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Abstract The objective of this research work was to develop a model of human skeleton with the capability of real-time
simulation of the physical movements of a person in front of the motion capture hardware (Kinect) in order to analyze the motion
data and measure the changes of joint torques. Mevea simulation software has been utilized for this purpose, which is a novel
application of this software in the field of biomechanics. The model of the human skeleton was created in Mevea using the
graphics built in 3ds Max. Simulink external interface for Mevea was established. Simulink acts as a connection between the
Mevea software and Kinect for controlling the model. The developed model has been tested through three case studies involving
the elbow joint, thoracic joint, and full body. Changes in torque and angular position of joints based on the input of joints are
presented as graphs. The developed real-time model of the human skeleton in Mevea can execute the real-time simulation of a
person's movements in front of a motion capture camera and provide the changes of torques, which are dependent on the angular
positions of the body joints. This work provides the possibility to use the developed real-time model for physiotherapeutic
rehabilitation to identify problematic muscles based on produced torque of the joints in order to specify the therapeutic options.
The future research direction would be creating a reference databank by measuring healthy individuals' muscle forces for

comparison purposes.

Keywords human skeleton model, joint angular position, joint torque, Kinect motion capture, Mevea, real-
time simulation

1 Introduction

A real-time simulation is a tool utilized in different fields of industry to model various systems by computer to be operated at the
same rate as the actual system. One of the major purposes of real-time simulation is detecting and solving problems of industrial
machines, vehicles, or robots reliably and safely by using a simulation model instead of a real system prototype. Nowadays, real-
time simulation is also applied in biomechanics to simulate the human body in order to recognize supporting forces and torques
acting on muscles and joints, respectively (Navarro-Hinojosa and Alencastre-Miranda, 2020; van den Bogert et al., 2013). The
creation of a real-time simulation model of the human body provides tremendous opportunities for various biomechanics researches

and can widely be used in the physiotherapeutic rehabilitation process.
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This research aims to develop a real-time model of the human skeleton based on Mevea platform to obtain and analyze motion
data of a person who moves in front of motion capture. The crucial question to be answered with this research results is how the
joint torque changes in real-time as the skeleton model moves. The research is intended to be used for clinical purposes and mainly
for physiotherapeutic applications. Using this method, the problematic muscles/joints area can be narrowed to a smaller region
based on the related joints' measured torque to facilitate accurate identification of the problematic muscle. Equipping the system
with Electromyography (EMG) capability allows accurate diagnosis of weak or problematic muscles. The amount of generated
torque is strongly dependent on the muscle forces transmitted to the joints. This data is vital to determine the type of therapeutic
options and measure recovery progress.

The human skeleton can be considered as a mechanical multibody system (MBS) with similar machine components. This
approach that is so common in human body modeling is the fundamental reason for employing Mevea in human skeleton modeling.
Mevea is capable of specifying the forces and torques which act in human muscles and articulations. Moreover, it is possible to
connect the motion capture camera to the simulation model to control it. The human skeleton has never been modeled in Mevea
software as a real-time simulation model. On the other hand, several studies describe the modeling of a human musculoskeletal
system in different simulation software for diverse purposes. Nedel and Thalmann proposed the full human body model close to
the realistic body using Body Builder Plus. The research goal was to create a model based on a real anatomical structure of the
human. The realism of the body was an important issue in this research. The model was represented by the musculoskeletal system
of the human and skin. The simplified skeleton of the model had 31 joints, and the full system had 62 degrees of freedom (DOF).
Skeletal muscles of the body were created via making action lines between the attachment points at the bones. In addition to the
action lines, the shape and deformation model of the muscle were also developed. The results of the study were represented by the
human body model, which movements were like real human movements (Nedel and Thalmann, 2000). The research conducted by
Chao is also associated with human body modeling. The research was implemented in VIMS (Virtual Interactive Musculoskeletal
System) software. The model contains the full-body skeleton and muscles, which provide the full-body motions. The main purpose
of the work was to introduce the modeling software; however, several biomechanical tests were also performed. Examples of such
tests are kinematic analysis, distribution of muscle forces, joint constraints analysis, bone stress analysis, and other biomechanical
tests. The software showed acceptable results, which are rather close to reality (Chao, 2003). Another full-body musculoskeletal
model was demonstrated by Alnazer et al. The purpose of the work was to analyze bone strains during human locomotion. The
research was implemented via using a flexible multibody approach. Motion data were obtained by dint of motion capture camera.
Tibia was modeled as a flexible body to obtain its strain values during the locomotion. The model was created in BRG.LifeMODE
software, based on ADAMS commercial software (Alnazer et al., 2011). Rantalainen and Klodowski developed the model of the

lower part of the human skeleton. The main goal of this research was to estimate lower limb skeletal loading to improve the
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solutions for bone fracture problems such as osteoporosis or accidental bone fractures. This model was developed in LifeMODE
package based on ADAMS software. ANSYS software was also used for finite element model analysis (Rantalainen and
Klodowski, 2011). Pathirana et al. proposed a model of the human body. The purpose of their research was to create a real-time
model of the human for telerehabilitation via using several Kinect sensors. The first stage of the research was the mathematical
modeling of the whole multi-Kinect system. The goal was to make a translation and rotation model of the Kinect sensor and provide
the mathematical model for model-based state estimation using Kalman filter. Afterward, in order to obtain results, computer
simulation and hardware tests were performed. According to the results, the model was admitted as successful and robust. The end
use of the model was stated as telerehabilitation and physiotherapy (Pathirana et al., 2015). Bauer et al. described the real-time
human body model in augmented reality. Kinect for Windows v2.0 was used to implement the research. The anatomical model
was displayed automatically during Kinect usage. The system calibrated the user anatomical data such as bone lengths and sent
the data in real-time to the software, creating a user-specified model based on the data (Bauer, 2017). Byzova et al. developed a
physiotherapeutic simulator utilizing the Electroencephalography (EEG) amplifier and inertial motion capture system for horse
riding therapy. The aim of the study was to monitor the horse rider's body movements and brain-behaviors. The horseback riding
movements were controlled by Matlab/Simulink and BECKHOFF TwinCat. Neuroelectrics NIC OFFLINE software was used for
EEG data processing. As a result, the asymmetry shift in rider’s external hip and back regions was identified, and it was found that

the frontal lobes, the temporal and the parietal areas of the brain were significantly activated (Byzova et al., 2020).

1.1 Human skeleton and moving joints

A multibody system (MBS) is made by interconnecting bodies through joints (Shabana, 1998). The human skeleton system,
which was intended to be modeled in this research, is a multibody system as well. The number of bodies, i.e., bones of the human
skeleton system is 206. Body joints or articulations can be diarthrodial or synovial, fibrous, and cartilaginous. Synovial articulations
play a major role in the movement of the skeleton. Synovial joints look like the well-known mechanical joints used in the
development of mechanical multibody systems (Blundell and Harty, 2004). Synovial joints are classified into seven types in terms
of biology, including 1) hinge type with one DOF that involves the elbow and ankle joints, 2) ball and socket type with three DOF
that includes hip and shoulder joints, 3) condyloid type with two DOF that involves knee joint, 4) ellipsoid with two DOF that
includes wrist joint, 5) saddle with two DOF that includes carpometacarpal (thumb) joint, 6) pivot with one DOF that involves

radioulnar joint, and 7) plane type with one DOF that includes wrist and ankle joints (Hamill, 2014).

1.2 Inertial properties of body segments

Each segment of the body has a moment of inertia, which is defined with 3x3 matrix | called a moment of inertia tensor in 3D

space:
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where I, L, and I, are mass moments of inertia in 3D space and Py, Pz, Pyx, P, P;x, P,y are mass products of inertia. Ideally, all

nine elements should be calculated for the most accurate results; however, in body segments calculations, the inertia tensor can be
simplified to a diagonal 3x3 matrix, where mass products of inertia are equal to zero (Robertson, 2013).

Human body segments can be represented as solid geometrical shapes. One of the well-known methods for dividing the human
body into several segments is the Hanavan geometric model (Hanavan, 1964). This model significantly simplifies the calculation
of the moment of inertia tensor by assuming that every bone of the human skeletal system can be represented as a solid geometrical
shape, including rectangular prism, ellipsoid, sphere, and a circular cylinder. Equations (2)-(10) defines principal moments of

inertia I, I,,, and I, for different geometrical shapes (Robertson, 2013).

1) Rectangular prism
1

I, = Em(b;‘; +¢}) (2)
1

I, = Em(af, +¢}) ()
1

I, = Em(af, + b)) (4)

where m is mass; a,, is depth (x); b, is height (y); c, is width (z).

2) Circular cylinder
I, = %mrcz (5)
I,=1,= 11—2m(3rc2 + 12) (6)
where m is mass; [.is length of cylinder; 7, is radius of cylinder.
3) Sphere
2
L=1,=1,= Emrsz (7)

where m is mass; r; is radius of sphere.

4) Ellipsoid
I = zm(b? + c2) (®)
I, = %m(ag + ¢2) 9)
I, = ;m(ag + b}) (10)

where m is mass; a, is depth of ellipsoid (x); b, is height of ellipsoid (y); c. is width of ellipsoid (z).
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2 Research Methods

The flowchart shown in Fig. 1 visualizes the methodology used in this research and the interactions of the Kinects motion capture
hardware, Mevea simulation software, Autodesk, and MATLAB & Simulink.
Fig. 1.
The research work was conducted in three major stages, including skeleton multibody modeling, establishing real-time
connection between hardware and software and testing the system, described in sections 2.1, 2.2 and 3, respectively (Ustinov,

2018).

2.1 System under investigation

Fig. 2.
TABLE |
MECHANICAL JOINTS OF THE SYSTEM
Joint Type Number of Joints Constraints per | Total Number DOF per Joint Total Number
Joint of Constraints of DOF
Revolute 10 5 50 1 10
Spherical 4 3 12 3 12
Fixed 121 6 726 0 0
TOTAL 135 - 788 - 22

The system under investigation is the human skeletal system with a reduced number of bones consisting of 135 rigid bodies
instead of 206 in order to prevent overloading of the computer system during the simulating process and simplify the simulation
model. For this purpose, several bones are combined in one rigid body, like numerous skull bones, ribs, carpals, tarsals, etc. There
are fourteen (14) moving joints in the system, including ten (10) revolute joints and four (4) spherical joints. The human skeletal
model, including movable joints marked with red circles, is depicted in Fig. 2. Table | describes the number of bodies, the number
and types of joins, and the degrees of freedom. Ten torques are applied to this system, which are implemented using a rotational
spring-damper-torque actuator. The total torque Tz which can be produced by rotational actuator n is:

Ty =Ky X (6, — 0pp) + dyby + Ty + T, (11)
where K, is the spring constant, 8,, and 8,,, are actual and initial angular positions in radians, respectively, d,, is damping constant,
6, is the angular velocity, T,, is the constant torque applied to the actuator, and Ty, is the friction torque (Ustinov, 2018; Reference
Manual for Solver Library, 2018).

The initial spring angle is chosen as an input for torques due to its direct similarity to the joint angle used for position control.
Adjusting of joint angle allows controlling the torque produced by rotational torque spring-damper actuator, according to (11). The
output value of the analog input signal is strictly dependent on the input value from the controller. The final value of output signal

y can be calculated by (12):
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B, x| <D,

A(x —D,)

y = 1_—DZ+B, x| >D,,x>0 (12)
A(x +D,)
1_—DZ+B, x| >D,,x <0

where A is scale coefficient of the input, B is offset of the input, D, is a dead zone of the input, and x is a raw value of the input
from the controller (Ustinov, 2018; Reference Manual for Solver Library 2018). In a particular case, the signal value y is equal to
the initial spring angle of the actuator n due to the selection of the initial spring angle as a primitive type for input:

y =00 (13)

The system is modeled based on the assumption that the created skeletal system belongs to 24 years old male with 165 cm height
and 65 kg body weight. Theoretically, the mass of each bone m,, can be calculated using the density and volume of the bone. The
skeleton mass is approximately 17% of the human body (Malina, 2004). The full skeleton volume is obtained from Autodesk 3ds
Max, which is equal to 0.00802 m?, Therefore, the average density is calculated as 1377.8 kg /m3. By knowing each bone’s volume
and average density, the mass of each bone can be calculated. Moment of inertia tensor for each bone is calculated based on the
moment of inertia formulated in (2)-(10) and center of mass of each bone is estimated accordingly. This information is required
for Mevea. Table 1l summarizes the specifications of the subject under study and the calculated mass and moments of inertia of

the pelvis bone as an example.

TABLE 11
DETAILS OF THE 24-OLD MALE SUBJECT IN THE MODEL
Height (cm) | Weight (kg) | Volume of Full Average Mass of Pelvis Moments and Products of Inertia of
Skeleton (m®) Density Bone Pelvis Bone
(kg/m?)
165 65 0.00802 1377.8 0.8418 0.005025 0 0
[= 0 0.006919 0
0 0 0.00887

2.2 Hardware and software tools

Kinect for Windows v2.0 is the hardware used in this research (Kinect for Windows Product Blog, 2014). The primary function
of Kinect for Windows v2.0 sensor is to detect human skeletons and their tracking and eventually send the motion data to the
computer. The device has RGB (Red Green Blue) color camera that allows creating color image frames, a depth sensor that consists
of an Infrared (IR) Camera and IR Emitters. Kinect creates a skeletal structure of a person recognized in the screen consisting of
25 skeletal joints (Microsoft, 2014). The device is also able to understand and transmit the motion data like a position of joints in
space in Cartesian coordinates to the computer.

The software packages utilized in conducting this research are Mevea, Autodesk 3ds Max, MATLAB & Simulink, and Microsoft

Kinect SDK (Software Development Kit). Mevea is a modern simulation software for real-time modeling and simulation of various



178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197
198
199

200

201

202

203
204

205

206

207

MBS. Mevea physics engine is based on multibody dynamics principles (Mevea Simulation Solutions; Mevea Solver User manual,
2018). Autodesk 3ds Max is used to create visualization graphics and detect several bone parameters (Autodesk, 2018). MATLAB
& Simulink is used as a connection between Mevea software and Kinect for Windows v2.0 and for controlling the model (Terven
and Cordova-Esparza, 2016; Mathworks, 2018). Microsoft Kinect SDK is used to visualize the body joints of a human who moves
in front of Kinect camera (Kinect for Windows Product Blog, 2014; Microsoft, 2014). An image obtained from a depth sensor of
Kinect for Windows v2.0 would be generated by the MATLAB code displaying all the skeletal joints positions obtained from the

device.

3 Results

The developed model was tested via three case studies. The purpose of the experiments was to test the movements in certain
skeletal joints, including elbow and thoracic, as well as to examine the whole body to observe the behavior of torques in the real-
time simulation during angular position changes. Elbow and thoracic joints have been considered as certain examples of movable
joints, in which a wide range of angular position changes are possible. The target of the third experiment was to review the torques
and angular positions of the joints in the whole skeleton model while the Kinect sensor is connected to the system and the person

moves in front of the camera. The results and analysis for each case study are accordingly (Ustinov, 2018):

3.1 Case Study 1: Elbow Joint

The first case study was directed to test and analyze the left elbow joint motions during the real-time simulation of the model.
Four tests were conducted, including three tests at different constant angular positions (0, 1, 1.57 rad) and one test at a variable
angular position. The elbow joint orientations (marked with a red circle), the angular positions in degree, and torques at specified
angular positions are illustrated in Fig. 3.

Fig. 3.
The fourth test was performed based on a continuous motion of the left elbow. The first target of the test was observing the torque
of the elbow joint during a continuous and variable input signal. The second target was to check the torque changes in the wrist
joint while the elbow joint position was changing. The angular position spline was created for this purpose. Fig. 4(left) and Fig.
4(middle) present angular position and torque of elbow joints, and Fig. 4(right) shows torque in the wrist joint.

Fig. 4.

3.1.1 Analysis of case study 1

As shown by Fig. 3(left), the final values of angular positions gained as results of the simulation are slightly different from the

actual positions, in the sense that the simulation angle is -1.66 deg. instead of 0 deg.; 49 deg. instead of 57.3 deg.; and 92 deg.
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instead of 90 deg. The solution to this problem is tuning the offset, scale, and dead zone values of the input in Mevea Modeler to
obtain the most precise response.

The torque graphs depicted in Fig. 3(right) show a significant overshoot at the beginning of the simulation, which obtains a
constant value after 0.5 seconds. The torque value is equal to -0.1, -0.4787, and -0.5314 Nm for elbow joint positions 0, 1, and
1.57 rad, respectively. The torque fluctuation problem can be solved by adjusting spring and damping constants in Mevea Modeler.

In the fourth test based on the continuous motion of the left elbow, two peaks on the angular position graph are visible, as shown
in Fig. 4(left). Torque changes similarly to the elbow position with small fluctuations marked with blue circles in Fig. 4(middle);
however, the system is stable. The wrist torque changes simultaneously with the position changes of the elbow, as displayed in
Fig. 4(right). There are similar fluctuations of the torque in the graph marked with yellow circles. The fluctuations of elbow and
wrist torque at the moments that position changes can be smoothed by adjusting spring and damping constants. The magnitude of
the torque at the highest angular position of the elbow joint is equal to 0.0003729 Nm. The low amplitude of wrist joint torque can
be associated with the different rotation axis of the wrist joint, and it means that the influence of the elbow on the wrist torque is
not significant. However, a change in wrist torque confirms the fact that all joints in the kinematic chain are dependent on each

other. Torques vary to support the balance of the whole structure.

3.2 Case Study 2: Thoracic Joint

The purpose of case study 2 was to test and analyze thoracic joint motions during the real-time simulation. Different experiments
with a similar concept like case study 1 were performed, including three independent tests with different constant angular positions
(0, -0.5, 0.5 rad) and one test at a variable angular position to observe the torques of thoracic and neck joints. The plots of
orientations of the thoracic joint (marked with a red circle), angular positions in degree, and torques at the specified angular
positions are illustrated in Fig. 5.

Fig. 5.

The fourth test was performed to evaluate the torque of the thoracic joint at continuous variable angular position input. The
angular position spline was created for this purpose. Fig. 6(left) and Fig. 6(middle) illustrate thoracic angular position and torque.
The torque of the neck joint is depicted in Fig. 6(right).

Fig. 6.

3.2.1 Analysis of case study 2

As it is shown by Fig. 5(left), there is a small error between the values of angular positions gained as results of simulation and
input values, in the sense that the simulation angle is -0.63 deg. instead of 0 deg.; -27.3 deg. instead of -28.6 deg.; and 26 deg.

instead of 28.6 deg. This problem was also observed in case study 1, although the amount of errors is lower in the second case
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study compared to the first one. The tuning of scale, offset, and dead zone of the input may solve this problem.

The torque magnitude at thoracic angular position 0 rad is shown in Fig. 5(right), which is equal to 0.6409 Nm. This value of
torque is needed to support the joint initial balancing position. The torque value is equal to -8.3 Nm and 7.2 Nm for thoracic joint
position -0.5 and 0.5 rad, respectively. The torque at the beginning of the simulation fluctuates for all experiments performed in
the case study 2 with constant thoracic angular positions. The torque is settled between 0.8 to 1 seconds after starting of the
simulation. The fluctuation of torque can be smoothed by adjusting the parameters of the joint.

Two peaks are observed in the angular position graph of the fourth test shown in Fig. 6(left), which was conducted based on the
variable angular position of the thoracic joint, although the angle does not exceed 25 deg. The behavior of the torque is similar to
the behavior of the angular position graph. However, as displayed in Fig. 6(middle), the torque of the thoracic joint has more peaks
and drops (marked with green circles) than the position graph. The neck joint torque depends on the thoracic joint orientation.
While the angular position of the thoracic joint changes, the torque of the neck joint also changes to support the head while the
torso is tilted. Fig. 6(right) reveals that the torque of the neck joint behaves similarly to the torque of the thoracic joint with similar
peaks and drops (marked with orange circles), merely with different magnitude of the torque. The neck joint requires less torque
to support the head due to its lower mass, whereas the thoracic joint supports the whole upper part of the body, including the head.
The torque graphs of the fourth test demonstrate that system is stable and there are no torque fluctuations at the variable angular
position. It can be interpreted that spring and damping constants are adjusted reliably, although the system still requires a little

tuning.
3.3 Case Study 3: Full Body

The main goal of the third experiment was to test the whole model of the human body in real-time simulation using Kinect for
Windows sensor. First, the Kinect sensor recognized the body of the person in question. The MATLAB code generated the video
output and displayed the person’s skeletal joints. Next, the person made a movement and skeletal data obtained from the Kinect
depth sensor was transferred directly to the Simulink in real-time. Spatial coordinates of ten main joints were automatically
converted to the angular positions of the joints inside the Simulink. Fig. 7 illustrates joints of the person from Kinect sensor (a),
angular positions of the joints (b), and the model configuration according to the movement of the person (c).
Fig. 7.

The corresponding torques were automatically calculated inside the Mevea simulation software, as given in Table 11, and sent
back to Simulink external interface.

TABLE 11
JOINT TORQUE VALUES OF FULL BODY SIMULATION BY MEVEA
Joint Torgue (Nm)
Left ankle / Right ankle -0.0707 / -0.1406
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Left knee / Right knee 1.71/0.08004

Left elbow / Right elbow -0.2671/-0.1902
Left wrist / Right wrist 0.0005415 / 0.02896
Neck 0.4742

Thorax 0.9086

3.3.1 Analysis of case study 3

The results of case study 3 confirm that system operates as it was expected. The Kinect camera recognizes the coordinates of
human skeletal joints; also, the model responds to the movements of the person in front of the camera. Besides, the speed of

simulation is fast despite the heavy simulation model.

4 Conclusion

A real-time model of the human skeleton in Mevea simulation software was developed, which is a novel application of Mevea
in the biomechanics field. The simulation model of the skeleton is based on a real human skeleton with similar behavior. The main
stages for developing such a model can be described as: building the graphics in Autodesk 3ds Max software, importing the
graphics to Mevea, creating bodies and joints in Mevea, setting the parameters of bodies and joints, creating collisions, generating
inputs, and eventually establishing an external interface in Simulink. The developed real-time simulation model was tested through
three case studies to analyze the human motion data front of the motion capture device to obtain the torques of the human body
joints. The torque depends on the joint's angular position due to the mathematical model of the spring-damper-torque actuator.
Case studies 1 and 2 were performed to test and analyze left elbow joint and thoracic joint movements, with constant and variable
joint angles. Case study 3 was performed to test and analyze the full human body in real-time simulation. Angular positions and
torque diagrams of the joints were achieved for each case study, which approve that the developed model acts as expected. The
notable limitation of the real-time model presented in this study is the particular height and weight of the skeleton model, which
should be adjusted based on the specification of each individual participating in the experiment. This novel model is intended to
be utilized for clinical applications like physiotherapy. It can be applied as a rehabilitation tool for physiotherapists to observe and
evaluate the articular joint torques of the individuals with reduced mobility; hence the problematic muscle or joint can be identified
and the amount of force deficiencies can be precisely determined. Thus, effective rehabilitation treatments can be planned, and the
recovery progress can be measured accurately. Moreover, this research work provides an opportunity for further researches based
on this topic.

Directions for future research would be creating a data bank based on different sizes and heights of healthy individuals to be
used as a reference for comparison purposes. Equipping the system with Electromyography (EMG) capability is another goal of

future research. Improving the model by providing the ability to walk as well as the development of muscles and flexible bones

10
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can be a huge contribution to the scientific community. This feature allows the possibility to study bone stresses and strains that

can help osteoporosis diagnosis.
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