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Abstract: Tribological tests play an important role on the evaluation of long-term bio-tribological performances of prosthetic materials 

for commercial fabrication. Those tests focus on the motion simulation of a real joint in vitro with only normal loads and constant 

velocities, which are far from the real friction behavior of human joints characterized with variable loads and multiple directions. In 

order to accurately obtain the bio-tribological performances of artificial joint materials, a tribological tester with a miniature four-station 

tribological system is proposed with four distinctive features. Firstly, comparability and repeatability of a test are ensured by four equal 

stations of the tester. Secondly, cross-linked scratch between tribo-pairs of human joints can be simulated by using a gear-rack meshing 

mechanism to produce composite motions. With this mechanism, the friction tracks can be designed by varying reciprocating and 

rotating speeds. Thirdly, variable loading system is realized by using a ball-screw mechanism driven by a stepper motor, by which loads 

under different gaits during walking are simulated. Fourthly, dynamic friction force and normal load can be measured simultaneously. 

The verifications of the performances of the developed tester show that the variable frictional tracks can produce different wear debris 

compared with one-directional tracks, and the accuracy of loading and friction force is within 5%. Thus the high consistency among 

different stations can be obtained. Practically, the proposed tester system could provide more comprehensive and accurate 

bio-tribological evaluations for prosthetic materials. 
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1  Introduction 
 

Arthroplasty is a reliable method for treating joint 
diseases[1]. When human joints are damaged or diseased, 
they could be replaced by an artificial joint using a wide 
range of materials[2]. The bio-tribological performances of 
the contact pairs play a significant role on the long-term 
performances of the prostheses[3–4], where the main 
problem is the wear of orthopedic materials[5]. 
Consequently, a bio-tribology testing system on material 
evaluations is appealing increasing interests to higher 
demands of closeness to real working conditions of human 
joints. 

Bio-tribological tests can be divided into two types, in 
vivo and in vitro. In-vivo studies, which can provide 
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information under real physiological conditions, have been 
performed to investigate the friction behavior of artificial 
joints[6–7]. However, these processes are complex and the 
results are diversiform[8], so, it is very hard to get a unified 
conclusion or standard data. In comparison, in vitro studies 
are feasible for the evaluations on the material of artificial 
joints with controllable conditions and accessible 
information[9–10]. Additionally, the results have the 
characteristics of good regularity, comparability and 
repeatability. Therefore, the tribo-tests of these sliding 
partners in vitro can take place of in vivo tests to simulate 
friction behaviors and conditions of human joints[11]. 
However, there are large differences between the test 
results and clinical data[12], because of complicated motion 
features and working conditions of human joints[13].  

As motion simulation becoming one of the most critical 
factors to imitate performances of a real joint, many 
researchers were focusing on the development of the 
multi-track tester. Hip simulator, which was capable to 
perform spatial motions of a real joint, was developed with 
a special mechanical mechanism by Leeds university[14]. 
Full simulation tests used a real product to examine its 
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performances under similar conditions, such as 
multi-dimensional motion, lubrication, sliding friction, and 
so forth. However, such systems were designed for an 
entire artificial part and mostly focusing on the wear 
performances of fabricated parts. Generally, material-based 
evaluation, which should be considered beforehand when 
manufacturing a product, requires basic testing with 
specified movements and conditions, such as planar testers, 
and exhibits superiority over a full simulator[15]. For a 
normal planar tester, such as HUT-RPF[16], COMOC-POD 
[17], etc., the motion between the two samples was simple 
and the direction of the friction was constant. Additionally, 
the simulated motion was also simple and easy to analyze 
friction and wear properties. In 1976, Charnley first 
presented an interesting multi-directional motion pin-on- 
disk device[18]. Subsequently, Saikko found that, compared 
with a normal pin-on-disk tester, the morphology of wear 
debris from a multi-directional pin-on-disk tester was much 
closer to the particles produced from an artificial joint in 
practical applications[19]. The reason was that the friction 
factors and wear rates of materials for artificial joints were 
largely depended on the kinetic characteristics of 
tribo-pairs[20–22]. 

Variable environmental parameters, including loads, 
speeds, motions etc., are fundamental for the evaluation of 
prosthetic materials. The contact stresses of human joints 
are constantly changed with varied walking conditions. 
Therefore, the movement and stress states of the joint have 
been taken into account when evaluating materials of 
artificial joints by tribo-testers. Correspondingly, multi- 
directional and variable loads are necessary for basic tests 
of prosthetic materials. Saikko developed a Circularly 
Translating Pin-on-disk Device(CTPOD), which showed 
similar wear rates and wear mechanisms to those observed 
in retrieved polyethylene acetabular cups[23]. However, both 
the loads and the rotate speeds were adopted constantly 
during the tests. Similarly, a planar tester, developed by 
Harbin Institute of Technology, was capable of all-the- 
journey gradually-changing-direction as well as the 
constant velocity and the normal load[24]. 

Repeatability is also critical in a tribological testing. To 
maintain highly similar working conditions for different 
tribo-tests, multi-stations with one control unit were 
adopted in some tribo-testers. By doing this, these copied 
stations worked synchronously under the same environment. 
However, such designs with synchronous stations were 
suitable for copied tests, but they were not for comparative 
examinations among different samples, in which some 
variables generally varied with others were fixed. 

To cope with the requirements of comprehensive 
bio-tribological tests, a tribo-tester is designed stressing on 
friction path planning, independent multiple working 
stations, automatically varied loads and movement rates. 
Specifically, four independent stations are adopted for the 
synchronous and independent tests to perform 
comparability and repeatability of a test evaluation. A gear- 

rack meshing mechanism is used to produce a multi- 
directional friction by combining simple reciprocating and 
rotational motion of lower and upper samples, respectively. 
Variable normal loads are accomplished by digital control. 
Furthermore, specified experiments are carried out to 
inspect the performances of the constructed tester. 

 
2  Design of the Bio-tribological Tester  

 
With respect to the versatility and feasibility, a planar 

pin-on-disk was adopted as the basic contact method 
commonly recommended by references. An upper cylinder 
sample pin was fixed in a pin holder; on the contrary, the 
lower flake sample was fixed in a rectangle container filled 
with the tissue fluid as the lubricant. Reciprocation was 
adopted on account of simulating similar movements to 
human joints. 

As shown in Fig. 1, a slider fixed on a ball-screw is 
supported by two parallel slider-ways. 

 

 

Fig. 1.  Principle of the composite motion 
 

The reciprocation of the slider was driven by a stepper 
motor. To realize accurate location of the slider, an 
electronic cursor was equipped, where feedbacks were 
obtained to adjust the motor controller. In practical, a disk, 
which was fixed with a slider, was regarded as the target 
sample container. The disk was moving under a 
controllable distance and speed. 

In the rest of this chart, we mainly focus on the design of 
multi-directional friction paths, high precise loading system, 
and independent multi-stations. 

 
2.1  Design on multi-directional friction paths 

Generally, the multi-directional friction of two contact 
parts can be realized using the motion synthesis of two 
directional independent motions. However, real joint moves 
within a small scale, thus a simplified dependent motion 
can be adopted in a simulation. Therefore, a linkage 
mechanism was considered by which the upper and lower 
specimens can move dependently.  

A gear-rack transmission was used with a rack fixed on 
the disk carrier and a gear fixed on the pin holder, shown in 
Fig. 2. When the disk reciprocated, the pin was driven by 
the gear-rack transmission and twisted within a certain 
angle. Consequently, a synthesis motion can be achieved by 
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the two dependent movements of the upper and the lower 
specimens.  

 

 
Fig. 2.  Image of gear-rack meshing mechanism 

 

To qualitatively investigate the tracks by this friction, 
theoretical computations were carried out afterwards. 

 
2.1.1  Relative motion model of the contact surfaces 

The relative motion between the pin and the disk 
produces a complex orbit as a human joint does. Therefore, 
the relative motion path, as well as wear tracks, was studied 
mathematically with a simplified model, shown in Fig. 3.  

A coordinate system was established with the center O' 
at the center of the disk. The synthesis motion can be 
equivalent to the movement of the pin on the standstill disk. 
Specifically, the pin’s center O moved to a new center O1, 
and the reference point K on the surface of the pin rotated 
to a new point K1. Correspondingly, the displacement and 
the rotate angle were X0 andγ, respectively. 

In the design, the pitch diameter is 45 mm, and the 
modules of both the selected gear and rack are 1. Thus the 
coordinate of the point K1 can be computed as 

 

0
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Fig. 3.  Coordinate system with the center O' of the disk  

as the original point 

v—Reciprocation rate of the disk, mm/s; 

     n—Gear’s rotation rate, r/min; 

     d—Pitch diameter of gear, mm; 

     ω—Rotational angular velocity of the gear, rad/s; 

     X0—Relative displacement of the disk and the pin during the time t; 

and X0∈[−S/2, S/2], where S is the reciprocating stroke that 

user inputs. 

 
The relationship between S and γ  can be obtained 

from the above formulas. 
 

2.1.2  Wear tracks 
To investigate the tracks of the pin moving on the disk, 

tracks of different representative points of the pin’s surface 
were calculated. Total 48 points were selected with the 
consideration of their locations of 8 phase angles and 6 
radiuses. For a fixed reciprocating stroke, tracks of the 48 
points were plotted in the same coordinate system as shown 
in Fig. 4.  

 

Fig. 4.  Multi-directional and cross-linked tracks of different points in different distances() under different phase angles 
 
It is observed that tracks of different points are highly 

cross-linked. This implicates that the moving direction of 
the points in the pin surface changes constantly during the 
movements. And points at different phase angles produce 
crossed tracks even within a small twist angle. 
Consequently, multi-directional motion between the two 
specimens can be obtained with the above design. 

 
2.2  Working station design 

To facilitate a comparative and repeatable evaluation, 

four equal stations were designed, providing the 
synchronous and independent tests. Each station mainly 
consisted of the loading components and the reciprocating 
components. The sketch of the station is shown in Fig. 5. 

 
2.2.1  Variable loading system 

Variable and precise loading are fundamental for 
simulating human joints on walking conditions. Practically, 
the load of the articular surface from a moving person is 
not a stable value. Therefore, spectrum loads were adopted 



 
 
 

Y WU Tonghai, et al: Synthesized Multi-station Tribo-test System for Bio-tribological Evaluation in Vitro 

 

·856· 

in the current design to imitate the loading condition of 
human joints. 

 

 

Fig. 5.  Sketch of individual station 

 
The strategy of the loading system is shown in Fig. 5. A 

ball-screw mechanism driven by a step-motor was adopted 
to produce vertical loads, which was transduced from the 
upper specimen to the lower one. Generally, the surface of 
a bio-sample will inevitably have fluctuations with a rigid 
load. 

A real-time feedback from a load cell was required to tell 
the derivation from the pre-set value. Afterwards, this 
deflection would be modified by the executive loading 
mechanism. Meanwhile, the nut of the ball-screw was 
connected with the holder of the load cell by flexible 
connecting with pull rod and pressure-bearing spring. The 
precision of the load can be identified with its resolution 
computed as 

 

h

360

P K
A


= ,                (3) 

 
where  A—Resolution of load, N;  

Ph—Lead of ball screw, mm;  
K—Stiffness coefficient of spring, N/mm;  
—Step angle of the loading motor. 

The resolution of the load is 0.008 7 N according to the 
parameters of selected parts(K=27.95 N/mm, Ph=1mm, 
=0.112 5°). Considering the weight of the bearing block 
and the gear, the range of the loading force is from 14.5N 
to 200N. 

 
2.2.2  Reciprocating movement 

The lower specimen is fixed in the lower specimen 
holder, which is installed on the two linear slide rails, 
shown in Fig. 6. The friction force sensor holder is fixed in 
the linear reciprocating stage. The stepper motor drives the 
rotation of the ball screw, which drives the linear 
reciprocating stage moving back and forth. At the same 
time, the lower specimen moves back and forth with 
different speeds. 

 
Fig. 6.  Sketch of the reciprocating components 

 

2.2.3  Dynamic friction coefficient measurements 
Dynamic friction coefficient is used to characterize the 

tribological performances of object specimens. To do this, 
the friction force between the upper and the lower samples 
is precisely measured during the reciprocation. As shown in 
Fig. 7, the lower specimen holder is fixed on a linear slider 
that separates the sample holder from the linear 
reciprocating stage with extremely lower friction rolling 
bearings. This design excludes the additional friction force 
from the object. Two load cells were arranged at the two 
end sides of the surfaces of the lower specimen holder 
respectively, and contacted with the container surfaces 
under preloads. The preload can be adjusted by screws to 
ensure that the load cells works in their linear range. 

 

 
Fig. 7.  Two linear slide rails were arranged in load cells holder 

 

To avoid a rigid contact of the load cell and the container, 
elastic cushions were applied between the contact surfaces. 
By doing this, the friction force yielded between the 
tribo-pairs will be transmitted directly to the load cells, 
which is reflected by signals of the sensor. 

A force analysis diagram of the lower specimen is shown 
in Fig. 8.  

 

Fig. 8.  Force conditions of the lower specimen 
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where  1F ¢—Force of the left sensor;  

2F ¢ —Force of the right sensor;  
F ¢—Friction force between the linear slide rail 

and the load cell holder;  
G—Weight of the lower specimen and its holder;  
F1—Force of the left sensor;  
F2—Force of the right sensor;  
F—Friction force between the linear slide rail 

and the load cell holder;  
FN—Normal force;  

f—Friction force. 
Before loading, as the force analysis diagram is shown in 

Fig. 8(a), the following equation can be given as 

 

1 2 .F F F¢ ¢¢+ =                  (4) 

 
The friction coefficient of the slide-ways is extremely 

low ( 0.01 ¢ = ) that the friction force can be ignored in 
this study, which is introduced by the two slide ways and 
the weight of the lower specimen and its holder. So the 
equation can be simplified as 

 

1 2F F¢ ¢= ,                   (5) 

 
where  F=kV + b; 

F—Loads of the sensor, N;  
V—Output voltage of the sensor, V;  

K, b—Coefficients of this linear relationship.  
So, we have 
 

1 1 1 2 2 2k V b k V b¢ ¢+ = + ,              (6) 

 

where  1V ¢ —Output voltage of the left force sensor  

at the beginning of the tests; 

2V ¢ —Output voltage of the right force sensor  

at the beginning of the tests. 
Under loading, in the case that the linear reciprocating 

stage moves to the right, a force analysis diagram is shown 
in Fig. 8(b). The following equation can be given as 

 

2 1f F F F+ = + ,                (7) 

 

1 1 1 2 2 2.f F k V b k V b= + + - -          (8) 

 
Combining Eqs. (8) with Eqs. (6), we have 

 

1 1 1 2 2 2( ) ( )f F k V V k V V¢ ¢= + - + - ,        (9) 

 
where  V1—Output voltage of the left force sensor  

with the stage moving to the right;  
V2—Output voltage of the right force sensor  

with the stage moving to the right. 
And when the linear reciprocating stage moves to the left, 

the force of the lower specimen is 
 

1 1 1 2 2 2( ) ( )f F k V V k V V¢ ¢= + - + - .       (10) 

 
The friction force between the samples can be obtained 

by combining Eq. (9) with Eq. (10), given as 
 

1 1 1 2 2 2| | | |f F k V V k V V¢ ¢= + - + - .       (11) 

 
So, we have 

 

1 1 2 2f F k k = + + ,             (12) 

 
where  Δ1, Δ2—Output voltage variations of the left force 

sensor and the right force sensor, 
respectively. 

Since f =FN, we have 
 

1 1 2 2

N N

k kF

F F


 +
= + ,            (13) 

 

where  F/FN—Friction coefficient of the slide-ways, and 

the value is 0.01, as previously mentioned. 
By Eq. (13), the dynamic friction coefficient can be 

obtained with the output voltages of the two sensors. 
 

2.3  Flow chart of data acquisition and motion control 
Data acquisition system is responsible for signal 

collection, including normal loads, friction forces, and 
location of sliders, shown in Fig. 9.  

 

 

Fig. 9.  Schematic of Data acquisition and Motion control 

 

A motion control card was used to control the motion of 
stepper motors. A computer was applied to manage the user 
interfaces and monitor the testing system in real-time. 

The reciprocating motion schematic is presented in Fig. 
10. The input reciprocating stroke S was converted to the 
voltages of limiting positions(VA, VB). The input testing 
time(T) determined the execution of the main program 
circulation, where a timer recorded the elapsed time (ti), 
and then a comparison was conducted between the input 
time and the elapsed time during the test. When time was 
up, the reciprocating stepper motor would be stopped and 
the loading system would be upraised, indicated that the 
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test was going to be finished. The range of the reciprocating 
frequency is 0.051.25 Hz, which meets the accuracy 
requirements described in ISO 142431: 2009. In other 
words, the testing frequency should be 1+0.1Hz. 
Additionally, the range of the reciprocating velocity is  
010 mm/s. 

 

 
Fig. 10.  Schematic of the reciprocating motion 

 

2.4  Implementation of the tribo-test system 
The testing system was built according to the above 

design. As shown in Fig. 11, four independent working 
stations are employed in this system, in order to obtain the 
comparability and repeatability by conducting the 
experiments simultaneously. 

 

 

Fig. 11.  Tribo-test system with four-station 

 
 

3  Validation of the Tribo-test System 
 

Experiments were designed to evaluate the performances 
of the newly-designed tester. Specifically, three 
performances were examined, including multi-directional 
friction tracks, the consistency of four stations, and the 
accuracy of the loading function. 

The first test on friction tracks was performed with a 
bone-like material, magnesium alloy. The density and 
elasticity modulus of this material were very close to 
human bones[25]. Pin-on-disk test was adopted. The 
specimens of the tests are shown in Fig. 12. 

 

Fig. 12.  Specimens made of magnesium alloy 

 
In this test, the emphasis was focused on the wear 

performances, such as wear scars and wear debris. For 
comparison, one-way tests on a pin-on-disk rig were also 
conducted. 

The consistency of different stations was carried out. 
Referring to the similar bio-experiments[26], glass slides and 
titanium alloy plugs were adopted as the lower and the 
upper specimens, respectively.  

The introductions of the six experiments with four 
different materials are shown in Table 1 and Table 2. 

 
Table 1.  Names and materials of the tests 

Test No. Test Name Material 

1 Multi-directional friction Magnesium alloys 

2 Multi-directional friction Magnesium alloys 

3 Consistency Titanium alloy 

4 Consistency Glass 

5 Variable load Knee cartilage 

6 Variable load Titanium 

 
Table 2.  Parameters of the tests 

Test 
No.

Size 
/mm 

Load 
/N 

Stroke 
/mm 

Velocity 
/(mm • s–1)

Time
/s 

1 Pin(Φ´H): 5´4.3 20 5 10 2000

2 
Disc(Φ´H): 
30.5´4.3 

20 5 10 2000

3 Pin(Φ´H): 7´3 18 6 6 2000

4 
Disk(L´W) : 
25´10 

18 6 6 2000

5 Pin(Φ´H): 6´2.5 

16 

18 

20 

10 6 120 

6 Disc(Φ´H): 30´4

16 

18 

20 

10 6 120 

 

3.1  Multi-directional friction tracks 
The counter-face of lower specimen was examined after 

the test with SEM(HITACHI SU-8010). The results of the 
tests are shown in Fig. 13. 

Being different from the initial surface shown in Fig. 
13(a), some grinding cracks generated by burnishing and 
scratching are observed on the worn surfaces shown in Figs. 
13(b)(c). 



 
 
 

CHINESE JOURNAL OF MECHANICAL ENGINEERING 

 

·859·

 

 
Fig. 13.  SEM images of the validation experiments 

 
Comparatively, more deep and uniform grooves are 

founded on the worn surfaces of one-way friction tests as 
shown in Fig. 13(b). Due to the large radius of the whole 
friction tracks and the limited visible fields, it is difficult to 
identify the geographical differences of the tracks produced 
in the multi-directional and one-way friction tests. 

Multi-directional friction produced scratches because of 
the contact points existing in one surface, and the scratches 
were crossing and overlapping. In this process, grooves 
were produced and polished alternatively. Therefore, no 
deep grooves can be maintained except for the last cycles. 
This explanation agrees with the observation in Fig. 13(c).  

Another evidence for the differences of the two 
concerned friction motions can be found in their 
by-products, wear debris. The two typical images of the 
two kinds of wear debris are shown in Figs. 13(d)(e). For 
one-way friction, most wear debris are pushed by the pin 
specimens and eventually accumulated as deposits, as 
shown in Fig. 13(d). Conversely, no collection of wear 
debris is founded in the multi-directional friction, as shown 
in Fig. 13(e). Actually, some small, loose and powder wear 
particles are found scatted around the end of the track. 
Basically, One-way friction causes wear debris by similar 
surface morphological contacts, while multi-directional 
friction generated wear debris by non-uniform contact 
surfaces. In addition, the grinding cracks are cross-linked 
and multi-directional[27–29]. 

Comparing the optical micrographs of the grinding 
cracks, as shown in Fig. 13(b) and Fig. 13(c), both of them 
have many longitudinal scratches, but the grinding cracks 
from the multi-station tribo-test system are much shallower. 
Meanwhile, there are lots of pitting holes, while the cracks 
are smoother. Comparing the images in Fig. 13(d) and Fig. 
13(e), there is more wear debris in the end of grinding 
cracks in the developed tribo-tester. The reason is that the 
combination of reciprocating and rotation is multi- 
directional, leading to the increases of wear rates and the 
reduction of surface roughness. 

 
3.2  Consistency of four stations 

With the four highly consistent samples, the consistency 
of four stations was examined with synchronous 
experiments. The average loads and friction coefficients 
were compared among these experiments and the mean 
Standard Deviation(SD) index was adopted for evaluation. 
The specimens are shown in Fig. 14. 

 

 
Fig. 14.  Glass slide and titanium alloy plug 
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The tests’ results are shown in Fig. 15. The average 
normal force of station 4 is 17.997 N with a maximal 
Standard Deviation, which is only 0.2036, and the 
deviation is 1.13%. For the friction coefficient, the station 2 
has a maximal Standard Deviation, which is only 0.0054, 
and the deviation is 10.26%. 

 

 

Fig. 15.  Results of the glass slide and titanium alloy plug tests 

 
For each station, the precision of both normal load and 

friction coefficient meets the requirements, i.e., the 
deviation is within 5%, which accords with ISO 142431: 
2009. 

 
3.3  Variable loading ability 

The cartilage surfaces of knees from a sheep are chosen 
as the upper specimen, as shown in Fig. 16. 

The normal loads were changed from the input value 
automatically, without manual operations on the tribo-test 
system. The curves of normal loads, friction forces and the 
friction coefficients are shown in Fig. 17, respectively. 

The figure shows that the multi-station tribo-test system 
can automatically change loads, and has an accurate 
measurement of subtle changes in the friction coefficient. 

 
4  Conclusions 

 

(1) Aiming at the comprehensive evaluation of 
bio-tribological performances of prosthetic materials 
applied in vitro, a new four-station tribo-test system is 
presented, with particular consideration on the existing test 
limitation and validations by four different materials. 

 

Fig. 16.  Knee cartilage and titanium test 

 

 

Fig. 17.  Results of the knee cartilage and titanium test 
 
(2) Comparability and repeatability of a tribo-test are 

ensured by designing an independent multi-station structure. 
The multi-station can provides synthetic and independent 
experiments simultaneously. 

(3) The multi-directional motions between the specimens 
and the sliding friction are accomplished, where the 
cross-linked scratches between tribo-pairs of human joints 
can be simulated by different materials. The friction tracks 
can be designed by varying reciprocating and rotating 
speeds. And their precisions meet the requirements 
described in ISO 14243-1: 2009 very well. 

(4) The normal loading forces can be changed 
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automatically by the proposed variable loading system, 
which facilitates the simulation of the gaits during walking. 

(5) The variable frictional tracks can produce different 
wear debris compared with one-directional tracks, and the 
accuracy of loading and friction force is within 5%. 
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