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Abstract: The human fingertip consists of a fingerprint with many micro-grating structures. The main roles of
the fingerprint could be divided into two purposes, namely, the enhancement of the frictional force and the
effective transmittance of the biosignal. In this study, we present the fingerprint-inspired end-effector that has
not only admirable frictional force but also electric conductivity. The end-effector is composed of fluorocarbon
rubber, one of the famous materials to achieve high frictional force and robustness. Through various experiments,
the novel performance of micro structured fluorocarbon rubber end-effector (MSFE) is characterized by
comparing with a macroscale patterned sample (MPS), which has been already used in real industrial fields.
Experimental results are analyzed theoretically. Furthermore, as feasible applications, we suggest two
applications based on the role of the fingerprint. One is the conductive astronaut glove with high frictional force,
and the other one is a non-slip pad for the next-generation glass transfer systems. Through these experiments,
we successfully observe the enhanced system performance and confirm the possibility of using the MSFE as
feasible applications. We believe that the MSFE could be a useful and powerful alternative as an end-effector,
not only in the aerospace industry but also in display manufacturing processes.
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1 Introduction

Most living creatures, even humans, have evolved
to survive with a new personal surviving method;
they have also attempted to effectively adapt to the
surrounding environment by optimizing the energy
consumption mechanisms [1-3]. To apply their effective
living methods in our life, many studies have been
actively carried out from macro to micro perspective
view in terms of biomimetics [4-21]. As a representative
example of this evolution, the end of the human’s
finger or toe has unique prints that consist of macro/
micro grating structures with a width of ~200 um and
a period of ~500 um. The fingerprint formation is
initiated from the womb and is grown large during
childhood. The fingerprint shape is unique to each
individual, even for identical twins, and it does not

change [22-23]. Therefore, the uniqueness of fingerprint
has been widely used in individual detection, such as
in criminal investigation or electric security [24-26].
Generally, the instinct role of the fingerprint could be
largely divided into two purposes: One is a precise
grasping of object, and the other is an enhancement
of the tactile sensitivity. Frictional force and tran-
smittance of biosignal increased because the macro/
microstructures of fingerprint allow the expansion
of a contact area with surfaces. Therefore, a human
can grip the object stably and detect the fine object
effectively [27-29].

Fluorocarbon rubber, a type of thermoset elastomer,
has been an actively-used material in various industrial
fields. This material is composed of a strong com-
bination of fluorine—carbon chemical binding and has
many advantages, such as admirable frictional force,
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high thermal and chemical resistance, and low
outgassing in extremely high vacuum condition [30-36].
Considering its various advantages, the fluorocarbon
rubber has been actively used as a non-slip pad and as
an end-effector for glass transfer systems. However,
the enhancement of an advanced end-effector along
with the development of a new display product with
larger and heavier display glass has been required
[37]. To improve the performance of a conventional
end-effector, many novel studies that use a functional
surface composed of micro/nano structures have been
presented [8, 38—43]. Although various functional
surfaces with complex shape of micro/nano structures
were achieved, the fabrication of the functional surface
that consists of the micro structures using fluorocarbon
rubber has been limited because this process requires
high pressure and temperature. Typically, to form
the micro structure onto surface, a micro structured
mold or stamp is required. Therefore, micro structures
consist of polymers with a substrate, such as poly
ethylene terephthlate (PET) film, or are directly
formed on the silicon wafer [44—47]. Therefore, if these
microstructured surfaces are used as stamps in the
fabrication process of fluorocarbon rubber, and then
the thermal degradation of polymer or the failure of
the silicon wafer could occur because of high pressure
and temperature. Therefore, a new fabrication method
is required to fabricate samples that are composed of
the micro structured flulorocarbon rubber.

Herein, we introduce a micro structured fluorocarbon
rubber end-effector (MSFE) inspired by the role of
fingerprint and a new fabrication method for the
fluorocarbon rubber. To form the microstructure on the
fluorocarbon surface, the thin poly(dimethylsiloxane)
(PDMS) sheet was used as a flexible mold, and the
MSFE exhibited admirable performance, such as high
frictional force and electric conductivity. The comparison
of various experiments with a macroscale patterned
sample (MPS), which has been used in real industrial
fields, shows the excellence of the MSFE. The frictional
force of MSFE was measured as ~22.3 N, which is a
value that is up to 4.5 times higher than the frictional
force of MPS. Moreover, to confirm the possibility of
using the MSFE in real industrial fields, additional
experiments, such as pull-off strength, 100,000 repeat
tests, and thermogravimetric analysis (TGA) test, were

implemented. Lastly, the experiments introduced the
MSFE-applied astronaut glove and the six degrees
of freedom (6-DOF) robot arm as feasible applications.
Through these experiments, the novel performance
of MSFE was verified, and the new fabrication method
for the microstructured fluorocarbon rubber was
introduced. We believe that the MSFE and the new
fabrication method could be utilized in various fields,
such as in the next-generation glass transfer systems
and astronaut gloves.

2 Experimental
2.1 Fabrication of MSFE

To form the microstructure on the fluorocarbon rubber
surface, a thin PDMS sheet with microstructures was
used as the flexible mold. After placing an appropriate
amount of fluorocarbon rubber material (DC7360CX,
Wooshin Chemtech, Republic of Korea) on the PDMS
mold, heat energy (180 °C) and pressure (1,600 kPa)
were applied for 450 s. After cooling for 2 h, the MSFE
was separated from the PDMS mold. Also, the MPS
was gladly provided by a non-slip pad manufacturer
(NSP-bs12, BSTECH, Republic of Korea).

2.2 Fabrication of flexible mold

To fabricate the MSFE, a thin PDMS sheet was prepared
as the flexible mold. The PDMS mixture was prepared
with a 10:1 weight ratio of the elastomer base and the
curing agent (Sylgard 184 kit, Dow Corning Corp.,
USA). Degassed PDMS mixture was poured onto
the master mold with micro-prism arrays and was
uniformly spread to create thin PDMS sheets. The
cured-thin PDMS sheet was carefully separated from
the master mold after 2 h in a 70 °C oven. Finally, the
thin PDMS stamp for the flexible mold was prepared.

2.3 Characteristics of surface topology

To observe the surface topology of the sample, various
experimental instruments such as the optical microscope
(LV150L, Nikon, Japan), scanning electron microscope
(SEM; S5-4800, Hitachi, Japan), and atomic force
microscope (AFM; NX20, Park Systems, Republic of
Korea), were utilized. Especially, before the SEM
measurement, a thin metal layer (Pt < 5 nm) was

'EN%IEI}SSI(?YI;QQ @ Springer | https://mc03.manuscriptcentral.com/friction



Friction

formed on the surface of the sample to prevent the
electron charging at high voltages (10-25 kV).

2.4 Measurement of the frictional force and pull-off
strength

A precise digital force gauge and custom-built
equipment were used to measure the frictional force
and the pull-off strength with the glass substrate.
Frictional force was measured several times after that
a preload of 500 g was located on the sample surface.
Similar to our previous works, the pull-off strength
was measured by a custom-built equipment [40, 43].

2.5 Material properties of MSFE

The electric conductivity of MSFE was characterized
by using a surface resistance meter (SRM 200, Wolfgang
Warmbier, Germany) at room temperature. Several
points were randomly measured for each sample. The
thermal stability of the MSFE was characterized by
using an auto-thermogravimetric analyzer (Q500 model,
Waters Corp., USA) at wide temperature range. The
temperature was increased from room temperature
to 400 °C with an increasing rate of 10 °C-min™ in air

(a)

Finger print

Functions

conditions, and the residual weight according to the
increasing temperature was exhibited compared with
the original weight of the sample. Also, the chemical
component was characterized by using the Fourier
transform infrared (FTIR) spectroscope (Frontier,
Perkinelmer Corp., USA).

3 Results and discussion
3.1 Fabrication and design

An experimental sample having the electrical signal
transmission and high frictional force inspired by the
two main roles of fingerprint was designed, and a
fluorocarbon rubber was used as the experimental
material (Fig. 1(a)). As shown in Fig. 1(b), the
fluorocarbon rubber, which consists of a strong bond
of carbon and fluoride compounds, is a well-known
material with various advantages of being usable under
harsh conditions (e.g., during high temperature and
vacuum conditions) and for having admirable frictional
force. Although the advantages are numerous, the
fluorocarbon rubber sample has a critical problem that
needs to be improved to fabricate a microstructured
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Introduction of the MSFE. (a) Photograph of the human fingerprint and applications of the MSFE based on the performance of

fingerprint. (b) Image of the chemical structure for the fluorocarbon rubber. (c) Illustration of fabrication method for the micro structured
sample composed of the fluorocarbon rubber. Scale bar (yellow) is 15 mm. (d) SEM and AFM images of the MSFE surface with
micro-scale prism shape of 10 pm width and 4 pm height. Scale bar (white) is 30 pm.
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fluorocarbon rubber sample. Most of the micro-
structures are formed on the silicon wafer. Moreover,
the use of silicon mastermold directly to the fabrication
of fluorocarbon rubber has been limited because high
pressure and temperature are required. If the silicon
mastermold with the microstructures is used directly
in the fluorocarbon rubber fabrication process, and then
the mastermold could be easily damaged. Therefore,
the fabrication of fluorocarbon rubber sample with
microstructures has been limited so far. To overcome
this problem, a new fabrication strategy for the
microstructured fluorocarbon rubber sample was
developed using a microstructured flexible mold.
PDMS, which is a kind of thermoset polymer that
is mainly used in soft lithography, has been used as
a flexible mold material (Fig. S1 in the Electronic
Supplementary Material (ESM)). The PDMS has various
advantages, with a high resolution to replicate
micro/nano structures, and the maximum operational
temperature range of PDMS is ~200 °C [48-49].
Therefore, the PDMS could be used as the flexible
mold in this fabrication process carried out at 180 °C.
As shown in Fig. 1(c), after placing a uniform and
thin PDMS mold with microstructures between the
metal molds, an appropriate amount of fluorocarbon
rubber was placed on the PDMS mold. Moreover,
to use the PDMS in this fabrication process, the
relationship of the surface energy between PDMS
and fluorocarbon rubber is important and has shown
a low value to easily demold the fluorocarbon rubber
from the PDMS mold after finishing the fabrication
process. The demolding strength of the fluorocarbon
rubber from PDMS is predictable, and this energy
relationship could be expressed by the “work of
adhesion (W)”, which is the energy required for the
detachment between two contact surfaces i and j and
can be represented as follows [50-51]:

d, d
_ Ay 4
yivyl o rP eyt

)

i

where y is the surface energy; and the superscripts d
and p are the dispersion and polar terms, respectively.
When the work of adhesion is calculated using the
values in Table 1 and Eq. (1), the work of adhesion
between the PDMS and the fluorocarbon rubber

Friction
Table 1 Surface energy of various materials.
Material 7 (mJ'm?) 7* (mJ'm?)
Glass 28.2 35.6
PDMS 217 1.1
Fluorocarbon rubber 0.8 12.7

(WepMs/ftuorocarbon rubber) Was calculated as ~8.9 mJ-m?,
which is quite a low value (Calculation section 1 in
the ESM). This calculation result indicates that the
fluorocarbon rubber sample can be demolded much
easily from the PDMS mold, and the PDMS, as a
flexible mold, is a suitable material for this fabrication
process. To observe the surface of the fabricated MSFE,
surface topology was characterized by using the SEM
and AFM (Fig. 1(d)), and the microstructure with a
prism shape of 10 um width and 4 pm height was
used as a stamp and was well-formed on the MSFE
surface. Also, to present the electric conductivity
property for the biosignal transmission, a carbon black
was added as a conductive material in the fluorocarbon
rubber. The surface resistance of the MSFE was
measured as 5 x 10* Q, and the electric conductivity
of MSFE was successfully observed (Fig. 52 in the
ESM) [52-54].

3.2 Performance of the MSFE

To evaluate the performance of the MSFE, various
characteristic tests were conducted, and the results
were detailed in Fig. 2. The key point of MSFE is a
high frictional force. The MSFE exhibited remarkably
high frictional force with the glass substrate, and it
could be largely analyzed from two perspectives:
One is an inherent material property, and the other is
the structural mechanics.

The first reason of showing the high frictional force
with the glass substrate was the inherent material
property of the fluorocarbon rubber and could be
analyzed by using the work of adhesion. To slip, the
surface between the fluorocarbon rubber and the
glass substrate must be detached. From the surface
energy in Table 1, the work of adhesion between
the fluorocarbon rubber and the glass substrate
(Welass/fluorocarbon rubber) Was calculated and obtained a
remarkably high value of 40 mJ-m™. That is, high
amounts of energy are required to detach the MSFE
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Fig.2 (a) SEM image of the cross-section of the MSFE. Scale bar is 30 um. (b) Illustration of the deformation of microstructures
depending on the external force. (c) Simulation result of the stress of the unit micro-scale prism. (d) Simulation result of the deformation
of unit micro-scale prism. (¢) Measurement result of the frictional force with respect to various samples; MPS, NPS, MSFE (in the
horizontal/vertical direction with respect to the micro-prism). (f) Measurement result of the dynamic friction.

from the glass substrate. Therefore, the MSFE could
exhibit the high frictional force with the glass
substrate.

Additionally, the second factor for enhancing the
frictional force was the microstructures on the MSFE
surface, and it was an important parameter for this
study. As shown in Fig. 2(a), microprism structures
were formed on the MSFE surface. When an external
force is applied, the structural deformation of the
microstructure occurred through the external force,
and this structural deformation at the elastic region
makes a high restoring force (Fig. 2(b)). At this time,
the behavior of the unit microprism could be analyzed
as a cantilever beam, and the external force (F) could
be expressed as follows [55]:

)

where [ is the moment of inertia of the cross-sectional
area; L is the length of the cantilever beam; and E and
¢ are the Young’s modulus (8.2 MPa) and deformation,
respectively. The microstructures on the MSFE surface
were deformed by external force. Thus, the external
force was converted into the restoring force in the
elastic region. Therefore, the MSFE could exhibit a
tremendous frictional force since the restoring force
by the microstructures was added to the inherent
frictional force of the fluorocarbon rubber. In addition,
stress and deformation of the microstructure on the
MSFE were simulated on the basis of the above
parameters (Figs. 2(c) and 2(d)). The top of the unit
microstructure was bent in the same direction as
the external force, and the maximum pressure and
the deformation were shown as ~20 MPa and ~2 pm,
respectively.

To observe the frictional force of the MSFE, the
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friction test was conducted by comparing it with three
samples, namely, MPS, non-patterned sample (NPS),
and MSFE. The MPS with an embossed surface
(height = 70 um, period = 500 um) has been used as a
non-slip pad of the real glass transfer systems in
industrial fields (Fig. S3 in the ESM). In addition, the
frictional force of NPS was measured to compare the
effectiveness of the microstructures on the MSFE
surface. The frictional force of each sample was
characterized with a preload of 500 g, and the MSFE
inspired by the fingerprint was revealed to exhibit
significantly enhanced frictional force compared with
the other samples.

The frictional force of the MPS and NPS was
measured as 5.00 and 14.51 N, respectively, whereas
the MSFE was exhibited a remarkably high frictional
force of 22.32 N. This result was up to ~4.5 times
improved value compared with the other samples.
Furthermore, as shown in Fig. 2(e), the frictional force
of the MSFE was measured much higher than that of
the NPS. This result could be a strong evidence to
prove the effectiveness of the microstructure on the
MSEFE surface and was the key feature of MSFE. The
frictional force was highly increased in the MSFE case
because the restoring energy of the microstructures
was added on the inherent material friction (Fig. 2(b)).
In addition, the effectiveness of the microstructure
was shown additionally in Fig. 2(e). The micro-prism
structure of the MSFE was arrayed in one direction, the
frictional force was measured differently depending
on the frictional direction, and the directionality
was shown in Fig. 2(e). When the external force was
applied in a direction perpendicular to the micro-prism
array (Fig. 2(e), blue bar), the frictional force was
measured as 22.34 N; and when the external force was
applied in a direction parallel to the micro-prism
array (Fig. 2(e), green bar), the frictional force was
measured as 15.23 N. It was 7.09 N lower than that
of the perpendicular case (Fig. S4 and Calculation
section 2 in the ESM). As is previously shown in
Fig. 2(b), this result could be another piece of evidence
for the enhancement of the frictional force due to the
microstructures. When the external force is applied
in a parallel direction with the micro-prism array, the
moment of inertia of the microstructure is much
higher than that in the perpendicular case. As a result,
the deformation of microstructures due to the external

force was decreased greatly. Therefore, the effect of
frictional enhancement by the deformation of micro-
structures was nearly neglectable compared with the
perpendicular case. As a result, the frictional force
in a parallel direction with the micro-prism array was
almost similar to the NPS case, and this was a quite
reasonable result.

Meanwhile, the human fingerprint is composed of
many grating structures, indicating that new frictional
force is generated continuously even if a slip occurred.
This performance of the fingerprint could be an
additional advantage for the stable usage of the MSFE,
and it could also be applied to the MSFE inspired by
the fingerprint. To observe this performance, dynamic
friction was measured (Fig. 2(f)). In the NPS case
(red line), it was shown as a high frictional force in
the static friction range, however, after slip occurred,
no dynamic friction was measured, and the glass
substrate strongly escaped from the NPS surface
because the glass substrate was detached immediately.
It could be a significant disadvantage to apply to real
applications because unexpected slips could frequently
occur in real situations. The MPS and MSFE exhibited
admirable dynamic friction. Especially, in the MSFE
case (blue line), it not only shows the admirable static
friction (~22.2 N) but also the high dynamic friction
(~15.2 N). As shown in Fig. 3, considering that the
MSFE consists of numerous microstructures, a new

(a) Force

S b

Contact region

New contact region

Fig. 3 Illustration of the principle of the dynamic friction-
enhancement of the MSFE. (a) Initial status before the slip. The
orange-coloured arrows indicate the initial contact region with
the MSFE. (b) Schematic of the friction after occurring the slip.
The new contact region was generated continuously by the micro
structures on the MSFE surface. The red-coloured arrows indicate
the new contact region with the MSFE.

EN?V%}SS%Y%}}%;AS @ Springer | https://mc03.manuscriptcentral.com/friction



Friction

contact area between the microstructures and glass
substrate was continuously generated because of the
microstructures. Thus, the high dynamic friction was
exhibited in the MSFE sample, and more stable usage
could be allowed.

Through the measurement of the frictional force,
the admirable performance of the MSFE was observed.
To apply the MSFE as a feasible application in real
life, additional characteristic experiments were carried
out. Through the various experiments, the frictional
force of the MPS was measured to be a relatively low
value compared with the other samples. Despite the
relatively low frictional force, the reason why the
MPS has been used as a non-slip pad in the real glass
transfer systems was shown in Fig. 4(a). As the next-
generation glass becomes larger and thinner in the
display market, a development of the advanced
non-slip pad with microstructures having not only a
high frictional force but also a low adhesive force has
been required. However, forming the microstructure
on the fluorocarbon rubber pad surface is difficult.
Furthermore, although the fabrication process of the
NPS is much easier than the MPS fabrication process,
and the NPS shows much higher frictional force than
that of the MPS, the NPS could not be used because
of a critical limitation in terms of an adhesion issue.
If the non-slip pad has the adhesion in the vertical
direction when the pad is detached from the glass,
then the thin glass substrate could be damaged.
Therefore, the low adhesion is an important factor for
glass transfer systems, and the pull-off strength was
measured by a custom-built equipment (Fig. S5 in the
ESM). As shown in Fig. 4(a), the NPS showed a high
pull-off strength of up to ~250 kPa, whereas MPS and
MSFE exhibited no pull-off strength. Generally, the
vertical adhesion is proportional to the contact area

(a) (b)

on the contact surface, and the pull-off strength (P)
could be simply expressed as follows [56-59]:

P= %an 3)

where R is the radius of the hemisphere in contact,
and W is the work of adhesion. In the case of MSFE,
the line contact with the glass surface occurred, and
the value of R was considered ~0 because the MSFE
was composed of the micro-prism array. Therefore,
the MSFE could exhibit not only the high frictional
force but also no pull-off strength because of the
microstructures. Thus, the MSFE could be a suitable
application as the non-slip pad for the glass transfer
systems without causing any damage to the glass
substrate.

Another advantage of the fluorocarbon rubber is its
robustness. To use the MSFE in actual industrial fields
or in real life, it must maintain excellent performance
without deteriorating even after many repetitive usages.
To confirm the sustainability of the MSFE, 100,000 cycle
repeat tests were implemented by applying a preload
of 50 kPa. As shown in Fig. 4(b), the frictional force of
the MPS was well-maintained at 4.50 and 4.80 N after
50,000 and 100,000 cycles, respectively. Likewise, in
the MSFE case, the high frictional force was measured
as 21.52 and 22.13 N after 50,000 and 100,000 cycles,
respectively. Both samples showed a similar value
compared with the initial frictional force (5.00 and
22.32 N) after the repeat tests, indicating that the
MSEFE could be used stably without deterioration of
performance even after repeated use of 100,000 times.

Furthermore, the fluorocarbon rubber is one of the
famous materials that can be used at high temperature
and vacuum conditions. To observe the thermal
resistance of the MSFE, an experiment for thermal
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Fig. 4 (a) Measurement result of the pull-off strength with respect to various preloads. (b) Experimental result of the frictional force
measurement according to the 100k repeat test. (¢) TGA result of the MSFE and the MPS of up to 400 C.
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stability was carried out by using the TGA to predict
the thermal degradation of materials. As shown in
Fig. 4(c), the residual weights of the MSFE and the
MPS compared with the initial weight at 200 °C were
measured as 99.99% and 99.95%, respectively. The
residual weights of the MSFE and the MPS at 300 °C
were measured as 99.87%, 99.92%, respectively. At
400 °C, despite a quite high temperature, the MSFE
and the MPS showed the high residual weights of
99.43% and 99.01%, respectively. These results indicated
that the MSFE and the MPS could be used stably and
reliably in quite a wide temperature range.

3.3 Applications

Based on various experiments, it turned out that the
MSFE could be applied to various fields.

As mentioned before, the fingerprint enhances the
efficiency of biosignal transmission and frictional
force. So far, through the various experiments, the
admirable performance of the MSFE inspired by the
fingerprint, such as conductivity, high frictional force,
and sustainability, were revealed. In this section, we
suggest two experiments as feasible applications of
the MSFE based on the role of the fingerprint: One is
an astronaut glove with the MSFE, and the other is a
frictional force-enhanced non-slip pad for the glass
transfer systems.

(a) (c)

Spacesuit

i 3D printed jig (ii)
¢ > Robot arm ‘

In space, astronauts must wear a spacesuit to protect
themselves from the harsh space environment. The
MSEFE can be utilized at high temperature and vacuum
condition and has conductivity. As the first feasible
application, a conductive glove with the MSFE was
introduced by assuming the astronaut glove. As shown
in Fig. 5(a), the MSFE was attached to the tip of the
experimental glove, assuming a situation, in which
electrical signals must be transmitted to the outside
while wearing a spacesuit. As shown in Fig. 5(b), the
electrical signal was well transmitted through the
MSFE, and the touch screen of the electronic device
could be operated without taking off the gloves.
Through this experiment, the possibility of using the
MSEFE for the astronaut glove was observed, and the
glove with the MSFE could improve the research
performance and efficiency and user convenience in
the daytime space environment by manipulating the
external touch screen effectively while increasing the
grip power of the outer space suit.

As a second feasible application, an experiment for
the glass transfer systems by using the MSFE was
conducted. Various novel performances of the MSFE
were revealed and compared with the MPS, and the
MSEFE could be a suitable non-slip pad for the advanced
glass transfer systems. As shown in Fig. 5(c), the
experiment was implemented with a 6-DOF robot arm.

Load (~600 g) 0

‘-/ MSFE
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i) Initial state (ii) Moving (iii) Recovery
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Fig. 5 (a) Schematic of the MSFE applied in astronaut gloves as the 1st application. The MSFE was attached onto the end of the gloves.
(b) Time-lapse images for the conductivity test of MSFE. The electric signal could be transmitted through the MSFE: (i) initial state,
(ii) screen touching, and (iii) continuously touch. (c) Schematic of the MSFE applied in glass transfer systems as the 2nd application. The
MSFE was assembled with the 6-DOF robot arm: (i) photograph and microscope images of the MPS; and (ii) photograph and microscope
images of the MSFE. (d) Time-lapse images for the MPS-applied glass transfer system. (¢) Time-lapse images for the MSFE-applied glass
transfer system. The time period from the initial state to the recovery in the images is around 10-15 seconds.
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The MSFE and MPS were assembled on the robot
arm by using a 3D printed jig. As shown in Figs. 5(d)
and 5(e), a glass attached jig (600 g) was placed on
the MPS and MSFE as a load, and the robot arm was
operated with a rotation radius of 280 mm, a high
rotation speed of 480 (°)'s™, and a rotation angle of 50°.
In the case of the MPS (Fig. 5(d)), the jig was escaped
by the centrifugal force and the inertia due to low
friction, meanwhile, in the case of the MSFE (Fig. 5(e)),
non-slip occurred due to high frictional force, and
it could be stably returned to the initial state without
any issue (Movies S1 and 52 in the ESM). This
experiment showed the advanced and enhanced
frictional force of the MSFE compared with the MPS,
which has been used in real glass transfer systems. This
experiment revealed that the MSFE could be utilized
efficiently for advanced glass transfer systems.

4 Conclusions

In this study, we report an MSFE that not only have
high frictional force but also electric conductivity
inspired by the role of fingerprint.

In summary, the main conclusions are as follows:

1) Fingerprint-inspired advanced end-effector was
developed with a fluorocarbon rubber. So far, the
fabrication of microstructured samples composed with
the fluorocarbon rubber has been limited. In this
study, we developed a new fabrication method using
the thin PDMS mold. Based on the main role of
fingerprint, the MSFE was designed with high friction
and conductivity.

2) The MSFE exhibits admirable friction with a value
of ~22.3 N which is a higher value up to 4.5 times
compared with the frictional force of MPS. This is a
noticeable achievement in the development of end-
effector, and the role of microstructures on the MSFE
was analyzed in detail from the mechanical engineering
perspective view.

3) Due to the material characteristic of the fluoro-
carbon rubber, the MSEFE is not only durable but also
usable in harsh conditions such as a high temperature
and vacuum environment. We verified the reliability
of the MSFE through the repeat test up to 100,000 cycle
and the TGA test.

4)Based on various experiments, we suggest
specific and practical applications of the MSFE.
The glass transfer systems and astronaut gloves with
MSFE were introduced. We observed the biosignal
transmission and enhancement of the friction via an
astronaut glove and a glass transfer robot system.
Despite a high rotation speed of robot arm (480 (°)-s™),
the jig on the MSFE was stably placed against the
centrifugal force, whereas in case of the MPS, the jig
was escaped. Through this experiment, we confirmed
the strong chance to apply the MSFE to real
industrial fields.

Lastly, we emphasize that the MSFE could become
one of the breakthroughs in the demand for advanced
non-slip pads for the next-generation glass transfer
systems, and the MSFE is expected to be applied
in various fields, such as the next-generation glass
transfer systems and astronaut gloves.
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