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We attach the three-layered METT in Fig. 1 containing 15 strain
sensors (Fig. 4D) and 1 heater to the left hand to test its performances
in strain sensing and heating (Fig. 4E). Using the three-layered
METT, we can simultaneously measure the movement of the hand
in 15 degrees of freedom and adjust the temperature, which is im-
possible for reported single-layered electronic tattoos. Figure 4F
shows the heating performance of the heater; the MPC heater in the
METT can heat the back of the hand to a temperature of about 45°C
in 30 s. The serpentine shape of the heater in the thermal image also
demonstrates that the SBS layer can form good insulation between
different circuit layers since no short circuit is found. Although the
increase in the METT layers will decrease the sensitivity of the
strain sensors on the METT (Fig. 4C), the three-layered METT is
capable of monitoring the motions of the hand. Figure 4G shows
the real-time signal changes of the 15 strain sensors and tempera-
ture changes of the heater on the METT with different hand move-
ments. We can adjust the temperature of the heater on the METT
by controlling the on-off time. The temperature will gradually in-
crease from 34° to 37°C in about 1 min (3 s on and 3 s off). We
found that the measurement of the PIP is very sensitive. The output
signals on PIP are about three to four times that of MCP and OAF.
Small-angle changes on the PIP can cause obvious signal changes.
For example, the signal change of the ring PIP can be easily recog-
nized from gesture “1” to gesture “2” at the 15th second. By con-
trast, the measurement of MCP and OAF is not sensitive at small
angles. Angles imposed on the MCP and OAF must exceed a certain
value to be recognized when slowly extending the hand from the
full extension of the fingers to a fist (25 to 30 s). In general, we can
use METT to measure hand movements.

We achieved a two-layer METT to remotely control a robotic
hand with 6 degrees of freedom. This two-layer METT contains five
strain sensors on PIPs and one strain sensor on the wrist, which can
monitor 6 degrees of freedom in real time. The METT can be directly

transferred onto the hand or a disposable glove by attaching it to the
surface and removing the release film (Fig. 5, A and B). The METT
can be transferred to most substrates only if the pressure-sensitive
adhesives in the METT are sticky to the substrates. The METT is
controlled by a watch-like device through the external contact pads
(Fig. 5B). Figure 5C shows the system-level overview of the robot
control system, which contains signal transduction, conditioning,
processing, and transmission paths. The circuit design for the sens-
ing system is shown in fig. S10. The strain sensors are connected to
Wheatstone bridges. Signals caused by bending the fingers will be
amplified and transmitted to the robotic hand through Bluetooth.
Asaresult, we can wear the METT to control the robotic hand wire-
lessly. The robotic hand can imitate the movements of our hand
without abnormal vibration (Fig. 5D and movie S2). The signals
obtained from the METT attached to the PIP when we make vari-
ous gestures are shown in Fig. 4G, which suggests that strain sensors
on fingers have good repeatability and do not interfere with each other.
Signals from each finger are stable when the finger remains station-
ary, which avoids the abnormal vibration of the robotic hand. This
robot control system will have great potential in the medical system
and military field for performing dangerous tasks remotely.

Conclusions
In this work, we have achieved multilayered electronic tattoos that
can enable the crease amplification effect. We found that the con-
formal and sticky structure of the stretchable METT can enable the
crease amplification effect, which will lead to the amplification of
the output signal of the strain sensors on the METT. We create a
layer-by-layer fabrication strategy to fabricate the METT with dif-
ferent layers, while the crease amplification effect can be retained.
The MPC is indispensable in the METT, because the MPC-based
strain sensors and interconnects have excellent stretchability and
repeatability, which can function in large local deformation (~500%

Fig. 5. The METT can control the robotic hand remotely. (A) Photograph of transferring the tattoo onto the hand. (B) Photograph showing METT on the skin (left) and
disposal glove (right). Dotted frame, the external contact pads. (C) System-level block diagram of the robot controlling system. (D) The METT can remotely control the
movements of the robotic hand. Photo credit: Lixue Tang, Southern University of Science and Technology.
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for the one-layered METT on the PIP when bending the finger; sec-
tion S1) caused by the crease amplification effect.

By contrast, the carbon nanomaterials such as graphene and car-
bon nanotubes usually have poor conductivity (0.1 to 100 S/m) and
low stretchability (<200%) (34, 35). They have potentials as strain
sensors, but they are not suitable as stretchable interconnects be-
cause their conductivity is several orders of magnitude worse than
that of metal. Besides, the large local deformation (~500%) caused
by the crease amplification effect will cause the failure of the carbon
nanomaterial-based strain sensors.

The nanostructured metal, especially the silver nanowires, has
comparable conductivity and satisfactory stretchability (~800%). They
have the potential as stretchable interconnects, but they are not
suitable as strain sensors because the repeatability of the nanostruc-
tured metal is poor. The electrical performance of the silver nanowire
will degrade slowly or sharply with the deformation cycles (36, 37).
Besides, the electrical performance of the silver nanowire will de-
crease because of the high oxidation tendency of Ag.

Using the three-layered METT, we can measure 15 degrees of
freedom of the hand. We believe that by increasing the degrees of
freedom in robotic hands, we can use the robotic control system to
perform delicate and complicated tasks remotely, which have a great
potential in the medical system, virtual reality, and wearable robots.
In the future, we can fabricate creases/cracks on the MPC-based
strain sensors, and the sensitivity of the MPC-based strain sensors
can be adjusted by the density and the width of the creases/cracks.
Thus, the strain sensors based on the crease amplification effect will
have broader applications, not limited to skin with creases.

MATERIALS AND METHODS

Solution preparation

We added 30 g of SBS [30 weight %; average M,, (weight-average
molecular weight) ~140,000; Sigma-Aldrich, USA] into 170 g of
di(propylene glycol) methyl ether acetate and stirred for 24 hours
at a temperature of 60°C to obtain the SBS solution. We added 1 g
of PVP [polyvinyl pyrrolidone; M, (number-average molecular
weight) = 1,300,000, Aladdin, China] into 19 g of hexyl alcohol
(98%, Macklin, China) and stirred for 48 hours to obtain the PVP
solution. We sonicated 3 g of liquid metal (gallium-indium alloy;
Ga:In = 4:1, Hawk, HK3284, China) in I ml of PVP solution to
obtain the MPC ink. The sonication process was carried out for 60 s
using a probe sonicator (S450D, Branson, USA) at an amplitude of
20% (5 s on and 10 s off).

Fabrication of the METT

The layer-by-layer fabrication of the METT started by choosing the
release film. We chose the silicone membrane as the release film
(0.2 mm, shengyuwujin, China) since the SBS film can be easily de-
tached from the silicone membrane. We stuck the Scotch tape on the
release film where external contacts (Fig. 5B) are supposed to be ex-
posed after the transfer of the METT. We spin-coated (KW-4A,
SETCAS, China) the SBS solution on the silicone membrane at 800 rpm
for 20 s. The Scotch tape should be removed before the evaporation
of the SBS solvent. We cured the SBS film on an 80°C oven (DHG-
9420A, Yiheng Scientific Instrument Co. Ltd., China) for 10 min.
We screen-printed the MPC ink on the SBS film and allowed it to
dry in an 80°C oven for 2 min. Before the coating of the second-layer
SBS, we placed the silicone stamps on the electric connection points
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of the MPC to prevent the sealing of those points by SBS. We re-
peated the spin-coating process and removed the silicone stamps
before the evaporation of the SBS solvent. After the curing of the
second-layer SBS, we printed another layer of MPC after alignment.
As a result, we can obtain METT with desirable MPC layers by re-
peating the process above. We used the water-based acrylic pressure-
sensitive adhesives (808, Wending Sticky Treasure, China) to
fabricate the pressure-sensitive adhesive layer in the METT. After
evaporation of the water, acrylic monomers were polymerized to
produce an acrylic pressure-sensitive polymer. To prove that the
acrylic pressure-sensitive adhesives are nontoxic, we attached
the one-layered METT (width, 2 cm; length, 2 cm) to the skin of the
forearm for 24 hours. No itchiness, irritation, or other feelings of
discomfort were found. Besides, acrylic pressure-sensitive adhesives
have been successfully applied on various medical tapes. Before the
spin-coating of the pressure-sensitive adhesive, we applied a 50%
unidirectional tensile strain on the METT and then applied another
50% unidirectional tensile strain to the vertical direction to make
the MPC conductive. We spin-coated a layer of pressure-sensitive
adhesive on the SBS layer at 2000 rpm for 20 s and allowed it to cure
in an 80°C oven for 10 min. After attaching the METT to the skin or
other surfaces, we can remove the release film; thus, the MPC cir-
cuit modules can be transferred on the skin or other surfaces.

Characterization of the METT

To fabricate samples for SBS film characterization, we placed silicone
stamps on an MPC printed SBS film and spin-coated SBS solutions
in different speeds and for different times (3000 rpm, 1500 rpm,
800 rpm, 1500 rpm two times, and 800 rpm two times) to obtain
SBS layers with different thicknesses (fig. S2). Spin-coating SBS
solution for two times means that we spin-coated SBS solution on
the MPC-printed SBS film. After its curing, we spin-coated another
SBS at the same speed. After the removal of the silicone stamp, we
used a stylus profiler (Bruker, DektakXT, USA) to measure the
thickness of the SBS films. We applied 50% unidirectional tensile
strain on samples for 100 cycles. After the tensile cycles, we used a
scanning electron microscope (Hitachi, $8220, Japan) to characterize
the surface of the SBS film to see if there are liquid metal eruptions.
The peel strength between the METT and the skin is measured by
the 180° peel method using the universal testing machines (3365,
Instron, USA).

We transferred the METT onto the stretchable 3M VHB tape
and carried out a mechanical test to the METT attached 3M VHB
substrate. We used a linear guide slide (FSL_40, FUYU, China) to
apply tensile strains on samples and used an electrochemical station
(1040C, CHI, China) (technique, the amperometric i-t curve at a
potential of 0.001 V) to record the electrical signals of the samples
under deformations. The electrochemical station carries out the in-
dividual test of strain sensors on different substrates.

The circuit design of the signal processing module is shown in
fig. $10. The circuit module contains six Wheatstone bridges and
six instrumental amplifiers (AD627) for amplifying signals from the
strain sensors in the METT. The 15 strain sensors in the three-layered
METT are connected to three signal processing modules. The 15 strain
sensors are controlled by Arduino Mega 2560. The heater is pow-
ered by a source meter (2601B, Keithley, USA) in a current of 0.12 A
and controlled by Arduino Mega 2560 through a relay. The tem-
perature of the heater is tested by a heat gun (E40, FLIR, USA) and
monitored by LM35 that is directly attached to the heater.
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The robot controlling system contains a signal processing mod-
ule for amplifying the signals from the two-layered METT, a Blue-
tooth module (HC-05) for sending the signals to the controller
(Arduino Uno) of the robotic hand, and a controller (Arduino Nano).
The robotic hand (uHand2.0, Shanghai Langyi Electronic Technology
Co. Ltd., China) is controlled by Arduino Uno connected by a Blue-
tooth module (HC-05). The METTs are tested in the hand of authors
and approved by the institutional ethics committee (SUSTech Insti-
tutional Review Board, 20200085).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/3/eabe3778/DC1
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