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The presented paper deals with the design of a knee simulator that uses pin-on-ball configuration, ie 
cartilage and CoCrMo head. The translational motion consists of the cartilage and the rotating head 
when the load of the articulating pair is derived. The simulator meets the predetermined kinematic con-
ditions according to the ISO 14243-3 standard, including dynamic loading. The simulator is able to record 
the coefficient of friction during the test, which helps to understand the biotribological processes in the 
knee. The structural part of the simulator is preceded by a research part, in which the existing simulators 
and tribometers, which helped to create this design, are analyzed. In the experimental part, specific ele-
ments (drives, sensors, etc.) are selected that meet the defined boundary conditions, and the method of 
friction measurement is determined. The paper concludes with an overall evaluation of the proposed 
knee joint simulator, which will be able to achieve the conditions according to ISO 14243-3 and at the 
same time record the course of the coefficient of friction between the cartilage surface and the CoCrMo 
head. 
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 Introduction 

The largest and most stressed joint in the human 
body is the knee joint. Knee joint damage is preceded 
by unilateral movement, disease, obesity or the pa-
tient's age. For this reason, it is necessary to pay more 
attention to the research of biotribological and biome-
chanical properties in the knee joint. Friction is one of 
the most important causes of cartilage wear. Its size is 
affected by lubricants and joint kinematics. In case of 
its damage, it is replaced by a so-called total endopro-
sthesis [1, 2, 3, 4]. 

Up to 25,000 joint replacements are implanted an-
nually in the Czech Republic [5], the endoprosthesis is 
used in the shoulders, elbows and hips. The endopro-
sthesis is attached to the bones and replaces the carti-
lage, with an effort to achieve the original properties 
of the joint, which is not always possible, because the 
endoprosthesis still has limited capabilities. Endopro-
stheses are mainly made of titanium alloys Ti6Al4V, 
CoCrMo alloy or ceramics [6]. Joint simulators are 
used for their research, which increases the life of en-
doprostheses and helps to better understand joints 
while reducing their failure rate. The demands on ex-
periments are increased in controlled conditions and 
at the same time their frequency is increased. The spe-
cific anatomy of each patient's joint has an effect on 

its life. 
Despite the different development and con-

struction of the so-called large human joints, great 
progress has been made, for example, in the replace-
ment of hand joints, especially in the last decade. Mo-
dern medicine places ever-increasing demands on de-
velopers, designers and manufacturers around the 
world, and nowadays various restorations (shoulder, 
elbow, ankle joints, wrists, silicone finger joint endo-
prostheses, etc.) are now being mass-produced from 
various manufacturers. Unfortunately, even in today's 
modern age, all manufactured human joint implants 
are a mere compromise between anatomical and phy-
siological reality, although today the most perfect 
technological possibilities and economic aspects of 
production cannot fully replace any natural part of the 
original human tissue [7, 8, 9, 10, 11, 12, 13, 14].  

Currently on the market there are many different 
implants from domestic and foreign manufacturers 
(Beznoska-Poldi, Walter, DePuy-Johnson & Johnson, 
Sulzer Medica, M.I.L., Zimmer, Biomet etc.). Accor-
ding to different sizes (six sizes for total endoprosthe-
sis), design (right, left, anatomical, non-anatomical), 
method of fixation (cemented, uncemented, hybrid), 
type of operation (primary, revision), etc., individual 
implants can be divided into several groups [15]. 
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The aim of solving problems is to design a simula-
tor that will satisfy the predetermined conditions, inc-
luding kinematics while walking capture coefficient of 
friction. 

 Knee joint anatomy 

The knee is the most complex joint in the human 
body. Knee-joint [16] forms the articular connection 
between the femur and the tibia. The knee joint is a 
very complex joint which, in addition to flexion and 
extension, combines other movements (rotation and 
slip). The main components of the knee are the lower 
end of the femur, the upper end of the tibia and the 
patella. These parts of the joint are called femorotibial 
and patellofemoral [17]. The cup increases the stren-
gth of the knee when it is stretched and protects the 
knee in bending. The articular surfaces are covered 
with cartilage, which is an extremely slippery, strong 
and flexible material. Cartilage allows the bones to 
move and at the same time acts as a shock absorber 
during load transfer [1, 2, 3, 4, 17]. 

There are primary and secondary stabilizers in the 
knee. Primary stabilization is achieved by the knee li-
gaments.  

Ligaments are fibrous tissue that provides joint 
support. Cross ligaments are the primary stabilizers of 
the knee joint. The lateral ligaments ensure lateral mo-
vement. The meniscus ligaments fix the two menisci 
with each other [1]. 

There are four bursae in the knee, which are ca-
vities filled with synovial fluid that serve to facilitate 
the movement of tendons and skin through the joint 
and reduce friction [1, 18]. 

The main movement of the joint is flexion and ex-
tension. The knee axis itself is able to move in 5 di-
rections by means of rolling and sliding movements 
(flexion and extension are the same movements in re-
verse order) [1]. 

The basic movements when walking are the initial 
rotation of 5°, the rolling movement of 10° to 20°, the 
sliding movement of 20° to 140° and the final rota-
tion. Thanks to the lateral ligaments on the back of the 
joint, the knee is able to unlock and lock. Full exten-
sion occurs during unlocking and flexion during loc-
king [1]. 

 Existing simulators 

In the next chapter, simulators will be analyzed, 
which served as inspiration in creating the problem. 
The "Ball on Disc" configuration seems to be a suita-
ble design solution for the simulator for the purpose 
of testing the tribology of the knee joint [19]. 

3.1 Bioreactor simulator 

The simulator is created in a pin-on-ball configura-
tion, where the head acts on the articulating cartilage. 

The rotation of the head and the pin is formed directly 
by the stepper motor, which is connected to the mo-
ving screw and controlled by stepper motors. It is 
capable of forces from 0 to 250 N and speeds of 20 
mm.s-1 in all axes. Its maximum force of 250 N is ta-
ken as the initial load value of this work. The test is 
performed under conditions of 37 °C and 5 % CO2 
[20]. 

Fig. 1 shows two stepper motors providing linear 
motion (1 and 2). The pressure is caused by the linear 
actuator (3). The samples are placed in the sample hol-
der (4). Fluid channels (5, 6, 7) are provided throu-
ghout the structure, providing nutrition. Patterns 
covered by a glass cover (8) [20]. 

A load cell with optional settings is located under 
the sample holder to allow adjustment of displacement 
control as well as load.  

The device is equipped with a cell inoculation sys-
tem, which is mounted directly on the sample holder. 
It is formed using biocompatible pear-shaped mate-
rials to minimize fluid flow [20].  

The Bioreactor simulator is also created in a con-
cept with four stations. 

 

Fig. 1 Bioreactor simulator [20] 

3.2 CNC-POD simulator 

The simulator uses a pin-on-disk configuration. It 
is designed for wear testing. The simulator comprises 
6 stations, each comprising a ball or a pin which is 
mounted on a holder, the disc on the opposite side 
being a component which is mounted in the holder. It 
is possible to perform 6 different experiments simul-
taneously on the simulator. Each station contains a 
sample holder, holder bases and containers [21]. 

On the CNC-POD, it is possible to create a one-
way reciprocating or rectangular movement (ensures 
travel), in which there are two NEMA 24 stepper mo-
tors in the XY direction (controlled independently). 
From the motors, the rotary motion is converted to 
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linear by means of a moving screw. The guide is for-
med by four linear bearings, which are placed on rails. 
The minimum step of the screw is a displacement of 
0.001 mm [21]. 

The load is created in the structure by means of 
linear actuators. The actuators are mounted on an 

adapter that connects the mounting bracket to the li-
near bearing. The maximum possible load is 40 kg. 
Each actuator has an integrated rail that serves as a 
stroke guide to prevent unwanted movement during 
loading. Each station contains a force sensor that can 
be used to determine the friction force. The CNC-
POD simulator is shown in Fig. 2 [21]. 

 

Fig. 2 CNC-POD simulator [21]

3.3 Industrial robot simulator 

The simulator is used to evaluate total compensati-
ons during dynamic movement. It consists of an in-
dustrial robot that performs a movement, a six-axis 
force transducer mounted on a support with a tibial 
component. The end effector is equipped with a fe-
moral component. The robot moves according to the 
supplied model of the right limb. The model is a 

musculoskeletal multibody, including bones, liga-
ments, muscles and an implanted total knee arthro-
plasty. The construction of the simulator can be seen 
in Fig. 3. The simulation includes 2 control loops. The 
motion sequence and reaction forces with moments 
are transmitted to the robot, thus closing the first 
loop. Rotations and modified relative displacements 
are transferred back to the musculoskeletal model, clo-
sing the second loop. Both control loops are defined 
by processing the spatial directions of movement [22]. 

 

Fig. 3 Industrial robot simulator [22]

 Experimental part – constructional solu-
tion 

The default values for this experiment are based on 

ISO 14243-3. Based on the analysis of joint mo-
vement, the load, head rotation and cartilage displace-
ment are selected. The last movement of the cartilage 
rotation will not be considered, as it will not change 
the resulting value too much [22]. 
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Anterior-posterial movement 

Anterior-posterial movement is a linear movement 
that is formed by cartilage. The initial values for this 
work are taken from the ISO 14243-3 standard, the 
plot of which is shown in Fig. 4. The speed was deter-
mined by deriving the displacement in Fig. 5 [23]. 

 

Fig. 4 Anterior-posterial movement [23] 

 

Fig. 5 The speed of anterior-posterial movement [23] 
Based on the graphical dependences from 

Fig. 4 and Fig. 5, initial values were obtained for the 
selection of the drive that will perform the anterio-
posterial movement. 

Construction of Anterio-posterial (A/P) movement 

The LEYH25RS2A-50B F-SA1 drive from SMC 
s.r.o. was chosen for the design with the following 
technical data:  

· power 100 W, 

· stroke 50 mm, 

· variant with brake, 

· standard cable 2 m long 

· force 122 N, 

· speed from 18 to 500 mm.s-1, 

· acceleration 3000 mm.s-2 [24]. 

 
The drive is controlled by the LESCA1 driver (100 

V to 120 V). 
To ensure the frictionless movement of the carti-

lage, it was necessary to choose a suitable feed design. 
The most suitable solution is an air bearing, due to the 
fact that air is blown between the bearing and the 
shaft, thanks to which it is able to work without re-
sistance. The bearing is housed in a house that is de-

signed for this construction. The house has three ho-
les on the side, two are used to secure the bearing in 
the house with epoxy resin and the third hole is used 
to supply air by 0.41 MPa. The disadvantage of this 
concept is the need to provide air and possible distor-
tion of the measurement caused by the resistance of 
the hoses. To further secure the bearing, O-rings are 
used, for which grooves are located around the cir-
cumference of the bearing. The house has a milled 
hole on the upper side, in which a bowl with cartilage 
is pressed on, see Fig. 6. The construction of the con-
nection between the house and the actuator is shown 
in Fig. 7 [23]. 

 
Fig. 6 Air bearing assembly 

 
A bearing of 25 mm can be loaded with a ma-

ximum radial force of 226.3 N, therefore it is necessary 
to reduce the predetermined force, based on the cell 
[20] from 250 N to 200 N. The radial stiffness of the 
bearing is set at 34 N. 

Friction measurement is provided by a BURSTER 
s.r.o. strain gauge. 8431-5100, which is bolted to the 
bearing and bearing housing by means of a reducer. 
The strain gauge is capable of measuring force up to 
100 N with an inaccuracy of ± 0.0004 N. The accele-
ration is controlled by means of an accelerometer A / 
124 / E glued to the house, the error rate of which is 
0.1 mV.m-1.s-2). The accelerometer is able to measure 
the maximum acceleration up to 49.033 m.s-2 [23]. 

Suitable materials to produce the shaft are stainless 
steel, anodized aluminium, or nickel-plated steel. It is 
necessary to ensure a tolerance of g6 on the shaft.  

 
Fig. 7 The design of A/P motion [23] 
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4.2 Head load 

To simplify the construction, the head was chosen, 
while to further shift the work, it is possible to incor-
porate the endoprosthesis itself into the structure and 
to increase the load to 2600 N, which is based on the 
ISO 14243-3 standard. The graphical dependence of 
the endoprosthesis is shown on Fig. 8. 

· diameter of the head object 28 mm, 

· force 250 N, 

· endoprosthesis loading 2600 N. 

The considered feed is in the order of hundredths, 
so it is not necessary to verify the maximum speeds 
and accelerations [23]. 

At the considered maximum load of the endopro-
sthesis of 2600 N and the load of the head of 250 N, 
the conversion to dynamic force was proved. The 
illustration is located in graphical dependence on Fig. 
9. 

Where: k [-] - coefficient, 
Femax [N] – maximum strength of the endopro-

sthesis,  

Fhmax [N] – maximum strength of the head,  

Fh [N] – head force,  

Fe [N] – strength of the endoprosthesis [23]. 

 � =  !"#$

 %"#$
= 10.4  (1) 

Example of calculation for the value of the head 
force Fh for time t = 0.25 s 

 &' =
&(

)
=

*+*.,

-/.2
= */. 3 6  (2) 

 

Fig. 8 The load of endoprosthesis [23] 

 

Fig. 9 Head load [23] 

Construction of electric drive load 

The electric screw drive forms the vertical mo-
vement of the whole system, which is the head with 
the servomotor. The load reaches a maximum of 200 
N and is measured between the piston rod and the 
drive hinge, see Fig. 10. 

 
Fig. 10 The electric drive load [23] 

 
The drive under the designation LEY H25 R S2 C 

– 100 BM – S 2 A1 was selected from SMC s.r.o. The 
load will be verified by means of a sensor located in 
the structure, which changes dynamically according to 
the graphical dependence on Fig. 9 in subchapter 4.2 
[23]. The drive with the following technical data was 
chosen for the construction: 

· power 100 W, 

· stroke 100 mm, 

· variant with brake, 

· standard cable 2 m long, 

· force 238 N, 

· speed from 9 to 250 mm.s-1, 

· vertical working load 16 kg, 

· acceleration 3000 mm.s-2 [24]. 

 
Part of the motor is driver LECSA1 100 V to 120 

V, which is from the same company. 
The load consists of an actuator, which is attached 

to the support plates, between which a strain gauge 
sensor is screwed, which works to control the load. A 
suspension eye with reducers is used to attach the plate 
to the actuator. To absorb the radial load, a radial 
double-row angular contact ball bearing 3205 
ATN9/C3 is pressed into the plate. The whole dia-
gram is shown on Fig. 11 [23]. 

The actuator is attached to the upper aluminum 
plate and its movement is guided by means of guide 
rods with a diameter of 8 mm, on which the sliding 
bushes UB-08AWW from the company HIWIN s.r.o. 
Retaining rings are used to fasten them. The ends of 
the rods are secured with rod sleeves, see Fig. 12 [23]. 
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Fig. 11 The design of drive connecting [7] 

 

Fig. 12 The connection of drive to construction [7] 

4.3 Head rotation 

The head moves in the range from 0° to 60°, see 
Fig. 13, the values based on ISO 14243-3. The angular 
velocity is obtained by derivation, see Fig. 14. Accele-
ration is obtained by derivation of velocity.  

 &7 = 6 ∙ 9  (3) 

 &7 = ,// ∙ /. -3,- = +,. 2, 6  (4) 

 :) = ; ∙ &7  (5) 

 :) = /. /-2 ∙ +,. 2, = /. 2< 6>  (6) 

The resulting torque, which is one of the default 
values for motor selection, is 0.45 Nm. The assumed 
friction force is 32.42 N, in the case of using a head 
with a diameter of 28 mm [23]. 

 

Fig. 13 Flexion/extension [23] 

 

Fig. 14 Head angular velocity [23] 

Servomotor – ensuring rotary movement 

To ensure rotational motion was chosen servomo-
tor. The default values for the motor selection are ta-
ken from the previous solution, on the basis of which 
the servomotor from HIWIN s.r.o. was chosen - 
FRLS 100 W. A variant with a tongue (tight tongue 
DIN 6885 A 5 × 5 × 25) on a shaft with a diameter of 
14 mm and a length of 30 mm [23] was chosen for 
torque transmission. A servomotor with the following 
technical data was chosen for the construction: 

· rated power 200 W,  

· maximum speed 4500 rpm, 

· rated speed 3000 rpm, 

· maximum torque 1.92 Nm, 

· rated torque 0.64 Nm [25]. 

 
The HIWIN D2T - 0123 frequency converter, 

which is specially designed for HIWIN motors, was 
added to speed control. The motor connection for the 
head rotation is shown on Fig. 15.  

 

Fig. 15 The connection of servomotor for head rotation [23] 

Construction of the rotation head 

The rotation is transmitted by means of the already 
mentioned tongue to the shaft, which has a adapted 
end for attaching the head. The servomotor is atta-
ched to the aluminum plate with screws. A bearing for 
removing the radial load is pressed into the plate. 
There is a slip ring between the bearing and the servo-
motor, which defines the bearing relative to the servo-
motor and prevents abrasion, see Fig. 16 [23]. 
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Fig. 16 The construction model of head rotation 

4.4 Simulator design 

The frame consists of aluminum profiles of profile 
series 5 with a size of 20 x 20 mm from the company 
Alváris Profil Systems s.r.o. All connected elements 
are connected to the structure by grooved nuts by me-
ans of a groove in the profile. The ends of the profiles 
are covered with caps. The board itself has drilled ho-
les and milled parts for mounting the entire assembly, 
see Fig. 17 [23].  

 
Fig. 17 The frame simulator [23] 

4.5 Test serum 

The standardized serum is composed of bovine 
serum diluted with deionized water to have a protein 
mass concentration of 20 g.l-1. The serum is filtered 
through a 2 μm filter. Store in the freezer until tested 
to prevent microbial contamination or add an anti-
microbial number [23]. 

 Conclusions 

The aim of the problem was to design a simulator 
that will record the coefficient of friction between the 
CoCrMo head and the cartilage surface during the mo-
vement. According to the ISO 14243-3 standard, the 
proposed simulator will achieve predetermined con-
ditions:  

· anterio-posterior movement from 0 to 5.2 

mm, 

· head rotation from 0° to 60°, 
· head load from 0 to 200 N. 

· considered coefficient of friction up to 0.1621 

[23]. 

 
A coefficient of friction of 0.05 was chosen for the 

measurement, which is based on the performed 
search. From the experimental measurement, a coeffi-
cient of friction of 0.1621 was found, the magnitude 
of which is significantly higher than the value from the 
search, because it was measured under degraded con-
ditions without lubricant. The parameters are met by 
a suitable choice of components for the construction 
of the simulator [26, 27]. 

Anterio-posterior movement is created by means 
of an electric screw drive, which is capable of dynamic 
changes. The drive moves with an air bearing lying on 
the shaft. The air bearing has an attached cup with car-
tilage and synovial fluid. It is necessary to supply air to 
the bearing with a pressure of 0.41 MPa using a hose 
and valves. With the help of air, the bearing is able to 
work without friction. There is an air gap between the 
bearing and the shaft. A probable problem in determi-
ning the coefficient of friction is the inaccuracy caused 
by the resistance of the hose. The drive is capable of 
speeds from 18 to 500 mm.s-2 and accelerations of up 
to 3000 mm.s-2.  

 

Fig. 18 The entire simulator design [23] 
 

The rotation of the head is formed by a servomo-
tor, which is again able to meet the requirements for 
large dynamic changes. The servomotor rotates the 
head and meets predetermined conditions. The shaft 
is mounted in bearings to prevent undesired forces. 
The servomotor is able to reach a speed of 5.67 rad.s-

1 and withstands a torque of 0.14 Nm.  
The load on the head is caused by an electric screw 

drive, which is guided by means of two guide rods and 
compact bushings. The stroke length is 100 mm and 
it is able to exert a force of up to 238 N.  

The coefficient of friction is measured by means of 
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a strain gauge, which is connected between the bearing 
housing and an electric screw drive with an accuracy 
of ± 0.0004 N. The default value of the coefficient of 
friction is 0.1621 and a force of 200 N. At these input 
values the resulting friction force is 32. 42 N [23]. 

The design of entire simulator rendered by CAD 
program shows the Fig. 18 [23]. 
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