision. Thibault Lussiana: Conceptualization, Methodology, 
Investigation, Writing – review & editing, Supervision. Bastiaan 
Breine: Investigation, Formal analysis, Writing – original draft, Writing 
– review & editing. Cyrille Gindre: Conceptualization, Methodology, 
Writing – review & editing, Supervision. Davide Malatesta: Concep
tualization, Methodology, Writing – review & editing, Supervision. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

The authors warmly thank the participants for their time and 
cooperation. 

Funding 

This study was supported by the Innosuisse grant no. 35793.1 IP-LS. 

Availability of Data and Material 

The datasets supporting this article are available on request to the 
corresponding author.  

A. Patoz et al.                                                                                                                                                                                                                                   



Journal of Biomechanics 127 (2021) 110667

6

Appendix A. . Aligning the IMU z-axis with the z-axis of the local coordinate system 

The laboratory coordinate system (LCS) was oriented such that x-, y-, and z-axis denoted medio-lateral (pointing towards the right side of the 
body), posterior-anterior, and inferior-superior axis, respectively. The IMU was oriented such that its own x-, y-, and z-axes denoted medio-lateral 
(pointing towards the right side of the IMU), posterior-anterior, and inferior-superior axis, respectively. 

Raw acceleration data was filtered using a truncated Fourier series to 0.5 Hz in each dimension, allowing to remove any acceleration due to 
movement of the IMU (vibrations and body motion) (Day et al., 2021). Indeed, a truncated Fourier series allows removing any frequency component 
within the original signal that are above the requested cut-off. Noteworthy, the number of terms to include in the truncated Fourier series is given by 
N = nF/f , where n is the number of IMU data points, F is the requested truncation frequency, and f is the IMU sampling frequency. Then, the median of 
each component of the filtered 3D signal was computed. Knowing that the average acceleration should be equal to g in the z-axis of LCS and 0 in the 
other two axes, the average angle between the z-axis of IMU and LCS could be calculated based on the previously computed medians. This average 
angle corresponds to the average tilt of the IMU with respect to the z-axis of LCS. Therefore, the IMU can be reoriented using this average angle so that 
its z-axis is, in average, aligned with the one of LCS. However, it was assumed that the rotational motion of the sensor around any of the three axes was 
negligible so that no complicated reorientation of the IMU had to be performed at each timestamp, which would anyway require several approxi
mations (see for instance Falbriard et al. (2020) for foot-worn IMU). This reorientation process is usually not taken into account when using sacral- 
mounted IMU and signals from sacral-mounted IMU are usually analyzed along the IMU’s coordinate system and compared to ground reaction forces 
analyzed in LCS (Alcantara et al., 2021; Day et al., 2021; Lee et al., 2010). 

Appendix B. . Computing tce and tfe from eFS and eTO obtained using the sacral-mounted IMU 

tce was given by the time between eFS and eTO data points while tfe by the time between eTO data point +1 and eFS data point − 1. Doing so, two 
timesteps were missing when computing tce and tfe for a running step. However, this was corrected by using a linear interpolation to calculate the 
“exact” timing of the threshold for eFS and eTO, using eFS data point and previous data point and eTO data point and next data point, respectively. 
Then, the duration between exact eFS threshold and eFS data point as well as between eTO data point and exact eTO threshold were added to tce while 
the duration between eFS data point − 1 and exact eFS threshold as well as between exact eTO threshold and eTO data point +1 were added to tfe. This 
procedure allowed to obtain the exact (under linear interpolation) tce and tfe falling above and below the threshold, respectively. 
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