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Locomotion control of Cyborg insects by
using ultra-thin, self-adhesive electrode
film on abdominal surface
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Cyborg insects are living organisms combined with artificial systems, allowing flexible behavioral
control while preserving biological functions. Conventional control methods often electrically
stimulate sensory organs like antennae and cerci but these invasive methods can impair vital
functions. This study shows a minimally invasive approach using flexible, ultra-thin electrodes on the
cockroach’s abdomen, avoiding contact with primary sensory organs. Using liquid evaporation for film
adhesion provides a biocompatible process with excellent adhesive strength and electrical durability.
Body surface stimulating component structures formed by utilizing an insect’s natural movement
showed higher stability than conventional methods. These enable effective control of both turning and
straight-line movements. This minimally invasive method maintains the insect’s natural behavior while
enhancing cyborg functionality, extending the potential applications.

Cyborg insects, which represent a fusion of living organisms with artificial
systems are capable of flexible adaptation and free behavioral control'. With
advancements in robotics research, body flexibility and locomotion have
become increasingly important”™™. Efforts are progressing that focus on the
flexibility of living animals and the technologies for controlling animal
behavior through external stimuli while preserving the organism’s biological
functions™. Cyborg insect systems are advancing towards functional
robotic applications'”", and barriers related to autonomous control
mechanisms and power supply are being overcome'*"®. This holds promise
for practical applications in areas such as disaster rescue'’, mapping”, and
environmental monitoring”’. To continue improving the abilities of cyborg
insects, minimally invasive device integration must be developed that does
not interfere with the insect’s physiological functions'**".

Cockroaches are frequently used as models for studying insect leg
locomotion and escape behaviors, and their mobility has been well
studies”**. Among them, Gromphadorhina portentosa (G. portentosa, the
Madagascar hissing cockroach), one of the largest species, is particularly
suitable for the development of cyborg insect technology due to its ability to
pull several times its body weight” and its relatively slow walking speed

compared to other cockroach species™.

Conventional motion control in cockroaches induces natural
responses” >’ by stimulating their antennae™, cerci’”, or ganglia®™.
Although insects respond to vibrations™, heat™, and chemicals”, control
through electrical stimulation by a direct current applied to the biological
tissues remains the most common due to its controllability and low power
consumption. Stable electrophysiological contact between the biological
tissue and the electrode is crucial for effective electrical stimulation™.
Typically, the insertion and fixation of microwire electrodes into the target
tissue is the standard approach. This raises lead to concerns regarding
electrode degradation due to tissue contact’*’ and the electrode position
drifting because of movement*"*’. To address these issues, research has been
conducted on developing stable microwire electrodes for use in vivo™,
establishing electrically stable structures by inserting electrodes pre-
adulthood™, and forming conductive hydrogel electrodes on the surface
of the antenna’'.

However, developing minimally invasive behavioral control techni-
ques that do not affect the insect’s primary sensory organs remains chal-
lenging. The currently reported target body parts for stimulation are limited
to the antennae, cerci, and ganglia. Since the antennae are crucial for object
detection and decision-making during movement®", while the cerci are
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important for detecting approaching objects and functioning as equilibrium
organs™*, invasive insertion or the attachment of stimulation electrodes to
these sensory nerves could potentially impair the insect’s essential abilities.

In this paper, we present a method for behavioral control through
electrical stimulation applied externally to the abdominal surface. This
method neither contacts their primary sensory organs nor causes any
damage during implementation. Flexible ultra-thin film electrodes were
attached to the insect’s abdomen using a bio-compatible adhesion method
with assist of polar solvent such as water and ethanol. This method exerts
approximately 160 times greater more adhesion energy along with
enhanced electrical durability compared to commercial electrode paste. The
newly developed adhesive layer affords the more stable application of
thinner films onto the insect’s exoskeleton. By electrically stimulating the
lateral abdominal surface through these integrated electrodes, we achieved
control of turning movements and straight-line acceleration. This non-
invasive control method, unconnected to the insect’s primary sensory
organs, allows for the natural utilization of the insect’s exceptional beha-
vioral characteristics.

Results

Components and structures of electrical stimulation on insect
abdominal surface

Gromphadorhina portentosa (G. portentosa, Madagascar hissing cockroach)
specimens were used as the subjects to implement the proposed method.
The body surface stimulation components were attached to the dorsal
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Fig. 1 | Components and structures of electrical stimulation on insect abdomen.
a G. portentosa with the integrated body surface stimulation component on the
abdominal surface. Scale bar, 1 cm. b Schematic of body surface stimulation com-
ponent. ¢ Layered structure of body surface stimulation component. d Closs-up view
photo of integrated body surface stimulation component on the abdominal surface.
Scale bar, 5 mm. e Side view photo of integrated body surface stimulation
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abdomen (Fig. 1a). These components comprised three different functional
films: an interfacial film for adhesion between the body surface and upper
film, a wiring film, a self-adhesive body surface stimulation film (Fig. 1b).
Styrene-ethylene-butylene-styrene (SEBS) thermoplastic elastomer was
used as the interfacial adhesion film. This material is known for its high self-
adhesiveness and stretchability”. It adhered closely to the insect’s body
surface, forming a stable adhesive interface. A film of Cr (3.5 nm) and Au
(100 nm) deposited on a 2 um thick parylene substrate was used as the
wiring film. The Au/SEBS (50 nm/1 pm) film was used as the self-adhesive
body surface stimulation film. It has metal particles that partially protrude
from the polymer surface, forming a self-adhesive conductive interface®. As
discussed later, to optimize the experiment, the thicknesses of the interfacial,
wiring, and self-adhesive body surface stimulation films were set to 1 pum,
2 um, and 1 um with the total thickness being approximately 4 um where all
films overlapped (Fig. 1c). The stimulation film conformably adhered
around the tail for electrical stimulation (Fig. 1d). The wiring film mostly
adhered with interfacial film but partially free-standing to be bent outward
at the overlapping segments (Fig. le).

Most of the insect’s body is covered by a smooth, curved exoskeleton, is
waterproof, abrasion resistant” and movable thus ensuring flexibility’"”.
These features make affixing the device to the exoskeleton’s chitinous sur-
face challenging. The stimulation film is self-adhesive, but simply pressing it
onto the insect’s uneven and micro-patterned body surface does not ensure
uniform adhesion. By using a wet-volatile process, introducing ethanol
between the insect and the film during application and allowing it to

Cc
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component on the abdominal surface. Scale bar, 5 mm. f Integration process of self-
adhesive body surface stimulation film on the insect’s body surface. Before ethanol
volatilization (left), after ethanol volatilization (right). Scale bar, 200 pm. g Self-
adhesive body surface stimulation film adhered to insect body surface (left), natural
insect body surface (right). Scale bar, 50 pm.
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Fig. 2 | Adhesion of self-adhesive body surface stimulation film. a Tensile stroke-
force characteristics of the 10, 5, and 1 um thick self-adhesive body surface stimu-
lation film adhered to insect exoskeleton by wet-volatile process using ethanol. And
commercial electrode paste adhered with insect exoskeleton. Tests were conducted
three times in each condition. For each condition, the data of the maximum adhesion
energy is shown in the graph. b Ethanol volatilization time - adhesion energy (the
integral of the stroke and tensile force) characteristics of adhesion conditions same as
in (a). ¢ Tensile stroke-force characteristics depending on the liquid used for wet-

1000
Number of friction applied

volatile process when 10 pm thick self-adhesive body surface stimulation film
adhered to the insect exoskeleton. Tests were conducted three times in each con-
dition. Lines indicate average values. d Friction force characteristics of the 10 /5 /
1 um thick self-adhesive body surface stimulation film and commercial electrode
paste adhered to glass. Forward and backward indicate when the instrument con-
tacted the film from each direction, and the maximum force was measured. In each
condition, the test was performed once. e Number of friction applied—impedance
change characteristics when same conditions as in (d).

evaporate completely, the film adheres conformally to the surface (Fig. 1f).
The film conforms well to the shape of the insect’s abdomen, allowing its
surface shape to be clearly observed from above (Fig. 1g).

Adhesion of self-adhesive body surface stimulation film

The self-adhesive body surface stimulation film’s bonding properties for
attachment to the insect’s body surface were evaluated as were the
requirements for the wet-volatile process. A specimen exoskeleton was cut
into 5 mm squares and attached to an upper jig, and the film bearing the
lower jig was affixed to it. The adhesive strength was evaluated by measuring
elongation and force during a vertical tensile test (Supplementary Fig. 1).
Using ethanol as the liquid to assist adhesion, a film with 50 nm of Au
deposited on 10 um and 1 pm thick SEBS was bonded to the body surface.
The volatilization time for this process was one hour. The maximum forces
recorded were approximately 1.04 x 10" N and 3.2 x 107> N, with elonga-
tions of approximately 4.0 mm and 10.2 mm. In contrast, when a com-
mercial electrode paste (Elefix Z-181BE, NTHON KOHDEN) was used, the
maximum force was approximately 2.3 x 107> N. The elongation in this case
was approximately 1.2 mm (Fig. 2a).

To establish any connection between the ethanol vaporization time and
bonding force, the duration was varied from 0 to 60 min. The vertical
adhesion strength was then calculated as the adhesion energy, which is
defined as the integral of the stroke and tensile force™. Regardless of the
SEBS thickness, the adhesion energy showed a tendency to increase with
longer volatilization times. At 60 min, when ethanol was considered fully

evaporated, no significant difference in adhesion energy was observed
between different SEBS thicknesses. The adhesion energy was approxi-
mately 26 to 31 times higher (Fig. 2b) than that of the commercial electrode
paste, which exhibited no change in adhesion strength over time.
Experiments were also conducted by changing the fluid material used
for adhesion to evaluate how the fluid material affect the adhesion. Under
fluid-free conditions, the maximum force was 1.3 x 10° N. Comparatively,
Ethanol exhibited an approximately 160 times higher adhesive force at
2.0 x 10" N. Deionized water and Novec7100 (fluorinated solvent) respec-
tively produced 1.3x10'N, 4.1x10>N. While water and ethanol
demonstrated similar adhesive strengths, Novec7100’s adhesive force was
an order of magnitude lower (Fig. 2c). The reason that ethanol exhibited the
highest adhesive strength may be due to the following mechanism. Anhy-
drous ethanol temporarily dehydrates the SEBS, causing it to lose self-
adhesiveness. After losing adhesiveness, ethanol penetrates the interface
between the SEBS and the body surface, but as the ethanol volatilizes the
SEBS approaches the body surface. Once sufficiently close, the SEBS should
uniformly adhere to the insect’s surface by van der Waals forces. It was also
confirmed that the ethanol permeability of Au/SEBS increases as its with
thickness decreases (Supplementary Fig. 2). If the film is sufficiently thin,
ethanol is likely to permeate it and evaporate effectively. Conversely,
adhesion did not improve in by changing the wet-volatile process drying
time for the 500 nm thick parylene/Au film, which has no self-adhesive
properties and has very low ethanol permeability (Supplementary Fig. 3).
Therefore, using an ethanol wet-volatile process for attaching the self-
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Fig. 3 | Integration of body surface stimulation component. a The body surface
stimulation component seen from the top. The contact area between the insect body
surface and the self-adhesive body surface stimulation film is shown as the stimulation
area, the external input position of electrical stimulation. b The process of integrating
the body surface stimulation component onto the insect body surface. Some details of
the 1-3 process are shown in c. ¢ Schematic image of interfacial film produced by
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abdominal movement. The top-mounted wiring film takes an outward bend. Panels
1-3 supports (b), 1-3. Photograph of image 2, scale bar, 2 mm. Photograph of image 3,
scale bar, 1 mm. d Characteristics of conventional integration methods and this
method. Showing the rate of impedance keeping below 1 kQ for 0.5, 1.0, and 2.0 um-
thick wiring films. In each condition, tests were performed three times in three
individuals each. The yellow lines represent the standard deviation for each condition.

adhesive body surface stimulation film, was confirmed to provide superior
adhesion strength compared to the commercial electrode paste.

The self-adhesive body surface stimulation film’s durability against
friction was also assessed. For cyborg insects demanding activity in
confined environments, durability against friction is an important
parameter. The self-adhesive body surface stimulation film was attached
to a substrate and subjected to a load from above. Friction was applied
and its directional force was measured. The friction force was as its
maximum when overcoming the film and strong force is involved in the
film (Fig. 2d). The maximum forces recorded under conditions with
SEBS thicknesses of 1, 5, and 10 pm were 110, 150, and 290 mN. This
indicates that thicker SEBS layers generate greater forces under friction.
The impedance of the film was measured against the number of friction
cycles. For the commercial electrode paste, the impedance increased
significantly, reaching 48.8 times the initial value after five friction cycles.
In contrast, with a SEBS thickness of 1 um, the impedance increased only
1.1 times after five friction cycles and 1.6 times after 700 cycles. Complete
failure occurred at around 800 cycles, with the impedance increasing
approximately 1.4 million times. This demonstrates that the self-
adhesive body surface stimulation film is highly durable against friction.
However, with SEBS thicknesses of 5 um and 10 um, a sudden increase in
impedance due to rupture was observed after 25 and 10 cycles (Fig. 2e).
Electrodes with thinner SEBS layers are likely to experience lower loads
during friction compared to those with thicker layers, resulting in higher
electrical durability. Additionally, films with a thicker SEBS layer were
observed to peel off at the edges, while those with a thinner SEBS layer
wore away at the edges (Supplementary Fig. 4). This suggests that if the
film’s fracture strength is higher than the frictional force applied, it tends
to detach more easily due to friction. Since further reduction of thickness
caused handling problems, we concluded 1 um SEBS layer was optimal.

Integration of body surface stimulation components

A method was established to integrate body surface stimulation components
suitable for the abdominal movements of insects. The structure only makes
electrical contact with the surface of and sixth and seventh/eighth abdom-
inal segments. The contact areas on the left and right sides of the insect’s
body are electrically stimulated between the contact area of the sixth seg-
ment and those of the seventh-eighth segments. The left side controls
movement to the left, and the right side controls movement to the right
(Fig. 3a).

The body surface stimulation components are integrated through five
steps (Fig. 3b). First, the interfacial film was adhered to the insect’s cleaned
abdominal surface using ethanol for the wet-volatile process (Fig. 3b-1).
Then, abdominal contraction and extension movements were induced.
During deformation, the segments were seen to overlap. This damaged the
interfacial film due to mechanical over-stretching beyond its (Fig. 3c-1) with
the interfacial film only remaining in the non-overlapping areas. This
formed an alternating adhesive-non-adhesive interleaving structure (Fig.
3b-2, c-2). After forming this structure, the wiring film was bonded to the
dorsum of the fully stretched abdomen with its Au side facing upwards.
When the insect’s abdomen contracted, the wiring film bent outward. This
preserved the insect’s mobility while maintaining a stable wiring structure
for conduction (Fig. 3b-3, c-3).

Next, the interfacial film on the sixth and seventh-eighth abdominal
segments was wiped off with ethanol (Fig. 3b-4). The self-adhesive body
surface stimulation film was then adhered using the wet-volatile process,
ensuring that the Au side contacted the insect’s body surface. This estab-
lished conductivity with the wiring film. By again inducing abdominal
movement, the self-adhesive body surface stimulation film between the
sixth and seventh/eighth abdominal segments is torn. The connection
between the seventh and eighth segments is secured by the wiring film
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spanning the segments. Finally, portions of the self-adhesive body surface
stimulation film are removed to isolate the conductive structure (Fig. 3b-5).
The initially adhered interfacial film acted as an adhesive layer for the wiring
film and an insulating layer between the self-adhesive body surface stimu-
lation film and the insect. This process formed a 1-4 um thick body surface
stimulation component that adapted to the insect’s abdominal movement.

The impact of this SEBS interfacial layer on the stability of the wiring
film’s conductivity was evaluated by comparing it with the conventional
method (using commercial resin based liquid adhesive) of attaching film
electronics to the abdominal surface'®. The wiring films with variously thick
parylene layers were applied to the insect’s abdomens using both new and
conventional methods. The rates at which conductivity (impedance)
remained below 1kQ after abdominal movement were assessed. In the
conventional methods, conductivity retention decreased as the parylene
layer thickness in the wiring films was reduced. At a thickness of 2 um,
approximately 33% of the wiring films retained conductivity, but this
dropped to 0% at 0.5 pm. In contrast, the SEBS interfacial layer maintained a
high rate of conductivity regardless of film thickness. Even at a film thickness
of 0.5 um, conductivity retention was approximately 78% (Fig. 3d). This is
probably because, the SEBS interfacial layer forms the wiring film’s adhesive
surface before attaching it. Conversely, the conventional methods require
abdominal stretching as the liquid adhesive solidifies. This process causes
excessive stress on the wiring film. The SEBS interfacial layer enables more
delicate wiring film to be integrated without damage.

Verification of the body surface stimulation components’ efficacy
The components adhered to the insect’s body surface afford control of the
insect’s left and right directional movements. It has been reported that when
G. portentosa is stimulated by stroking the surface of its abdomen along the
side, the abdomen yaws toward the stimulated side while the legs on that side
inflect inward and the leg on the opposite side inflect outward™. This
reaction is strong when stimulating rear segments (Supplementary Movie
1). Inducing this response and forward movement through electrical sti-
mulation generates a turning motion toward the stimulated side. This same
stimulation is electrically applied by film electrodes on the surface of the
abdomen to control leftward and rightward movements. When the left side
of the abdomen is stimulated, the abdomen yaws to the left, causing inward
flexion of the left leg and outward extension of the right leg. This produces in
forward movement and a leftward turn (Fig. 4a).

To confirm that proper stimulation was applied, the impedance
between the stimulation components and the insect’s body was measured.
Lower impedance between the electrodes and the insect is advantageous for
electrical stimulation™. At the control frequency of 40-50 Hz, the impedance
was 4.5 x 10* Q) for the conventional method that fixes a microwire inside the
body, and 5.1 x10*Q for the proposed stimulation method (Fig. 4b).
Typically, the method of fixing electrodes inside the body evidences lower
impedance, but the proposed method maintains similar impedance. This is
probably due to greater contact between the electrodes and the insect. In the
conventional method, the contact area is approximately 5.0 x 10” mm” with
the wire electrode (0.08 mm diameter, 10 mm insertion). In contrast, the
surface stimulation method’s, contact area is approximately 15 mm’ (indi-
vidual differences exist). This larger contact area probably contributes to the
sufficiently low impedance. In the conventional method, the impedance
between the insect and the electrode tended to increase with time after the
electrode was placed4°. However, this method showed no increasing trend
even after 72 h. (Supplementary Fig. 5). Therefore, it is indicated this method
can be used stably for a longer time than the conventional method.

To verify the insect’s responsiveness to the electrical stimulation
components, movements were induced by a 2-second stimulus at voltages
ranging from 1 to 8 V. At voltages of 2V or below, the induced turning
motion in both directions averaged less than 20 degrees, indicating no
significant turning motion. However, at 6 V, significant turning respon-
siveness was observed, with approximately 70 degrees of turning in each
direction. As the applied voltage increased, a larger turning angle was
observed (Supplementary Movie 2). Conversely, the difference between the

maximum and minimum turning angles increased as the voltage increased,
making the control differences between individuals more pronounced (Fig.
4c, d). Therefore, the voltage must be adjusted based on individual differ-
ences. When setting the voltage without considering individual differences,
6V is suggested as appropriate. At this voltage, significant left and right
directional control was observed, and the standard deviation in each
direction was within an acceptable range. The positional change before and
after the 6 V electrical stimulation is shown in Fig. 4e, demonstrating that
leftward and rightward turning can be effected through body surface elec-
trical stimulation, as with conventional methods.

Furthermore, by stimulating control areas on both the left and right
sides at the same time, the insect can be directed to accelerate straight
forward. This enables obstacles to be overcome more efficiently compared to
the absence of stimulation. When stimulated, it took only 1.5 s to traverse
the obstacle, but when not stimulated, it took more than 5.0 s (Fig. 4f and
Supplementary Movie 3).

Discussion

A conductive interface between insects and electronics was formed by
attaching a self-adhesive, flexible film electrode to the insect’s body using a
biocompatible liquid. The adhesive strength depended on the thickness of
the film and the type of liquid used. Thinner films evidenced better dur-
ability against friction, and strong adhesion was achieved with water or
ethanol. This method was effective on both insect exoskeletons and glass
(Supplementary Fig. 6), indicating its potential for application to other
insects and inorganic surfaces like those of mechanical robots.

To exploit fully the insect’s natural behavior, its locomotion ability
must remain unimpeded. The softer the films attached to the insect’s
abdomen, the less they affect its movement'®. This new pre-formed adhesive
layer, allows for the more stable integration of softer film-based electronics
than conventional methods, reducing the impact on the insect’s mobility.
Insects can retain flexible abdominal movements even with the body surface
stimulation component integrated onto the abdomen. They can climb a
vertical wall and self-righting from upside-down (Supplementary Fig. 7).
The electrodes can also be easily removed by applying ethanol between the
attachment surfaces. Even after repeated use, the insect’s chitinous surface
remains undamaged after the film is removed (Supplementary Fig. 8).

We successfully triggered postural changes in insects using external
electrical stimulation on their body surface, allowing controlled left and right
turns. Directional contraction of the abdomen by electrical stimulation has
been observed in the moth similarly™, suggesting that surface-based control
could work for other insects. To achieve this, it is necessary to delicately
adjust the device and stimulus parameters to the biological characteristics of
each insect species. The responses to body surface stimulation depends on
the applied voltage and can be controlled within a 3-6 V range. Conven-
tional electrical stimulation requires 3-4 V. While this study used an
external device for stimulation, a small wireless stimulator can be used with
the addition of a voltage booster circuit. In addition, although maintaining
the integrity of the insect’s surface is infeasible, polishing the insect’s body
surface before integrating the body surface stimulation film has been shown
to reduce impedance (Supplementary Fig. 9). This suggests the potential to
reduce the voltage required to control the insect by further reducing the
interfacial impedance between abdominal surface and the film electrodes.
The turning angle induced by the voltage condition has a large variation.
This is due to individual differences and subtle differences in the attachment
position. Further investigation of attachment methods to suppress this
variation is still an issue. The surface stimulation setup includes the interface
film and the stimulation film, with the adhesive interface facing up. This
structure allows thin-film solar cells'® or sensors to be easily attached to the
insect’s body by applying them from above. Using the same adhesive layer,
films can be layered onto the insect’s body, improving the functionality and
adaptability of the integrated devices.

In conclusion, a stimulation component was developed that can be
attached to an insect’s abdomen surface, allowing control of cyborg insect
movement without compromising major sensory organs. The

npj Flexible Electronics| (2025)9:25


www.nature.com/npjflexelectron

https://doi.org/10.1038/s41528-025-00387-7

Article

a

$ “oo

b 10°

= Proposed (Stimulation film)
== Conventional (Microwire)

Impedance (Q2)

102 1 1 1 1 1
1 10 10> 10° 10 10°

C d e Frequency (Hz)
. 270 A Left
& 400f  Left Stimulation = _ 0 240 :
g ® 1T T £
= 2 It < 300
S 300} o I 1 N
O
5 S -100} & 150
< 200 < :
o 0
g 2 200}
§ 100} 5 Y
£ 1 ¥ I § s00p - 150
g 1 = 8
8 8 400l Right Stimulation
-100 1 1 1 1 1 1 1 120 60
T 2 3 4 5 6 7 8 R R S S S A %
Voltage (V) Voltage (V) Angle (degree)
f 0s 05s 10s 15 3.0s 5.0s

No Stimulation

Stimulation
/=N

Fig. 4 | Verification of body surface stimulation components. a Multiple expo-
sures and corresponding locomotion trajectories. By stimulating the left
abdominal area, the subject turns to the left. Scale bar, 5 cm. b Insect-electrode
impedance characteristics of the conventional implanted electrode and one
adhered to the abdominal surface. Measurements were performed three times in
three individuals each. The thin lines shows the standard deviation for each data
point. ¢, d Change in turning angle depending on the voltage (42 Hz, Duty ratio

50%—single bipolar square-wave pulse, 1 ~ 8 V, 2 sec) when stimulating the left
(c) and right (d) abdominal areas. In each condition, tests were performed three
times in three individuals each. The upper and lower lines show the standard
deviation. e Polar graph of position transition at 6 V stimulation from pre-
stimulus to post-stimulus. f Effects on time taken to traverse an obstacle without
stimulation and when stimulated to move straight. Scale bar, 4 cm. All photo-
graphs are brightness adjusted.

biocompatible adhesion method and the pre-formed adhesive structure
formed by abdominal movements reduce damage to the insect during and
after integration. Since the insect’s major sensory organs are unaffected, it
retains its natural behavior. This helps it navigate obstacles through normal
sensory perception and allows more predictable behavior when not being
controlled. By continuing to replace the artificial components with flexible,
lightweight materials, cyborg insects can eventually surpass the abilities of
natural organisms.

Methods

Experimental animals and rearing environment

This study used G. portentosa due to its high robustness and good
mobility. A distinguishing feature between male and female G.

portentosa is the presence or absence of thoracic exoskeletal protru-
sions. However, no distinction between males and females was made in
this experiment. Only individuals with a body length of 4.5cm or
more, classifying them as adults, were used. The insects were kept in a
rearing case measuring 26 cm in width, 14 cm in depth, and 20 cm in
height, with husk chips as bedding. The rearing temperature was
maintained between 25 and 38 °C. Insect jelly was provided regularly,
ensuring that the supply never ran out. Experiments using insects were
conducted in a common environment, with a room temperature of
around 24 °C and a humidity of 40-60%. The invertebrates including
insects used in this study do not require ethics approval for animal
experiments according to the National Advisory Committee for
Laboratory Animal Research.
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Fabrication of interfacial film

A glass substrate was treated with oxygen plasma at 300 W for 10 min (PC-
300, Samco). PSS solution (PSS/Water = 30 mg/ml) was spin-coated onto
the glass substrate (50 mm x 50 mm) at 1000 rpm for 30s (MS-B100,
Mikasa). The substrate was heated at 110 °C for 5 min to form a sacrificial
layer. Next, a SEBS solution (Tuftec H1221, 7.5 wt% in toluene) was spin-
coated at 2000 rpm for 1 min to form a film approximately 1 pm thick after
heating at 110 °C for 10 min. A 125 um thick polyimide film was processed
into a 56 mm x 56 mm frame with a 44 mm x 44 mm hole using a laser
cutter. The frame was adhered to the SEBS surface using a diluted SEBS
solution, and then heated at 110 °C for 10 min to dry the SEBS solution and
secure the frame. The sacrificial layer was dissolved by immersing the
substrate in water for approximately 1 h, allowing the film and frame to be
peeled off the substrate.

Fabrication of wiring film

The glass substrate was treated with oxygen plasma at 300 W for 10 min.
Next, a fluorinated polymer layer (Novec 1700:7100 = 1:5) was spin-coated
onto a 50 mm x 50 mm glass substrate at 1000 rpm for 1 min. Following
this, a chemical vapor deposition (CVD) system (PDS2010, KISCO) was
used to deposit a 2 um thick parylene layer. After treating the substrate with
oxygen plasma at 300 W for 1 min, Cr (3.5nm, 0.2 A/s) and Au (100 nm,
1.5 A/s) were deposited.

Fabrication of self-adhesive body surface stimulation film

The glass substrate was treated with oxygen plasma at 300 W for 10 min.
Then, a PSS solution was spin-coated onto a 24 mm x 24 mm glass substrate
at 1500 rpm for 30 s. The substrate was heated at 110 °C for 5 min to form a
sacrificial layer. Next, a SEBS solution (7.5 wt% in toluene) was spin-coated
at 2000 rpm for 1 min and heated at 110 °C for 10 min to form a film
approximately 1 pum thick. The substrate was then treated with oxygen
plasma at 50 W for 75, and Au (50 nm, 0.3 A/s) was deposited by thermal
evaporation. A 125 um thick polyimide film (UPILEX, UBE Corporation)
was laser-cut (Ether Laser Pro, SMART DIYs) into a 28 mm x 28 mm frame
with a 20 mm x 20 mm hole and attached to the SEBS/Au surface using a
diluted SEBS solution. The substrate was heated at 110 °C for 10 min to dry
the SEBS solution and bond the frame. After soaking in water for
approximately 1 h to dissolve the sacrificial layer, the electrode was peeled
off the substrate.

Tensile test

A jig was 3D printed (form3, Formlabs) using Resin (Black Resin, For-
mlabs). The printed jig was cut into 5 mm squares using a CO2 laser cutter
(SMART DIYs, Etcher Laser Pro). Insect abdomen exoskeleton pieces were
fixed to the jig with double-sided tape (Nystack 5 mm wide, NICHIBAN). A
125 pm thick polyimide film was laser-cut into a 24 mm x 24 mm frame
with a 9 mm x 9 mm hole using a laser cutter, and the frame was attached to
each film. The film frame was fixed to the lower jig with double-sided tape.
The upper jig with the insect exoskeleton pieces and the lower jig with the
film frame were aligned on a tensile testing machine (EZ-LX, SHIMADZU).
Adhesion was achieved by applying and volatilizing a liquid. Commercial
electrode paste (ElefixV ZV-401E, Nihon Kohden) were used. For mea-
surement, the 0.5 pm thick parylene/Au film was attached to the frame in
the same manner as the wiring film, and the exoskeleton and parylene/Au
were attached using an approximately 1 mm thick electrode paste. The
tensile test was performed at a common speed of 1 mm/min.

Tensile tests with varying film thicknesses and drying times were
conducted using Au/SEBS films with thicknesses of 1 um, 5 pm, and 10 pm.
The films were fabricated similarly to the self-adhesive body surface sti-
mulation film. For the 5um and 10 um films, the SEBS solution con-
centrations and spin-coating conditions were as follows: 5 um films used a
15 wt% SEBS solution at 1000 rpm, and 10 um films used a 22.5 wt% SEBS
solution at 1000 rpm. The liquid was anhydrous ethanol was used. The
volatilization times were set to 0 min, 20 min, and 60 min. The adhesion
energy was calculated as the integral of the tensile distance and load. The

film of 50 nm gold deposited on 500 nm-thick parylene was used to check
the adhesion to the exoskeleton in a similar method.

Tensile tests with different liquids were conducted using different
liquids: polar solvents (ethanol and deionized water) and a non-polar
fluorinated solvent (Novec7100). A control experiment was also performed
without any liquid. Using a SEBS thickness of 10 um for an Au/SEBS film.
The volatilization time for all tests was set to 60 min. In each condition, the
test was performed three times. Adhesion to glass was also evaluated in the
same method.

Friction test

The friction tests employed a friction tester (FPR2200, RHESCA), applying
a 50 gload from above at a speed of 20 mm/s. Impedance measurements of
the samples were taken with an LCR meter (ZM2376, NF). Two types of
electrodes were fabricated, both with a line width of 5 mm. For both types,
connections to the LCR meter were made with parylene/Au films
approximately 1 um thick, which were attached to the glass substrate with
double-sided tape at both ends. The first type involved attaching SEBS/Au
films (1, 5, 10 um thick) to the glass substrate using a wet-volatile process
with ethanol, followed by attaching a 1 pm thick Parylene film on top. The
second type utilized a wet electrode adjusted to approximately 1 mm thick
on the glass substrate, with a 1 um thick parylene layer and 50 nm Au
deposited on top via thermal evaporation, ensuring that the Au was in
contact with the commercial electrode. In each condition, the test was
performed once.

Evaluation of Au/SEBS ethanol permeability

A small bottle was filled with 5 g of ethanol and covered with a 50 nm gold
film deposited on top of a 1,10 um thick film of SEBS. As a reference, a
sample without a cover was prepared. The samples were placed in a
desiccator at room temperature.

Evaluation of the wet-volatile process stability

To evaluate the wet-volatile process stability, a 1 um thick layer was attached
to cover the dorsal surface of the insect’s abdomen. The adhesive non-
adhesive interleaving structure was formed by inducing abdominal move-
ment multiple times. A parylene/Au film (3 mm x 30 mm) was attached on
top of this structure for the parylene layer to contact the SEBS, spanning four
abdominal segments (2-7). After inducing self-righting behavior three
times, impedance measurements were taken at both ends of the parylene/Au
film. For comparison, measurements of the parylene/Au conductivity were
also performed using a resin-based skin adhesive (Spirit Gum, Mitsuyoshi).
An impedance value above 1 kQ) was considered indicative of failure, while
values below 1 k() were considered to indicate retained conductivity. Three
thicknesses of parylene (0.5, 1.0, 2.0 pm) were tested, with each thickness
being evaluated three times across three individuals. In each condition, tests
were performed three times in three individuals each.

Measurement of impedance between the exoskeleton and
electrode

The impedance between the stimulation components adhered to the insect
and the sixth and seventh-eighth abdominal segments was measured.
Measurements were conducted over a frequency range of 1 Hz to 100 kHz.
The impedance change with time at 1 kHz was also recorded. Testing was
performed three times across three specimens. For comparison, similar
measurements were taken using conventional electrode wires inserted into
the insect’s body. Electrode wires were inserted into the 5th abdominal
segment and the cerci, and impedance measurements were conducted.
Measurements were performed three times in three individuals each.

Evaluation of response to electrical stimulation

The stimulation components were configured on the exoskeleton, and the
subject’s turning angle and movement position before and after stimulation
were recorded under various voltage conditions. Stimulation was applied at
voltages ranging from 1 to 8 V in 1 V increments, using a 42 Hz, 50% duty
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cycle single bipolar square-wave pulse for 2 s. The procedure was recorded
with a camera positioned above the subject, and its movements were ana-
lyzed. Each voltage condition was tested three times across three individuals
for both the left and right sides. In each condition, tests were performed
three times in three individuals each.

Data Availability

Data is provided within the manuscript or supplementary information files.
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