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A B S T R A C T   

Background: Biomechanical gait analyses are typically performed in laboratory settings, and are associated with 
limitations due to space, marker placement, and tasks that are not representative of the real-world usage of lower 
limb prostheses. Therefore, the purpose of this study was to investigate the possibility of accurately measuring 
gait parameters using embedded sensors in a microprocessor-controlled knee joint. 
Methods: Ten participants were recruited for this study and equipped with a Genium X3 prosthetic knee joint. 
They performed level walking, stair/ramp descent, and ascent. During these tasks, kinematics and kinetics 
(sagittal knee and thigh segment angle, and knee moment) were recorded using an optical motion capture system 
and force plates (gold standard), as well as the prosthesis-embedded sensors. Root mean square errors, relative 
errors, correlation coefficients, and discrete outcome variables of clinical relevance were calculated and 
compared between the gold standard and the embedded sensors. 
Findings: The average root mean square errors were found to be 0.6◦, 5.3◦, and 0.08 Nm/kg, for the knee angle, 
thigh angle, and knee moment, respectively. The average relative errors were 0.75% for the knee angle, 11.67% 
for the thigh angle, and 9.66%, for the knee moment. The discrete outcome variables showed small but signif
icant differences between the two measurement systems for a number of tasks (higher differences only at the 
thigh). 
Interpretation: The findings highlight the potential of prosthesis-embedded sensors to accurately measure gait 
parameters across a wide range of tasks. This paves the way for assessing prosthesis performance in realistic 
environments outside the lab.   

1. Introduction 

Lower limb amputation significantly impacts the physical abilities 
and quality of life of those affected and can require substantial adjust
ments to their daily activities (Jordan et al., 2012). One of the most 
frequently used outcomes to measure the progress in the rehabilitation 
of people with lower limb amputations is the evaluation of mobility, as 
restrictions in mobility are good predictors of the quality of life (Pell 
et al., 1993). While the usage of prosthetic devices can improve gait 
performance or participation in everyday life activities, it can also result 
in altered movement patterns (Winter and Sienko, 1988). The contin
uous development of more advanced prosthetic legs, such as 

microprocessor-controlled and powered systems (e.g., Genium X3 by 
Ottobock SE & Co. KGaA or Power Knee by Össur) has already led to 
numerous improvements in gait kinematics and kinetics compared to 
purely passive systems, including increased walking speed (Kahle et al., 
2008; Segal et al., 2006), reduced energy expenditure (Kahle et al., 
2008; Seymour et al., 2007), and better walking symmetry (Kahle et al., 
2008; Kaufman et al., 2012; Segal et al., 2012). However, the studies 
demonstrating such improvements were conducted in controlled labo
ratory environments, or they used users’ self-reports to obtain an indi
rect insight in the performance of prosthetic limbs outside the lab. A 
more relevant evaluation of prosthesis performance would be an 
objective assessment while the device is used in the real world, but this 

Abbreviations: OMCS, optoelectronic motion capture system; IMU, inertial measurement unit; TO, toe-off; RMSE, root mean square error; IQR, interquartile range. 
* Corresponding author. 

E-mail addresses: sabina.manz@ottobock.de (S. Manz), jose.gonzalez@ottobock.de (J. Gonzalez-Vargas).  

Contents lists available at ScienceDirect 

Clinical Biomechanics 

journal homepage: www.elsevier.com/locate/clinbiomech 

https://doi.org/10.1016/j.clinbiomech.2023.105988 
Received 30 January 2023; Accepted 10 May 2023   

mailto:sabina.manz@ottobock.de
mailto:jose.gonzalez@ottobock.de
www.sciencedirect.com/science/journal/02680033
https://www.elsevier.com/locate/clinbiomech
https://doi.org/10.1016/j.clinbiomech.2023.105988
https://doi.org/10.1016/j.clinbiomech.2023.105988
https://doi.org/10.1016/j.clinbiomech.2023.105988
http://crossmark.crossref.org/dialog/?doi=10.1016/j.clinbiomech.2023.105988&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Clinical Biomechanics 106 (2023) 105988

2

requires the development of measurement methods that can be applied 
outside of a laboratory. 

The golden standard for the evaluation of prosthetic devices includes 
clinical gait analyses performed using optoelectronic motion capture 
systems and force plates (OMCS) (Bellmann et al., 2010; Cutti et al., 
2015; Dumas et al., 2009; Dumas et al., 2017; Ernst et al., 2017; Esposito 
et al., 2015; Fradet et al., 2010; Frossard et al., 2011; Herr and Gra
bowski, 2011; Koehler et al., 2014; Perry et al., 2004; Rusaw and 
Ramstrand, 2011; Schmalz et al., 2019; Seel et al., 2014). These mea
surement techniques provide the highest accuracy, but they also suffer 
from limitations including errors due to marker placement (Gorton 
et al., 2009), marker occlusion and unwanted reflections (spurious 
markers) from objects present in the capture volume (Cuadrado et al., 
2021), soft tissue artifacts (Camomilla et al., 2017) and limited mea
surement volume. Therefore, only a limited number of activities 
(depending on the size of the laboratory) which are not necessarily 
representative of the real-life tasks can be recorded (e.g., 1–2 walking 
strides over perfectly flat ground). Furthermore, the equipment (cam
eras and force plates) is usually not portable and hence the measurement 
is bound to the gait laboratory. Due to this, the clinical gait analyses 
using OMCS might provide an assessment of participant’s performance 
that is not representative of the daily life prosthesis use. This is espe
cially because the use of a prosthesis can change substantially across 
different activities (e.g., walking vs. stair climbing). In addition, during 
lab recordings, the participants know that they are being watched and 
therefore try to give their best, or they might not act naturally (Cutti 
et al., 2015). 

To overcome these limitations, researchers used inertial measure
ment units (IMUs) and wearable force transducers to replace OMCS and 
force plates, enabling them to conduct gait analyses in participants with 
amputation outside of a laboratory environment (Seel et al., 2014; 
Bolink et al., 2016; Clemens et al., 2020; Paradisi et al., 2019; Frossard 
et al., 2011; Dumas et al., 2009; Dumas et al., 2017; Fiedler et al., 2014; 
Frossard et al., 2003; Koehler et al., 2014; Simonetti et al., 2021). The 
reported error of these systems when measuring kinematics is <1◦ from 
the gold standard (OMCS) (Seel et al., 2014). The use of IMUs, however, 
is also associated with some challenges. They are external sensors that 
have to be placed and fixed on the participant as well as properly aligned 
to the limb segments. This requires an extra effort from the wearer or 
researcher and can result in positioning errors that can translate into 
over- or underestimation of the recorded movement variables (Bolink 
et al., 2016). Furthermore, only kinematic and spatio-temporal variables 
can be assessed using IMUs, while gait kinetics are not measured. 

Importantly, advanced mechatronic lower limb prostheses are 
equipped with embedded sensors for control purposes that can measure 
different quantities, such as orientation, acceleration, angular velocity, 
joint angles, and loads (Bellmann et al., 2019). The internal sensors are 
advantageous as they do not need to be manually positioned and they 
improve wear compliance, as the prosthesis users do not have to 
remember to mount the sensors, because they are embedded in the 
prosthesis (Chadwell et al., 2020). Therefore, such sensors can collect 
valuable data during the activities of daily living without any extra 
effort. So far, the embedded sensors have been primarily used for the 
control of prostheses and during the development of a new device or 
controller, alone or in combination with IMUs (Diaz et al., 2018; 
Duraffourg et al., 2019; Gao et al., 2020; Pew and Klute, 2018; Stolyarov 
et al., 2018; Stolyarov et al., 2020; Su et al., 2019; Wentink et al., 2014; 
Zhang et al., 2019). Importantly, they could be also leveraged to bring 
the clinical gait analyses outside of a laboratory, thereby capturing the 
performance of prosthetic systems in a setting representative of the real 
world. 

The validity and potential usage of these sensors for clinical gait 
analyses are, however, still not clear. Therefore, the aim of the present 
study was to investigate whether it is possible to accurately measure gait 
performance using the embedded device sensors. To this aim, kinematic 
and kinetic variables were measured by embedded device sensors while 

prosthesis users performed a comprehensive set of activities and the 
measured variables were then compared to those obtained using the 
golden standard of clinical gait analyses (OMCS). 

2. Methods 

2.1. Participants 

Ten participants with transfemoral (above-knee) amputation were 
recruited for this study. All gave written informed consent to participate 
in the study. Ethics approval was granted by the Ethics Committee of the 
Medical University of Göttingen (Germany, no. 12/9/21). The de
mographics of the participants are shown in Table 1. During this study, a 
certified prosthetist set the participants up with a Genium X3 knee joint 
and a mechanical foot (Triton (n = 7), Taleo (n = 2), and Challenger (n 
= 1) from Ottobock SE & Co. KGaA, Duderstadt, Germany) according to 
the manufacturer’s information and biomechanical guidelines (Bell
mann et al., 2010). All participants were users of a microprocessor- 
controlled knee joint and a mechanical foot at the time of the study. 
Nine participants currently used a Genium (or Genium X3) device and 
one (participant 10) used a C-leg (all Ottobock SE & Co. KGaA, Duder
stadt, Germany), but was also familiar with the use of a Genium X3. The 
participants did not have any other health conditions that could have 
affected their participation in this study (i.e., residual limb pain, un
stable cardiovascular conditions, etc.) 

2.2. Test setup 

Thirty-four retroreflective markers were attached to anatomical 
landmarks on the participants’ body and prosthetic limb to calculate 
joint angles and moments (Fig. 1 (c and d)). The marker set was 
developed specifically for gait analyses with transfemoral amputees. The 
measures obtained during this study were based on a subset of the 
attached markers (mostly on the prosthetic side, red markers in Fig. 1 (c 
and d)). 

At the beginning of the session, a static trial on the force plate was 
recorded (while also recording the embedded sensors data). The par
ticipants were then asked to perform different tasks representative of 
everyday life in a laboratory environment (Fig. 1 (a)). The first task was 
over-ground level walking on a 10 m walkway at three self-selected 
walking speeds (normal, fast, and slow). The participants were asked 
to walk at their comfortable walking speed (normal), a slightly slower 
speed (e.g., as if they were strolling through the city), and a slightly 
faster speed (e.g., when being in a rush). The average walking speeds 
(mean ± standard deviation) were 0.94 ± 0.14 m/s, 1.28 ± 0.18 m/s, 
and 1.67 ± 0.17 m/s for slow, normal and fast walking, respectively. 
The second task consisted of ramp ascent and descent at 10◦ and 15◦

inclines. Lastly, the participants were asked to ascend and descend a set 

Table 1 
Participant demographics.  

Participant Age (years) Weight (kg) Height (cm) Time since 
amputation  
(years) 

1 51 79.5 169 44 
2 56 85 178 41 
3 54 75.5 178 31 
4 32 85 190 15 
5 48 96 182 40 
6 32 74.5 177 5 
7 58 92.5 185 39 
8 31 83.5 198 5 
9 62 63.5 167 30 
10 51 74.5 186 27 
Average ± 

SD 
47.50 ± 11.61 80.95 ± 9.54 181.00 ± 9.35 27.70 ± 14.64  
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of stairs. The stairs consisted of four steps with heights of 17 cm each. 
The participants were asked to ascend and descend the stairs if possible 
in an alternating manner, i.e., by placing the foot directly on the next 
stair. Four out of the 10 participants were unable to ascend the stairs in 
an alternating manner, and no stair ascent data was collected in these 

cases, because the prostheses remains fully extended throughout the gait 
cycle. The tasks on the ramp and stairs were performed at a comfortable, 
self-selected walking speed. Each task was repeated until at least five 
valid trials were completed. Sufficient breaks during the trials were 
offered to the participants to reduce fatigue. 

Fig. 1. Top left (a): Schematic of the test setup. From top down: Level walking top view, ramp top view, ramp side view (15◦ incline, dashed line represents 10◦

incline), stairs top view, stairs side view (FP: force plate). Top right (b): Schematic of the prosthesis-embedded sensors. Bottom (c-d): Overview of marker placement 
(front view - left, and back view - right). The markers were attached to the following landmarks: 7th cervical vertebrae, 10th thoracic vertebrae, left and right 
shoulder, elbow and wrist, anterior superior iliac spine, posterior superior iliac spine, trochanter major, thigh, medial and lateral knee joint, medial and lateral ankle 
joint, 1st and 5th metatarsal heads, heel, and toe. Two additional markers were placed on the prosthesis shank tube, one medially and one laterally (more proximal 
compared to the ankle markers). The motion tracking markers used in this study are indicated in red. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

S. Manz et al.                                                                                                                                                                                                                                    
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2.3. Sensor data acquisition and processing 

The sensors embedded in the prosthetic knee joint included an axial 
encoder at the joint, a three degree of freedom IMU (one gyroscope and 
two accelerometers), a strain gauge in the hydraulics system and one in 
the distal shank pylon (Fig. 1 (b)). The data recorded by the prosthesis’ 
embedded sensors included the knee moment, angle of the prosthesis’ 
shank, and knee joint angle. The data was sampled by the internal 
prosthesis controller at 100 Hz and streamed via Bluetooth to a com
puter. The knee angle was measured using a magneto resistive axial 
encoder at the joint, while the shank angle was calculated by using the 
data from the three degree of freedom IMU and a sensor fusion algo
rithm. The loading of the knee joint was measured using the strain gauge 
based force sensor on the distal end of the hydraulics. The knee moment 
was calculated during post-processing from the hydraulic force, the knee 
angle and the kinematics of the three-bar linkage. Axial loading was 
measured via the strain gauge based sensor in the distal shank pylon 
(Fig. 1 (b)) and was only used for gait segmentation. In post-processing, 
the knee moment was filtered using a 4th order zero-phase Butterworth 
filter with a cut-off frequency of 15 Hz. The thigh segment angle was 
calculated from the shank angle and knee angle under the assumption of 
an ideal hinge joint. The angle data (both knee angle and thigh segment 
angle) were low-pass filtered using a 4th order zero-phase Butterworth 
filter with a cut-off frequency of 6 Hz. Heel strikes were derived from the 
axial loading of the prosthesis with a threshold of 20 N and used for gait 
cycle segmentation of the embedded sensor data. The acquisition and 
processing of the OMCS data are explained in supplementary material A. 

2.4. Outcome variables 

2.4.1. Deviation with respect to the benchmark 
To synchronize the OMCS and the embedded sensor data, the signals 

computed from the motion capture system and force plates were down- 
sampled to match the sampling frequency of the embedded sensors (100 
Hz). A cross-correlation was then used to determine the time lag be
tween the motion capture and embedded sensor knee angle signals. The 
lag was defined as the time point of the maximum value of the cross- 
correlation function and was used to synchronize all the other signals. 
The time-synchronized signals were then used for comparison of the two 
systems. Pilot tests demonstrated that the knee and thigh segment angles 
obtained with the embedded sensors exhibited an offset. The offset was 
removed using the difference between the two systems in the static 
calibration trial. 

The quality of measurements obtained by the embedded system with 
respect to the benchmark was assessed by computing Pearson correla
tion coefficients, root mean square errors (RMSE), and relative errors 
between the signals recorded by the embedded system and those 
measured by the OMCS. The relative error was calculated as a per
centage relative to the range of motion obtained using the OMCS. The 
outcome variables were computed across one stride (from heel strike to 
heel strike of the same leg) for the knee and thigh segment angle, and 
across the stance time of one step (heel strike to toe-off (TO)) for the 
knee moment. The RMSE, relative errors and correlation coefficients 
obtained when measuring knee angle, thigh segment angle, and knee 
moment were compared between the three variables to assess if the 
accuracy of the embedded sensors depended on the variable of interest. 
More specifically, the RMSE for knee angle and thigh segment angles 
was compared using a Wilcoxon signed-rank test. The relative errors and 
the correlation coefficients were compared between the three variables 
using a Kruskal-Wallis test and then post-hoc pairwise comparisons with 
Bonferroni correction. Non parametric tests were employed as the data 
were not normally distributed (Shapiro-Wilk test). All tests were per
formed with a significance level of 0.05. 

For each of the tasks and participants, five valid trials were processed 
and compared between the OMCS and the embedded sensors, resulting 
in 450 trials in total (10 participants, 9 tasks, 5 trials each). From this 

number, 28 trials (6.2%) had to be excluded from the data analysis. The 
majority of these trials were missing data because only six out of the 10 
participants were able to ascend the stairs in an alternating manner 
(4.4% of the total trials). The remaining trials were discarded because of 
data processing issues (1.8% of the total trials), such as marker occlu
sions. The outcome variables were averaged for each participant across 
all nine tasks to obtain an overall estimate of the measurement quality. 

2.4.2. Clinical variables 
Additional comparison between the two systems was performed by 

computing the four clinical measures that have been frequently used in 
the literature to quantify gait biomechanics in a population with lower 
limb loss, namely, the peak knee flexion angle, peak thigh flexion angle 
at initial contact during all nine tasks, the peak thigh extension angle 
during level walking (at all three speeds) and ramp and stair ascent, and 
the peak knee flexion moment during level walking (in early stance, at 
all three speeds) and ramp and stair descent (Andrysek et al., 2020; 
Bellmann et al., 2010; Eberly et al., 2014; Fradet et al., 2010; Gates et al., 
2013; Lura et al., 2015; Prinsen et al., 2017; Schmalz et al., 2014; 
Schmalz et al., 2019). In this case, the comparison was performed task- 
by-task by computing the average value over the task trials for each 
participant. The data was tested for normality using a Shapiro-Wilk test. 
The values obtained by the two measurement systems were then 
compared using a paired t-test when the data were normally distributed, 
or Wilcoxon signed-rank tests otherwise. The significance level was set 
to 0.05. The analysis was conducted using IBM SPSS Statistics for Win
dows, version 27 (IBM Corp., Armonk, N.Y., USA). 

3. Results 

The data recorded by the embedded sensors and OMCS from the 
amputated side while the participant performed level walking at normal 
speed, and ramp descent at 10◦ decline are shown in Fig. 2. There is an 
excellent agreement in the profiles of the knee angle while there are 
some deviations in the thigh segment angle and knee moment curves. 
The profiles match the expected normative profiles that characterize 
walking with a prosthesis (Burnfield et al., 2012; Segal et al., 2006; 
Vickers et al., 2008). 

3.1. Average errors 

Fig. 3 (a) shows the overall RMSE, relative error, and correlation 
coefficients between the OMCS and embedded sensors for the knee 
angle, thigh angle, and knee moment across all tasks included in the 
study. The average RMSE (median and interquartile range (IQR)) were 
0.6◦ (IQR: 0.3), 5.3◦ (IQR: 3.1) and 0.08 Nm/kg (IQR: 0.01), for the knee 
angle, thigh segment angle, and knee moment, respectively. The average 
relative errors (median and IQR) were 0.75% (IQR: 0.38) for the knee 
angle, 11.67% (IQR: 8.25) for the thigh angle, and 9.66% (IQR: 2.07), 
for the knee moment. The summary results therefore agree with the 
observations from the representative profiles (Fig. 2), and the RMSE for 
the knee angle was significantly lower (P < 0.001) compared to that 
obtained for the thigh segment angle. The relative errors were signifi
cantly lower for the knee angle compared to the thigh segment angle (P 
< 0.001) and the knee moment (P = 0.004). Finally, the correlation 
coefficients showed strong correlations for all three variables (i.e., above 
0.97 on average). Nevertheless, the correlation coefficients for the thigh 
segment angle (P < 0.001) and knee moment (P = 0.004) were signifi
cantly lower than for the knee angle (Fig. 3 (a)). These differences show 
that the performance of the embedded sensors in estimating the OMCS 
data varies depending on the variable of interest (i.e., knee angle, thigh 
angle, or knee moment). 

3.2. Clinical variables 

Regarding the clinically relevant variables (see Fig. 3 (b)), there were 
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no significant differences between the values obtained by OMCS and the 
embedded sensors for the peak knee flexion angles during all tasks 
included in this study. However, the peak thigh flexion angle at initial 
stance during level walking at normal (P < 0.017, effect size: 0.76), fast 
(P < 0.008, effect size: 1.07), and slow speeds (P = 0.013, effect size: 
0.97), during ramp descent at 10◦ (P = 0.005, effect size: 0.89) and 15◦

(P = 0.022, effect size: 0.73), and during stair ascent (P = 0.009, effect 
size: 1.70) and descent (P = 0.001, effect size: 1.66) was significantly 
higher (on average 5.3◦) when measured by OMCS compared to the 
embedded sensors. Furthermore, the peak thigh extension angle during 
level walking at fast speed (P = 0.005, effect size: − 0.89) was signifi
cantly lower (4.6◦) when using OMCS compared to embedded sensors. 
Lastly, the peak knee flexion moment measured by the two systems also 
showed significant differences (on average 0.03 Nm/kg) during level 
walking at normal (P < 0.001, effect size: 2.26), fast (P < 0.001, effect 
size: 3.23), and slow speeds (P < 0.001, effect size: 3.03), and during 
ramp descent at 10◦ (P = 0.035, effect size: 0.78) and stair descent (P <
0.001, effect size: − 2.91). Not all clinical outcome variables were 
assessed in all tasks as explained in the Methods section, which resulted 
in gaps for some tasks in Fig. 3 (b). 

4. Discussion 

This study aimed to determine whether it is possible to accurately 
measure gait performance using the sensors embedded in a prosthetic 
knee joint, to assess the feasibility of using prosthesis-embedded sensors 
for clinical gait analyses. Therefore, we have compared the kinematic 
and kinetic signals as well as clinically used discrete outcome variables 
estimated using embedded sensors to those computed by the reference 
measurement system (i.e., OMCS with force plates) across an extensive 

set of clinically relevant tasks. Overall, the results showed that the in
ternal sensors can provide highly accurate estimates of the knee angle, 
and less accurate estimates for the thigh segment angle and knee 
moment. Furthermore, we found good estimations of the clinically 
relevant parameters for the peak knee flexion angle and peak thigh 
extension angle, small but statistically significant differences compared 
to the reference measurement for the peak knee flexion moment and 
larger statistically significant differences in the peak thigh flexion angle. 
A possible explanation for the larger deviaitons of the peak thigh flexion 
angle from the reference could be that the embedded sensors lack the 
information about the true hip joint center, defining the thigh segment. 
Furthermore, the relative movement of the residual limb inside the 
socket of the prosthesis cannot be assessed with the embedded sensors 
nor the OMCS. In both cases, it is assumed that the thigh segment was a 
rigid body. 

Overall, the deviations in the knee angle profiles obtained by the 
embedded sensors were small (< 1%), and the correlations were high 
with respect to the gold standard (OMCS). The values reported in the 
present study are in accordance with previously published data obtained 
by externally placed sensors. Wearable sensors have been shown to 
accurately measure foot kinematics during gait with an average RMSE of 
2.7◦ compared to motion capture data (Bidabadi et al., 2018). The RMSE 
when measuring the knee angle of a person with transfemoral amputa
tion using IMUs and an OMCS during walking at a self-selected speed 
was on average 0.7◦ on the prosthesis side, and 3.3◦ on the unaffected 
side (Seel et al., 2014). A study comparing shank orientation angles 
during gait obtained using IMUs and an OMCS reported an RMSE of 2.4◦

on average in the sagittal plane (Duraffourg et al., 2019). Importantly, 
the accuracies reported in the present study originated from a variety of 
motor tasks (level walking at different speeds, ramp and stair ascent, and 

Fig. 2. Knee flexion angles, thigh flexion angles, and knee flexion moments for two representative gait cycles of participant 1 (top: during level walking at normal 
speed, bottom: during ramp descent at 10◦ decline). The solid and dashed lines represent the data recorded by the OMCS and the embedded prosthesis sensors, 
respectively. TO indicates toe off of the prosthesis side. 
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descent), while the majority of the current literature focused on level 
walking only. Overall, the embedded sensors provided an accurate es
timate of sagittal plane knee angles in the analysed tasks compared to 
the OMCS. The higher thigh segment angle RMSE could be due to the 
relative movement of residual limb and prosthetic socket, as already 

noted above. Furthermore, for some participants an offset between the 
embedded sensor and the OMCS thigh angle data could not be fully 
removed using the information from the static trials. The deviations 
between embedded sensors and OMCS seemed to have increased in the 
dynamic trials, compared to the static trial. 

Fig. 3. (a) Box plots of average errors and correlation coefficients between the OMCS and embedded sensors for knee angle (KA), thigh angle (TA), and knee moment 
(KM) across all tasks. (b) Box plots of clinical outcome variables obtained using OMCS and embedded sensor data, grouped by tasks (LWn, LWf, and LWs: level walking 
at normal, fast and slow speed, respectively; RA10, RA15: ramp ascent at 10◦ and 15◦, RD10, RD15: ramp descent at 10 and 15◦; SA, SD: stair ascent and descent). The 
circles indicate outliers in the data set, and the asterisks indicate statistically significant differences (P < 0.05). 
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Previously reported average correlation coefficients between stance 
phase sagittal ankle and knee moments computed by inverse dynamics 
and those measured by a prosthesis integrated load cell in people with 
transtibial amputation were 0.95 and 0.79, with an RMSE of 8.16% and 
16.98%, respectively (Fiedler et al., 2014). A deviation of 16% was still 
considered a small error in the literature, when studying the effect of 
mass and inertia on inverse dynamics calculations (Narang et al., 2016). 
The accuracy in estimating the knee moment using embedded sensing 
obtained across different motor tasks in the present study (average 
relative error < 10%) is therefore similar to that published by (Fiedler 
et al., 2014). In the present study inertia effects in the OMCS analysis 
were neglected (ground reaction force vector technique). This approach 
has been used in the literature (Dumas et al., 2009; Fantozzi et al., 2012) 
and it has been recognized as a good clinical estimate, especially at the 
knee and ankle during lower walking speeds (Wells, 1981). Neverthe
less, the ground reaction force vector technique prevented the study of 
the knee moment during the swing phase. To perform the full inverse 
dynamics analysis, the mechanical and inertial properties of the specific 
prosthesis would need to be estimated. Even when those properties are 
considered in the literature, they are simplified by assuming uniform 
adjustments on segment mass and simple shifting of the center of mass 
location without taking into account damping or friction in the pros
thetic joint (Dumas et al., 2017; Gaffney et al., 2017). 

Finally, the analysis of the discrete clinically relevant variables (peak 
knee and thigh flexion angle, peak thigh extension angle, and peak knee 
flexion moment) revealed few cases with significant differences between 
the embedded and OMCS system. Most of the differences were found 
when comparing the knee moment and thigh flexion angle, and this 
could be due to several factors (e.g., the accuracy of the center of 
pressure data, limitations of ground reaction force vector technique, 
offset removal using static trials, etc.). Nevertheless, as stated earlier, the 
errors in the knee flexion moment were overall small. The largest dif
ferences in the peak knee flexion moment were detected during the 
stance phase of level walking. However, the flexion moments during this 
gait phase were generally very low in absolute numbers (< 0.4 Nm/kg), 
compared to those obtained during other tasks. Therefore, it is likely 
that the obtained differences in clinically-relevant gait parameters do 
not have a significant clinical impact, but this still needs to be confirmed 
in dedicated tests. 

4.1. Study limitations 

The sample of ten participants does not reflect a wide spectrum of the 
lower limb prosthetic users, especially because only male participants 
were included. A larger participant sample with an added focus on the 
unaffected limb and other biomechanical outcome variables (e.g., gait 
symmetry, or hip moments) should be included in future research to 
increase the generalizability of the results. 

As explained in the methods and supplementary materials, the 
detection of heel strike and TO was conducted using force thresholds (for 
the embedded sensors data and the first heel strike of the OMCS) and the 
position and velocity of the heel marker (for the second heel strike of the 
OMCS) because force plate data were not available for two consecutive 
heel strikes of the same leg. Although the heel strike and TO was 
inspected visually and corrected accordingly, in some cases, this pro
cedure introduced a slight uncertainty, i.e., a potential 1-frame shift (i.e. 
10 ms) between the data obtained by the OMCS and the embedded 
sensors. Therefore, some of the observed errors in the present study 
might have been introduced due to this unprecise detection of heel strike 
and TO. 

The analysis was further limited by the available embedded sensor 
outputs, which were all in the sagittal plane. In the future, it would be 
interesting to include three dimensional kinematic outputs as well, for 
example, the three dimensional orientation of the thigh, which is indeed 
relevant in certain clinical applications (Bae et al., 2007). The compar
ison of the axial load to the measured ground reaction forces was not 

performed in this study, because this sensor is not a standard part of the 
system but is only available in this specific prosthetic knee joint. 

4.2. Real-life application 

The results of the present study are encouraging for the potential use 
of the embedded sensors to assess and evaluate gait parameters in the 
everyday lives of people with lower limb amputation. The use of 
embedded sensing would enable overcoming many of the limitations of 
the current state-of-the-art systems for clinical gait analyses, which rely 
on costly equipment that cannot be easily used outside of a laboratory. 
The sensors embedded in prosthetic devices could assess the effective
ness of the device in realistic scenarios, track changes in the gait patterns 
over time and provide objective data that could complement the sub
jective information from self-reported questionnaires. Importantly, the 
sensors could be used for either short-term (clinical) or long-term (daily- 
life) recordings outside of a laboratory. In the former case, the 
embedded sensors enable recording of many steps in a realistic envi
ronment as the subject is not confined to the limited space of a human 
performance lab. Moreover, the setup time will decrease, as the users do 
not have to undergo a potentially time-consuming preparation because 
the sensors are embedded in the device, and the recording can start right 
away. Long-term recordings allow the tracking of gait pattern changes 
over time and day-to-day variances, for example due to the individual’s 
daily condition. In the case of long-term recordings, interpretation of the 
measurement can be a challenge as the data are not labelled (e.g., the 
context is not known). However, microprocessor-controlled prosthetic 
devices are able to recognize gait phases and modalities which can help 
with the labelling. Finally, even without labelling and in both short and 
long-term recordings, the embedded sensors can be used to assess the 
effect of an intervention (e.g., enhancing a prosthesis with feedback, or a 
new control method) or accommodation to a new prosthetic device on 
gait kinematics and kinetics (e.g., an increase in range of motion of a 
joint). 

5. Conclusions 

The present study demonstrated that embedded prosthesis sensors 
can be used to estimate several kinetic and kinematic variables across a 
wide range of tasks within an accuracy reported in previous literature 
for wearable systems. However, the accuracy of the embedded sensor 
estimates compared to the benchmark with respect to discrete clinically 
relevant variables showed a decrease in the accuracy for the peak knee 
flexion moment (small but statistically significant differences) as well as 
the peak thigh flexion angle (larger differences). The embedded sensors 
can be therefore employed to collect comprehensive gait data on pros
thesis use outside of the lab, but some discrete outcomes should be 
handled with care. In the future, a larger study including a more diverse 
sample of prosthetic users with measurements outside of the laboratory 
environment (e.g., continuous tracking in their daily life) should be 
conducted in order to validate the findings in this study. 
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