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Human motion capture (MOCAP) systems are vital while determin-
ing the loads occurring at the joints. Most of the clinical MOCAP
systems are very costly, requiring investment and infrastructure.
Therefore, alternative technologies are in demand. In this study, a
novel markerless wearable MOCAP system was assessed for its com-
patibility with a biomechanical modeling software. To collect evi-
dence, experiments were designed in two stages for quantifying the
range of motion (ROM) of the hip joint, in vitro and in vivo. Three
constrained single-plane motions—abduction/adduction, flexion/
extension, and internal/external rotation movements of the active
leg—were analyzed. The data were collected from 14 healthy volun-
teers, using the wearable system and a medical grade optoelectronic
MOCAP system simultaneously and compared against. For the
in vitro study, the root-mean-square error (RMSE) for the abduction/
adduction motion of the hip joint was calculated as 0.11 deg/
0.30 deg and 0.11 deg/0.09 deg, respectively, for the wearable and
the opto-electronic system. The in vivo Bland–Altman plots showed
that the two system data are comparable. The simulation software is
found compatible to run the simulations in offline mode. The weara-
ble system could be utilized in the field of biomechanics software for
running the kinetic simulations. The results demonstrated that the
wearable system could be an alternative in the field of biomechanics
based on the evidence collected. [DOI: 10.1115/1.4049199]

Keywords: MOCAP, motion analysis, human motion capture
systems, lower body, wearable MOCAP, verification, validation,
ISO13485

1 Introduction

Motion capture (MOCAP) allows human movements to be cap-
tured for further analysis by collecting data from the analog world
to simulate it in the digital environment [1]. In this technique,

behaviors of the objects are obtained from the captured data [2].
MOCAP could be defined as the analysis of a scene, which results
in mathematical formulation of the motion provided by the human
subjects. Today, MOCAP is widely utilized in medicine [3], sports
[4], entertainment [5], law/surveillance [6], and also in the design
of ergonomic environments [7–9].

Motion capture systems can provide comprehensive data, which
define the three-dimensional (3D) marker trajectory, displace-
ment, angular and linear velocity, and acceleration of the limps.
These comprehensive data are used heavily in animation industry,
life sciences, or in the field of engineering applications. These
data are crucial especially, while deriving kinematic, kinetic infor-
mation, understanding the role of soft tissues such as the activity
pattern of the muscles in different applications as in clinical gait
analysis [10], musculoskeletal modeling [11], and in the field of
biomechanics. Laboratory-based 3D motion capture methods are
mostly utilized in hospitals, and research environments. However,
there is limited availability as they require investment for infra-
structure, maintenance, process time, and resources for qualified
personnel to run the laboratories [12]. Lab-based MOCAP sys-
tems have their own disadvantages such as the difficulty of simu-
lating the daily life activities in the laboratory conditions [13].
Due to these challenges, there is an unmet need requiring the
development of a new MOCAP system and algorithm that might
provide the required answers.

Inertial motion capture (IMC) systems are designed to provide
an evaluation of the orientation for the segments and the full-body
MOCAP in the absence of laboratory conditions [14]. IMC sys-
tems do not require the line of sight to capture the data. An IMC
system (Xsens Awinda, Xsens Technologies BV, Enschede, The
Netherlands) was shown to predict joint angles with a good accu-
racy [15] and used to calculate the 3D reaction forces and the joint
moments during gait with a comparable accuracy to the optical
motion prediction [16]. However, one of the limitations of this
IMC system was its cost. Especially, in the countries with limited
resources to conduct research, and design experiments, it is very
important to have an affordable system. There is still an unmet
need for a system, which is affordable, reliable, and easy to run
and use with less process time to enable the implementation of
evidence-based patient treatment methods globally.

Analysis of human motion in the medical field is very important
to understand the movements of the joints in the body. In order to
determine the appropriate treatment methods before the surgery,
the gait analyses supported by MOCAP systems are key to suc-
cessful interventions and operations in the medical field. There-
fore, it is very important to have a medical grade MOCAP system,
which can be relied on for the welfare of the patients. With the
established hardware technology in the digital entertainment, art
and media fields, having user friendly graphical interfaces for data
collection, already available wearable MOCAP systems, with
affordable prices, could be considered as an alternative solution.
But, in the field of health and medicine, for quality assurance pur-
poses, it is required to provide evidence for the fitness of the sys-
tem for its intended use [17]. International Organization for
Standardization (ISO) 13485 details the requirements for a broad
quality management system for the design and for the manufac-
ture of the medical devices. As a part of this qualification process,
it is important to produce evidence, demonstrating the fitness of
the device according to the specifications, set initially, according
to which, the system should perform. This is usually achieved by
comparing the new system’s performance against an already
available CE marked product with similar intended use.

In this study, we are proposing that the MOCAP system, which
is normally used in animation industry, could be utilized as an
affordable option to investigate the lower body kinematics with a
biomechanics software, in the field of biomechanics. The study is
designed in two stages, mainly in vitro and in vivo by comparing
the wearable suit against an optoelectronic MOCAP system,
which is already qualified for medical use. The successful transfer
of the collected data into a biomechanics software is checked for
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the system to be utilized widely by the research personnel, mostly
by M.Sc. and Ph.D. students to conduct research in this field.

2 Materials and Methods

In order to evaluate the fitness of a wearable marker-less
MOCAP system, SMARTSUIT PRO (Rokoko, Copenhagen, Denmark)
in combination with an in silico human modeling software pack-
age “BIOMECHANICS OF BODIES” (BoB, Coventry, UK) for lower
body kinematics, against an optoelectronic MOCAP system, Opti-
Track Flex-3 (LEYARD, Corvallis, OR) was utilized. The results
were compared with each other after collecting data from the both
systems simultaneously.

2.1 Materials. The novel wearable MOCAP system, SMART-

SUIT PRO (Rokoko), which is to be tested for its suitability for the
lower body, has 19 sensors. Each of these sensors has 9 degree-of-
freedom (DoF). These 19 inertial measurement units are con-
nected to each other with custom made cables, connecting to a
hub providing the wireless communication (Fig. 1) with the com-
puter. The sensors are placed into the hidden pockets inside the
suit. The suit itself, is a high performance, durable nylon based
fabric. For the suit to fit all body types, around the sensors, adjust-
able straps are tightened to prevent relative motion between the
limb and the sensors. Inside the suit, there are seamlessly inte-
grated tunnels. These tunnels protect the cables, as well as the sen-
sors without restricting the motion of the subjects. The hub
contains a USB 2.0 communication on board memory and also a
smart home button for one-person to be able to handle the record-
ing. The WiFi is able to transfer data within a 100 m distance. The
data transfer is in real-time. The data transfer rate is 100 frames
per second (fps). The suit has a software package called, SMART-

SUIT STUDIO, to monitor the action in real-time in silico. The SMART-

SUIT STUDIO’s Graphical User Interface (GUI) is user friendly and
one can intuitively follow the procedures to record the motion in
real-time. The STUDIO software can run on a Windows platform.
The suit has a 6 h battery time, allowing longer motion scenarios
to be completed, if required.

To compare the results of SMARTSUIT PRO, another system, which
is utilized in gait labs for medical purposes, was selected. The
selected system, OptiTrack Flex-3 (LEYARD), is widely utilized
in the field as a gold standard, consisting of marker sets and multi-
ple cameras (Fig. 2). With OptiTrack Flex-3, according to the
type of motion, specific number of marker sets and also a number
of cameras are utilized. OptiTrack has a reputation for its process-
ing capability and precision. It is possible to gather marker data
down to submillimeter levels with high level of accuracy. The

data sampling rate of OptiTrack Flex-3 system is 100 Hz [18–20].
The OptiTrack System that we used in our experiment had six
Flex3 cameras (Fig. 2), and passive markers. The system has a
dedicated software called “Motive” providing a graphical user
interface for controlling the markers during the data acquisition
process. Before recording the data, all required checks are com-
pleted to control if there are any obstacles causing a line of sight
problem for the markers a trained personnel was utilized to com-
plete the data acquisition procedure.

For the proof-of-concept part of the study, an in vitro experi-
mental setup was designed. Three constrained single-plane
motions, abduction/adduction, flexion/extension, and internal/
external rotation movements, of the hip joined were planned to be
inspected. For this reason, based on the dimensions of a female,
5th percentile (3B Scientific) model, polylactic acid (with negligi-
ble weight) leg mimicking limb, printed using a 3D printer, was
attached to a servomotor (MG 995), representing the hip joint
(Fig. 3). The servomotor was confined to provide a single-plane
motion to control the rotation in one axis only and have a prede-
fined true range of motion (ROM) value for the analyses. The
rotations were controlled with an Arduino Uno Board. The motor
was supplied by TT Technic MCH 303D DC power supply. The
range of motion for each set of motions is provided in Table 1
[21].

2.2 Subjects. To be able to conduct experiments on healthy
volunteers, ethics committee permission was obtained success-
fully from the medical faculty of the university. The experiment
and the aim of the study were explained to each participant dem-
onstrating the set of motions that they were required to perform.
Each volunteer signed an informed consent form before the data
collection procedure began. 14 healthy individuals volunteered
for this study. The volunteers had no previous history of lower
body injuries. These volunteers were chosen randomly. Most of
the volunteers were M.Sc. and Ph.D. students with an average age
of 2567.2 years, average height of 17269.3 cm, and average
weight of 75614.2 kg, consisting of seven males and seven
females.

2.3 Procedure. Initially, in vitro proof-of-concept study was
completed. This involved collecting data from the in vitro setup
using the SMARTSUIT PRO-and OptiTrack Flex-3 system simultane-
ously. The root-mean-square errors (RMSEs) were calculated by
estimating the difference between the controlled range of motion
and the measured range of motion by the two systems. To ensure
that the in vitro setup produces the desired range of motion, the
system was controlled and calibrated before the experiments.
Bland–Altman graphs were drawn to check if SMARTSUIT PRO can
produce replaceable data with that of OptiTrack Flex-3 system.

Fig. 1 SMARTSUIT PRO suit itself on the left, showing the configu-
ration of sensors over the suit and on the right the full configu-
ration of the system showing the communication with the
computer using the WIFI

Fig. 2 OptiTrack camera system which uses markers to detect
the motion of the limb (Flex3 Camera dimensions)
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Based on the successful evidence, the second stage of the study,
in vivo part, was planned. For the in vivo part, before the experi-
ment, the subjects were asked to wear the suit. The straps at the
sensor locations were secured for no relative motion to occur
between the skin and the straps. The markers for OptiTrack Flex-
3 system were placed at the same location of the inertial measure-
ment unit sensors of the SMARTSUIT PRO.

The normal range of motion for the hip flexion is expected to
be 130 deg as shown in Fig 4(a) with no bending at the knee loca-
tion. The joint angles of interest for this study were the angles
between the hip (measured between the neutral location and the
current location) for the calculation of flexion/extension ROM in
the sagittal plane. In the coronal plane (Fig. 4(b)), abduction/
adduction ROM, and in the transverse plane (Fig. 4(c)), internal/
external rotation ROM were measured. All the movements were
shown to volunteers (Fig. 4) before they were asked to repeat the
movements (abduction, flexion, and rotations) themselves. The
subjects were asked to repeat the motion three times, in three sets
of motion to form the data sets. To collect data simultaneously
using OptiTrack Flex-3, the markers were placed over the subjects
at the same locations with the sensors of SMARTSUIT PRO. The start
command was given to the operators to start recording the data.
With the successful collection of data, statistical analyses were
completed to compare the consistency of SMARTSUIT PRO data with
that of OptiTrack system.

3 Methodology

3.1 Proof of Concept. The hip flexion/extension, abduction/
adduction, and internal/external rotation motion were performed
on the skeletal model. The sensors were placed over the skeleton
model for the inspected leg and the rest of the skeleton, wearing
the suit over. During the motion, both SMARTSUIT PRO-and Opti-
Track Flex-3 were in the record mode. To find the hip angle, two
vectors were constructed (Fig. 5). The vector A in the image
shows the maximum position during the abduction motion of the
joint, while the vector B defines the stationary position of the leg.
The joint between these two points represents the abduction angle
as represented in the frontal view of the human figure (Fig. 5).
While calculating the abduction, adduction, flexion, extension
angles, and the hip and toe sensors were used. A vector was cre-
ated between the hip and the toe sensors (Eq. (1)). The other posi-
tion vector (vector B Eq. (2)) was also defined with 3D
coordinates obtained from sensor data. Tangent value of the angle
(Eq. (5)) was calculated by dividing the cross product (Eq. (4)) by
the dot product (Eq. (3)). Using the arc tangent trigonometric

function, the angle in between was calculated. The rotation angle
was calculated by creating vectors with the help of toe, foot, and
toe tip sensors using the same formulas for the internal–external
rotation calculations

OA ¼ ðxa � xo; ya � yo; za � zoÞ (1)

OB ¼ ðxb –x0; yb–y0; zb –zoÞ (2)

AB ¼ jOAj:jOBjcosa (3)

A� B ¼ A:Bsina (4)

tana ¼ A� B

A:B
(5)

Fig. 3 Schematic model of the leg limb showing hip rotation
for each fully constrained single plane

Fig. 4 (a) Single joint movements of hip flexion/extension, (b)
abduction/adduction, (c) internal/external rotation is demon-
strated starting with the leg in neutral position bringing the leg
to the extreme level for ROM to be assessed

Fig. 5 Schematic view for definition of vectors, and markers
attached to the suit over human anatomical land marks
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4 Experimental Results

The data files were recorded. They were converted into CSV
file format to feed data into the BIOMECHANICS OF BODIES (BoB)
module, which works in MATLAB (v2018b, MathWorks, Natick,
MA). The offline data were simulated in BoB as shown in Fig. 6.
BoB can calculate the joint angles and reaction forces for more
complex biomechanical analysis. The data format is proven to be
compatible replicating the same motion as shown in GUI of BoB
and software of SMARTSUIT PRO (Fig. 6).

We calculated the angle using our MATLAB code using the data
obtained via both OptiTrack Flex-3 and SMARTSUIT PRO. The
RMSE value for each system was calculated against the ROM val-
ues provided in Table 1. For the in vitro study, the RMSE for the
abduction/adduction motion of the hip joint was calculated as
0.11 deg/0.30 deg and 0.11 deg/0.09 deg, respectively, for the
SMARTSUIT PRO-and the OptiTrack Flex-3 system with a Pearson
coefficient of 0.8/0.9, for flexion/extension as 0.6 deg/0.1 deg and

0.18 deg/0.26 deg, respectively, with a Pearson coefficient of 0.92/
0.90, for internal/external rotation as 0.25 deg/0.25 deg and
0.09 deg/0.15 deg, respectively, with a Pearson coefficient of 0.85/
0.98 as shown in Table 2. Bland–Altman graphs showed that both
systems produce comparable data with each other based on the
data collected from the in vitro setup (Fig. 7).

in vivo RMSE between the SMARTSUIT PRO-and the OptiTrack
Flex-3 system for abduction/adduction was 1.52 deg/1.53 deg and
with Pearson coefficient of 0.99/0.98, for flexion/extension, the
calculated RMSE was 1.38 deg/1.81 deg with Pearson coefficient
of 0.99/0.98 for the internal/external rotation, the RMSE was
1.61 deg/1.53 deg with Pearson coefficient of 0.99/0.99, respec-
tively, (Table 3). Bland–Altman graphs showing the limits of
agreement between the two systems using the in vivo data are

Fig. 6 Offline BoB simulation output on using the data collected by SMARTSUIT PRO on the left, and SMART-

SUIT PRO real-time interface on the right

Table 2 The in vitro result of RMSE values and Pearson corre-
lation coefficient between the two systems. For hip flexion/
extension, abduction/adduction, internal/external rotations
using the dataset collected by SMARTSUIT PRO-and OptiTrack with
three repetitions

In vitro RMSE for each system

Motion type SMARTSUIT PRO OptiTrack Pearson correlation

Abduction 0.11 0.11 0.80
Adduction 0.30 0.09 0.90
Flexion 0.60 0.18 0.92
Extension 0.10 0.26 0.90
Internal rotation 0.25 0.09 0.85
External rotoation 0.25 0.15 0.98

Table 4 Numeric angular values showing the deviation from
the zero value in B-A graphs with corresponding upper limit
and lower limit values

In vivo In degrees

Motion type Bias
Upper limits
of agreement

Lower limits
of agreement

Abduction �0.6 2.1 �3.4
Adduction �0.2 2.8 �3.2
Flexion �0.3 2.3 �3
Extension �0.4 2.2 �2.9
Internal rotation �0.6 2.5 �3.6
External rotation �0.7 2 �3.4

Table 3 The in vivo result of RMSE values and Pearson Corre-
lation Coefficient between the two systems for hip flexion/
extension, abduction/adduction, and internal/external rotations
using the dataset collected by SMARTSUIT PRO-and OptiTrack
Flex-3 with three repetitions

In vivo RMSE Pearson

Abduction 1.52 1.00
Adduction 1.53 0.98
Flexion 1.38 1.00
Extension 1.81 0.99
Internal rotation 1.61 0.99
External rotation 1.53 0.99

Table 1 Range of motion of hip joint in each single plane for
each motion type

Motion type ROM in angles

Abduction/adduction 50 deg/30 deg
Flexion/extension 130 deg/20 deg
Internal/external rotation 40 deg/30 deg
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shown in Fig. 8, also providing numerical details in Table 4 for
bias, upper and lower limits of agreement in degrees.

5 Discussion

In this study, our aim is to provide evidence for an already
available MOCAP system, which is currently used in animation
industry in order to use it in the field of biomechanics as a medical
device. For this reason, the study consisted of a carefully planned
two-stage approach. Human population might have different range
of motion values even for a well-defined activity, flexion/
extension, adduction/abduction, and internal/external rotations,
which might vary from person to person. To be able to eliminate
subjective differences and eliminate the effect of combined
motion scenarios, in vitro step was designed. The data were col-
lected using SMARTSUIT PRO-and OptiTrack MOCAP systems
simultaneously. The in vitro setup was controlled with a step

motor simulating the ROM values of the hip joint. This input
datum was treated as a true value for both of the systems so that
we were able to provide evidence for the accuracy of both systems
providing RMSE values. The RMSE values were less than 1 deg
for both of the systems. This was convincing enough and provided
required evidence for us to be able to carry on with the volunteer
experiments. With this evidence, it was possible to obtain ethics
approval for us to collect data from healthy volunteer population.
Pearson correlation coefficient was calculated only to show that
there is a linear relationship between the readings of both systems
[22]; this means, if OptiTrack readings tend to increase, then there
is a similar trend in the readings of SMARTSUIT PRO. For in vitro
results, Pearson values were between 0.8 and 0.98, indicating lin-
ear tendency between the systems. However, one should keep in
mind that this does not mean the agreement between the systems;
instead, Bland–Altman graphs are utilized to provide evidence for
limits of agreement [22].

Fig. 7 Bland–Altman graphs based on the collected data from the in vitro setup for the hip, (a) abduction, (b) adduction, (c)
flexion, (d) extension, (e) internal, and (f) external rotations using the dataset collected by SMARTSUIT PRO-and OptiTrack with
three sets of three repetitions demonstrating the limits of agreement
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In SMARTSUIT PRO, each sensor has a local coordinate system,
each coordinate system has a designated place with fixed spaces
between each sensor. By this means, the translation from the local
coordinate system to global coordinate system was performed
using rotational matrix calculations. For in vivo experiments,
since each subject has different anthropometric measurement, the
scale was adjusted accordingly before each measurement in the
user interface of SMARTSUIT PRO. All the collected position and
rotation data were transferred to the hub and used for rigid body
motion model. SMARTSUIT PRO has the inherited soft tissue artifact
problem of MOCAP systems, as it is the case with OptiTrack,
which relies on the information collected from the surface
markers [23]. Relating skin marker data to the bone marker data is
another research topic and is not within the scope of this research.
In literature, there are some other emerging medical devices such
as biplanar radiography, which might eliminate the skin artifact
problem and provide direct bone marker data. However, each

system has its own pros and cons, as it is harder to get ethics per-
missions for healthy subjects due to use of ionizing radiations,
and time-consuming data processing as well as limited field of
view [24], which might be a problem for hip motion for our study.
Yet, when compared with an optoelectronic MOCAP system [24],
biplanar radiography RMSE showed angular errors ranging from
1.06 to 8.31 deg across the planes (frontal: 3.57 deg, 3.67 deg,
transverse: 4.28 deg, 4.70 deg, sagittal: 2.45 deg, 2.67, walking
and running, respectively), which are higher than the RMSE
results of SMARTSUIT PRO, used in this study.

The collected data were used in the calculation of ROM values.
The data collection rate was 100 frames per second for both of the
systems, which made the comparisons and the postprocessing
tasks convenient. If the data sampling rates were not equal, this
would require matching of the sampling rate of the systems by uti-
lizing up-sampling/down-sampling [25], signal-processing meth-
ods. While choosing an application, data collection rate is very

Fig. 8 Bland–Altman graphs based on the collected data from the volunteers for the in vivo part of the study for the hip, (a)
abduction, (b) adduction, (c) flexion, (d) extension, (e) internal, and (f) external rotations using the dataset collected by SMART-

SUIT PRO-and OptiTrack with three sets of three repetitions demonstrating the limits of agreement
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important [26]. The researchers who are in need of designing a
study and choose a MOCAP system should work toward optimum
system design as too much data might be time-consuming to pro-
cess and expansive to store, while inadequate sampling rate might
cause missing on important details where peak accelerations take
place. For example, for impact-related research, normally high-
speed cameras are utilized with 1000 fps, in this case, use of
SMARTSUIT PRO might not be the optimum solution. SMARTSUIT PRO

has a fixed data sampling rate and this should be considered while
designing experimental protocols in the field of biomechanics. It
is the researcher’s responsibility to choose the optimum measure-
ment for the study which needs to investigated, it is advised a
through literature analysis is conducted to choose an optimum
equipment matching with the requirements of the investigation
points.

In medical sciences, Bland–Altman graphs are widely utilized
while introducing a new equipment into the field and comparing
its performance to what is considered as gold standard in the field
currently. Bland–Altman graphs provide detailed information for
limits of agreements. These limits are calculated by using the
mean and the standard deviation (s) of the differences between
two measurements. The resulting Bland–Altman graph is a scatter
plot in XY directions. The y-axis shows the difference between the
two paired measurements (data from OptiTrack–data from SMART-

SUIT PRO) and the X-axis represents the average of these measures
((Data from OptiTrackþ Data from SMARTSUIT PRO)/2), the differ-
ence of the two paired measurements is plotted against the mean
of the two measurements. Normally during a measurement, we
are not certain about the true value but we treat the gold standard
system reading as a true value. If there is no difference between
the readings, then y-axis value should be equal to zero, reporting
perfect match between the readings and accuracy. The difference
of this value from zero is known as bias [22]. If the tested system
provides positive bias, it means that it underestimates the read-
ings, negative means, when compared the gold standard, it overes-
timates the readings. In our results, for in vivo studies as indicated
in Table 4, accuracy in other words bias of SMARTSUIT PRO is less
than 1 deg. Only underestimating the extension motion by 0.4 deg,
and overestimating the abduction/adduction, flexion, internal/
external rotations maximum by 0.7 deg. This shows that SMARTSUIT

PRO provides the required accuracy. The 95% of the data points in
the scatter plot should lie within 62 standard deviation of the
mean difference. If all the data points fall into the limits of upper
and lower boundaries, this is an indication of precision (more
detailed graphical presentation of accuracy and precision graphs
are available in Ref. [27]). In our dataset, results were within the
upper and lower limits of agreement indicating precision of SMART-

SUIT PRO data for this experimental protocol. Based on this experi-
mental values, SMARTSUIT PRO can measure the ROM values of the
hip joint as well as OptiTrack system.

In total, 14 people consisting of seven females and seven males
were recruited in this study. To be able to calculate average ROM
values, subjects were asked to repeat the motion three times, while
their motion information was captured by the both systems.
Although it could have been argued that for statistical analysis, it
would be good to increase the number of subjects, due to limited
amount of time and resources, the study was constrained in terms
of population. The calculated RMSE between both systems was
less than 1 deg in proof of concept part of the study. To comply
with ISO13485 standards, we had set 2 deg of deviation for accep-
tance criteria before the experiments, results demonstrated that the
system meets the required criteria. Based on this evidence, in vivo
experiments were performed. Bland–Altman graphs were utilized
to compare the data provided by both systems. Figures 7 and 8
show the agreement between the both systems indicating the 95%
of the data falling into limits of agreement.

In the field of biomechanics, compatibility of MOCAP systems
with the biomechanical simulation software is very important. We
tested the compatibility of the data with BIOMECHANICS OF BODIES

software (BoB Software) running on MATLAB environment, which

was possible to calculate the angles and obtain ROM versus time
graphs. There are also other open-source software such as OPENSIM;
the suit is also compatible to work with this sort of platform,
which might require more programming skills when compared to
commercially available software. Based on the evidence provided
in this technical communication, the next step is to design an
experimental protocol for gait analysis providing detailed infor-
mation for each phase of the gait cycle by making use of the bio-
mechanical simulation programs mentioned.

In the materials section 2.1, it was mentioned that the SMARTSUIT

PRO has a 6-h battery time. During our experiments, this was tested
and the battery was able to survive for 6 h for us to complete our
measurements. The ethics committee permission was obtained for
healthy people. The experiment time for each subject was between
10 and 15 min. The subjects were able to wear the suit easily and
reported no discomfort within the duration of the experiment.
However, the suit has not been tested for patients. For example,
with people who have disability, additional help might be required
to wear the suit. The results reported in this paper are obtained
from healthy volunteers. It is important to keep this in mind, while
designing a study with specific patients, based on the results of
this technical communication.

6 Conclusion

In medical engineering, when a device is utilized out of its
intended use, it is mandatory to provide evidence that the device
is fit for the new intended use. Here, we have investigated compat-
ibility of the device for a simulation software, which is utilized
for biomedical applications. We also cross validated the wearable
MOCAP system against an optoelectronic system using
Bland–Altman graphs. The evidence shows that the data provided
by the wearable MOCAP system are comparable with the data of
optoelectronic system. The new system has the advantage of not
interfering with natural flow of daily life activities without the
requirement of performing the data collection in a lab environ-
ment. However, as with any other surface-based MOCAP system,
SMARTSUIT PRO-also suffers from the soft tissue artifact problem,
but still has the advantage of ease of use with low data processing
time to meet the limited time frames of busy clinical work flows.
Being compatible with a biomechanical modeling software, this
could be a game changer in future eliminating the need for high
budgets, to conduct research worldwide.
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Çizmecio�gulları (Electric and Electronics Dept, Istanbul Univer-
sity, Turkey) for his support. We would like to acknowledge the
support of Rokoko Team (Rokoko, Copenhagen, Denmark), with
their technical support for this research. We also like to thank Pro-
fessor Dr. James Shippen and Dr. Barbara May, in making the
required changes for BoB (BoB, Coventry, UK) to be compatible
with the Smartsuit Pro system.

References
[1] Mihcin, S., Kose, H., Cizmeciogullari, S., Ciklacandir, S., Kocak, M., Tosun,

A., and Akan, A., 2019, “Investigation of Wearable Motion Capture System
Towards Biomechanical Modelling,” Medical Measurements and Applications
(MeMeA), Istanbul, Turkey, June 26–28, pp. 1–5.

[2] Est�evez-Garc�ıa, R., Mart�ın-Guti�errez, J., Mendoza, S. M., Marante, J. R.,
Chinea-Mart�ın, P., Soto-Mart�ın, O., and Lodeiro-Santiago, M., 2015, “Open
Data Motion Capture: MOCAP-ULL Database,” Procedia Comput. Sci., 75,
pp. 316–326.

[3] Johansson, G., 1973, “Visual Perception of Biological Motion and a Model for
Its Analysis,” Percept. Psychophys., 14(2), pp. 201–211.

[4] Menache, A., 2000, Understanding Motion Capture for Computer Animation
and Video Games, Morgan Kaufmann Publishers, Burlington, MA.

Journal of Biomechanical Engineering APRIL 2021, Vol. 143 / 044504-7

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/biom

echanical/article-pdf/143/4/044504/6641391/bio_143_04_044504.pdf by Izm
ir yuksek Teknoloji Enstitusu user on 05 April 2022

http://dx.doi.org/10.1109/MeMeA.2019.8802208
http://dx.doi.org/10.1016/j.procs.2015.12.253
http://dx.doi.org/10.3758/BF03212378


[5] Corazza, S., M€undermann, L., Chaudhari, A. M., Demattio, T., Cobelli, C., and
Andriacchi, T. P., 2006, “A Markerless Motion Capture System to Study Mus-
culoskeletal Biomechanics: Visual Hull and Simulated Annealing Approach,”
Ann. Biomed. Eng., 34(6), pp. 1019–1029.

[6] Ohgi, Y., 2006, “MEMS Sensor Application for the Motion Analysis in Sports Sci-
ence,” ABCM Symposium Series in Mechatronics, Vol. 2, Brazilia, pp. 501–508.

[7] Ahn, M. H., Aliu, E., Andringa, S., Aoki, S., Aoyama, Y., Argyriades, J., Asa-
kura, K., Ashie, R., Berghaus, F., Berns, H. G., Bhang, H., Blondel, A., Borghi,
S., Bouchez, J., Boyd, S. C., Burguet-Castell, J., Casper, D., Catala, J., Cavata,
C., Cervera, A., Chen, S. M., Cho, K. O., Choi, J. H., Dore, U., Echigo, S., Espi-
nal, X., Fechner, M., Fernandez, E., Fujii, K., Fujii, Y., Fukuda, S., Fukuda, Y.,
Gomez-Cadenas, J., Gran, R., Hara, T., Hasegawa, M., Hasegawa, T., Hayashi,
K., Hayato, Y., Helmer, R. L., Higuchi, I., Hill, J., Hiraide, K., Hirose, E.,
Hosaka, J., Ichikawa, A. K., Ieiri, M., Iinuma, M., Ikeda, A., Inagaki, T., Ishida,
T., Ishihara, K., Ishii, H., Ishii, T., Ishino, H., Ishitsuka, M., Itow, Y., Iwashita,
T., Jang, H. I., Jang, J. S., Jeon, E. J., Jeong, I. S., Joo, K. K., Jover, G., Jung, C.
K., Kajita, T., Kameda, J., Kaneyuki, K., Kang, B. H., Kato, I., Kato, Y.,
Kearns, E., Kerr, D., Kim, C. O., Khabibullin, M., Khotjantsev, A., Kielczew-
ska, D., Kim, B. J., Kim, H. I., Kim, J. H., Kim, J. Y., Kim, S. B., Kitamura,
M., Kitching, P., Kobayashi, K., Kobayashi, T., Kohama, M., Konaka, A.,
Koshio, Y., Kropp, W., Kubota, J., Kudenko, Y., Kume, G., Kuno, Y., Kuri-
moto, Y., Kutter, T., Learned, J., Likhoded, S., Lim, I. T., Lim, S. H., Loverre,
P. F., Ludovici, L., Maesaka, H., Mallet, J., Mariani, C., Martens, K., Mar-
uyama, T., Matsuno, S., Matveev, V., Mauger, C., McConnel Mahn, K. B.,
McGrew, C., Mikheyev, S., Minakawa, M., Minamino, A., Mine, S., Mineev,
O., Mitsuda, C., Mitsuka, G., Miura, M., Moriguchi, Y., Morita, T., Moriyama,
S., Nakadaira, T., Nakahata, M., Nakamura, K., Nakano, I., Nakata, F., Nakaya,
T., Nakayama, S., Namba, T., Nambu, R., Nawang, S., Nishikawa, K., Nishino,
H., Nishiyama, S., Nitta, K., Noda, S., Noumi, H., Nova, F., Novella, P., Obaya-
shi, Y., Okada, A., Okumura, K., Okumura, M., Onchi, M., Ooyabu, T., Oser,
S. M., Otaki, T., Oyama, Y., Pac, M. Y., Park, H., Pierre, F., Rodriguez, A.,
Saji, C., Sakai, A., Sakuda, M., Sakurai, N., Sanchez, F., Sarrat, A., Sasaki, T.,
Sato, H., Sato, K., Scholberg, K., Schroeter, R., Sekiguchi, M., Seo, E., Shar-
key, E., Shima, A., Shiozawa, M., Shiraishi, K., Sitjes, G., Smy, M., So, H.,
Sobel, H., Sorel, M., Stone, J., Sulak, L., Suga, Y., Suzuki, A., Suzuki, Y.,
Suzuki, Y., Tada, M., Takahashi, T., Takasaki, M., Takatsuki, M., Takenaga,
Y., Takenaka, K., Takeuchi, H., Takeuchi, Y., Taki, K., Takubo, Y., Tamura,
N., Tanaka, H., Tanaka, K., Tanaka, M., Tanaka, Y., Tashiro, K., Terri, R.,
T’Jampens, S., Tornero-Lopez, A., Toshito, T., Totsuka, Y., Ueda, S., Vagins,
M., Whitehead, L., Walter, C. W., Wang, W., Wilkes, R. J., Yamada, S.,
Yamada, Y., Yamamoto, S., Yamanoi, Y., Yanagisawa, C., Yershov, N.,
Yokoyama, H., Yokoyama, M., Yoo, J., Yoshida, M., and Zalipska, J., 2006,
“Measurement of Neutrino Oscillation by the K2K Experiment,” Phys. Rev. D,
74(7), p. 72003.

[8] Bortolini, M., Faccio, M., Gamberi, M., and Pilati, F., 2020, “Motion Analysis
System (MAS) for Production and Ergonomics Assessment in the Manufactur-
ing Processes,” Comput. Ind. Eng., 139, p. 105485.

[9] Zijlstra, W., and Aminian, K., 2007, “Mobility Assessment in Older People:
New Possibilities and Challenges,” Eur. J. Ageing, 4(1), pp. 3–12.

[10] Sabatini, A. M., Martelloni, C., Scapellato, S., and Cavallo, F., 2005,
“Assessment of Walking Features From Foot Inertial Sensing,” IEEE Trans.
Bio-Med. Eng., 52(3), pp. 486–494.

[11] Erdemir, A., McLean, S., Herzog, W., and van den Bogert, A. J., 2007, “Model-
Based Estimation of Muscle Forces Exerted During Movements,” Clin. Bio-
mech., 22(2), pp. 131–154.

[12] Schepers, H. M., Koopman, H. F. J. M., and Veltink, P. H., 2007, “Ambulatory
Assessment of Ankle and Foot Dynamics,” IEEE Trans. Bio-Med. Eng., 54(5),
pp. 895–902.

[13] Fluit, R., Andersen, M. S., Kolk, S., Verdonschot, N., and Koopman,
H. F. J. M., 2014, “Prediction of Ground Reaction Forces and Moments
During Various Activities of Daily Living,” J. Biomech., 47(10), pp.
2321–2329.

[14] Luinge, H. J., and Veltink, P. H., 2005, “Measuring Orientation of Human
Body Segments Using Miniature Gyroscopes and Accelerometers,” Med. Biol.
Eng. Comput., 43(2), pp. 273–282.

[15] Roetenberg, D., Luinge, H., and Slycke, P., 2009, “Xsens MVN: Full 6 DOF
Human Motion Tracking Using Miniature Inertial Sensors,” Xsens Motion
Technologies BV, Report.

[16] Karatsidis, A., Bellusci, G., Schepers, H., de Zee, M., Andersen, M., and
Veltink, P.,. 2016, “Estimation of Ground Reaction Forces and Moments Dur-
ing Gait Using Only Inertial Motion Capture,” Sensors, 17(12), p. 75.

[17] Fiedler, B. A., 2016, Managing Medical Devices Within a Regulatory Frame-
work, Elsevier, Amsterdam, The Netherlands.

[18] Nagym�at�e, G., and Kiss, R. M., 1970, “Application of OptiTrack Motion Cap-
ture Systems in Human Movement Analysis: A Systematic Literature Review,”
Recent Innovations Mechatronics, 5(1), pp. 1–9.

[19] Optical Motion Capture Software, 2019, “Optical Motion Capture Software,”
NaturalPoint, Inc., Corvallis, OR, accessed Feb. 18, 2019, https://optitrack.com/
software/

[20] Furtado, D. A., Pereira, A. A., Andrade, A. O., Bellomo, D. P., Jr., and da Silva,
M. R., 2013, “A Specialized Motion Capture System for Real-Time Analysis of
Mandibular Movements Using Infrared Cameras,” Biomed. Eng. OnLine,
12(1), p. 17.

[21] Perry, J., and Burnfield, J. M., 2010, “Gait Analysis: Normal and Pathological
Function, Slack Incorporated,” J. Sports Sci. Med., 9(2), p. 353.

[22] Giavarina, D., 2015, “Understanding Bland Altman Analysis,” Biochem. Med.,
25(2), pp. 141–151.

[23] Mihcin, S., 2019, “Methodology on Co-Registration of MRI and Optoelectronic
Motion Capture Marker Sets: In-Vivo Wrist Case Study,” Hittite J. Sci. Eng.,
6(2), pp. 99–107.

[24] Kessler, S. E., Rainbow, M. J., Lichtwark, G. A., Cresswell, A. G., D’Andrea,
S. E., Konow, N., and Kelly, L. A., 2019, “A Direct Comparison of Biplanar
Videoradiography and Optical Motion Capture for Foot and Ankle Kine-
matics,” Front Bioeng. Biotechnol., 7, p. 199.
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