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ABSTRACT

Since advanced processes often require high
dust-free levels, it is necessary for the machinery
industry to develop low-friction, anti-wear and low-
dust technologies for drive elements that can be
quickly printed and formed. Polylactic acid is often
used in rapid printing components, and synthetic resin
has a wide range of industrial applications, the two
materials are often paired with each other to form
driven elements. In order to achieve "smooth driving",
the adhesive wear under dry friction conditions should
be reduced. To achieve "high dust-free grade", the
grease conditions of mating elements should be
improved to reduce the generation of wear dust.
Therefore, wear of the 3D printed polylactic acid
elements sliding against the synthetic resins are
investigated in this study under dry friction and grease
conditions, respectively. The changes of the friction
coefficient are dynamic measured during the friction
experiment, and after the friction experiment, the wear
surface is observed with micrographs. The
experimental results are analyzed both qualitatively
and quantitatively to develop rapidly printed
transmission components that meet high dust-free
levels and can be used for a long time.

INTRODUCTION

"Sustainable development" has gradually become
a policy jointly promoted by the world. Promoting
industrial ~sustainability, improving energy- or
resource-consuming manufacturing models, and
promoting green technology will help achieve the goal
of sustainable development [1-2]. According to the "12
Principles of Green ": It is found that material science
and tribology technology
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must play an important role in effectively saving
energy and resources: low friction and specific energy
saving, anti-wear and reduction of resource
consumption. Moreover, designing products that will
not last long after their functions are terminated. It
exists in the environment and can be decomposed into
harmless substances to effectively reduce the burden
on the environment.

Since the application market of polylactic acid
and resin materials is huge, and the application forms
of various polylactic acid and resin materials are very
diverse. Therefore, it is necessary to explore various
properties of basic materials based on the application
characteristics of possible recessive markets. The
improvement of the tribology performance of
polylactic acid and resin materials is a new idea. There
are still few relevant documents. The researches on
various applications of resin materials are described as
follows:

For various applications of resin materials,
various mechanical properties must be considered,
such as heat distortion temperature, elongation, tensile
strength, impact strength, etc. Hence, it is necessary to
add other materials that enhance mechanical properties
[3-4]. As to the superiority of carbon fiber reinforced
resin, the engineers can easily design a frame with an
optimized mechanical structure, and it has the
advantages of high rigidity, light weight, fatigue
resistance and riding conformance [5-9].

Special resins are a high molecular photopolymer
hardened by ultraviolet light. Since the strength of the
material can be improved, they are widely used in
various industrial projects. After being irradiated by
ultraviolet light, the reaction rate of resin hardening
becomes obviously faster [10]. Not only the toughness
of the material but also the maximum elongation and
tensile strength increase [11-13]. So far, although the
printed products of polylactic acid and photosensitive
resin have fast curing speed, their rigidity and
electrical conductivity are not as good as metal
products. Hence, how to improve their mechanical
properties (such as tribology properties) will become
the focus of research.

When resin materials are used in 3D printing
components, they are suitable for complex parts with
precision modeling, and usually use the support
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structures. If powdered polymers are used as the
printing material, the powder must be poured into the
machines, and a thin layer of powder is reciprocally
spread on the printing area, and then the materials are
fused with laser light, and through slight height
changes, gradually stack to complete the work pieces
[14]. Since the printing material will fill the entire
internal space, it is not necessary to use a support
structure to assist molding, and the unused powder can
be sieved through a special equipment before being
mixed with the new powders [15].

Therefore, these can be confirmed that through
the novel manufacturing process of resin materials, the
processing technology of composite molding and the
appropriate selection of matching materials, various
new industrial products that can be applied to drive
elements by 3D printing can be practiced. The wear
mechanisms of polymer materials are quite complex,
involving various influencing factors of the contact
interfaces, including tribo-physics and tribo-chemicals.
There are two research objectives: small frictional
energy consumption can save energy; the proper
material property is to improve the anti-wear
performance to reduce the consumption of resources
and achieve a longer operating life. Based on the above
description, a reciprocating friction tester and the
measuring system is used to study the wear
characteristics of polylactic acid on commonly used
synthetic resins. The experimental results are of
reference value for the future application of rapid
printing and forming transmission components.

Experimental equipment and procedure
Main experimental equipment

The mechanical gripper created by using a 3D
printer had been independently developed by our
laboratory as shown in Figure 1. Inside the red box in
Fig.1 is a transmission gear set made of 3D printed
polylactic acids. Therefore, it is necessary to improve
the service life of the set. However, there are few
literatures exploring the wear-resistant properties of
3D printed polylactic acid elements. In order to
investigate the wear of 3D printed polylactic acid
elements sliding against the synthetic resins, the
reciprocating friction tester is used to conduct the
experiments as shown in Figure 2. The pin is driven by
a crank-slider mechanism and the length of the crank
is adjusted to as the stroke of 12 mm. The plate is
directly connected to the load cell. In order to meet to
the load situation of the actual transmission of the
robot arm, the normal load of 20N is relative to the pin
through the plate and disposed along the level rule. The
soft springs and oil damping are added to the load
system to avoid vibration and impact during the
friction process and maintain complete contact
between the sliding specimens. The voltage signals of
friction coefficient are input to the data acquisition
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system and fed to the personal computer for the data
analysis.

elements.
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Fig.2 Schematic diagram of the reciprocating
friction tester

Geometry and physical of the

experimental specimens

properties

The 3D printed polylactic acids are used as the
pin specimen. Moreover, the physical properties of
polylactic acid are shown in Table 1. The size and
diagram of the pin is shown in Figure 3, and the
physical photo is shown in Figure 4 (a). The three
types of synthetic resins are composed with base
materials to form the plates respectively. The physical
properties of the synthetic resins are shown in Table 2.
The size and diagram of the plate is shown in Fig. 3,
and the physical photo is shown in Fig.4 (b).

Table 1 Physical property of the pin specimens

3Dprinted  py ) 101 | pLA202 | PLA 205
polylactic acids
Density (g/cm?®) | 1.42 1.24 1.23
Tensile strength 45-65 55.65 40-60
(MPa)
Elongation at

2-4 3-6 6-13
break (%)
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Table 2 Physical property of the plate specimens

Synthetic resins | CM-211 2(1;:[)- PN-107
Density (g/cm®) | 1.19 1.12 1.06
Tensile strength

(MPa) 68 69 65
Elongation at

break (%) 7 3 4

(a)

Unit: mm

Fig. 3

Schematic diagram of the pin and plate
specimens

Fig.Ai Photo of the pin and plate: (a) 3D printed
polylactic acids, (b) Synthetic resins

Experimental procedure

In order to explore the wear characteristics of
three commonly used synthetic resins, dry friction and
grease are planned as the experimental conditions
respectively. The experimental parameters are set as
follows: the reciprocating speed is 50 and 150cpm, the
vertical load is 20N, the friction test time is 30sec, the
ambient room temperature is 25 + 2°C, and the relative
humidity is 65 £ 5%.

Experimental results and discussion

Synthetic resin of CM-211

Typical response of friction coefficient for 3D
printed polylactic acid elements sliding against the
CM-211 under 50cpm and dry friction is shown in
Figure 5. It is seen from the figure that the friction
coefficient gradually increases from about 0.4 to 0.8,
and the running-in period is not obvious. Figure 6. is
the observation of the worn surface after the friction
test is completed under the experimental conditions
corresponding to Fig. 5. It can be seen from Fig. 6 that

the wear is very slight, the amount of wear debris
peeling off on the pin is relatively small, and the
adhesion transfer of materials between the pin and the
plate is not obvious.

CM-211 (D.F.)_20N_50cpm_0~30s
1.8
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Friction coefficient , f
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0.0 0.2 0.4 0.6
Sliding distance (m)

Fig. 5 Typical responses of friction coefficient of

CM-211 under 50cpm and dry friction

CM-211 (D.F.) 20N_50cpm

"Adhesion transfer" is not obvious

Wear loss ~0 mg

Fig. 6 Worn surface of the plate of CM-211 under

50cpm and dry friction

When the reciprocating rate is increased to
150cpm, the typical response of friction coefficient for
3D printed polylactic acid elements sliding against the
CM-211 under dry friction is shown in Figure 7. It is
seen from the figure that the friction coefficient
gradually increases from about 0.5 to 1.5, and the
running-in period is between the friction distances of
0 to 0.9m. Figure 8. is the observation of the worn
surface after the friction test is completed under the
experimental conditions corresponding to Fig. 7. It is
seen from Fig. 8 that the wear is serious, and the
adhesion transfer is obvious. Moreover, it can be
judged that 2.9mg of polylactic acid has transferred to
the synthetic resin CM-211 from the change in the
mass of the specimen and the color of the transfer layer.

The above results show that the friction
coefficient of the general-grade PMMA synthetic resin
CM-211 is still small and the wear is extremely
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insignificant under the condition of a low
reciprocating speed of 50cpm. When reaching a high
reciprocating speed of 150cpm, the friction coefficient
increases significantly and shows severe wear.

CM-211 (D.F.)_20N_150cpm_0~30s

1.8

15
12 |
0.9
06 [
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1.8

0.0 0.2 0.4 0.6 0.8 1.0 12 14 1.6 18
Sliding distance (m)

Fig. 7 Typical responses of friction coefficient of
CM-211 under 150cpm and dry friction

CM-211 (D.F.) 20N_150cpm

"Adhesion transfer" of the upper

test piece to the lower test piece

Wear loss 2.9 mg

Fig. 8 Worn surface of the plate of CM-211 under
150cpm and dry friction

Synthetic resin of PM-600

Typical response of friction coefficient for 3D
printed polylactic acid elements sliding against the
PM-600 under 50cpm and dry friction is shown in
Figure 9. It is seen from the figure that the friction
coefficient gradually increases from about 0.2 to 0.8
during the friction distances of 0 to 0.1m, and the
running-in period is quite obvious. Fig. 10 is the
observation of the worn surface after the friction test
is completed under the experimental conditions
corresponding to Fig. 9. It can be seen from Figure 10
that the wear is very slight, the amount of wear debris
peeling off on the pin is relatively small, and the
adhesion transfer of materials between the pin and the
plate is not significantly.

When the reciprocating rate is increased to
150cpm, the typical response of friction coefficient for
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3D printed polylactic acid elements sliding against the
PM-600 under dry friction is shown in Figure 11. It is
seen from the figure that the friction coefficient
gradually increases from about 0.5 to 1.7, and the
running-in period is between the friction distances of
0 to 0.6m. Figure 12 is the observation of the worn
surface after the friction test is completed under the
experimental conditions corresponding to Fig. 11. It is
seen from Fig. 12 that the wear is more serious, and
the adhesion transfer is obvious. Similar, it can be
determined that 3.1lmg of polylactic acid has
transferred to the synthetic resin PM-600 from the
change in the mass of the specimen and the color of
the transfer layer.

These results indicate that the friction coefficient
of MS resin PM-600 has increased slightly at a low
reciprocating speed of 50cpm, even though the wear is
very slight. When reaching a high reciprocating speed

of 150cpm, the friction coefficient increases
significantly and shows severe wear.
PM-600 (D.F.)_20N_50cpm_0~30s
1.8
1.5 |
1.2 |
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0.0 0.2 0.4 0.6

Sliding distance (m)

Fig.9 Typical responses of friction coefficient of
PM-600 under 50cpm and dry friction

PM-600 (D.F.) 20N_50cpm

"Adhesion transfer" is not obvious

Wear loss ~0 mg

Fig. 10 Worn surface of the plate of PM-600 under
50cpm and dry friction
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Fig. 11 Typical responses of friction coefficient of
PM-600 under 150cpm and dry friction

PM-600 (D.F.) 20N_150cpm

"Adhesion transfer" of the upper

test piece to the lower test piece

Wear loss 3.1 mg

Fig. 12 Worn surface of the plate of PM-600 under
150cpm and dry friction

Synthetic resin of PN-107

Typical response of friction coefficient for 3D
printed polylactic acid elements sliding against the
PN-107 L125FG under 50cpm and dry friction is
shown in Figure 13. It is seen from the figure that the
friction coefficient gradually increases from about
0.2 to 1.0 during the friction distances of 0 to 0.45m,
and the running-in period is very significantly. Figure
14 is the observation of the worn surface after the
friction test is completed under the experimental
conditions corresponding to Fig. 13. It can be seen
from Fig. 14 that the wear is quite slight, the amount
of wear debris peeling off on the pin is relatively
small, and the adhesion transfer of materials between
the pin and the plate is not obviously.

When the reciprocating rate is increased to
150cpm, the typical response of friction coefficient
for 3D printed polylactic acid elements sliding
against the PN-107 L125FG under dry friction is
shown in Figurel5. It is seen from this figure that the

friction coefficient significantly increases from about
0.3 to 1.5, and the running-in period is only during
the friction distances of 0 to 0.1m. Figure 16 is the
observation of the worn surface after the friction test
is completed under the experimental conditions
corresponding to Fig. 15. It is seen from Fig. 16 that
the severe wear occurs, and the adhesion transfer is
significantly. Furthermore, it can be observed that
4.2mg of polylactic acid has transferred to the
synthetic resin PN-107 L125FG from the change in
the mass of the specimen and the color of the transfer
layer.

The above results show that the friction
coefficient of the SAN synthetic resin PN-107
L125FG has increased slightly at a low reciprocating
speed of 50cpm, even though the wear still shows
slight. When reaching a high reciprocating speed of
150cpm, the friction coefficient increases
significantly and the running-in period is very short.
Moreover, the result shows severe wear.

PN-107L125FG (D.F.)_20N_50cpm_0~30s
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Fig. 13 Typical responses of friction coefficient of
PN-107 under 50cpm and dry friction

PN-107L125FG (D.F.) 20N_150cpm

"Adhesion transfer" is not obvious

Wear loss ~0 mg

Fig. 14 Worn surface of the plate of PN-107 under
50cpm and dry friction

- 275 -



PN-107L125FG (D.F.)_20N_150cpm_0~30s
1.8

15
12
0.9
0.6 I
|
0.3 I

o

i
A

0.3

Friction coefficient , f

0.6
0.9
12

1.5

18

0.0 0.2 0.4 0.6 0.8 1.0 12 14 1.6 18
Sliding distance (m)

Fig. 15 Typical responses of friction coefficient of
PN-107 under 150cpm and dry friction
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Fig. 16 Worn surface of the plate of PN-107 under
150cpm and dry friction

Effects of grease on the wear of PN-107

The three synthetic resins are sequentially CM-
211, PM-600, PN-107 L125FG: the friction is very
small and the wear is not obvious at a low speed of
50cpm. However, the friction coefficient gradually
increases at a high speed of 150cpm, and the running-
in period is more obvious. Wear also becomes serious
in turn, and the amount of adhesion transfer is also
more increasing. Since physical properties of the these
three resin materials, such as density, tensile strength
and elongation at break, bending strength, heat
distortion temperature, etc., all happen to decrease
sequentially. Therefore, physical properties of the resin
materials do obviously affect the tribology
performance, which can be provided to the engineers
on the application side for the design, so as to boost the
selections of appropriate materials.

Furthermore, this article also conducts additional
research on the impact of grease on 3D printing
polylactic acid elements sliding against the synthetic
resins. Typical response of friction coefficient for 3D
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printed polylactic acid elements sliding against the PN-
107 L125FG under grease lubrication is shown in
Figure 17. It is seen from this figure that the friction
coefficient is small and stable, with a value of about
0.1 to 0.2 and a slight change. Figure 18 is the
observation of the worn surface after the friction test is
completed under the experimental conditions
corresponding to Fig. 17. It is seen from Fig. 18 that
there is almost no wear and adhesion transfer.

PN-107L125FG (Grease) 20N_150cpm_0~30s
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Fig. 17 Typical responses of friction coefficient of
PN-107 under 150cpm and grease lubrication

PN-107L125FG (Grease)_20N_150cpm

D S M A A R N T, e i s
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Fig. 18 Worn surface of the plate of PN-107 under
150cpm and grease lubrication

Conclusions and application suggestions

This study is to investigate the tribology
characteristics of 3D printed transmission components
sliding against the synthetic resins. The experiments
were conducted under dry friction and grease
conditions respectively. From the experimental results,
the following conclusions are drawn:

(1) The physical properties of the resin materials will
indeed significantly affect the tribology
performance. The resin materials with higher
tensile strength and higher heat deflection
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temperature have better wear resistance,
especially at the relatively high reciprocating
speed.

(2) When the interface has the effect of grease, even
at the high reciprocating speed conditions, there is
almost no wear and adhesion transfer between the
specimens.

(3) Since the 3D printed elements will have textures
in a specific direction, the lubricating oil may be
easily lost due to the effect of the texture. In order
to achieve the purpose of prolonging the service
life, the comparison experiment can be carried out
to optimize the printing texture and lubrication
conditions.
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