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Abstract

Exoskeleton-type assistive devices have been studied a long time focusing on the universal design and a simplification
for mass production, and recently the concept is extended to the personalization according to the advancement of 3D
printing, which allows to embed spring-damper systems in the form of compliant mechanisms. Therefore, a
sophisticated kinematic and kinetic analysis is highly important for the realization of integrative systems and theories
of multibody dynamics enhance the capability to find best parameters that are suitable for target body requirements.
We analyzed a knee support exoskeleton in the form of the linkage system as the rigid-body dynamics and estimated
necessary spring-damper components in the system to reduce burden on joint motions, especially persons with joint

dysfunctions.
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1. Introduction

The knee joint is a vulnerable and important joint for
walking and then knee injuries have a serious impact on
normal living ability of patients [1]. Therefore,
understanding of the biomechanics of a normal and
damaged knee joint is crucial for providing an actual
support and it is beneficial for designing knee assistive
devices with an appropriate optimization of parameters
of the device to fit for successive rehabilitation program.
Traditionally, exoskeleton-type assistive devices have
been provided for the patients with motor disorders
especially after neurological injuries and those devices
have made rapid strides in recent years by integrating
motorized parts and spring-damper mechanisms [2][3].
For example, assistive strategies were modeled with a
rotational actuator, a simple pendulum model, and a
damped pendulum model, which enhance abilities for

normal and fast gaits [2][4]. Indeed, those require a
dynamic adaptation to motion kinetics depending on the
walking environment and model-based analyses highly
important for evaluating of the joint torque and knee
stiffness [4][5], which extend capabilities of exoskeleton-
type assistive devices [6][7][8]-

In this study, we introduced a systematic mathematical
analysis based on the multibody dynamics [9][10][11]
[12][13] for motion Kinetics occurring the knee joint
support. In the realization of the systematic analysis,
necessary joint torque and knee stiffness can be estimated
clearly and it helps to design supportive mechanisms to
provide a load reduction of the joint in the rehabilitation
stage. The model-based kinetic and dynamic analysis
were designed for detail investigations on exact timing
and position for an effective support and it allows to
know necessary improvements of the support devices.
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2. Methodology

2.1. Knee link model

The expert orthosis design provided by welfare device
companies suggest that the human knee joint cannot be
simply replaced by the single rotational joint, but it can
be modeled as a combination of rotational joints and
translational movements [14] as shown in Fig. 1 (a). In
consideration of the knee analysis model, it is possible to
analyze the knee movement and trajectory by using a
simplified linkage mechanism as illustrated in Fig. 1 (b).

Table 1: Link model specifications

Parameter Sides L[?T?g]t]h

Lo 0.0 40
L1 01 pl 1
Ly 0. p2 47

L, ls, 0; p1,0; p4 50

I3, 15, 0} p2,0; p3 33
Lao o, P 60
lay 0, p3 100
lyz 0, p4 60

(@) (b)
Fig. 1. Rigid link model which reproduces knee mechanism
and movement (a) and a simplified linkage mechanism in the

rigid orthosis.

2.2. MBD for knee link model

In order to obtain the motion of each link and the change
in the angle of each joint when a constant angular
velocity is given to the joint p3 (Fig. 1 (b)) as the knee
joint extension, multibody dynamics (MBD) [9][10][11]

[12][13] was introduced. MBD is capable of numerical
analysis that handles the motion and force of the
multisystem simultaneously by describing the motion of
a mechanism or structural system composed of various
parts. A set of differential equations in the matrix
represents constraints, kinematics and Kinetics of the
system and the numerical integration in the computer
experiment provides the actual solution. Thus, in the
MBD analysis, the differential algebraic equation is
derived from the generalized coordinates. In forward
dynamics analysis by MBD, a differential algebraic
equation as Eq. (1) is necessary for the formulation of the
target system, which provides individual positions of
bodies of the system and velocities, acceleration and
other factors for kinematic and kinetic analyses can be
obtained.

o -1

Table 2. The planning and control components.

M Mass matrix
(O]

Jacobian matrix differentiated
from constraint equation in
generalized coordinates
g Generalized acceleration matrix

q

A Lagrange multiplier
Q4 Generalized force
Y Acceleration equation

The mass-center coordinates and the angle of each link
are set as shown in Fig. 2. The generalized coordinate
matrix and the generalized velocity matrix for each mass
center are expressed as follows.

0:]"
6,1

q; =[x
qi = [x%;

Vi
Vi

The whole generalized coordinate matrix and the
generalized velocity matrix are expressed as follows.

q4]7
q4a]"

q2
P

qs
q3

q=[%
q=[q
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Fig. 3. The definition of kinematic constrains of rotary joint.

The kinematic constrains of rotary joint is defined as
shown in Fig. 3 and expressed as follows.

RGH) _ (9] 4 4. _lng _ ( X 4 4, [lgi])
@y _(yj]+A1[ 0 Yi]-l_Al 0
X lgjcosB; — lg; cos 0,
= [yj —y; — lgjsin6; — lg; sin6;

The kinematic constraints of rotary joints in rigid knee
link are expressed as follows.

(Gal+ 25D = (Gl + 4[5
|

o Job] (BTl a L)
[ORES =
o] |G gD -Gl als)

(Gel+ a7 = (el + 22 ()

The link 1 set vertically, and then x,, y;, 8, is provided
as follows according to the absolute constraints.

A Systematic Analysis of

X1

ot = |17 M 2o
g, ——
o2

The driving constraints when a constant angular velocity
is given to the joint p3 is expressed as follows.

¢D=94_wt=0

The kinematic, and absolute and driving constraints are
combined in the matrix as follows.

(DK
d=|p4(=0
CI)D

Finally, the Jacobian matrix is follow.

-1 0 Iyy sinfy 1 0 lusinfa 0 0 0 00 0
0 —1  ljcost 0 1 lycoséy 0 0 0 00 0
~1 0 lgsing -6 0 0 0 10 lysinfy 0 0 0
0 -1 lpcosé—f6 0 0 0 0 1 ljcosbs 0 0 0
0 0 0 0 0 ] —1 0 lgpsinfy 1 0 Iy singy 46,
& 0 0 0 00 0 0 —1 lspcosfs 0 1 lycoses+ 0
g 0 0 0 -1 0 psinfz 0 0 0 10 —lygcosty

0 0 0 0 =1 lycoséy 0O 0 0 01 —lyzsin by
1 0 0 0 0 0 0 0 0 00 0
0 1 0 0 0 0 0 0 0 00 0
0 0 1 0 0 0 0 0 0 00 0
0 0 0 0 0 0 0 0 1 00 0

In the MBD analysis, the resultant Jacobian matrix is
applied to the differential algebraic equation Eq. (1) and
then a generalized acceleration matrix is numerically
calculated as a numerical solution.

3. Results

The MBD differential algebraic equation of motion for
the knee rigid link model was successfully solved with
the generalized acceleration matrix, and the angle and
angular velocity were obtained by using the numerical
integration of the Runge-Kutta Gill’s method [15].

In computer experiments, MATLAB was used.
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Fig. 4. The singular point posture of the knee model.

3.1. The movement of the knee link model

In the process of the knee joint extension, the angle,
angular velocity and angular acceleration of each link
were analyzed in the condition that a constant angular
velocity is given to 6;. Interestingly, this knee link model
has a limitation of the range of the joint extension to
prevent the breakage of the knee joint, which was derived
in the form of a singular posture (Fig. 4) just before line
link L3 and L4 is getting to be on the same straight line.
It implies that the rotation of the link is locked in this
specific angle. It indicates that the linkage model finely
represents the freedom of the knee joint and its limitation.
Therefore, the result clarified the importance of the
analysis of the singular posture based on MBD [16].

3.2. The results of the dynamic analysis

The kinetic analysis was successfully obtained as shown
in Fig. 5. The temporal evolution of angle of individual
joints as p1, p2, p3 and p4 were denoted by blue, red,
yellow and green lines respectively.
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Fig. 5. The result of kinematic analysis (6, = 0° ~ 20°).

4. Conclusion

According to the MBD analysis for the knee joint linkage
model, necessary factors in kinematics and kinetics were
successfully obtained and the limitation of the movement
was clarified in the form of the singular posture. This
result demonstrated that MBD-based analysis is
beneficial for the reverse engineering to complement the

ideal load reduction at a specific posture to avoid risks of
the joint movement. In the further analysis, the
comparison with/without an additional spring-damper
system to prevent the singular posture can be discussed.

Acknowledgements

This work was supported in part by JSPS KAKENHI
(16H01616, 17H06383), Project on Regional
Revitalization Through Advanced Robotics (Kyushu
Institute of Technology/Kitakyushu city, Japan) and
Kitakyushu Foundation for the Advancement of Industry,
Science and Technology (FAIS). The authors gratefully
acknowledge ARIZONO orthopedic supplies Co., Ltd.
for assistance with the formulation of exoskeleton-type
assistive devices in their products.

References

1. L.Zhang, G. Liu, B. Han, Z. Wang, Y. Yan, J. Ma and P.
Wei, “Knee Joint Biomechanics in Physiological
Conditions and How Pathologies Can Affect It: A
Systematic Review,” Applied Bionics and Biomechanics,
2020, Article Number 7451683.

2. L. Zhang, Y. Liu, R. Wang, C. Smith and E. Gutierrez-
Farewik, “Modeling and Simulation of a Human Knee
Exoskeleton’s Assistive Strategies and Interaction,”
Frontiers in Neurorobotics, 2021, 15 620928.

3. W. Wu, J. Fong, V. Crocher, P. Lee, D. Oetomo, Y. Tan
and D. Ackland, “Modulation of shoulder muscle and joint
function using a powered upper-limb exoskeleton,”
Journal of Biomechanics, 2018, Apr 27;72:7-16.

4. J. Vantilt, K. Tanghe, M. Afschrift, A. Bruijnes, K. Junius,
J. Geeroms, E. Artbelien, F. Groote, D. Lefeber, I. Jonkers
and J. Schutter, “Model-based control for exoskeletons
with series elastic actuators evaluated on sit-to-stand
movements,” Journal of Neuroengineering and
Rehabilitation, 2019, Jun 3;16(1):65.

5. S. Schrade, Y. Nager, A. Wu, R. Gassert and A. ljspeert,
“Bio-inspired control of joint torque and knee stiffness in
a robotic lower limb exoskeleton using a central pattern
generator,” IEEE, 2017, Jul;2017:1387-1394.

6. R.McGrath, M. Ziegler, M. Pires-Faernandes, B. Knarr, J.
Higginson and F. Sergi, “The effect of stride length on
lower extremity joint kinematics at various gait speeds,”
PLoS One, 2019, Feb 22;14(2):0200862.

7. K. Gui, H. Liu and D. Zhang, “A generalizes framework
to achieve coordinated admittance control for multi-joint
lower limb robotic exoskeleton,” IEEE, 2017,
Jul;2017:228-233.

8. K. Mankala, S. Banala and S. Agrawal, “Novel swing-
assist um-motorized exoskeletons for gait training,”
Journal of Neuroengineering and Rehabilitation, 2009, Jul
3:6:24.

© The 2022 International Conference on Atrtificial Life and Robotics (ICAROB2022, January 20 to 23, 2022

715


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7160724/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7160724/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7160724/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7160724/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7160724/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7982590/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7982590/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7982590/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7982590/
https://pubmed.ncbi.nlm.nih.gov/29506759/
https://pubmed.ncbi.nlm.nih.gov/29506759/
https://pubmed.ncbi.nlm.nih.gov/29506759/
https://pubmed.ncbi.nlm.nih.gov/29506759/
https://pubmed.ncbi.nlm.nih.gov/31159874/
https://pubmed.ncbi.nlm.nih.gov/31159874/
https://pubmed.ncbi.nlm.nih.gov/31159874/
https://pubmed.ncbi.nlm.nih.gov/31159874/
https://pubmed.ncbi.nlm.nih.gov/31159874/
https://pubmed.ncbi.nlm.nih.gov/31159874/
https://pubmed.ncbi.nlm.nih.gov/31159874/
https://pubmed.ncbi.nlm.nih.gov/31159874/
https://pubmed.ncbi.nlm.nih.gov/31159874/
https://pubmed.ncbi.nlm.nih.gov/31159874/
https://pubmed.ncbi.nlm.nih.gov/30794565/
https://pubmed.ncbi.nlm.nih.gov/30794565/
https://pubmed.ncbi.nlm.nih.gov/30794565/
https://pubmed.ncbi.nlm.nih.gov/30794565/
https://pubmed.ncbi.nlm.nih.gov/28813823/
https://pubmed.ncbi.nlm.nih.gov/28813823/
https://pubmed.ncbi.nlm.nih.gov/28813823/
https://pubmed.ncbi.nlm.nih.gov/28813823/
https://pubmed.ncbi.nlm.nih.gov/19575808/
https://pubmed.ncbi.nlm.nih.gov/19575808/
https://pubmed.ncbi.nlm.nih.gov/19575808/
https://pubmed.ncbi.nlm.nih.gov/19575808/

9.

10.

11.

12.

13.

14.

15.

J. A. C. Ambr&io, Impact of Rigid and Flexible
Multibody Systems: Deformation Description and Contact
Models, in Virtual Nonlinear Multibody Systems. NATO
ASI Series (Series Il: Mathematics, Physics and
Chemistry), eds. W. Schiehlen and M. Valasek, Springer,
Dordrecht, vol 103, 2003, pp. 57-81.

P. E. Nikravesh, Planar Multibody Dynamics:
Formulation, Programming with MATLAB, and
Applications, 2nd edn., CRC Press, Boca Raton, 2018.

K. Komoda and H. Wagatsuma, Energy-efficacy
comparisons and multibody dynamics analyses of legged
robots with different closed-loop mechanisms, Multibody
System Dynamics 40, 2017, pp. 123-153.

D. Batbaatar and H. Wagatsuma, A Proposal of the
Kinematic Model of the Horse Leg Musculoskeletal
System by Using Closed Linkages, Proceedings of the
2019 IEEE International Conference on Robotics and
Biomimetics (ROBIO), Dali, China, 2019, pp. 869-874.

J. Baumgarte, Stabilization of constraints and integrals of
motion in dynamical systems, Computer Methods in
Applied Mechanics and Engineering 1(1), 1972, pp. 1-16.
Arizono orthopedic supplies Co., Ltd.: Products,
http://arizono.co.jp/products/products_links/products_2/
Wolfram Research, Inc., Runge-Kutta Gill’s method,
https://mathworld.wolfram.com/GillsMethod.html

Authors Introduction

Mr. Shintaro Kasai

He received his Bachelor’s degree in
Engineering in 2021 from the Faculty
of Engineering, Kyushu Institute of
technology in Japan. He is currently a
master student in Kyushu Institute of
Technology, Japan

Mr. Pancho Dachkinov

He received his Master’s degree in
Engineering in 2018 from the
Technical  University of Sofia,
Bulgaria. He worked in the Institute
of Robotics — Bulgarian Academy of
Sciences 2016-2019. He is currently a
doctoral student in Kyushu Institute
of Technology, Japan

A Systematic Analysis of

I

Mr. Kohei Tanaka
w Heis currently a fourth grade
undergraduate student in Department
of Mechanical and Control
Engineering, Faculty of Engineering,
Kyushu Institute of Technology,
Japan. He is interested in 3D printing
and compliant mechanisms.

Dr. Hiroaki Wagatsuma

He received his M.S., and Ph.D.
degrees from Tokyo Denki
University, Japan, in 1997 and 2005,
respectively. In 2009, he joined
Kyushu Institute of Technology,
where he is currently an Associate
Professor of the Department of
Human Intelli- gence Systems. His
research interests include non- linear
dynamics and robotics. He is a member of IEEE.

© The 2022 International Conference on Artificial Life and Robotics (ICAROB2022, January 20 to 23, 2022

716



https://link.springer.com/chapter/10.1007/978-94-010-0203-5_4
https://link.springer.com/chapter/10.1007/978-94-010-0203-5_4
https://link.springer.com/chapter/10.1007/978-94-010-0203-5_4
https://link.springer.com/chapter/10.1007/978-94-010-0203-5_4
https://link.springer.com/chapter/10.1007/978-94-010-0203-5_4
https://link.springer.com/chapter/10.1007/978-94-010-0203-5_4
https://www.taylorfrancis.com/books/planar-multibody-dynamics-parviz-nikravesh/10.1201/b22302
https://www.taylorfrancis.com/books/planar-multibody-dynamics-parviz-nikravesh/10.1201/b22302
https://www.taylorfrancis.com/books/planar-multibody-dynamics-parviz-nikravesh/10.1201/b22302
https://link.springer.com/article/10.1007/s11044-016-9532-9
https://link.springer.com/article/10.1007/s11044-016-9532-9
https://link.springer.com/article/10.1007/s11044-016-9532-9
https://link.springer.com/article/10.1007/s11044-016-9532-9
https://ieeexplore.ieee.org/document/8961819
https://ieeexplore.ieee.org/document/8961819
https://ieeexplore.ieee.org/document/8961819
https://ieeexplore.ieee.org/document/8961819
https://ieeexplore.ieee.org/document/8961819
https://www.sciencedirect.com/science/article/abs/pii/0045782572900187?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/0045782572900187?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/0045782572900187?via%3Dihub
file:///C:/Volumes/G_DRIVE_waga2018/WagatsumaLab@Kyutech%20Dropbox/WagatsumaLab@Kyutech%20Dropbox/Hiroaki%20Wagatsuma/New_Research_Projects_InDBB/M1_Kasai（笠井）/Conferences/ICAROB2022/paper/Arizono%20orthopedic%20supplies%20Co.,%20Ltd.:%20Products,%20http:/arizono.co.jp/products/products_links/products_2
file:///C:/Volumes/G_DRIVE_waga2018/WagatsumaLab@Kyutech%20Dropbox/WagatsumaLab@Kyutech%20Dropbox/Hiroaki%20Wagatsuma/New_Research_Projects_InDBB/M1_Kasai（笠井）/Conferences/ICAROB2022/paper/Arizono%20orthopedic%20supplies%20Co.,%20Ltd.:%20Products,%20http:/arizono.co.jp/products/products_links/products_2
https://mathworld.wolfram.com/GillsMethod.html
https://mathworld.wolfram.com/GillsMethod.html



