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Abstract
The study is aimed to develop a hip joint wear simulator using a modular design approach to help experimentally monitor
and control critical wear parameters to validate in-silico wear models. The proper control and application of wear parameters
such as the range of motion, and the applied force values while estimating the lost material due to wear are essential for
thorough analysis of wear phenomena for artificial joints. The simulator’s dynamics were first modeled, then dynamic loading
data was used to calculate the forces, which were further used for topology optimization to reduce the forces acting on each
joint. The reduction of the link weights, connected to the actuators, intends to improve the quality of motion transferred to
the femoral head. The modular design approach enables topology-optimized geometry, associated gravitational and dynamic
forces, resulting in a cost-effective, energy-efficient product. Moreover, this design allows integration of the subject specific
data by allowing different boundary conditions following the requirements of industry 5.0. Overall, the in-vitro motion
stimulations of the hip-joint prosthesis and the modular design approach used in the study might help improve the accuracy
and the effectiveness of wear simulations, which could lead into the development of better and longer-lasting joint prostheses
for all. The subject-specific and society-based daily life data implemented as boundary conditions enable inclusion of the
personalized effects. Next, with the results of the simulator, CEN Workshop Agreement (CWA) application is intended to
cover the personalized effects for previously excluded populations, providing solution to inclusive design for all.

Keywords Hip joint motion simulator · Multidisciplinary design · Modular design · Topology optimization · Industry 5.0

1 Introduction

Understanding the anatomy and mechanics of walking has
been crucial in the design and development of artificial hip
implants to improve the quality of life for patients with hip
joint issues. Early studies by Carlet and Marey [1, 2], as
well as Quénu and Demenÿ[3], provided initial insights into
the forces acting on the hip during walking using measuring
devices such as the dynamograph, which measured pressure
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differences between the heel and the forefoot. However, these
earlymeasurements were limited by the technology available
at that time andwere found to be not good enough in detail for
designing hip implants [4, 5]. In recent years, technological
advancements enabled accurate and detailed measurements
methods for evaluation of the human gait cycles. Studies by
Bergman et al. [6] have provided essential contributions in
measuring different gait cycle patterns and understanding
the relationship between the vertical reaction load and the
body’s acceleration center. These technological inputs, com-
bined with engineering design principles, have improved the
creation of artificial hip joints. Testing joint replacements is
also critical in ensuring their fitness for the intended purpose.
Advances in testing methods, such as finite element analysis
(FEA) and biomechanical simulations [7], have allowed for
better evaluation of the performance and durability of hip
implants under various loading conditions, including those
experienced during walking and other physical activities.
This has led to the development more reliable and durable
hip implants that can withstand the forces exerted during
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daily activities, including walking and even more strenuous
activities like running.

In vivomeasurement of TotalHipArthroplasty (THR)was
performed by Rydell for the design of a total hip replacement
[8] implanted with strain gauges to measure the gait cycle
dynamically [9]. Since obtaining direct in vivomeasurements
from patients is problematic due to ethical issues, using sim-
ulators enables scientists to perform preclinical trials. In fact,
as a part of the quality management chain, according to ISO-
13485, it is necessary to maintain test setups to assure the
quality of medical implants [10]. For this reason, the first in-
vitro hip joint replacement simulator [11] was built. It was
a machine with three degrees of freedom performing mea-
surements. The later design [12] had a rotation around the
flexion and extension axis. It could model vertical, and side-
walk loads since the designers believed the vertical load had
a prominent role in walking. The third design was performed
by Walker and Gold [13]. This design aimed to calculate the
friction forces in the designed prostheses.

The significant problems in hip joint implants are the fric-
tion between the artificial femur head and the acetabular cup.
The modeling of spherical joints has almost reached to matu-
rity stage [14]. Wear and friction have become the primary
concern in designing hip joint simulators [11]. In 2001, after
a long debate between experts in hip implant surgery, man-
ufacturing, and testing, a new ISO standard was introduced
to cover all concerns of wear testing and wear test simula-
tor requirements for total hip replacements [15]. ISO 14242
standard started to affect the design of recent preclinical joint
simulators [16].

Among these simulators, the technique of estimating the
wear on a femur head using coordinate measurement pro-
filers was utilized [17]. While Trommer and Maru [18]
designed their eight-station tester, Zanini et al. [19] used
X-ray methodology to quantify wear. Partridge et al. [20]
used a setup called Pro-sim, providing flexibility in both cup
and femur holders. Viitala and Saikko [21] enabled improve-
ments for the Helsinki University of Technology (HUT)
simulators.

Although the first simulators aim for gait activities, regu-
lar walking is not the only daily life activity [22], since there
are other daily life activities performed daily [23, 24]. With
increase life of expectancy, today’s patients want to continue
their usual activities [25] without compromising their quality
of life. The wear patterns and rates of joint prostheses may
vary among populations with different religious and ethnic
backgrounds due to their wider range of motions. This fac-
tor has been neglected in the past, and the study aims to
investigate ways to provide quantitative evidence to address
their unmet needs. Conversely, the populations with a lim-
ited range of motion, their needs have been met with the
current standard implants. However, the investigation may
lead to design changes for joint prostheses that will allow for

higher ranges ofmotion and extendeddurability,whichmight
benefit those populations without compromising their cur-
rent quality standards. The proposed research can potentially
eliminate the limitations of the current standard implants,
enabling individuals to bemore active and improve their qual-
ity of life. By providing quantitative evidence, the study can
offer a more comprehensive understanding of wear patterns
and wear rates among diverse populations, leading to better,
more inclusive healthcare solutions. Ultimately, this can pro-
mote health equity by addressing the unmet needs of ethnic
minority populations and allow them to access the same level
of care as others. Ethical design philosophy requires produc-
ing products for all, without excluding minorities. For this
reason, it is imperative to design and test implants accord-
ing to their intended use. The testing conditions should cover
these planned use activities as well.

The design of simulators for X (Design for a specific pur-
pose) methods have been used for a long time, and the design
methodologies focused on different emerging approaches
every year [26]. Design for manufacturing, design for assem-
bly [27], design for optimized workflow [28] and many other
approaches are defined to create better products for different
aspects. The main problem with many of these methods is
that they were mostly trying to facilitate only one part of a
product at a time, but they needed a comprehensive design
approach. Also, since mass production is the main goal for
many of these studies, the design of the test product has never
been investigated deeply [29]. The primary purpose of creat-
ing a product is to fulfill a group of functions related to each
other [30]. A detailed, comprehensive review of the literature
shows that the design of a test machine needs a multidisci-
plinary method covering all aspects of the device.

This study demonstrates the design of a hip joint simu-
lator mechanism that can perform flexion–extension (F/E),
abduction–adduction (A/A), and internal–external rotation
(I/E) to test the artificial hip joints in pre-clinical settings
under dynamic loading at body temperature using simulated
body fluid according to ISO 14242. Moreover, the machine
design has the flexibility to simulate normal daily activities
and some unique joint motions, such as stair climbing, pray-
ing, yoga postures, cycling, and any other personalized data
to test the implant against its intended use. In this paper, the
authors provide a methodology to design a simulator from
concept to the prototype level with all the steps required to
produce a custom-made simulator that can accept customized
boundary conditions in addition to the standard boundary
conditions of ISO 14242.

2 Designmethodology

The design algorithm starts with design inputs. The concep-
tual design is in an iterative loop, so the concept matures
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Fig. 1 The design algorithm
proposed for the hip joint
simulator demonstrating the
decision points and the loops

up to serve the machine’s purpose. The functional diagram
of the device is generated based on the logic and physical
properties of the system, such as mechanical parts, electrical
parts, and their interaction. The system control is developed
based on the functionality of the system and the mechanics
modeled in CAD software. The electrical components are
selected to serve both mechanics and controllability of the
system. Then the design is optimized, and the results are sent
for construction. The explained process is presented in Fig. 1.

The system’s design requires an investigation of the inter-
action between different components. A modular design
approach is proposed in this paper. This approach is potent
enough to be implemented in all mechatronic systems.
Figure 2 shows the graph presentation of the system interac-
tions in the proposed model. The main idea is to define two
main sub-trees for the physical domain, including all tangi-
ble items such as mechanical parts, wires, sensors, and the
logical domain, covering functional aspects of the machine.
The subsystems, αi , βi , . . . provides a representation of the
physical components as mentioned. Each logical parameter
Ai , Bi , . . . represents the system’s local components. Such
a point of view leads to a design structure matrix [31] helping
prioritize the design based on need (such as design for X).
The proposed model enables the creation of a multipurpose
design by providing a visual comprehension of the system.
Also, by having a correlation matrix of the function tree, the
weightings of each interaction would be straightforward [32]
in the design stage.

The hip joint motion simulator design has been performed
and investigated using the proposed model.

Fig. 2 The proposed functional model for the proposed product design

3 Hip joint motion simulator

3.1 Conceptual design

A comprehensive benchmarking has been performed to
design this system. For such a range of motion, especially
in Flexion–Extension, it is necessary to use a flexible mech-
anism [33, 34]. Thebenchmarkingof themost critical designs
is presented here. The values are compared with the standard
values shown for the wear test of a femoral head [15]. The
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Table 1 Benchmarking for Hip joint simulators available in market

AMTI [35] MTS [36] Simulation Solutions
[37]

ISO 14242 [38]

Axial loading (kN) 0–4.5 0–5.0 0–8.0 0–3.0

Loading from Femoral Head Femoral Head Acetabular Cup Acetabular Cup

Maximum cycle frequency
(Hz)

2.0 1.0 2.5 1.0

Actuators Servo Hydraulic Servo Hydraulic Servo Motor –

Axes of motion Non-Anatomical Non-Anatomical Strictly Anatomical

Flexion–extension ± 100° ± 20° ± 60° ± 23°

Interior-exterior ± 40° Not Disclosed ± 45° ± 12°

Abduction–adduction ± 25° Not Disclosed + 10°/-25° ± 23°

Kinematic structure P P R Table P R R(Spherical)
Robotic Arm

R R R Table P load R R R Table P load R R R Table P
load

Force actuation Hydraulics Hydraulics Electromechanics N/A

Motion actuation Hydraulics Electromechanics Electromechanics N/A

output of benchmarking is presented in Table 1. All these
machines are trying to mimic the standard ranges accord-
ing to ISO 14242. However, many activities require a higher
range of motion. The products investigated are programmed
tomimic the ISO standards and the custom-mademotion pro-
files that could be programmed based on the subject-specific
needs as an adaptation of Industry 5.0 evolution, including
personalized specifications.

According to the literature [39] the femur hip range of
motion could reach the following values. For Interior 112.1°
± 14.1° Exterior 43.2° ± 11.1° (I/E), Flexion 111.9° ± 8.9°
Extension 49.8° ± 14.1° (F/E) and Abduction 46.1° ± 5.2°
Adduction 61.0°± 6.7° (A/A). The range of motion exceeds
the values claimed by different designs. The primary intuition
for designing a new simulator was to create a machine with
a more flexible range of motion to cover personalized needs
according to the requirements of Industry 5.0.

The newly designed simulator has a range ofmotion above
all benchmarked products. The I/E range for this machine
is -150° to + 150°, F/E ± 130°, and A/A range is ± 75°.
This range covers the hip joint motion using the suitable
fixture and possible range of motion for the Knee[40] and
Ankle[41] joints. All motion and force actuation for this
mechanism is electromechanical. Harmonic drive actuators
[42] help decrease the weight of the actuators and integrate
them into the robotic arm. The PC-based control system
can program based on the motion trajectory needed. The
general concept of the system was modeled in CAD soft-
ware and then improved based on the structural analysis.
The finalized concept of the machine is presented in Fig. 3.
The machine consists of a fixed, rigid structure named as
Frame in Fig. 3 holding the Base Tower Structure. The Base
Tower Structure keeps the force mechanism aligned with the

Trolley Assembly (shortened as Trolley Assy in Fig. 3) with
a ball screw and two linear rails. Trolley Assy is the base
for Abduction/Adduction(A/A) and Flexion/Extension(F/E)
Arms applying load on the specimen. Beneath the specimen,
a six-axis load cell reads the load, fixed on the rotary table
which is actuated by anothermotor. The rotary table is assem-
bled on a two-degree-of-freedom alignment table, to allow
formimicking the specimen’smisalignments in the surgeries.
The joint motion simulator follows the design modularity
[43] is possible to change each motion module’s design sep-
arately, as presented in the functional diagram (Fig. 4).

3.2 Functional design

Since this is an electromechanical system, the control side
also plays a prominent role in the system’s functioning. The
functional diagram of the system is presented in Fig. 4.
The interaction between the essential components is shown
regarding the type of relation. Either it is a mechanical con-
nection, a signal, or logical feedback. Load measurement
is a closed feedback loop at the end effector that guaran-
tees the system’s calibration. As presented in Fig. 4, the
feedback eliminates extra disturbances such as part defor-
mations, zero-backlash actuators, and topology-optimized
geometries, which secures the results.

Figure 5 shows the interactions between the system com-
ponents. It also gives an idea of each system’s function. The
presented hierarchical correlation shows relations between
different members of the sub-systems and gives an idea of
how these different parts of the sub-system relate to each
other. The fault detection analysis for the proposed model
using the correlated features would be much easier than con-
ventional models [44].
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Fig. 3 The final concept of the
hip joint motion simulator

3.3 Motion calculations

Arm axes consist of a wrist mechanism with three degrees
of rotation. The force implication mechanism is intended not
to cause any extra motions in the system’s dynamics but to
create only the desirable forces. The system dynamics for
the acting arm are based on the free-body diagram, as shown
in Fig. 6. The q1 axis moves the A/A Arm. The second arm
moves by the q2 rotational motion moves F/E Arm. The q3
is the motion for the rotary table, and q4 is the linear motion
applying force. The femoral head specimen is modeled as a
spherical joint.

The system is considered a Prismatic-Rotation-Rotation-
Rotation (PRRR) mechanism but is generally an RRR robot.
The system transfer function can be calculated using the
transfer functions for each joint regarding the {b} (the base)
coordinate [45]. Joint 4 is the prismatic joint used for force
implication. Therefore, this joint has nomotion. The transfor-
mation is equal to the I4x4 matrix. The transformation matrix
in SE3(the special Euclidean group of rigid body displace-
ments in three dimensions) for each joint can be calculated
by matrix multiplication [46].

H1 �

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

C2C3 −S3C2 S2 r

S1S2C3 + S3C1 −S1S2S3 + C1C3 −S1C2 rC1 − r

−S2C1C3 + S1S3 S2S3C1 + S1C3 C1C2 r S1

0 0 0 1

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

(1)

H2 �

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

C2C3 −S3C2 S2 0

S3 C3 0 r

−S2C3 S2S3 C2 0

0 0 0 1

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

(2)

Equations 3 and 4 show the transformation matrices
needed for force control. Using the definition of matrix
exponential and Rodrigues’s formula [46] for the force
transformation later, a 6 × 6 matrix is formed, and the
results are investigated. But before that, the systems’ max-
imum speed and screws are identified. The rotational speed
of the system is related to the force application frequency.
According to the system’s requirement, the hip implant’s
test frequency is 1 Hz.
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Fig. 4 The functional diagram of the simulator, blue line indicating the mechanical interface, the dashed line representing the signal, and the red
representing the logics

Fig. 5 Hierarchical correlation between different components

Therefore, by presenting screw vectors in the transforma-
tion from {b} coordinate to {s} could be rewritten as:

Fig. 6 A prismatic-rotation-rotation-rotation (PRRR) robotic arm used
for the wear simulator

T (θ) � e
[−→s4

]
q4e

[−→s3
]
q3e

[−→s2
]
q2e

[−→s1
]
q1M (3)

Since there is no separation in the joint under test, term
e
[−→s4

]
q4 is equal to one, the screw vectors and transfer matrix

for the end effector of the system are as follows:
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Fig. 7 Force versus joint angles
motion for each cycle time(s)

(4)

−→s1 �

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

1
0
0
r

−r
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎦
; −→s2 �

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

0
1
0
0
r
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎦
; −→s3 �

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

0
0
1
0
0
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎦
;

−→s4 �

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

0
0
0
0
0
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎦
; M �

⎡
⎢⎢⎢⎣

1 0
0 1

0 r
0 0

0 0
0 0

1 0
0 1

⎤
⎥⎥⎥⎦

By defining the matrix adjoint, the translated force values
are calculated [45].

[AdH ] �
[

R 0
−RT [p] RT

]
(5)

Fb � [AdH ]F (6)

By defining the matrix adjoint, the translated force values
are calculated [45]. Having the weights and the moments of
inertias for the arms following forces on the joint are calcu-
lated using Eq. 7:

Fn � GnV̇n − [
AdVn

]TGnVn (7)

where Vb and V̇b are twists and their derivative (acceleration
terms) of the bodies. b is the inertiamatrix defined as follows.

is the moment of inertia matrix and mI3×3 is the multi-
plication of mass of the system by the diagonal one matrix.

Considering frictions and force components in the femur joint
under the test, for the peak vales, force vector b is assessed,
and the force reactions are calculated using forward kinemat-
ics and Rodriguez formulation. These values aim to calculate
the structural performance of the robot under dynamic con-
ditions and the force/motion control loops.

Since the rotationmotions of q1, q2, and q3 directlymimic
the bodymotion, a look-up table basedon themotion scenario
applies to the system as in the robot path. This prevents any
issues in three-dimensional altitudes, such as by positioning
the arms in a position so that the mechanism eliminates one
of its spherical degrees of freedom (gimbal lock). The force
is synchronized with the motion output in each cycle. The
implementation of the path for ISO 14242 is presented in
Fig. 7.

All motion points regarding the control system are mod-
elled by Simscape-Simulink (MATLAB, MathWorks, USA)
are presented in Fig. 8. In this model, the friction forces of
the femur joint are modelled as a 3D force. The results are
compared to the final design.

3.4 Validation

The analysis has been performed on Adams, a multibody
dynamics simulation tool (V2020, Hexagon, Stockholm,
Sweden), to validate the models and formulations (Fig. 9).
To run the validation case, the joint angles were specified
according to ISO 14242 standards. A fixed force in the Y
direction, equivalent to 3000 N is applied to the system. A
periodic motion based on Fig. 7 is modelled on the system.
This is the maximum force according to ISO 14242 stan-
dards. The joint reaction force in the y direction on the q1
joint was selected for validation. The q1 joint is where all
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Fig. 8 The Simulink model for the hip motion simulator, including the frictional forces of the femur joint
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Fig. 9 The final design modeled in Adams, a multibody dynamic mod-
eling software

joint forces are applied to the linear motion force mecha-
nism (Fig. 3). The Fy component of the force is translated to
the force mechanism through the linear guides and the ball
screw.

The results from the Dynamic calculation were com-
pared with the simulation results from Simulink and Adams
(Fig. 10). The compared graphs show a difference of max-
imum 100 N between the Simscape and Adams models at
the beginning and at the end of each period, which is about
4% of the instantaneous load. However, the dynamic model
shows considerable difference. In the analytical model, all
mass effects are neglected. Therefore, the mass-related equa-
tions of motion are equal to the zero. This will explain the
discrepancy in the locations where maximum angular veloc-
ities occur in the periodic motion trajectory. The analysis
conducted using Simscape and Adams’ software exhibit bet-
ter correlation, as both utilize rigid bodymodelling properties
and dynamic equations. In contrast, the analytical model,

which considers the mass matrix to be zero, may not accu-
rately represent the physical behavior of the system.

4 Results and discussion

4.1 Force calculation results

UsingMatrix adjoint inR6, byhaving forcematrix, according
to (5) and (6), (7) force calculations have been performed, and
the reaction force for different rotation angles is plotted in
Fig. 11 for the joint q1. The force values and their direction
change according to the three different angles (q1, q2, q3)
according to Fig. 6. The results are presented in Fig. 11.

Similarly, the force calculationwas performed for joint q2.
This joint rotates with the A/A Arm. The forces are related
to joints q2 and q3 angles. Figure 12 represents the surface
related to the force andmoments’ reaction on joint q2, similar
to the analysis for joint q1.

The maximum and minimum forces for the end effectors
transformed to each joint are calculated in Table 2. Therefore,
the forces applied on joint three are equal to the force’s values
of frame {b}(b).

Based on the calculated forces, and since the motion is
periodic, the structural calculations of the components were
completed using this information.

4.2 Design optimization of robotic arms

For the robot arms, an arc shape design is considered tomain-
tain the functionality and accessibility of the test specimen.
A comprehensive performance investigation has been com-
pleted to understand whether the robot’s arm geometry is
optimized. According to the previous section, the loading
condition was applied as a function of time, static/transient,
and modal analysis. The results are presented in Fig. 13.

The findings indicate that even though both arms are
capable of withstanding complete cyclic fatigue loading and

Fig. 10 Analytical model
compared between Adams,
Simscape for the Y-axis
component of the force on q1
joint in a cycle time(s)
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Fig. 11 q1 joint end-effector forces transformation

Fig. 12 q2 joint end-effector forces transformation
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Table 2 Maximum values for the forces on joint q1 and q2 and q3

Joint Fx (N) Fy (N) Fz (N) Mx (Nm) My (Nm) Mz (Nm)

Max Min Max Min Max Min Max Min Max Min Max Min

q1 3787 − 3409 3786 − 1091 3336 − 2048 139 − 97 139 − 98 139 − 78

q2 1964 − 1603 3769 2985 1415 − 692 85 13 130 68 114 − 58

q3 3500 − 3500 3500 − 3500 3500 − 3500 80 − 80 80 − 80 80 − 80

Fig. 13 F/E and A/A Arm
Preliminary design fatigue safety
factor (A, C) and first significant
mode (B, D)

durable, there is still room for improvement in their opti-
mization. The safety factor is calculated by dividing the yield
stress by the equivalent fatigue stress occurring for a- full-
cyclic load.Most design domains have a safety factor ofmore
than13.Usually, a safety factor of 1.1 to 1.5,would be enough
for a robotic arm. For the A/A Arm, the first(409.3 Hz) and
second (420.0 Hz) modal shape is related to the thin wall
structure and cause insignificant bending or torsion. There-
fore, the thirdmodal shape is considered as a design reference
point for comparison after topology optimization.

The Solid Isotropic Material Penalization (SIMP) topol-
ogy optimization [47] has been applied to minimize the

geometry’s compliance and achieve the optimum mass. The
main reason for mass optimization is to improve torques
applied to the joints. By reducing the weights, the sys-
tem’s energy consumption is also optimized [48]. The size
of the parts is about 500 × 500x200 for the A/A Arm and
150 × 150x100 for the F/E Arm. The selected material is
St37-2 structural steel (with Young Modulus of 200GPa,
Poisson ratio of 0.26, Yield Stress of 250 MPa, Density of
7860 kg/m3) [49]. The design region and excluded region as
well as objectives applied for topology optimization are pre-
sented in Fig. 14. The aim is to reduce the mass of the Arms.
After a set of trials, and different mass reductions, the final
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Fig. 14 Topology Optimization
Design Region, Exclusions and
Objectives for the F/E and A/A
Arms

Fig. 15 Design optimization progress for F/E Arm (A, B, C) and A/A Arm (C, D, E)

Table 3 Results of Topology
Optimization F/E Arm A/A Arm

Property Concept Optimized Concept Optimized

Weight (Kg) 5.4 3.1 24.6 12.6

Fatigue safety factor 1.50 1.43 1.73 1.63

Max deflection at the joint (mm) 0.042 0.066 0.043 0.076

Maximum stress (MPa) 62.83 68.47 49.81 52.58

First mode frequency 1054.4 1227.3 553.4(3rd) 725.8(5th)

design is set to have 30% of the original mass. The loading
condition for this analysis is made according to the Fig. 7 and
Table 2. The optimization has been performed, by applying
maximum loading in each direction, considering the geom-
etry is symmetric with respect to Plane A. The threshold to
keep the removed mass is set as 0.4 during the trials.

Metal additive manufacturing methods like selective laser
melting are expensive for this sort of dimensions. Using
the geometry generated from topology optimization, a new
geometry is modeled by removing any extra material from
the preliminary design. The new design aims to be loyal to
the topology optimized shape but with machinable features
based on the authors’ experience. Therefore, a new geometry
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Fig. 16 F/E and A/A Arm
Topology optimized design
fatigue safety factor (A, C) and
first significant mode (B, D)

is generated using topology optimization method to manu-
facture it using traditional manufacturing methods. The arms
weremanufactured via 5-axis CNCmachine. The whole pro-
cess for the F/E Arm and the A/A Arm are presented in
Fig. 15, Table 3.

The topology-optimized inspired structure and mechani-
cal performance were investigated by presenting the fatigue
safety factor and the first significant mode in Fig. 16.

Since the required safety factor is about 1.5, it is essential
to reduce the safety factor to prevent an over-designed struc-
ture and reduce the body mass. The safety factor for both
arms shows that the blue areas, which have a safety factor of
more than 15, could be reduced. The minimum safety factor
of the system is set as 1.2 for F/E and 1.6 for A/A arms. The
first mode shape of the F/E Arm increases by 26% compared
to the original concept. This means that the structure has a
lower tendency to bend for periodic motion. Themain reason
is better mass distribution in the design domain by minimiz-
ing the structure’s compliance using topology optimization.

Tounderstand themodel analysis, themode shapes for pre-
liminary design and optimized shape are considered, and the

mode shapes aligned with the loading condition are inves-
tigated. This means that the mode shapes related to local
vibrations are omitted. For the A/A Arm, considering all
mode shapes, the first mode decreased (343.6 Hz, 354.3 Hz,
392.7 Hz, 419.5 Hz), but these modes are related to the thin-
walled structure generated by topology optimization. The
first significant structure mode is the fifth mode and shows a
31% improvement.

To achieve optimal performance in a system’s dynamic
and control analysis, it is crucial to reduce its mass. The
arms can be considered rigid if the system’s first frequency
is higher than the frequencies of external forces acting on it. It
is important to note that the system operates at approximately
1Hz. Thefirstmode shapes of the armare significantly higher
than the excitation frequency before and after optimization.

The optimization result shows that although the strength
of the arms is reduced and the safety factor for fatigue is
decreased, the arms are still in the safe zone. The weight
reduction has been performed to reduce the weight force val-
ues acting on the joints. The concept and topology-optimized
design results are compared in Fig. 17. The force magnitude
is diminished.
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Fig. 17 The effect of the arm weights on the joints

The machine manufacturing is finalized, and there is
ongoing research on implementing the control system and
completing the test Fig. 18.

5 Conclusion

This study provides a comprehensive overview for the
design of a hip joint simulator considering the multiple
facets of the design process, including the control, energy
efficiency, weight reduction, manufacturing aspects, and
allowing different boundary condition applications follow-
ing the requirements of Industry 5.0 for personalization.
Now, such a comprehensive study exists in literature by this
research. The work might tick the boxes for many design
aspects due to the use of the modular approach used in this
study.

The results show that using a Prismatic-Rotation-
Rotation-Rotation PRRR robotic arm could make the load
application mechanism more effective, and variety of force
values could be covered. The effect of the weight of the arms
on the joint is small. However, the topology optimization of
the arms has been performed to have smoother test condi-
tions. By means of the optimized topology shape, the effect
of the arm weights on joint loading is decreased by about

55%. The optimized form was validated via FEM analysis,
and the results show acceptable performance, compared to
the original shape.Optimizing andgenerating theparts for the
machining process have been performed for the first time for
a simulator, which is intended to test medical devices accord-
ing to ISO 13485 standards. As this robot performs a high
number of cyclic loading tests (ten million cycles per speci-
men), this method could also be helpful for general robotic
use, to minimize the weights of the robotic arms.

This paper provides a detailed step-by-step guide for
designing a hip simulator and demonstrates the research
process performed. The machine has completed its manufac-
turing, assembling, and wiring stages. Next, the test results
for the device performance tests, verification, and validation
algorithms are to be published in our subsequent publication.

With the manufacturing of this machine, by integrating
the diverse daily life activities as boundary conditions for
the wear tests, it will be possible to understand the wear
mechanisms and wear limits for these activities. Based on
the results of the wear tests over million cycle tests, CEN
Workshop Agreement (CWA) application could be made to
include diverse activity motion profiles for the previously
excluded populations providing a solution to inclusive design
for all motto as an addition to current standard ISO 14242
quality checks.
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Fig. 18 The final manufactured and assembled hip simulator with com-
pleted wiring configuration and its electrical cabinet
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