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Abstract
This paper investigates the tribological and related properties of naturally modified beech wood (Fagus sylvatica). The modi-
fications were performed on steamed beech wood using a variety of treatments consisting of drying, heating in an aqueous 
solution, impregnation with liquefied animal glue as well as beeswax followed by compression and various combinations 
thereof. Results indicate that an impregnation in liquefied animal glue followed by mechanical compression to 62% of the 
original volume leads to an increase in hardness of more than 160% as compared to steamed beech wood alone. The frictional 
properties of this natural polymer were further examined by sliding the wood samples against 100Cr6 (DIN 1.3505) steel 
spheres. Beeswax-impregnated and compressed samples showed a reduction in friction of 90% compared to steamed beech 
wood, with values in the regime of PTFE, over a sliding distance of 10 km with a normal load of 10 N and sliding speed of 
0.1 m/s. Unlike PTFE, the low friction was also accompanied by a low specific wear rate of around 3.9 × 10−7 mm3/N m. This 
study demonstrates the enormous potential of modified woods as an all-natural, non-toxic, renewable, and biodegradable 
material to replace synthetic polymers in technical applications with practically no environmental loading.

Keywords Modified wood · Low friction · Low wear · Synthetic polymer substitute · Green tribology

1 Introduction

Tribological materials using synthetic polymers such as 
polytetrafluoroethylene (PTFE) as well as their composites 
exhibit low friction against various materials, but are char-
acterized by a relatively low wear resistance compared to 
harder materials, such as ceramics [1] or hard coatings [2]. 
Also, a large number of micro wear particles are formed 
in these synthetic polymers [3], which are subsequently 
released into the environment. Moreover, substances used for 
the synthesis of polymers can be harmful to human health 
and the environment [4]. One way to prevent the release of 
such micro-polymer particles is to use tribological materials 
that consist of purely natural, renewable, and biodegradable 
materials. An ideal candidate is wood.

Wood has been used for centuries in the construction of 
buildings and bridges, furniture, floor covering, musical 
instruments, and in the transportation industry, including 

the construction of aircraft [5]. Investigations have been 
undertaken by the automotive industry to use wood-metal 
composite material in the bodywork sector [6]. Wood has 
even found its way in bearings in the form of hydro tur-
bine bearing made from oil-impregnated maple wood [7]. 
In its native form, wood is an inhomogeneous, porous, and 
anisotropic material consisting of vessels, libriform fibers, 
and parenchymal cells [8]. Neglecting the pores, their con-
tents, and accompanying substances, wood consists for the 
most part of three components: cellulose, hemicellulose, and 
lignin [8]. Cellulose and its compounds form the backbone 
that is mechanically responsible for the tensile strength [8]. 
The hemicellulose ensures the connection of cellulose and 
lignin [9]. An increase in lignin causes an increase in com-
pressive strength [8]. Schwab [10] determined that a linear 
relationship exists between density and hardness of hard-
woods. Many other wood properties are directly related to 
density [11]. Wood is strongly influenced by parameters such 
as humidity and temperature. For example, hardness and 
strength are significantly reduced with increasing humidity 
and/or increasing temperature [12, 13].

Besides using native wood, derivatives of wood such as 
particleboards are also quite popular and form a field of 
study of their own [14]. Another alternative to using native 
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wood is to modify wood by different techniques. Scholz 
et al. [15] were able to increase the Birnell hardness of 
thermally modified wood impregnated with wax. Strength-
enhancing properties were achieved by cold-rolling process 
[16]. However, according to Ref. [11], compressed materials 
are susceptible to swelling with increasing humidity. Song 
et al. [17] showed that hydrophobization could be achieved 
by delignification and subsequent compression. This treat-
ment resulted in an increase in strength and hardness. Other 
studies based on delignification and subsequent densifica-
tion have been applied for ultrathin membranes for acoustic 
speakers [18] as well as for fire retardant wood materials 
[19]. In an alternative process, Frey et al. [20] used vacuum-
assisted filling with epoxy prior to compression. An addi-
tional hydrophobization and increase in the bending strength 
were the main objectives of this study.

The impregnation of wood can also impact its tribological 
properties. In an early study, Vorreiter [21] examined self-
lubricating machine bearings that were impregnated with 
oil. However, in water, this resulted in a high loss of oil due 
to a strong capillary effect and the higher binding capacity 
of water compared to the used oils. In another investigation, 
Sathre and Gorman [22] filled maple and lime tree woods 
with oils, waxes, as well as fats and varied the speed and 
load in wear tests conducted against steel. In that study, high 
load and low speed resulted in the highest wear of the wood-
steel collective. An additional enrichment with graphite did 
not affect the wear behavior. However, samples with an 
increased density showed a decreasing wear rate. Accord-
ing to [23], increased wear resistance was demonstrated by 
the impregnation of Falcataria moluccana wood with hexa-
methylene diisocyanate. Kim et al. [24] filled woods of the 
genus Paulownia with engine oil SAE30, PEG, and epoxy 
resin. Epoxy resin showed a significant increase in friction 
values, with SAE30 and PEG causing a reduction in fric-
tion. The lowest Coefficient of Friction (CoF) of 0.36 was 
measured for PEG-filled wood.

This paper presents a simple, yet effective, method of 
producing a natural polymer made from wood and other 
substances that are all-natural, non-toxic, renewable, and 
biodegradable. Even the micro-particles produced during 
use are completely biodegradable. Experiments indicate this 
material to be a viable alternative to low friction polymers 
and, at the same time, offer a real opportunity to deal respon-
sibly and sustainably with resources.

2  Materials and Methods

The wood material used in this study was steamed beech 
wood with initial dimensions of 40 × 18 × 36 mm3 and 
moisture content of 9 ± 1% RH. The samples were further 
processed according to Table 1. Kiln-Drying was carried 
out at 100 °C for 48 h in an oven. In this study, impregna-
tion was achieved by immersing the samples in the desired 
medium at 70 °C for 48 h. Impregnation using vacuum 
techniques were not used in this paper. Animal glue (glu-
tine glue–GG, Dictum) was used for impregnation. This 
glue is essentially a waste product derived primarily from 
animal bones [25]. Additionally, pure beeswax (Dictum) 
was also used for impregnation. Both materials were first 
dissolved in liquid. For this, GG was placed in room tem-
perature water for an hour for swelling. This was followed 
by heating up to 70 °C in a water bath. The mixing ratio 
was 50 wt% water and 50 wt% GG. Beeswax, on the other 
hand, was heated to 70 °C together with ethanol in a water 
bath. A mixing ratio was around 50 wt% beeswax and 
50 wt% ethanol. In the preparation of the samples consist-
ing of GG mixed with beeswax, a ratio of 1/3 wt% GG, 
1/3 wt% water, 1/6 wt% beeswax, and 1/6 wt% ethanol was 
used. Mechanical compression of the impregnated wood 
samples was carried out using a U-shaped device (Fig. 1). 
The samples were compressed vertically with a stamp to 
62% of the original volume. This degree of compression 

Table 1  Processing steps performed on beech wood

AD as delivered, GR-COA graphite coated, WA-IM beeswax impregnated, COM&GR-COA compressed & graphite coated, GG-IM&COM ani-
mal glue impregnated and compressed, WA-IM&COM beeswax impregnated and compressed, GG-WA-IM&COM animal glue and beeswax 
impregnated and compressed

Processing step AD GR-COA WA-IM COM&GR-
COA

GG-IM&COM WA-IM&COM GG-WA-
IM&COM

Kiln-drying X X X X
Impregnation/plasticization X X X X X
Compression X X X X
Oven drying X X X X X
Manual finishing X X X X X X X
Conditioning X X X X X X X
Coating X X
Tribological measurement X X X X X X X
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was determined to be the maximum achievable compres-
sion with a 5 ton press without composition altering pro-
cesses, such as those mentioned in [17]. Subsequent dry-
ing was carried out in an oven at 65 °C for 48 h or 200 °C 
for 1 h, where the mechanically compacted parts remained 
in the compressed state throughout the drying stage. As a 
result of this drying process, the lumens are compressed 
to such an extent that no cavities could be discerned on 
the compacted wood samples using light microscopy. The 
medullary rays in this state show a stronger contrast to the 
remaining brown material (Fig. 1). The final dimension of 
the wood samples after cutting the pressed sample for the 
tribological investigations was 20 × 20 × 10 mm3 and for 
the Brinell hardness measurements was 20 × 20 × 20 mm3. 
The samples were then conditioned at RH = 50% and a 
temperature T = 23 °C (according to DIN 50014-23/50-
1), until a weight difference between subsequent meas-
urements yielded a value of Δm < 0.1%. Following this, 
corrections of the plan parallelism were carried out manu-
ally using a precision file for some of the samples. For the 

samples coated with graphite, graphite powder with an 
ultrafine grain (AMG GRAPHITE) was used, which was 
applied with a normal force of 5 N under rotation. The 
quantity of coated graphite determined through weighing 
before and after coating was about 1 mg/cm2.

Impregnation with graphite powder in an aqueous solu-
tion was attempted. In this attempt, the graphite powder 
was seen to only fill the larger lumes and not penetrate the 
bulk material completely. Other filling techniques, such as 
vacuum impregnation, did not provide satisfactory results. 
The coating method was then used to provide a better com-
parison to the impregnated samples.

Tribological investigations were performed using a stand-
ard ball-on-disk tribometer (Fig. 2). The counterbody in each 
case was a 100Cr6 (DIN 1.3505, AISI 52100) stainless steel 
ball (Red-Hill SA) of 6 mm diameter. The sample wood 
specimens (20 × 20 × 10 mm3) were mounted on a hardened 
100Cr6 disk.

The test parameters used for all the tribological experi-
ments were as follows: normal force FN = 10 N parallel to 
the longitudinal direction, sliding distance s = 10,000 m, and 
sliding speed v = 0.1 m/s; samples were rotated in a clock-
wise direction and perpendicular to the (R × T) directions, as 
shown in Fig. 3. The measuring environment was enclosed 
in a plexiglass (PMMA) box with a silicone seal. During 
testing, the temperature was always in the range of 20 ± 2 °C 
and the relative humidity was maintained at RH = 50 ± 2% 
using two separate saturated salt solutions in combination: 
sodium chloride and magnesium nitrate. The analysis of the 
wear track was carried out using light microscopy (Keyence 
VHX-500) and a stylus profilometer with a 2 µm diamond tip 
(DIAVITE DH-8). Wear profile as well as microscopy were 
performed 24 h after the tribological experiments to take 
into account any reverse deformations due to visco-elastic 
effects. Each experiment was repeated at least three times to 
ensure reproducibility.

Fig. 1  Wood sample in the 
natural (upper) and in the com-
pressed state (lower)

1. As-delivered

4. Modified sample

2. Compression

3. After oven drying

Fig. 2  Standard ball-on-disk tribometer used for tribological investi-
gations
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Hardness tests were performed on a hardness testing rig 
(Reicherter Briviskop BL 1-1). The tests were carried out in 
accordance with EN 1534. The subsequent observation and 
measurement of the ball marks were carried out with a light 
microscope. Weighing was performed with a precision micro 
scale (Kern ABT 220-5DM).

3  Results and Discussion

3.1  Density and Hardness

The Brinell hardness as a function of wood density for the 
variously prepared wood samples is shown in Fig. 4. For 
each modification, three wood samples were measured. The 
scattering of the measured density values was smaller than 
the symbols used in the figure.

According to Kollmann [12], the Brinell hardness of 
untreated wood lies in a range of 59 to 88 N/mm2 (as shown 
in Fig. 4). The values of the as-delivered beech wood sam-
ples deviate only marginally from this range. For wood 
compressed to 62% of the original value, a linear relation-
ship between hardness and density is observed, in agree-
ment with results found in Ref. [10]. A deviation from this 
linear relationship occurs, however, in samples filled with 
animal glue or beeswax. The highest density of 1.21 g/cm3 
was measured for beeswax-filled samples. However, with 
75 N/mm2, these samples exhibit the lowest hardness of all 
the modified woods; a linear correlation between hardness 
and density does not occur here. Scholz and Krause [15] 
report a predominant increase in the hardness in the axial 
direction of their wax-filled woods. This assumption also is 
only partially true when comparing AD and WA-IM sam-
ples. Although the scattering is lower and the average hard-
ness has increased somewhat due to the modification, the 
values are in the scattering range of the AD samples. For 

Fig. 3  Sample with wear track after a tribological measurement (L 
longitudinal, T tangential, R radial)

according to (KOL 1951)
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WA-IM

WA-IM&COM@65°C
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Fig. 4  Brinell hardness versus sample density for as-delivered steamed and variously modified beech wood. All the samples were conditioned at 
RH = 50% and T = 23 °C according to DIN 50014-23/50-1 prior to performing the density as well as hardness measurements
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compacted wood, filling with wax leads to a slight decrease 
in hardness for samples dried at 65 °C (Fig. 4). For samples 
dried at 200 °C, however, a slight increase in hardness is 
observed (Fig. 4).

The addition of animal glue to the wax clearly increases 
the hardness. This can be observed down to a wax content 
of 10%. From this concentration onward, no clear difference 
with only filling with animal glue could be identified due to 
the fact that the scattering values of the two modifications 
overlap. Overall, it can be stated that an increase in average 
hardness with animal glue of about 160% is achieved com-
pared to the uncompressed, unfilled beech wood samples.

The samples only filled with beeswax (WA-IM) are in the 
scattering range of untreated wood. The depicted increase 
in hardness of unfilled compressed wood (COM) can be 
attributed to an increase in the cell wall fraction per area 
and the resulting decrease in the porosity [9]. This decrease 
in porosity enables the formation of dipole and H-bonds 
between adjacent cellulose chains [8]. The small decrease 
in hardness of the beeswax-impregnated and compressed 
samples (WA-IM&COM@65 °C) can be explained by a 
weakening of the attractive forces due to shielding of the 
cellulose chains upon filling. The slight increase in the hard-
ness of (WA-IM&COM@200 °C) is in agreement with the 
results of Skyba [26], where thermal treatment at 180 °C 
for compressed wood leads to an increase in hardness in the 
longitudinal and radial direction.

The decrease of hardness with filling was not observed 
for the animal glue-filled samples (GG-IM&COM, 
GG-WA(10 wt%)-IM&COM, GG-WA(17 wt%)-IM&COM) 
because here a novel composite matrix with the existing fib-
ers is formed. The bonds formed by animal glue between 
the constituent OH,  NH2, and COOH groups and wood [27] 

could also have a positive effect. The additional binding 
forces between the glue-wood collective make it difficult 
for the individual fibers to “spread”, resulting in a hard com-
posite material. If this material is now subjected to a pres-
sure on the face side, the fibers do not buckle much, because 
the lumens are filled with animal glue; instead, the fibers 
support each other. This supports the observation that GG-
IM&COM exhibits the highest hardness of all the animal 
glue-filled samples.

3.2  Tribology

3.2.1  Friction

An overview of the average CoF of the examined wood 
samples is listed in Fig. 5. Steamed wood has the maxi-
mum CoF of 0.3 after 100 m and 0.37 after 1000 m sliding 
distance. Measurements were discontinued after reaching 
this distance. As can be seen in the figure, graphite-coated 
woods always exhibit a higher CoF than beeswax-impreg-
nated woods up to 100 m sliding distance. The friction of 
the graphite-coated variant shows a run-in behavior up to 
100 m, which is characterized by a decreasing friction value. 
Towards the end of the measurements, in the range of 9 to 
10 km, friction increases. Within the measuring distance of 
10 km, the CoF value ranges between 0.12 and 0.16. On the 
other hand, wax-impregnated samples exhibit a lower CoF 
ranging between 0.04 and 0.08 up to a sliding distance of 
100 m. A particular feature in this grouping is that WA-IM 
samples and GG-WA(17 wt%)-IM&COM samples show an 
increase in the CoF with increasing sliding distance. The 
GG-WA(17 wt%)-IM&COM variant, however, has the great-
est variation over the course of sliding and the highest CoF 
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of the modified samples at the end of the measurement. Both 
WA-IM&COM variants showed a continuous improvement 
in friction right up to the end of the measurement. The wax-
filled samples with a drying temperature of 200 °C reached 
the lowest CoF values ranging between 0.03 and 0.04.

Representative CoF values vs. sliding distance from as-
delivered and modified beech wood are shown in Fig. 6. The 
as-delivered samples have a pronounced run-in in a range 
of 0 to 100 m followed by strongly oscillating CoF values 
around 0.3 whereby this increases slightly with increas-
ing sliding distance. Modified samples, on the other hand, 
exhibit a considerably longer run-in phase up to around 
2000 m. The CoF of these samples is at least 50% lower and 
the further evolution of the CoF is much more homogeneous.

One group is formed by the graphite-coated samples. 
Here, while COM&GR-COA shows a slightly lower CoF 
compared to GR-COA and GG-IM&COM&GR-COA, it 
caused a measurement stop in two out of five measurements 
(when the CoF value increases above 0.3). In general, the 
different graphite-coated variants are very similar in terms of 
the course of friction. They start with a CoF of approx. 0.15 
and complete their running-in phases at approx. 1000 m. The 
further course is characterized by a steady increase in the 
friction, which ranges between 0.12 and 0.15.

Significantly lower CoF values were recorded for 
the wax-impregnated samples. These have initial max-
ima between 0.04 and 0.11. With the exception of 

GG&WA(17 wt%)-IM&COM, the further course is very 
steady and lies in a range of values from 0.03 to 0.06. Sim-
ilar CoF values were determined for GG&WA(17 wt%)-
IM&COM up to approx. 2000  m. After that sliding 
distance, the CoF curve becomes more unstable and is 
characterized by a sharp increase up to a value of 0.19. At 
the end of the measurement, the absolutely lowest CoF of 
0.03 can be assigned to the WA-IM&COM@200 °C vari-
ant. This low CoF value and the steady curve indicates 
an intact lubrication system and represents a reduction in 
friction of approx. 90% compared to untreated wood. This 
CoF value is even better than PTFE and UHMWPE against 
100Cr6 under similar conditions.

An explanation for the highly fluctuating course of nat-
ural samples could be due to wear particles in the measur-
ing track resulting in periodic three-body formations. The 
reduced friction of the graphite-coated samples is due to 
the structure of the graphite. The hexagonal layer lattice 
structures in the ambient medium air have very low bind-
ing energies between the individual planes and, thus, slide 
well over one another [28]. Figure Table 2a–c provides 
illustrative examples of graphite-coated samples with a 
gradual increase in friction. Only very scarce residues 
of graphite are still visible in the wear track. Thus, the 
CoF increase of the graphite-coated samples could be 
attributed to decreasing quantity of lubricant in the wear 
track. In general, the modification by means of graphite is 
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characterized by the accumulations of wear particles next 
to the measuring track.

Unlike graphite, beeswax is not a solid lubricant. Instead, 
beeswax consists of long-chain alcohols, which are esterified 
with fatty acids [29–31]. These adhere well to the friction 
partners and, due to their low shear strength, provide the low 
CoF observed in Figs. 5 and 6.

In the sample variant GG-WA(17 wt%)-IM&COM, bees-
wax is present in a significantly lower proportion, which 
explains the higher friction behavior.

3.2.2  Wear

The measured wear in this study is primarily the result of 
plastic contact deformation and particle removal. In Fig. 7, 
the specific wear rate (k) is plotted against the CoF. The 
specific wear rate, k, is defined here according to [32, 33] as,

where WV is the wear volume in  mm3, s the sliding distance 
in m, and FN the normal load in N. Consequently, k is given 
in  mm3/N m. The desired value of k lies (as indicated) in 
the lower left corner of the diagram area (Fig. 7). The high-
est specific wear rates are found for the uncompressed sam-
ples and the variant GG-WA(17 wt%)-IM&COM. Despite 
similar hardness values of WA-IM and GR-COA, the maxi-
mum wear at 6.7 × 10−6 mm3/N m occurs for WA-IM. With 
5.9 × 10−6  mm3/N m, the second strongest wear occurs for 
GG-WA(17 wt%)-IM&COM. In direct comparison to the 
measurement track from WA-IM, a significantly higher 
proportion of wear particles can be found next to the meas-
urement track. From a qualitative perspective, WA-IM 
has the largest plastic contact deformation. Conversely, 

k =
Wv

s ⋅ FN

,

Table 2  Wear tracks of modified woods after 10,000 m

(a) GR-COA (b) COM&GR-COA (c) GG-IM&COM&GR-COA
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the highest particle removal occurs at GG-WA(17 wt%)-
IM&COM. With the exception of this one modification (GG-
WA(17 wt%)-IM&COM), a significant reduction in wear 
for the compressed samples is achieved regardless of the 
filled or coated material. The k values range from 2.9 × 10−7 
to 6.5 × 10−7 mm3/N m. The WA-IM&COM variants have 
similar wear properties, even though the friction characteris-
tics are different. Of these, the lowest wear was exhibited by 
WA-IM&COM@200 °C. The lowest k value of all samples 
is 2.9 × 10−7 mm3/N m for the variant GG-IM&COM&GR-
COA, which also has the highest hardness of all the samples 
studied.

Despite the approximately equal hardness and quantita-
tively higher wear particle presence in GR-COA to WA-IM, 
this modification suffers substantially less wear than 
WA-IM. A possible explanation could be due to the fact 
that for GR-COA samples, the cellulose fibers are bent by 
the tribological stress resulting in partial compression. These 
pressed fibers can then interlock with each other eventually 
forming new microcrystalline bundles and hydrogen bonds, 
resulting in increased hardness. For WA-IM, this may not 
be possible due to wax in the interspaces between the fibers. 
The low wear exhibited by beeswax can be explained using 
its properties. Beeswax plasticizes due to heat development 
in the contact region, thereby wetting the surface and pro-
moting sliding of the fibers against each other and, thus, 
preventing further bonds from forming. This could lead to 
the plastic deformation shown in Table 2d, where no wear 
debris was discernible.

The significantly increased wear resistance of the com-
pressed samples is also attributed to the hardness. As already 
described in 3.1, the sample body has more material per 
unit area to support a load acting upon it. Additional fill-
ing with GG does achieve a significant increase in hard-
ness, but it does not cause a proportional increase in wear 

resistance. With GG and beeswax-filled samples, the oppo-
site occurs, which is illustrated at the end of the measure-
ment by increased friction and wear values (Fig. 7). This can 
be explained by thermal softening. Unlike a graphite-coated 
sample, there is no separate solid lubricant layer between 
the base and counter body. This creates a direct contact that 
slides on the filled body. It is assumed that the resulting heat 
input causes beeswax-dominating areas to plasticize more 
quickly and spread out as an initial lubricating film. As a 
result, there are gaps in the material matrix, which promote 
the detachment of animal glue micro-particles. Due to their 
relatively high hardness, these lead to abrasive wear on the 
sample body. The steel sphere (not shown) also displayed 
wear grooves not seen in the variants without animal glue. 
This explanation is supported by considering the different 
melting temperatures of the two solids. In our own experi-
ments, these two additives were heated in separate contain-
ers. Beeswax showed a first plasticization from a tempera-
ture upwards of 60 °C and was in liquid form above 65 °C. 
Animal glue, however, showed no softening when dried, 
even at a temperature of 100 °C and an exposure time of 
over 24 h. On the WA-IM&COM samples, the increased 
drying temperature showed a positive effect on the friction 
and wear behavior. This is attributed to the increased hard-
ness of the WA-IM&COM@200 °C variant.

Finally, the wear tracks for the modified wood resulting in 
the lowest friction and wear (WA-IM&COM@200 °C) was 
compared under similar test conditions (10 N normal load, 
0.1 m/s sliding speed, 50% relative humidity for 1000 m) 
with PTFE and ultra-high-molecular-weight-polyethylene 
(UHMWPE). Figure 8 (Right) shows the CoF values meas-
ured against a 100Cr6 steel sphere of 6 mm diameter. The 
friction of WA-IM&COM@200 °C is the lowest of the three. 
It is also the steadiest. The wear profiles measured after the 
experiment are also shown (Fig. 8-Left). Wear volumes, 
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determined with these profiles, gave a k value for modified 
beech wood of 3.4 × 10−6 mm3/N m. This value is 3 times 
less than UHMWPE and 290 times less than PTFE sliding 
against 100Cr6.

This clearly indicates that this modification of beech 
wood can compete from a tribological viewpoint with well-
established synthetic polymers. These renewable natural 
products are, theoretically, available indefinitely. Wood 
products are considered climate friendly and  CO2 neutral. 
Only the harvest of the material and its subsequent process-
ing into a product result in a separate energy input.

Further investigations are in progress to investigate the 
effects of water upon the tribological and mechanical behav-
ior of modified wood as well to incorporate recent studies 
on the hydrophobization of wood [15, 34] with wax-impreg-
nated and compressed wood developed in this paper.

4  Conclusions

This study demonstrates that it is possible to drastically 
reduce friction and wear between steamed beech wood and 
steel by using selected additives combined with suitable 
processes.

Beeswax-impregnated and compressed wood samples 
(WA-IM&COM@200 °C) exhibit the lowest friction as 
well as low wear. Under the tested tribological parameters, 
the CoF values (0.03–0.04) against 100Cr6 steel spheres are 
comparable to PTFE and UHMWPE, while exhibited wear 
is lower than PTFE (290 times) and UHMWPE (3 times).

The lowest overall wear was measured for animal glue-
filled and compressed wood samples that were subsequently 
coated with graphite (GG-IM&COM&GR-COA). These 
were also the hardest of all the examined wood samples. 
However, all the graphite-coated wood samples showed 
higher friction with increasing sliding distance due to deple-
tion of graphite in the contact region.
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