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ABSTRACT 
Neurologic function implemented soft organic electronic skin holds promise for wide range of applications, such as skin prosthetics, 
neurorobot, bioelectronics, human-robotic interaction (HRI), etc. Here, we report the development of a fully rubbery synaptic transistor 
which consists of all-organic materials, which shows unique synaptic characteristics existing in biological synapses. These synaptic 
characteristics retained even under mechanical stretch by 30%. We further developed a neurological electronic skin in a fully 
rubbery format based on two mechanoreceptors (for synaptic potentiation or depression) of pressure-sensitive rubber and an all-organic 
synaptic transistor. By converting tactile signals into Morse Code, potentiation and depression of excitatory postsynaptic current 
(EPSC) signals allow the neurological electronic skin on a human forearm to communicate with a robotic hand. The collective studies 
on the materials, devices, and their characteristics revealed the fundamental aspects and applicability of the all-organic synaptic 
transistor and the neurological electronic skin. 
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1 Introduction 
Human and animal skins have built-in synapses to render closed- 
loop sense-actuation operations [1, 2]. Synapses are unique 
biological structures, which enable signal communication 
between neurons in biological nervous systems and are 
responsible for encoding sensations, thoughts, etc. [3‒5]. With 
the fast advancement on material development, mechanical 
designs and device technologies, drastic advances on soft 
artificial skins have been made in the past decades [6‒9]. In 
particular, neurologic function implemented artificial skin is 
very promising for a wide range of vital yet technically critical 
applications, such as neuroprosthetics, neurorobots, bioelectronic 
interfaces, human-robotic interaction (HRI), etc. [3, 10‒16]. To 
implement the artificial skin with capabilities emulating those 
of the biological skin, in particular the synaptic functions, soft 
synaptic devices must be accomplished with similar mechanical 
softness and stretchability and can be seamlessly integrated 
with the skin devices.  

To date, although some progress on integrating neurologic 
functions into artificial skins have been made, the progress is 
still nascent [17]. In addition, although there have been reports 
on deformable synaptic transistors [3, 10, 18], a stretchable 
synaptic transistor made out of all-organic materials has never 

been achieved before, which would possess the advantages of 
low cost [19], easy processibility [20], biocompatibility [21, 22] 
and deformability [23, 24].  

Here, we report a fully rubbery synaptic transistor made 
out of all-organic materials and its neurologically integrated 
electronic skin in a fully rubbery format. Specifically, we developed 
the fully rubbery synaptic transistor using the rubbery semicon-
ductor as a composite of poly(3-hexylthiophene) (P3HT) nano-
fibrils percolated in polydimethylsiloxane (P3HT-NFs/PDMS), 
the rubbery conductor as poly(3,4-ethylenedioxythiophene): 
polystyrene sulfonate (PEDOT:PSS) mixed with a nonvolatile 
surfactant plasticizer (Triton X-100), and the elastic gate dielectric 
as ion-gel. The all-organic synaptic transistor is achieved based 
on simple facile fabrication methods for different layer of 
materials. The characteristics of the devices are studied while 
they are under different levels of mechanical strains both along 
and perpendicular to the channel length directions. The synaptic 
transistor shows unique functions, existing in biological synapses, 
including excitatory postsynaptic current (EPSC), paired-pulse 
facilitation (PPF), and memory characteristics. Upon stretching 
by 30%, these characteristics were still maintained. In addition, 
we developed a neurological electronic skin in a fully rubbery 
format based on two mechanoreceptors (for synaptic potentiation 
or depression), each consisting of pressure-sensitive rubber 
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and a fully rubbery synaptic transistor. Each mechanoreceptor 
for synaptic potentiation and depression responds to physical 
touches by generating presynaptic pulses, which excite the 
synaptic transistor to render postsynaptic potentials. By 
converting tactile signals into Morse Code, potentiation and 
depression of EPSC signals allows the neurological electronic 
skin on a human forearm to communicate with a robotic 
hand. The collective studies on the materials, devices, and 
their characteristics demonstrated the fundamental aspects 
and applicability of the all-organic synaptic transistor and the 
neurological function implemented artificial skin. 

2  Experimental 

2.1  Preparation of P3HT-NFs/PDMS semiconductor 

The P3HT-NFs solution was prepared by dissolving P3HT (2 mg) 
in dichloromethane (1 mL) at 80 °C, followed by cooling down 
at –20 °C. The solution was blended with a PDMS solution 
that was prepared by mixing the PDMS precursor (weight ratio 
of prepolymer: curing agent is 10:1) and dichloromethane    
(80 mg/mL) to obtain the P3HT-NFs/PDMS at the weight 
ratio of 1:4. The P3HT-NFs/PDMS solution was spin-coated at 
2,000 rpm for 60 s, followed by thermal annealing at 90 °C for 
10 min to form the P3HT-NFs/PDMS thin film. 

2.2  Preparation of ion gel dielectric 

The solution was prepared by mixing poly(vinylidene fluoride-co- 
hexafluoropropylene) (PVDF-HFP), 1-ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide (EMIM-TFSI), and acetone 
in a weight ratio of 1:4:7 at 80 °C for 8 hours. The ion gel film 
was achieved by curing in the vacuum oven at 70 °C for 12 hours 
after pouring the solution on a precleaned glass substrate. 
The solidified ion gel can be easily cut into desired shapes to 
laminate on P3HT-NFs/PDMS film. 

2.3  Preparation of surface modified elastomeric substrate 

The PDMS precursor was prepared by mixing the prepolymer 
and curing agent in a weight ratio of 10:1 and spin-coating on the 
glass substrate at 300 rpm for 30 s, followed by curing in oven 
at 90 °C for 2 hours. For the hydrophilic surface modification 
of PDMS, the prepared PDMS film was treated with UV-O3 for 
20 min and immersed in APTES solution (3 wt.% in deionized 
(DI) water) for 20 min.  

2.4  Preparation of stretchable nanostructured PEDOT: 

PSS conductor 

Aqueous PEDOT:PSS solution (CleviosTM PH1000, Heraeus) 
mixed with 3 wt.% of surfactant (Triton X-100, Aldrich) was 
stirred for 12 hours. The PEDOT:PSS film was patterned on a 
glass substrate by spin coating the mixture solution through a 
Kapton film-based shadow mask. After removing the shadow 
mask, a surface modified PDMS substrate was pressed onto the 
patterned PEDOT:PSS film on the glass substrate and peeled 
off. The resulted film was annealed on a hot plate at 140 °C for 
10 min to enhance its electrical conductivity. 

2.5  Material characterization and device measurements 

The surface morphology of the composite semiconductor and 
conductor was characterized using atomic force microscopy 
(AFM, Bruker) under the tapping mode. Electrical properties 
of the synaptic transistor were characterized by a probe 
station (H100, Signatone) equipped with a semiconductor 
characterization system (4200-SCS, Keithley Instruments Inc). 
A function generator (DG4062, RIGOL Technologies Inc) was 

used to apply the presynaptic voltage on the gate electrode. The 
postsynaptic current was measured by applying a constant Vds 
between the source and the drain. 

3  Results 
Figure 1(a) shows the schematic illustration of the fully rubbery 
synaptic transistor implemented artificial skin, i.e., neurological 
electronic skin, in an exploded view. The neurological electronic 
skin consists of three layers: two patterned electrodes (bottom) 
and pressure-sensitive rubber (middle) connected to the 
gate electrode of a fully rubbery synaptic transistor (top). 
The pressure-sensitive rubber is used for mimicking rubbery 
mechanoreceptor. The PDMS encapsulation on conductive 
rubber is conducted for insulation between our hand and 
electrode. Most importantly, the deformable synaptic transistor, 
a core component in the skin, consists of all-organic materials, 
including the semiconductor, conductor, dielectric, and 
substrate, as shown in Fig. 1(b). Both the semiconducting and 
conductive films, which were obtained through nanostructure 
engineering, under 0% and 30% strain are presented in Fig. 1(c). 
Since all the materials are in a rubbery format, the neurological 
electronic skin can be stretched, as shown in Fig. 1(d). The 
simple facile fabrication approach to develop the neurological 
electronic skin, which is based on the all-organic synaptic 
transistor, is described in the following.  

Figure 2(a) present the brief fabrication procedures of the 
all-organic synaptic transistor. The PEDOT:PSS solution was 
spin-coated onto a glass substrate with a 25 μm thick Kapton 
film-based stencil mask. The device channel was formed after 
the stencil mask was peeled off. The APTES treated PDMS 
substrate was pressed on the patterned PEDOT:PSS film on 
the glass and peeled off. By adding the surfactant, the PEDOT 
nanofibrils (shown in the atomic force microscopy (AFM) 
image of the prepared PEDOT:PSS film) can form in the PSS/ 
surfactant, which enables this film to be deformable [25]. The 
P3HT-NFs/PDMS film was formed on the channel region by  

 
Figure 1  Elastic neurological electronic skin. (a) Schematic exploded view of 
an elastic neurological electronic skin. (b) Schematic exploded view of a 
fully rubbery, all-organic synaptic transistor. (c) Optical images of P3HT- 
NFs/PDMS semiconductor and PEDOT:PSS conductor film on PDMS 
without and with 30% strain. (d) Optical images of an elastic neurological 
electronic skin without and with 30% strain.  
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spin-coating with the Kapton film-based stencil mask. The 
AFM image of the prepared P3HT-NFs film shows formation of 
the percolated P3HT-NFs in a rubber matrix, which maintains 
semiconductor characteristics under mechanical strain [26]. 
The AFM image of the stretched P3HT-NFs/PDMS film is 
shown in Fig. S1 in the Electronic Supplementary Material 
(ESM). The ion-gel was laminated on the P3HT-NFs film to 
finalize an all-organic synaptic transistor. The detailed experi-
mental conditions are presented in the Experimental section. 
Figure 2(b) shows a set of optical images and microscope 
images of the stretchable PEDOT:PSS film upon stretching by 
0%, 30%, and 0% (released), respectively. The crack on-set strain 
is about 45%, as shown in Fig. S2 in the ESM. Figure 2(c) 
shows the normalized resistance change of the PEDOT:PSS 
film under repeated cyclic stretching up to 30% strain. The 
slight resistance increase saturated within the first 100 cycles 

under a mechanical strain of 30% and no substantial further 
resistance increase change was observed within additional 
900 cycles. The I‒V curve and normalized resistance change of 
the PEDOT:PSS film during the first stretch-release cycle is 
shown in Fig. S3 in the ESM. Figure 2(d) shows a set of optical 
images and microscope images of stretchable P3HT-NFs film 
upon stretching by 0%, 30%, and 0% (released), respectively. 
The film did not show surface morphology changes or any 
crack after cyclic stretching. The transfer curve of the all- 
organic synaptic transistor is shown in Fig. 2(e). The synaptic 
transistor showed hysteresis, which is essential for mimicking 
the biological synapse [3, 27]. 

Figure 3(a) shows sequential optical images of the all-organic 
synaptic transistor under mechanical strains of 0%, 10% 20%, 
30%, and 0% (released) along the channel length direction. 
The channel length and width are 100 μm and 5 mm,  

 
Figure 2  Fabrication of fully rubbery synaptic transistor made of all-organic materials. (a) The overall fabrication procedure of fully rubbery, all-organic 
synaptic transistor. (b) A set of optical images and microscope images of stretchable PEDOT:PSS film upon stretching by 0, 30, and 0% (released), 
respectively. (c) Normalized resistance change of PEDOT:PSS film under mechanical strain of 30% depending on the number of stretching cycles. (d) A set
of optical images and microscope images of stretchable P3HT-NFs film upon stretching by 0%, 30%, and 0% (released), respectively. (e) Dual sweep 
transfer curve of fully rubbery, all-organic synaptic transistor.  
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Figure 3  Transistor characteristics of fully rubbery, all-organic synaptic 
transistor under mechanical strains. (a) Sequential optical images of fully 
rubbery synaptic transistor made out of all-organic materials under 
mechanical strains of 0%, 10%, 20%, 30%, and 0% (released) along to the 
channel length direction. (b) and (c) Transfer curve of fully rubbery, 
all-organic synaptic transistor under mechanical strains of 0%, 10%, 20%, 
30%, and 0% (released) along and perpendicular to the channel length 
directions, respectively. (d) and (e) On current and FE of fully rubbery, 
all-organic synaptic transistor under mechanical strains of 0%, 10%, 
20%, 30%, and 0% (released) along and perpendicular to the channel length 
directions, respectively. 

respectively. The thickness of the P3HT-NFs/PDMS film is  
~ 300 nm. Figures 3(b) and 3(c) shows transfer curves of the all- 
organic synaptic transistor under different levels of mechanical 
strains along and perpendicular to the channel length 
directions, respectively. The drain current was obtained while 
the gate voltage was swept from 0 to –3 V at a drain voltage of 
–1 V. The maximum drain current of the unstretched synaptic 
transistor is 1.31 mA. Upon stretching by 10%, 20%, and 30% 
along the channel length direction, the current decreased to 
1.17, 0.74, and 0.65 mA, respectively. Upon fully releasing 
the mechanical stretching, the current recovered to 1.24 mA. 
Similar results were observed when the device was stretched 
and released perpendicular to the channel length direction. 
We measured and calculated the on current and mobility (FE) 
of the all-organic synaptic transistor under different levels of 
mechanical strain in Figs. 3(d) and 3(e), respectively.  

Figure 4(a) shows a schematic illustration of the synapse 
and its signal transmission process in the biological nervous 
system. In synaptic transmission, the nerve impulses (presynaptic 
signal) from stimulations are generated in the pre-synapse, 
and then, ion channels of the post-synapse start to open, 
which induces a change in the electrical signal (postsynaptic 
signal) of the post-synaptic membrane [28]. Figure 4(b) 
shows the all-organic synaptic transistor with the ion-gel gate 
dielectric that emulates biological synaptic functions. In 
our synaptic transistor, the ions from the ion gel and channel 
conductance emulate biological neurotransmitters and the 
synaptic weight, respectively.  

To characterize single pulse-induced EPSC, a presynaptic 
pulse (–3 V) was applied to the gate with a Vds of –1 V with 
different pulse widths ranging from 50 to 1,000 ms. Figure 4(c) 
presents the EPSC results of the fully rubbery, all-organic synaptic 
transistor. It shows that the EPSC increased from 12 to 167 μA  

 
Figure 4  Fully rubbery, all-organic synaptic transistor. (a) Schematic 
illustration of the synapse and its signal transmission process in the 
biological nervous system. (b) All-organic synaptic transistor with ion-gel 
gate dielectric that emulates biological synaptic functions. (c) Single 
presynaptic pulse induced EPSC with different pulse widths ranging from 
50 to 1,000 ms. (d) The EPSC peaks depending on different pulse widths. 
(e) The EPSC results triggered by two successive presynaptic pulses 
with Δtpre of 200 ms without and with 30% strain. (f) The PPF index with 
different Δtpre without and with 30% strain. (g) Memory characteristics of 
the all-organic synaptic transistor under different number of presynaptic 
pulses ranging from 1 to 20. (h) W1/Wn and ΔW/W0 results of the 
fully rubbery, all-organic synaptic transistor under different number of 
presynaptic pulses ranging from 1 to 20. (i) Memory characteristic of fully 
rubbery, all-organic synaptic transistor without and with 30% strain with 
the application of the 10 successive presynaptic pulses with a pulse width 
of 100 ms, a pulse frequency of 5 Hz, and an amplitude of –3 V. 

when the pulse width increased from 50 to 1,000 ms. This 
behavior is due to the increase in ion density at the interface 
between the ion gel and channel layer, as the pulse width 
increased [28, 29]. The EPSC peaks depending on different 
pulse widths are summarized in Fig. 4(d). The EPSC increased 
when the pulse intensity increased from 3 to 6 V, which can 
also be attributed to the aforementioned reasoning (Fig. S4 in 
the ESM). 

We further tested the EPSC upon applying two successive 
presynaptic pulses with pulse intervals (Δtpre) ranging from 
100 to 2,000 ms. Figure 4(e) shows the EPSC results triggered 
by two successive presynaptic pulses with a Δtpre of 200 ms. 
The EPSC peak from the second pulse (A2) is greater than 
that from the first presynaptic pulse (A1) because part of 
the induced ions in the first pulse still exist at the interface 
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between ion gel and channel layer, which results in a higher 
conductance in the second pulse [30, 31]. The PPF index is 
defined as A2/A1 × 100%, which can be weakened or streng-
thened by adjusting the intervals between two successive 
pulses. The PPF index of 158% was obtained under 0% strain. 
With 30% applied strain, the PPF index is decreased to 138% 
because synaptic decay constants decreased with an increase 
of mechanical strain [32]. The PPF index using different 
Δtpre without and with 30% strain is plotted in Fig. 4(f). A 
maximum PPF index of 192% was obtained with a Δtpre of 100 ms 
under 0% strain and the PPF index decreased when the Δtpre 
increased from 100 to 2,000 ms. The lower PPF from the 
long Δtpre is due to the relaxation of the ions [33, 34]. Upon 
stretching by 30%, the PPF index was still retained.  

Memory behaviors such as sensory memory (SM), short- 
term memory (STM), and long-term memory (LTM), which 
exist in biological synapses [35], were also characterized. A 
presynaptic pulse (–3 V) was applied to the gate with a Vds of 
–1 V with a pulse width of 500 ms. The EPSC peak and memory 
level increased with the increasing number of presynaptic 
pulses, as shown in Fig. 4(g). The first and last EPSC peaks are 
denoted as W1 and Wn, respectively. The initial current and  

current change (after the presynaptic pulse) are denoted as W0 
and ΔW, respectively. It is noted that the ΔW was calculated 7 s 
after the presynaptic pulses were applied. The short-term 
weight change and long-term weight change are calculated on 
the basis of W1/Wn and ΔW/W0, respectively. Figure 4(h) 
shows W1/Wn and ΔW/W0 results of the fully rubbery, 
all-organic synaptic transistor. As the number of pulses 
increases, W1/Wn increases from 1 to 5.4 and ΔW/W0 increases 
from 1.05 to 205. Figure 4(i) shows the EPSC results of the 
all-organic synaptic transistor without and with 30% strain 
with the application of the 10 successive presynaptic pulses 
with a pulse width of 100 ms, a pulse frequency of 5 Hz, and 
an amplitude of –3 V. With 30% applied strain, the overall 
EPSC decreased, the W1/Wn decreased from 1.62 (0% strain) 
to 1.59 (30% strain), and the ΔW/W0 decreased from 0.67 (0% 
strain) to 0.59 (30% strain). These results show that our device 
still retains memory behaviors even at 30% strain. 

We demonstrate the use of our fully rubbery, all-organic 
synaptic transistor for an elastic neurological electronic skin to 
illustrate a potential application in HRI. Figure 5(a) shows an 
optical image of the deformable neurological electronic skin 
for this HRI system on the  

 
Figure 5  Elastic neurological electronic skin for HRIs. (a) The optical image of an elastic neurological electronics skin for HRI on the forearm. (b) The
optical image of robotic hand. (c) Schematic illustration of the HRI system between the robotic hand and the neurological electronic skin. (d) and (e) The 
optical image of physical touch on the mechanoreceptor for generating presynaptic pulse for both synaptic potentiation and depression, respectively.
(f) Presynaptic pulses for synaptic potentiation and depression, generated from mechanoreceptor. (g) The EPSC results decoded by the Morse Code of r
(right), l (left), d (down) and u (up) from the neurological electronic skin. (h) The optical images of the motion of the robotic hand depending on the
Morse Code decoded signals. (i) The EPSC result during operation of robotic hand such as grasp, hold, and release the object for 46 s. (j) A sequence of 
images of robotic operation based on the synaptic currents obtained from fully rubbery, all-organic synaptic transistor.  
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forearm. The electronic skin conformally adhered to the human 
skin because it is fully made from rubbery materials. The 
neurological electronic skin consists of the artificial synapse 
and the mechanoreceptors. Both the artificial synapse and the 
mechanoreceptors are electrically connected. Figure 5(b) presents 
a robotic hand (Star Wars Science, Darth Vader robotic arm) 
which communicates with the neurological electronic skin. 
The schematic illustration of the HRI system is shown in Fig. 5(c). 
Action potentials for both synaptic potentiation and depression 
can be generated by pressing the mechanoreceptor in the 
electronic skin on the human skin. The action potentials in 
the form of pulses produced by the mechanoreceptor are 
transmitted to the artificial synapse, which generates EPSCs. 
The generated EPSCs are utilized to control the motion of the 
robotic hand including grasp, release, and move. In particular, 
different patterns of pressing the mechanoreceptor represent 
Morse Code, in which the letters of the English alphabet can 
induce distinct EPSC peaks. Morse Code that is formed by a 
sequence of dots and dashes, is very secure and thus it was 
used as communication method for HRIs [36]. Figure 5(d) 
shows the optical image of pressing the mechanoreceptor that 
generates negative potentials in the electronic skin (i.e., poten-
tiation of the postsynaptic current). When tapping with applied 
pressure higher than 100 kPa on pressure-sensitive rubber was 
performed, presynaptic pulse was obtained. The resistance 
change depending on applied pressure is presented in Fig. S5 
in the ESM. Pressing the mechanoreceptor that generates 
positive potentials in the electronic skin is presented in Fig. 5(e), 
which causes depression of the postsynaptic current. The infor-
mation of both negative and positive potentials is shown in Fig. 5(f). 
We demonstrated different EPSCs depending on the letter of 
the English alphabet. The EPSCs decoded by the Morse Code 
corresponding to the letters ‘r’, ‘l’, ‘d’ and ‘u’ indicate the 
movement direction of robotic hand, such as right, left, down 
and up, respectively, as shown in Fig. 5(g). The four letters 
were correlated with the sum of the amplitude of the EPSC 
peaks (Fig. S6 in the ESM). The frequency of the presynaptic 
voltage for the symbol of the circle and rectangle were 0.5 and 
0.167 Hz, respectively, which can be controlled by changing 
the time of pressing the mechanoreceptor. Figure 5(h) shows 
images of the motion of the robotic hand depending on the 
Morse Code decoded signals, respectively. The robotic hand 
moves depending on the created EPSC behaviors from the 
electronic skin to approach the targeted object. Figure 5(i) 
presents the EPSC results during operation of the robotic 
hand such as grasp, hold, and release the object for 46 s. The 
three successive potentiation pulses result in an EPSC that is 
higher than the threshold point (100 μA), which causes the 
robotic hand to grasp the object. After applying the poten-
tiation pulses, no additional pulses were applied, and thus the 
EPSC slowly decreased for 9 s (rest). The depression pulses 
make the EPSC lower than the threshold point, which allows 
the robotic hand to release the object. Figure 5(j) shows a 
sequence of images of robotic operation based on the synaptic 
currents obtained from the fully rubbery, all-organic synaptic 
transistor. 

4  Conclusions 
We developed a fully rubbery synaptic transistor using all- 
organic materials for the rubbery substrate, conductor, semicon-
ductor, and dielectric. The synaptic transistor showed unique 
functions existing in biological synapses, including EPSC, PPF, 
and memory characteristics. The synaptic transistor retained 
its functionality while being stretched by 30% both along and 
perpendicular to the channel length direction. We further 

developed an elastic neurological electronic skin in a fully 
rubbery format based on two mechanoreceptors (for synaptic 
potentiation or depression) consisting of pressure-sensitive 
rubber and a fully rubbery synaptic transistor. One exemplary 
usage of the fully rubbery, all-organic synaptic transistor in 
the elastic neurological electronic skin is to enable HRI. By 
converting tactile signals into Morse Code, potentiation and 
depression of EPSC signals, the neurological electronic skin 
on a human forearm was successfully used as a communication 
device between the human and robot. Such elastic all-organic 
synaptic transistor and its integrated neurologic skin pave the 
way towards low-cost, facile processable, biocompatible, soft, 
functional biomimetic systems.  
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