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Abstract. The human body has many joints, and joint injuries frequently occur in
various sports. To explore the biomechanical state of ligaments or muscles in human
joints before and after damage, and to help doctors judge the damage and repair of
joints, this article proposes a seven-degree-of-freedom platform based on three
rotations spherical parallel mechanism for simulating human joint motion. Taking
the knee joint as an example, this article simplified its model, and performed
kinematics simulation by ADAMS to verify the feasibility of this mechanism. And
based on the TRIO motion controller, we established the physical testing system.
The correctness is finally verified by experiment in kind, which proves the
feasibility of the joint motion simulation platform. And in terms of accuracy, it also
performances very well. For example, when it needs to rotate 30° around the Y -axis,
its actual rotation angle is 29.6°, the error is less than 2%, and its translation error is
also within 3%.
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1. Introduction

To understand the function of the knee joint properly, we need to study the /n-Situ force
and the In-Vivo force, which need to add information in the range of ligament relaxation
between full extension and deep flexion. In recent years, many studies have confirmed
the role of joint in limiting tibial movement, however, due to the lack of appropriate
experimental equipment to measure the total force in the ligament while the joint moving,
this research has been hampered.

So far, many medical and engineering scholars have made outstanding contributions
to this research. From 1996, Woo et al. [1] used a Universal Force/Robot System (UFS),
which can provide a six-degree-of-freedom (DOF) manipulator when studying the knee
of Anterior Cruciate Ligament (ACL). In-Situ force measurement used a multi-
dimensional force sensor at the end of the manipulator. Atarod et al. [2-3] of the
University of Calgary used a 6 DOF parallel mechanism when studying the movement
of the knee joint of sheep and cooperated with a redundant DOF clamping device to fix
the Femur ACL Tibia Complex (FATC) of sheep. The femur and tibia were fixed to
conduct a sheep gait simulation experiment and measure the /n-Situ force of the sheep
knee ACL. Noble et al. [4] designed a universal robot based on rope drive and built a
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musculoskeletal test system to design experiments to verify. Zens et al. [5] used a multi-
degree-of-freedom joint motion simulator in the study of the length of the anterolateral
ligament during the passive motion of the knee joint. Nesbitt et al. [6] used a KUKA
robot to produce the ideal movement of the knee joint while exploring the effects of robot
flexibility and bone bending on the knee kinematics simulation. In 2017, the Department
of trauma, Innsbruck Medical University, developed a new type of knee biomechanical
test-bed for in vitro evaluation of the knee joint [7]. The platform allows the kinematics
of the knee joint to be studied in all six degrees of freedom; in 2018, the University of
Aalborg proposed a new method for noninvasive and accurate measurement of knee joint
relaxation in four degrees of freedom [8-12]. The joint measuring instrument combines
a parallel manipulator and a 6-DOF force/torque sensor to reconstruct the relaxation
measurement of tibiofemoral position and direction.

In this paper, we propose a 7-DOF joint simulation platform based on three rotations
(3-RRR) spherical parallel mechanism, so that can we find a more accurate method to
evaluate the mechanical function of the human joint and internal tissue. And based on
the TRIO motion controller, a physical testing system has been established. The purpose
of this study is to provide help for the problems related to the residual relaxation of the
human joint and adverse prognosis, meniscus injury, and graft failure.

2. Design of Joint Motion Simulation Platform
2.1. Structure of Joint Motion Simulation Platform

As we all know, the six degrees of freedom of space is composed of 3 rotations and three
translations. Through research on existing institutions and positive thinking, in the end,
a "3+3+1" degree of freedom joint motion simulation platform was designed (as shown
in Figure 1).
curve
motion
mechanism

3-RRR

mechanism
Lifting
mechanism

Linear

All module

Figure 1. Structure diagram of the joint motion simulation platform

The mechanism is 1.08 meters long, 0.88 meters wide, and 1.6 meters high. It is
mainly composed of an aluminum profile frame, an arc-shaped motion track, a 3-RRR
mechanism, a lifting mechanism, and a two-dimensional linear module. The bottom two-
dimensional linear module can realize linear motion in the X-axis and Y-axis directions.
An electric cylinder drives the lifting mechanism used to complete the linear movement
in the Z-axis direction. The 3-RRR mechanism can realize three-degree-of-freedom
motion in space. The arc-shaped motion mechanism can manually compensate for the
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pitch angle that the 3-RRR mechanism cannot reach. Through the cooperation of various
mechanisms, six degrees of the freedom movement in space can be completed, thereby
simulating human joints' movement. The movement space of the mechanisms is shown

in Table 1.
Table 1. Movement Range of The Mechanism

Degree of freedom Range of motion
Pitch +50°
Rotation Yaw -50° ~ +140°
Roll +50°
X -540mm ~ 200mm
Translation Y +150mm
V4 -20mm ~ +140mm

The advantage of this mechanism is that the 3-RRR mechanism is a spherical
parallel mechanism, its motion is extremely flexible, and it can rotate three degrees of
freedom around the center of motion, which is very similar to the rotation of human joints,
so it is very suitable for simulating joints’ movement. What’s more, the research on the
spherical parallel mechanism at home and abroad is relatively mature. There are many
kinds of research on it at present [13-14] (for example, the Agile Wrist [15]), which can
help us better control the movement required to complete the experiment.

2.2. Control System of the Joint Motion Simulation Platform

The control system of the joint motion simulation platform includes a laptop, a TRIO
motion controller, 6 AC servo drivers and 6 AC servo motors, three of them are 400W
and the other three are 100W. Two 400W drivers and motors are used to drive the motion
of linear modules along X-axis and Y-axis, the left 400W driver and motor are for the
lifting mechanism, three 100W drivers and motors are used to drive the 3-RRR
mechanism. The control system diagram is shown in Figure 2. The laptop, TRIO
controller and AC servo drivers are connected by network cable; they communicate
through Ethernet protocol, the platform can be driven by the program written on the
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Figure 2. Control system block diagram
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3. Adams Kinematics Simulation
3.1. Model Simplification of the Joint Motion Simulation Platform

To facilitate the simulation in the ADAMS software, the model is equivalently simplified.
As shown in Figure 3, the 3-RRR mechanism, the center of the upper round surface of
the rod, is equivalent to the center of knee motion, and the center of the lower round
surface is the center of rotation of the 3-RRR mechanism; other structures have also been
simplified accordingly.
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Figure 3. Simplified model of the joint motion simulation platform
3.2. Motion Simulation Analysis

According to the motion characteristics of each mechanism, the simplified model set the
motion pair and drive and carried out some motion simulations. For example: Simulate
the knee joint flexion movement of 30°, that is, the knee joint rotates 30° around the Y-
axis to obtain the motion of each mechanism and the motion curve of the corresponding
motion unit. In Figure 4, the pink dotted line represents the displacement in the Y -axis
direction; the solid red line represents the displacement in the X-axis direction; the red
dotted line represents the displacement in the Z-axis direction; the black dotted line
represents the rotation angle of the motor 1 in the 3-RRR mechanism; The solid green
line and the light blue dotted line represent the rotation angles of the motor 2 and the
motor 3, respectively.
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Figure 4. Simulate the knee joint flexion at 30°, the movement length/angle of each mechanism

4. Experimental Verification

To verify the feasibility of the joint motion simulation platform, a simple experiment has
been done.
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In this experiment, a control system has been set up based on the TRIO motion
controller. The hardware mainly consists of a motion controller (TRIO, MC 4N-ECAT,
England), three 400W AC servo drivers (Panasonic, MBDLN25BE, Japan), three 100W
AC servo drivers (Panasonic MADLNOS5SBE, Japan), three 400W motors (Panasonic,
MSMFO042L1U2M, Japan), three 100W motors (Panasonic, MSMFO012L1U2M, Japan).

As shown in Figure 5, the platform performed well in the experiment.
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Figure 5. Control system connection diagram
The experiment process is as follows: a sheep’s FATC was fixed to the platform.
The platform drove sheep’s FATC to rotate 30 degrees around Y-axis by a program.
After the measurement, its actual rotation angle is 29.6°, the error is less than 2%, and
its translation error is also within 3%. As shown in Figure 6, the platform performed well
in the experiment.

Figure 6. Experiment: sheep’s FATC rotate 30° around Y-axis

5. Conclusion

This paper proposes a joint motion simulation platform based on a 3-RRR spherical
parallel mechanism. Its motion center can be controlled at the joint’s rotation center. It
not only has a flexible space of seven degrees of freedom but also is easy to control. It is
very suitable for studying human joint motion by simulating different movement states
of human joints on the platform, which can perform /n-Situ measurement of joints and
various tissues in it. Once the mechanism is programmed, it can standardize the applied
force's magnitude and direction to provide vectors (numbers and directions) to give less
subjective joint measurements. And in terms of accuracy, it also performances very well,
its rotation angle error is less than 2%, and its translation error is also within 3%. This



336 Z. Cui et al. / Design, Simulation and Verification of a 7-DOF Joint Motion Simulation Platform

article verifies the platform's feasibility and effectiveness through kinematic analysis,
ADAMS motion simulation, and experiments, which ensure that their comprehensive
knowledge, diagnosis, and treatment are highly relevant to clinicians.

At present, due to limited conditions, this platform can only simulate some simple
low-speed movements of the joint.

In the future, it could be extended to include further movement patterns. We hope to
use this platform to research joint dynamics, impact mechanics, muscle dynamics, etc.
This will promote the development of the whole limb musculoskeletal discipline and
better understand the human kinematics structure. Consequently, it would be possible to
investigate emerging questions, particularly in joint trauma and rehabilitation
optimization.
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