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Abstract: This article introduced a three-dimension CAD
model of a prosthesis testing platform using SolidWorks
software to conduct a kinematic and dynamic analysis of
the transfemoral prosthesis of the virtual model. Concurrently,
the event-based motion simulation (EBMS) procedure was
carried out on the CAD model. The concept of the opera-
tional strategy of the test platform was clarified through
the machine’s real-life experience before being constructed
in vitro. The platform model is capable of reproducing two
active movements to simulate the locomotion of the thigh
angle and hip vertical displacement for assessing the artifi-
cial knee angle motion during the gait cycle. These motions
were controlled by two rotary forces (motors) that are uti-
lized to implement control actions in EBMS. The prosthetic
knee joint was built with a single axis that performs flexion
and extension via the axial force of the spring. The simula-
tion results of the thigh angle motion ranged from °20 to
− °15 , while the maximum flexion of the prosthetic knee
joint was ( °46 ). The mean absolute error was ( °2.727 ) and
( °8.338 ) for the thigh and knee joints, respectively. In
conclusion, the findings can be utilized to facilitate
the design and development of prostheses.

Keywords: test platform, robotic, transfemoral prosthesis,
gait cycle, solidworks, event-based motion, simulation, CAD

1 Introduction

The understanding of human gait is crucial not only from
a clinical perspective but also for the development of
robot motion control systems [1], designing automated
locomotion control systems [2], and the construction of
realistic animations for use in the entertainment industry
[3], among several other application areas.

It can be said that human gait dynamics are well
known [4]. Most studies utilize individual patient-specific
experimental data, such as movement recording via com-
puterized platforms [4], goniometry using electro instru-
ments [5], or dynamometric platforms [6], Typically all of
them are collected and used together in research labs for
gait analysis.

The dynamic analysis of the gait cycle of a specific
person is an important tool in the development of tech-
nical and engineering applications that need an inclusive
understanding of the human gait cycle [7].

The gait cycle is defined as a combination series of
rotational and rhythmic motions of the limbs to provide
the human body with balance and continuity of motion
[8]. The sagittal motion of the lower limbs is the charac-
teristic harmonic of the gait cycle, and all movements, of
prosthetic limbs focus on this plane. Figure 1 shows the
angle of inclination of the above-knee limb [9].

However, the performance test of the prosthetic knee
joint may be a morally challenging mission as it puts the
amputee in danger of being hurt during trials. This issue
can be solved with robots that utilize technologies such
as the ones created by refs [11,12], which are able to
mimic the gait of a human. The construction of a virtual
testing platform allows us to carry out preliminary tests
on the prosthetic knee joint before devoting ourselves
to the cost of building a prototype, as demonstrated by
refs [13,14]. The joint’s behavior and performance under
testing conditions may be assessed and easily compared
to that of other joints in simulation. Furthermore, the
construction of the testing platform’s dynamic model
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can be utilized to build the physical testing platform’s
control system, which is critical for producing the appro-
priate test scenarios and controllers [15]. This would
assist the producer in validating the design, redesigning
it, and ultimately result in cost savings on production.
Virtual modeling and simulation on CAD software is
one such widely applicable medium.

Richter et al. [11] described the improvement, mod-
eling, estimation of the parameter, and a robot control
that can replicate the hip motion at two degrees of
freedom in the sagittal plane. The trans-femoral pros-
thesis attached to the robot is supplied with hip displace-
ment vertically and the angle of thigh motion profiles.
Luengas Contreras et al. [14] designed a virtual prosthetic
limb to control this simulation and improved the gait of
the virtual prosthesis using Matlab/Simulink. Cao et al.
[16] used a prosthetic knee microprocessor controlled by
a hydraulic damper and assessed the prosthetic knee
performance by test platform and function simulation.
Hoh et al. [15], presented a testing platform design using
amathematical and dynamicmodel to evaluate performances

of synthetic knee joints in a wide range based on the analysis
of the movement of lower limbs.

The goal of this study is to construct a CAD model of
the test platform and then to conduct a kinematic and
dynamic analyse of the transfemoral prosthesis using
the machine’s real-world behavior before manufacturing
using this model. It was created using the SolidWorks
2018 program. In addition, this article studies the model’s
event-dependent behavior, makes an attempt to compre-
hend the relationships between all of its mechanical com-
ponents, and finally, evaluates the machine’s overall
operational performance and duration during the gait
modes.

2 Methods

The process begins when the SolidWorks® CAD software
is acquired and installed. With this program, each machine
portion can be reworked and assembled separately to make
the whole model of the prosthesis and platform. Figure 2
illustrates the approach of this study.

The modeling process will validate and visualize the
physical interpretation of the platform, whereas the simu-
lation will explain how this robot will operate in real time,
as shown in Figure 2. The event-based motion feature is
presented via SolidWorks software, which allows designers
to simulate the machine that assesses equipment timing or
specific processes. In motion analysis, parameters that are
crucial to design and component specification can be input

Figure 1: Lower limb motion during one stride [10].
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Figure 2: Schematic of methodology.
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and measured. Parameters such as displacement, velocity,
and torque can be collected, and the result of motion beha-
viormay be evaluated and plotted. The Automated Dynamic
Analysis of Mechanical Systems (ADAMS) is a multibody
dynamics simulation software system that solves the equa-
tions of motion for the mechanism. In addition, ADAMS
calculates the parameters that were mentioned previously,
which act on each moving part in the mechanism. This
process can exhibit the findings of the motion analysis by
means of animations or graphs. The animations demon-
strate the prosthesis movement in consecutive time frames.

3 Model and materials

Each platform component is modeled in SolidWorks using
geometries that are assembled to produce a comprehen-
sive representation of the component as shown in Figure 3.
The major functional components of the test platform are
as follows:
(a) Hip unit: It is used to restrict motion that is perpendi-

cular to the sagittal plane. It includes two main com-
ponents that provide the vertical displacement of the
hip and swinging thigh (flexion and extension), which
are controlled via linear and rotary actuators.
• Linear actuator: It is required to emulate the dis-

placement of the hip during the stance and swing
phase. It is used by coupling it with the rotary
actuator to emulate a natural gait cycle. Figure 3
represents a 3D view of a ballscrew 8 that drives a
vertical slide (carriage) 7 by a rotary motor 11.

• Rotary actuator: It includes the rotary motor 12
engaged with the right gearbox 9 as shown in

Figure 3. They are carried by carriage 7. The pros-
thesis is attached to the platform through a shaft
rod. This shaft is linked with the gearbox that pro-
vides rotation motion. Table 1 illustrates the entire
components with their numbers.

(b) Prosthesis: The design of the transfemoral prosthesis
model contains a coupled link with two rotating
joints at the hip and knee 3. The tube adapter acts
as the thigh 2 and is included in the parts above the
knee joint. This portion was attached to the shaft rod
that swings the thigh during the gait cycle. The shank
4 and foot 5 are involved in the model parts below the
knee. These portions were linked to the knee joint.

The dimension and materials of the various parts are
determined in accordance with the parameters of the tra-
ditional prosthetic lower limb [7] (commercial). The foot
is composed of polyurethane (commercial), while the
thigh and shank components are made of hollow alu-
minum alloy (commercial). The knee joint is composed
of a steel alloy (commercial). Table 2 shows the material
properties of each component of the prosthesis.
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Figure 3: Final assembly of the test platform with transfemoral prosthesis.

Table 1: The components of the whole system

No Component No Component

1 Frame 7 Carriage
2 Thigh 8 BallScrew
3 Knee joint 9 Gearbox
4 Shank 10 Shaft rod
5 Foot 11 Linear actuator
6 Treadmill 12 Rotary actuator
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Figure 4 illustrates the manufactured test platform of
the transfemoral prosthesis. This machine was gathered
in terms of mechanical and electrical devices. Currently,
the programing of this machine is being performed. The
purpose of this robotic is to synchronize the motion of
vertical displacement and rotation of the hip within the
sagittal plane to achieve the gait cycle of a healthy leg
from heel to heel contact as close as possible.

4 Mechanism design of model

(a) Ballscrew: A rack and pinion mate is conducted
between the carriage and the screw. When rotating
the screw, the carriage can travel along this screw as
a transition motion, as shown in Figure 5. The ver-
tical displacement of the hip is performed through
this mechanism.

(b) Gearbox with shaft rod: A mate is conducted between
two bodies to provide a rotating movement in which
the shaft rod engages with the gearbox using coin-
cident and concentric mates as illustrated in Figure 6.
This mechanism provides the flexion and extension
of the thigh during the gait cycle.

(c) Knee joint: It consists of three parts, namely, the upper
joint, the lower joint, and the pin. These parts are
gathered to configure the knee joint. When you add
a joint between two rigid bodies, some degrees of
freedom (DoFs) will be removed between them. In
particular, coincident and concentric mates are used
in this process. In addition, the limit of angle is set at
0– °70 , which represents a maximum flexion of the
knee angle during gait motion as shown in Figure 7.

5 Simulation model

Figure 8 shows the schematic of the simulation model.
The model consists of a platform model for reproducing

the motion of the thigh and knee joints and a motor cir-
cuit model for reproducing the behavior of the rotary
motor. Actuator force is transmitted from the motor cir-
cuit to the platform model, in which the angular displa-
cement and velocity of the thigh and knee and also hip
displacement are created. To achieve the required accu-
racy of output data, a motor circuit model representing

Table 2: Material properties of each element model

Elements Material Density

(kg/m3)
Young’s
modulus
(GPa)

Poisson
ratio

Thigh, shank Aluminum alloy 2,700 69 0.33
Knee joint Steel alloy 7,800 200 0.28
Foot Polyurethane 1,290 1.1 0.47

Figure 4: The gait emulator device of experimental work.

Figure 5: Translational motion between carriage and screw.
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event-based motion simulation (EBMS) was established to
modify and correct the trajectory of the thigh and knee
during the gait cycle.

In the EBMS, the sequential movement of the system
is first reproduced by specifying the exact time when each
action occurs, as well as its duration. Keyframes are then
specified for the adjustment of inputs or the structure
of mechanisms. Following this, a simulation is created
where actions are triggered by events regarding time,
and motor force in the Motion Toolbar is used to control
the actions of individual elements of the model. The
motion analysis of simulation capabilities used to simu-
late the movement of the transfemoral prosthesis is shown
in Figure 9.

Three different initial conditions are considered to
start and run the simulator:
(a) Force conditions: In this simulation, the force can be

operated as an active force such as a motor or a pas-
sive force such as a spring, and gravity force. The
motor force is inputted to the shaft rod and threaded
shaft (screw) to create rotational and translational
motion, respectively, as shown in Figure 10(a) and (b),
and the time response of the system is then obtained by
measuring the displacement and velocity of each joint

and also the extension displacement of the screw. The
motor force implements the control actions in the event-
based triggered motion to control the locomotion para-
meter of the simulator, whereas the knee joint motion is
considered passive using axial spring force as indicated
in Figure 10(c). The foot-ground contact force is con-
ducted by applying an external force on the upper sur-
face of the carriage that represents the action force
(body weight), while the reaction force is acted upon
underneath the foot, as shown in Figure 11, to simulate
the contact between the treadmill and the prosthetic
foot. The force value is variable with respect to the
time during the stance phase to achieve vertical ground
reaction force (VGRF) as shown in Figure 12.

(b) Displacement condition: A hip displacement trajec-
tory is prescribed as input. The model solves the
required displacement input for each motor to achieve
that trajectory. It also outputs other parameters such
as joint angles and angular velocity.

(c) Mixed condition: The model displacement is com-
bined with a prescribed resistive force to achieve
the required trajectory for the prosthesis. With the
time dependence of the displacement of each element
and the resistive force known, the motor force is used
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to evaluate the performance of the locomotion trajec-
tory of the hip and thigh.

(d) Other assumptions are as follows:
• Although prosthesis movement is three-dimen-

sional motion, only the walking plane (sagittal
plane) is considered because the majority of the
movement occurs in this plane during the gait

cycle [7]. The other two planes (frontal and trans-
versal) are indeed neglected.

• The hip joint has only two degrees of freedom to
reproduce a transitional and rotational motion.

• Although the knee can be regarded as roto-transi-
tional joints, it is introduced on the test platform as
revolute joints (hinge joint).
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Figure 8: The schematic of the simulation process.
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Figure 9: User interface of SolidWorks motion.

Figure 10: (a) Rotary motor for shaft rod, (b) rotary motor for ball-screw, and (c) axial spring force for knee joint.

Designing a 3D virtual prosthesis test platform  595



• The ankle joint movement is not considered a revo-
lute joint (negligible).

• There is no joint friction between the links within
the assembly and also the linear and rotary actuator
models are ideal, i.e., no frictional losses.

The pathway of the knee and hip joint is indicated in
Figure 13, in which ϕK and ϕH represent the lower limb
joint angles of the knee and hip joint, respectively. While
Sh indicates the sliding hip motion (up and down).

6 Dynamic model

Two dimensions are considered in this model that repre-
sents the sagittal plane. A sinusoidal movement (dotted
line) represents the pelvic motion during the gait cycle,
as depicted in Figure 14. The distance between the hip
joint at point (a) and the CoM of the thigh is (r1), while the
distance between the knee joint at point (b) and the CoM

of the shank is (r2). L1 denotes the length of the thigh,
while L2 represents the length of the shank, as shown in
Figure 14(a).

θ1 and θ2 represent the thigh and shank angular loca-
tions, respectively, relative to the global y-axis. The
model of the free-body diagram (FBD) is described in
Figure 14(b). The forces that are executed through the
ligament and tendon at the hip and knee joint repre-
senting the torque (τ1 and τ2) as shown in Figure 14b.
The horizontal and vertical ground reaction forces (GRF)
that apply to the center of pressure (COP) representing F1
and F2, respectively. The forces that are imposed by the
socket on the upper of the femoral are represented Fax and
Fya. The hip joint, knee joint, and COP are characterized by
a, b, and c, respectively. They can be described as (xa, ya),
(xb, yb), and (xc, yc) concerning the global frame XY . In our
case, it should be noted that the history of the time of the
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Figure 14: The human lower limb model: (a) the simplified model, (b)
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displacement, velocity, and acceleration of the hip joint,
point (a), is established previously from the walking cycle
data. The hip joint motion was controlled at two degrees of
freedom, as mentioned formerly in the simulation work, so
point (a) was taken into account in the mathematical
model. Lagrangian energy methods can be used to com-
pute the inverse dynamics of this robot.

To utilize the Lagrangian method, the Cartesian coor-
dinates of the center of mass for each link, (x y1 1) and
(x y2 2), are defined as follows [10]:

= +x x r θsin ,a1 1 1 (1)

= −y y r θcos ,a1 1 1 (2)

= + +x x L θ r θsin sin ,a2 1 1 2 2 (3)

= − −y y L θ r θcos cos .a2 1 1 2 2 (4)

The derivative of time of the center of mass position
for each link is determined as stated in equations (1)–(4).
The derivative of time of each variable that is dependent
upon a time like n, (dn/dt), is illustrated via prime, n̄.

= = +

t
x x x r θ θd

d
¯ ¯ ¯ cos ,a1 1 1 1 1 (5)

= = +

t
y y y r θ θd

d
¯ ¯ ¯ sin ,a1 1 1 1 1 (6)

= + +x x L θ θ r θ θ¯ ¯ ¯ cos ¯ cos ,a2 1 1 1 2 2 2 (7)

= + +y y L θ θ r θ θ¯ ¯ ¯ sin ¯ sin .a2 1 1 1 2 2 2 (8)

The total kinetic energy of the system, (T ), is the sum
of the kinetic energy of the thigh and shank, which can be
expressed as follows:

( ) ( )= + + + + +T m x y I θ m x y I θ1
2

¯ ¯ 1
2

¯ 1
2

¯ ¯ 1
2

¯ .1 1
2

1
2

1 1
2

2 2
2

2
2

2 2
2 (9)

From equation (9), the first and second terms repre-
sent the kinetic energy because of the linear and angular
velocity of the center of mass of the (thigh), while the
third and fourth terms denote the kinetic energy of the
(shank). The potential energy of the entire system,U , can
be written as follows:

= +U m y g m y g.1 1 2 2 (10)

As indicated in equation (10), the total potential
energy is the sum of the potential energy of each link.
The Lagrangian, L, is the kinetic and potential energy
difference in a mechanical system, which is indicated
as follows:

= −L T U. (11)

The Lagrangian method is used to generate the manip-
ulator’s equations of motion in equation (11) as illustrated
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where Q is the generalized nonconservative forces. With
exception of constraints, internal, and gravity forces, all
the other forces and moments that are applied on the link
are regarded as generalized forces. In the case under
study, hip and knee torques are applied to each joint (τ1
and τ2), while the ground reaction force is applied to end-
point (c). The generalized forces can be realized using the
virtual work theory, δW , [17]. Thus,

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

⎡
⎣

⎤
⎦

⎡

⎣⎢
⎤

⎦⎥
= =

−

+Q

δW
δθ
δW
δθ

τ τ
τ J F

F ,T
T1

2

1 2
2

1

2
(13)

where J is referred to as the Jacobian matrix, representing
the differential relationship relating the joint displace-
ments and end-effector position, and (xc, yc) Jacobian com-
ponents are the partial derivatives of Cartesian endpoint
location about the joint displacement. So, they depend on
the configuration of the manipulator. The serial-system
Jacobian matrix in Figure 13 is computed in equation (14).
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By substituting equations (12) and (14) into equation
(13), we can obtain the torque vector:
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By substituting equations (5)–(8) into equation (9),
and equations (1)–(4) in equation (10), and rewriting
equation (15), the applied torque at each joint can be
obtained.

7 Simulation results and
discussion

The kinematic analyses of the transfemoral prosthesis
model were implemented by natural gait (from heel strike
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to heel strike in one stride), and the time required to
complete a walk was recorded. To validate the simulation
results of transfemoral gait, so that they could be com-
pared with the review studies [8], this researcher achieved
actual recorded data for a nonamputee and the gait cycle
was completed in 0.98 s, whereas the gait was 1.04 s for
the simulation. Both studies were performed at a sampling
rate of 70 FPS. The angular position of the thigh fluctuates
from − °15 to °23 for Winter (blue), while for simulation
(red), the data vary from − °15 to °20 . After 50% of the
gait cycle has been completed, precisely in the swing
phase, the slight difference appears on the curve of simu-
lation as shown in Figure 15. The knee angle variation of
Winter’s data was observed between °1.1 and °66 , while it
was from °3.5 to °46 for simulation as shown in Figure 16.

For simulation, the knee angular displacement is observed
with more variation in the stance phase than in the swing
phase, which indicates a difference in magnitude. The results

of the simulation were validated with [8], and it was
detected that the profile of the hip angle for simulation
had a variation inmagnitude, but there was a resemblance
in trajectory. The curve of the knee joint had more differ-
ences than the hip joint because the knee joint’s motion is
considered passive, which is based on spring force and the
motion of the hip joint during the gait cycle, while the hip
joint’s motion is a fully active controller.

Figure 17 illustrates the comparison of hip displace-
ment between reference and simulation. The results follow
a similar trajectory as sinusoidal curves during one gait
cycle. Two peaks appear in the plot. One is indicated in the
stance phase and the other in the swing phase at 30 and
78% of the gait cycle, respectively, for simulation, while
about 28 and 80% for reference. The heel strikemode takes
place at the start of the gait cycle, approximately (0–5%) of
the cycle. The curve remains raised until it reaches 30% of
gait, at which point the midstance phase occurs. Then, it is
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dropped to reach between 50 and 60% of gait, in which the
displacement of the hip at this point is near the neutral
axis, and also the terminal stance phase is completed at
this stage. After that, the swing phase performs at the
second peak of the curve. In which the knee joint reaches
its maximal flexion at 70–85% of gait. Finally, the leg
returns to the first sine waves to start a second cycle.

The thigh angular velocity to gait cycle appears that
the thigh undergoes the largest angular velocity at 70%
of the gait cycle, precisely in the swing phase, about
170 deg/s for simulation. While the angular velocity for
reference is °230 /s at 65% of the gait cycle as shown in
Figure 18.

The angular velocity of the knee joint versus the gait
cycle of Figure 19 shows that the greatest value at 85% of
the gait cycle is about °300 /s for simulation which is the
maximum flexion of the knee joint, whereas the largest
value at 86% of the gait cycle is about °346 /s for refer-
ence, in which the position of the thigh and shank is in
the swing phase and approaching heel strike when the
greatest angular velocity was observed. The results demon-
strated that the angular velocity of the knee joint (Figure 19)
is higher than the thigh (Figure 18).

The hip and knee angle kinematic behavior was
observed as a cyclical process (Cyclogram) and then com-
pared with the healthy leg behavior within the sagittal
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plane. The evolution of movement was illustrated by the
cyclical process graph in a cycle or several cycles.

For the simulation, the walking cycle starts with the
hip, as shown in Figure 20, with a value near to °20 of
flexion, whereas the knee is neutrally located at the point
(a), and then the curve increases rapidly till attaining the
point (b). Consequently, it lowers progressively until
point (c) of mid-stance is reached, at which the knee is
°5 and the hip is reached at about °2 of flexion. Point (d)
appears at the end of mid-stance, in which the hip is
close to reaching its maximum extension and the knee
is flexed at approximately °3 . Next, the graph rises until it
reaches the pre-swing at point (e). The hip is at an exten-
sion of °8 , while the knee is at about °28 of flexion. Then,
the flexion of the knee continues till it reaches point (f)

about 45, representing the maximum of flexion, whereas
the hip is approximately °14 of flexion. At that time, the
swing phase starts. Later, the knee flexion declines rapidly,
whereas the maximum flexion of the hip is reached. The
simulation of the gait cycle of the prosthesis is illustrated in
Figures 21 and 22.

For a healthy leg based on reference, the gait cycle
begins at point (a) as shown in Figure 23. The angle of the
hip is close to °23 and the knee is flexed at °1.1 . Then, the
curve declines more slowly until terminal-stance is reached
at point (d) when the knee is flexed at around °9 , whereas
the hip is extended at approximately °12 . Next, the curve
rises slowly until it reaches the initial swing at point (f), in
which the value of the knee reaches maximum flexion at

°66 , while the value of hip flexion is °13 . In the swing phase,
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Figure 19: Knee joint angular velocity versus gait cycle.
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Figure 20: Analyzing gait by the cyclical process (cyclogram). (a) Initial contact, (b) loading response, (c) mid-stance, (d) terminal stance,
(e) pre-swing, (f) initial swing, (g) mid-swing, and (h) terminal swing.
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the knee flexion decreases rapidly till it reaches a neutral
location, whereas the maximal flexion of the hip is reached
at °23 . At the end of the swing phase, the analysis of the
cyclogram within the sagittal plane exhibits that the curve
on the simulation side introduces a difference than on the
healthy leg side due to the variance of thigh and knee
angles between the two sides during the gait cycle, specifi-
cally, the knee angle.

When Figures 20 and 23 are merged into one chart,
the difference between them appears. The main reason
for this difference is the angle of the knee joint, as men-
tioned previously. Despite that, the magnitude of the two
curves had a difference, but the trajectory of them was
similar, as shown in Figure 24.

The different measures of thigh and knee angle results
in simulation [8] and can be indicated by using the mean
absolute error (MAE) during the gait cycle (%). The differ-
ence between the simulation and nonamputee results was
calculated to determine error levels between them, and it

Figure 21: The stance phase of gait cycle: (a) initial contact;
(b) loading response; (c) mid-stance; and (d) terminal.

Figure 22: The swing phase of gait cycle: (e) pre-swing; (f) initial
swing; (g) mid swing.
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Figure 23: Cyclogram for analyzing gait of the healthy leg [8].
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is expressed in equations (16) and (17).
( ) ( ) ( )= −e t θ t θ t ,Natural Simulated (16)

∣ ( )∣∑=e
n

e t1 ,
n

MAE (17)

where ( )θ tNatural and ( )θ tSimulated represent the thigh or
knee angles of corresponding simulation and nonam-
putee gait processes and n refers to sample (number of
data) after applying the rescaling process. The value of
the MAE between gait processes was indicated as °2.727
and °8.338 for thigh and knee angle. The graph of the
thigh and knee angle error between the simulation and
nonamputee gait is shown in Figures 25 and 26.

Many criteria of quantification are observed in Table 3,
such as MAE levels, and maximum and minimum values
of the defined error signals between the simulation and
healthy leg. Both the simulation and the reference data
of the thigh angle offlexion and extension showedgoodagree-
ment, with the MAE error of about °2.727 . The simulation

results of thigh angle errors varied between °7.769 and
− °1.259 , while the knee angle error was between °22.7
and °1. 1 , the MAE error of approximately °8.338 .

The beginning and the end of the stance phase are the
heel contact and the toe-off, respectively. The achievement
time is around 60% of a gait cycle.

The simulation results (red) of VGRF of one step
revealed that the first peak was at 18% of the gait cycle,
as shown in Figure 27. At the same time, it obviously
precedes the first peak of reference (blue). While the
second peak appears at 43% of the gait cycle, which is
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Figure 25: Error data of thigh angle simulation.
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Figure 26: Error data of knee angle simulation.

Table 3: Performance results of thigh and knee angle

Data MAE (deg) Max (deg) Min (deg)

Thigh angle error 2.727 7.769 −1.259
Knee angle error 8.338 22.7 1.1
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delayed on the second peak of the reference. In compar-
ison with both values of the vertical force of the y-axis in
simulation and reference, as described in Figure 25, the
values appear to correspond at the two peaks and in the
valley to about 600 N and 365 N, respectively.

In Figure 28, the horizontal ground reaction force, or
so-called anteroposterior force, versus the time of gait
cycle between simulation results (red) and previous stu-
dies (blue) are compared, in which the first two peaks of
the curves are much more similar than the second peaks.
However, the trend line of the simulation and winter
curves are comparable, which means that the prosthesis
model can roughly mimic the vertical and horizontal
force of the healthy leg.

8 Conclusion

(1) Kinematic and kinetic analyses of the prosthesis gait
were effectively conducted in real-time operation by
the event-basedmotionmethod, which gives a powerful
tool for observing performance, the design of the gait
process, and optimizing the properties of the prosthesis
within its operating environment.

(2) Two active motions were successfully used for simu-
lating the motion of hip displacement and flexion/
extension of the thigh during the gait cycle, which
means that this simulation enables a computer-aided
modeling environment to be developed for modeling
sophisticated mechanical components.
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Figure 27: Comparison between model and healthy leg: VGRV vs gait cycle.
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Figure 28: Comparison between model and healthy leg: HGRV vs gait cycle.
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(3) The results found from both the simulation and the
reference data showed good agreement, but there
was some variations between the results due to the
intricacy of the human joint and the simplicity of
the intended mechanical joint. Predicted error levels
occurred.

(4) An important benefit of the simulation method is that
it allows for evaluation prior to the amputee using
the prosthesis. Also, the input data can be altered
in response to the conditions that are applied, for
instance, the patient’s height, the gait cycle features,
and the kind of material of the prosthesis.

Future work is planned to develop the controller of
the virtual model, which includes an interface between
SolidWorks and LabVIEW or with Matlab to simulate
the movement of the testing platform. Further work is
required to adjust this virtual model to other types of
the knee joint, such as the four-bar. Finally, the simula-
tion model presented in this study can be viewed as the
first stage toward a full virtual model.
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