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for constructing rubbery electronics and circuits with mechanical softness and stretchability at both microscopic
(material) and macroscopic (structural) levels for many emerging applications. However, the development of such
a rubbery semiconductor is still nascent. Here, we report the scalable manufacturing of high-performance stretchable
semiconducting nanofilms and the development of fully rubbery transistors, integrated electronics, and functional
devices. The rubbery semiconductor is assembled into a freestanding binary-phased composite nanofilm based
on the air/water interfacial assembly method. Fully rubbery transistors and integrated electronics, including logic
gates and an active matrix, were developed, and their electrical performances were retained even when stretched
by 50%. An elastic smart skin for multiplexed spatiotemporal mapping of physical pressing and a medical robotic
hand equipped with rubbery multifunctional electronic skin was developed to show the applications of fully

rubbery-integrated functional devices.

INTRODUCTION

Electronics and circuits fully composed of rubbery electronic materials
with mechanical softness and stretchability at both microscopic
(material) and macroscopic (structural) levels are critical for many
technically challenging yet important applications such as electronics-
organ symbiosis (1), humanoids (2, 3), and wearable (4-7) and
implantable bioelectronics (8-11). Although significant advancement
on stretchable electronics has been achieved based on nonstretchable
materials, such as Si, GaAs with structural design strategies enabling
mechanical stretchability, these materials are intrinsically rigid at
the microscopic (material) level (12, 13). To create fully rubbery
electronics and circuits, the rubbery semiconductor is an indispensable
material (14-20). Meanwhile, it is critically important that the
rubbery semiconductor has high carrier mobility and can be scalably
manufactured to achieve high-performance integrated electronics
and systems to meet the aforementioned applications (21, 22).
Although there have been a few recent reports on creating stretchable
semiconductors (23-27), the material development is still nascent.
The reported stretchable semiconductors are primarily based on
solution spin coating, solution shearing, or drop casting of semi-
conducting composites (17, 23, 24). The devices fabricated using
those approaches either have relatively low carrier mobility or lack
device uniformity for integrated electronics. Therefore, to fully realize
the practical usage of rubbery electronics and circuits, a technology
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gap in scalable manufacturing of high mobility, stretchable semi-
conductors must be bridged.

Here, we report the facile and scalable manufacturing of high-
performance stretchable semiconducting nanofilms and the fully
rubbery transistors, integrated electronics, and functional devices.
Specifically, the rubbery semiconducting nanofilm is scalably manu-
factured into a freestanding format based on air/water interfacial
assembly methods, which particularly leads to favorable molecular
packing of poly(3-hexylthiophene) (P3HT) molecules and the resulting
high-field effect carrier mobility. The binary-phased rubbery
composite semiconducting nanofilm advantageously offers mechanical
stretchability. The yielded composite nanofilm has distinct advantages:
(i) high charge carrier mobility (8.57 cm? V7' s7h); (ii) excellent
mechanical stretchability by 50% without significant decay in carrier
mobility; and (iii) simple, scalable, repeatable, and low-cost manu-
facturing. Rubbery transistors and their arrays made fully out of
rubbery conductor, semiconductor, and dielectric have been devel-
oped. The rubbery transistors can be stretched up to 50% with a
reasonable decrease in their mobility. In addition, fully rubbery logic
gates have been realized and their logical functions were maintained
even under 50% applied strain. Furthermore, an elastic smart skin
with a 5 x 5 rubbery transistor array-based active matrix with multi-
plexed spatiotemporal mapping capability was developed. Last, a
multifunctional rubbery electronic skin (E-skin) was developed and
implemented on a robotic hand to illustrate its function as an effec-
tive medical diagnostic device. The air/water interfacial assembled
semiconducting nanofilm and rubbery electronic devices described
here suggest a feasible pathway toward rubbery electronics and
integrated systems and their broad emerging applications.

RESULTS

Freestanding rubbery semiconducting nanofilm

The air/water interfacial assembly of freestanding nanofilms under
ambient conditions is schematically illustrated in Fig. 1A. We first
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Fig. 1. The fabrication and characterization of the assembled freestanding pristine P3HT nanofilm. (A) Chemical structure of P3HT and schematic illustration of the
formation process of the polymer nanofilm on the water surface. (B) Photographs of the pristine P3HT nanofilm formed on the water surface. (C) Assembled freestanding
pristine P3HT nanofilm deposited on a PDMS substrate, in bent and twisted states. (D) Large-area fabrication demonstrated by a roll-to-roll process. (E) Optical image of
the pristine P3HT film deposited on a Si substrate. (F) XRD pattern of the assembled freestanding pristine P3HT nanofilm and spin-coated film. a.u., arbitrary units.
(G) Representative transfer curve of the assembled freestanding pristine P3HT nanofilm-based transistor. (H) Mobility values of the assembled freestanding pristine P3HT

nanofilm and spin-coated film. Photo credit: Ying-Shi Guan, University of Houston.

created a pristine P3HT nanofilm based on such an assembly method.
By dissolving P3HT in toluene, the polymer solution was formed.
Because the toluene is immiscible with water, as soon as the polymer
solution is gently dropped onto water, it spreads out on the water
surface rapidly, which is known as the Marangoni effect (28, 29). A
nanofilm is therefore formed as the solvent evaporates and it floats
on the wafer surface. Figure 1B shows the sequential images of the
assembly processes for the pristine P3HT nanofilm, which formed
within about 2 min. During the toluene evaporation process, P3HT
molecules at the air/water interface could effectively self-assemble
into well-ordered structures through intermolecular interactions
(30) such as n-x stacking (31-33) and hydrophobic interaction (34).
Because of the hydrophobic nature of the polymer, the polymer
chains tend to pack densely to minimize the contact with water
during the solvent evaporation, which leads to a strong n-r stacking.
The thickness of the yielded film is well controlled based on the
amount of the polymer solution applied. The nanofilm can remain
freestanding and structurally stable for a relatively long period of
time (e.g., 6 months) without additional treatment. The freestanding
nanofilm can be picked up carefully in water (fig. S1) and harvested
onto various substrates (35), such as a glass slide and a piece of
curved plastic (fig. S2). Figure 1C shows the photos of the nanofilm
transferred onto a thin polydimethylsiloxane (PDMS) substrate,
which was also bent and twisted. The nanofilm assembly and sub-
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sequently harvested onto a target substrate can be implemented in a
scalable roll-to-roll manner, as shown in Fig. 1D. The nanofilm
was transferred onto a 5-cm-wide polyethylene terephthalate film
through rolling at the speed of 5 mm s~". Figure 1E shows the opti-
cal microscope image of a nanofilm on a Si wafer. The nanofilm is
measured to be 60 nm thick (fig. S3) and is continuous and uniform
across the whole wafer. X-ray diffraction (XRD) spectroscopy was
used to gain insight into the molecular packing within the nanofilm.
As shown in Fig. 1F, the assembled pristine P3HT nanofilm (in red)
exhibits three distinct multiorder [(h00), h = 1,2,3] diffraction peaks
at 5.2°,10.5° and 15.7°, while the spin-coated film (in black) showed
only one broad and weak diffraction peak (100). The results indicate
that a highly ordered packing structure exists within the pristine
P3HT nanofilm, as shown in fig. S4. Such a packing structure is similar
to that existing in the crystalline P3HT nanofibers (36).

The carrier mobility of the pristine P3HT nanofilm was investigated
based on transistor devices. Specifically, a conductive composite
of Au nanoparticles with conformally coated silver nanowires
(AuNP-AgNW) dispersed within PDMS elastomer (AuNPs-AgNWs/
PDMS) was used as source and drain electrodes, and ion gel was
used as a dielectric layer. These materials were chosen because (i)
they are mechanically stretchable and rubber-like as reported
elsewhere (24) and (ii) the same materials were used in rubbery
transistors. To fabricate the transistors, a pristine P3HT nanofilm
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was transferred onto a PDMS substrate with prefabricated AuNPs-
AgNWs/PDMS stretchable electrodes. Then, a freestanding ion gel
sheet was laminated onto the surface of the pristine P3HT nanofilm
to form the gate dielectric. The detailed electrode preparation and
device fabrication are presented in Materials and Methods and have
been reported elsewhere (26). Figure 1G shows the transfer curve of
the transistor with p-type characteristics, where the gate voltage Vg
was swept from 0 to —4 V and the drain voltage (Vp) was fixed at -1V,
with the current on/off ratio of 2 x 10°. The gate current of the
transistor is shown in fig. S5, where the gate leakage current is much
smaller than the on current of the transistor. The output curve of
the transistor is shown in fig. S6. The average field effect mobility is
calculated to be 16.7 cm® V™' s™'. The detailed calculations are pre-
sented in the Supplementary Materials. For comparison, transistors
with the spin-coated P3HT film and the same device configuration
were fabricated and evaluated. The transfer curve of the spin-coated
film-based transistor is shown in fig. S7. The calculated average
field effect mobility is 1.14 cm? V157! As shown in Fig. 1H, the
assembled pristine P3HT nanofilm has a much higher carrier
mobility than that of the spin-coated P3HT film because of the highly
ordered crystalline packing structure within the assembled nanofilm.
The charge transport along the n-stacking direction is sensitive to the
packing structure because the electron coupling is dictated by the
thiophene ring alignment, which can form conductive networks
to facilitate the charge carrier transport. In the spin-coated P3HT
film, there is no long-range ordered packing structure to form
conductive networks. The tunneling resistance between the neighbor-
ing grain boundaries would impede the electron coupling and elim-
inate charge transfer. Therefore, the assembled nanofilm exhibited
much higher charge carrier mobility than that of the spin-coated
film. That pristine P3HT nanofilm that has higher mobility agrees
well with the XRD results. The pristine P3HT nanofilm is not
stretchable (fig. S8A). As the nanofilm is stretched, cracks immediately
appear. Figure S8B shows the transfer curves of the transistor based
on the pristine P3HT nanofilm upon uniaxially stretched by 8%.

To impart mechanical stretchability into the nanofilm, a polystyrene-
block-poly(ethylene-ran-butylene)-block-polystyrene (SEBS) elastomer
was blended into the P3HT-toluene polymer solution to form a
composite. Generally, a composite film with SEBS as the polymer
matrix inherits the mechanical stretchability from SEBS. SEBS-based
semiconducting composite nanofilms were manufactured based on
the aforementioned air/water interfacial assembly process. The
detailed preparation of the polymer solution and composite nanofilms
is described in Materials and Methods. Composite nanofilms with
different weight percentages of P3HT were prepared, and their
structures and mechanical stretchability were investigated. Figure 2
(A to E) shows a set of optical images of the composite nanofilms
before and after stretching (50%). In the composite nanofilms with
high percentage [such as 85 and 75 weight % (wt %)] of P3HT (i.e.,
lower percentage of SEBS), as shown by the bottom images of
Fig. 2 (A and B), visible cracks present as the composite nanofilms
are stretched. In contrast, in the composite nanofilms with relatively
lower percentage (such as 65, 50, and 35 wt %) of P3HT (i.e., higher
percentage of SEBS), as shown by the bottom images of Fig. 2 (C to E),
no crack was observed. The mechanical stretchability is significantly
enhanced after the introduction of a certain amount of SEBS elastomer
into the assembled P3HT nanofilm.

The carrier mobilities of the semiconducting composite nanofilms
with different percentages of P3HT were also investigated. The
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materials preparation and device fabrication follow the aforemen-
tioned procedures for the transistors with the pristine PA3HT nanofilm,
as detailed in Materials and Methods. Figure 2F shows the transfer
curves of the devices with composite nanofilms with different wt %
of P3HT. The calculated carrier mobilities of the composite nano-
films are summarized in Fig. 2G. The detailed statistical results are
shown in fig. S9. The mobility increases as the wt % P3HT increases.
Specifically, the mobilities are 12.37, 10.58, and 8.54 cm” V™' ™! for
the nanofilm with 85, 75, and 65 wt % P3HT, respectively. The
mobility drastically decreases to 1.56 and 1.01 cm* V™' s™* for the
nanofilm with 50 and 35 wt % P3HT, respectively. Because only
composite nanofilms with relatively lower percentage (i.e., 65, 50,
and 35 wt %) of P3HT are mechanically stretchable, we therefore
chose the composite nanofilm with 65 wt % P3HT as the rubbery semi-
conductor to further investigate its microstructures and used it for
rubbery electronic construction. The XRD pattern of the composite
nanofilm with 65 wt % P3HT is shown in fig. S10, which exhibits
two strong diffraction peaks of crystallized P3HT. The results indi-
cate that highly ordered P3HT molecular packing structures also
exist in the composite nanofilm with 65 wt % P3HT, which is also
verified by the relatively high carrier mobility (8.54 cm”> V™' s7%).

The rubbery semiconductor (i.e., composite nanofilm with 65 wt %
P3HT) exhibits binary phases, as shown by the optical microscope
images in Fig. 2H. The thickness of the composite nanofilm is about
80 nm (fig. S10). One phase is a continuous mesh domain through-
out the nanofilm; the other is an isolated island-like domain dispersed
in the continuous phase. In addition, compared to Fig. 21, the top
and bottom surface topographic structures are almost identical,
which suggests that the composite nanofilm has only in-plane but
no vertical phase segregation. To determine the composition of the
two phases, the composite nanofilm was immersed in cyclohexane
to selectively dissolve the SEBS while maintaining P3HT. After ~40 hours,
the isolated island-like domain phase was mostly removed, while
the continuous mesh domain phase was mostly retained (Fig. 2]J).
Further atomic force microscopic (AFM) investigation of the nanoscale
morphology of the continuous phase, as shown in Fig. 2K, suggests
that the continuous phase contains SEBS and was removed by
cyclohexane. These results indicate that the continuous mesh domain
phase is P3HT rich and the island-like domain phase is SEBS rich,
as also illustrated by the AFM image in Fig. 2L. The associated phase
separation in the composite nanofilm can be explained as follows.
On one hand, the significantly lower surface energy of both the
P3HT-rich (10.57 mN/m for pure P3HT) and SEBS-rich (14.81 mN/m
for pure SEBS) phases (23) compared with the water (72.5 mN/m,
20°C) phase (37) leads to no vertical phase separation. On the other
hand, the interfacial tension between the P3HT and SEBS phases
leads to in-plane separation during the toluene solvent evaporation.
In addition, because SEBS has a higher solubility than P3HT in
toluene (25), the P3HT tends to first precipitate during the toluene
evaporation process. Consequently, the SEBS-rich phase tends to
form isolated domains dispersed in the P3HT-rich phase due to
the surface tension effect. Such mesh-structured binary phases give
rise to the large mechanical stretchability. The rubbery semiconduct-
ing nanofilm transferred onto a PDMS substrate can be reversibly
stretched by 50% and released as shown in Fig. 2M.

To better understand its mechanical behavior, a three-dimensional
(3D) finite element modeling (FEM) simulation was established
to simulate the stretching behavior of the rubbery semiconducting
nanofilm on a PDMS substrate in Abaqus. The strain distribution in
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Fig. 2. The assembled freestanding composite nanofilm with different percentages of P3HT. (A to E) Optical images of the composite nanofilm with different
percentages of P3HT at 0% (top frames) and 50% strain (bottom frames). (F) Representative transfer curve of the composite nanofilm with different percentages of P3HT.
(G) Mobility values of the composite nanofilm-based transistor with different percentages of P3HT. (H and I) Optical images of the top and bottom surfaces of the 65 wt
% P3HT composite nanofilm located in the same position, respectively. (J) Optical image of the 65 wt % P3HT composite nanofilm after washing off the SEBS part. (K) AFM
image of the P3HT-rich phase. (L) AFM image of the 65 wt % P3HT composite nanofilm marked by the composition of the two separated phases. (M) Photograph of the
65 wt % P3HT composite nanofilm deposited on a rubbery substrate, showing its high stretchability.

the rubbery semiconducting nanofilm with 50% strain is shown in
fig. S11. The strain distributed in the majority of the SEBS-rich
phase is higher than 50%, while the strain distributed in the P3HT-
rich phase has a much lower magnitude. In other words, the SEBS-
rich phase bears the most strain when the rubbery composite nanofilm
is stretched. On the other hand, the P3HT-rich phase behaves like a
mesh structure at nanoscale (Fig. 2K), which enables the P3HT-rich
phase to withstand a relatively larger strain than that for pristine
P3HT films. These experiment and simulation results collectively
provide the rationale that the rubbery semiconducting composite
nanofilm holds excellent mechanical stretchability. Although studies
have reported the assembly of semiconductor film on water based
on a two-material precursor (organic semiconductor and solvent)
system (31-33), here, this work is a three-material precursor (organic
semiconductor, SEBS rubber, and solvent) system to introduce
unique phase separation to generate a mesh-like microstructure with
large mechanical stretchability while retaining high mobility.

Rubbery transistors

Rubbery transistors based on rubbery semiconducting composite
nanofilm were fabricated. Their electrical characteristics under
different levels of mechanical strain were measured. The rubbery
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transistors retain their functions even under 50% applied mechanical
strain. Figure 3 (A and B) shows the transfer curves of the rubbery
transistor under 0, 10, 30, 50, and 0% (released) uniaxial strain
along and perpendicular to the channel length direction, respectively.
When the transistor was stretched perpendicular to the channel
length direction, the on current of the transistor shows a monotonic
decrease from 1.81 mA at 0% to 1.67 mA at 10%, to 1.10 mA at 30%,
and to 0.90 mA at 50% strain. The current went back to 1.34 mA
when the stretching was released. The off current of the transistor
shows a slight change from 9.88 nA at 0% to 9.66 nA at 10%, to
10.07 nA at 30%, and to 18.57 nA at 50% strain. The current went
back to 15.8 nA when the stretching was released. The corresponding
on/off ratio decreased from 1.83 x 10° at 0% to 1.72 x 10° at 10%, to
1.09 x 10 at 30%, to 0.48 x 10° at 50% strain, and to 0.85 x 10°
at 0% strain, upon releasing the stretching. The threshold voltage
remained at ~2.55 V when stretched at different levels. The calcu-
lated mobilities under different levels of mechanical strain are
presented in Fig. 3C. The average mobility ex%)erienced a slight decrease
(5.8%) from 8.6 cm> V' s t0 8.1 cm? V™' s7! when the device was
stretched by 30% strain along the channel length direction, and a
moderate decrease (20.9%) to 6.8 cm® V™' s™! when stretched by 50%.
After the mechanical stretching was released, the average mobility
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Fig. 3. Rubbery transistor under mechanical strain. (A and B) Representative transfer curves of the intrinsically stretchable transistors under mechanical strains of
0, 10, 30, 50, and 0% (released) along (A) and perpendicular (B) to the channel length direction. (C) Changes of the mobility during stretching to 50% strain along and
perpendicular to the channel length direction. (D) Changes of the mobility after stretch-release cycles at 30% strain along and perpendicular to the channel length direction.
(E) Photograph of the transistor array. (F) Mobility distribution in the transistor array. Photo credit: Ying-Shi Guan, University of Houston.

was mostly recovered (8.2 cm® V™! s71). Similarly, when the device
was stretched along the direction perpendicular to the channel length,
the average mobility slightly decreased to 7.1 cm® V™' s™! at 30%
strain and to 5.9 cm” V™! s 7! at 50% strain. The average mobility was
recovered to 8.0 cm® V™! s™! when the stretching was fully released.
These results show that the rubbery transistor can function well
under large mechanical strain. In addition, to evaluate its reliability
under cyclic deformation, the transistor was repeatedly stretched
and released for 500 times by 30% (Fig. 3D). The average mobility
slightly decreased to 8.0 cm® V™' s™' and to 7.0 cm® V™' s7! after
500 cycles of stretching and releasing along and perpendicular to
the channel length direction, respectively. Figure S12 shows the
cyclic stretching and releasing test at 30% strain for 500 cycles.
Table S1 shows the comparison of our fully stretchable transistors
with reported fully rubbery stretchable transistors.

We further constructed an array of rubbery transistors to illustrate
the device uniformity, which is critical for integrated electronics.
The photograph of a 6 x 6 transistor array is shown in Fig. 3E. The
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schematic illustration of the array is shown in fig. S13A, and the
detailed fabrication processes are described in Materials and Methods.
The transistors in the array have a high yield of 100%, as can be seen
from the array’s mobility map shown in Fig. 3F. As also illustrated
in fig. S13B, the highest and average mobilities are 8.85 and
8.57 cm” V! 57!, respectively. The array also shows a fairly uniform
on/off current ratio with an average value of 3.25 x 10° (fig. S14). In
addition, the hysteresis loop of the rubbery transistor is shown in
fig. S15, which shows a slight and fairly reasonable hysteresis for ion
gel-based transistors (38). Figure S16 shows the initial transfer
curves measured in ambient air and after 7 and 15 days of storage in
air. The overall current-voltage curves did not change much, but
the threshold voltage shifted slightly to positive value and the on/off
ratio decreased slightly after 7 and 15 days.

Rubbery logic gates
Logic gates are basic functional units in integrated electronics and
circuits (39). By structuring the logic gates in rubbery formats, they
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can be used for many important yet technically challenging applica-
tions (40). Fully rubbery logic gates were developed based on the
rubbery transistors, using the processes described previously. Figure 4
(A to C) shows the exploded view and circuit diagrams of the
rubbery inverter, NAND, and NOR logic gates, respectively. Their
corresponding photographs are shown in Fig. 4D. Detailed fabrication
processes of the logic gates are described in Materials and Methods.
The rubbery inverter was designed to be a zero-Vgs load unipolar
inverter based on two p-type rubbery transistors (Fig. 4A). Specifi-
cally, the driver and load transistors have the same channel length
and a channel width ratio of 1:4. The voltage transfer characteristics
(VTCs) of the rubbery inverter are plotted in Fig. 4E, which was
obtained by measuring the output voltage changes while sweeping
the input voltage from —2 to 0 V with a fixed Vg of 1 V. The calculated
voltage gain of the inverter was ~15, as shown in Fig. 4E. The
rubbery inverter exhibits slight hysteresis, as shown in fig. S17.
Figure 4 (F and G) shows the VTCs of the rubbery inverter under 0,
10, 30, 50, and 0% (released) uniaxial strain along and perpendicular
to the channel length direction, respectively. Although the VTCs
slightly shift, the inverters under different levels of strain all operate
normally with logic output states of 1 and 0 under logic input
states of 0 and 1, respectively. Furthermore, the rubbery inverter
was cyclically stretched and released by 30% for 100 cycles. The

measured VTC curves (Fig. 4, H and I) show that the device func-
tioned reliability.

Rubbery NAND and NOR gates were designed with a structure of
two-driver and one-load transistors. For the NAND gates, the two
parallel driver rubbery transistors were connected serially to the
load transistor. The channel length was the same, and the channel
width ratio between the driver and the load transistor was 1:4. For
the NOR gates, the two-driver transistors and one-load transistor
were serially connected together. The channel width ratio between
the driver and the load transistor was 1:3. The logic gate functions
were characterized by sweeping the input voltage from -2 to 0 V
under a fixed V4q of 1 V. The input voltages of —2 and 0 V represent
input logic states 0 and 1 for Vi, o and Vi, s, respectively. The mea-
sured Vi of the NAND gate shows logic state 0 only when both inputs
(Vin,a and Vi, p) are logic state 1 (Fig. 4] and fig. S18). Even under
50% strain along and perpendicular to the channel length direction,
the NAND gate retained correct output logic (Fig. 4, K and L),
respectively. The measured Vi, of NOR gate shows logic state 1 only
when both inputs (Vi 4 and Vi, p) are logic state 0 (Fig. 4M and
fig. S19). The NAND gate also retained correct output logic
(Fig. 4, N and O) under 50% strain along and perpendicular to the
channel length direction, respectively. Both NAND and NOR gates
exhibited well-defined high and low output logic levels and functioned
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Fig. 4. Rubbery logic gates based on the freestanding composite nanofilm. (A to C) Schematic illustration and a circuit diagram of the stretchable inverter, NAND
gate, and NOR gate. (D) Photograph of the rubbery inverter, NAND gate, and NOR gate. (E) Representative VTC of the rubbery inverter. (F and G) VTC of the rubbery
inverter under different strains (0, 10, 30, 50, and 0% released) along (F) and perpendicular (G) to the channel length direction. (H and 1) Changes of the VTC after
stretch-release cycles at 30% strain along and perpendicular to the channel length direction. (J to L) Output characteristics of the rubbery NAND gate under Vyq of 1V
under mechanical strains of 0% (J) and 50% along (K) and perpendicular (L) to the channel length direction. (M to O) Output characteristics of the rubbery NOR gate under
V4q of 1V under mechanical strains of 0% (M) and 50% along (N) and perpendicular (O) to the channel length direction.
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robustly even with applied mechanical strain, which paves the road
toward highly complex integrated digital circuits.

Multiplexed rubbery smart skin

We developed an elastic smart skin based on the integration of the
rubbery transistor active matrix and arrayed sensing node to illus-
trate one application of such rubbery-integrated electronics and
functional systems. Specifically, the smart skin is structured with
arrayed pressure sensing nodes made out of pressure-sensitive rub-
ber and 5 x 5 rubbery transistors as an active matrix for multiplexing
electrical readout, which is vital for robotics and skin prosthetics
applications. The detailed smart skin fabrication process is de-
scribed in Materials and Methods and is schematically illustrated in
fig. S20. As shown in Fig. 5A, the fabricated fully rubbery smart skin
conforms well on the back surface of a human hand. The left inset
of Fig. 5A and fig. S21 shows the circuit diagram of an individual
sensing node and the whole active matrix, respectively. The right
inset of Fig. 5A depicts the optical image of the pixels. The exploded
view of the active matrix smart sensory skin is schematically shown
in Fig. 5B. A pressure-sensitive rubber sheet was serially connected
to the drain of each transistor and supplied with V4q4. The resistance
of the pressure-sensitive rubber decreased from ~200 megohms
to 8 ohms when pressure was applied (fig. S22). The smart sensory
skin shows excellent mechanical deformability as demonstrated by

A

the representative mechanical deformations of twisting and poking
(Fig. 5, C and D, respectively). The drain current change of a single
sensing node with and without pressing is shown in Fig. 5E. The
circuit diagram for characterizing the current is shown in fig. S23.
The drain current markedly increases due to the decreased resist-
ance of the pressure-sensitive rubber sheet under mechanical pressing.
By serially connecting a shunt resistor (100 kilohms) to the source
of the transistor (fig. S24), the voltage across the resistor can be
measured to reflect the current and, thus, the pressed state on the
skin. The dynamic output voltage response from a single sensing
node based on a testing circuit is shown in Fig. 5F. The quantitative
mapping of the output voltage of each multiplexed pixel was performed
with a data acquisition system (DAQ, National Instruments). The
detailed electrical interfaces with the DAQ are described in Materials
and Methods. As shown in Fig. 5G, two fingers were placed on top
of the sensor array. The corresponding voltage mapping is exhibited
in Fig. 5H. Even after stretching by ~30%, the skin can accurately
resolve the pressed position (Fig. 5, I and J). These results illustrate
the robust function of the rubbery smart skin.

Medical robotic hand equipped with rubbery E-skin

We further developed a medical robotic hand with a multifunctional
E-skin to extract health information or provide medical stimulations
through a direct interface with human body, which is an important

B
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Fig. 5. Fully rubbery smart skin. (A) The rubbery smart skin adheres and conforms to the back of the human hand. The left inset shows the circuit diagram of the smart
skin. (B) Schematic illustration of the smart skin. (C) Device under stretching and twisting deformations. (D) Device under poking deformation. (E) Transfer curve
with/without pressing (circuit diagram for measurement is present in fig. S23). (F) Output voltage with/without pressing (circuit diagram for measurement is
fig. S24). (G) Optical image of the smart skin pressed at two points. (H) Output voltage mapping for (G). (I) Optical image of the smart skin pressed in a line. (J) Output

voltage mapping for (I). Photo credit: Ying-Shi Guan, University of Houston.
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and urgently needed device in medical fields. In particular, a de-
formable E-skin is indispensable for such medical devices to al-
low robotic hand motion, which is associated with large mechanical
deformation. Specifically, the diagnostic E-skin comprised several
components, including (i) transistor-based temperature sensors,
(i) a 2 x 4 array of multiplexed electrical stimulators, and (iii) a3 x 3
array of multiplexed electrophysiological (EP) sensors. Specifically,
the temperature sensors, electrical stimulators, and EP sensors were
designed and positioned on the fingertips, the fingers, and the palm
of a robotic hand, respectively. The detailed E-skin device fabrica-
tion processes are described in Materials and Methods. The photo-
graph of the medical robotic hand with the E-skin is shown in
Fig. 6A. The detailed structures and device dimensions are shown in
figs. S25 and S26. The temperature sensor was characterized in the
temperature range of 297 to 318 K (24° to 45°C). The transistor-
based temperature sensor works based on the variation of the off
current of the device. Figure S27A shows the normalized channel

resistance at a gate voltage of —1 V. The results are further plotted as
In (R) versus the reciprocal of the absolute temperature (1/T), which
is well approximated by a linear curve, as shown in fig. S27B. These
temperature sensing characteristics are similar to that of a typical
negative temperature coefficient (NTC) thermistor. The calculated
thermistor constant (B) is 6827.22. The temperature coefficient (o)
is calculated to be from —7.73 to —6.75%/°C at the examined tem-
perature range (24° to 45°C). To demonstrate its functionality, the
robotic hand with E-skin touched a human forearm to measure the
skin temperature, as shown in Fig. 6B. The measured temperature
response for the room temperature and skin temperature is shown
in Fig. 6C. The noise at certain locations is due to the disturbance in
mechanical setup, movement of electrical wiring, and body dynamics,
which might cause the contact issue of the measurement. The skin
temperature is calculated to be ~33°C.

Low-frequency (0.1 to 1 Hz) transcutaneous electrotherapies have
been widely adopted for pain suppression, muscle reeducation, and
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Fig. 6. A medical robotic hand equipped with rubbery E-skin. (A) Optical image of the medical robotic hand. (B) Robotic hand with E-skin touching a human forearm
to measure the skin temperature. (C) Measured human skin temperature. (D) Optical image of the robotic hand with E-skin, contacting human muscles for electrical
stimulation. (E) Human skin impedance measurement at different frequencies. Inset: Schematic diagram of the electrode. (F) Low-voltage electrical stimulation current
peaks using the multiplexed electrical stimulators (signal from one pixel). (G) EMG measurement circuit using the rubbery transistor as a multiplexing switch. (H) Robotic
hand with E-skin touching the lower limb for EMG measurement. (I) EMG signal from the posterior of the lower limb. Photo credit: Ying-Shi Guan, University of Houston.
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iontophoresis transdermal drug delivery (41). The optical image of
the robotic hand with E-skin, contacting the human hand for electrical
stimulation, is shown in Fig. 6D. We first measured the skin imped-
ance coated with Ten20 conductive gel (Weaver and Company), as
it is important to know the impedance of the skin to trigger an elec-
trical stimulation signal. The skin impedance measured at different
frequencies is shown in Fig. 6E, which typically has an impedance
value of several kilohms at low frequencies (42). The electrical circuit
of the single pixel electrical stimulator is shown in fig. $28. The
corresponding electrical stimulator circuit is shown in the inset of
Fig. 6D. The stimulation current results with different applied Vi,
are shown in Fig. 6F. The arrayed EP sensors on the robotic hand
can potentially be used to monitor multiple EP signals when touching
thehuman body. The electromyography (EMG) signal of a human
subject was recorded with the Intan RHD2000. Figure 6G shows the
EMG measurement circuit diagram using a fully rubbery transistor
as a multiplexing switch. The EMG signal from rgw posterior section of
the lower limb, particularly from the gastrocnemius muscle, was success-
fully acquired (Fig. 6, H and I), and the noise was filtered out using
MATLAB. A clear and strong EMG signal could be observed. These
results indicate the functionalities and capabilities of the medical
hand with rubbery electronics-based multifunctional E-skin.

DISCUSSION

We demonstrated the facile and scalable manufacturing of rubbery
semiconducting nanofilms based on the air/water interfacial assem-
bly method. Such a manufacturing method is demonstrated to have
high fidelity for large-area, high-quality P3HT semiconducting
nanofilms. The molecular packing nature and the high carrier
mobility of the assembled pristine and rubbery composite nano-
films further illustrate the advantage of such an assembly method. The
unique P3HT- and SEBS-rich mesh-structured binary phases render
the excellent mechanical stretchability in the rubbery semiconduct-
ing composite nanofilm. The demonstrated rubbery electronics,
from the fundamental building block of transistors to logic gates to
active matrix multiplexing electronics and to functional E-skins,
show the potential of rubbery electronics and circuits, whose
mechanical softness and stretchability stem from the intrinsic proper-
ties of the material used. This air/water interfacial assembly method
could be potentially used for other electronic materials besides
pristine and rubbery P3HT-based nanofilms, as a universal thin-
film material manufacturing platform. The development of rubbery
semiconducting nanofilms and rubbery electronics paves the way
for fully rubbery electronics and integrated systems and their appli-
cations in robotics and medical care, among others.

MATERIALS AND METHODS

Materials

Anhydrous toluene (>99%), SEBS, poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP; molecular weight, ~400,000),
1-ethyl-3-methylimidazolium trifluoromethanesulfonate (EMIM-Otf;
>98%), gold chloride trihydrate (>99.9%), and anhydrous ammonia
(28%) were all purchased from Sigma-Aldrich and used as received.
Regioregular P3HT (rrP3HT) was purchased from Sigma-Aldrich
and washed and filtered to remove the low-molecular weight rrP3HT
using cyclohexane. AQNW (~99.5%) solution (average diameter
and length are 120 nm and 20 mm, respectively) was from ACS
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Material. PDMS rubber (Sylgard 184 silicone elastomer kit) was
from Dow Corning. Pressure-sensitive rubber sheets (ZL45.1) and
conductive rubber pastes (FL45) were from Zoflex.

Fabrication of stretchable AuNPs-AgNWs/PDMS electrodes
The fabrication of the stretchable AuNPs-AgNWs/PDMS electrodes
follows the following steps. First, a shadow mask of Kapton film was
manufactured using a programmable cutting machine (Silhouette
Cameo). Second, the AgNW solution was drop-casted onto a
cleaned glass slide with the shadow mask followed by curing at 60°C
for 10 min and then at 200°C for 30 min on a hot plate. Third, a
premixed PDMS solution [10:1 (w/w) prepolymer/curing agent]
was spin-coated on the patterned AgNWs at 300 rpm for 60 s,
followed by curing for 4 hours at 60°C to solidify. The PDMS was
then peeled off from the glass slide to obtain the patterned AgNWs
embedded in PDMS. Fourth, the AgNW/PDMS electrode was
immersed in 0.5 mM HAuCly-H,O aqueous solution for 2 min for
the Ag-Au galvanic replacement to form AuNPs coated on AgNWs
and dipped in NH,OH solution (28%) for 1 min to dissolve AgCl
layers that were formed on the NWs. Last, the fabrication of stretch-
able electrodes was accomplished by washing with deionized water
and drying with a N, gun. The schematic structure and the detailed
geometries of the transistor are shown in fig. $29.

Fabrication of the pristine P3HT nanofilm

Ten milligrams of P3HT was dissolved in 1 ml of toluene. Then,
10 ul of solution was dropped onto the surface of water and the
polymer solution was spread spontaneously and rapidly onto the
water surface due to the Marangoni effect. After several minutes,
the uniform pristine P3HT nanofilm formed over a large area. The
obtained nanofilm can be transferred onto any substrates such as
silicon, glass, and PDMS.

Fabrication of the composite nanofilm

SEBS and P3HT with different weight ratios were dissolved in 1 ml
of toluene. Then, 10 pl of the blend polymer solution was dropped
onto the surface of water to form the uniform composite nanofilm
over a large area. The obtained composite nanofilm was used for
further studies.

Fabrication of the ion gel dielectric layer

First, PVDF-HFP, EMIM-Otf, and acetone were mixed together with
a weight ratio of 1:4:7 at 70°C. Then, the solution was casted onto a
glass slide and cured for 12 hours at 70°C in a vacuum oven. The
obtained ion gel layer can be conveniently cut into any shapes for use.

Fabrication of the rubbery transistors, transistor array,

and logic gates

First, the freestanding composite nanofilm was transferred onto the
patterned stretchable AuNPs-AgN'Ws/PDMS electrodes, prepared
as previously reported (24), which served as the source and drain of
the transistor. Then, the devices were naturally air-dried overnight.
After that, the devices were dried at 60°C for 120 min in vacuum
oven to totally remove the water. At last, the ion gel layer was
laminated onto the composite nanofilm as the dielectric layer to
complete the device fabrication. For the fabrication of the logic
gates, all the procedures were the same as those of the rubbery
transistors, except that the AuNPs-AgN'Ws/PDMS electrodes were
patterned differently.
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Fabrication of the active matrix for the smart skin

To fabricate the fully rubbery smart sensory skin, the active matrix
was fabricated using the procedures described for the fabrication of
the transistor array. Next, via holes were formed to interconnect
between the active matrix and a pressure-sensitive rubber sheet
(Z145.1, Zoflex). The conductive rubbery paste (FL45, Zoflex) was
used to fill the via holes and was solidified at room temperature for
12 hours. The substantially strong adhesion between the solidified
conductive rubber paste and PDMS does not allow delamination under
a mechanical strain of 30%. The active matrix and pressure-sensitive
rubber sheet were encapsulated by a thin layer of PDMS (10:1
weight ratio of base and curing agent) by spin casting at 300 rpm for
60 s. Last, the smart sensory skin was laminated onto the patterned
AgNWs/PDMS electrode to complete the device fabrication.

Fabrication of the devices for the medical robotic hand

The medical robotic hand comprises an array on the fingers and an
active multiplexed array on the palm. The array of devices on each
finger consists of a temperature sensor at the fingertip (distal
phalanx) and electrical stimulators on the middle and proximal
phalanxes. The electrical stimulators are multiplexed with thin-film
transistors (TFTs) as switches. The dimensions of each device are
shown in fig. S25. Similarly, a 3 x 3 array of EP electrodes was
actively multiplexed at the palm of diagnostic robotic hand (fig. S26).
The electrical stimulators and the EP electrodes comprise intrinsi-
cally stretchable AgNWs/PDMS electrodes and interconnections.
The TFTs and circuits were fabricated as mentioned previously.
The multiplexed diagnostic devices were then laminated around the
3D-printed tendon-operated robotic hand.

Electrical characterization

Electrical transport properties were measured under ambient
conditions using a semiconductor analyzer (Keithley 4200-SCS)
equipped with a probe station (H100, Signatone). A power supply
(GPS-3303, GW Instek) was used to apply external voltage for the
inverter, NAND, and NOR characterization. The electrical proper-
ties of a single sensing node were characterized with Keithley 4200-
SCS. We calculated mobility value on the basis of the specific capac-
itance of the ion gel of 9.8 uF/cm? at 1 Hz using an LCR meter
(Keysight, U1252B) and an oscilloscope (Agilent, DSO-X- 2004A),
which agrees well with the values in literatures elsewhere (38). The
output voltage mapping from the 5 x 5 active matrix-based fully
rubbery smart skin was obtained from a DAQ and a custom
LabView program. The voltage for the five-word lines and V4q was
applied by NI PXI-6723 (National Instruments) through an SCB-68
shielded input-output (I-O) connector block. The 5-bit lines were
interfaced to NI PXI-6363 (National Instruments) through an SCB-68
shielded I-O connector block for readout of the output voltages.
The temperature sensor was characterized using a hot plate to heat
the device and then recording the electrical current with Keithley
4200-SCS. The calibration was performed simultaneously with a
digital infrared thermometer (Fluke 572-2). The EMG measurement
was recorded with a DAQ (Intan RHD2000), where the output voltage
was provided by a power supply (GPS-3303, GW Instek). The recorded
EMG data were then filtered using MATLAB.

Testing the devices on human hands
The hands shown in Figs. 5 and 6 are those of Y.-S.G., who has
given his consent to publish these images.
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