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Abstract� Wearable sensors provide a foundation for de-
velopment of wearable robotic technology to be used in clinical 
applications. Inertial motion capture (IMC) has emerged as a 
viable alternative to more cumbersome, non-portable optical 
methods. Previous work has validated the accuracy of IMC for 
gait compared to optical motion capture (OMC). However, it is 
unclear how well IMC can measure the small changes in gait 
function needed to gauge recovery. In this study, we evaluate the 
sensitivity of IMC compared to OMC to small changes in gait on 
a cohort of unimpaired individuals during treadmill walking. 
Eight individuals walked on a split-belt treadmill in 
three-minute trials with five randomized conditions: right belt 
speed decrementing at 0.05 m/s from 1.0 m/s, all with left belt 
held at 1.0 m/s, simulating recovery of hemiparetic gait. We 
extracted the root mean square deviation (RMSD) of joint 
kinematics between limbs and within the limb with modulated 
gait speed as the main outcome measure. We used linear mixed 
models to identify differences in sensitivity to changes in gait 
asymmetry and gait speed. Based on these models, we estimated 
the minimal detectible interval in gait parameters. We found 
that IMC was capable of measuring a difference in gait speed of 
0.08 m/s, roughly the equivalent of two weeks recovery progress. 
Statistically we could not conclude a difference of sensitivity 
between IMC and OMC, although there is a strong trend that 
IMC is more sensitive to changes in gait. We conclude that IMC 
is a valid tool to measure progress in gait kinematics over the 
course of recovery. 

I. INTRODUCTION 

Robotic gait therapy delivered by exoskeletons has be-
come commercially available in recent years [1], [2]. One of 
the main advantages of robotic therapy is the ability to pre-
cisely measure delivered therapy and its effects. These meas-
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urements have been enabled by advancements in wearable 
sensor technology. For example, the current gold standard for 
measuring gait kinematics is optical motion capture (OMC) 
technology [3], [4]. With a lengthy setup time, small work-
space, high-cost, as well as sensitivity to light, reflection and 
obstructions, OMC was not destined for implementation with 
mobile, wearable robotics. Up until recently, there was no 
viable alternative to portably measure 3D gait kinematics of 
the user. 

Over the past decade, inertial motion capture (IMC), a 
portable, lower-cost alternative to OMC, has grown in popu-
larity [5]�[9]. IMC is based on inertial measurement units 
(IMUs) composed of three-axis gyroscopes and accelerome-
ters as well as a magnetometer. With the ability to transmit 
data wirelessly or store data over a period of days, IMC offers 
insight into previously inaccessible processes [6]. Further, 
IMC can typically be set up in a small fraction of the time 
required for setup of OMC, without the confounding issues of 
ambient lighting or visual occlusions. Recent studies have 
validated the use of IMUs to assess gait [10]�[15]. However, 
IMC has well-known drawbacks, primarily sensor drift and 
inhomogeneities in the ambient magnetic field that result in 
inaccuracies, typically approximately 1° (or more) of joint 
motion [16]. As a result, OMC remains the gold standard in 
motion capture due to its high accuracy (about 0.1 mm) [17], 
often a critical parameter in precision biomechanics analyses 
[18]. Yet such accuracy may not be required in many appli-
cations, including physical therapy. For example, perhaps the 
most important quantity to detect would be the change in gait 
function rather than the current state of the patient. Yet there is 
little information indicating how sensitive IMC is to small 
changes in walking performance. 

The purpose of this work is to examine the sensitivity of 
IMC to small changes in gait in order to simulate its ability to 
track the recovery process after an injury such as stroke. We 
simulated the stroke recovery process by unilaterally varying 
the speed of one of the belts of a split-belt treadmill at discrete 
values. We were primarily interested in how well IMC could 
detect levels of symmetry between limbs based on these dif-
ferences as well as changes within a limb. We then compared 
these results with simultaneously recorded OMC data. The 
implications of this work show that IMC is capable of tracking 
changes in gait function in a clinical setting as standalone 
sensors. IMC can be used in conjunction with robotic assis-
tance or as an assessment tool to gauge progress.   
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Figure 1. Optical motion capture (OMC) and inertial motion capture 
(IMC) marker setup shown on split-belt treadmill. 

Figure 2.   Knee joint angle information from one representative subject. 

Both OMC (left column) and IMC (right column) data shown with 

symmetric baseline (SYMM, top row) and maximum asymmetric 
(ASYMM, botttom row) conditions. Shaded areas indicate standard 

deviation. Note small changes to knee flexion in right side from visual 

inspection. II. DATA ACQUISITION 

A. Participants and procedure 

Gait kinematic data were collected from 7 males and 1 
female, healthy subjects between ages of 21 and 33 years. All 
subjects were without neurological or cardiovascular condi-
tions. No participants had a previous musculoskeletal injury in 
the lower limb within the last three months. This study was 
approved by The University of Texas at Austin Institutional 
Review Board and all participants provided written informed 
consent. 

B. Experimental setup and protocols 

A total of 13 lower limb joint motions were measured us-
ing both OMC and IMC systems simultaneously. We used 
PhaseSpace IMPROV (PhaseSpace Inc., San Leandro, CA, 
USA) for OMC and Xsens MVN (MVN Studio Version 4.3, 
Xsens Technologies B.V., Enschede, Netherlands) for IMC. 
The XSens system was selected specifically due to its propri-
etary robustness to noise and magnetic disturbance relative to 
other commercially available devices [19]�[21]. Each partic-
ipant was outfitted with elastic velcro straps on which IMUs 
were placed on the pelvis, thighs, shanks and feet according 
the recommendations of the manufacturer. Active LED OMC 
markers were placed on each lower limb segment and pelvis as 
shown in Figure 1. Raw data was collected at 60 Hz for IMC 
and 240 Hz for OMC. Custom software was written in 
MATLAB R2016a (Mathworks, Inc., Natick, MA, USA) to 
post-process the raw data. The OMC data was resampled to 60 
Hz and both IMC and OMC data were filtered with 4th order 
Butterworth filter at cut-off frequency of 10Hz [22]. 

Gait trials were performed on a split-belt treadmill (Bertec 
Inc., Columbus, OH, USA). In order to simulate hemiparetic 
walking impairment participants walked with one belt moving 
at a slower speed than the other. Participants walked at a 
baseline speed of 1.0 m/s on each belt, representative of 
healthy walking. This baseline trial lasted three minutes. We 
then exposed the participants to asymmetric treadmill walking 
at different speeds in pseudorandomized order (0.95 m/s, 0.90 
m/s, 0.85 m/s and 0.8 m/s), all varying the left belt speed while 
keeping the right belt constant. The decrement in speed of 0.05 

m/s was intended to simulate a small change in hemiparetic 
gait function. Each condition lasted three minutes, with 
one-minute breaks in between trials. All devices were 
re-calibrated after each trial to minimize systematic error.  Due 
to technical errors in data collection, there was one missing 
asymmetry condition for four of the subjects. 

III. DATA ANALYSIS 

A.  Data post-processing 

Three-dimensional joint kinematics data from both IMC 
and OMC systems were extracted according to the recom-
mendation of International Society of Biomechanics [23]. 
Total thirteen joint motions of interest including pelvis, hip, 
knee and ankle for both limbs were selected from the raw data. 
We first synchronized each trial data between OMC and IMC 
by using cross-correlation based on the reference of right hip 
flexion/extension. Next, the synched data was truncated into 
multiple single strides based on left heel strike events [24], and 
normalized into 101 frames. Processed data for all lower limb 
joint motions contained around 120 ~ 140 strides. For further 
analysis of sensitivity, 10 joint motions among all 13 joint 
motions were deployed: hip flexion/extension, hip abduc-
tion/adduction, hip internal/external rotation, knee flex-
ion/extension, and ankle dorsi/plantar flexion for both limbs. 

B.  Sensitivity analysis 

Both changes in gait symmetry and gait speed are im-
portant measures to characterize gait recovery [25], [26]. 
Thus, a sensitivity analysis was conducted along two different 
aspects, between-limb and within-limb joint kinematics, rep-
resenting changes in gait asymmetry and gait speed, respec-
tively. As a measure of asymmetry of gait, we used root mean 
square deviation (RMSD) between left and right lower limb 
joint motions. Since joint angles between lower limbs had a 
phase difference, we performed an additional synchronization 
procedure as described above. The extracted latencies from 
hip flexion/extension angles of each stride were applied across 
all other joint motions. Then, RMSDs of each synchronous 
pair were calculated. The example of synchronized joint tra-
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Figure 3.   Estimated minimally detectible interval (EMDI) illustrated on 
the RMSD of overall joint motion for both OMC and IMC. The EMDI is 

calculated by the minimum horizontal distance stretching from the 

upper 95% confidence interval (CI) to the lower 95% CI. While EMDI 
exists for IMC, it does not exist for OMC because the relatively low 
sensitivity (slope) and large CI. 

jectories for one subject is shown in Figure 2. We also ex-
amined within-limb changes in joint kinematics induced by 
changes in gait speed. We extracted the RMSDs of with-
in-limb joint kinematics between the baseline condition (1.0 
m/s) and other right tread speeds. 

For statistical analysis, 10 continuous strides were sam-
pled at three different portions of an individual trial, that is, 
within the 2nd, 3rd and 4th quarter of a trial. The first quarter 
was excluded to account for adaptation to the novel imposed 
gait pattern. Then, the average RMSD of 30 strides was cal-
culated as a dependent variable for each joint. To obtain a 
holistic view of all joint motions, we calculated the Ma-
halanobis distance (MD), a well-known method of combining 
data of different dimensions [27]. The Mahalanobis distance 
accounts for the covariance of the data to standardize the 
scaling of the distance measure in multi-dimensional space. 
Thus, MD enables to combine RMSDs of multiple joints in a 
fair manner. 

We evaluated sensitivity to walking perturbations in IMC 
and OMC systems using a linear mixed effects model based on 
two independent variables, system type (IMC and OMC) and 
symmetry condition (symmetric and four additional asym-
metric conditions).  The model is described in (1), where y is 
the response vector, �I is the intercept, XC is the vector of 
predictor variables for conditions, �C is the fixed effect re-
gression coefficient for conditions, XM is the vector of pre-
dictor variables for system modality and �M is the fixed effect 
regression coefficient for system modality, ZS is the vector of 
the random effect for subjects, uS is the random effect coeffi-

cients for subjects and ��  is the vector of the residuals for 
observations.  

� y����I����C�C + �M�M����uSZS������� 	
��

All statistical comparisons were conducted using R ver-
sion 3.52 (The R Foundation, 2018). We used this model to 
answer two separate questions: first, how sensitive were IMC 
and OMC to changes in gait asymmetry, and second, how 

sensitive these systems were to changes in gait speed. Our 
primary measure of sensitivity was �C. Our secondary outcome 
measure was the difference in measured motion between the 
two systems, a reflection of the overall accuracy assuming that 
OMC is the gold standard. This measure of accuracy was �M. 

From the same linear mixed effects models, we extracted 
the estimated minimally detectible interval (EMDI) of both in 
gait asymmetry and speed. This quantity provides a more 
ecological view of what the data represents because it esti-
mates the reliable range of minimum change in gait speed (or 
symmetry) that can be detected by the motion capture systems. 
The EMDI is the horizontal distance between the upper 95% 
confidence interval (CI) and the lower 95% CI of the linear 
regression as illustrated in Figure 3. Often there was no hori-
zontal distance that connected these two boundary conditions 
due to low �C and/or high variance. The EMDI thus represents 
a clinically relevant measure of what change in gait function 
can be measured using motion capture.    

IV. RESULTS 

A. Sensitivity to Change in Gait Asymmetry 

Both systems showed a relationship with changes in gait 
symmetry. Based on overall joint motion (calculated from 
MD), we found a significant change with increasing asym-
metry in OMC (�C = 0.20, p<0.05) as well as with IMC (�C = 
0.38, p<0.001). There was no observed difference in overall 
measured motion between the systems (p=0.56). We did not 
observe a significant change in asymmetry within the hip for 
either system, with the exception of hip internal/external ro-
tation in the IMC system (�C = 0.33, p<0.05). We observed a 
difference in measured motion in hip flexion/extension of 
1.12° (p<0.001) between the two systems. We found that IMC 
measurement of knee flexion/extension varied with changing 
asymmetry (�C = 0.51, p<0.01), but no observed difference in 
measurement between systems (p=0.07). Ankle dor-
si/plantarflexion measurements in both the OMC (�C = 0.31, 
p<0.01) and IMC (�C = 0.64, p<0.001) systems correlated with 
changes in asymmetry, with no observed difference between 
systems (p=0.29). There were also no differences in sensitivity 
between the motion capture systems, as all confidence inter-
vals overlapped. Results are summarized in Table I. 

B. Sensitivity to Change in Gait Speed 

We also investigated the sensitivity to changes in gait 
speed within the right (varied) limb. MD showed changes in 
walking kinematics in both OMC (�C = 0.42°, p<0.001) and 
IMC (�C = 0.35, p<0.001) systems, with a mean difference 
between systems of 0.53°. We observed changes in walking 
kinematics in all joints with varying speed in both OMC and 
IMC. There were observed difference between two systems in 
hip abduction/adduction of 0.32° (p<0.05) and knee exten-
sion/extension of 0.86° (p<0.01). We did not observe notable 
difference between the motion capture systems in other joints. 
Results are summarized in Table II. 

C. Estimated Minimally Detectible Interval 

Table III shows EMDI for changes in gait symmetry and 
gait speed in both systems. For gait symmetry, we found 
EMDIs in IMC for overall joint motion (0.07 m/s) and ankle 
dorsi/plantar flexion (0.12 m/s). No EMDIs were found for 
OMC for changes in gait symmetry. For changes in gait speed, 
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TABLE I.     SENSITIVITY TO CHANGE IN GAIT ASYMMETRY 

Joint Angles 
RMSD (°) 

OMC IMC OMC - IMC 

 
[95% CI] 

 
[95% CI] 

 
[95% CI] 

Overall (MD) 
0.20 * 

[0.02, 0.37] 

0.38 *** 

[0.24, 0.51] 

-0.09 

[-0.40, 0.22] 

Hip 

Flex/Ext 
0.05 

[-0.22, 0.32] 

0.12 

[-0.10, 0.34] 

-1.12 *** 

[-1.70, -0.54] 

Abd/Add 
0.04 

[-0.24, 0.31] 

0.11 

[-0.09, 0.32] 

-0.28 

[-0.73, 0.16] 

Int/Ext Rot 
0.28 

[-0.05, 0.62] 

0.33 * 

[0.01, 0.66] 

0.32 

[-0.28, 0.94] 

Knee Flex/Ext  
0.25 

[-0.16, 0.67] 
0.51 ** 

[0.20, 0.82] 
-0.66 

[-1.38, 0.05] 

Ankle Dorsi/Plantar 
0.31 ** 

[0.09, 0.53] 
0.64 *** 

[0.45, 0.83] 
-0.23 

[-0.67, 0.20] 

***p< 0.001, **p< 0.01, *p< 0.05 

TABLE II.     SENSITIVIY TO CHAGE IN GAIT SPEED 

Right Leg 
Joint Angles 
RMSD (°) 

OMC IMC OMC - IMC 
  

[95% CI] 
  

[95% CI] 
  

[95% CI] 

Overall (MD) 
0.42 *** 

[0.23, 0.61] 

0.35 *** 

[0.22, 0.48] 

-0.53 ** 

[-0.85, -0.21] 

Hip 

Flex/Ext 
0.54 * 

[0.09, 0.99] 

0.66 ** 

[0.18, 1.14] 

-0.26 

[-1.11, 0.60] 

Abd/Add 
0.23 ** 

[0.07, 0.40] 

0.52 *** 

[0.26, 1.04] 

-0.32 * 

[-0.64, 0.00] 

Int/Ext Rot 
0.54 ** 

[0.09, 0.99] 
0.57 * 

[0.12, 1.02] 
0.11 

[-0.71, 0.93] 

Knee Flex/Ext  
0.42 *** 

[0.11, 0.73] 
0.41 *** 

[0.19, 0.62] 
-0.86 ** 

[-1.42, -0.29] 

Ankle Dorsi/Plantar 
0.55 *** 

[0.36, 0.74] 

0.64 *** 

[0.45, 0.83] 

-0.04 

[-0.38, 0.31] 

***p< 0.001, **p< 0.01, *p< 0.05 

TABLE III.     ESTIMATED MINIMALLY  DETECTIBLE INTERVAL 

EMDI (m/s) 

Asymmetry Gait Speed 

OMC IMC OMC IMC 

Overall (MD) - 0.07 0.10 0.08 

Hip 

Flex/Ext - - - - 

Abd/Add - - - 0.16 

Int/Ext Rot - - - - 

Knee Flex/Ext  - - - 0.12 

Ankle Dorsi/Plantar - 0.12 0.11 0.10 

Not Available "-" 

EMDI were found for IMC in overall joint motion (0.08 m/s, 
hip abduction/adduction (0.16 m/s), knee flexion/extension 
(0.12 m/s) and ankle dorsi/plantar flexion (0.10 m/s), whereas 
EMDI were found for OMC only for overall (0.10 m/s) and 
ankle dorsi/plantar flexion (0.11 m/s).  

V. DISCUSSION 

The purpose of this paper is to compare the sensitivity of 
IMC and OMC to small changes in gait simulating the re-

covery process after stroke. We observed that both systems 
were sensitive in overall kinematics to changes in gait sym-
metry and gait speed, and to some extent, at the individual 
joint level. Thus, we suggest that IMC can be an effective 
measurement tool for monitoring recovery following stroke.  

We found that IMC was sensitive enough to detect 
changes in gait symmetry reflecting recovery after stroke. 
These changes were observed strongly in overall kinematics 
and in sagittal plane knee and ankle motion. OMC data also 
showed similar trends, except for the knee flexion/extension. 
A comparison of regression values between systems showed 
no statistically observable difference in sensitivity. However, 
EMDI values were lower for IMC than OMC, indicating 
greater sensitivity with IMC (Table III).  

We also found comparatively greater sensitivity to 
changes in gait speed in both systems compared to the sym-
metry analysis. Sensitivity measures were mostly higher and 
EMDI were observed more often in the case of changes in gait 
speed compared to gait symmetry. Significant differences with 
increased belt speeds were observed for both modalities in 
every joint and overall kinematics. These results suggest that 
IMC is capable of detecting small changes in gait speed, even 
at an individual joint level. It is unclear what accounts for this 
trend, but this could result from greater variability in the left 
leg during asymmetric walking patterns. 

Previous work has examined the sensitivity of IMUs to 
changes in spatiotemporal symmetry compared to the gait 
parameters measured by an instrumented treadmill as ground 
truth [14]. Varying the split-belt speed by increments of 0.25 
m/s, these researchers found that IMC (APDM Opal, APDM 
Inc., Portland, OR, USA) was capable of measuring this dif-
ference. In contrast, our results showed that joint kinematic 
information over the lower limbs can provide a more sensitive 
measure of changes in gait symmetry and gait speed. We were 
able to detect differences of 0.08 m/s, three times less than the 
interval tested in [14]. 

The difference between 0.08 m/s and 0.25 m/s is clinically 
important. Our recent work measured gait kinematics longi-
tudinally using IMC during the recovery process in the acute 
phase (Week 1 to Week 12) in mild to moderately impaired 
individuals following stroke [28]. We observed that the 
change in gait speed per week of recovery was roughly 
equivalent to a change in belt speed of 0.034 m/s. Taken to-
gether, this would mean that the use of joint kinematic in-
formation from IMC is at least sensitive enough to detect a 
change in gait speed just over two weeks of the recovery 
process. It should be noted that while a linear model of re-
covery is over-simplistic, this estimate is meant to provide a 
rough idea of clinical performance. 

We found small differences in measurement between IMC 
and OMC consistent with previous literature. Previous vali-
dation studies have reported that the accuracy of IMC in dy-
namic motion is between 1.9 ~ 3.5° [19], thus we expected to 
find similar differences in our measurements. For example, we 
noted a significant difference in hip flexion of 1.12° in gait 
symmetry analysis (Table I), whereas we did not observe a 
difference in changes in gait speed (Table II). This could be 
due to the variability in both systems, given the confidence 
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intervals within 2° in all comparisons. Overall our findings 
were consistent with earlier work in accuracy. 

The data provided in this study offer a limited perspective 
of sensitivity. For example, our sensitivity analysis could be 
improved with more sophisticated techniques. A larger pool of 
participants would likely result in greater sensitivity estimates 
by reducing the 95% CI. Recording individuals on multiple 
days could have also improved robustness of data. Our results 
are limited to the Xsens MVN system and could differ with 
other IMC systems. As such, we cannot conclusively state the 
maximum sensitivity of IMC, but we can offer an initial es-
timate. Regardless, it appears that IMC is capable of being as 
sensitive to changes in gait as OMC.  

VI. CONCLUSION 

Our results show that inertial motion capture is a valid tool 
for measuring clinically relevant changes in gait kinematics 
reflecting recovery after stroke. The performance is as sensi-
tive as the current standard in kinematic tracking, optical 
motion capture. Together with robotic technology, inertial 
measurement units can quantify therapy delivery and progress, 
improving robustness of outcomes. 
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