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ABSTRACT: Recent advances in flexible materials and wearable electronics offer a
noninvasive, high-fidelity recording of biopotentials for portable healthcare, disease
diagnosis, and machine interfaces. Current device-manufacturing methods, however, still
heavily rely on the conventional cleanroom microfabrication that requires expensive, time-
consuming, and complicated processes. Here, we introduce an additive nanomanufacturing
technology that explores a contactless direct printing of aerosol nanomaterials and polymers
to fabricate stretchable sensors and multilayered wearable electronics. Computational and
experimental studies prove the mechanical flexibility and reliability of soft electronics,
considering direct mounting to the deformable human skin with a curvilinear surface. The
dry, skin-conformal graphene biosensor, without the use of conductive gels and aggressive
tapes, offers an enhanced biopotential recording on the skin and multiple uses (over ten
times) with consistent measurement of electromyograms. The combination of soft
bioelectronics and deep learning algorithm allows classifying six classes of muscle activities
with an accuracy of over 97%, which enables wireless, real-time, continuous control of external machines such as a robotic hand and
a robotic arm. Collectively, the comprehensive study of nanomaterials, flexible mechanics, system integration, and machine learning
shows the potential of the printed bioelectronics for portable, smart, and persistent human−machine interfaces.

KEYWORDS: additive nanomanufacturing, printed bioelectronics, deep learning algorithm, human−machine interface,
electromyograms (EMGs)

■ INTRODUCTION

Flexible and stretchable electronics have received significant
attention as promising alternatives to conventional rigid
electronics.1−5 With advances in polymers and nanomaterials,
many soft electronics have been developed for a wide range of
bioelectronics, including personalized healthcare monitor-
ing,6−9 implantable biomedical devices,10−12 and robotic
control systems.13−15 However, the practical route for
manufacturing of such electronics still relies on cost-
prohibitive, low-throughput fabrication processes that include
photolithography, high-vacuum etching, and expensive thin-
film deposition.16,17 To overcome the challenges, recent
developments in additive manufacturing of nanomaterials
and solution-based material processing have demonstrated
the capability to fabricate flexible, wearable devices. These
methods have advantages of minimal material consumption,
fast fabrication, and minimal use of equipment.12,18 For
bioelectronic applications, utilization of biocompatible nano-
materials is required because of the direct skin contact of
sensors. Highly conductive nanomaterial inks, including silver
(Ag) and copper (Cu), lead to low skin-to-electrode contact
impedance, allowing the high-fidelity physiological recording
from the human skin.9,19−21 However, the direct contact of
printed metals with highly corrosive and oxidizing properties to

the skin could cause adverse health effects and degradation of
signal quality.22 For example, Ag ions that are released from
the printed Ag sensor interact with membrane tissues and
activate the signaling pathway, resulting in an inhibition of cell
proliferation.23,24 Thus, new biocompatible nanomaterials are
required to manufacture biosensors that can be safely mounted
on the skin for continuous monitoring of biopotentials.
Here, we introduce a fully printed, nanostructured, soft

bioelectronic system that is made of graphene via additive
manufacturing. Aerosol jet printing (AJP) of nanomaterials and
polymers enables a high-throughput, efficient, and rapid
fabrication of nanomembrane sensors and electronic platforms.
The graphene nanomaterial conserves the intrinsic electrical
and morphological characteristics while offering excellent cell
biocompatibility and high-quality recording of biopotentials on
the skin. The fully integrated, wearable bioelectronic system,
including nanomembrane sensors and wireless flexible circuits,
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Table 1. Comparison of Fabrication Methods for Biosensors and Circuit Systems

reference fabrication method sensor material
sensor
function circuit material circuit function

this
work

all printed (both sensor and
circuit)

graphene/PI on
elastomer

EMG
detection

PI/graphene/Ag/PI/Ag/PI on elastomer
(multi-layered structure)

wireless data acquisition
via Bluetooth

27 laser-ablation (sensor) printing
and etching (circuit)

eutectic gallium indium
on elastomer

EMG
detection

Cu on elastomer (single layer) wireless data acquisition
via Bluetooth

28 transfer printing (sensor) CVD-grown graphenea

on medical tape
ECG
detection

29 printed (sensor) PEDOT:PSS/Ag on PEN temperature
detection

rigid circuit board (single layer)

30 printed (sensor) Ag-In-Ga on textile EMG
detection

wireless data acquisition
via Bluetooth

31 microfabrication (sensor) Au/Cr on adhesive
silicone

EMG
detection

32 printed trace eutectic gallium indium
Ag

aCVD: chemical vapor deposition.

Figure 1. Nanomanufacturing and material characterization. (a) Illustration of printing of nanomaterials to fabricate a nanomembrane electrode.
This printing uses an ultrasonic atomizer for low viscous ink. (b) Cross-sectional SEM image showing a multilayered sensor structure, including
graphene, PI, and elastomer substrate. (c) Measured cross-sectional profile of the printed sensor in (b). (d) Illustration of printing of nanomaterials
to fabricate circuit interconnects. This process uses a pneumatic atomizer for a high viscous ink. (e) FIB-assisted SEM image showing the printed,
multilayered circuit that is composed of the graphene, Ag, PI, and elastomer membrane. (f) Profile graph of the printed circuit on the substrate. (g)
TEM image of graphene. (h) Electron diffraction pattern showing the single crystalline of the six-fold symmetry of the hexagonal structure (guided
by a dotted red line). (i) SEM image of the printed Ag pattern after photonic sintering. (j) Close-up photographs of the printed electrode (left) and
circuit with functional chips (right) on elastomeric membranes. (k) Photographs showing the integrated, all-in-one system before (left) and after
(right) battery connection. The battery is easily attached, facilitated by the small magnets (blue arrows).
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demonstrates accurate monitoring of the electromyograms
(EMGs) on the skin. We also develop a deep learning
algorithm based on convolutional neural networks (CNNs) to
classify the measured EMG signals from different muscle
activities. The combination of the bioelectronics and machine
learning demonstrates real-time, wireless control of external
machines as an example of Smart HMI.

■ RESULTS AND DISCUSSION

Nanomanufacturing, Material Characterization, and
System Integration. In this work, we developed a new
nanomanufacturing method that used multiple nanomaterials,
including graphene, Ag, and polyimide (PI), to fabricate
stretchable sensors and electronics. Among them, in the
previous study,25,26 the graphene ink shows the stable
structural quality and high electrical properties for the sensor
development. Table 1 shows the summary of recently
developed fabrication methods for biosensors and circuit
systems,27−32 which captures the main contribution of our
approach in the development of all-printed bioelectronics.
Figure 1 summarizes the nanomanufacturing process, charac-
terized materials, and strategies of integrated bioelectronics.
The AJP process allows a wide range of viscosity, from 1 to
1000 cP, to directly print various types of micropatterns via
two atomizing modes of ultrasonic and pneumatic.33,34 The
ultrasonic atomization generates aerosol jet droplets of less
than 50 nm in diameter, which has a limited viscosity range
from 1 to 30 cP.35 In contrast, the pneumatic atomization can

eject atomized inks with a larger viscosity range of 1 to 1000 cP
because the high-velocity gas stream is capable of transporting
the particles up to 500 nm in size.35 Details of the printing
conditions and ink preparation are summarized in Table S1.
Figure 1a illustrates the additive manufacturing of a

stretchable nanomembrane electrode via ultrasonic atom-
ization of graphene ink (top layer) and PI ink (bottom
supporting layer). Figure 1b,c captures the fabricated electrode,
made of 10 μm-thick PI and 1 μm-thick conductive graphene
on a soft elastomeric membrane. Figure 1d shows the
fabrication process of flexible circuit interconnects with
multiple layers. The scanning electron microscopy (SEM)
image in Figure 1e and the profile image in Figure 1f show the
details of the circuit structure, including 2 μm-thick base PI,
0.4 μm-thick Ag, 2 μm-thick middle PI, 1.9 μm-thick Ag, 0.1
μm-thick graphene, and 1.2 μm-thick final PI. Within the
multilayered structure, the middle PI layer works as an
electrical insulator between the first and second Ag layers
except for the circular contact VIAs. The details of step-by-step
fabrication procedures appear in Figure S1.
For the design of wearable biosensors, the core material

must have two essential properties (details of the structural
design in Figure S2): one is biocompatibility for the direct
contact to the skin and the other is high conductivity for
electrical sensing. In this study, we employ the selectively edge-
oxidized graphene nanomaterial, prepared based on the prior
report.25 The atomic electron microscopy (AFM) and
measured size histograms in Figure S3 capture that the

Figure 2. Mechanical behaviors of printed electrodes and circuits. (a) Open-mesh structured electrode showing stretchability up to 60%(left)
fabricated electrode and (right) FEA results. (b) Series of optical images of a printed electrode on the skin, going through compression, pinching,
and poking. (c) Relative resistance change in an electrode upon cyclic 60% stretching for 500 times. The graph representing relative resistance
change (black) according to strain change (red). The bottom chart reveals the first 10 stretching cycles. (d) Printed circuit with applied bending up
to 180° (left), along with FEA results showing a similar behavior. (e) Three-axis acceleration data during 500 cyclic bendings, indicating that the
device could maintain its power connectivity and operation without failure. The bottom data show the first 25 bending cycles.
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synthesized graphene is 3.6 nm thick with 2 μm in lateral size,
which indicates the high aspect ratio. In addition, the
transmission electron microscopy (TEM) image in Figure 1g
shows a wide-dimension graphene sheet. As shown in Figure
1h, the selected area electron diffraction pattern reveals the
single crystalline of the six-fold symmetry of the hexagonal
structure, suggesting that the nature of graphene is well-
preserved. Such a high-aspect-ratio graphene also exhibits
excellent biocompatibility, proven by the cultured skin
keratinocyte cells (Figure S4). As the cells are identified in a
viability assay as dead (dyed in blue) or alive keratinocyte cells
by fluorescence microscopy, the graphene nanomaterial shows
the comparable cell viability to the control sample.
Another SEM investigation characterizes the printed Ag

traces that work as conductive layers for the flexible circuit.
Figure 1i shows highly dense, well-sintered Ag nanoparticles.
The left photograph in Figure 1j shows a printed stretchable
electrode based on graphene on top of PI, while another image

on the right shows a fully integrated circuit that has mounted
functional chips on the printed flexible circuit interconnects.
The integrated electronic system is powered by a rechargeable
lithium-ion polymer battery (40 mA h, DTP301120, Shenzhen
Data Power Technology). The battery can be easily mounted
on the electronics, facilitated by small neodymium magnets
marked in Figure 1k (left). The green LED light indicates the
secured connection (right, Figure 1k).

Mechanical Behaviors of Printed Electrodes and
Circuits. Figure 2 summarizes a set of computational and
experimental studies on the mechanical flexibility, stretch-
ability, and reliability of the designed electrodes and circuits.
The open-mesh patterned electrode is stretchable up to 60%
under tensile strain because of the out-of-plane buckling
without mechanical fracture (Figure 2a, left). The correspond-
ing computational study using finite element analysis (FEA)
supports the mechanical behavior upon excessive stretching
(Figure 2a, right). Simulated 60% stretching of the electrode

Figure 3. Comparison of the device performance in EMG recording. (a) Photograph of a commercial device (BioRadio) mounted on the skin. The
skin-electrode contact impedance is 66.9 ± 2.0 kΩ (n = 5). (b) EMG signals and SNR data from the commercial gel electrodes during the leg
flexion via multiple mountings and removals up to three times, showing significant reduction after three trials. (c) Photograph of a soft electronic
system on the skin. Inset is a high-resolution image of the mounted printed device. (d) Reusability demonstration of the soft electronics up to 10
uses, showing a negligible change in the EMG SNR. (e) Summarized graph capturing the SNR comparison between the commercial device and
printed electronics. The gel electrodes show no signal after the third use. Error bars show standard deviations from three EMG recordings (n = 3).
(f) Photograph revealing the loss of adhesion of the gel electrode after the third use. (g) Adhesion comparison of the commercial device and soft
electronics after multiple uses (solid line: first use, dotted line: last use). The adhesive of gel electrodes is significantly reduced after three uses. (h)
Simultaneous comparison of measured EMG signals between the gel and printed electrodes during a subject’s leg flexion while standing. The inset
photograph indicates significantly elongated skin by the applied stress from the rigid and heavy electrode, resulting in a lower SNR than the printed
one. (i) Comparison of impedance values between the gel and the printed electrodes while sitting and standing where the higher impedance for the
gel electrode is caused by fluctuation and slight detachment of the rigid sensor from the skin.
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shows the maximum principal strain of less than 1%. Based on
the studied design criteria, we fabricated stretchable electrodes
for direct mounting on the skin. Figure 2b shows a series of
photographs of a skin-conformal nanomembrane electrode on
the forearm, which endures compressing (left), pinching
(middle), and pressing with a tweezer (right; Figure 2b). No
structural fracture was observed when investigated using a
microscope.
Considering a long-term, continuous use of the skin-

wearable electrode, we conducted a cyclic loading mechanical
test. The result in Figure 2c shows a negligible change in
measured electrical resistance after 500 cycles with a 60%
tensile strain, which proves the mechanical reliability. Addi-
tional studies of the printed flexible circuit in Figure 2d
demonstrate the mechanical robustness upon excessive
bending (180 degrees at 1.5 mm in the radius of the
curvature). Both experimental and computational results
indicate that the device experiences minimal mechanical stress
during bending. Figure 2e summarizes the quantitative
measure of the mechanical reliability via monitoring of
acceleration sensor data during 500 cyclic bending, which
shows a negligible change in the measured data. Overall, the
collective results prove the mechanical stability and reliability
of the device for direct integration with the skin and follow-up
monitoring of biopotentials.
Comparison of the Device Performance in EMG

Recording. In this study, we compared the printed
bioelectronics with a clinical-grade commercial EMG system
to validate the device performance. Figure 3a shows the
commercial system (BioRadio, Great Lakes NeuroTechnolo-
gies) that requires three gel electrodes and a separate wireless

data acquisition system. A subject wears the sensors on the
upper leg and measures EMG signals with muscle flexion
(details of gestures in Figure S5). Figure 3b captures the EMG
data from the upper leg with the commercial system, showing
significant degradation of signals from the initial electrode
mounting to reuse three times: change in the signal-to-noise
ratio (SNR) from 11.8 to 2.3. The SNR is calculated as9,36
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where Asignal is the average full-wave rectified EMG recorded
during gestures and Anoise is the average full-wave rectified
EMG during rest.
In contrast, the printed soft electronics (Figure 3c) on the

self-adhesive elastomer demonstrates consistent, high-quality
recording of EMG data with 10 repetitive uses (Figure 3d),
which captures maintained conformal lamination and adhesion
of sensors to the skin. Figure 3e compares the measured SNR
of two devices according to the number of uses. The major
difference includes the device form factor, material stiffness,
and substrate material. Specifically, the conventional electrode
uses the aggressive acrylate tape that often exfoliates the
stratum corneum when detached from the skin, which is why
the gel electrode loses the adhesion (Figure 3f). On the other
hand, the silicone elastomeric membrane of soft electronics
offers gentle but adequate skin contact, allowing multiple uses
with consistent adhesion. Figure 3g proves the difference
between these materials by measuring adhesion strength. The
peel force of the gel electrode (8.7 mJ, solid black line) is
dramatically dropped to 1.1 mJ (black dotted line) after one

Figure 4. Demonstration of wireless, wearable bioelectronics for Smart HMIcontrol of a printed robotic hand. (a) Photograph of a fabricated
bioelectronic system mounted on the forearm for the recording of EMG. (b) Representative EMG signals from four different gestures, including
open hand (black), closed hand (red), index finger flexion (blue), and wrist flexion (green). (c) Representative acceleration data, measured from
arm rotation clockwise (black) and counterclockwise (red) in the z-axis. (d) Demonstration of real-time, wireless control of six robotic hand
motions via the subject’s different gestures, including open hand, closed hand, index flexion, wrist flexion, and two arm rotations. (e) Summarized
confusion matrix showing the classification accuracy of 98.5% with six classes.
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use, while the printed electrode maintains the adhesion (2.9
mJ, red line).
In addition, a simultaneous comparison of two devices with

induced motion captures the advantage of the soft electrodes.
As summarized in Figure 3h, the SNR value from the printed
electrode is higher than that from the gel electrode. EMG data
were measured by two different motions, including standing
still and flexion of the leg (details in Figure S6). In this setting,
the rigid and heavy electrode (>10 g) with the adhesive tape
causes excessive stress on the skin, which elongates the
outmost layer of the skin (inset in Figure 3h).37 The measured
impedance data in Figure 3i show that the soft electrode (0.1
g) has a negligible effect during sitting or standing. On the
other hand, the weight of rigid gel electrodes causes an
unfavorable increase in the contact impedance while standing.
Collectively, this study shows that the soft, lightweight
electrode is not only reusable but also reliable with minimized
motion artifacts compared to the conventional electrode.
Demonstration of the Wireless, Wearable Bioelec-

tronics for Smart HMI. This study demonstrates a successful
application of the developed wireless bioelectronics and deep
learning algorithm for Smart HMI. Specifically, noninvasive
EMG signals and motion-based acceleration, measured on the
skin, are used to have real-time, wireless control of external
machines. Figure 4a shows an all-in-one bioelectronic system,
mounted on the skin between the flexor carpi radialis and
flexor carpi ulnaris of the forearm for the control of external
devices.38 A flowchart in Figure S7 describes the entire process

of how the combination of wearable electronics and deep
learning offers real-time machine control.
EMG and acceleration data recorded from the device are

wirelessly transmitted to a tablet via Bluetooth, which
undergoes signal processing in a custom-designed Android
application. The data buffer for classification is updated as
soon as a new packet is received. The final 0.512 s of data (128
data points) is processed and classified for every 10 packets
received (60 data points or 0.240 s). The algorithm includes a
safety buffer to avoid any unwanted error from the fast
classification rate and the corresponding machine control; the
final control command is delivered to the machine when all
outputs match. For the classification of multiple EMG signals,
we developed a deep learning algorithm, based on CNNs that
could recognize subtle firing rate patterns while also
considering the amplitude.39 For preprocessing, data are
screened using the third-order high-pass Butterworth filter at
a cutoff frequency of 1 Hz. The z-axis acceleration data,
measured from the forearm rotation, are implemented in the
analysis using the onboard accelerometer in the bioelectronics.
Figure 4b,c shows the representative set of EMG and

acceleration data measured using the wearable device on the
forearm. A subject makes multiple motion gestures, including
open hand, closed hand, index finger flexion, wrist flexion, and
arm rotations clockwise and counterclockwise. Each of these
gestures is utilized for real-time, wireless control of six motions
(open hand, closed hand, and four different fingers) of a
robotic hand, as shown in Figure 4d. Details of the list of

Figure 5. In vivo demonstration of wireless control of a robotic arm via leg EMG signals. (a) Series of photographs capturing six different motions
of the robotic arm controlled by the leg gestures, including relax, extension, leg-up, flexion, leg-left, and leg-right. Details appear in Movie S1. (b)
Summarized confusion matrix showing the classification accuracy of 97.3% across six classes shown in (a).
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commands used in this work appear in Table S2a. Collectively,
the experimental study captures the high performance of a
single-channel wearable device, showing great classification
accuracy of 98.5% with six classes and over ten trials (Figure
4e).
Figure 5 summarizes the experimental result showing

another example of Smart HMI, suggesting that the wearable
electronics can record EMG from other parts of the body. The
wearable, single-channel bioelectronics is mounted on the
upper leg, specifically on the vastus intermedius muscle to
measure EMG from different gestures. Figure S8 shows the
data acquisition, processing, and transmission process to
control a miniaturized industrial robotic arm. This work also
uses two types of physiological data, including leg EMG and
acceleration, classified by the developed CNN algorithm.
Figure 5a summarizes the machine control commands with six
motions, including relaxation (no movement), leg extension,
leg-up motion, flexion, and leg rotations (to the left and right).
Real-time control of the robotic arm via the leg EMG appears
in Movie S1. Details of the control commands appear in Table
S2b, while Figure S9 shows a set of raw EMG data measured
from the vastus intermedius muscle. The classification accuracy
with six classes over ten trials shows 97.3% in real-time,
wireless control of the miniaturized robotic arm (Figure 5b).
To further improve the accuracy, future work will focus on
adding more channels in the sensor system and optimizing the
classification algorithm.

■ CONCLUSIONS
This paper reports a new class of advanced technologies in
nanomaterial processing, additive manufacturing, and machine
learning, enabling real-time, wireless, and Smart HMI. The
ultrathin, lightweight, soft electronics that include nano-
membrane sensors and thin-film circuits allow for conformal
skin contact, comfortable wear, and multiple reusabilities with
reduced motion artifacts in the physiological signal recording.
A set of computational and experimental studies validate the
mechanical safety and reliability of the wearable device to
endure multimodal deformation in various application cases.
The combination of skin-conformal bioelectronics and deep
learning CNN enables the highly accurate classification of six
motion classes: 98.5 and 97.3% for controlling a robotic hand
and a miniaturized industrial arm, respectively. The fully
printed, all-in-one soft electronics presented in this work will
serve as an advanced intelligent system for areas of smart
rehabilitation, closed-loop prosthesis, disease diagnosis, and
persistent machine interfaces.

■ EXPERIMENTAL SECTION
Preparation for PI, Graphene, and Ag Inks. The PI ink was

prepared by the mixture of a precursor (PI-2545, DuPont) and
solvent (1-methyl-2-pyrrolidineone; Sigma-Aldrich) in a 4:1 ratio. For
the synthesis of graphene ink, we conducted the electrochemical
process reported in our previous research.25 A direct voltage of 10 V
was applied between the graphite (Alfa Aesar) and Pt foil in an
electrolyte solution, which is composed of ammonium sulfate (99%,
Sigma-Aldrich) of 0.1 M and deionized (DI) water. After exfoliation,
the as-synthesized graphene was purified using DI water to remove
the residuals. The filtered wet graphene powder was dispersed in DI
water and controlled to a concentration of 1%. Ag nanoparticle ink
(Ag50XL, UT Dots) was mixed with xylene (m-xylene, Sigma-
Aldrich) to prepare the concentration of 20%.12

Electrode Printing. The additive process was performed using
the AJP method (Aerosol Jet 200, Optomec), and the optimized

conditions are indicated in Table S1. A sacrificial layer of polymethyl
methacrylate (PMMA) (950 PMMA, Kayaku Advanced Materials)
was coated on a glass slide using a spin coater with the conditions of
1000 rpm and 30 s. Then, the coated PMMA was baked at 200 °C for
2 min. A PI ink is deposited using a 300 μm-diameter nozzle and
cured at 250 °C for 1 h. The print head assembled with a 200 μm-
diameter nozzle was precisely aligned to print the graphene ink. The
printed graphene traces were thermally dried at 100 °C for 1 h. The
elastomer membrane was prepared by mixing 5 g of 1:1 Ecoflex 00-30
(Smooth-On) and 5 g of 1:1 Ecoflex Gel (Smooth-On). The
elastomer mixture was poured into a polystyrene dish (FB0875714,
Fisher Scientific) and cured overnight. For the electrode transfer
printing, the PMMA of the printed electrode was dissolved in an
acetone bath overnight. PMMA works as a sacrificial layer to retrieve
the electrode from the carrying substrate. Afterward, a water-soluble
tape was used to pick up the electrode. Finally, the electrode was
transfer-printed onto a 500 μm-thick elastomeric membrane (Figure
S1c).

Circuit Printing. A PI ink was spin-coated on a PMMA/glass
substrate at 2000 rpm for 60 s. First, Ag ink was deposited onto the PI
layer using a 200 μm-diameter nozzle. The printed Ag was sintered
with an intense pulsed light equipment (S-2200, XENON Corp.)
under the optimal condition that is 2 kV/2 ms/5 times, for power and
the number of pulses, respectively. The PI ink for the dielectric layer
was printed and cured on the first Ag layer via the same parameters
described previously. The second Ag layer was printed and photonic-
sintered under identical conditions. The graphene ink was printed and
dried at 100 °C for 1 h. The final PI layer for the encapsulation was
printed and thermally cured at 250 °C for 1 h. The PMMA layer is
removed using acetone to transfer the printed circuit onto the
elastomer substrate. After transferring the printed circuit, the
integration process was followed.

Integration with Chip Components. Solder paste (an alloy of
Sn/Bi/Ag (42/57.6/0.4%), Chip Quik Inc.) was screen-printed with a
stainless-steel stencil on the top surface of the circuit. The chip
components, including the Bluetooth, voltage regulator, resistors,
inductors, and capacitors, were mounted and reflowed by the heat
treatment according to the temperature recommended by the solder
paste manufacturer. The firmware of the Bluetooth-microcontroller
was updated on the soldered circuit. The chip integration process
followed the previously reported study.25

Characterization of Materials. Cross-sectional SEM images
were taken by SEM combined with a focused ion beam (FIB-SEM;
Nova Nanolab 200, FEI). The microscopy structures were
investigated by TEM (JEM-2100F, JEOL) and AFM (XE-100, Park
systems). A profilometer (Dektak 150, Veeco) was used for measuring
the thickness of each printed layer. All mechanics were measured
using a digital force gauge (M5-5, Mark-10) fixed on a motorized test
stand (ESM303, Mark-10).

Study of FEA. The mechanical behavior was determined using
ABAQUS software (Dassault Systemes Simulia Corporation, John-
ston, RI). The simulation study focused on the mechanical reliability
of the multilayered devices upon repetitive bending and stretching.
For the computational modeling, the following parameters were used:
Youngʼs modulus (E) and Poissonʼs ratio (v): EPI = 2.5 GPa and vPI =
0.34 for PI; EAg = 40 GPa and vAg = 0.37 for Ag.40

Study with Human Subjects. The study involved two volunteers
aged between 18 and 40 and was conducted by following the
approved IRB protocol (#H17212) at the Georgia Institute of
Technology. Before the study, all subjects agreed with the study
procedures and provided signed consent forms. For the device
performance validation, we compared the printed electronics with a
commercial device (BioRadio). For data acquisition, we use both
devices with the following steps; both devices were placed on the
forearm of a subject. We measured EMG data during resting (10 s)
and closed hand (10 s) five times. After 100 s, we removed and
remounted those devices in the same position, and the subject
performed the same activities to compare the signal variation.
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Figure S1. Fabrication of sensors and electronics. (a) Printing of nanomembrane electrodes and 
transfer printing onto an elastomer substrate. (b) Fabrication of a printed circuit with the integration 
of chip components.  
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Figure S2. Schematic illustration of multi-layered printed bioelectronics.  
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Figure S3. Characterization of graphene dispersed in aqueous ink. (a) AFM image (left) of 
graphene material dispersed in aqueous ink and two height profiles (right) of the graphene, 
corresponding to two dotted lines in AFM result. (b) The number of layers of graphene materials. 
100 graphene sheets are counted from AFM results. 
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Figure S4. Biocompatibility of printed electrodes. (a,b) Optical microscopic images of cultured 
keratinocyte cells after exposure to original DMEM (a; control sample) and DMEM with 
graphene/elastomer (b) after 7 days of culture. In the images, small blue dots represent dead cells 
(pinpointed by blue arrows). (c) Comparison of cell absorbance of the control and graphene 
electrode. 
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Figure S5. The human leg’s gestures mounted with the commercial device and the soft electronics 
while sitting. (a,b) Photos of rest (a) and leg extension (b) with the commercial device. (c,d) Optical 
images of rest (c) and leg flexion (d) with the soft electronics. The corresponding EMG signals are 
shown in Figure 3b and 3d. 
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Figure S6. The human leg’s gestures mounted with the commercial device and the printed 
electronics at the same time while standing. (a,b) Photos of still (a) and leg extension (b) with the 
commercial device and the printed electronics. The corresponding EMG signals are shown in 
Figure 3h. 
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Figure S7. Flowchart showing the overall process from the recording of data (EMG and 
acceleration) to classification based on machine learning and control of an external target. 
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Figure S8. Flowchart showing the sequence from data recording by the wearable bioelectronics 
to the control of the target.  
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Figure S9. EMG and acceleration data from the human leg’s gestures. (a) Representative EMG 
signals from four different leg gestures, including rest, extension, leg-up, and flexion. and 
Extension. (b,c) The two gestures, including leg movement left (b, left) and right (b, right), used 
to control the robotic arm, along with the corresponding acceleration signals in y axis (c). 
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Table S1. Parameters for ink materials, printing, and curing/sintering. The table shows the details 
of the condition, including the solvent, viscosity, sheath/atomization rate, nozzle diameter, printing 
speed, stage temperature, and curing/sintering parameters. 

Factor PI Ag Graphene 

Solvent (Viscosity) N-Methyl-2-Pyrrolidone 
( 350 cP) 

Ethanol 
(20 cP) 

DI water 
(6 cP) 

Sheath rate (ccm) 20 30 30 

Atomization rate (ccm) 1000 (exhaust) 
1100 (atomization) 25 40 

Nozzle diameter (µm) 300 200 200 

Printing speed (mm/s) 10 10 10 

Stage temperature (oC) 80 70 70 

Post-treatment 
Thermal curing 

(250 oC, 1 h) 
Photonic sintering 

(2 kV, 2 ms, 5 times) 
Thermal treatment 

(100 oC, 1 h) 
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Table S2. List of Commands for controlling the machines. (a) Control of a hand robot via EMG 
signals from the forearm. (b) Control of a robotic arm via EMG signals from the upper leg. 
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Movie S1. Real-time control of a robotic arm via EMG signals from the upper leg. 

 


