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Irreproducible SEBS wrinkling based on spin
evaporation enabling identifiable artificial
finger pad electronics

Juyeong Lee 1,5, Haechan Park 1,5, Sehyun Kim 1, Chang Liu 2,
Zhengwei Li 2,3 & Kyoseung Sim 1,4

Irreproducible wrinkling, characterized by randomly arranged ridges or crea-
ses on material surfaces, has significant potential for application in entity
identification and anti-counterfeiting. However, active research in this field is
hindered because the existing wrinkling methods face challenges in realizing
discernible patterns and potential applications of submillimeter-scale wave-
lengthwrinkles are yet to be identified. Herein, we propose a strategy to create
unique and irreproducible styrene–ethylene–butylene–styrene (SEBS) wrin-
kles using “spin evaporation”, a technique that rapidly removes the solvent by
spinning.Wedemonstrate the realization of SEBSwrinkleswithwavelengths of
hundreds of micrometers with high randomness, irreproducibility, and resis-
tance to external stimuli. Importantly, to demonstrate the potential applica-
tion of the wrinkle, we suggest and fabricate a human-finger-like fully soft
identifiable artificial finger pad electronics and integrate it with a soft bimodal
sensing system. The artificial finger pad mimics human finger pad features
such as identification, object recognition, and effective grasping. Further
integration of this pad into soft robots, cephalopods, and prosthetic skin
offers insightful potential for the proposed wrinklingmethod in various fields.

The study of wrinkles—pervasive patterns observed in nature—con-
tributes to substantial technical advancements in areas such as optical
propertymodulation1–4, wettability control5,6, dynamic adhesion7,8, and
stretchable electronics9. In particular, irreproducible wrinkling, which
generates unique arbitrarypatterns each time, has attracted significant
attention owing to its applications in entity identification and anti-
counterfeiting (e.g., physical unclonable functions)10–14. Presently, the
effective detection and authentication of patterns with a range of
nano- to submicron-scale wrinkle wavelengths require high-cost, high-
resolution, and complex systems11,12. Furthermore, the absence of a
mechanically deformable feature in these patterns (capable of endur-
ing external stimuli) restricts their applicability because their practical
applications often subject these patterns to various external stimuli

such as mechanical deformation and physical contact15,16. The sig-
nificant challenges associated with creating discernible patterns with
large-wavelength wrinkles (on the order of hundreds of micrometers)
and ensuring their mechanical deformability remain unaddressed. The
present situation is attributed to the inherent difficulty in achieving
large-wavelength wrinkling with irreproducible patterns on elastomer
surfaces and a lack of substantial applications that could spur intensive
research in thisfield. Therefore, there is a need to develop anapproach
to creating sufficiently discernible randomwrinkles with mechanically
deformable features via a facile process, as well as identifying
impactful applications for such wrinkle patterns.

Here, we propose an innovative strategy, termed “spin evapora-
tion”, to form discernible and irreproducible wrinkles on styrene-
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ethylene-butylene-styrene (SEBS), featuring amechanically soft nature
with submillimeter-scale wavelength. This method is based on swift
solvent removal through the horizontal spinning of a film, which is
cost-effective and enables the formation of large-area, unique, irre-
producible random patterns of SEBS wrinkles. Unlike conventional
techniques, this approach utilizes spinning for solvent treatment only
without an additional layer coating to form wrinkles.

The SEBS wrinkles obtained using this method exhibit a high
degree of randomness and irreproducibility, demonstrating excellent
authentication and identificationproperties. In addition, SEBSwrinkles
exhibit high resistance to various external stimuli, including mechan-
ical strain, abrasion, pressure, and environmental factors such as
temperature and hydration. Moreover, we propose and demonstrate
impactful applications of irreproducible SEBS wrinkles characterized
by sufficiently discernible patterns. As a representative application of
the proposed method, we fabricate a human-finger-like soft artificial
finger pad using a fingerprint derived from SEBS wrinkle patterns and
integrate it with a soft bimodal sensing system. The irreproducible
pattern enhances security for identification and authentication in our
artificial finger pad electronics, representing a significant departure
from existing reports on finger pad electronics that utilize physical
patterns for triboelectric tactile sensing17,18, vibrotactile signal
sensing19, energy harvesting20, and effective grasping21. More specific
comparisons are summarized in Supplementary Table 1. Experimental
results obtained using the fabricated device suggest the potential of
the proposed method for critical real-world applications because the
artificial finger pad successfully emulates human finger-like functions,
including fingerprint authentication, object recognition, surface tex-
ture distinction, and effective object gripping. The expanded scope of
the irreproducible SEBSwrinkles is further demonstrated, presenting a
broad spectrum of potential applications across various fields,
including in soft robotics, cephalopod-inspireddevices, andprosthetic
skin technologies.

Results
Irreversible SEBS wrinkle based identifiable artificial finger pad
electronics
SEBS is a widely used triblock copolymer consisting of crystalline
polystyrene and amorphous poly(ethylene-butylene) regions, as
shown in Fig. 1a. It is a well-known elastomerwith excellentmechanical
stretchability, robustness, weather resistance, and biocompatibility. It
is suitable for various applications such as wearable electronics, elec-
tronic skin, and other outdoor applications22–24. Figure 1b shows a
schematic illustration of the proposed strategy for submillimeter-scale
SEBS wrinkle formation through swift solvent removal using spin
evaporation. The spin evaporation technique involves only a solvent
treatment without any additional layer coating. Distinct from tradi-
tional evaporation methods that involve gradual solvent removal, this
technique allows precise control over solvent retention time on the
SEBS surface, achieved through rapid evaporation under horizontal
spinning as needed. The exposure duration of SEBS to the solvent is
critical for wrinkle morphology, and spin evaporation plays a pivotal
role. The detailed optimization will be discussed later in this paper.

The irreproducible SEBS wrinkles obtained using the spin eva-
poration method feature irregularly grooved patterns on a sub-
millimeter wavelength scale, as shown in Fig. 1c–e. These irreproducible,
unique, discernible, and robust characteristics of SEBS wrinkles can be
utilized in various practical fields, enabling the mimicry of natural
functions, such as those servedbyfingerprints. Indeed,fingerprints are a
representative physical feature of finger pads, which offer distinctive
patterns that enable the identification of individuals. However, most
studies have overlooked the unique identification feature of human
fingerprints, and the development of human-like robots or androids has
predominantly focused on appearance25, movement26–29, and skin-like
electronics30–32. Therefore, we demonstrate identifiable artificial finger

pad electronics as an impactful application of irreproducible SEBS
wrinkles, as shown in Fig. 1f. This artificial finger pad exhibited physical,
functional, and mechanical attributes analogous to those of a human
finger pad.

Discernible SEBS wrinkling by spin evaporation
The SEBS wrinkles were spontaneously formed on a UV-O3 treated
SEBS surface through solvent-induced swelling with spin evaporation.
The process involves dropping toluene onto the SEBS film, followedby
the rapid removal of toluene from the film via horizontal spinning, as
schematically depicted in Fig. 2a. In particular, the surface of the SEBS
film was exposed to UV-O3 to induce cross-linking of molecular chains
via radical recombination33,34. The plausible cross-linkingmechanism is
proposed in Supplementary Fig. 1. The exposure to UV-O3 generates
diverse radicals, including alkyl, alkoxy, and peroxy radicals, within the
aliphatic backbone of SEBS. These radicals can be randomly cross-
linked, and some of the generated radicals can further form alcohols,
aldehydes, ketones, acetophenones, and ester compounds35. The
attenuated total reflection Fourier transformation infrared (ATR-FTIR)
spectra of the UV-O3 exposed SEBS film exhibited reduced sp3 C −H
absorption (2925 cm−1 and 2850cm−1) and enhanced O −H
(3670–3000 cm−1), C =O (1715 cm−1), and C −O (1180 cm−1) absorption
with longer exposure times (Supplementary Fig. 2). These results
confirm the cross-linking of SEBS upon UV-O3 exposure. Although UV-
O3 treatment simultaneously induces chain scission and cross-linking
in SEBS, gel permeation chromatography (GPC) results (Supplemen-
tary Fig. 3) indicate that 20min of treatment led to an increase in the
weight-average molecular weight (MW) and polydispersity index, sug-
gesting that cross-linking predominates over chain scission36. When
toluene was applied to the UV-O3 treated SEBS film, the cross-linked
surface swelled. Consequently, the omnidirectionally expanded sur-
face experienced self-generated in-plane compressive stress during
toluene evaporation without any externally applied load, leading to
wrinkling of the SEBS surface with irregularly shaped grooves, suitable
for use as artificial fingerprints (Fig. 2b).

One critical aspect of the formation of wrinkles is plastic
deformation caused by the swelling of the UV-O3 treated SEBS sur-
face. The swelling of the SEBS surface involves an irreversible
expansion of the surface, preventing it from shrinking after des-
welling, as shown in Supplementary Fig. 4. In this process, the irre-
gularly shaped, grooved features of the pattern result from the
stochastically variedmechanical properties of the cross-linked SEBS.
Indeed, atomic force microscopy (AFM) images of the surface in the
phase mode clearly exhibit stochastically altered mechanical prop-
erties of the SEBS surface through UV-O3 induced cross-linking
(Supplementary Fig. 5). To investigate the effect of such spatial
variations in local stiffness on wrinkle configuration, finite element
analysis (FEA) was performed, and the detailed simulation steps and
results are described in Supplementary Note 1. As shown in Sup-
plementary Fig. 6, the 2D FEA results clearly demonstrate that even
minor, randomly distributed spatial variations in local stiffness can
significantly change the final wrinkle pattern, thereby elucidating
the origin of the irreproducible wrinkling. Furthermore, the 3D FEA
results highlight the role of strain anisotropy during wrinkle for-
mation, which significantly affects the morphology of the patterns
generated in this study, as shown in Supplementary Figs. 7 and 8.
These variabilities aligned with classical buckling theories, which
highlight the sensitivity of wrinkle formation to material imperfec-
tions and applied strain37. Consequently, the combined effects of
stochastic cross-linking and strain anisotropy preclude the forma-
tion of standardized or reproducible wrinkle morphologies, even
under consistent processing conditions. In addition, the degree of
cross-linking, determined by the UV-O3 treatment time, affected the
morphology of SEBS wrinkles. As shown in Supplementary Fig. 9,
20min of UV-O3 treatment resulted in the desired surface

Article https://doi.org/10.1038/s41467-025-57498-y

Nature Communications |         (2025) 16:2225 2

www.nature.com/naturecommunications


morphology with irregularly corrugated patterns of the SEBS film. In
contrast, insufficient or excessive cross-linking led to non-uniform
wrinkling.

Another crucial aspect is spin evaporation, which results in a rapid
removal of the solvent toluene. Solvent removal was achieved by
spinning theUV-O3 treated SEBS surface immediately after toluenewas
dropped onto it. Otherwise, toluene would penetrate the film and
dissolve an excessive number of SEBS molecules beneath the cross-
linked surface, resulting in non-uniform wrinkling, as shown in Sup-
plementary Fig. 10. It shouldbenoted that applying high temperatures
for faster solvent evaporation resulted in non-uniformwrinkling owing
to accelerated dissolution (Supplementary Fig. 11). To determine the
appropriate time for a desired pattern, the retention time of the sol-
vent on the UV-O3 treated SEBS was optimized. In this study, 5 s was
found to be themost appropriate (Supplementary Fig. 12). In addition,
the solubility of SEBS in the solvent used for spin evaporation is
another crucial factor for appropriate wrinkle formation. As shown in
Supplementary Fig. 13 and Supplementary Table 2, solvents that have
low solubility in SEBS cannot induce wrinkles due to their inability to

swell the cross-linked SEBS surface. The specific conditions for the
reliable formation of discernible wrinkles were systematically opti-
mized, enabling a randomly featured patterned topography across a
large area of the SEBS film, as shown in Fig. 2c and Supplementary
Fig. 14. The SEBS film exhibits a maximum dimension of up to
7.5 cm× 5.0 cm, with high pattern coverage and continuity (Supple-
mentary Fig. 15).

Human fingerprints are exposed to various environmental stimuli
such as mechanical deformation, moisture, and heat in daily life.
Therefore, ensuring the physical stability of the pattern of an artificial
fingerprint is essential for its utilization in artificial finger pads. Figure
2d depicts representative optical microscopy images of an artificial
fingerprint before and after being subjected to various external sti-
muli, including a strain of 30%, thermal stress at approximately 90 °C
for 24 h, moisture by soaking in tap water for 24 h, abrasion caused by
mechanical rubbing with a stainless steel stick for 300 times, and
pressure applied by pressing with a 100 g weight. The durability of the
patterns against external stimuli is demonstrated by comparing the
wavelength and amplitude extracted from confocal laser scanning
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microscopy images (Supplementary Fig. 16). As shown in Fig. 2d, e and
Supplementary Fig. 17, the artificial fingerprint exhibited excellent
physical durability against these external stimuli. Furthermore, the
artificial fingerprint featured not only mechanical endurance of harsh
stimuli, including cyclic strain, static strain, and low temperatures
down to − 20 °C (Supplementary Fig. 18), but also chemical resistance
to various conditions such asPBS, acetone, ethanol, acid, andbase, and
human sweat (Supplementary Fig. 19). These results clearly indicate
that the artificial fingerprint used in this study can be utilized effec-
tively as identifiable artificial finger pad electronics.

Authentication property of irreproducible SEBS wrinkle
The irregular patterns of irreproducible SEBS wrinkles enable the
assignment of a unique identifier to individual objects such as
androids, thereby facilitating their tracking, maintenance, and

management throughout their lifecycle after registration and authen-
tication. Hence, the uniqueness of the SEBS wrinkle pattern was eval-
uated in this study to validate its potential suitability as an identifier,
such as a fingerprint. The optical microscopy images of wrinkles were
converted into binary images using Otsu’s algorithm, as shown in
Fig. 3a. This image-processing technique determines the optimal
threshold value by analyzing the image histogram (Supplementary
Fig. 20). As a proof-of-concept, authentication was demonstrated by
comparing binarized optical microscopy images of wrinkles using
Python with Oriented Fast and Rotated BRIEF (ORB) and Brute-Force
Matcher (BFMatcher) algorithms (Supplementary Note 2). The com-
parison results can be quantified into a specific value that represents
the degree of similarity between images. A cross-correlation analysis of
70 wrinkles (Supplementary Fig. 21) was performed using the image
comparison method described above. The heatmap (Fig. 3b) and
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histograms (Fig. 3c) of the cross-correlation analysis results exhibited
excellent authentication and identification features, returning a high
correlation coefficient (i.e., similarity) of near unity for identical ima-
ges and a low value of less than 0.45 for different images. In addition, a
practical example of authentication was demonstrated by comparing
three images: one imagewas identical to the registered image, another
was identical but rotated by 90°, and the third image was distinctly
different (Fig. 3d). As shown in Fig. 3e, excellent authentication capa-
citywasdemonstratedby a 100% similarity value for both identical and
rotated images with reference to the registered image, whereas the

different image showed a similarity of less than 50%. The identification
capability is further demonstrated in Fig. 3f, which shows an excellent
discernible function among the 70 pre-registered patterns (Supple-
mentary Fig. 21). A mathematical model incorporating combinatorial
calculations to quantify the irreproducibility of SEBS wrinkle patterns
reveals that the probability of generating two identical patterns within
a 1mm× 1mm sample is nearly one in 1043. The detailed calculations
supporting this estimation are provided in Supplementary Note 3.

Because SEBS wrinkles primarily depend on the UV-O3 treatment,
custom-designed conventional patterns containing irregularly
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corrugated sub-patterns can be created using a selective UV-O3

exposure using a shadow mask (Supplementary Fig. 22). Supplemen-
tary Fig. 23 shows representative demonstrations of various patterns
containing wrinkled configurations successfully fabricated as desired.
Consistent with our earlier simulations, the FEA results for these pat-
terned samples confirm significant strain anisotropy during the
wrinkling process, as shown in Supplementary Fig. 24, further vali-
dating the role of anisotropic strain in wrinkling. Owing to the sig-
nificant advantages of the facile wrinkle formation process for
customizable designs, this approach can be applied to various fields
such as QR codes and artificial irises, as shown in Fig. 3g. These
examples highlight the significant security enhancements that could
be achieved through our approach, specifically by usingQR codeswith
irreproducible random sub-patterns and artificial irises with unique
wrinkling patterns imitating human irises (Supplementary Note 4). The
potential for applications of this method in high-level security and the
development of more human-like androids highlight the significance
of this study.

Identifiable artificial soft finger pad electronics
Fingerprints feature unique patterns for individual identification. The
proliferation of humanoid robots, especially androids that mimic
human traits, has aided various fields38–41. Although advancements
have been made in motion26–29, artificial intelligence42,43, and human-
like appearance25, artificial fingers remain underexplored despite their
significance. Integrating fingerprint technology in androids offers
unique and secure identities, enhancing security and interaction
authenticity in the Internet of Things systems as well as enabling
effective tracking and maintenance throughout their lifecycle.

Figure 4a depicts anoptical image of a robotic hand incorporating
identifiable artificial finger pad electronics in a fully soft format that
consists of fingerprint-inspired identifiable patterns and soft electro-
nics with bimodal sensing capabilities. The pattern features an irre-
gular groove formed by the wrinkling of SEBS in unpredictable shapes,
which impart a unique, recognizable, distinguishable, and identifiable
character to a particular entity. Such patterns can be considered arti-
ficial fingerprints. In addition, the bimodal sensing soft electronics,
comprising resistive temperature sensors based on organic semi-
conductors and capacitive pressure sensors based on porous elasto-
mers, enable simultaneous and discriminating temperature and
pressure monitoring. The artificial finger pad was fabricated as a ver-
tical assembly of a temperature-sensor-embedded artificial fingerprint
and porous elastomer-based pressure sensor as schematically illu-
strated in Fig. 4b. Soft and thin polydimethylsiloxane (PDMS) (with a
monomer-to-cross-linker ratio of 20:1) was used as an adhesive
between the components (Supplementary Fig. 25) to ensure the soft-
ness of the artificial finger pad. A soft temperature sensor was fabri-
cated using a composite of poly(3-hexylthiophene) nanofibrils, PDMS
(P3HT-NFs/PDMS), and silver nanowires (AgNWs) embedded in SEBS
(AgNWs/SEBS). A soft pressure sensor was fabricated using porous
PDMS and AgNWs embedded in PDMS (AgNWs/PDMS) electrodes
assembled in a sandwich structure. A cross-sectional image and sche-
matic of the device are shown in Supplementary Fig. 26. The detailed
features and fabrication processes of all components are descri-
bed later.

As mentioned previously, the softness of the artificial fingerprint,
alongwith the temperature and pressure sensors,must be adequate to
mimic the various functionalities of the human finger pad. Figure 4c
presents the stress-strain curves of each component used to fabricate
the soft and identifiable artificial finger pad electronics. The Young’s
moduli of wrinkled SEBS, AgNWs/SEBS, porous PDMS, and AgNWs/
PDMS were obtained as 3.01MPa, 1.46MPa, 95.9 kPa, and 2.69MPa,
respectively, with corresponding fracture strains of 958.8%, 744.8%,
80.87%, and 109.0%. Although these moduli are relatively higher than
those of the humanfinger pad (between 0.07MPa and0.2MPa)44, they

are sufficiently soft to be used as artificial finger pad45,46. Figure 4d
shows various mechanical deformations, such as bending, stretching,
and poking, of the artificial finger pad electronics. Owing to the soft
character of all the components used in the fabrication of the artificial
finger pad, the pad can be deformed without any physical damage.

Under real-world conditions, the human finger can sensemultiple
stimuli, which assists in compensating for the limitation of visual
perception. Therefore, the artificial finger pad must be compatible
with various sensing modes to closely mimic the functions of the
natural finger. Particularly, sensing temperature and pressure using
the finger is invaluable in enabling humans to recognize objects. In this
study, we fabricated a fully soft bimodal sensor capable of dis-
criminating between temperature and pressure detection. This was
achieved via vertical integration of two components: a resistive tem-
perature sensor (AgNWs/SEBS and P3HT-NFs/PDMS) and a capacitive
pressure sensor (AgNWs/PDMS and porous PDMS). An organic
semiconductor-based thermistor was adopted as the soft temperature
sensor owing to its high sensitivity at low-temperature ranges,
mechanical endurance, and simple fabrication process32,47,48. The
temperature sensor was fabricated with a two-terminal planar config-
uration using AgNWs/SEBS and P3HT-NFs/PDMSas soft electrodes and
soft temperature-sensing components, respectively. The fabrication
process of the temperature sensor is schematically illustrated in Sup-
plementary Fig. 27 and is described in the Methods. Supplementary
Fig. 28a shows resistance changes of the sensor upon a temperature
range from 20 °C to 50 °C, which presents typical thermistor behavior
with a negative temperature coefficient (NTC)47. The linearly fitted
natural logarithm of resistance (lnR) versus the reciprocal of absolute
temperature (1/T) wasused to obtain the βparameter and temperature
coefficient (α) (Supplementary Fig. 28b). The detailed calculations for
extracting these values are provided in Supplementary Note 5. Sup-
plementary Fig. 29 shows the continuous temperature-monitoring
results of the soft sensor. These results are comparable to those of
previously reported soft temperature sensors (Supplementary Table 3
and Supplementary Fig. 30). The relative resistance changes (Fig. 4e)
and the extracted β parameter and α under the tensile strain of 30%
(Supplementary Figs. 31 and 32) showed no significant degradation.
Thus, the temperature sensor provides a reliable sensing capability
under the typical deformation experienced by a human finger in
everyday routine. Moreover, the effect of pressure on the soft-
temperature sensor was investigated. Supplementary Fig. 33 shows a
negligible resistance variation at 20 °C when applying a pressure of
0.56 kPa to the sensor. The fully soft nature of the temperature sensor
alleviated the strain upon applying pressure, enabling the sensor to
distinguish temperature information from another stimulus, pressure.

The capacitive pressure sensor was designed with a conventional
sandwich structure comprising AgNWs/PDMS, porous PDMS, and
AgNWs/PDMS as the bottom electrode, sensing layer, and top elec-
trode, respectively. The remarkable mechanical endurance of the
AgNWs/PDMS electrode features stable electrical conductivity under
mechanical strain49. The pressure sensor measures the changes in
capacitance caused by the application of pressure on the sensor, and
the sensing mechanism is described in Supplementary Note 6. The
details of the fabrication process are schematically illustrated in Sup-
plementary Fig. 34 and are described in the Methods. Porous PDMS
was chosen owing to its benefits, such as simple preparation, excellent
softness, relatively high sensitivity, and high thermal resistance50–52.
Considering the ease, low cost, and eco-friendliness of the process,
manually pressed sugar was used to prepare a template for forming
porous PDMS. The schematics of the porous PDMS preparation are
depicted in Supplementary Figs. 35–37 and described in the Methods.
Figure 4f shows the representative capacitance change in the pressure
sensor plotted as a function of pressure change from 0 to 20 kPa,
which corresponds to the typical pressure experienced by the human
finger when touching or holding objects. The sensor exhibits a linear

Article https://doi.org/10.1038/s41467-025-57498-y

Nature Communications |         (2025) 16:2225 6

www.nature.com/naturecommunications


Robotic hand

Fully Soft Artificial 
Finger Pad

a

b

Stretching

1 cm

d

300 μm
1 cm

Soft Temp. 
sensor

Artificial 
Fingerprint

Soft pressure sensor 
(underneath)

Poking

1 cm

Bending

1 cm

P3HT-NFs/PDMS

AgNWs/
SEBS

Pressure 
sensor

Temperature 
sensor

Pattern

AgNWs/
PDMS

Porous 
PDMS1 cm

PDMS 
encapsulation

c

0 200 400 600 800
Strain (%)

St
re

ss
 (M

Pa
)

0

15

10

5
Wrinkled SEBS
AgNWs/SEBS
Porous PDMS
AgNWs/PDMS

1000

5000

1.6

1200

e

20 30 40 50

0

-40

-60

-80Δ
R
/R

0
×

10
0 

(%
)

Temperature ( )

-20
ε = 0%
ε = 30%

f

0 5 10 15 20

60

40

20

0Δ
C

/C
0
×

10
0 

(%
)

Pressure (kPa)

1 mm

g 60

40

20

0Δ
C

/C
0
×

10
0 

(%
)

Time (s)
0 2 4

ε = 30%ε = 0%

0 2 4

17.7 kPa
14.2 kPa
8.84 kPa
4.42 kPa

h
Thermal 

Radiation

2 cm

Weight

2 cm

0

15

0

15

|Δ
R

/R
0|

×
10

0 
(%

)

|Δ
R

/R
0|

×
10

0 
(%

)

0

15

0

15
i

Δ
C

/C
0 

×
10

0 
(%

) 35

0

35

0

Δ
C

/C
0

×
10

0 
(%

) 35

0

20˚C

30˚C

15˚C

25˚C

35

0

Fig. 4 | Soft artificialfinger pad. aOptical images of the soft artificial finger pad on
robotic hand (left), freestanding artificial finger pad (middle), and optical micro-
scopy image of artificial fingerprint (right). b Schematic exploded view of the fully
soft artificial finger pad. c Stress-strain curves of components used. d Optical
images of artificial finger pads under various mechanical deformations. e Relative
resistance change (R/R0) in soft temperature sensors under the tensile strain of 0%

and 30%. f Calibration curves of soft pressure sensor under loading and unloading
(Inset is optical cross-sectional images of pressure sensor). g Responses of soft
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h, i Spatial mapping of temperature and pressure distributions obtained using the
soft bimodal sensor under thermal stimulus (h) and pressure (i). (Inset is the
infrared images depicting temperature distribution).
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response with sensitivities (S = (ΔC/C0)/ΔP) of 3.498%/kPa and 3.214%/
kPa under loading and unloading, respectively. It is noted that the
thickness of the porous PDMS was fixed at 1.0mm to ensure a suffi-
ciently thin profile and enhance the wearability of the device. Sup-
plementary Fig. 38 shows the capacitance profiles with clear dynamic
responses under various pressures. No obvious degradation is
observed under repeated cycling loading/unloading tests after 100
cycles, as shown in Supplementary Fig. 39.

Owing to the soft character of all the components, the pressure
sensor displayed normal sensing characteristics under a mechanical
strain of 30%, as shown in Fig. 4g and Supplementary Fig. 40. A slight
decrease in its sensitivity (2.108%/kPa during loading and 2.094%/kPa
during unloading) was observed under a tensile strain of 30%. This
decrease in sensitivity can be attributed to the thinning of the sensing
layer caused by tensile strain. This condition requires a greater force to
achieve an equivalent degree of thickness reduction (Supplementary
Fig. 41). Considering the potential uses of the artificial finger pad, the
soft nature of the pressure sensor is more critical than maintaining a
consistent value under high strain. This is because the skin on the
human finger pad experiences only slight stretching during normal
daily activities53. Importantly, the capacitive pressure sensor exhibits
temperature-insensitive characteristics at pressures of 0 kPa, 4.42 kPa,
and 17.7 kPa, as shown in Supplementary Fig. 42. This is a well-known
advantage reported previously elsewhere as well54,55. The pressure-
sensing capability, independent of temperature change, enables the
sensor to accurately monitor pressure in situations where various sti-
muli are mixed, similar to real environments.

Spatialmapping results were obtained froma soft bimodal sensor
array (3 × 3). Figure 4h shows the sensor array under thermal radiation,
demonstrating distinct temperature mapping without detecting any
signal from the pressure-sensing component. When a 50 g weight was
loaded onto the soft bimodal sensor array, the pressure distribution
was successfully mapped without faulty temperature recognition
owing to signal interference, as shown in Fig. 4i. This result demon-
strates the effectiveness of the fully soft bimodal sensor for accurately
detecting and differentiating pressure and temperature stimuli, mak-
ing it a promising solution for developing more realistic artificial
finger pads.

Application of identifiable artificial finger pad electronics
Identifiable artificial finger pad electronics, composed of a randomly
wrinkled pattern and a bimodal sensor, feature physical uniqueness,
discriminated sensing, andmechanical softness. These advantages can
enable robotic fingers equipped with artificial finger pads to act as
substitutes for biological fingers56–58. Figure 5a shows two robotic
hands with distinctly identifiable artificial finger pad electronics.
Because of the unpredictably shaped wrinkles on the finger pad, the
pattern can be used as an identification marker for each robotic hand,
similar to a human fingerprint. Practically, distinct patterns of artificial
fingerprints can be detected and successfully identified using inex-
pensive commercially available systems. The pattern features of the
artificial fingerprints were further optimized, as depicted in Supple-
mentary Fig. 43, to enhance recognition using a commercial scanner
(Supplementary Fig. 44). Figure 5b depicts the process of artificial
fingerprint authentication using a commercially available fingerprint
scanner. Importantly, even a portion of the registered pattern could be
verified as a match, whereas a different image did not yield a match.
The authentication system is shown in Supplementary Fig. 45, and the
detailed process is described in Supplementary Note 7.

By utilizing a bimodal sensor, the robotic finger could distinguish
objects based on the simultaneous sensing of both temperature and
pressure. Figure 5c demonstrates the recognition capability of the
identifiable artificial finger pad electronics for representative objects
featuring various temperatures and hardness: an LED bulb (hard and
warm (40.6 °C)), a drink can (hard and cool (19.8 °C)), an orange (soft

and cool (17.7 °C)), and human skin (soft and warm (31.7 °C)). The
temperature and pressure profiles for the recognition of these objects
were obtained from the calibration curves of the bimodal sensor, as
shown in Supplementary Fig. 46. Note that the artificial fingerprint did
not affect themorphology or properties of the AgNWs/SEBS electrode
(Supplementary Fig. 47). Upon contactbetween the artificialfinger pad
of the robotic hand and various objects, the capability to detect tem-
perature and pressure simultaneously and independently enabled the
robotic hand to recognize living creatures characterized by their soft
and warm traits, and distinguish them from various artificial objects.
Further enhancement of the pressure sensor properties,which enables
precise classification of soft, medium, and hard touches, can be
achieved by optimizing the active layer through a multilayered archi-
tecture and incorporating nanomaterials. Consequently, it can be used
in various fields, such as preventing unexpected accidents caused by
undesired contact in industrial settings where humans and robots
coexist.

The ridge-like configuration of the fingerprint on the identifiable
artificial finger pad electronics facilitated the perception of textured
surfaces. When a wrinkled artificial finger pad made contact with an
uneven surface, it created a unique pattern of localized contact points.
Such distinct contacts entail intensified physical resistance during
mechanical rubbing, generating friction-induced vibrations. As the
sensor sweeps across various textured surfaces, such as stainless steel
and cork (Supplementary Fig. 48), dynamic variations in the effective
contact area produce distinct traces in the measured pressure signals
(Fig. 5d). These results clearly demonstrate the human-finger-like
capability of the identifiable artificial finger pad electronics to recog-
nize distinctive surface textures. In addition, owing to its softness, the
identifiable artificial finger pad electronics integrated on the robotic
hand enhanced the gripping properties by conformal deformation,
increasing the contact area comparedwith that of a rigid finger pad, as
shown in Fig. 5e.

We further demonstrated a variety of applications for the pro-
posed device and SEBS wrinkles (Fig. 5f). The identifiable artificial
finger pad electronics can be integrated into soft robots, providing
them with unique identification and sensing capabilities. The soft
random patterns can be used to identify wildlife for research, con-
servation, andmanagement purposes59–61. In particular, the highly soft
character of these patterns can serve as an excellent identifier for soft
organisms, such asmollusks, because of the conformal deformation of
the pattern, which adapts to undulating movements without the dis-
comfort associated with traditional rigid identifiers. Furthermore, this
method can be used to create artificial fingerprints for humans,
enhancing security through transplants in cases where the original
fingerprint information has been compromised and improving the
quality of life of individuals with severely damaged fingerprints owing
to accidents or diseases. Although the additional applications
demonstrated in this study still have some way to go, the proposed
method has promising potential applications in various fields of sci-
ence and engineering.

Identifiable adaptive soft robotic system
An adaptive soft robot with a unique identifier was further demon-
strated. Adaptability, a critical feature in living organisms, is also
crucial for soft robots. While many efforts are underway to develop
adaptive soft robots28,29, tracking technology for individual soft
robots is essential for effective management62. Our identifiable arti-
ficial finger pad electronics provide adaptive functions for soft
robots and facilitate individual tracking for efficient management,
both enabled by their advanced sensing functions, identification
capability, mechanical softness, and robust resistance to external
stimuli.

Figure 6a shows a group of identifiable adaptive soft robotsmade
of Ecoflex 00-30, with the details of the robot design and dimensions

Article https://doi.org/10.1038/s41467-025-57498-y

Nature Communications |         (2025) 16:2225 8

www.nature.com/naturecommunications


presented in Supplementary Fig. 49. These robots are equipped with
soft temperature sensors for adaptive responses and SEBS-based
identifiers, allowing distinct identification despite their identical
appearance from mass production. The identifiable adaptive soft
robot is pneumatically actuated (Fig. 6b) using an Arduino Uno, which
controls both the air pump and the solenoid valve through a motor
driver to regulate airflow and actuate the robot. The soft temperature
sensor provides environmental temperature data to the Arduino Uno,
allowing for adaptive control of the robot’s movements. Figure 6c

shows the block diagram of the system, with detailed interfaces in
Supplementary Figs. 50 and 51. The locomotion of the robot is enabled
by the bending of its body through pneumatic inflation, with anchor-
pull by the front leg, followed by deflation of the body causing anchor-
push by the rear leg, as shown in Supplementary Fig. 52. Upon
detecting environmental changes, such as the approach of a hot
object, the robot halts to avoid damage and resumes movement once
the hazard is removed (Fig. 6d and Supplementary Fig. 53). These
sequential processes clearly demonstrate its adaptive response to the

Fig. 5 | Applications of soft artificial finger pad. a Optical image of two distinct
robotic hands, each equippedwith its own unique artificialfinger pad.b Process for
authenticating identifiable robotic handsusing the commercialfingerprint scanner.
c Optical (top), IR images (middle), and output profile (bottom) of simultaneous
sensing using an artificial soft finger pad. d Optical images (left) and capacitance

change (right) in the texture perception during sweeps of artificial fingerprints on
stainless steel and cork. eOptical images (left) and gripping properties (right) with
and without the finger pad. f Diverse applications of soft artificial finger pads for
identifiable soft robots (left), ecological monitoring (middle), and prosthetic fin-
gerprints (right).
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environment. The detailed control mechanisms and code are descri-
bed in Supplementary Note 8.

The unique identifier of the adaptive soft robot facilitates life-
cycle management by enabling individual tracking and experience
logging for each unit produced through mass production. As a
representative example, Fig. 6e presents a flowchart designed for
managing and identifying adaptive soft robots within a system.
Initially, a manufactured identifiable adaptive soft robot is scanned
for login using a commercial fingerprint scanner, followed by

verification of registration status. Registered robots proceed to label
assignments for tracking, while unregistered ones transition to
registration. Once tracking begins, the robot embarks on its tasks,
encountering various experiences such as approaching a hot object.
For management purposes, the robot can be identified by scanning
its unique identifier, allowing precise distinction among identical
robots and tracking specific tasks performed or experiences
encountered. The cross-correlation coefficient map of identifiable
adaptive soft robots exhibits excellent identification capability,

Fig. 6 | Identifiable adaptive soft robotic system. a Optical image of a group of
identifiable adaptive soft robots. b Optical images of the pneumatic actuation
process of the soft robot. c Block diagram of the identifiable adaptive soft robot
system. Black and blue lines denote electrical and pneumatic connections,

respectively. d Sequential images of the adaptive function of the soft robot.
e Flowchart of managing and identifying the identifiable adaptive soft robotic
system. f Cross-correlation coefficient map of the identifier of the identifiable
adaptive soft robots.
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enabling effective management (Fig. 6f). The system-level demon-
stration of the unique identifier and soft sensor integrated into the
soft robot, enabling tracking and adaptability, highlights the prac-
tical potential of our approach.

Discussion
In conclusion, we proposed spin evaporation as a novel method to
create SEBS wrinkles at a submillimeter wavelength scale and
demonstrated its promising application for fabricating identifiable
artificial finger pad electronics that mimics the physical, functional,
andmechanical properties of the humanfinger pad. The SEBSwrinkles
generated by spin evaporation were characterized by their substantial
irreproducibility and randomness, exhibiting excellent authentication
and identification characteristics and robust resistance to external
stimuli. The demonstrated finger pad electronics uniquely identified
and sensed both temperature and pressure, akin to a human finger.
Further practical applications were demonstrated for fingerprint
authentication, object recognition, texture distinction, and object
gripping. Moreover, the soft and unique patterns suggest applications
in wildlife identification, security systems, and prosthetics. This facile
approach to creating SEBS wrinkles has a broad spectrum of potential
applications, from advanced soft robotic systems to ecological
research, thereby furthering research into large-wavelength wrinkles
and their multifaceted utilities. Furthermore, system-level demon-
strations of the identifiable adaptive soft robot underscore the prac-
tical effectiveness of our study. This spin evaporation technique can be
a promising candidate for diverse materials-focused research neces-
sitating solvent treatment.

Methods
Materials
Polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene
(SEBS, G1657), with a polystyrene content of 13% was sourced from
Kraton Polymers. Poly(3-hexylthiophene-2,5-diyl) (P3HT), dichlor-
omethane (99.5%), toluene (99.8%), and m-xylene (> 99%) were pur-
chased fromSigma-Aldrich. Silver nanowires (AgNWs, 1.0wt%; average
diameter, 75–105 nm; length, 60–100μm) with isopropyl alcohol (IPA)
were purchased fromKechuang. PDMS (Sylgard 184 silicone elastomer
kit) was purchased from Dow Corning. Commercial granulated white
sugar was purchased fromCJ CheilJedang. Ecoflex 00-30 and a silicone
pigment (Silc Pig, Pantone 488C) was purchased fromSmooth-On Inc.

Formation of irreproducible SEBS wrinkle
The fabrication of the irreproducible SEBSwrinkles involved preparing
a SEBS film. First, SEBS was dissolved in m-xylene (300mg/mL) at
150 °C, followed by cooling down to room temperature. Next, a pig-
ment was added (3wt%) to the SEBS solution to make it opaque and
prevent any interference from the sensors in the artificial fingerprint
during image scanning. Subsequently, the solution was degassed for
5min at room temperature in a vacuum chamber to remove any
trapped air. Next, the SEBS solution was spin-coated onto glass at
400 rpm for 1min, followed by drying at room temperature for 8 h to
form a solid film. The surface of the SEBS film was treated with UV-O3

for 20min using a UV-O3 cleaner (UVC-150; Omniscience), which fea-
tures a wavelength of 254nm and an intensity of 20mW/cm2. Toluene
was applied to the treated films for 5 s before it was spun at 800 rpm
for 30 s. Finally, the SEBS film was dried at room temperature for 2 h.

Fabrication of soft temperature sensor
The fabrication of the soft temperature sensor began with the pre-
paration of a soft electrode based on AgNWs and SEBS. To prepare the
AgNWs/SEBS electrode, AgNWs were patterned on glass using a PI
tape-based shadow mask produced using a programmable cutting
machine (Silhouette Portrait 3). A solution of AgNWs (0.5wt %, IPA)
was drop casted onto the pattern-masked glass and dried at 70 °C.

Subsequently, the pattern was thermally welded at 200 °C for 30min
to enhance its electrical conductivity. Next, the SEBS solution was
poured over the pattern and allowed to dry at room temperature for
8 h. A P3HT solution was prepared by dissolving P3HT in dichlor-
omethane (1.5mg/mL) at 70 °C for 30min. This solution was cooled
down to − 20 °C to facilitate the formation of P3HT-NFs through
effective π-π interaction with the polythiophene backbone. There-
after, a diluted PDMS solution (10:1 weight ratio of the base and curing
agent) in dichloromethane was blended with the P3HT-NFs solution at
a weight ratio of 4:1. This P3HT-NFs/PDMS solution was then dropped
onto the prepared AgNWs/SEBS electrode and heated at 110 °C for
20min. Finally, the device was encapsulated with a thin layer of PDMS
(10:1 weight ratio of the base and curing agent) via spin coating at
4000 rpm for 1min, followed by solidification at 60 °C for 30min.

Fabrication of soft pressure sensor
The soft pressure sensor was fabricated by preparing a porous PDMS-
based pressure-sensing layer and an AgNWs/PDMS-based soft elec-
trode in a vertically stacked configuration. The preparation of the
porous PDMS started with mixing granulated sugar and deionized
water at a weight ratio of 16:1. The mixture was poured into a mold,
manually compressed using a flat object, and covered with weighing
paper to prevent cracking during pressure removal. To maintain a
constant thicknessof the sugar template, excess sugarwas removedby
doctor blading, followed by drying the sugar template at room tem-
perature for 10 h. Subsequently, the liquid phase PDMS (15:1 weight
ratio of thebase to curing agent)was infiltrated into the sugar template
for 30min to ensure adequate infiltration, followed by curing at 60 °C
for 4 h. Finally, the sample was immersed in water at 110 °C for 1 h to
dissolve the sugar template. The porous PDMS was rinsed with water,
dried, and diced into 5 × 5mm2 dimensions.

Soft AgNWs/PDMS electrodes were fabricated by following the
same steps as described above for AgNWs/SEBS, but using PDMS
instead of SEBS. The liquid PDMS (10:1 weight ratio of the base and
curing agent) was degassed and spin-coated at 400 rpm for 60 s onto
the patterned AgNWs, followed by curing in an oven at 100 °C for 1 h.
The pressure sensor was constructed fabricated by integrating
AgNWs/PDMS electrodes with the porous PDMS. PDMS (20:1 weight
ratio of the base and curing agent) was used as an adhesive layer to
bond the porous PDMS andAgNWs/PDMSelectrodes. The ratio of 20:1
was optimal for the adhesive layer to prevent a significant impact of
the applied pressure. Thediced porous PDMSwas vertically assembled
between the two soft electrodes and subsequently cured in an oven at
60 °C for 2 h.

Fabrication of soft bimodal sensor and artificial finger pad
The soft bimodal sensor was fabricatedwith a vertical assembly of soft
temperature and pressure sensors. To ensure robust integration,
PDMS (20:1 weight ratio of the base to curing agent) was used as the
adhesive layer between two soft sensors. PDMS, spin-coated at
4000 rpm for 30 s between the two sensors, was fully cured in an oven
at 60 °C for 2 h. The artificial finger pad was fabricated by vertically
stacking the soft temperature sensor equipped with an artificial fin-
gerprint and the soft pressure sensor. The fabrication process was
slightly different from that of the temperature sensor; the artificial
fingerprint was formed after preparing the AgNWs/SEBS electrode.
Subsequently, the temperature sensor was fabricated as described
earlier. The fabricated temperature sensorwith the artificialfingerprint
was integratedwith the soft pressure sensor using the sameprocedure
as that used for the soft bimodal sensor.

Fabrication of identifiable adaptive soft robot
The pneumatically actuatable soft robots were fabricated using molds
created with a 3D printer. Amixture of Ecoflex 00-30, with a 1:1 weight
ratio of parts A and B, was poured into the mold and degassed in a
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vacuum chamber. The mixture was then cured at 60 °C for 2 h. After
curing, the robot bodywas sealedwith Ecoflex00-30 and connected to
an air tube that regulated air pressure via the control system. Spiky legs
were attached to the head and tail of the robot. An identifiable artificial
finger pad electronics system, incorporating a temperature sensor,
was integrated into the robot’s head and interfaced with the control
system.

Characterizations of arbitrary patterns and devices
Themorphologies of artificial fingerprints were assessed using several
characterization techniques. An optical microscope (Olympus,
BX53M), a portable microscope (AM4113ZT, Dino-lite Korea), a scan-
ning electron microscope (SEM, Nano230, Nova Ltd.), and an atomic
forcemicroscope (AFM,NX-10, Park Systems Inc.) in the tappingmode
were used for this purpose. Three-dimensional imaging, amplitude,
and height were characterized using a confocal laser scanning micro-
scope (OLS3100, Olympus). An FT-IR spectrometer (Spectrum Two,
Perkin Elmer) equipped with an attenuated total reflectance accessory
was used to obtain the spectra of SEBS under varying durations of the
UV-O3 treatment. Themolecularweight of SEBSbefore and afterUV-O3

treatment was analyzed by GPC (miniDAWN TREOS, Wyatt). Mechan-
ical properties suchas stress-strain curves and pressuremeasurements
of the devices were obtained using a force gauge (M7-50, Mark-10
Corp.). The capacitance changes in the pressure sensor were tracked
using an LCRmeter (E4980A, Keysight Technology, Inc.). Temperature
wasmeasuredusing a digital thermometer (Fluke 568) equippedwith a
K-type thermocouple probe. The resistance changes in the tempera-
ture sensor were measured using a precision source/measurement
unit (B2912B, Keysight Technologies, Inc.). The temperature maps
during object gripping were captured using an infrared camera (FLIR
ONE Pro; FLIR Systems). Finally, the images of the artificial fingerprints
were acquired using a commercially available fingerprint scanner
(Arduino JB-101B).

Data availability
The source data underlying all plots within this paper are provided as a
Source Data file. Additional data that supports the findings of this
study are available from the corresponding author upon request.

Code availability
The codes utilized in this study are provided in the Supplementary
Information file. Additional codes used in this study are available on
Zenodo (https://zenodo.org/records/14742359).
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