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Abstract: The purpose of this research was to determine if the commercially available Perception
Neuron motion capture system was valid and reliable in clinically relevant lower limb functional
tasks. Twenty healthy participants performed two sessions on different days: gait, squat, single-leg
squat, side lunge, forward lunge, and counter-movement jump. Seven IMUs and an OptiTrack system
were used to record the three-dimensional joint kinematics of the lower extremity. To evaluate the
performance, the multiple correlation coefficient (CMC) and the root mean square error (RMSE) of the
waveforms as well as the difference and intraclass correlation coefficient (ICC) of discrete parameters
were calculated. In all tasks, the CMC revealed fair to excellent waveform similarity (0.47-0.99) and
the RMSE was between 3.57° and 13.14°. The difference between discrete parameters was lower than
14.54°. The repeatability analysis of waveforms showed that the CMC was between 0.54 and 0.95
and the RMSE was less than 5° in the frontal and transverse planes. The ICC of all joint angles in the
IMU was general to excellent (0.57-1). Our findings showed that the IMU system might be utilized to
evaluate lower extremity 3D joint kinematics in functional motions.

Keywords: inertial sensors; kinematics; functional activity; validity; repeatability

1. Introduction

The evaluation of functional tasks has become an essential aspect of sports medicine
and physical therapy and has aroused extensive research interest [1]. The assessment of
joint kinematics, such as speed, angle and, acceleration during the execution of functional
tasks, can not only provide diagnostic information about the recovery status or injury
risk but also help with decision making for later rehabilitation, such as evaluation before
and after treatment, and comparing different treatment options [2]. Therefore, accurate
joint kinematics measurements taken while executing functional tasks may be useful in
objectively evaluating actual performance.

In clinical medicine, optoelectronic motion capture is currently considered as the
gold standard for human kinematics measurement and quantification [3]. However, the
optoelectronic system is expensive, resource-intensive, and largely immobile, and is usually
operated in a laboratory with rigorous environmental requirements [4], which limits their
clinical application. In the past few decades, inertial sensor technology has emerged
as an alternative to three-dimensional motion analysis, and their use has been widely
documented [5-7]. The inertial measurement unit (IMU) is an electronic device made
up of accelerometers, gyroscopes, and magnetometers. These inertial sensors, which are
attached to different regions of the body, measure linear acceleration, angular velocity,
and the strength of the magnetic field. Using particular sensor fusion algorithms, each
inertial sensor unit might provide an estimate of the body segment orientation relative
to a global frame of reference. The kinematics of joint movement can be computed when
integrated with other sensor units on nearby body segments [8,9]. Compared with an
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optoelectronic system, these sensor units are small in size, low in cost, and light in weight,
and the main advantages are portability and ease of use [10]. With the increasing popularity
of wearable sensors, an increasing number of studies have examined their validity and
reliability in motion analysis. Meanwhile, these IMU sensors have been successfully used
for gait analysis [11-13], lower limb joint and pelvic angle kinematics [14,15], upper limb
motion analysis [16], and whole body motion analysis [17].

A wide range of commercially available IMU systems have been dedicated to motion
analysis, such as Xsens, IMeasureU, BioSyn Systems, and Shimmer Sensing. The accuracy
of 3D kinematics has been verified among those systems [18,19]. The Perception Neuron®
system (NOITOM, Beijing, China) has been widely applied within virtual reality interaction,
visual effects in filmmaking, television development and production, medical diagnosis,
and rehabilitation robot control [20-22], and has proven to be useful for simulation-based
training of surgical trainees [23]. This system estimates 3D joint kinematics using specific
biomechanical models and proprietary algorithms. The research results of Sers et al.
showed that compared with the VICON motion analysis system, the system deviation of
upper limb joint motion range (ROM) calculated by the IMU system was <4.5°, the random
deviation was —4.5-4.5, and the CMCs were both at 0.99 [24].

Such findings also suggested that the IMU system could be employed to quantify
upper limb movements. However, to the best of our knowledge, there has been limited
information available about the system’s performance in 3D joint kinematic measurements
when evaluating a wider range of motion and more complex motion tasks, such as gait
(GA), squat (SQ), single-leg squat (SLS), forward lunge (FL), side lunge (SL), and counter-
movement jump (CM]J), which are essential for patients with lower extremity dysfunction,
especially osteoarthritis [25]. Secondly, the reliability of the IMU system in measuring
human motion has rarely been studied.

Therefore, the primary purpose of this study was to determine the concurrent valid-
ity of joint angular kinematics provided by the Perception Neuron® system (NOITOM,
Beijing, China) against data obtained using a camera-based optoelectronic system for
functional tasks. The secondary objective was to investigate the test-re-test repeatability
of the kinematic waveforms and the discrete parameters measured by the IMU system.
Our hypothesis was that the IMU measurements of functional motion had good validity
and reliability.

2. Materials and Methods
2.1. Participants

Twenty healthy participants (10 female, 10 men; age: 25.19 + 2.8 years; height:
171.85 £ 8.88 cm; body mass: 65.01 £+ 12.03 kg) participated in this study. The partici-
pants of this study were initially recruited online by filling out questionnaires, and the
final participants were determined by the following exclusion criteria: suffering from or
previously had neurological, cardiovascular, or musculoskeletal disorders. The study was
approved by the Ethics Committee of Beijing Sport University (2020130H) and met the
criteria of the Declaration of Helsinki. All participants signed informed consent forms prior
to the study.

2.2. Instrumentation

Optoelectronic system. An OptiTrack system (Primel7W, Natural Point, Corvallis, OR,
USA) consisting of eight cameras was used as the gold standard reference system. The
calibration was performed according to the OptiTrack user guide instructions [26]. At the
beginning of every test, the rater used standardized palpation to place 19 reflective markers
(14 mm in diameter) at the anatomical landmarks of the participants according to the Helen
Hayes lower limb modeling protocol provided by the software—sacrum, bilateral anterior
superior iliac spine, lateral thigh, lateral epicondyle and medial epicondyle of knee joint,
lateral calf, lateral malleolus and medial malleolus, and heel and second metatarsal [27].
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The reflective markers were fixed in place with medical grade double-sided tape. Prior to
the trails, a static calibration test in a neutral standing position was recorded.

Inertial sensor system. The Perception Neuron® system consisted of seven wireless
IMUs, each (12.5 mm x 13.1 mm X 4.3 mm) and containing a 3-axis gyroscope, 3-axis
magnetometer, and 3-axis accelerometer. The system could capture calibrated whole-body
inertial motion in real time while streaming and saving kinematic data into its proprietary
software. A three-dimensional reconstruction of the human body could be built in the
system’s proprietary software, and when calibrated, the wearer’s coherent movement across
all body parts could be shown. The IMUs were put on the sacrum, bilaterally on the upper
thigh (between the greater trochanter and medial epicondyle of the knee), the lower shank
(medial surface of the proximal tibia), and the dorsum of the foot. They were fastened
to anatomical landmarks by elastic straps to ensure their position and minimize any
movement. Calibration was performed using the manufacturer’s recommended calibration
procedure prior to trails: (1) standing in an A pose with shoulders neutral and hands down
at the sides of the legs; (2) standing in an S posture with knees flexed by about 45° and
shoulders flexed by 90°, with palms facing the floor. According to the calibration standards,
each position had to be maintained for a few seconds [20].

The experimental area was cleansed of metal items before the test to guarantee that
the IMU’s magnetometer was not impacted by strong magnetic fields, which would reduce
the accuracy of the motion capture data.

2.3. Experimental Protocol

On two separate days, each participant experienced two sessions. Anthropometric
measurements of the participants’ right lower limb in a standing posture as well as height
and weight were collected during the first session. At each session, the same rater placed
reflective markers at the anatomical landmarks of the participants and helped them wear
the sensors.

Before performing each task, the rater demonstrated the motion to the participants
and was allowed to ask any questions. After a warm-up, each participant completed the
following six tasks in sequence and repeated them three times: gait (GA), squat (5Q),
single-leg squat (SLS), side lunge (SL), forward lunge (FL), and counter-movement jump
(CM)). During the SQ and CM], to prevent occlusion of the reflecting markers of the
anterior superior iliac spine when participants squatted, a chair was positioned behind the
individual at a height of about 5 cm above the knee line (see Figure 1 for the example of a
participant during a squat). During the FL and SL, the distance between the feet was 70% of
the length of the lower leg [1]. For the SLS, FL, and SL tasks, we adopted and imitated
the scheme described by Dingenen et al. The participants used the dominant side of the
lower limbs, squatted for 2 s, and returned to an upright position for 2 s while maintaining
balance [28]. This low movement speed was selected to minimize the chance for trajectory
gaps [29]. Participants conducted the GA, SQ, and CM]J tasks at their own pace to best
imitate how these activities would be performed in a clinical environment. To lessen the
influence of motion speed on joint angles and lower limb kinematics, we used a metronome
to provide audio cues for motion speed. The movement cycle of SQ, SLS, FL, and SL was
defined as the time from one maximum knee extension to the next; the CM]J cycle was
defined as the time from the first downward movement of the pelvic marker to the next
static phase; and the gait cycle was defined as the time from one heel hitting the ground to
the next (the heel strike time was determined according to the video of the model displayed
by the software combined with the data). Every trial was time normalized to 100% of the
movement cycle.
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Figure 1. (A) Photograph of a participant wearing reflective markers and the Perception Neuron®

device during a squat trial. (B) A screenshot of the software program that was used to obtain motion
data information from the OptiTrack device. (C) A screenshot of the software program that was used
to obtain motion data information from the Perception Neuron® device.

2.4. Data Processing and Analysis

The reconstruction and auto-labeling of the marker trajectories were originally per-
formed with the Motive2.1 (the unified software platform of OptiTrack) for the data gath-
ered by the OptiTrack system. Each trial was visually examined, and any unmarked tracks
were manually noted. Depending on the size and position of the gap, the spline, pattern,
and rigid body fill were used to fill it. The data were filtered using a 6 Hz low-pass fourth-
order Butterworth filter and were exported as C3D files. The Cortex software (MathWorks
Inc., Natick, MA, USA) was used to compute 3D kinematics of the ankle, knee, and hip
joints. For the data collected by the IMU system, they were filtered using the Kalman filter
by the Axis Studio software (NOITOM, Beijing, China and exported in the format of BVH
files. The files were imported into the patent algorithm library of the IMU system, and
the data of the gyroscope, magnetometer, and accelerometer were calculated through the
fusion algorithm of the system to generate the angles. The positive and negative values of
the joint angles calculated by the OptiTrack and IMU systems were not consistent, therefore
they were processed for consistency before further analysis (hip flexion, knee flexion, and
ankle dorsiflexion were all represented by positive angles). Both the IMU and OptiTrack
systems collected the data simultaneously at 100 Hz and manually ensured that they were
started at the same time. The knee flexion and extension angles of each experimental data
were selected as the basis for the peak detection algorithm. The angular curves obtained by
both systems were aligned at the maximum knee flexion angle [18,24] and trimmed to the
same time range in Python (version 3.9).

2.5. Statistical Analysis

SPSS (version 25.0, IBM Corporation, Armonk, NY, USA) and Python (version 3.9)
were used for all statistical analyses. The data were analyzed for each task, each joint (hip,
knee, ankle), each plane (sagittal, frontal, transverse), and both sides of the body (left, right).
Each gait trial was about 4 to 5 m (about 3 steps). The first and last steps were removed
from the analysis to avoid the potential effect of gait initiation (acceleration) and stopping
(deceleration) from impacting the analysis, therefore the second step was finally included.



Sensors 2022, 22, 863

50f19

The means of the parameters of all tasks were determined and utilized for each participant,
system, and joint.

The following parameters were calculated to compare the joint kinematics calculated
by the IMU system with the reference system. These consisted of: root mean square
error (RSME), coefficient of multiple correlation (CMC), and difference analysis in discrete
parameters. The RMSE of waveforms generated by the two systems was regarded as
an overall measure of waveform consistency, while the CMC was used to evaluate the
waveform similarity [30]. To evaluate the effect of the offset on waveform similarity, CMC
was recomputed after zeroing offset. The offset was calculated as the average of the signal
over the entire period of motion. The CMC before and after migration was labeled as
CMC1 and CMC2, respectively [7]. The value of CMC was rated as poor (<0.39), fair-to-
high (0.40-0.74), good (0.75-0.84), very good (0.85-0.94), or excellent (0.95-1) [7,18]. The
difference analysis was used to assess the deviation between systems in discrete parameters,
including maximum angle, minimum angle, and range of motion (ROM). To compare
the repeatability of the Perception Neuron® system, RMSE and CMC were calculated.
Additionally, the intraclass correlation coefficient (ICC) with a two-way random model for
consistency was calculated for the discrete parameters in all tasks. ICC > 0.75 indicated
excellent repeatability, ICC 0.4-0.74 indicated fair to high repeatability, and ICC <0.39
indicated poor repeatability [31].

3. Results

Twenty participants completed the two-day tests. The kinematics of a total of 720 func-
tional trials (20 participants x 6 tasks x 3 times x 2 systems) in each session were analyzed.
As the data showed similar results on both sides of the GA, SQ, and CM]J, the dominant
side of the participants was selected to display the results.

3.1. Concurrent Validity

The joint angle waveforms for all tasks are shown in Figures 2—4 and Appendix A,
Figures A1-A6. The angles measured from the two systems in the sagittal plane were similar
to each other, but the other planes were different. The absolute value offset provided by
these two systems was clear, particularly for the knee and ankle in the sagittal plane. This
observation was consistent across all tasks.

GA SLS

120

Angle[deg]

-60 -60 -60

20 40 60 80 100 20 40 60 80 100 20 40 60 80 100
% of Movement Cycle % of Movement Cycle % of Movement Cycle
FL CMJ
120 120
90 90
..%D 60 60
= 30 30/
® i
8 =
-30 -30 -30
520 40 e s 100 %520 40 e 8 100 =20 40 e 0 100
% of Movement Cycle % of Movement Cycle % of Movement Cycle

Figure 2. Hip joint angles in the sagittal plane for each participant in all tasks during the movement
cycle of the gait (GA), squat (SQ), single-leg squat (SLS), side lunge (SL), forward lunge (FL), and
counter-movement jump (CM]J). The black lines represent the OptiTrack system, while the red lines
represent the Perception Neuron® system. The Y-axis depicts joint angles in degrees, while the X-axis
depicts the movement cycle in %.
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Figure 3. Knee joint angles in the sagittal plane for each participant in all tasks during the movement
cycle of the gait (GA), squat (SQ), single-leg squat (SLS), side lunge (SL), forward lunge (FL), and
counter-movement jump (CM]J). The black lines represent the OptiTrack system, while the red lines
represent the Perception Neuron® system. The Y-axis depicts joint angles in degrees, while the X-axis
depicts the movement cycle in %.
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Figure 4. Ankle joint angles in the sagittal plane for each participant in all tasks during the movement
cycle of the gait (GA), squat (SQ), single-leg squat (SLS), side lunge (SL), forward lunge (FL), and
counter-movement jump (CM]). The black lines represent the OptiTrack system, while the red lines
represent the Perception Neuron® system. The Y-axis depicts joint angles in degrees, while the X-axis
depicts the movement cycle in %.

3.1.1. Waveform Analysis

Figure 5 depicts the similarity of joint angle waveforms for the two systems for each
task. The coefficient of multiple correlation before offset (CMC1) of all the tasks in the
sagittal plane ranged from 0.76 to 0.99, good to excellent, and among this, the CMC1 of the
hip and knee joints was greater than 0.92. The CMC1 of the joint angle waveforms in the
frontal and transverse planes was lower, ranging from 0.52 to 0.73 and from 0.47 to 0.81,
respectively. From the box plots, the CMC1 showed the same similarity as the observed
joint angle waveforms in all tasks. The coefficient of multiple correlation after removing
the offset (CMC2) between the two systems’ motion waveforms resulted in an increase,
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ranging from 0.78 to 0.99 in the sagittal plane, from 0.65 to 0.87 in the frontal plane, and
from 0.62 to 0.81 in the transverse plane (see Figure 6).
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Figure 5. The waveform similarity between Perception Neuron® system and OptiTrack system data

before offset removal (CMC1) was assessed using box-and-whiskers plots of CMC values in the gait
(GA), squat (SQ), single-leg squat (SLS), side lunge (SL), forward lunge (FL), and counter-movement
jump (CMYJ). Fle/Ext stands for “Flexion/Extension”, Abd/Add for “Abduction/Adduction”, and
Int/Ext for “Internal/External Rotation”.

1.0
0.8

GA 06
0.4

0.2+

0.0

1.0
0.8

SLS g6l

1.0

[ == ? e = 1
& é " %‘ 7
F 0.6
0.4
02
0.0
hip  knee ankle hip knee ankle hip knee ankle hip  knee ankle hip knee ankle hip knee ankle
Fle/Ext AbdfAdd Int/Ext Fle/Ext Abd/Add Tni/Ext
[ 1.0 1
TT T ?
L " 0.8 4
0.6 i
0.4 4
02
0.0
hip _knee ankle hip knee ankle hip knee ankle hip  knee ankle hip knee ankle hip knee ankle
Fle/Ext Abd/Aadd Ini/Ext Fle/Ext Abd/Add Int/Ext
- N '
- o8 T E ,
0.6 1
0.4
02 k2 '
0.0
hip knee ankle hip knee ankle hip knee ankle hip knee ankle hip knee ankle hip knee ankle

Flo/Ext Abd/Add

Int/Ext

Fle/Ext

Abd/Add

IntfExt

1s0

FL

CMJ

Figure 6. The waveform similarity between Perception Neuron® system and OptiTrack system data

after offset removal (CMC2) was assessed using box-and-whiskers plots of CMC values in the gait
(GA), squat (SQ), single-leg squat (SLS), side lunge (SL), forward lunge (FL), and counter-movement
jump (CMYJ). Fle/Ext stands for “Flexion/Extension”, Abd/Add for “Abduction/Adduction”, and
Int/Ext for “Internal /External Rotation”.



Sensors 2022, 22, 863 8 of 19
The root mean square error (RMSE) of the two systems ranged from 3.57° to 13.14° for
all the joints. The highest RMSE was shown in the sagittal plane of the ankle between 8.79°
and 13.14°. Overall, the RMSE of the frontal plane of the three joints, ranging from 3.57°
to 9.08°, was smaller than that of the sagittal and transverse planes, ranging from 5.20° to
13.14° and from 5.98° to 10.80°, respectively. After offset correction, the RMSE of all the
joints ranged from 2.08° to 12.83° (see Table 1).
Table 1. Mean root mean square error of Perception Neuron® and OptiTrack systems in all tasks.
Hip Knee Ankle
Fle/Ext Abd/Add Int/Ext Fle/Ext Abd/Add Int/Ext Fle/Ext Abd/Add Int/Ext
GA  648+351 626+248 891244 929459 597305 1080+457 879+325 9.08+360 1018 +3.11
SQ  632+239 466+188 708446 11.04£710 409238 729+£342 1093312  627£399  877£610
RSME (before)  SLS ~ 520+302 5624343 842455 912632  409+176 1097374 9784488 440£209 840552
efore)  FL  585+302 55914334 931+£564 949550 422+£233 749+£472 1314+£451 599377  598+3.02
SL  536+277 610+394 821+323 1036605 566+272 9.00+494 1164+356 690+296  9.48+533
CMJ 744+58 555+185 831419 916+459 357+156 975560 1212+444 828+£430  825+298
GA  549+407 329+240 515+334 7.83+505 356320 7.54+£58 8314352 6871448  7.09+3.98
SQ  496+243 2954225 5421489 802+513 303247 497437 1078+£323 540+447  8.16+650
RSME (after) ~ SLS 4694331 4504344 720£503 842634 306183  995+426 9684486  340+£245 6594640
FL 517334 469+335 746+622 819579  334+255 612512  1283+467 528+409  524+338
SL 4524324 510+£422 621+416 929+620 474+297 740+£520 1138+368 546+341  833+574
CM] 559+532 358+235 6031468 777+490 208+192  7.13+659  11.07+486 634470 553 365
3.1.2. Difference Analysis
The differences in joint angles provided by the IMU system and the OptiTrack system
at discrete parameters are shown in Figure 7. In all tasks, the deviation of maximum,
minimum, and ROM in the three planes was lower than 5.72° for the hip, 13.45° for the
knee, and 14.54° for the ankle.
3.2. Reliability
The CMC of the kinematic waveforms for all angles in GA ranged from very good
to excellent (between 0.91 and 0.98). In the other tasks, the CMC ranged from 0.79 to 0.95
in the sagittal plane, from 0.66 to 0.94 in the frontal plane, and from 0.54 to 0.83 in the
transverse plane (see Figure 8). The RMSE of the waveforms was between 4.14° and 21.34°
in the sagittal plane, was the highest (15.18°-21.34°) among the CM], and was less than
3.45° in the frontal plane and 4.61° in the transverse plane. The changes in CMC and RMSE
in the optical system were similar to those in the IMU system (Table 2 and Appendix B,
Figure A7).
Table 2. The RMSE of IMU and OptiTrack systems collected in all tasks.
Hip Knee Ankle
Fle/Ext Abd/Add Int/Ext Fle/Ext Abd/Add Int/Ext Fle/Ext Abd/Add Int/Ext
GA 421119 232078 288+089 633+219 182+069 329085 414=124 291104  3.00=0.61
SQ  1178+372 228+101 239069 1387492 159045 274097  460+162  148+067  1.98+049
RSME (MU) SLS 8924264 2354083 336103 13814418 1864064 291075 656269 308095  461+133
FL  555+177 193+062 3.09+153 1138424 159+064 251+073  717+£286 177064  237=077
SL  686+315 234+083 282102 1038+345 163+08 261080  512+165 224+086  2.96=+0.85
CMJ 15184563 343+163 400+£129 2134+£760 226068 428+115 1611+582 345+101  3.96=+ 130
GA  408+148  155+063 3.08+075 504+199  125+059 295+108 370112  187+£062 223+056
SQ  1212+545 197074 238092 1387+624 113057 246085  443+154 166+£048  149+052
RSME SLS  859+245 319+162 421137 1250+386 1.62+£082 446+144  537+186 264+ 15 196073
(OptiTrack) ~ FL 5794244  264+108 306+158 1029+337 126+069 268114  671+246 169+073 171+055
SL  696+404 317+164 333+083  950+3.38  159+0.83 322+115  484+146 170084  211+089
CM] 1567+7.19 282+099 421+166 1919+706 153+088 370+112  1330+544 367+175 455+ 174
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Figure 7. Difference between IMU suit and OptiTrack system in minimum angle (left row), maximum

angle (center row), range of motion (right row). The six data points of each plane correspond to
the GA (M), SQ (o), SLS (4), FL (V¥), SL (®), and CM]J («). Positive numbers showed that the angle
calculated by the Perception Neuron® system was larger than the angle computed by the OptiTrack

system. The error bars represent the 95% confidence interval of the difference.

The intraclass correlation coefficient (ICC) of all joint angles in the IMU was fair to
excellent (ICC between 0.57 and 1) (see Table 3). These results were basically consistent
with the comparisons against the optical system (ICC between 0.64 and 0.99), as presented
in Appendix B Table Al.

Table 3. The intraclass correlation coefficient (ICC) of IMU system collected in all tasks.

GA SQ SLS FL SL CM]J

Fle/Ext 0.97 0.99 0.97 0.99 0.99 0.97

Hip Abd/Add 0.93 0.98 0.97 0.97 0.98 0.97

Int/Ext 0.93 0.98 0.98 0.97 0.99 0.97

Fle/Ext 0.97 1.00 0.97 0.99 0.99 0.97

Max Knee Abd/Add 0.98 0.99 0.99 0.99 1.00 0.99
Int/Ext 0.98 0.99 0.98 0.98 0.98 0.96

Fle/Ext 0.96 0.99 0.93 0.99 0.97 0.97

Ankle Abd/Add 0.96 0.99 0.94 0.98 0.98 0.94

Int/Ext 0.94 0.99 0.93 0.98 0.99 0.96




Sensors 2022, 22, 863 10 of 19

Table 3. Cont.

GA SQ SLS FL SL CM]J
Fle/Ext 0.98 0.94 0.93 0.97 0.89 0.87
Hip Abd/Add 0.89 1.00 0.97 0.99 0.97 0.99
Int/Ext 0.96 0.99 0.98 0.98 0.98 0.95
Fle/Ext 0.95 0.93 0.89 0.84 0.92 0.87
Min Knee Abd/Add 0.97 0.99 0.98 0.98 0.98 0.97
Int/Ext 0.94 1.00 0.99 0.99 0.99 0.99
Fle/Ext 0.92 0.98 0.71 0.99 0.95 0.97
Ankle Abd/Add 0.97 0.98 0.91 0.98 0.98 0.97
Int/Ext 0.91 0.99 0.88 0.99 0.98 0.93
Fle /Ext 0.97 0.99 0.93 0.98 0.99 0.94
Hip Abd/Add 0.94 0.99 0.94 0.95 0.94 0.97
Int/Ext 0.93 0.94 0.63 0.94 0.92 0.89
Fle /Ext 0.92 0.99 0.93 0.98 0.97 0.97
ROM Knee Abd/Add 0.97 0.94 0.97 0.91 0.99 0.73
Int/Ext 0.92 0.99 0.89 0.97 0.97 0.96
Fle/Ext 0.91 0.99 0.97 0.99 0.94 0.98
Ankle Abd/Add 0.94 0.96 0.86 0.96 0.98 0.94
Int/Ext 0.90 0.82 0.57 0.78 0.98 0.90
1= = = = W= = El
08} ER l;l E:L_;] = % osf + i % @ @ ? L.
GA 061 . 2 06 H__‘ 150
04t 0.4 . 4
02} 02 4
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Figure 8. The waveform similarity in the Perception Neuron® system between two days was examined
using box-and-whiskers plots of CMC values in the gait (GA), squat (SQ), single-leg squat (SLS), side lunge
(SL), forward lunge (FL), and counter-movement jump (CM]J). Fle/Ext stands for “Flexion/Extension”,
Abd/Add for “Abduction/ Adduction”, and Int/Ext for “Internal /External Rotation”.

4. Discussion

The primary goal of this study was to assess the accuracy of the Perception Neuron®

system in measuring lower limb kinematics using the optical system as a gold reference.
Our results showed that there was a strong correlation between the two systems in assessing
the joint angles in the sagittal plane and an acceptable correlation between the joint angles
in the frontal and transverse planes. The second goal of the study was to assess the re-
test reliability of the kinematic waveform and the discrete parameters recorded by the
Perception Neuron® system. The results revealed fair to excellent correlations of waveforms
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between the testing and re-testing of the IMU system, and the discrete parameters (such as
maximum, minimum, and ROM) were general to excellent.

4.1. Concurrent Validity

In all the tasks, our results showed high CMC values in the sagittal plane, indicat-
ing that the IMU system and the optical system had highly similar waveforms in this
plane. The CMC of the waveforms in the frontal and transverse planes revealed that the
two systems evaluated adduction/abduction and internal /external rotation angles with
fair to excellent correlation. Some studies have compared the joint angles obtained from
the optical system of a typical model using anatomical landmarks and the joint angles
obtained from IMUs [11,18]. Zhang et al. [11] reported that the CMC was 0.96 or higher
for the flexion/extension waveforms and from 0.5 to 0.85 in the other two rotational axes
during walking trials on the ankle, knee, and hip angles. Al-Amri et al. [18], in a validity
study of clinical practice, used R? as an alternative measure of similarity for CMC and
observed R? > 0.8 for sagittal plane angles, with this ranging from 0.4 to 0.8 for transverse
and frontal plane angles during walk, squat, and jump. Our results yielded CMC values
similar to those studies, and our results extend these previous findings by including richer
dynamic tasks.

Although the waveform of the joint angles had good to excellent similarity in the
sagittal plane, the RSME was higher. In our study, the RMSE was between 5.20° and
13.14° in the sagittal plane and between 2.95° and 10.97° in the frontal and transverse
planes. Our observed RMSE was similar to Takeda et al. [32] in that the RSME ranged
from 6.45° to 10.34° in hip and knee flexion/extension and from 4.10° to 5.55° in hip
abduction/adduction. This result was also better than that of van den Noort; they compared
the gait of children with cerebral palsy between the two systems, with an RMSE between
4.6° and 16.1° [33]. Cloete et al. [34] compared lower limb joint angles during gait that was
evaluated simultaneously by the IMU and optical systems and reported the RMSE of the
joint angle as even up to 27.4° without offset correction and from 5.71° to 18.88° with offset
correction in all joint angles. However, in other studies, when the optical kinematics data
calculated using the marker clusters are compared with the inertial sensor, the RMSE was
smaller than our own [35,36]. Teufl et al. calculated the joint angles when the reflective
markers were placed in a marker cluster and the anatomic positions were compared with
the angles calculated by the IMU system. The RMSE and range of motion error were
significantly greater when the markers were placed at anatomic positions than when they
were placed on marker clusters, with an average increase of around 2° to 3° for all tasks [37].
This difference might be partly due to the placement of the reflective markers.

The optical system and the IMU system, as different collection and analysis tools of
kinematic data, have many differences. The differences between the two observed in this
study were particularly related to their biomechanical model. Different biomechanical
models had different definitions of the anatomical framework. The primary effect of
anatomical framework differences on the sagittal plane joint angle was offset, while the
waveform was similar, and the waveform distortion of the other two axes had a more
complex relationship [38,39]. For example, the optical system constructed segmental
frames to calculate angles based on anatomical locations by markers, while the IMU system
determined the frames based on directions associated with calibrated positions. Especially
when the joint angles in the frontal and transverse planes were moving within a small range,
the effect of the anatomical framework might be more obvious. The high RSME in this
study was also related to model differences. We compared the RSME calculated by the same
model (using the IMU and marker clusters to calculate the kinematics from the segment
position data) and different models (using the IMU and anatomical models to calculate the
kinematics) and found that the RSME calculated by the same model was smaller. This result
not only emphasizes the importance of location or motion data sources (inertial sensors and
cameras), but also the importance of the model used for measurement. Therefore, many
confirmatory studies of inertial sensors placed the markers directly on the IMU rather
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than on soft tissue anatomical points in order to reduce measurement errors [37,40]. These
studies, however, only examined the measurement accuracy of optical and inertial systems.
To acquire an accurate representation of the IMU system’s performance, we decided to put
reflective markers on anatomical markers to test the IMU’s capacity to monitor specific
human motions rather than the sensor’s absolute precision. In addition to the influence
caused by the biomechanical model, the optical system and the IMU system themselves
had measurement errors. Optical systems based on placing reflective spots on the skin
might be more susceptible to soft tissue artifact (STA) [41]. Skin deformations caused the
markers to be displaced relative to the underlying bone while employing optoelectronic
stereophotogrammetry. The movement of skin markers relative to their underlying bone
(STA) undermined the accuracy of marker-based motion analysis [42,43]. In addition,
mismatches between the position of actual markers and the modeled position might lead to
errors in the calculation of joint angles [44]. For the IMU system, the measured kinematics
might contain sensor-to-segment calibration errors due to a mismatch between the practiced
N or T pose and the modeled pose. Moreover, the possible defects in model scaling might
be another source of error that affects accuracy. Table 4 summarizes the advantages and
disadvantages of the IMU and optical systems.

Table 4. Comparison of considered tracking technologies.

Technologies Pros Cons
Simple to use No precise absolute positioning
Very lightweight Extremely magnetically sensitive
Extremely large recording volume Calibration errors
IMU Easy and quick calibration Positional and rotational errors

Works just fine over WiFi

Almost no disconnecting or data loss
during hours of operation

Cheaper
High precision Recording volume limited
Capture rates are high Markers can be occluded
OptiTrack Extensive post-processing may be
Easily recreates complex movement necessary to handle marker swap,

missing data, and noisy data

High cost of the hardware

In order to characterize the motion pattern, it was usually necessary to calculate
discrete parameters such as the maximum and minimum angles of joint movement as well
as its ROM. Our results showed that the angle difference of the knee and ankle joints in the
sagittal plane was larger. The IMU system systematically overstated the sagittal plane joint
angles of the knee and ankle. There were offsets between the systems, as described in the
waveform, explaining some of the differences between the minimum and maximum joint
angles. This meant that the discrete parameters of the IMU system and the optoelectronic
system could not be directly compared. Furthermore, we discovered systematic changes in
ROM that were connected to offset discrepancies across the systems.

4.2. Reliability

When comparing data from the test and re-test, the CMC for all gait joint angles
measured by the IMU system ranged from very good to excellent, which was equivalent
to the findings of a systematic review summarizing the reliability of photoelectric 3D gait
analysis [45]. Our study complemented the reliability results of other tasks in that the
CMC ranged from very good to excellent in the sagittal plane and fair to very good in the



Sensors 2022, 22, 863

13 0of 19

frontal and transverse planes. In all tasks, the RMSE of the waveform was smaller than 5°
in the frontal and transverse planes, and was relatively high in the sagittal plane. Especially
in the CM]J, the RMSE was greater than 15°. This might be due to the wide range of
motion of the joint angle in the sagittal plane, which resulted in a considerable variation in
angles between the testing of two days. The optoelectronic system provided similar results
suggesting that the variability of the motion itself was larger. Several previous studies
using inertial sensors to measure joint angles had shown that the intraclass correlation
coefficient (ICC) of re-test measurements was good [18,41], and that lower extremity joint
angles in the sagittal plane had more consistent reliability than in the frontal or transverse
planes [13,46]. Our results showed that both the ICC of lower extremity joint angles and
the ROM were excellent in the reliability evaluation, with exception of the ROM of the hip
and ankle for the single-leg squat in the transverse plane, which was general to high, and
such a phenomenon might also be attributed to the variability of the motion caused by the
instability of the movement itself.

Overall, the repeatability of the IMU system was comparable to that of the optoelec-
tronic system, demonstrating clinically acceptable repeatability. Due to the broad range
of motion of the hip, knee, and ankle joints in the sagittal plane of the functional tasks, as
well as the motor variability caused by instability, the relevant measurements should be
interpreted with caution.

4.3. Limitations

Although the squat height was restricted during the SQ and CM] to avoid occluding
the reflecting markers of the anterior superior iliac spine, it was not guaranteed that the
participants would have the same range of motion in the sagittal plane on two different
days, which might be the reason for the large root mean square error of the SQ and CM]
in the re-test measurements. Furthermore, due to the close proximity between the marker
placed in the center of the posterior superior iliac spine and the IMU placed in the sacrum,
they might be mutually squeezed during large movement of ROM (e.g., SQ and CM]), thus
causing their positions to be slightly shifted. Finally, all the participants in this study were
healthy adults, and further studies are needed to validate the system with pathological
populations or elite athletes.

5. Conclusions

In summary, this paper examined the Perception Neuron® system to assess its validity
and reliability as a potential replacement for the optoelectronic system, with low costs, sim-
pler procedures, and few space constraints. The results showed that an IMU-based motion
analysis system could be effectively applied to clinical functional movement analysis. As
a result, the IMU-based system provided accurate functional action data that could help
doctors, sports scientists, and fitness trainers diagnose and evaluate more quickly.
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Appendix A
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Figure A1l. Hip joint angles in the frontal plane for each participant in all tasks during the movement
cycle of the gait (GA), squat (SQ), single-leg squat (SLS), side lunge (SL), forward lunge (FL), and
counter-movement jump (CM]). The black lines represent the OptiTrack system, while the red lines
represent the Perception Neuron® system. The Y-axis depicts joint angles in degrees, while the X-axis
depicts the movement cycle in %.
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Figure A2. Hip joint angles in the transverse plane for each participant in all tasks during the
movement cycle of the gait (GA), squat (SQ), single-leg squat (SLS), side lunge (SL), forward lunge (FL),
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and counter-movement jump (CM]J). The black lines represent the OptiTrack system, while the red
lines represent the Perception Neuron® system. The Y-axis depicts joint angles in degrees, while the

X-axis depicts the movement cycle in %.
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Figure A3. Knee joint angles in the frontal plane for each participant in all tasks during the movement
cycle of the gait (GA), squat (SQ), single-leg squat (SLS), side lunge (SL), forward lunge (FL), and
counter-movement jump (CM]J). The black lines represent the OptiTrack system, while the red lines
represent the Perception Neuron® system. The Y-axis depicts joint angles in degrees, while the X-axis
depicts the movement cycle in %.
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Figure A4. Knee joint angles in the transverse plane for each participant in all tasks during the
movement cycle of the gait (GA), squat (SQ), single-leg squat (SLS), side lunge (SL), forward lunge
(FL), and counter-movement jump (CM]). The black lines represent the OptiTrack system, while the
red lines represent the Perception Neuron® system. The Y-axis depicts joint angles in degrees, while
the X-axis depicts the movement cycle in %.
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Figure A5. Ankle joint angles in the frontal plane for each participant in all tasks during the movement
cycle of the gait (GA), squat (SQ), single-leg squat (SLS), side lunge (SL), forward lunge (FL), and
counter-movement jump (CM]J). The black lines represent the OptiTrack system, while the red lines
represent the Perception Neuron® system. The Y-axis depicts joint angles in degrees, while the X-axis
depicts the movement cycle in %.
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Figure A6. Ankle joint angles in the transverse plane for each participant in all tasks during the
movement cycle of the gait (GA), squat (SQ), single-leg squat (SLS), side lunge (SL), forward lunge
(FL), and counter-movement jump (CM]). The black lines represent the OptiTrack system, while the
red lines represent the Perception Neuron® system. The Y-axis depicts joint angles in degrees, while

the X-axis depicts the movement cycle in %.
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Figure A7. The waveform similarity in the OptiTrack system between two days was examined using
box-and-whiskers plots of CMC values in the gait (GA), squat (SQ), single-leg squat (SLS), side lunge
(SL), forward lunge (FL), and counter-movement jump (CM]). Fle/Ext stands for “Flexion/Extension”,
Abd/Add for “Abduction/Adduction”, and Int/Ext for “Internal /External Rotation”.

Table A1. The intraclass correlation coefficient (ICC) of OptiTrack system.

GA SQ SLS FL SL CMJ

Fle/Ext 0.82 1.00 0.97 0.90 0.99 0.85

Hip Abd/Add 0.96 0.99 0.92 0.96 0.82 0.99

Int/Ext 0.92 0.97 0.98 0.98 0.98 0.94

Fle/Ext 0.95 0.99 0.98 0.99 0.97 0.96

Max Knee Abd/Add 0.98 0.99 0.98 1.00 1.00 0.96
Int/Ext 0.98 0.99 0.98 0.99 0.98 0.99

Fle/Ext 0.95 0.96 0.97 0.99 0.94 0.98

Ankle Abd/Add 0.93 0.99 0.94 0.99 0.99 0.97

Int/Ext 0.93 1.00 0.98 0.98 0.98 0.93

Fle/Ext 0.99 0.91 0.93 0.95 0.93 0.64

Hip Abd/Add 0.98 0.99 091 0.97 0.98 0.97

Int/Ext 0.89 0.99 0.99 0.98 0.97 0.97

Fle/Ext 0.95 0.94 0.95 0.98 0.95 0.92

Min Knee Abd/Add 0.99 1.00 0.99 1.00 1.00 1.00
Int/Ext 0.98 0.99 0.98 0.99 0.97 0.98

Fle/Ext 0.88 0.97 0.98 0.99 0.98 0.93

Ankle Abd/Add 0.98 1.00 0.99 1.00 0.98 0.99
Int/Ext 0.96 1.00 0.99 0.99 0.98 0.92
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Table Al. Cont.

GA SQ SLS FL SL CMJ

Fle/Ext 0.78 0.98 0.94 0.93 0.98 0.94

Hip Abd/Add 0.92 0.98 0.77 0.84 0.84 0.88

Int/Ext 0.65 0.94 0.78 0.96 0.80 091

Fle/Ext 0.92 0.98 0.95 0.99 0.96 0.95

ROM Knee Abd/Add 0.99 1.00 0.95 1.00 0.99 0.99
Int/Ext 0.87 0.99 0.70 0.99 0.96 0.97

Fle/Ext 0.76 0.95 0.95 0.98 0.91 0.97

Ankle Abd/Add 0.94 0.99 0.89 0.97 0.95 0.95

Int/Ext 0.67 9.93 0.64 0.90 0.98 0.86

References

1. Cook, G.; Burton, L.; Hoogenboom, B.].; Voight, M. Functional Movement Screening: The Use of Fundamental Movements as an
Assessment of Function—Part 1. Int. |. Sports Phys. Ther. 2014, 9, 396-409.

2. Kianifar, R.; Lee, A; Raina, S.; Kulic, D. Automated Assessment of Dynamic Knee Valgus and Risk of Knee Injury during the
Single Leg Squat. IEEE ]. Transl. Eng. Health Med. 2017, 5, 2736559. [CrossRef]

3. Wong, W.Y.; Wong, M.S.; Lo, K.H. Clinical Applications of Sensors for Human Posture and Movement Analysis: A Review.
Prosthet. Orthot. Int. 2007, 31, 62-75. [CrossRef]

4. Komnik, I.; Weiss, S.; Fantini Pagani, C.H.; Potthast, W. Motion Analysis of Patients after Knee Arthroplasty during Activities of
Daily Living—A Systematic Review. Gait Posture 2015, 41, 370-377. [CrossRef]

5. Fong, D.T.; Chan, Y.Y. The Use of Wearable Inertial Motion Sensors in Human Lower Limb Biomechanics Studies: A Systematic
Review. Sensors 2010, 10, 11556-11565. [CrossRef] [PubMed]

6.  Picerno, P. 25 Years of Lower Limb Joint Kinematics by Using Inertial and Magnetic Sensors: A Review of Methodological
Approaches. Gait Posture 2017, 51, 239-246. [CrossRef]

7.  Ferrari, A,; Cutti, A.G.; Garofalo, P; Raggi, M.; Heijboer, M.; Cappello, A.; Davalli, A. First in Vivo Assessment of “Outwalk”:
A Novel Protocol for Clinical Gait Analysis Based on Inertial and Magnetic Sensors. Med. Biol. Eng. Comput. 2010, 48, 1-15.
[CrossRef]

8.  Picerno, P; Cereatti, A.; Cappozzo, A. Joint Kinematics Estimate Using Wearable Inertial and Magnetic Sensing Modules. Gait
Posture 2008, 28, 588-595. [CrossRef]

9. Favre, J.; Aissaoui, R.; Jolles, BM.; de Guise, J.A.; Aminian, K. Functional Calibration Procedure for 3d Knee Joint Angle
Description Using Inertial Sensors. . Biomech. 2009, 42, 2330-2335. [CrossRef]

10. Panero, E.; Digo, E.; Agostini, V.; Gastaldi, L. Comparison of Different Motion Capture Setups for Gait Analysis: Validation of
Spatio-Temporal Parameters Estimation. In Proceedings of the 2018 IEEE International Symposium on Medical Measurements
and Applications (MeMeA), Rome, Italy, 11-13 June 2018.

11.  Zhang, ].T.; Novak, A.C.; Brouwer, B.; Li, Q. Concurrent Validation of Xsens Mvn Measurement of Lower Limb Joint Angular
Kinematics. Physiol. Meas. 2013, 34, N63-N69. [CrossRef]

12.  Washabaugh, E.P,; Kalyanaraman, T.; Adamczyk, P.G.; Claflin, E.S.; Krishnan, C. Validity and Repeatability of Inertial Measure-
ment Units for Measuring Gait Parameters. Gait Posture 2017, 55, 87-93. [CrossRef] [PubMed]

13. Kobsar, D.; Charlton, ].M.; Tse, C.T.E,; Esculier, J.E; Graffos, A.; Krowchuk, N.M.; Thatcher, D.; Hunt, M.A. Validity and Reliability
of Wearable Inertial Sensors in Healthy Adult Walking: A Systematic Review and Meta-Analysis. J. Neuroeng. Rehabil. 2020, 17, 62.
[CrossRef] [PubMed]

14. Bolink, S.A.; Naisas, H.; Senden, R.; Essers, H.; Heyligers, 1.C.; Meijer, K.; Grimm, B. Validity of an Inertial Measurement Unit to
Assess Pelvic Orientation Angles during Gait, Sit-Stand Transfers and Step-up Transfers: Comparison with an Optoelectronic
Motion Capture System. Med. Eng. Phys. 2016, 38, 225-231. [CrossRef] [PubMed]

15. Tak, I; Wiertz, W.P,; Barendrecht, M.; Langhout, R. Validity of a New 3-D Motion Analysis Tool for the Assessment of Knee, Hip
and Spine Joint Angles During the Single Leg Squat. Sensors 2020, 20, 4539. [CrossRef] [PubMed]

16. Kang, G.E.; Gross, M.M. Concurrent Validation of Magnetic and Inertial Measurement Units in Estimating Upper Body Posture
During Gait. Measurement 2016, 82, 240-245. [CrossRef]

17.  Robert-Lachaine, X.; Mecheri, H.; Larue, C.; Plamondon, A. Validation of Inertial Measurement Units with an Optoelectronic
System for Whole-Body Motion Analysis. Med. Biol. Eng. Comput. 2017, 55, 609-619. [CrossRef] [PubMed]

18.  Al-Amri, M.; Nicholas, K.; Button, K.; Sparkes, V.; Sheeran, L.; Davies, J.L. Inertial Measurement Units for Clinical Movement
Analysis: Reliability and Concurrent Validity. Sensors 2018, 18, 719. [CrossRef] [PubMed]

19. Brouwer, N.P; Yeung, T.; Bobbert, M.E,; Besier, T.F. 3d Trunk Orientation Measured Using Inertial Measurement Units During
Anatomical and Dynamic Sports Motions. Scand. ]. Med. Sci. Sports 2021, 31, 358-370. [CrossRef]

20. NOITOM. Axis Neuron Userguide. Available online: https://shopcdn.noitom.com.cn/article/36.html (accessed on 10 August 2021).


http://doi.org/10.1109/JTEHM.2017.2736559
http://doi.org/10.1080/03093640600983949
http://doi.org/10.1016/j.gaitpost.2015.01.019
http://doi.org/10.3390/s101211556
http://www.ncbi.nlm.nih.gov/pubmed/22163542
http://doi.org/10.1016/j.gaitpost.2016.11.008
http://doi.org/10.1007/s11517-009-0544-y
http://doi.org/10.1016/j.gaitpost.2008.04.003
http://doi.org/10.1016/j.jbiomech.2009.06.025
http://doi.org/10.1088/0967-3334/34/8/N63
http://doi.org/10.1016/j.gaitpost.2017.04.013
http://www.ncbi.nlm.nih.gov/pubmed/28433867
http://doi.org/10.1186/s12984-020-00685-3
http://www.ncbi.nlm.nih.gov/pubmed/32393301
http://doi.org/10.1016/j.medengphy.2015.11.009
http://www.ncbi.nlm.nih.gov/pubmed/26711470
http://doi.org/10.3390/s20164539
http://www.ncbi.nlm.nih.gov/pubmed/32823657
http://doi.org/10.1016/j.measurement.2016.01.007
http://doi.org/10.1007/s11517-016-1537-2
http://www.ncbi.nlm.nih.gov/pubmed/27379397
http://doi.org/10.3390/s18030719
http://www.ncbi.nlm.nih.gov/pubmed/29495600
http://doi.org/10.1111/sms.13851
https://shopcdn.noitom.com.cn/article/36.html

Sensors 2022, 22, 863 19 of 19

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

China Global Television Network. Available online: https://news.cgtn.com/news/3067544d31494464776c6d636a4e6e62684a485
6/share_p.html (accessed on 21 August 2021).

Cision Prweb. Available online: https:/ /www.prweb.com/releases/short_film_twenty_one_points_features_vfx_magic_created_
with_perception_neuron_motion_capture_that_makes_high_quality_3d_animation_possible_for_directors_at_any_budget/
prweb15858480.htm (accessed on 20 August 2021).

Kim, H.S.; Hong, N.; Kim, M.; Yoon, S.G.; Yu, HW.; Kong, H.J.; Kim, S.J.; Chai, Y.J.; Choi, H.J.; Choi, ].Y.; et al. Application of a
Perception Neuron(®) System in Simulation-Based Surgical Training. J. Clin. Med. 2019, 8, 124. [CrossRef] [PubMed]

Sers, R.; Forrester, S.; Moss, E.; Ward, S.; Ma, J.; Zecca, M. Validity of the Perception Neuron Inertial Motion Capture System for
Upper Body Motion Analysis. Measurement 2020, 149, 107024. [CrossRef]

Van der Straaten, R.; Wesseling, M.; Jonkers, I.; Vanwanseele, B.; Bruijnes, A.; Malcorps, J.; Bellemans, J.; Truijen, J.; De Baets, L.;
Timmermans, A. Functional Movement Assessment by Means of Inertial Sensor Technology to Discriminate between Movement
Behaviour of Healthy Controls and Persons with Knee Osteoarthritis. J. Neuroeng. Rehabil. 2020, 17, 65. [CrossRef]

Point, Natural. Optitrack System-Optitrack Documentation Wiki (Motive Version 2.1). Available online: https://v21.wiki.
optitrack.com/index.php?title=OptiTrack_Documentation_Wiki (accessed on 7 August 2021).

Kadaba, M.P.; Ramakrishnan, H.K.; Wootten, M.E. Measurement of Lower Extremity Kinematics during Level Walking. J. Orthop.
Res. 1990, 8, 383-392. [CrossRef]

Dingenen, B.; Malfait, B.; Vanrenterghem, J.; Verschueren, S.M.; Staes, F. The Reliability and Validity of the Measurement of
Lateral Trunk Motion in Two-Dimensional Video Analysis during Unipodal Functional Screening Tests in Elite Female Athletes.
Phys. Ther. Sport 2013, 15, 117-123. [CrossRef]

Carse, B.; Meadows, B.; Bowers, R.; Rowe, P. Affordable Clinical Gait Analysis: An Assessment of the Marker Tracking Accuracy
of a New Low-Cost Optical 3d Motion Analysis System. Physiotherapy 2013, 99, 347-351. [CrossRef] [PubMed]

Ferrari, A.; Cutti, A.G.; Cappello, A. A New Formulation of the Coefficient of Multiple Correlation to Assess the Similarity of
Waveforms Measured Synchronously by Different Motion Analysis Protocols. Gait Posture 2010, 31, 540-542. [CrossRef] [PubMed]
Shrout, P.E; Fleiss, ].L. Intraclass Correlations: Uses in Assessing Rater Reliability. Psychol. Bull. 1979, 86, 420—428. [CrossRef]
Takeda, R.; Tadano, S.; Natorigawa, A.; Todoh, M.; Yoshinari, S. Gait Posture Estimation Using Wearable Acceleration and Gyro
Sensor. J. Biomech. 2009, 42, 2486-2494. [CrossRef] [PubMed]

Van den Noort, J.C.; Ferrari, A.; Cutti, A.G.; Becher, ].G.; Harlaar, J. Gait Analysis in Children with Cerebral Palsy Via Inertial and
Magnetic Sensors. Med. Biol. Eng. Comput. 2013, 51, 377-386. [CrossRef] [PubMed]

Cloete, T.; Scheffer, C. Benchmarking of a Full-Body Inertial Motion Capture System for Clinical Gait Analysis. In Proceedings of
the 2008 30th Annual International Conference of the IEEE Engineering in Medicine and Biology Society, Vancouver, BC, Canada,
20-25 August 2008.

Cooper, G.; Sheret, I.; McMillan, L.; Siliverdis, K.; Sha, N.; Hodgins, D.; Kenney, L.; Howard, D. Inertial Sensor-Based Knee
Flexion/Extension Angle Estimation. J. Biomech. 2009, 42, 2678-2685. [CrossRef]

Favre, ].; Jolles, B.M.; Aissaoui, R.; Aminian, K. Ambulatory Measurement of 3d Knee Joint Angle. J. Biomech. 2008, 41, 1029-1035.
[CrossRef]

Teufl, W.; Miezal, M.; Taetz, B.; Frohlich, M.; Bleser, G. Validity of Inertial Sensor Based 3d Joint Kinematics of Static and Dynamic
Sport and Physiotherapy Specific Movements. PLoS ONE 2019, 14, e0213064. [CrossRef] [PubMed]

Brennan, A.; Deluzio, K.; Li, Q. Assessment of Anatomical Frame Variation Effect on Joint Angles: A Linear Perturbation
Approach. J. Biomech. 2011, 44, 2838-2842. [CrossRef] [PubMed]

Della Croce, U.; Cappozzo, A.; Kerrigan, D.C. Pelvis and Lower Limb Anatomical Landmark Calibration Precision and Its
Propagation to Bone Geometry and Joint Angles. Med. Biol. Eng. Comput. 1999, 37, 155-161. [CrossRef] [PubMed]

Seel, T.; Raisch, J.; Schauer, T. Imu-Based Joint Angle Measurement for Gait Analysis. Sensors 2014, 14, 6891-6909. [CrossRef]
Teufl, W.; Miezal, M.; Taetz, B.; Frohlich, M.; Bleser, G. Validity, Test-Retest Reliability and Long-Term Stability of Magnetometer
Free Inertial Sensor Based 3d Joint Kinematics. Sensors 2018, 18, 1980. [CrossRef]

Leardini, A.; Chiari, L.; Della Croce, U.; Cappozzo, A. Human Movement Analysis Using Stereophotogrammetry. Part 3. Soft
Tissue Artifact Assessment and Compensation. Gait Posture 2005, 21, 212-225. [CrossRef]

Fiorentino, N.M.; Atkins, PR.; Kutschke, M.].; Goebel, ].M.; Foreman, K.B.; Anderson, A.E. Soft Tissue Artifact Causes Significant
Errors in the Calculation of Joint Angles and Range of Motion at the Hip. Gait Posture 2017, 55, 184-190. [CrossRef] [PubMed]
Karatsidis, A.; Jung, M.; Schepers, H.M.; Bellusci, G.; de Zee, M.; Veltink, P.H.; Andersen, M.S. Musculoskeletal Model-Based
Inverse Dynamic Analysis under Ambulatory Conditions Using Inertial Motion Capture. Med. Eng. Phys. 2019, 65, 68-77. [CrossRef]
McGinley, ].L.; Baker, R.; Wolfe, R.; Morris, M.E. The Reliability of Three-Dimensional Kinematic Gait Measurements: A Systematic
Review. Gait Posture 2009, 29, 360-369. [CrossRef] [PubMed]

Poitras, I.; Dupuis, F; Bielmann, M.; Campeau-Lecours, A.; Mercier, C.; Bouyer, L.J.; Roy, ].S. Validity and Reliability of Wearable
Sensors for Joint Angle Estimation: A Systematic Review. Sensors 2019, 19, 1555. [CrossRef]


https://news.cgtn.com/news/3067544d31494464776c6d636a4e6e62684a4856/share_p.html
https://news.cgtn.com/news/3067544d31494464776c6d636a4e6e62684a4856/share_p.html
https://www.prweb.com/releases/short_film_twenty_one_points_features_vfx_magic_created_with_perception_neuron_motion_capture_that_makes_high_quality_3d_animation_possible_for_directors_at_any_budget/prweb15858480.htm
https://www.prweb.com/releases/short_film_twenty_one_points_features_vfx_magic_created_with_perception_neuron_motion_capture_that_makes_high_quality_3d_animation_possible_for_directors_at_any_budget/prweb15858480.htm
https://www.prweb.com/releases/short_film_twenty_one_points_features_vfx_magic_created_with_perception_neuron_motion_capture_that_makes_high_quality_3d_animation_possible_for_directors_at_any_budget/prweb15858480.htm
http://doi.org/10.3390/jcm8010124
http://www.ncbi.nlm.nih.gov/pubmed/30669562
http://doi.org/10.1016/j.measurement.2019.107024
http://doi.org/10.1186/s12984-020-00694-2
https://v21.wiki.optitrack.com/index.php?title=OptiTrack_Documentation_Wiki
https://v21.wiki.optitrack.com/index.php?title=OptiTrack_Documentation_Wiki
http://doi.org/10.1002/jor.1100080310
http://doi.org/10.1016/j.ptsp.2013.05.001
http://doi.org/10.1016/j.physio.2013.03.001
http://www.ncbi.nlm.nih.gov/pubmed/23747027
http://doi.org/10.1016/j.gaitpost.2010.02.009
http://www.ncbi.nlm.nih.gov/pubmed/20303272
http://doi.org/10.1037/0033-2909.86.2.420
http://doi.org/10.1016/j.jbiomech.2009.07.016
http://www.ncbi.nlm.nih.gov/pubmed/19682694
http://doi.org/10.1007/s11517-012-1006-5
http://www.ncbi.nlm.nih.gov/pubmed/23224902
http://doi.org/10.1016/j.jbiomech.2009.08.004
http://doi.org/10.1016/j.jbiomech.2007.12.003
http://doi.org/10.1371/journal.pone.0213064
http://www.ncbi.nlm.nih.gov/pubmed/30817787
http://doi.org/10.1016/j.jbiomech.2011.09.006
http://www.ncbi.nlm.nih.gov/pubmed/21944781
http://doi.org/10.1007/BF02513282
http://www.ncbi.nlm.nih.gov/pubmed/10396818
http://doi.org/10.3390/s140406891
http://doi.org/10.3390/s18071980
http://doi.org/10.1016/j.gaitpost.2004.05.002
http://doi.org/10.1016/j.gaitpost.2017.03.033
http://www.ncbi.nlm.nih.gov/pubmed/28475981
http://doi.org/10.1016/j.medengphy.2018.12.021
http://doi.org/10.1016/j.gaitpost.2008.09.003
http://www.ncbi.nlm.nih.gov/pubmed/19013070
http://doi.org/10.3390/s19071555

	Introduction 
	Materials and Methods 
	Participants 
	Instrumentation 
	Experimental Protocol 
	Data Processing and Analysis 
	Statistical Analysis 

	Results 
	Concurrent Validity 
	Waveform Analysis 
	Difference Analysis 

	Reliability 

	Discussion 
	Concurrent Validity 
	Reliability 
	Limitations 

	Conclusions 
	Appendix A
	Appendix B
	References

