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Abstract  

The article deals with tribological evaluation of surface properties and their changes in biodegradable material 

PLA (polylactic acid). On samples prepared using 3D FFF printing technology, with uneven filling density, 

printed on the Prusa printer. The surface texture of the samples was evaluated in terms of microgeometry, 

which was created by the process of 3D printing. The TalySurf CLI1000 was used to evaluate the texture. The 

surface texture was measured with an inductive touch sensor. Subsequently, the samples surfaces were 

cyclically stressed with a defined load always on the same path. Cyclic surface loading was performed and 

measured by a UMT Bruker tribometer. During the cyclic reciprocating motion, the tribological properties of the 

surface, especially the coefficient of friction, were studied. The values of applied loads were constant. Traces 

obtained during tribological testing were documented on an Olympus DSX 100 optical microscope. Trace 

parameters were verified by profilometric analysis on a TalySurf CLI1000. The values obtained, in particular 

the track widths, can be used to determine the wear coefficient.  
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1. INTRODUCTION 

At present, additive technologies are increasingly used for the production of machine parts. These technologies 

allow the production of components with or without the use of conventional technologies, i.e. like a post 

processing. One of the intended additive technologies is the technology of component production using 3D 

printing. This technology has a wide application of the use of machine parts, e.g. in safety areas. This 

technology is very variable. Both in terms of materials and in terms of the final shape or dimensions of the 

finished parts - see [1-5]. In the environment of the defense industry or military technologies [6,7], these 

technologies find their significant application, as stated, for example, by the authors Kim, Ahn [8] within NATO 

armies, or Yang, et al. [9]. 

However, it is necessary to know the machine part made by 3D printing technology before using it. Know its 

limits, i.e. the limits beyond which it is no longer possible to go in terms of the safety of the whole structure. 

These boundaries can be both strength and structural. These can be the limits of the resistance of the material, 

its surface, temperature resistance, etc.  

This article deals with selected parameters, which then together describe the resistance of the selected PLA 

material. The PLA material is a biodegradable material, it is polylactic acid. For the needs of the experiment, 

samples were printed at the workplace of the Department of Mechanical Engineering of the University of 

Defense. FFF technology was used to print the samples on a 3D printer from the Prusacompany. The PLA 

material was chosen for its possible applications in the defense and security industry or in military technology. 

After printing the samples, the surface texture was evaluated. The evaluation was performed with respect to 

microgeometry, which is characteristic of surfaces created by the 3D printing process. Surface texture 

evaluation was performed with a TalySurf CLI1000. After documentation of the surface, cyclic loading with a 

Bruker UMT-3 tribometer performed tribological experiments. The Ball on Flat method performed testing.  
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The tests of tribological properties make it possible to investigate changes in a number of quantities and 

parameters in the tribological system. The tribological system includes an indentor fitted with a ball or tip and 

an examined surface, i.e. a sample. The system also includes an environment with a defined temperature and 

humidity and, last but not least, a machine - a tribometer, which controls the entire system. From the point of 

view of objective comparison of measurement results, the implementation of tribological tests should be 

performed in laboratory conditions. From the point of view of evaluation of tribological properties, friction 

processes were studied.  

In general, it can be stated for the coefficient of friction that its value is influenced by the condition of the sample 

surface, its roughness and the condition of the indenter surface. When overcoming the roughness, the load in 

the contact surface of the sample and the indenter changes. On the value of the coefficient of friction also 

affects the measuring time, temperature, distance that must be overcome indenter and other influences. For 

these reasons, it is appropriate to measure in laboratory conditions, where a number of parameters can be 

set, controlled, checked and the results of different measurements can then be compared with each other.  

For the PLA material, a decrease in mechanical properties depending on increasing temperature is known and 

published [10]. This decrease in mechanical properties is probably associated with a local increase in 

temperature at the point of contact between the pin and the sample area. In order to obtain valid information 

on the dependence of temperature on the surface resistance of the sample, the temperature was measured in 

real time during the experiment. The FLIR T610 thermal camera was used to measure the temperature. 

2. MATERIAL AND SAMPLE PREPARATION 

The experimental material chosen for measuring the coefficient of friction was a 3D printed PLA polymer using 

FFF printing technology by a Prusa printer. It is a Czech 3D printer manufactured by Prusa Research. Among 

other things, this printer allows to set different levels of filling of internal structures [11, 12]. The samples were 

printed in the form of blocks (30 x 30) mm and 6 mm thick. 70% of internal filling was used for the measured 

blocks, surface 100% of filling. We use 70% of the inner filling as a standard for mutual comparison [13]. The 

amount of filling can of course be changed. 

The PLA is the most commonly used filament. It is easy to print from PLA material, has a low cost, is 

biodegradable and has good strength and durability. It has low thermal expansion, so it is also suitable for 

static structures. It has a low melting point, 175 °C. It is also possible to print detailed structures. It was proven 

to use a nozzle temperature of 210 °C during printing. Due to uniform cooling and reduction of deformation 

problems, it is advisable to use a heated pad with a temperature of 50 °C. Disadvantages include low 

resistance to external influences. It loses its thermal mechanical resistance even at 55 °C. Due to its low UV 

resistance, it is unsuitable for outdoor use. Wet grinding to prevent melting due to friction and subsequent 

deformation of the surfaces usually performs the surface treatment of the material after printing.  

Table 1 Properties of PTFE balls during the experiment 

Quantity Standard Value Unit 

Density ISO 1183 2180 kg⋅m-3 

Tensile strength DIN EN ISO 527-1 22-25 N⋅mm-2 

Ductility DIN EN ISO 527-1 >220 % 

Shore hardness ASTM D 2240 55-59 (D) 

Melting point DIN 53736 327 °C 

The counterpart for the Ball on Flat friction test was a ball made of PTFE with 6.35 mm diameter. The material 

with the trade name Teflon is known for its sliding properties and has a wide application beyond the machine 

area. This material is stable in the temperature range from -170 to 260 °C. A PTFE balls are chemically stable 
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and can be used in extreme conditions. They are often used in bearings and check valves, or as electrical 

insulators. Table 1 lists its selected properties. 

Samples obtained by 3D printing technology were evaluated for surface microgeometry on a TalySurf CLI1000 

device. The surface texture was measured with an inductive touch sensor [14]. The measurement took place 

on an area of (2 x 2) mm. A 3D model of the surface of the test specimen - see Figure 1.  

 

Figure 1 3D model of the sample surface made of PLA material 

By measuring the surface of the inductive touch sensor it has been found that the path of the print material is 

periodically repeated with a step of about 0.4 mm. The average surface roughness of the surface was 

Sa = 3.81 μm. The maximum amplitude of the range of the measured area was 32.1 μm. 

3. EXPERIMENT 

The experiment was based on the Ball on Flat test on a UMT Bruker tribometer. The aim was to measure the 

coefficient of friction (COF). A defined load on a constant distance of 10 mm cyclically stressed the surface of 

the samples. The duration of the tests was constant 120 seconds. During the cyclic reciprocating motion, the 

tribological properties of the surface, primarily COF, and further visible surface changes were studied.  

Secondarily it has been documented thermal stress of the specimen surface by thermal camera FLIR T610 -

see Figure 2. The thermal camera FLIR T640 records the temperature measurement of the sample surface 

[15]. Increased heat fundamentally affects the resulting wear, especially for PLA-type material, which is one of 

the 3D printable materials most susceptible to temperature-dependent softening. The values of applied loads 

(Normal forces) were 7 N, 20 N, 40 N, 60 N and 100 N. The frequency was constant, 5 Hz in all tests. Traces 

obtained during tribological testing were documented and measured on an Olympus DSX 100 optical 

microscope.  

A PTFE ball was used as a pin for the friction pair sample. The reason was the expected suitable sliding 

properties and the expected low coefficient of friction between the PLA material and the ball made of PTFE.  

The aim of the experiment was to determine the real values of friction between the two materials. Friction, as 

a tribological process, can be characterized as the loss of mechanical energy during the relative movement of 

two surfaces that are in contact. During friction, a number of changes occur, in particular the mechanical energy 

changes into thermal energy, subsequently the tribological characteristics of the functional surfaces 

deteriorate. The result is the wear. The basic parameter of the contact pair property is the COF [16]. This COF, 

denoted µ, is a dimensionless quantity and expresses the ratio between the friction force Ft and the normal 

force FN. The normal force is applied directly to the surface of the sample.  
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𝜇 =
𝐹𝑡

𝐹𝑁
             (1)  

According to the method of mutual movement of the functional surfaces, the coefficient of friction can be divided 

into the coefficient of sliding or shear friction and the coefficient of rolling friction. It is necessary to realize the 

fact that the friction force is negatively oriented towards the movement and its absolute value is less than the 

force necessary to set the body in motion.  

The Ball on Flat method is utilized to measure the coefficient of friction [17,18]. The principle of measurement 

with the Ball on Flat method is to push the indenter, the ball into the test specimen by force. This force can be 

constant, increasing linearly [19], or it can vary according to the requirements of the experiment [20]. For the 

purposes of the experiment, a constant force was chosen. The test specimen moved in a straight line during 

the experiment. The test was performed dry, as we usually use in the case of steels [21,22]. 

  

Figure 2a Experimental design, UMT Bruker 

tribometer and thermal camera FLIR T610 on a 

tripod 

Figure 2b Example of measuring heat at the point 

of friction during the experiment, normal force 20 N 

4. RESULTS AND DISCUSSION 

The data obtained during the experimental work were used to evaluate the COF and compare them. In addition 

to COF values, attention was also focused on the surface condition of the PLA material sample. On the other 

hand, attention was focused on the condition of the balls and surfaces, which were ground during the test. The 

surface condition of the samples and balls was documented on an Olympus DSX 100 optical microscope. The 

sample material showed small signs of damage. An example of wear, at a relatively high load of 60 N of normal 

force, is shown in Figure 3. Only at a load of 100 N (normal force) was the wear of the surface more significantly 

observable.  

 

Figure 3 Example of a trace on a PLA sample, PTFE ball, normal force 60 N 

On the other hand, the canopy of the ball was ground at all applied loads during the experiments performed. 

The wear of the PTFE ball is documented in the matrix of figures, Figures 4 a) to e). The degree of wear of 

the individual balls is shown in Table 2. This value of wear increases in proportion to the increasing load of 
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normal force applied to the indenter with the ball. The increase in wear is nearly linear with the value of reliability 

R2 = 0.9662 as shown the graph in Figure 5. 

Table 2 The resulting parameters of tribological tests 

Normal force (N) 7 20 40 60 100 

Wear diameter of the balls (mm) 1.14 1.57 2.07 2.39 2.95 

Coefficient of friction (COF) µ 0.0816 ± 
0.01212 

0.0659 ± 
0.00555 

0.0451 ± 
0.00649 

0.0346 ± 
0.00613 

0.0267 ± 
0.00545 

By measuring COF by the Ball on Flat method, the results with standard deviations shown in Table 2 were 

obtained. These are only the mean values from the measurement time of 120 s. The change in COF and its 

alignment after approximately 20 s of test is evident from the graph in Figure 5. For a friction pair of a sample 

made of PLA and PTFE indenter in the shape of a ball with a diameter of 6.35 mm, a decrease in COF value 

as a function of load (normal) force is evident. At a load of 7 N after approximately 100 s of test, an unexpected 

gradient change in COF occurred. 

     
a) FN = 7 N b) FN =  20 N c) FN = 40 N d) FN =60 N e) FN =100 N 

Figure 4 Wear of PTFE balls at specified normal forces 

The temperature did not exceed 55 °C during the test. Thus, the surface of the PLA sample did not melt. The 

decrease of COF values depending on the magnitude of the normal force has an exponential course with the 

reliability value R2 = 0.9453 as the graph in Figure 5 shows.   

 

Figure 5 Comparison of dependencies Wear diameter of the balls and COF 
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Figure 6 Comparison of COF dependences during the experiment 

5. CONCLUSION 

The article evaluated the PLA material, from which experimental samples were made for the tribological test. 

The test method was Ball on Flat. A 6.35 mm diameter PTFE ball was used in the indenter. During the test, 

tribological characteristics were measured and subsequently evaluated. The output was a graph of coefficients 

of friction versus time. A thermal camera monitored the place of contact of the two experimental subjects, i.e. 

the sample and the ball. The principle of the measurement was to check the maximum temperature reached. 

PLA material changes mechanical properties when the temperature reaches 55-60 °C.  

The measurement of the coefficient of friction took place at levels of normal load (7, 20, 40, 60 and 100) N. 

The test time was constant 120 s. Reciprocal movement of the sample took place on a path of 10 mm with a 

frequency of 5 Hz.  

From a tribological point of view, the friction pair PLA and PTFE is also advantageous with regard to high loads 

reaching 100 N. At this value of the normal load, the coefficient of friction reached the lowest values. There 

was no heating of the material, which would be at the limit or exceed the limit of the applicability of the PLA 

material in technical practice. 

Another output of tribological tests was to determine the dependence of ball wear. The dependence of the 

wear area on the increasing load was almost linear with a reliability value of R2 = 0.9662. On the other hand, 

the dependence of the values of the coefficient of friction on the magnitude of the normal force had an 

exponential course with the reliability value R2 = 0.9453.  

The obtained values of the coefficient of friction, the temperature generated during mutual contact or 

subsequently also measuring in particular the width of the tracks or the extracted material of the sample are 

further usable both for determining the wear coefficient on the one hand or comparing combinations of friction 

materials on the other hand. The reason is the effort to achieve low wear, while maintaining the required 

properties of the materials used in technical practice. The calculation of the wear coefficient from the wear 

values of the tracks after the Ball on Flat test can be a further continuation of the experimental investigation of 

the material used in 3D printing. 
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