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ABSTRACT

DESIGN AND CONTROL OF A SOAKING STATION AND
ASSOCIATED ACCESSORIES FOR HIP IMPLANT WEAR TEST
SIMULATOR

This thesis focuses on the design validation and control of a soaking station and
associated accessories of the hip implant wear test simulator. In fact, the soaking station
itself is an accessory device to the 4 Degrees of Freedom (DoF) hip simulator, simulating
the dynamic wear phenomena.! The intended use of the soaking station is to apply
compressive force simultaneously, with the hip implant wear simulator, subjected to the
same environmental conditions. The same environmental conditions are maintained
through the associated accessory devices that are used for controlling the temperature and
flow of the serum liquid.>* The soaking station performs a compressive force cycle and
fluid uptake by soaking the hip implant in serum liquid, creating a static simulation
environment. The soaking station provides a comparative wear result, making possible
gravimetric analysis of wear results. Testing of hip implants before clinical applications
requires testing according to the ISO 14242 hip wear test standards.* After justifying that
both machines can be simulated according to ISO standards, it is aimed to design a
soaking station to compare the results with the hip joint wear test simulator based on the
Muslim praying and daily life activities of Turkish people.® Thus, this thesis can advance
the knowledge about hip implant wear mechanisms and provide improvements in the
design and control of local implant wear simulator systems. A comprehensive literature
review, discussion of control and validation of the hip wear simulator, and the soaking

station form the scope of this thesis.

Keywords: Hip prosthesis, wear analysis, axial force, static simulation, dynamic
simulation, ISO 14242, synovial fluid, programmable logic controller, gravimetric

analysis, machine design
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OZET

KALCA IMPLANTI ASINMA TEST SIMULATORU ICIN ISLATMA
ISTASYONUNUN VE ILGILi AKSESUARLARIN TASARIMI VE
KONTROLU

Bu tez, bir 1slatma istasyonunun ve kalca asinma testi simiilatoriiniin ilgili
aksesuarlarinin tasarim dogrulamasi ve kontroliine odaklanmaktadir. Aslinda, 1slatma
istasyonunun kendisi, dinamik aginma olaylarini benzetim eden 4 Serbestlik Derecesi
kalca simiilatoriine bir aksesuar cihazdir.! Islatma istasyonunun amaglanan kullanimi,
ayni ¢evre kosullarina tabi tutulan kalga implant1 asinma simiilatorii ile ayni anda basing
kuvveti uygulamaktir. Ayn1 g¢evresel kosullar, serum sivisinin sicakligini ve akisini
kontrol etmek i¢in kullanilan iliskili aksesuar cihazlar1 araciligtyla korunur.>? Islatma
istasyonu, kal¢a implantini serum sivisina batirarak bir basing kuvveti dongiisii ve sivi
alim1 gerceklestirir ve statik benzetim ortami yaratir. Islatma istasyonu, karsilastirmali bir
asinma sonucu saglayarak asinma sonuglarinin gravimetrik analizini miimkiin kilar.
Klinik uygulamalardan 6nce kalga implantlarinin test edilmesi, ISO 14242 kal¢a asinma
test standartlarina gore test edilmesini gerektirir.* Her iki makinenin de ISO standartlarina
gore benzetim edilebilecegini kanitladiktan sonra, sonuglar1 Tiirk halkinin Miisliiman
ibadet ve giinlilk yasam aktivitelerine dayali kalga eklemi asinma test simiilatorii ile
karsilastirmak icin bir 1slatma istasyonu tasarlanmasi amaglanmaktadir.’ Bu nedenle, bu
tez kalga implant1 asinma mekanizmalar1 hakkindaki bilgiyi ilerletebilir ve yerel implant
asinma simiilatorii sistemlerinin tasarimi ve kontroliinde iyilestirmeler saglayabilir.
Kapsamli bir literatiir incelemesi, kal¢a asinma simiilatoriiniin kontrolii ve gecerliliginin

tartisilmasi ve 1slatma istasyonu bu tezin kapsamini olusturmaktadir.

Anahtar Kelimeler: Kalca protezi, asinma analizi, eksenel kuvvet, statik benzetim,

dinamik benzetim, ISO 14242, sinovyal sivi, PLC, gravimetrik analiz, makine tasarimi
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CHAPTER 1

INTRODUCTION

The thesis focuses on developing a soaking station and improving implant testing
under realistic human body conditions as part of a hip joint wear test simulator. Both
systems were manufactured and used within the scope of a TUBITAK 2232 project at
Izmir Institute of Technology according to ISO 14242 standards>®. The soaking station
project is also supported for its manufacturing by the AUDP project (20221YTE-3-0019).
Investigating the hip joint implant wear rate requires the measurement of different
variables such as the dynamic movements of the hip simulator, the static compressive
forces acting on the hip implants, and the fluid absorption in the hip implant. This
introduction explains the concept of the soak station, what is intended with it, and how it

was developed.

1.1. Aim of Study

Total joint replacement is a common practice applied worldwide when joints lose
their functionality. When joints lose their functionality, the standard is joint arthroplasty.
Total replacement of the joint, for hip (THR) and knee (THK) are the procedures applied
in practice. For THR, the main limitation is a 15-year implant service life, which is
unsatisfactory for patients under 60, of which 44% demand a life expectancy of more than
20 years.® Total joint replacements (TJR), being a standard solution; approximately half
a million knee and 2 million hip replacements are expected to be performed per year by
2025 because of aging populations worldwide and increasing demand for a higher quality
of life.”

The current testing implant methodology is based on measuring the material
removal rate by the compare of the wear volume of test specimens before and after, which

is important to understand longevity and reliability in clinical applications. For that,



physical simulators are prepared to simulate the in-vivo conditions of implants inside the
human body.® Boundary conditions for these tests are determined from gait laboratory
data on the walking cycle, along with the data on the range of motion considering
assumptions about average body weight at the hip joint implant simulator. The gait data
is normally adjusted by multiplying the force 2 or 3 times to represent dynamic loading
scenarios.”!? The prototype of the implant is subjected to million-cycle repetitions under
these boundary conditions to observe the wear rate. The failure and pass criteria are
assessed according to predefined test specs. Because it can determine the failure and

acceptance criteria.>??

If the material removal rate measured is higher than acceptable
limits, then the product should fail, and revisions shall be necessary before it goes to
production.

This thesis is part of the TUBITAK 2232 research program which aims at
developing ‘new generation implants for all. Currently, implants are tested against the
gait boundary conditions as mandated by ISO 14242.% In this project, to design implants
according to the needs of the Eastern lifestyle, data were collected from the Turkish
population while they performed daily life activities® 200 people formed an online
database. These data were used to calculate the range of motion and associated force
values for each intended daily life activity. The project is based on the intended use
design. The hip joint implant wear test simulator and the soaking station designs are
designed to simulate normal daily activities and some unique motions, such as Muslim
praying, Yuga, and Sports such as climbing in Figure 1. The chosen data are collected
from the Department of Mechanical Engineering of Izmir Institute of Technology in
Izmir, Turkey.’

Since implants are designed and tested only against walking criteria, the goal is to
understand the boundary conditions of daily life activities and design a soaking station
for the hip joint wear test simulator, which can test implants according to these intended
daily life activities compared with wear results.'® Because implants are affected by a
liquid environment, they have fluid uptake and are changed as volume in testing. The
soaking station applies only static force to test specimens while providing the same warm
liquid environmental conditions as the hip joint implant wear test simulator as in Figure
2. Both machines simulate the wear tests on the test specimens by following the same
Force/Time data synchronously. In this way, the wear results resulting from static load
can be compared with the dynamic wear test results obtained from the hip wear test

simulator as a reference unit.*



Figure 1: Used Data from New Database on Hip Joint for Daily Life Activities: (a) QS,
(b) gait, (c) OBC, (d) STL, (e) SQL, (f) AST, (g) RAL (h) RTS, (i) SID, (j),
ACS, (k) DCS (Source: 5).

Currently, the best data available for the motion of the lower body is the gait lab
data, which are collected in the lab environment, using markers and infrared camera
systems at the university under the TUBITAK 2232 project “New Generation Implants
for All” with project number 118C188. Wear tests are performed by programming joint
reaction forces and range of motion (RoM) data.’> Biomechanics is urgently needed to
reduce dependency on foreign products, as manufacturers often need to outsource testing
to other centers according to ISO standards®* for CE marking.'! The present project is
intended to test hip and even knee joint implants through a programmable range of motion
and force values by the hip joint implant wear test simulator and the soaking station that
tests their lifespan in general. Based on the test results, new-generation implants that serve
the needs of the Turkish population are to be designed, and successful test results can
reduce the revision operations in hospitals.>!> The study may increase the research
potential for investigating new materials, and coatings to reduce the friction in implants
and enhance the research capacity in the field of material science, as well as biomedical

engineering in support of medical solutions.!!"!?
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Figure 2: Wear Test Control Parameters Flow Chart for Hip Joint Implants.

In this project, the kinematic data are fed into a computer model, where the joint
RoM data and reaction forces can be calculated using computational biomechanical
modeling packages in silico simulation.® So, the products can be designed according to
the collected RoM data and reaction forces. It provides force/time and angle/time data,
then deviation can be measured. These deviations should not exceed 3% of maximum
RoM values if the system is to meet the ISO standards shown in Table 1.>* This means
that the system works within quantified boundaries and the implants can be tested for
these new boundary conditions. With these new boundary conditions, more realistic
simulation results are to be provided to qualify a product according to ISO standards.>*>

In this study, it is expected that with these different boundary conditions, different
wear patterns over the implants are to be observed. When the boundary conditions
resulting from these new activities are applied to the implants, the implant life can be
calculated, and more compatible results can be obtained with the surgical data and
practical data. According to the obtained wear profile, new implant designs that can be
more durable can be suggested. However, the main purpose here is that when the wear
percentages of all "daily life activities " data are added within certain ratios, the implant
life is expected to be shorter than expected.’ This prediction needs to be tested for reality

by making simulations on the test specimen using a simulator and a soaking station. Then,



the new implant designs developed under these conditions can be tested, aiming to reduce
wear and obtain longer-lasting implants. In this project, the kinematic data are fed into a
computer model, where joint RoM data and reaction forces can be calculated using
computational biomechanical modeling packages in silico. So, the products can be
designed according to the collected RoM data and reaction forces. It provides force/time
and angle/time data, then deviation will be measured. It should be within 3% of these
input values. There should be a minimum deviation according to ISO standards.>* It

shows that the system can be controlled in these specs.

Table 1: ISO-14242-1 Standards Boundary Conditions.

Parameter ISO-14242-1
Maximum Force 3kKN£3 %
Frequency 1 Hz+ 0,1 Hz
Test Fluid BCS
Temperature 37°C+2°C
Repeat Test Cycles 5 Million Cycles

With these inputs, new-generation implants are to be tested with these new
boundary conditions to be qualified. With these new boundary conditions, more realistic
simulation results are to be provided to qualify a product according to ISO standards.>**
In this study, it is expected that with these different boundary conditions, different wear
patterns over the implants are to be observed. With these newly generated implants,
physical simulator results using population-based boundary conditions can be compared
with computer simulations for validation. The intention is to reduce the wear volume to

qualify these new-generation implants.



1.2. Introduction of Wear Tests and Control System

The soaking station is an integral part of the novel hip wear simulator project and
functions as an accessory to hip wear test simulators. Both the hip wear test simulator and
the soak station were designed, manufactured, and used at the university. These
simulators primarily conduct wear testing of implants according to the walking boundary
conditions mandated by ISO 14242-1 and ISO 14242-2 standards.>* The design of both
the hip wear test simulator and the soaking station allows the application of various force
data to hip implants and increases testing flexibility. An interactive user interface that can
accept flexible force data allows the soaking station to operate according to specifications.
The project aims to develop a programmable interface with a flexible database that can
integrate data from human daily life activities and personal movement data, rather than a
simulator that only works according to ISO standards.” The simulation test parameters of
the hip joint are collected from Turkish volunteers during some daily life activities in the
university laboratory to ensure that both the hip wear test simulator and the soaking
station simulate real-life conditions. The aim is to simulate the wear of the hip joint under
these new biomechanical data closer to real-life conditions and thus increase the accuracy
of wear loss calculations on test specimens. !

The Hip Wear Test Simulator and Soaking Station are used to evaluate the
durability and performance of hip implants by simulating the kinetic and kinematic values
of the hip joint on the test specimen.'* Hip wear test simulators must specifically comply
with ISO 14242 standards. Simulators with examples in the literature show that they allow
control of various parameters in the hip joint such as axial load, flexion-extension,
abduction-adduction, and internal-external rotation.'” To determine the fluid absorption
of the hip implant, the load movement must be controlled to mimic physiological
conditions. Controlling the movement and load on the test specimen ensures that the wear
conditions on the hip closely mimic the actual physiological environment. Precise control
of the load movements according to the load cycle is required to ensure the accuracy of
the wear test results. The purpose of the simulator is to evaluate the linear wear and
volumetric wear rates from the components of the test prosthesis by performing the hip
joint movements and comparison force on the test specimen.?* To obtain volumetric wear

rate results, gravimetric analysis is used to measure wear rate. Gravimetric analysis tests



are performed periodically between 500,000 to 5 million cycles according to ISO 14242
standards.??

The soaking station performs a static simulation for the test specimen by applying
a compressive force in a liquid environment. This simulation allows the analysis of
volume and weight changes caused by the fluid intake of the hip implant components due
to the compressive forces and wetting on the test sample.* Before an implant is inserted
into the human body and is used in a patient's surgery, it is tested on the hip wear test
simulator according to the hip wear test parameters specified in ISO 14242 standards.
Currently, hip simulators used in medical testing have control stations that allow
simultaneous testing and fluid loading to reference wear rate results. If an implant needs
to be tested, the hip implant should be tested in a control station to expose a test specimen
to different dynamic wear conditions and joint motion wear compared to this test
specimen. The use of a soaking station is used to obtain a second result and compare the
amount of wear on the test specimens through the motion cycles of the hip wear
simulator.>*1%17 Also considering the ISO 14242 standards, it is necessary to create a
system that meets the mechanical precision requirements of the soaking station that
controls the conditions of the single-axis pressure system as well as the human body's
environmental conditions.>*!® A precision linear actuator press system called a soaking
station has been developed to meet these requirements. Controlling these two different
test specimen environments with specific conditions helps to isolate the wear rate caused
by the mechanical friction of the joint movement from individual variables of human
body factors that cause the fluid absorption of joints such as fluid temperature, viscosity,
and the cyclic weight load on the joint. An accurate comparison of wear can be made by
comparing the wear results of the given motion cycles in the hip wear test simulator with
the specimen at the soaking station. By comparing the amount of wear between these 2
specimens, it is possible to understand the amount of wear rate caused by friction from
mechanical motion alone.*!%1°

There are three rotary movement motors, and one is used on the Z-axis movement
motor in the main system of the hip implant wear test simulator, and the soaking station
is implemented into this system with one motor. The soaking station has the same linear
movement and hardware setup. The single-axis precision control of the system with a
servo motor is used in Figure 3. The force is controlled by communication between the

load cell (force sensor) and the servo motor.



The motor and driver of the soaking station use used same brand as the simulator's
main system, so it allows synchronous movement easily even including 3 rotary motors
of the simulator with modifications in their encoders. For synchronous movement, a
virtual driver in the program is used as a master to make all motors work synchronously.
The force sensor measurement is compared with the output of the force parameters
simultaneously on the soaking station. Integrating safety features into the control system

to prevent excessive force, limit joint range of motion, and ensure user safety.

Servo Motor

Reducer

‘ > | EMC

Test Specimen
(Hip Implant)

Force Sensor

X-Y Table

Figure 3: Design of Soaking Station Mechanism.

In addition, accessories for the simulator, a peristaltic pump, and a thermocouple
circuit were acquired to circulate simulated bodily fluid via a container (gaiter) for wet-
wear tests. Moreover, for wet friction tests, a pump unit and thermocouple circuit for
circulating simulated body fluid with a container have been manufactured and tested as
an accessory to the simulator.

Some issues occurred when the three rotary motors had trouble communicating

with different brand drivers at the hip simulator, resulting in a communication error. It



was resolved by changing the existing encoders for SZE type Single Turn — Endat 2.2
encoders to solve this issue. A practical solution is applied with an order for new encoders
to be delivered. Compatible encoders were replaced and sensors to set the origin points
were placed onto the machine. Because the motors are downgraded to incremental motors
from absolute motors. The process involved coming up with experimental solutions.
Fortunately, the encoder issues were successfully resolved allowing the motors to be
effectively controlled via the driver. Integration stages were carried out on the control
side of the hip joint simulator with the integration of hardware, software, and control
algorithms. Calibration, verifications, and integration with the mechanical system were
carried out to ensure the successful completion of the project.

The alignment processes and calibration of the machine home positioning have
been successfully implemented following the specifications of the project. This is
achieved by precise alignment of the machine's components to predefined reference
positions. Correct execution of the starting position is crucial for subsequent operations.
These calibration and alignment processes are the most basic mechanical factors that can
affect the simulation results to reach the ISO standards.>!%!5-20

This chapter mentioned general information about the concept of the
manufactured soaking station which is an accessory device for hip joint implant wear test
simulator. In the chapter, it is mentioned what is needed for a soaking station and what
has been completed.

In the next chapter, a literature review is conducted and briefly mentions the hip
simulators and soaking station research and some general parameters to use. It shows
mostly why is a soaking station needed. It is needed for comparison of the test results and
the hip simulator cannot be trusted without it.

The method and materials chapter, mentions the detailed design and parameters
of the soaking station, the manufactured and purchased components, control over the
main system with the hip simulator, and how to handle calibration of home position and
saturated electrode for real simulation.

In the result and discussion, it is mentioned about some problems with solutions
and current states of problems. The discussion briefly over a numeric analysis for the
potential critical part due to the applied force mechanism in Ansys.

In the last chapter, this thesis describes how to contribute to the development of a

system that simulates realistic movement and wear conditions for hip implants by



collecting data that can be used to optimize implant designs and ensure compliance with

international standards.
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CHAPTER 2

LITERATURE REVIEW

The development of total hip replacements has significantly improved over the
years, and much of that improvement was driven by an understanding of the biomechanics
of the gait cycle. In this regard, the gait cycle forms an integral part of the biomedical
field in general and wear rate testing simulators for hip implants, since it is used to
replicate the loading conditions experienced by the hip joint during walking.?' Such a gait
cycle, with definite, distinct phases of stance and swing, leads to repetitive loads and
motions that the hip joint must endure; thus, this constitutes an important concern for hip
implant wear testing and evaluation in the biomedical field.”> Wear test simulators are
important laboratory equipment that provides complex motion and force patterns
occurring at the hip joint during walking. These are usually sinusoidal, having been
developed from the periodic motion and forces of the gait cycle for a laboratory-based
simulation of the hip joint implant wear characteristics.!* These simulators replicate not
only flexion, extension, and rotational movements but also apply loads corresponding to
body weight during walking rather than realistic wear tests.*®

In vivo, data collection techniques, such as the measurement of forces and moments
acting on the hip during movement, have contributed significantly to the design of modern
hip joint implant wear test simulators.?* These simulators can simulate the complex RoM
of the human hip by implementing robotic arms in closed-loop control systems. The open
robotic arm allows the reproduction of fine movements while the closed-loop control
maintains this with minute adjustments to conform to the desired motion pattern. The
"home position" cannot be overemphasized in these simulators, as it forms a reference
from which all movements are made.*® Each test from the simulator starts from a correct
home position; therefore, wear testing results are less variable, which is critical for hip
implants that are being bench-tested for their wear performance. If the prosthesis is set at
an incorrect alignment, or if it has become dislocated during testing, either artificially
high wear rates or even implant surface damage may occur, so it has been mentioned in

the literature, where the exact simulator control and application of force are emphasized.
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[SO-14242-1 and ISO-14242-2 define the environmental conditions, including
temperature and fluid composition, which are important in wear testing simulations.>>-°
These conditions are designed to simulate the physiological environment of the hip joint
in the human body so that the wear results in the wear test using kinetic and kinematic
data from in vivo measurements in laboratory tests can be accurately compared according
to the quality of ISO standards.>>?

Gravimetric analysis is one of the major wear measurements involving the
quantification of material loss through measurement of the mass of a hip implant pre-and
post-test. This form of analysis is very sensitive and forms one standard for implant
material comparisons. The gravimetric analysis also informs on the effectiveness of wear-
reducing strategies such as the introduction of advanced materials like highly cross-linked
polyethylene that reportedly reduces wear rates by an order of magnitude.?’

The soak station provides this important function in hip joint wear testing,
accounting for the fluid absorption exhibited by the implant materials. It can happen
during a test that implants may absorb some amount of fluid, thus gaining weight and
giving a fallacious wear measurement. The soak station does that by equilibrating the
implant in a fluid bath in a bovine serum liquid before and after testing to make sure the
weight change due to fluid absorption is accounted for separately from material wear.
This becomes particularly important when comparing gravimetric results across different
materials since different materials used in hip implants tend to change fluid uptake rates
in the material.* Soak stations typically operate with a one-axis load mechanism that is
similar in some aspects to the load mechanisms used in hip simulators. The soak station
has a single-axis loading mechanism used mainly for consistent fluid absorption testing,
whereas hip simulators apply multi-axis loads to simulate the complex forces across the
hip joint during a gait cycle. The similarity in design hence offers an opportunity for
complementing such that data from the hip simulator and soak station can be combined
to provide a comprehensive understanding of wear performance.?*?® More soak station
data can be very relevant when comparing various materials or implant designs since this
provides a guard against fluid absorption leading to misleading data regarding wear.
Comparisons made are hence better representatives of the wear performance.?

In conclusion, the incorporation of hip joint implant wear test simulators and soak
stations is very important for an accurate estimation of hip implants. This hip joint implant
wear test simulator replicates the complex biomechanics of the gait cycle, and the soak

station provides fluid absorption, which could give a much better and more accurate
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understanding of the wear behavior. Conformity to ISO standards and performance by

gravimetric analysis further ensure reliability and comparability of results in wear testing

for continuous technological advancement concerning total hip replacement.*
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CHAPTER 3

METHODOLOGY AND MATERIALS

Hip joint wear test simulators that comply with ISO 14242 standards are critical
to ensuring the reliability of hip implant testing. Accurate force control following these
standards, and the use of a secondary specimen for comparison, will ensure accuracy in
the assessment of wear rates and ultimately lead to improved implant designs. The
simultaneous use of the hip joint wear test simulators and the soaking stations can provide
accurate calculations of hip implant wear rate measurements and higher quality standards
for these tested prostheses to be placed in patients.**!* The soaking station and the main
system of the hip wear test simulator are finalized and prepared for the test. This chapter
aims to show the manufacturing and integration process related to the main system and

how to achieve the needed parameters which are ISO standards and activity data.>*>

3.1. Design and Parameters of Soaking Station

According to ISO standards, the machine must be able to operate at a frequency
of 1 Hz and the force values are specified in the ISO test standard. For the machine to be
deemed compliant with these standards, it is stated that the maximum force value of the
gait cycle and the phasing cycle time specified by ISO standards must be kept within a
tolerance of +£%3. In particular, the soaking station design was made based on the
specifications and tolerances specified in ISO-14242-1.2 During the design phase of the
machine, the necessary equipment such as a linear actuator, load cell, and controller were
selected according to these specifications. In order to provide accurate wear
measurements, it is necessary to mimic the physiological conditions of the human body
according to the ISO standards. The ISO standards specify that bovine serum should be
used to imitate the synovial fluid of the human body as the liquid test environment and,

the serum is used at the body temperature for duplicating the fluid uptake of the joints
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and allowing wet wear tests like the human body. The liquid test environment should be
kept at 37°C + 2°C according to the ISO standards. In this way, all parameters such as
loading, frequency, and temperature were ensured to comply with ISO 14242-1 and ISO
14242-2 standards, and test protocols were developed for the machine according to these
parameters.>

In addition to the gait boundary conditions for the ISO 14242 standards®?, the new
boundary conditions specific to the daily activities of the Turkish population were
provided concerning the time values of each cycle of each motion data for the hip
simulator.>*® Similarly, only the compressive force components of the boundary
conditions were calculated for the soaking station. The force input data is shown below
with the maximum/minimum force values in Table 2 according to the experiments shown
at Figure 1.° The deviation from these values is 3% as required by ISO standards and the
same for the soaking station.” The time boundary conditions are shown in the graphs

below each daily activity.

Table 2: Maximum Compression Force (Multiplied by 75 kg).

Activity Time (sec) Maximum Amount | Minimum Amount
of Force (N) of Force (N)

GAIT (ISO Standard) 1,00 3000 300
GAIT (LAB data) 1,30 2177 101
Ascending Stairs 1,60 2677 104
Asian Style Sitting 2,30 2111 742
Descending Stairs 1,40 2638 165
Obstacle Crossing 1,50 2255 106
Ruku’ and I’'Tidal 3,90 2755 1168
Ruku’ to Sujud 4,30 1813 777
Sujud 4,30 1390 1035

Squat Lifting 2,15 2494 722
Stoop Lifting 2,60 899 2870
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The fluid is called bovine serum and is used as a lubricant to replicate the
physiological conditions of prosthesis wear testing in the human body. The viscosity and
protein concentration of the liquid test environment are physiological conditions that
affect the wear results. The serum liquid causes errors in the wear rate depending on the
unstable or out-of-temperature standards of the liquid test environment.*!%! Therefore,
the temperature conditions of the human body are maintained at 37°C + 2°C as also in
the ISO standards.> Controlling the temperature of the liquid test environment is an
important parameter for simulating the wear test results accurately. The temperature
changes in the liquid test environment affect the viscosity of the serum liquid and the
behavior of the proteins in the serum, thus causing errors in the wear results of the test
specimen. '’

According to the ISO 14242-2 standard used for gravimetric wear measurement
methods, the components are weighted before and after the test to measure the amount of
wear, and the resulting material loss is determined [3], [4]. These results can be used to
investigate material selection for implant design. Both test specimens from the hip wear
test simulator and the soaking station are stopped every 1 million cycles for measurement,
and the weight measurements of both test specimens are compared in this way until 5
million cycles are completed for each movement cycle according to gravimetric wear
measurement methods.>*

The soaking station to be developed requires a linear actuator to apply desired
inputs without needing any extra parts for load distribution. It uses force input from ISO
14242 standards and daily life activities data with high precision, and it requires an
encoder for positioning and a force sensor for force control. Figure 4 shows the axial force
profile of the ISO 14242-1 standard. The x value defines the time as a percentage of cycle
time and Y defines the load in kN in the represented graph. The maximum force shown
is 3 kN. Thus, the selected linear actuator must be able to follow the force profile.?

In the system developed according to the ISO 14242-1 standard, the maximum
load is 3 kN. This is the maximum force generated along the ISO standards and daily life
activities data.>> Linear actuators can be selected based on force and flexibility data. The
important criteria are high force controllability according to the desired standards in Table
1. It has been decided that EMC would be appropriate and chosen as a linear actuator for
the design in Figure 5, which can easily meet the 3 kN force requirement in addition to

its high precision and controllability features.>!
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Considering the maximum force acting on the test specimen, the force is 3000 N.2
The preferred EMC system is 63 mm because the load capacity of the product is 15900
N according to product catalog’!, and the torque requirement of the selected motor is
calculated as 14.1 Nm based on EMC maximum force at Equation 3.1. Here, the
maximum force of the EMC is Fgyc which equals 15900 N, Pgipew 1S the pitch of the
screw, which is 5 mm in this system, and the efficiency of the system 7 is determined to
be 0.9 based on this system. M, ,x, Which is the maximum drive moment of EMC is taken
into account for the torque requirement of the motor because the safety limit of EMC is
less than the chosen motor. Also, taking the maximum force that the EMC can handle
into the equation rather than just 3000 N as the maximum force data available creates a
better design standard. It is considered that staying within the safety limits will increase
the longevity used for the design purpose and it will be possible to expand further research

topics by increasing the data limits.

_ Femc X Pirew 15900 x 0,005

M = = = 14,05 = 14,1 Nm 3.1
o 2T X 1 21 X 0,9 G
Y
62%
50%
32%
12%
3 |
2 -
z
-
o
1 = z
3| =
0,3 L
0 | | | | | A A
0 20 40 60 80 100 X

Figure 4: Force Profile According to ISO 14242-1 (Source: 2).
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Figure 5: Electromechanical Cylinder.

The chosen motor has a rated torque of 0.64 Nm and a gearbox higher than 24,5
should be used to achieve 14,1 Nm according to Equation 3.2. The chosen planetary
gearbox is suitable for the selected motor and meets the requirement for a gearbox size
32. The selected gearbox provides a system that exceeds the required torque. As a result,
with the design of the EMC system, the preferred products remain above this stress level.
The rated torque of the motor is Ty, oo Which equals 0,64 Nm, the efficiency of the

gearbox 1 is taken the same as 0,9, and rge,, represents the minimum required gear ratio:

Mgy 141
Fgear =0 T 0,64 x 0,9

~ 24,5 (3.2)

The chosen EMC is capable even if the safety factor is about 3 with the maximum
force value. It also has a sensitivity of 6 microns which is needed for high precision. If
the critical load reaches the value of 15900 N, the maximum rod (stroke) unit is 1600
mm.*! It is considered that the rod of EMC will buckle after a stroke of 1600 mm at this
load value. In design criteria, the maximum applied force is 3000 N from ISO standards,
and even if the safety factor is taken as 3, which makes 9000 N, this is still significantly
below the force limits of the chosen EMC.?**! The average force within one gait cycle of
ISO standards is 1627 N from the created data in Figure 4. The life cycle of the selected
EMC, which is L, is found as 147673442,7 number of cycles from Equation 3.3%!,
providing 29 times the nominal utilization considering that one real test simulation for
one movement is repeated 5000000 cycles. Figure 6 below shows the CAD design of the

manufactured soaking station after considering these design criteria. The dynamic load
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capacity of the EMC is C which equals to 17200 N, the safety factor (SF) for EMC is

considered as 2, and the equivalent dynamic axial load is considered 1627 N:

3
17200
L= X 10% = ————— = 147673 _

{FEMC X SF} 1627 X 2 442,7 (Number of Cycle) (3.3)

Figure 6: Soaking Station CAD Design.

The manufactured and assembled soaking station can be seen in Figure 7. While
some of the parts added to the design are machined, others are bought off the shelf. Some
of the ready-made parts are sleds and cars. The X-Y table is used to fix the test specimen
and load cell. Also, its production consists of two parts that allow it to move in the x and
y planes in Figure 8. It makes it possible to arrange manually delicate home positioning
to attach the test specimen to the machine and allow examination dislocations for further
research purposes.'>!> Other prefabricated parts are aluminum profiles. These profiles are

used to make the foot parts. The upper part is made by the machining process.
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Figure 7: Manufactured Soaking Station.

A simplified force model for the hip is considered. The total hip replacement has
different parts as depicted in Figure 9. The main subcomponents are the acetabular cup,
liner, femoral head, and femoral stem. The hip wear test simulator aims to simulate the
wear on the femoral head while the soaking station seeks to simulate the fluid uptake
without wear on the femoral head. The natural femoral stem is angled shown in Figure 9,
and it has a neck that may wreck due to the load applied for wear simulation. As the
femoral head is an insertable part of the femoral stem, it is possible to use a straight fixture
so that the femoral head tests on the acetabular cup with linear and without using the stem.
It also makes the wear test more precise and sustainable when comparing results with the
soaking station by removing the angle. The components of the used hip implants are
according to the literature in Figure 10. The acetabular component holder, acetabular
component, and plastic liner constitute the upper part of the moving part of the hip
prosthesis as the acetabular cup. The cup frame is matched with the femoral head. The

fixed femoral head is fixed to the load cell on the X-Y table.
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Figure 8: X-Y Table Assembly.

Plastic Acetabular
Liner ~= +~ Component
P S 9

Femoral
Head

* Femoral
Stem

Figure 9: The Individual Components of An Illustrated Total Hip Replacement
(Source: 32).

The coordinate system of the hip implant for the soaking station is defined
according to the literature in Figure 11 and the same test specimen is the TUBITAK
project related to the hip joint implant wear test simulator.'* The direction of the normal
force that occurred on the femoral head, which is the center of the acetabular cup is the
Z-axis for the soaking station. The soaking station applies a force in the direction of one
axis and all other axes are fixed for the femoral head of the test specimen.
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Figure 10: Components of The Used Test Specimen.
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Figure 11: The Coordinate System of The Femoral Head with Jig Design.

3.2. Materials and Integration of Accessories

The operational oversight is orchestrated by the program embedded within the

Programmable Logic Controller (PLC). The hip wear test simulator and the soaking
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station's control hardware were successfully integrated in Figure 12. The most basic needs
in the project are motors, motor drivers, CPU, PLC Enet/Ip, PMX load cell amplifier,
loadcells, and a created communication network which is MODBUS as integrated
hardware components. The system uses only Mitsubishi brand PLC and its modules in
the hip joint implant wear test simulator and the soaking station system in Figure 13.
CPU is a PLC with 16 digital inputs and 16 digital relay outputs. It can
communicate with various devices via Ethernet.** It uses the modules in Figure 12. PLC-
Network Module is an Ethernet/IP module for the PLC of the Mitsubishi brand. It
provides network data communication via TCP/IP, UDP/IP, and Ethernet/IP protocols
and it allows communication with other devices using MODBUS ethernet protocol in the

current system in Figure 12.3°

A1 JCPU 1 2 3 4 IS

Workstation
(Software HMI)

-
|

The Hip Simulator

Axis 1234

Interaction of

The Motor (Axis-5) Test Specimen 1-Axis Loadcell on Loadcell
Of The Soaking Station

The Soaking Station Amplifier

_______________________________________________________

Interaction of
Test Specimen

The Motors (Axis-1/2/3/4)
Of The Hip Simulator

6-Axis Loadcell on The
Hip Simulator

_______________________________________________________

Figure 12: Integrated Hardware Components with Applied Soaking Station.

A1 is the PLC Temperature module of the Mitsubishi brand. This module converts
analog signals from platinum (PT) resistive temperature sensors into digital signals. These
sensors are external. 2", 3™ and 4™ wire connections can be made. As the number of
wires increases, the resistance of the cable decreases. Thanks to this situation, more

precise measurements are taken. The chosen module has 4 analog inputs to use and
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temperature measurement between -100 C degree and +600 C degree with 0.5 C
measurement accuracy.’® Digital I/O Module with RELAY OUTPUT is the PLC
input/output expansion module of the Mitsubishi brand. It has 16 digital inputs and 16
digital relay outputs.’” Also, the System uses a Digital I/O Module, but it has DC INPUT
as a difference. It is the PLC digital input expansion module of the Mitsubishi brand, and
it has 32 digital inputs.*® The Analogue I/O Module is a 16-bit resolution PLC analog
input expansion module of the Mitsubishi brand. It has 8 analogue inputs. It has a
conversion speed of 1 ms per channel and converts the analog signal to digital signal in 8

ms in total.>®

The Simple Motion Module is a specialized servo system controller module
designed for PLC. It provides extended motion control capabilities and can control up to
8 axes of servo motors in synchronic control.*> All modules are selected to be compatible

with the PLC main unit.

A1|CPU \1 |2 |3 4

Figure 13: Used PLC Modules in The Main System of Al: PLC-Temperature Module,
CPU: PLC-Main Unit, 1: Digital I/O Module with RELAY OUTPUT, 2:
Digital I/O Module with DC INPUT (SINK/SOURCE), 3: Analogue 1/0
Module, 4: Simple Motion Module, 5: PLC-Network Module.

During the test, the communication required for the motors to perform the
necessary movements (communication between the drivers) is provided using fiber cables
via PLC (Programmable Logic Controller). The PLC controls the process at this point by
sending force and position data to the motors through the PLC.
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A communication network between brief computer, PLC, and PMX loadcell
amplifier is established using MODBUS/TCP communication protocol and created a
physical network environment. Two types of devices existed in a Modbus network
structure. These are master and slave. Data is sent from the slave device to the master
device after the Slave device receives a request for data from the master device.*! This
protocol enables the real-time operation of motors with force feedback control for PID
from load cells.

A HBM branded U3 load cell is preferred for this study Figure 3. HBM's rotational
symmetry U3 force load cell meets high requirements for stability under lateral force by
measuring ranges 0.5kN to 50 kN. The max force value is 3kN from ISO standards. The
force value with a safety factor of 3 is still inside the range of loadcell measuring without
problem, even if it has very sensitive measuring. Because the PID uses 1 N as sensitivity

to calculate the applied force to the test specimen for meeting tolerances of 9 N from

2,42

control specs of ISO standards without deviation.

Figure 14: U3 50kN Loadcell (Source: 42).

The system uses a Lead Fluid BT100S DT 15-44 peristaltic pump YT15 in the
project in Figure 15. Peristaltic pumps provide the volume of fluid by stimulating bowel
movements. With the movements it makes to provide flow, this pump prevents the liquid
from touching other pump elements outside the tube and prevents any substance from

entering from the outside.
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Figure 15: The Peristaltic Pump (Source: 43).

3.3. Accessories of The Soaking Station

The peristaltic pump has a 25 mm hose used in the device and it provides a flow
rate of 1.667 ml/min at 1 rpm. A formulation (from 1.667 mL/min to 1 rpm) is used to set
the flow rate (mL/min) as the target value. Using the formula below, the RPM value we
need to select from the int RPM section is calculated. For example, to provide a liquid

flow of 100 ml/min at Equation 3.4:

FlowRate 100 (mL/min)
1,667 (mL/min) 1,667 (mL/min)

RPM = = 59,99 ~ 60 (3.4)

Lead Fluid BT100S DT15-44 is a precision peristaltic pump with a flow rate
ranging from 0.007 to 380 mL/min. It can provide a flow rate in the range of 0.1-100 rpm
with 0.1 rpm sensitivity. It has support for both manual and external control modes that

allow fine-tuned liquid flow rate control via PLC.
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Table 3 gives the nominal flow rate rates of the YT15 pump head in mL/min
units.*® These nominal values are for 24°C water at standard atmospheric pressure. The

pipe length is 1 meter and 0.5 meters for inlet and outlet.

Table 3: YT15 Flow Rate (Source: 43).

Speed Tubing

(RPM) | 13mm | 14mm | 19mm | 16 mm | 25mm | 17mm | 18 mm
0.1 0.0060 | 0.0217 0.048 0.0800 | 0.1667 | 0.2833 0.38
30 1.8 7 14 24 50 85 115
50 3 11 24 40 83 142 192
100 6 22 48 80 167 283 383
150 9 33 73 120 250 425 575
350 21 76 181 280 538 992 1342
600 36 130 286 480 1000 1700 2300

A peristaltic pump in Figure 15 is purchased and tested as an accessory to the
simulator, which circulates bovine serum to simulate the flow of body fluid over the test
sample. In addition, a thermostat control system has been designed and manufactured for
the circulation of body fluid within the body temperature range in Figure 16.

A heater resistance is embedded in a steel block and heats up from inside in the
design. The steel blocks are sealed with an O-ring to eliminate infiltration in the Plexiglas
cup. Thermocouples, O-ring, plexiglass, steel blocks, and delrin blocks are the list of the
materials used in the assembly and manufacturing of this design in Figure 17. Steel blocks
are made of 304 stainless steel for corrosion resistance in a liquid environment and easy
maintenance. Plexiglas is used to keep liquid in a contained environment, and O-ring is
used for sealing between steel blocks and plexiglas to prevent bovine serum liquid from
flowing through this contained environment.

The thermostat volume must be higher than 500 mL for the fluid to maintain

proper heat transfer in both environments according to ISO 14242 standards.?* With the
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current design, the maximum volume without overflow for the liquid inside the
thermostat is approximately 900 mL. Since the test specimen needs to be in a 500 mL
volume of flowing bovine serum, the thermostat circulates the liquid to the test sample at
a specific temperature in Figure 18. Since it is very important to keep the temperature of
the serum in this system constant, a PID control algorithm is used. As a result of the PID
control algorithms, a PWM signal and the necessary heating system are created.
Thermocouples are used to measure the serum liquid temperature in the system. Since the
thermocouple uses an analog signal, they are connected to an analog module for the PLC,
and the PID block in the PLC provides the heater control with the PWM signal output.
This PWM signal takes an active rate according to the degree it receives from the PID
and triggers the heater resistance to operate. In the PID control, when the value increases
from the desired temperature, PID gives an output as the PWM signal active rate until the

temperature decreases in the fluid environment.

Figure 16: Manufactured Thermostat with Thermocouple Inside.

28



@ 1 — Heater Resistance

__, Plexiglas Cup

» Heater Resistance

- — Delrin Block
[ |

— Steel Block
@ —— Steel Block
B —— Delrin Block

N

—
I —— Delrin Block

Figure 17: (Left) The Thermostat Cad Design and (Right) Individual Parts of The
Design.

Figure 18: The Peristaltic Pump Used for The Liquid Circulation and The Manufactured
Thermostat Assembly.

The soaking station is designed and presented in Figure 19. The control cabinet is
assembled, and wiring diagrams are routed for the hip simulator. drivers, circuit breakers,

and inputs and output ports are shown in the technical drawing. All drives are connected
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and wired to control motors, and all have circuit breakers installed to avoid trouble with
electrical circuits. The electrical system is checked for cabinet and working without any
problem. The integration phase of the control side development for the hip joint wear test
simulator is done successfully with hardware integration, software development, and

implementation of control algorithms.

Figure 19: The Manufactured Soaking Station.

3.4. Control and Integration of The System

The implants used for testing must be simulated in real-time at the hip wear test
simulator and the soaking station. The force sensor measurement is compared with the
output of the force parameters simultaneously. The motors used for the hip wear test
simulator and the soaking station are synchronously controlled from the same
Programmable Logic Controller (PLC) and must use real-time force data from the load
cells. Therefore, both the simulator and soaking station use the same PLC for
synchronizing everything and creating the same environmental conditions on the test

specimens. The Force/Time parameters of the ISO-14242-1 standard gait cycle and all
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the compressive force cycles at the hip joint from daily life activities movements are
processed with PID torque control from the workstation as HMI software. The main
strategy is adding the soaking station to the subsystem of the hip wear test simulator as
shown. Thus, both machines can be controlled by the same PLC and receive parameters
from the same workstation to operate more synchronously on test specimens. Both the
soaking station and the hip wear test simulator make the wear simulation synchronously
at the same environmental conditions in the test space environment, but they are separated

physically as Figure 20.

Figure 20: Physical Representation of The Manufactured Hip Joint Implant Wear Test

Simulator and The Soaking Station.

While the soaking station operates only one motor for kinetic data of hip reaction
forces under identical environmental conditions, the hip wear test simulator operates three
motors with position control for kinematic data of hip movements and one motor
controlled with PID torque control for kinetic data in the same operating system as Figure
21. The significance of synchronous operation precision in this system is highlighted for

that. To conform with ISO 14242 standards, wear measurements are obtained and
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compared between both test specimens every 1 million cycles of the 5 million cycles
repeated in each motion simulation.”? The PID torque control system regulates the
compression force on the test specimen to desired force values at the time by adjusting
the motor torque, using feedback data from the load cell. For this method, MODBUS/TCP
communication was used in the system and a feedback force control was built between

the compression force of the motor and the load cell.
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PLC and Modules in the
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Figure 21: Schematic Representation of Motor Controls for Both Hip Wear Testing

Simulator and Soaking Station.

The hip wear test simulator aims to test only the wear by hip joint movements, but
the test specimen is affected by all other environmental conditions. Thus, all conditions
replicated the same in the soaking station without hip joint movements that caused wear
to the prosthesis to compare the results from both machines.>*!®!” The environmental
condition parameters of the test environment are controlled by the PLC to comply with
ISO-14242-1.2 A peristaltic pump is used to mimic the human body's circulation and

circulate heated bovine serum liquid from the thermostat to the test environment. The
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current temperature of the serum liquid is monitored by thermocouples located at the test
environment and thermostat in Figure 22. PLC turns on the thermostat to raise the test
environment to body temperature at the test environment and closes the thermostat before
the protein concentration and viscosity of the bovine serum deteriorate by overheating at

the thermostat.'®

HMI Software on
The Workstation

PLC and Modules in the
Main System

Thermostat with

Test Environment Thermocouple

Thermocouples and
The Electrode

Peristaltic Pump

Figure 22: The Heated Bovine Serum Fluid Circulation Control for Test Environment.

The thermostat is manufactured to control the test environment which heats the
serum fluid to keep it at a body temperature of 37 °C £ 2 °C according to ISO 14242-1
standards Figure 21.>*'%! According to ISO 14242 standards, it is designed and
manufactured to be contained in a 500 mL volume liquid so that the liquid can provide
heat transfer following the standards in both environments where the test specimen is
located shown as Figure 23.> The thermostat heats the serum fluid until the sensors
measure 37 °C in the test environment and the peristaltic pump circulates the serum fluid
between the thermostat and the test environment Figure 18. The purpose of using such
equipment is to ensure that the test environment closely replicates the conditions of the

human body.
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Figure 23: Test Environment Control Representation.

3.5. Software Architecture and PLC Programming

The software architecture was developed considering the need for real-time control,
scalability, and adaptability. The software architecture was first controlled and validated
using PLC ladder diagrams from motor tuning to the provision of initial communication
on the GX Works3 program before the use with system block and the user software HMI
interface in Figure 24, Figure 25, Figure 26, Figure 27, Figure 28, Figure 29, Figure 30,
Figure 31. Implemented communication protocols to establish seamless and
uninterrupted communication between the control side and other system components such
as the motor drivers, load cell amplifier, and computer. A static [P address has been
assigned to the computer, load cell amplifier, PLC, and PLC Enet/IP module (Network
Module) and connected via ethernet network for establishing this physical
communication environment with MODBUS/TCP communication protocol. Motors can
be synchronized at any time, although one motor from the HIP simulator and one motor
from the soaking station must use real-time force data from the load cells in this control
system in Figure 24.

Once the PMX load cell amplifier is integrated into the PLC ethernet module, data
from the load cell can be transferred in real-time to the PLC for processing as seen in the
program. A Bessel analog linear filter is used on the signal from the load cell for

maximum linear phase response. After calibration, the signal from the PMX load cell
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amplifier is automatically regulated to 1200 Hz and the Bessel filter to 100 Hz. The data
can be seen as Fx, Fy, Fz, Mx, My, and Mz from the 6-axis loadcell of the hip simulator
and Fz2 from the loadcell of the soaking station in Figure 25.

T e e

Hast Station ! ! !

SUMP Conne  SLMP Conne  MELSOFTC  MODBUS/TC
ction Modude  ction Module  onnection™ P Connectio
odule i Miadhule

Figure 24: Physical Network Environment.

A defined maximum torque is used for protecting both the hip simulator and the
soaking station. This also allows the operator to be protected in the event of sudden
damage by providing a safety jolt, using the torque control mode to release the torque and
stop the motors. Also, there are base stop axis buttons, and a physical emergency stop
button near the operator to avoid any problems.

The PID ladder allows the PID parameters entered manually by the user to be recorded
in the relevant sections in Figure 26. Parameters from the relevant device memory are
used by setting the D200 parameter as in the PID ladder below in Figure 27. The PID
parameter details; D90 = Given set value for force data, D92 = Measured Z-axis force
value from loadcell, D200 = Storing parameters for PID, D94 = Output value to torque
control. The PID ladder uses the "Word" data type range from -32767 to +32767 for the
internal process, so the output value converts the torque control process parameter input
value. The PID can drive the motor Z-axis motor of the hip simulator and soaking station

by this method.
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Figure 25: Read Processed Loadcell Data from PLC Ethernet Module.
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Figure 26: Adjusting PID Settings for Controlling Z-axis.
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Figure 27: PID ladder for Z-axis Control.

Since the working area of the simulator is not suitable for full rotation, if it is outside
the sensors when it is first started, jogging is performed before the home position.
Because, when starting the home process, it is not possible to choose which direction to
go home. Therefore, firstly, by making a jog operation, the operator brings the motors
into the field of view of the sensor. Then the motor position is reset by performing home
operation with the code in Figure 28, and then it resets again by moving to the actual
starting position of the machine during operation. The operator can also control the
motors by position control and apply the home process for the motors simultaneously or
individually. To do this, the code uses the system blocks directly from the main control
codes and no unnecessary processing is used in Figure 28. This is important when an
inexperienced operator is installing and removing the test specimen before and after

the simulation, and the fixture part for the homing process.
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Figure 28: System Blocks of Proximity Sensors and Arranged for Homing Process.

This positioning code enables the rotation motors to be driven to the desired position
by entering a degree input in Figure 29. It allows the motors to simulate the desired
motion in every step from given data. This program can also be used when inserting and

removing the prosthesis before and after the simulation in Figure 30.
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Figure 29: Positioning Code on Virtual Motor at System Blocks.
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Figure 30: Manual Input Screen for Positions and Speed Control.

It is important to create synchronous motor control to achieve quality of ISO

difficult to become master axis.

standards.? For achieving this a virtual motor is created an Axis-8 as master and defined
the one cycle time as same as wear simulation data Figure 31. Thus, all other motors in
Axis-1/2/3/4/5 can easily follow the master time in Axis-8 and operate synchronously,

and smooth movement can be achieved even in complex motion and force data that are

Item

Axis #1

| Axis #2

Axis #3

= Synchronous control module setting
- Main shaft

EI Main input axis

EI Sub input axis
------ Pr.401:Type

Movement.

Set each module parameter.

------ Pr.400: Axis Mo,
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1:5ervo Input
Axiz
2

0:Irvalid
0

1:Servo Input
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8
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]

1:5ervo Input
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3
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0

Figure 31: Arranging Master at Axis-8 and Slave at Axis-1/2/3 Synchronous
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A user interface is also created from the Visual Studio 2022 community. The Program
first takes the Excel data for processing in Visual Studio and the input data are arranged

for all motors transfer in Figure 32. Then, the interface transferred the processed data to

PLC by using MX Component programming.

Seg testl v| 1 Axisl /ABD . Adress VeriGonder
Value
== Verileri DB'den == Verileri PLC'ye
Oku Gonder

A B | c D E F
Time Axis1/ABD Axis2 /FE Axis3/IE Axi4/Force Axi5/Force
00:00:00.0010000 -5.62867176952559 15.4755568549818 -9.68401641536913  -817.365423832897 -817.365423832897
00:00:00.0020000 -5.65341953859844 16.0292079069909 -9.57578832692834  -802.339939713157 -802.339939713157

00:00:00.0030000
00:00:00.0040000
00:00:00.0050000
00:00:00.0060000
00:00:00.0070000
00:00:00.0080000
00:00:00.0090000

-5.68005345073397
-5.70880398794472
-5.73985349413992
-5.77335150104787
-5.80942667641947
-5.84819213169474
-5.8897433393553

16.6096724830991
17.2194526327413
17.8600089844151
18.531985687158
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19.9700315090726
20.7351723656587

-9.46807462959558
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-8.8535670071888
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Figure 32: Degree and Force Data Inputs While Implementing to The PLC.

Some virtual tryouts are made to control the data and motor movements to not harm
the machine and test specimens while trying new codes in Figure 33. This feature of the
PLC is very important especially while working on new data from a lot of complex hip

joint movement and force data.

-SMM Simulator =

‘ Tools

| 1 D2:FX5-8055C-5
-LED

RUN Ay

Figure 33: Virtual Tryouts in The PLC program.



3.6. Control and Integration of The System

The alignment process involves assembling the fixture within the machine at its
designated home position, as illustrated in the provided image. Since this system is an
open robotic arm, a specific fixture is made for zeroing the system and finding the home

position in any case the system lost its home. The fixture is presented in Figure 34.

Figure 34: Fixture for HPR Operation.

The defining first home positioning process has some challenges. Because of the
nature of the flexible mechanism of the open robotic arm, it needs to define both
the upside and downside of the end-effectors as parallel by using the precision
manufactured fixture part and creating a close robotic arm. To do this accurately, a certain
amount of pressure must be given, and watch carefully the reel time data from the 6-axis
sensitive Load Cell. Since the maximum value Fz is 3000N in the specifications, the
pressure continues in the Z axis by using 300N, one-tenth of this pressure, for the X-Y
moving table alignment process in Figure 35. While the load cell feedback gives data as
Fx, Fy, Fz, Mx, My, and Mz, the screws of the X-Y table placed under the load cell are

carefully tightened to observe and align until only the Fz variable remains. This position
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is sealed for the X-Y table and the 3 motor positions of the arms' current positions were

recorded to obtain the parallel position of end effectors.

Figure 35: Representation of Aligning Fixture part X-Y Moving Table and 6-axis
Loadcell.

As mentioned before, three Canis Drive motors use proximity sensors to change
their encoder issues. So, the machine home position return (HPR) procedure with
proximity sensors needs to be defined properly. There are some details on the program
side after defining the homing placement of the motors. The motor's encoder positions
are saved while in drive mode to not forget the incremental motor positions. Also, the
sensors were placed at the shaft a close range of homing position. Because the workspace
does not allow a full turn, and the nature of the proximity sensor can allow correct
information only to reach the point encountered from one way while HPR operation. The
generated code automatically jogs in the direction the user selects based on the sensor
orientation and stops when the point on the shaft enters the proximity sensor's field of
view before the HPR method starts in Figure 28.

Then, it starts the HPR procedure for Axis 1, 2, and 3 while it is in the sight of the

proximity sensor according to the HPR method "Scale Home Position Signal” which uses
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the encoder's current reading as the base location for sensitive accuracy in Figure 36. The
Z-phase signal is a pulse generated by an encoder on the motor shaft. The motor will
rotate during HPR operation and will only stop when this Z-phase signal is detected,
allowing the system to return the servo to a known, very precise home position. The HPR
operation is important and requires repeatability and accuracy. Because it ensures that the
system starts where it should be every time. There are several homing methods, but this
method depends on measuring the distance precisely from the point at which the sensor
records the signal. Without this basic operation, it cannot be declared that it is safe,
accurate, or ready to process easily as a control operation for the simulator working
environment. Because it does not need to make the motor full turn during HPR operation.
For axes 3, 4, and 8, the Data Set method is chosen because axes 3 and 4 are used for
force control and axis 8 is only a virtual motor. With this method, the HPR will be the

position where the machine HPR starts.
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Figure 36: Scale Home Position Signal Behavior for Axis 1, 2 and 3.

After the sensors find their position for axes 1, 2, and 3, motors can make precious
HPR operations correctly. This first HPR process with sensors is only used to clarify the
stable position every time. However, since the required specs are in micron values and
the sensors can only be placed with eye precision, this home position was shifted instead
of the first home position of the motors to the position where the end effectors were

previously positioned in parallel. The movement positions of the motors are calculated
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according to this starting position and can be used without major deviation for the angle
values used by the simulator.

Instead of placing the prosthesis and its fixtures, the focus is on aligning the
machine components precisely. The values acquired during this alignment process are
saved by the Programmable Logic Controller (PLC) as reference points or "home"
positions. This ensures that the machine is configured accurately and consistently, serving
as a baseline for subsequent operations. The use of the PLC to store these values enhances
the repeatability and reliability of the alignment process during future machine setups

shown in Figure 37.

Figure 37: Home Position of Machine by Using Fixture Part.

Home positions are conducted mainly on the big arm position and small arm
position of the hip simulator for this initial alignment process. This step ensures that these
specific motor positions are precisely calibrated and ensures the overall accuracy and
reliability of the machine's configuration.

The FARO CMM robot arm is used to measure position for the alignment process
in Figure 38. Firstly, align the big arm position parallel to the machine table, and align
the small arm position to this established position. These positions are measured by the

CMM robot arm. The high-precision FARO CMM robotic arm was used to perform the
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initial alignment, and changes in the initial positions of the small and big arms were
measured in this way. This calibration step, with the help of the FARA CMM robotic arm
with a tolerance of +/- 0.016 mm, ensures that the starting positions of these arm positions
are aligned with the required specifications. In this way, the initial position of the FARO
CMM robot arm checks the accuracy of the alignment procedure and increases the

accuracy of the mechanical conditions of wear simulation.

Figure 38: FARO CMM Robotic Arm.

Axes placements for alignment processes on the X-Y table for the 4 DoF hip
simulator:
- Firstly, virtual planes are created in the interface of FARO CMM along the
XY, ZX, and ZY axes.
- XY plane is perpendicular to above of the loadcell (The part hip prosthesis is
placed). Also, it is perpendicular to the X-Y moving table located under the

test specimen shown in Figure 11.

45



ZX and ZY are created above the machine base that holds the robot arm.
Set the big arm position perpendicular to the machine table by controlling
the FARO CMM arm.

The small arm position was aligned to the home position in the same way.

Incremental motor tuning:

Since the rotational motors are incremental, proximity sensors located
behind the motor shafts are used for these 3 motors of the hip simulator
shown in Figure 39. In this way, the starting positions of the motors are
determined.

These sensors provide starting positions so that the motors can initiate
motion and then drive to new specific positions aligned relative to the fixture
part.

In this way, the fixture position becomes the new home position, which

defines the action cycle without making a full turn.

Home position verification for precise hip prosthesis placement:

Making sure the positions of the rotational motors are aligned correctly to
place the prosthesis.

Also, the Z-axis motors are defined as home positions for both hip simulators
and soaking stations by applying a load of around one-tenth of the maximum
load (300N). The soaking station does not have a rotational motor, it only
uses this procedure after being aligned to rotary table placement.

After the motors are brought to the desired starting positions, the fixture part
is removed by moving the motor in the Z-axis direction of the simulator
using the jog operation or positioning operation.

Using the measurements of the FARO CMM arm, move all motors to certain
degrees in their work area.

At the specified point, the newly determined home position is entered by the
motors and return the motors to the starting position again.

Setting big arm position to -90, -75, -60, -45, -30 degrees, and 0 as the home
position.

Setting small arm position to -90, -45, 45, 90 degrees, and 0 as the home

position.
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- Setting the Z-axis rotation motor to -180, -90, 90, 180 degrees, and 0 as the
home position.

- For the linear Z-axis, move the motors -10, -5, 5, and 10 cm and return to the
home position.

- After returning to these starting positions, measure the motors again using

the CMM arm to ensure accuracy.

Figure 39: Proximity Sensors Integrated Behind the Motor Shafts for Axes 1, 2 and 3.

3.7. Calibration of The Electrode

An electrode should be used to measure the change in potential and the current in
the test environment of the hip implant while applying cyclic compression forces inside
BCS. It is important to study the fretting-corrosion on the test specimen while simulating
inside BCS liquid. For this purpose, it was decided to use a SCE (Saturated Calomel
Electrode) to provide a stable reference for comparison and calibration of the potentials
in the solution to be measured.** Before using the SCE, including the calibration process,

it is filled with saturated KCI solution (Potassium Chloride solution) enough that KCI
47



salts will settle at the bottom, see in Figure 40 (a) and should be kept in saturated KCl
solution at least overnight (the beaker should also be saturated enough that KCl salts will
settle, see in Figure 40 (b). The electrodes should be stored in this saturated KCI solution.
Similarly, if the precipitated crystals in the electrode completely dissolve, supersaturated
KCI solution should be added to the electrode with a pipette again until the KCl salts
precipitate in the electrode. This process should also be done once a month or twice as

needed, by checking.

Figure 40: (a) Images of The Electrode Filled with Saturated KCL Electrolysis and (b)
The Environment in Which The Electrode Is Kept.

An electrolyte with a concentration of 9 g/L. NaCl is used for the calibration process;
4.5 grams of NaCl is added to 500 mL of deionized water for a total of 500 mL of
electrolyte and mixed with a magnetic stirrer. The electrodes are suspended using a foot-
stand shown in Figure 41. The Gamry 1010T interface device is used for the calibration
process. This process requires two electrodes.

The reference electrode connection in Figure 45 (white connection) is connected to
the electrode to be used as a reference, and the Working and Working sense connections
shown in Figure 41 (green and blue connections, respectively); are connected to the

electrode to be calibrated.
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Figure 41: Electrode Calibration Setup.

The potential difference between the two electrodes is checked from the
measurement device used, if this difference is not linear and high, the calibration is
successful. The difference between the beginning and the end of the measuring is 0.214

mV at the end of 34 minutes from the Gamry 1010T device shown in Figure 42.
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Figure 42: Measurement for The Electrode Calibration.
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CHAPTER 4

RESULTS AND DISCUSSION

In this chapter, the challenges are mentioned as withdrawn of this thesis. Due to
the compatibility issues with direct drive encoders and PLC in communication during
integration, revision was required for the integration plan accordingly to accommodate
the new components. Compatible encoders were replaced and sensors to set the origin
points were placed onto the machine in Figure 43. The encoder problem resulted in
ordering new products, disassembling the motors and the machine, then changing the
encoders, integrating the brakes to start and stop the motors, and assembling the machine

again.

Figure 43: Manual Commutation of The Servo Motors.
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Testing was also performed to ensure that these combined hardware components
were compatible with the intended precision. The cycle time of the PLC-Main Unit (CPU)
is 34 ns. The input response time details are 10 ms and the input frequency is 100 kHz
(10 us). In line with this information, unfortunately, beyond transferring the configuration
from the external environment, it was not possible to do this with PLC alone at 100 ns
resolution. It also works as HMI software rather than an HMI panel on the workstation.
The current equipment has a 1,777 ms operation cycle in Figure 44. For this reason, a
resolution of 5 ms instead of 1 ms was decided for today's equipment and the data was

converted again this way by using 3 PID calculations.

Md. 132:0peration cyde setting(U21G4233)
0001h:1.777 ms

Md. 134:0peration time(U21G34008)
375 ps

Md. 135:Maximum operation time(U2\G4009)
427 p=s

Figure 44: Cycle Time While System Operating.

A critical part of the design is estimated to be that the part holding the EMC
actuator may have bent after applying force to the test specimen in the design of the
soaking station. The soaking station applies compressive force as sinusoidal motion
repeatedly from 300 N to 3000 N in Figure 45.

An analysis is performed for the critical bending part by the Ansys program, and
the maximum sheer stress result is given in Figure 46. The mesh size was 2 mm with
115780 mesh elements after comparison results with 3 mm, 4 mm, and 5 mm mesh sizes.
The max force value is 3000 N and is taken from ISO standards.? For the analysis, 3
factors of safety are considered, and 9000 N is applied for analysis to the ST37 steel block
part (500 mm x 200 mm). The result shows that 39,596 maximum sheer stress on the steel
block in Figure 46.

The maximum shear stress, Tyjelq, s about half the tensile yield strength, oyjelq,

and is 117,5 MPa for the ST37 steel material in Equation 4.1.46 This is the shear stress
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limit for the elastic behavior of the steel block. If the maximum shear stress exceeds this

shear stress, it means the steel block starts to deform.

Figure 45: Bending Representation for Possible Critical Failure Component.

0,010356 Min

Figure 46: Maximum Sheer Stress of Critical Part at Soaking Station from Analysis.
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Oyiela 235 MPa
Tyield = =5 ¥ ——>— = 117.5 MPa (4.1)

The maximum shear stress is significantly lower than 117,5 MPa shown in
Equation 4.1 so the steel block has not experienced any plastic deformation. This shows
that the steel block can operate within safe limits without any plastic deformation.

The project has overcome challenges regarding hardware compatibility and real-
time control, and the system is functioning as intended. Moving forward, the focus will

be on validation and user interface enhancement.
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CHAPTER 5

CONCLUSIONS

In this thesis, the physical simulators' specifications were established to replicate
the actual motion of the hip implants in patients' bodies. A universal motion simulator
system is programmed and merged with the soaking station. Also, PID PWM heater
control allows experiments to be carried out at body temperature inside bodily fluid-
containing units. Various force data can be applied to the joint thanks to the flexible
interface into the soaking station. The same interactive user interface is used, which can
receive flexible force and angle data so that the simulator can operate in accordance with
the specifications. The soaking station’s ability to operate following the specifications is
examined and verified by the manufacturer. To determine the wear loss, the present
implants will be tested under ISO standards.*>
The simulator device was produced within the scope of the TUBITAK 2232 project,
and the manufacturability of an accessory device was covered within the scope of
the AUDP project, which has been completed and physically presented in this thesis. The
parts related to motor synchronizations in the main system remaining from the TUBITAK
project have been solved within the scope of the AUDP project and this thesis objectives
and system component approvals have been completed. This thesis’s research is used for
defining boundary conditions and procedures of the project according to ISO standards®?
such as force, time phasing, gravimetric analysis and contain test environment conditions.
According to the project's specifications, the alignment procedures and machine home
positioning calibration have been executed effectively. The machine's parts are precisely
aligned to predetermined reference positions to do this. For the operations that follow, the
beginning position must be executed correctly for the hip implant wear test simulator and
the soaking station. To meet the desired ISO standard” requirements, this calibration is
the most fundamental mechanical aspect that can have an impact on the simulation
outcomes.>? It is expected that with this kind of research, it will be possible to design new
implant designs reliably by calculating the removed wear volume and analyzing the wear

path using the soaking station as a control point for validations.
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For the expectation of future technological development of the project, increasing
the Technology Readiness Level from TRL 6 to TRL 9 and turning this into a product
has been determined as the next target. To become a product, processes related to
validation and verification are required.*’ For this purpose, another project proposal has
been submitted for finalizing the product completion process and related research will

continue within the scope of that project.
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