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Abstract
Accurate assessment of the tribological system’s wear behavior is crucial for optimization. Common tribological test stands 
rely on a single measurement information—usually the indentation depth of the complete tribological system. If both counter-
parts experience wear—like polymer–polymer combinations—a subsequent assessment of the tested specimens is needed to 
estimate the contributions of each partner for determining the wear volume, and thus the wear rate. In this work, we propose 
a novel approach how an in-situ wear measurement of both simultaneously wearing counterparts can be implemented and 
generally demonstrate the feasibility on a ball-on-prism tribometer. This is achieved by measuring the system’s indentation 
depth while simultaneously scanning the ball’s surface with a laser profile scanner, providing information for calculation 
of the ball’s wear volume. While offering new possibilities for wear evaluation, challenges remain including radial runout 
of the measured specimen, testing in media and accumulation of large amounts of debris. Overall, this work presents an 
advancement in the evaluation of wear behavior, enabling better optimization of tribological systems with simultaneous 
wear. Refinements and adaptations to different setups can further enhance its utility.
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1 Introduction

Tribological systems containing polymers often offer signifi-
cant cost benefits especially for systems with low to medium 
loading. Furthermore, a significant reduction of the system 
weight as well as the omission of external lubricants can be 
achieved. In many cases polymer-metal systems are used. 
These tribological polymer-metal combinations are well 
researched [1–10]. Therefore, they have broad industrial 
applications.

Not only due to the new possibilities and increasing 
importance of additive manufacturing technologies, poly-
mer–polymer tribological systems gain increasing interest 
[8–13]. Even though tribological polymer–polymer systems 
are no novelty, less information is published on them so 
far. One of the reasons might be that analyzing tribological 
polymer–polymer combinations comes with some additional 
challenges compared to polymer-metal or polymer-ceramic 
systems. Previous publications by Schädel et al. [14] and 
Harden et al. [15] have pointed out that differentiating the 
amount of wear between the partners is up to now a major 
challenge, regardless of the test system.
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A mayor limitation that nearly all tribometers have in 
common is that usually the information about the wear vol-
ume is acquired via the indentation depth including wear of 
both partners (system wear). In combination with further 
assumptions, commonly the contact geometry, the wear vol-
ume of the system can be determined. For polymer-metal 
and polymer-ceramic combinations it can be assumed 
that the wear of the metal or ceramic part, respectively, is 
neglectable. Therefore, wear only occurs at the polymer. 
With these assumptions the wear volume can be calculated 
from the indentation depth.

When testing polymer–polymer combinations, both 
counterparts might experience significant wear to a differ-
ent extend. Therefore, the assumptions previously made for 
polymer-metal and polymer-ceramic combinations do not 
apply anymore. As a result, the indentation depth cannot be 
directly related to one partner. It rather needs to be distrib-
uted between both partners. Assuming that only one partner 
experiences wear, two limiting cases are possible. The lim-
iting cases of ball-prims geometries are shown in Fig. 1. It 
can be seen that the projected wear surface (Fig. 1a) is the 
same regardless which partner experiences wear. If only the 
prism exhibits wear, the wear volume (Fig. 1b) evolves as 
two spherical caps. In contrast, if the ball exhibits the com-
plete wear (Fig. 1c) the projected wear surface is circumfer-
entially removed from the ball.

For both cases, the wear volume can be calculated using 
the indentation depth and the geometry. Due to the dif-
ferent geometries and overlap ratios for the ball and the 
prism, the wear volume for both limiting cases strongly 
differs for the same indentation depth. An example of this 
described in a previous work [15] is shown in Fig. 2: The 
wear volume was calculated from the indentation depth 
under the assumption that only the ball experiences wear 
(blue curve) and for the case that only the prism is worn 
(red curve). For identification of the true wear scenario 
the specimens need to be inspected after the wear test. In 
many cases however, the assumption that only one partner 

experiences wear is not accurate. The true wear volume of 
the system usually lies somewhere in between the limiting 
cases.

One possibility to increase accuracy in such cases is to 
measure the worn specimens after the test by topographi-
cal techniques. This method however, is very time consum-
ing. Furthermore, it only shows the situation at the end of 
the test. An assumption that the percentual contributions of 
each partner stays constant throughout the whole experi-
ment seems rather improbable. Pausing the test in between to 
generate additional topographical measurements comes with 
further problems. Many systems act sensitive to a restart. 
Often a restart is accompanied with another running in phase 
[16]. So far there have been different approaches to optimize 
the data acquisition of tribological test stands in order to 
get more detailed information about the wear, the evolving 
contact geometries and material properties.

Fig. 1  Possible limiting cases of 
polymer–polymer combinations 
in ball-on-prism tribometer: a 
projected wear surface, b wear 
of prism only, c wear of ball 
only [15]

Fig. 2  Comparison of the limiting cases calculated form the indenta-
tion depth of a wear test on a ball from tribologically optimized gly-
col modified polyethyleneterephthalate vs. a prism from acylonitrile-
styrene-acylate-copolymer [15]
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Patent nr. CN101504357A [17] describes a tribometer 
similar to a pin-on-disk tribometer equipped with a surface 
topography instrument which is able to measure the topog-
raphy of the lower specimen (disc) with a contactor. Up to a 
rotational speed of the lower specimen of 30 rpm the topog-
raphy can be measured without stopping the test. Above 
30 rpm the rotation needs to be stopped and continued after 
the measurement. The challenges concerning evaluation 
of simultaneous wear occurring on both partners cannot 
be solved with this setup since only the lower specimen is 
measured. Furthermore, measuring the topography with a 
contactor introduces a second tribological contact between 
the lower specimen and the contactor. This will influence 
the tribological behavior of the tested material combination.

An improved version of the tribometer is patented under 
patent nr. CN102607977B [18]. Here, the topographical 
measurement is done in a contact free manner by digital 
image processing of microscopic images. Nevertheless, the 
inventors also acknowledge that only the lower specimen can 
be inspected in-situ. A graphical inspection of the counter 
partner can be achieved by disassembly. The inventors of 
CN102607977B come to the same conclusion as described 
before. Disassembling one specimen for topographical 
analysis is time consuming and greatly limits the accuracy 
of the wear test if the specimen is reinstalled and the test is 
continued.

There are also other techniques to determine physical 
material information beyond topographical information. 
Patent nr. US10258239B2 [19] for example describes a 
tribometer setup that includes a Raman spectroscope. This 
allows much more detailed material investigation of the wear 
mark. However, this setup has the same issue as the previ-
ous inventions: the information can only be obtained at one 
partner. The second partner needs to be disassembled if it 
should be inspected.

Further approaches exist going in similar directions 
like for example US10024776B2 [20]. Despite all these 
approaches, if one wants to investigate the time dependent 
wear behavior of combinations where both partners expe-
rience significant wear—like in most polymer–polymer 
combinations—the problem of assigning the wear volume 
to the correct partner remains unsolved. The reason for that 
is that a second information related to the wear volume is 

required. With current tribometers and their modifications 
usually only a single information related to the wear volume 
is measured.

2  Materials and Methods

During this work, a ball-on-prism tribometer was used. 
However, the method can be transferred to most common 
tribometers with at least one continuously moving specimen 
like for example pin-on-disc, ball-on-disc, block-on-ring or 
others with analog considerations.

2.1  Tribological Test Stand

A ball-o-prism tribometer VPS6 from Dr. Tillwich GmbH 
Werner Stehr was used. Figure 3 shows a sketch of one of 
the six test sites of the VPS6. The prism contains two plates 
installed in an ± 45° angle to the vertical axis. It is installed 
on a lever which presses the prism against a ball by means 
of a dead weight at the other end of the lever. The force is 
defined by this dead weight and the leverage ratio. The ball 
is mounted in a special adapter and is driven by a speed-
controlled motor. For digital data processing the test stand 
is equipped with inductive displacement transducers. They 
continuously measure the indentation depth over the whole 
experiment.

To be able to continuously differentiate the wear behav-
ior of a polymer–polymer tribological system the above 
mentioned VPS6 was modified. For this proof of concept 
only one test site was used. However, details about expand-
ing the modifications to the remaining five test sites will be 
addressed in Sect. 5.

As already described, the unmodified test stand measures 
the occurring wear via indentation depth. This information 
cannot be directly related to a single partner. In order to be 
able to differentiate the wear volume and assign it correctly 
to the partners, it is necessary to introduce a second meas-
ured information that can be directly related to the wear of 
a single partner. Furthermore, recording this measurement 
information should influence the tribological behavior as lit-
tle as possible. This can be realized by optical topographical 
measurements. Therefore, the measured wear mark must be 

Fig. 3  Test principle of the ball-
on-prism tribometer [15]
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accessible. Measurements cannot be done on surfaces that 
are permanently in contact. In the case of the VPS6, the 
prisms are in a continuous contact while the rotating ball 
only has a partial contact on its circumferential surface. For 
this reason, a topographical measurement of the ball has 
been performed.

To gather the required topological information of the ball, 
a laser profile scanner scanCONTROL 2900 10/BL—abbrv. 
LPS—from Micro-Epsilon Messtechnik GmbH & Co. KG 
was used. It allows a simultaneous measurement of the depth 
from 1280 points arranged in a straight line resulting in a 
profile information. The system has a resolution of 1 µm in 
depth ( l-direction) and a distance between the points ( H
-direction) of ca. 8 µm. Due to the design of the LPS, the dis-
tance between two measuring points might vary depending 
on the measured depth. Therefore, not only the l-direction is 
actively measured but also the H-position (zero position is in 
the center of the measuring field). Figure 4 shows the setup 
of the LPS installed on the tribometer in principle. The LPS 
is rigidly mounted on the VPS6. Since the wear mark on 
the ball will occur under 45°, the LPS is horizontally tilted 
by 30°. This enables to accurately measure nearly up to the 
tip of the ball. An alignment of the exiting beams with the 

rotational axis of the ball was performed. For this purpose, 
a calibrating cylinder with a known diameter was installed 
instead of the ball and measured with the LPS. The LPS was 
shifted accordingly until the LPS was properly adjusted. In 
this position, the axis of rotation from the VPS6 was derived 
as a parallel line with an offset of the calibrating cylinder 
radius. The adjustment of the LPS needs to be done only 
once. In order to be able to project the laser beams onto the 
surface of the ball, a triangular opening is cut into the lever 
of the VPS6.

During this stage of the development, the data acquisi-
tion from the inductive displacement transducers as well as 
LPS was done separately and combined in a second step 
due to compatibility issues which shall be solved in future. 
The displacement transducer was connected to a measur-
ing amplifier Spider8 from HBM (Hottinger Brüel & Kjaer 
GmbH) and the data were than recorded using the Software 
Catman Easy (Hottinger Brüel & Kjaer GmbH). After the 
test, the data set of indentation depth with according time 
stamp was exported as ASCII file. The data recording for 
the LPS was done using a LabVIEW Script supplied by 
Micro-Epsilon Messtechnik GmbH & Co. KG which was 
modified by the authors to suite the described application. 

Fig. 4  Schematic setup for 
measuring the balls wear in the 
VPS6
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To minimize data volume and the area for possible arte-
facts, the recorded profile data were cut on both ends of 
the measurement width ( H-direction) to the relevant portion 
for the wear test. In addition, functions for calibrating the 
rotational axis as well as defining the position of the prism 
relative to the ball were implemented. The measured values 
in H - and l-direction were saved to an ASCII-file. At the end 
of the test, the acquired data sets were used to calculate the 
wear volume and produce three-dimensional plots using a 
MATLAB scripts which can be found in the supplementary 
information.

To run friction and wear tests with this setup, no sig-
nificant changes for the VPS6 are needed compared to the 
usual procedures. To improve the accuracy of the LSP, the 
system was started at least one hour before setting up the 
wear test. It allows the system to reach thermal equilibrium 
in the active state. A ball made of the desired material was 
installed in the designated mount of the VPS6. The prism 
was equipped with small platelets of the desired counterpart 
and installed in the lever. Both specimens, ball and prism, 
were cleaned with a suitable cleaning agent—in our case 
pure ethanol. By using the live data of the LPS, in a next step 
the position of the tip of the ball was determined as the inter-
section of the calibrated rotational axis and the contour of 
the ball. Furthermore, offset between the tip of the ball and 
the intersection of rotational axis and theoretical prism sur-
face was determined. This is done by adapting the value until 
the line representing the prism is tangential to the plotted 
profile data. These values are later needed for the calculation 
of the wear volume. Afterwards the lever was installed in the 
VPS6 and the dead weight was put onto the lever resulting in 
normal force onto each plate of the prism of 21.21 N. Now 
the displacement transducers of the VPS6 are placed on the 
levers and adjusted to zero accordingly. After starting the 
rotation with 1 Hz rotational frequency, the data acquisition 
of the LPS and the inductive displacement transducers were 
started simultaneously. The data acquisition rate was 0.1 Hz 
over a test period of min. 24 h in standard atmosphere.

2.2  Materials and Validation Principle

For validation of this new measuring approach, different 
tribological combinations from a tribologically optimized 
glycol modified Polyethyleneterephthalate (PETG/PTFE), 
Polyamide 66 (PA66), Polylactic acid (PLA), Polyoxymeth-
ylene (POM), Acrylonitrile-styrene-acrylate (ASA), 100Cr6, 
and AlMg3, were used. The PETG/PTFE, PLA as well as the 
ASA specimens where produced via Fused Layer modeling, 
an additive manufacturing technique while the PA66 and 
the POM specimens where produced via injection molding.

Previous studies of polymer–polymer combinations like 
for example by Schädel et al. [14] and Harden et al. [15] 

have shown several difficulties evaluating these combi-
nations with post-wear measuring techniques, producing 
three-dimensional representations of the worn specimen. 
One issue is that the initial geometry of the specimen can-
not be directly measured and must be assumed in order to 
evaluate the wear volume. Since the specimens are not per-
fect spheres or plates and exhibit imperfections, deviations 
from the true wear volume occur. Furthermore, attempting 
to evaluate the wear of the ball using a post-wear measur-
ing technique requires precise determination of the ball's 
rotational axis or knowledge of the initial geometry in the 
exactly right position relative to the worn specimens. This 
task poses notable challenges with most post-wear measur-
ing techniques often necessitating the use of mathematical 
fitting techniques introducing significant inaccuracies.

Due to these deviations between post-wear measure-
ments and the newly developed measuring technique a 
comparison of the results does not provide strong evidence 
of validation not because of errors in the new measure-
ment technic but primarily due to inaccuracy of post-wear 
measurement methods. Therefore, a systematic approach 
for validation was chosen, comparing our newly devel-
oped measuring technique with the well-established con-
ventional technique always evaluating the same according 
indentation depth datasets.

The capability of measuring no wear at any partner 
needs to be proofed. Therefore, a ball form AlMg3 was 
installed in the test stand and measured over a period with-
out running against any counterpart to proof the wear-free 
scenario.

The scenario of a wearing prism was validated by run-
ning an AlMg3 ball against a prism form PETG/PTFE. 
Since this combination ensures that only the prism experi-
ences significant wear, a comparison was made between 
the results obtained from the newly developed measuring 
technique and the conventional technique.

A similar test is conducted to validate the scenario of 
a wearing ball. In this case, a ball from PA66 was tested 
against a prism form 100Cr6. This way it is certain that 
only the ball experiences significant wear. Again, a com-
parison of the results obtained with the new and the con-
ventional technique was done.

The proof of concept is established after success-
fully demonstrating the ability to correctly evaluate both 
extreme cases, as well as the wear-free scenario. Addi-
tionally, various combinations of simultaneously wearing 
counterparts where tested to gain a more comprehensive 
understanding of the potentials and challenges of the new 
measuring technique.

All tested combinations with their according wear sce-
nario are given in Table 1.
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3  Theory

3.1  Calculations of Wear Volume

The setup described in the previous chapter and shown in 
Fig. 4 allows the direct calculation of the wear volume of the 
ball. In combination with the information about the indentation 
depth, the wear volume of the prism can be calculated. The 

relevant dimensions and variables that are necessary for all 
calculations are given in Fig. 5.

The calculation is done incrementally. The shape of the ball 
at any time can be described by horizontal radii ri(t) at differ-
ent incremental heights hi(t) . hi(t) can be calculated using the 
measured data li(t) and Hi(t) from the LPS. Defining (1) and 
combining it with the geometrical relations shown in Fig. 5 
and given by (2) to (5), hi(t) can be described according to (6).

(1)Hi+1(t) < Hi(t)

(2)hi(t) = c(t) − d(t)

(3)c(t) =
Hi(t) − Hi+1(t)

cos 30◦

(4)d(t) = sin 30
◦ ∗

[

b(t) −
{

li+1(t) − li(t)
}]

(5)b(t) = tan 30
◦ ∗

{

Hi(t) − Hi+1(t)
}

Table 1  Material combinations

Nr Ball Prism Wear scenario

1 AlMg3 None Wear-free
2 AlMg3 PETG/PTFE Wear of prism
3 PA66 100Cr6 Wear of ball
4 PETG/PTFE PLA Wear of both partners
5 POM POM Wear of both partners
6 ASA ASA Wear of both partners

Fig. 5  Sketch of relevant dimensions and variables for calculation of wear volume
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Due to the initial calibration of the rotational axis and the 
known distance to the tip of the ball L , the theoretical distance 
to the rotational axis Li(t) at every Hi(t) is known (7). With 
the measured data li(t) at every Hi(t) , Ri(t) can be calculated 
(8). Considering the tilted angle of the LPS (9) leads to the 
formulation of ri(t) (10).

The volume of the ball Vk(t)—within the measured area—
can be approximated as shown in Formula (11). This is done 
by adding truncated cones with height hi(t) (6) and different 
radii ri(t) (10). The wear volume of the ball ΔVk(t) can be than 
calculated according to Formula (12).

To be able to determine the wear volume of both plates of 
the prism ΔVP(t) , first the distance between the axis of rota-
tion and the and the unworn surface of the prism riP(t) at every 
hi(t) needs to be determined. First, r

0P(t) at the tip of the ball 
is determined. Due to the occurring wear and the angle of the 
prism, r

0P(t) is dependent on the indentation depth z(t) meas-
ured by the inductive displacement transducer. With the geo-
metrical relations, the distance between the tip of the ball and 
the intersection of rotational axis and theoretical prism surface 
T at the beginning of the test r

0P(t) can be calculated according 
to Formula (13). Any other riP(t) can be than calculated using 
r
0P(t) and hi(t) as shown in Formula (14). Inserting Formula 

(13) into Formula (14) leads to Formula (15).

(6)hi(t) =

√

3

2

�

Hi(t) − Hi+1(t)
�

+
1

2

�

li+1(t) − li(t)
�

(7)Li(t) = L + tan 30
◦ ∗

[

Hi=0 − Hi(t)
]

(8)Ri(t) = Li(t) − li(t)

(9)ri(t) = Ri(t) ∗ cos 30
◦

(10)ri(t) =

√

3

2

�

L +

√

3

3
∗
�

Hi=0 − Hi(t)
�

− li(t)

�

(11)Vk(t) =
�

3

∑

i

hi(t) ∗
[

ri(t)
2 + ri(t) ∗ ri+1(t) + ri+1(t)

2
]

(12)ΔVk(t) = Vk(t = 0) − Vk(t)

(13)r
0P(t) = T − z(t)

(14)riP(t) = r
0P(t) +

n
∑

i=0

hi(t)

(15)riP(t) = T − z(t) +

n
∑

i=0

hi(t)

With this information the horizontal indentation into 
the prims ei(t) can be calculated by Formula (16). For all 
ei(t) > 0 ei(t) can be used to calculate the area of horizontal 
indentation into the prim AiP(t) at every hi(t) (17). The wear 
volume of both prisms ΔVP(t) can be calculated adding cyl-
inder segments (18).

3.2   3D‑Plot

Besides the calculation of the wear volume, the profile infor-
mation can be used to obtain a three-dimensional plot if 
a sufficient number of profiles per revolution is recorded. 
Therefore, the measured information of the profiles can be 
transferred into coordinates. Analog to Formula (10), the 
radial coordinates ri(p) can be calculated. In addition, the 
vertical coordinates starting from the tip of the ball Zi(p) 
can be calculated according to (19). With the rotational fre-
quency of the specimen fspec and the data acquisition rate 
fdata the circumferential coordinate �(p) can be calculated 
(20). This circumferential coordinate can either be directly 
used for plotting or transferred in combination with the 
radial coordinates ri(p) into X- and Y-coordinates. After-
wards the single data points can be triangulated to plot a 
surface mesh.

4  Results and Discussion

To get a better understanding of the evaluated wear data, two 
profiles at different times measured by the LPS are shown 
in Fig. 6. A freely rotating ball of AlMg3 was used so that 
no ball wear can occur. The data is plotted in the orientation 
of the LPS system. The initially calibrated rotational axis 
as well as the adjusted theoretical surface of the prim is 

(16)ei(t) = ri(t) − riP(t)

(17)
A
iP
(t) =

{

r
i
(t)
}2

∗ arccos

{

1 −
e
i
(t)

r
i
(t)

}

−
{

r
i
(t)

−e
i
(t)
}

∗

√

2 ∗ r
i
(t) ∗ e

i
(t) −

{

e
i
(t)
}2

(18)ΔVP(t) = 2 ∗
∑

i

hi(t) ∗ AiP(t)

(19)Zi(p) =

√

3

2
∗
�

Hi=0 − Hi

�

(20)�(p) = p ∗ 2 ∗ � ∗
fspec

fdata
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plotted. The rotational axis is tilted by 30° due to the 30° tilt 
angle of the LPS and the surface of the prism by 45° to the 
rotational axis. The two plotted data sets were deliberately 
chosen since they represent profiles with an approximately 
maximal observed deviation. This deviation—better visible 
in the scale up in the top right corner—can be explained by 
a small radial runout of the sample and the sample holder. 
Considering an ideally constant rotational speed of the ball 
being an integer multiple of the data acquisition rate the 
radial runout should not strongly influence the evaluation 
since the profile is always measured at the same position. 
This would lead to a constant offset of true to calculated 
wear volume. Since in the current setup of the VPS the 
rotational speed of the ball slightly differs from its target 
value, the profile is measured in slightly different positions. 
This leads to a scatter of the evaluated volume of the ball 
around a certain value with a certain amplitude. There are 
some possible measures to solve this issue. One possibility 
could be to reduce the diameter of the ball. This would not 
completely eliminate the scatter but strongly reduce it since 
the horizontal radii of the ball ri(t) contribute in square to 
the volume of the ball and prism (refer Formula (11), (17) 
and (18)). Form Formula (11) another possibility to reduce 
scattering can be derived. Reducing the recorded width ( H
-direction) in total leads to less hi and therefore to a smaller 
Vk as well as a smaller scatter around it. However, this pos-
sibility is limited since the recorded width needs to be suf-
ficiently high to record the complete area of wear. Another 
option is to improve the accuracy of the rotational speed of 
the ball so that it is a precise integer multiple of the data 
acquisition rate. This can be for example achieved by install-
ing an encoded stepper motor as drive for the VPS6. A setup 

like this would also allow to use the encoder of the stepper 
motor as a triggering device to trigger the data acquisition at 
a certain rotational position. Furthermore, controlled varia-
tion of rotational speeds during the test period can easily be 
achieved with this modification. A third simpler option is to 
install a triggering device at the test site which then triggers 
the data acquisition at a certain position of the ball.

In Fig. 7 the evaluated data from the first tested set can 
be found. As previously described, an AlMg3 ball was 
measured for 24 h without being in contact with a prism. 
The measurements deliver plausible results. As described 
in the previous paragraph slightly varying rotational speed 
in combination with the radial runout of the ball, leads to 
a scatter of the evaluated wear volume of the ball around a 
certain value with a certain amplitude. In this case approxi-
mately -2.5  mm3 for both values. However, no increasing 
or decreasing trend can be found. The offset of the average 
value from zero can be explained by a radial runout. If for 
example the initial profile from which Vk(t = 0) is calculated 
is not the average case but one of the extreme cases, the 
average value of ΔVk(t) will be shifted by half the amplitude 
of the scattering (refer Formula (12)). These observations 
provide the general ability to measure the ball with the LPS 
system in-situ. Nevertheless, compared to sliding combina-
tions with a rather small wear volume of the ball like for 
example in the range of 2  mm3 over 100 h [15] the signal 
to noise ratio in the current setup is too high to produce 
accurate results.

Looking at the calculated wear volume of the prism, a 
slight offset of approximately 0.025  mm3 of the mean value 
can be found as well as a certain scatter around this value. 
Similar to the wear volume of the ball, the scatter can be 
explained by the radial runout of the ball. As described in 

Fig. 6  Profile data from the LPS of an AlMg3 ball (no wear) at differ-
ent times and calibrated rotational axis

Fig. 7  Evaluated theoretical ‘wear volume’ of a AlMg3 ball with no 
counter partner, data obtained with LPS and displacement transducer
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the previous chapter for the calculation of the wear volume 
of the prism the shape of the worn ball is considered by 
determining the horizontal indentation into the prism ei(t) . 
To be able to do this, the shape of the ball and therefore the 
incremental horizontal radii of the ball ri(t) need to be con-
sidered (Formula (16)). Therefore, the radial runout of the 
ball also causes a scatter of the wear volume of the prism. 
Furthermore, the radial runout causes small imperfections 
during the determination of T  . This again explains the small 
offset value of the wear volume of the prism. This however, 
leads to small offset of riP(t) causing an offset of ei(t) and 
therefore the apparent wear volume of the prism (refer For-
mula (15) and (16)).

Figure 8 shows results from the second combination for 
validation (Table 1). With this combination, only the prism 
experiences wear. As in the previous tests, the same scat-
ter of the wear volume of the ball as well as no significant 
increase over the test duration can be observed. In contrast to 
the previous case, the measurement was started more or less 
at the other extreme of the radial runout leading the average 
wear volume to be in the negative area. This however could 
be easily corrected by introducing an offset value shifting 
the average value towards the zero line. Looking at the wear 
volume of the prism calculated with the LPS data, a con-
stantly increasing wear volume can be found. Comparing 
it to the data calculated only from the displacement trans-
ducer assuming that only the prism is worn, a similar curve 
propagation can be found. The wear volume calculated with 
the LPS data however is shifted to slightly higher values. 
This can be explained by small inaccuracies during adjust-
ment of the initial position of the prism and the resulting 
value for T  . It also explains why the values derived with the 
LPS data do not start at zero wear volume. Furthermore, the 

data obtained with the LPS system considers the true profile 
with which the prism is worn, rather than an idealized ball 
geometry during the evaluation of the intention depth only. 
In addition, the thermal expansion caused by the frictional 
heat is now measured differently. During the test the ball and 
the prism will heat up to different extend due to the different 
contact ratio, volume and in case of different materials heat 
conductivity and heat capacity. When using only the data of 
the displacement transducer the thermal expansion of both 
partners will be consolidated as one and evaluated with the 
according calculation for the wear scenario. In contrast to 
that, the use of the LPS system leads to a separation of the 
thermal expansion of ball and prism, since the shape of the 
bass is directly measured. Yet another difference is that with 
the LPS system the elastic deformation of the ball directly 
during contact is not measured and therefore not included 
in the wear volume.

The results of the third case—PA66 ball sliding in 100Cr6 
prism, no prism wear is expected—are shown in Fig. 9. As 
expected, the wear volume of the prism evaluated from the 
LPS data is more or less constant in the range of 0.2  mm3 
very close to the zero line. On the other hand, the wear vol-
ume of the ball evaluated from the LPS is constantly increas-
ing. Comparing it to the data calculated only from the dis-
placement transducer assuming that only the ball wears, a 
similar curve propagation can be found. Similar to the pre-
vious results, the reason for the small deviation in between 
them lies in the fact that the LPS system measures the actual 
geometry. In contrast to that, the data calculated only from 
the displacement transducer calculates with an idealized 
spherical geometry. Despite these small differences, the 
measurement with the LPS system delivers plausible results.

Fig. 8  Evaluated wear volume of an AlMg3 ball against PETG/PTFE 
prism (case: only prism is worn), data obtained with LPS and dis-
placement transducer

Fig. 9  Evaluated wear volume of a PA66 ball against 100Cr6 prism 
(no wear of prism expected), data obtained with LPS and displace-
ment transducer
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In Fig. 10, the result from the fourth material combina-
tion—PETG/PTFE ball sliding against a PLA prism—is 
shown. As we can see from the data, the wear occurs on 
the prism rather than on the ball. Overall a wear volume of 
round about 1  mm3 over 60 h was observed at the prism.

Figure 11 shows 3D-images that were measured in-situ at 
different times of the previously described test. Each image 
is sampled from 100 profiles obtained during one revolution 

of the ball. Depending on the data acquisition frequency and 
the rotational speed—in this case 100 Hz and 1 Hz resulting 
in an angular resolution of 3.6°—relatively precise three-
dimensional representations of the rotating specimen can be 
done. The use of similar LPS systems with data acquisition 
frequencies of up to 2000 Hz would allow to significantly 
increase rotational speed while still increasing angular reso-
lution. Due to the orientation of the laser, the very tip of the 
ball cannot be properly measured and therefore is cut off. 
The images give a very detailed visual information of the 
evolving surface throughout the complete measurement as 
for example, roughening or smoothening effects. In a further 
step such three-dimensional representations can also be used 
to more accurately calculate the wear volume. However, this 
would drastically increase the amount of stored raw-data.

The stair case effect (0.1 mm height) of the printed speci-
men is clearly visible. Due to the layer-wise build-up of the 
specimen during printing, with increasing curvature towards 
the tip of the ball the staircase effect becomes more pro-
nounced. Comparing the section before and during the wear 
test, we can see that a small area where the surface structure 
is slightly changed and the staircase effect is not visible any-
more. This only very slight wear scar is in accordance with 
the previous results. During this test the ball shows no sig-
nificant wear while the prism experiences most of the wear.

In contrast to the previous combination the fifth com-
bination—POM ball against POM prism—shows wear on 
both partners. It is a good example why the presented new 

Fig. 10  Evaluated wear volume of a PETG/PTFE ball against PLA 
prism, data obtained with LPS and displacement transducer

Fig. 11  3D-images of a ball 
from PETG/PTFE running 
against PLA, 100 profiles per 
revolution
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measuring technique can be useful. The results are plotted 
in Fig. 12. While its very clear that the wear volume of the 
prism constantly increases up to a value of approximately 
2.5  mm3 after 24 h, the wear volume of the ball has a rather 
strong scatter. However, an increasing tendency for the wear 
volume can be observed. Looking at the 3D-image of the 
POM ball after 6h37min (Fig. 13) we can clearly see the 

wear scar on the ball. Furthermore, debris starting to accu-
mulate on the ball can be found.

Despite the successfully proven concept, there are some 
challenges. The sixth combination—ASA ball against ASA 
Prism—is a good example. Figure 14 gives 3D-represena-
tions of the ASA ball before and during the wear test. The 
accumulation of debris around the wear scar is clearly vis-
ible. The ASA ball was removed from the test stand after 
completing the test. Even though some of the debris fell off 
during removal from the test stand, the photograph clearly 
shows the rings of debris. Comparing the profile before and 
during wear test at the marked position—refer Fig. 15—the 
accumulation of debris can be even seen better. Especially, 
in the magnification a clear border between the ball surface 
and the accumulated debris is clearly visible. Despite being 
able to generate 3D-images of the ball, in case of significant 
accumulations of debris around the wear mark on the ball, 
the calculation of the wear volume become rather challeng-
ing. The debris leads to an artificial increase in volume of 
the ball adulterating the wear volume of the ball and there-
fore also of the prism and the whole tribological system.

The same issue might occur if combinations are tested 
with certain opaque external lubricants, like PTFE or graph-
ite. A first approach for a solution to this problem could be 
introducing a fit curve. The data points above and below the 
wear scar that are not adulterated by the debris can be used 
to create a ball fit. At every point where the radius meas-
ured by the LPS system is greater than its corresponding 

Fig. 12  Evaluated wear volume of a POM ball against POM prism, 
data obtained with LPS and displacement transducer

Fig. 13  3D-image of a ball from 
POM running against POM 
after 06:37, 100 profiles per 
revolution
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fitted value, it is replaced by the fitted value. This allows to 
subtract most of the accumulating debris. Nevertheless, the 
true profile of the ball cannot be measured resulting in some 
remaining inaccuracies.

Another challenge that arises is with wet lubricated 
combinations. Due to the opening in the prism required for 
profile measurement the lubricant will escape the system 
depending on its viscosity. Therefore, the system conditions 
will change over time which is unpreferable.

5  Conclusion

The results have proven the concept of in-situ differentiation 
of two simultaneously wearing counterparts, if at least one 
partner has an accessible area of the wear mark. However, 
for the described setup with a ball-on-prism tribometer there 
are challenges still to overcome. So far, in case of wear of 
the ball the technique does only deliver useful results for 
tribological combinations with rather large wear. The main 
reasons for this are the radial runout of the ball as well as the 
slightly varying rotational speed of the ball. However, both 
of these issues can be overcome by improving the VPS6 or 
adapting the measuring technique to another more precise 
tribological test stand.

The transferability of this method to other test stands is 
another great opportunity of the presented measuring tech-
nique. The classical pin-on-disc tribometer might be a very 
promising example. Similar to CN101504357A [17], the 
wear mark of the disc can be measured with the same LPS 

Fig. 14  3D-image of a ball from 
ASA running against ASA after 
23h19min, 100 profiles per 
revolution. Photograph shows 
the worn ball with remaining 
parts of the debris ring after 
disassembly from the test stand

Fig. 15  Profile data from the 3D-image of an ASA ball running 
against an ASA prism before wear test and after 23h19min showing 
the accumulation of debris
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system, the indentation depth can be measured at the pin 
using displacement transducers.

Considering all the aspects, the described method offers 
new possibilities for evaluation of the wear behavior, espe-
cially for simultaneously wearing counterparts. Neverthe-
less, like all other tribological test method this is not an 
all-in-one solution. Especially testing in media as well as 
excessive amounts of debris that can accumulate in the 
measuring field of the LPS are major challenges. In addition, 
there is still room for improvement especially in software 
programming. For example, implementing a trigger signal 
for the profile measurement would allow to measure the ball 
always at the same spot.
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