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Soft artificial electroreceptors for noncontact

spatial perception

Won Jun Song't, Younghoon Lee't, Yeonsu Jung*3t#, Yong-Woo Kang’, Junhyung Kim?,
Jae-Man Park’, Yong-Lae Park?, Ho-Young Kim?*, Jeong-Yun Sun

Elasmobranch fishes, such as sharks, skates, and rays, use a network of electroreceptors distributed on their skin
to locate adjacent prey. The receptors can detect the electric field generated by the biomechanical activity of the
prey. By comparing the intensity of the electric fields sensed by each receptor in the network, the animals can
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perceive the relative positions of the prey without making physical contact. Inspired by this capacity for prey
localization, we developed a soft artificial electroreceptor that can detect the relative positions of nearby objects
in a noncontact manner by sensing the electric fields that originate from the objects. By wearing the artificial
receptor, one can immediately receive spatial information of a nearby object via auditory signals. The soft artificial
electroreceptor is expected to expand the ways we can perceive space by providing a sensory modality that did

not evolve naturally in human beings.

INTRODUCTION

Human beings recognize the relative positions of surrounding
objects using their visual, tactile, and auditory sensory abilities (I).
Visual sensation based on binocular disparity plays an especially
vital role in spatial perception (2). The distance of a few centimeters
between a person’s two eyes means that each retina generates a
different two-dimensional image; the brain then recognizes the
relative positions of objects by comparing the two images. However,
people who are blind or visually impaired cannot rely on visual
sensation to perceive space. They have to depend on tactile sensa-
tion to recognize surrounding objects, which can lead to injuries by
causing unwanted contact with dangerous objects. Thus, artificial
sensory systems that can support spatial perception in daily life
are needed.

Some animals have successfully evolved sensory modalities that
have not evolved naturally in human beings. For example, elasmo-
branch fishes, such as sharks, skates, and rays, depend on a network
of electroreceptors distributed on their skin to locate nearby prey
without making physical contact (Fig. 1, A and B) (3-5). Each
electroreceptor, which can be deformed smoothly along with the
skin, has two components (Fig. 1C) (5, 6). An ion-conducting
hydrogel core acts as a soft electric field receiver that receives the
electric field generated by the biomechanical activity of prey animals,
and an ion-insulating epithelium surrounding the hydrogel acts as
a soft encapsulation layer. Although an individual electroreceptor
can only sense the intensity and polarity of the electric field, the
animals can perceive the relative positions of nearby prey without
making physical contact by comparing the intensity of the electric
fields sensed by each electroreceptor in the network (5, 6).
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Inspired by this sensory mechanism, we introduce a soft
artificial electroreceptor (SAER) for noncontact spatial perception
(Fig. 1, D and E). As in the electroreceptors found in elasmobranch
fishes, ionic conductive hydrogels were used as the soft electric field
receivers of the SAER (Fig. 1F). On the basis of electrostatic induc-
tion, these receptors can detect the electric field that originates from
the object’s static charge. By comparing the intensity of electric
fields sensed by each hydrogel receiver, the relative position of the
nearby object can be estimated in the same manner as by the
animals. Because an electric field can be transmitted through
dielectric materials, a SAER can be used to detect objects behind a
dielectric wall.

RESULTS

Electroreception in rays for noncontact prey localization
Using network of electroreceptors distributed in the skin around
the mouth and gills, ocellate river stingrays (i.e., Potamotrygon
motoro) can sense the electric fields generated by the biomechanical
activity of prey animals within a few centimeters (Fig. 2A) (7, 8). By
comparing the intensities of the electric fields sensed by each
electroreceptor in the network, the rays can identify the relative
positions of nearby prey.

To experimentally characterize electroreception in rays, two
electrodes and an odor-delivery tube were placed on the bottom of
a tank and covered with sand (see Fig. 2B, Materials and Methods,
and movie S1 for details) (4). Initially, the ray was in a resting
state and showed little movement. To elicit the prey-searching
behavior of the ray, a food odor was injected into the center of the
tank via the odor-delivery tube. When the ray detected the odor,
it began to actively swim to find a prey (Fig. 2C). However,
because both electrodes were turned off, the prey-searching be-
havior was not biased toward a specific direction (Fig. 2D). In
contrast, when prey-simulating electric fields were generated via
the left electrode, the ray hovered around the electrode trying to
find prey (Fig. 2E) (7). The ray stayed 44 times longer near the
left electrode than it did near the right electrode (Fig. 2F). This
indicates that electroreception has potential for noncontact spatial
perception.
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Fig. 1. A soft artificial electroreceptor (SAER). (A and B) Rays use a network of electroreceptors distributed on their skin to locate nearby prey. (C) Each receptor,
consisting of an ionic conductive hydrogel-filled canal, can detect the electric field generated by the biomechanical activity of prey animals. By comparing the intensity
of the electric fields sensed by each receptor in the network, rays can estimate the relative position of nearby prey without making physical contact. (D) A wearable SAER
was developed to support human spatial perception in daily life. (E and F) Same as the ray, the SAER can locate the relative positions of nearby objects by comparing the

intensity of the electric fields sensed by each hydrogel electric field receiver.

Fabrication of a SAER with high mechanical reliability

Highly compliant electroreceptors found in elasmobranch fishes
inspired us to build a SAER consisting of soft conductors and insu-
lators. This facilitated a comfortable interface between the artificial
receptor and human beings (9-11). On the basis of their high ionic
conductivity and stretchability, hydrogels are promising materials
as soft conductors for the SAER (12-20). Moreover, elastomers are
suitable for use as soft insulators because they can effectively block
the migration of mobile ions in a hydrogel without deteriorating the
hydrogel’s stretchability (21-24). However, because of low surface
energy of elastomers, their poor adhesion with hydrogels can lead to
the interface delamination under mechanical deformation, thus
limiting the wearable applications of the SAER (12, 13, 25). This
issue becomes especially critical when three-dimensional (3D)
printing technology is used to print a hydrogel directly on an
elastomer for rapid and high-resolution fabrication. Although there
have been considerable efforts to adhere hydrogels with elastomers
(25-29), it remains challenging to form a robust interface between
the two during 3D printing to secure mechanical reliability.

To fabricate a mechanically reliable SAER using 3D printing
technology, we covalently anchored hydrogels to elastomers during
the printing process (see Fig. 3A and the Supplementary Materials
for details). First, a preshaped elastomer was immersed in a solution
with an ultraviolet (UV)-assisted grafting agent for swelling-driven
absorption (Fig. 3A, i). The grafting agent absorbed elastomer was
treated with 365-nm UV light for 10 s to promote radical formation
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at polymer chains (Fig. 3A, ii). Then, the hydrogel was directly
printed on the UV -treated elastomer using a digital light processing
(DLP) 3D printer (Fig. 3A, iii). During the printing process, radicals
of the elastomer participate in free-radical polymerization of the
hydrogel, thus forming a covalently cross-linked robust interface
(Fig. 3, B and C, and fig. S1). Last, the SAER was assembled by
stacking the printed layers (Fig. 3A, iv).

From grafting agent activation to printing, the overall time re-
quired to fabricate each layer of the SAER is less than 1 min (see
Materials and Methods for details). Furthermore, the maximum
resolution of the printed hydrogel is 50 um, which is sufficient to
print the hydrogel network of the SAER (Fig. 3C). Although the
hydrogel/elastomer interface can be translucent during the covalent
cross-linking process (22), the fabricated SAER is as transparent as
the individual elastomer and hydrogel because the rapidly fabricated
hydrogel/elastomer interface scatters a negligible amount of visible
light (Fig. 3D). Moreover, the robust interface can withstand a
mechanical strain of more than 300% without delamination, allowing
the SAER to be used in wearable applications (Fig. 3E and movie S2).

Sensing capability of the SAER

On the basis of electrostatic induction, the SAER can sense an
electric field originating from static charges on the surface of an
object. Because contact with its surroundings causes the object to be
charged through contact electrification, objects usually have static
charges on their surfaces (Fig. 4A) (21, 22, 30-32). When an object
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Fig. 2. Electroreception in rays for noncontact prey localization. (A) Electroreceptors of an ocellate river stingrays (i.e., P. motoro) distributed in the skin around the
mouth and gills. Scale bar, 3 cm. (B) The experimental setup used to characterize electroreception in the ray. Two electrodes and an odor-delivery tube were buried under
the sand. (C) Swimming trajectory of the ray when a food odor was injected into the center of the tank via the odor-delivery tube. The ray randomly swam in an attempt
to find prey. (D) The time that the ray spent within 7.5 cm from each electrode. The prey-searching behavior of the ray was not biased toward a specific direction. (E) When
prey-simulating electric fields were generated via the left electrode, the ray hovers around the electrode in an attempt to find prey. (F) The ray stayed 44 times longer near
the left electrode than the right electrode. Error bars represent SD (n =5). Photo credit: Won Jun Song and Younghoon Lee, Seoul National University.

is approaching the receptor, electric fields originating from the
object gradually increase the induced voltage in the hydrogel electric
field receiver of the SAER (Fig. 4B). This causes an electric current
and potential drop across the external load between the receiver and
ground. Thus, by measuring the induced voltage across the external
load, one can estimate the intensity and polarity of the object’s elec-
tric field that reaches the receiver. To investigate voltage induction
as a function of distance between the object and the receiver, the
finite element method (FEM) was used (Fig. 4C). As the object
approaches the receptor, the intensity of the object’s electric field
reaches the receiver increases, and higher voltage is induced across
the external load. Thus, the object’s approach can be sensed by
measuring the induced voltage.

To consolidate the sensing mechanism of the SAER, theoretical
analysis was carried out (see the Supplementary Materials for de-
tails). As shown in Fig. 4D, the electric field receiver of the SAER
and the object can be represented by two separated parallel plates.
The top plate, which is connected to a constant voltage source of
voltage V, represents the charged object. The bottom plate, which
is connected to the external load of electrical resistance R, represents
the receiver of the SAER. To measure the induced voltage across the
external load, V, a voltage meter is connected in parallel to the
external load. The total electric charge on the receiver of the SAER,
g, is linearly proportional to the potential difference between the
object and the receiver, following q = —~C(Vy — V), where C is the
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capacitance between the object and the receiver. Moreover, the
object-SAER system obeys Ohm’s law, dq/dt = —V/R, where the
electric current from the receiver to the external load is set as a
positive value. By combining the two equations, an ordinary dif-
ferential equation that governs the object-SAER system can be
obtained, which is written as

dg  ¢q Vo
9 - RC R M

with the initial condition Cy = C(t = 0) and g(t = 0) = —Cy V. Thus,
V(t) can be obtained from the exact solution of Eq. 1, which can be
written as

V()= voq1 - £ [Igu(t’)dt’+1]} @)

o]

t
where p(f) = Co/C(t) and pu(t) = exp [Iop(t’) dt’] . Although Eq. 2 en-
ables a comparison between theoretical and experimental results, it
would be more intuitive if an approximate expression for the in-
duced voltage could be obtained by harnessing the Fourier trans-
form of Eq. 1. For this approximation, the movement of the object
is represented by vertical simple harmonic oscillations. Thus, the dis-
tance between the object and the receiver, d, follows d = d; + d, sin
(2mft), where f is the oscillation frequency, d; is the initial distance,
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Fig. 3. Fabrication of a SAER with high mechanical reliability. (A) Conductive hydrogels were covalently anchored to an elastomer during 3D printing for rapid and
elaborate fabrication of a SAER with high mechanical reliability. (B) In the absence of grafting agent activation, delamination occurs between the hydrogels and the
elastomer during the printing process due to poor interfacial bonding. Scale bar, 250 um. (C) Grafting agent activation allows radicals in the elastomer to participate in
free-radical polymerization of the hydrogel during printing, thus forming a tough interface between the hydrogel and elastomer layers. To enhance the contrast between
the hydrogel and elastomer, fluorescent dyes were added to the hydrogel. (D) The SAER was highly transparent to visible light of all colors because the rapidly fabricated
hydrogel/elastomer interface scatters a negligible amount of visible light. Scale bar, 1 cm. (E) The hydrogel layer on the elastomer could be stretched more than
400% without delamination. To enhance the contrast between the hydrogel and elastomer, fluorescent dyes were added to the hydrogel. Scale bar, 1 cm. Photo credit:
Won Jun Song and Younghoon Lee, Seoul National University.

and d, is the oscillation amplitude. The Fourier transform of g(t),
Flg(1)], is written as

4(o)=Flq(t)]= %fi q(t) exp(—iot) dt 3)

where F[q'(t)]= ing(®). The Fourier transform of Eq. 1 yields a func-
tional relationship between §(w) and p(w) = F[p(t)], which
is given by

N A A~ \2r V,
i04(0) = 2fp(0) * §(0) —7"5(0) (4)
Song et al., Sci. Adv. 7, eabg9203 (2021) 24 November 2021

where § is the Dirac delta function and “*” denotes the convolution
operation. Given that p(t) is an oscillating function predominantly
composed of two frequency components that are null and @ =
2nf, p(®) can be assumed to be p(w) ~ 8(w) + 8(w — w), which
leads to the expression of amplitude of V(o) =F[V()] at @ = o

2
Wy

2
> (1
o+ (Rco)

where V ~ qu) / Cy. According to Eq. 5, if @y > 1/(RCp) or R > 1/
(2nfCy), then V(mo) asymptotes to its maximum value and becomes

V(wo) ~ Vo (5)
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Fig. 4. Sensing capability of the SAER. (A and B) Schematic diagrams illustrating the sensing mechanism of the SAER. Objects usually have static charges on their
surfaces because contact with its surroundings causes the object to be charged through contact electrification (A). The electric fields originating from the object induce
voltage in the hydrogel electric field receiver of the SAER (B). By measuring the voltage across the external load connected between the receiver and ground, the intensity
and polarity of the electric field can be estimated. (C) The finite element method (FEM) was used to investigate voltage induction as a function of distance between the
object and the receiver. (D) Equivalent circuit of the object-SAER system for theoretical analysis. (E) The induced voltage closely traced the position of the object.
(F to 1), The induced voltage was measured while varying the external load resistance (F), oscillating frequency of the object (G), object and charging materials (H), and
initial distance between the SAER and the object (I). Error bars represent SD (n = 3). PP, polypropylene; Pl, polyimide; PTFE, polytetrafluoroethylene.

insensitive to f. This indicates that, by greatly increasing the
resistance of the external load, the SAER can more sensitively detect
object movement, without being affected by the relative speed
between the object and the receptor.

To experimentally characterize the sensing capability of the
SAER, a charged object was fixed to a pushing tester that provided
consistent vertical simple harmonic oscillation (see Materials and
Methods and fig. S2 for details). To compare theory and experi-
ment, Egs. 2 and 5 were used with V= —-4.706 V and C = 1052Cggps,
where Cppy stands for the capacitance between the object and the
receiver calculated using FEM (see the Supplementary Materials
and fig. S3 for details). When the pushing tester generated vertical

Song et al., Sci. Adv. 7, eabg9203 (2021) 24 November 2021

oscillation of the object, the induced voltage closely traced the rela-
tive position of the object with various amplitudes (Fig. 4E and fig.
S4). This finding reveals the outstanding potential of the SAER to
detect the movement of nearby objects in a noncontact manner. To
verify the theoretical prediction of Eq. 5, the induced voltage was
measured as the resistance of the external load was varied. When
the resistance of the external load increased from 1 megohm to
50 gigohm, the induced voltage increased by more than 130-fold,
following the theoretically predicted curve as shown in Fig. 4F. The
induced voltage rapidly increases near R = 100 megohm and asymp-
totes to its maximum value as described in Eq. 5. This indicates that
the sensitivity of the SAER can be maximized by greatly increasing
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the resistance of the external load. Moreover, when the resistance of
the external load was extremely high, the sensing capability of the
SAER was barely affected by the relative speed between the object
and the receptor, as predicted by Eq. 5 (Fig. 4G). The induced
voltage remained stable around 720 mV/,, even when the oscillation
frequency of the object was increased fourfold.

To investigate the effect of object surface charge on the sensing
capability of the SAER, perfluoroalkoxy alkane (PFA) and glass
were charged by rubbing against various materials including alumina,
cotton, polypropylene (PP), polyimide, and polytetrafluoroethylene
(Fig. 4H). As the difference in electron affinity between the charging
materials and the object increased (fig. S5), the density of the object
surface charge increased, and a higher voltage was induced across
the external load. Meanwhile, although the electron affinity of glass
and alumina are quite similar, perceptible values of 23 mV,, were
still observed when the glass object was charged with alumina (21).
This indicates that objects in the vicinity can be sensed using the
SAER as long as they are charged. In addition, the receptor can
more sensitively detect an object’s movement when that object is
close to the SAER (Fig. 4I). This is because the intensity of the
electric field reaching the receptor increases as the distance between
the object and the SAER decreases.

The resistivity of the hydrogel varies based on its composition
(12-14). Thus, to experimentally characterize the effect of the
electric field receiver’s resistance on the sensing capability of the
SAER, the induced voltage was measured using a hydrogel electric
field receiver with various ion concentrations and water contents.
When the lithium chloride (LiCl) concentration decreased from
2 M to 2 mM, the sensing capability of the SAER was barely
diminished (fig. S6). Moreover, the induced voltage remained stable
around 720 mVp,, even when the weight of the hydrogel electric
field receiver decreased by more than 42% through water evapora-
tion (see Materials and Methods and fig. S7 for details). This is
because the resistance of the external load is several orders of mag-
nitude greater than that of the hydrogel electric field receiver with
varying compositions.

Through-wall sensing capability of the SAER

Under an external electric field, a dielectric material becomes
polarized and transmits the electric field (33). Thus, even if the
object is behind a dielectric barrier, the SAER can still detect object
movement (Fig. 5A). Moreover, because the relative permittivity of
the dielectric barrier is higher than that of air, the barrier can act as
an effective medium to transmit the electric field. Therefore, when
a barrier is placed between the SAER and the object, the intensity of
the object’s electric field reaching the receptor becomes higher.

A theoretical analysis was conducted to quantitatively assess the
through-wall sensing mechanism of the SAER (see the Supplementary
Materials and fig. S8 for details). When a dielectric material of
thickness f;, and relative permittivity €, is inserted between two
parallel plates that were originally separated by a distance d, the
original capacitance between the plates C(d) becomes approximately
C(d - t + ty/€,) if we simply assume that electric fields in the barrier
are reduced by a factor of 1/e, compared to those without barrier
(34). Thus, Eq. 2 was used with the modified capacitance to
compare theory and experiment.

To experimentally investigate the through-wall sensing capability
of the SAER, barriers with various thicknesses and relative permit-
tivity were placed between the object and the receptor. When the

Song et al., Sci. Adv. 7, eabg9203 (2021) 24 November 2021

thickness of the glass barrier increased from 2.7 to 16.4 mm, the
induced voltage increased from 606.7 to 2003.3 mV following the
theoretically predicted curve (Fig. 5B). Moreover, the induced
voltage increased by 32.5% when the relative permittivity of the
15-mm-thick barrier increased from 2.1 to 4.6 (see Fig. 5C, Materials
and Methods, and table S1 for details). Meanwhile, the static electric
field originating from the barrier’s surface charges does not affect
object detection because a voltage is induced only by the alternating
electric field (see the Supplementary Materials and figs. S9 and
S10 for details).

Although the electric field can be transmitted through a dielectric
material, it cannot be transmitted through a grounded conductor.
When the external electric field is applied, excess charges accumu-
late on the surface of the grounded conductor, preventing transmis-
sion of the electric field (Fig. 5D). Thus, the grounded conductor
can be used as an effective electric field shield that can prevent
unwanted electric fields from reaching the SAER. To characterize
the shielding capability of the grounded conductor, hydrogels with
various thicknesses and LiCl concentrations were placed between
the object and the SAER. More than 99% of the electric field was
blocked by the hydrogel conductive shield regardless of hydrogel
thickness (Fig. 5E). Even when the hydrogel conductive shield was
only 200 pm thick, the induced voltage decreased from 776.6 to
1.3 mV. In addition, the shielding capability of the grounded hydro-
gel was barely diminished even when the LiCl concentration decreased
from 2 M to 2 mM (Fig. 5F).

To demonstrate the through-wall sensing capability, the SAER
with two electric field receivers was placed in front of an oscillating
pendulum (Fig. 5G). When the induced voltage exceeded a threshold
voltage due to the approaching pendulum, the connected computer
lit up light-emitting diodes (LEDs) corresponding to the receiver
(fig. S11A and movie S3). Moreover, because the electric field can be
transmitted through dielectric materials, the SAER could be used to
detect the movement of the pendulum even when a barrier was
placed between the SAER and the pendulum (Fig. 5H, fig. S11B, and
movie S3). When the electric field originating from the pendulum
was transmitted through a 2-mm-thick piece of paper and induced
a voltage that exceeded the threshold voltage of 5 V, a green LED
was turned on, indicating the presence of the pendulum. In con-
trast, when a 2-mm-thick grounded aluminum sheet was placed
between the SAER and the pendulum, the electric fields that origi-
nated from the pendulum were blocked by excess charges on the
aluminum surface (Fig. 51, fig. S11C, and movie S3). Thus, a voltage
far below the threshold voltage was induced across the external
load, and the LED remained off.

Human skin and clothes can be charged through contacting to
each other, which result in generating electric fields. Thus, SAER
can detect human movements in real time. As shown in Fig. 5], fig.
$12, and movies S4 and S5, SAER can detect the approaching and
receding of a person who is walking from meters away. Furthermore,
even when a 3-cm-thick wooden wall is blocking between the
person and a hydrogel electric field receiver, the SAER successfully
detects the movement of a person in real time (see Fig. 5K, Materials
and Methods, and movie S4 for details).

A wearable SAER for noncontact spatial perception

Each individual electroreceptor of an elasmobranch fish can only
sense the intensity and polarity of the electric field. Thus, elasmo-
branch fishes depend on a network of electroreceptors to perceive
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C) The induced voltage was measured as the thickness (B) and relative permittivity (C) of the dielectric barrier were varied. (D) When an external electric field is applied,
excess charges accumulate on the surface of a grounded conductor, preventing transmission of the electric field. (E and F) The induced voltage was measured as the
thickness (E) and lithium chloride (LiCl) concentration (F) of the hydrogel conductive shield were varied. (G) A SAER with two hydrogel electric field receivers was placed
in front of an oscillating pendulum. Light-emitting diodes (LEDs) were programmed to be turned on when the induced voltage exceeded a threshold voltage. Scale bar,
4.cm. (H) A dielectric barrier was placed between the oscillating pendulum and the receiver on the left side. (I) A conductive shield was placed between the oscillating
pendulum and the receiver on the left side. To enhance the contrast between the hydrogels and background, fluorescent dyes were added to the hydrogel electric field
receivers. (J) A SAER can detect human movements in real time. Scale bar, 25 cm. (K) The SAER successfully detects the movement of a person, even when a 3-cm-thick
wooden wall is blocking between the person and a hydrogel electric field receiver. Error bars represent SD (n = 3). Photo Credit: Won Jun Song and Younghoon Lee,
Seoul National University.

Song et al., Sci. Adv. 7, eabg9203 (2021) 24 November 2021 7 of 11

1202 ‘12 BquenoN uo AreiqiT AISIBAIUN [eUOIRN NS Te BI080US 105 MMM/:SANY WO | P3PE0 JUMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

A B
k 3 1000] <o~ R-o Fo B--o- L A S1000] -o-R + F o B--o-L
> >
E s00{ 4. 3 E w0
[} Thes RN [} &
L R & 600 3 L & 600 ¢ “eaa,
Data fine 3 KW IR 3 ‘ﬁ\
> 400 A _L > 400 AL
o S = o N,
@ ~ @ Y
B S 200 ‘e, B S 200 s
ke} Seell o Tay,
c ~~ c @
Il Hydrogel receiver - 0 . . I Hydrogel receiver - 0 .
Elastomer 0 1 2 3 Hydrogel shield 0 1 2 3
Distance from center (cm) Elastomer Distance from center (cm)
C D s
107 Rx1 --- Rx2 Rx3 --9- Rxd
—
E& : /"?\ oo 2 ,,/';:l‘\_
E | S S B B¢ K
gy P :
° AN ! i b S g : '
> a’ ! : : S '
T 0 ?i R Sl A :
© + .7 | , i S i £
= - SN 1 ’ ] A S
) Soob : {k‘\ b et
£ Sb, ' : Selb et
10" N 1 | ¥
0 45 920 135 180 225 270 315 360
Object position, 6 (°)
0.0 =
=
o Threshold
8 083t
©
>
e
8
> —0.6-
o
£
Object position: Right X
Auditory signal frequency: 0.5 kHz —— Right Front Back —— Left
-0.9 T T T T T
35 4.0 4.5 5.0 55
Time (s)
F
0.0 -
g W
(0]
Threshold
L I B T A e
4 b
e
8
S -0.6- a
e
£
Object position: front .
Auditory signal frequency: 1.5 kHz ——Right Front Back —— Left
-0.9 T T T T T T
0.5 1.0 15 2.0 2.5 3.0
Time (s)

Fig. 6. A wearable SAER for noncontact spatial perception. (A) Without the conductive shield, data line connected to the receiver can cause distortion of the voltage
signal. (B) When the data line is covered with a hydrogel conductive shield, the voltage signal from each electric field receiver became independent of the object
direction. “L,”“R,”“F,”and “B" as “left,” “right,” “front,” and “back,” respectively. (C) The wearable SAER was attached to the hollow of the hand. Scale bar, 2 cm. (D) By com-
paring the intensity of the electric fields sensed by each hydrogel receiver (Rx), the SAER can be used to locate the relative position of the object. (E and F) By wearing
the SAER, a person can perceive spatial information related to a dynamic (E) and static (F) object via auditory signals. Error bars represent SD (n = 3). Photo credit: Won

Jun Song and Younghoon Lee, Seoul National University.

Song et al., Sci. Adv. 7, eabg9203 (2021) 24 November 2021

1202 ‘12 BquenoN uo AreiqiT AISIBAIUN [eUOIRN NS Te BI080US 105 MMM/:SANY WO | P3PE0 JUMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

the relative position of their prey. By comparing the intensity of the
electric fields sensed by each electroreceptor in the network, the
animals can perceive the relative positions of their prey without
making physical contact.

Similar to each individual electroreceptor of elasmobranch
fishes, SAER with one electric field receiver can only measure the
intensity and polarity of the electric field. Thus, while the artificial
receptor can detect an object’s approach, it cannot perceive the
object’s relative position. To introduce the capacity for noncontact
object localization to the artificial receptor, we emulate the network
structure of the animal’s electroreceptor. Because the intensity of
the electric field that reaches the receiver is a function of the relative
distance between the object and the receiver, the relative position of
the object can be estimated by comparing the amplitude of the
induced voltages measured by each electric field receiver in the SAER.

To compare of the voltage signals measured by the network of
electric field receivers, each receiver must be connected to a data
line (Fig. 6A). However, even if the data lines are encapsulated with
an elastomer, they can also act as an electric field receiver because
the electric field can be transmitted through the dielectric materials.
Undesirable transmission can cause distortion of the voltage signal
by the data line. However, to accurately detect the relative position
of an object by comparing the voltage signals from networks of elec-
tric field receivers, the voltage induction must be a function of only
distance to the object, regardless of the object direction. Thus,
the hydrogel conductive shield was used to prevent the object’s
electric field from reaching the data line (Fig. 6B). When the
data line was covered by the conductive shield, the voltage signal
from each electric field receiver became independent of the object
direction.

To support human spatial perception in daily life, a wearable
SAER was fabricated using a 3D printer (Fig. 6C). The SAER was
composed of four different layers: a cover layer, two shielding
layers, and a sensing layer (fig. S13). The sensing layer was composed
of four hydrogel electric field receivers printed on the elastomer,
and the shielding layers were composed of a hydrogel conductive
shield printed on the elastomer. The sensing layer was sandwiched
between the two shielding layers to accurately detect nearby objects.
The bottom shielding layer blocks electrical noise from the subject’s
hand, and the top shielding layer prevents data lines from distorting
the voltage signal. By comparing the amplitude of the voltage
induced in each hydrogel electric field receiver, the SAER could locate
the relative position of an object (Fig. 6D and fig. S14). In addition,
the SAER with four hydrogel receivers could distinguish between
eight relative object positions, and the addition of extra receivers to
the sensing layer would potentially allow the SAER to identify more
complex spatial information.

To characterize the wearability of the SAER, it was attached to
the hollow of a subject’s hand (Fig. 6C and movie S6). Because the
SAER was composed of soft materials only, it could be deformed
smoothly and comfortably with the skin. The robust hydrogel/
elastomer interface allowed the SAER to withstand mechanical
strain caused by hand movements without delamination. As the
mechanical deformation leads to a negligible increase in the
resistance of the hydrogel electric field receiver compared to that of
the external load, the sensing capability of the SAER is not dimin-
ished by movement of the subject (fig. S15). In addition, high
transparency enabled continuous inspection of the skin covered by
the artificial receptor (23).
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To support human spatial recognition, the wearable SAER was
programmed to transmit spatial information of a nearby object via
auditory signals (Fig. 6, E and F, and movie S6). Auditory signals
with frequencies of 0.5, 1.0, 1.5, and 2 kHz corresponded to object
positions of right, back, front, and left, respectively. The threshold
voltage was set at 0.3 V to distinguish object-related signals from
ambient noise. When the amplitudes of all voltage signals were
below the threshold voltage, the SAER remained in the standby
state. The SAER turned to the alert state when amplitude of the
voltage signals exceeded the threshold voltage, and the auditory
signal corresponding to the object’s position was transmitted to the
person wearing the receptor. Thus, by wearing the SAER, a person
who is blind or visually impaired can recognize the relative positions
of surrounding objects without any unwanted physical contact.

DISCUSSION

Inspired by how elasmobranch fishes locate their prey in a non-
contact manner, we developed a SAER that emulate the ability to
sense electric fields. As in the animal’s electroreceptors, ion conduc-
tive hydrogels were used as soft electric field receivers. For rapid
and elaborate fabrication, network of hydrogel electric field receivers
was 3D printed on an elastomer. By covalently anchoring the
hydrogels to the elastomer during the printing process, a robust
hydrogel/elastomer interface capable of withstanding the mechanical
deformation caused by human movement was formed. In the same
manner as the electroreceptors of the elasmobranch fishes, the
fabricated SAER could detect the relative position of nearby objects
in a noncontact manner by comparing the intensity of the object-
originated electric fields sensed by each hydrogel receiver in the
network. Because electric fields can be transmitted through di-
electric materials, the SAER could be used to detect objects even if
they were behind a dielectric wall. Moreover, the sensing capability
of the SAER was boosted more than 130-fold on the basis of the
theoretical analysis. By wearing the SAER, a person can receive
spatial information of a nearby object in real time via auditory
signals. The artificial electroreceptor expands the way in which
humans can perceive space by providing a new sensory modality
that did not evolve naturally in human beings.

MATERIALS AND METHODS

Characterization of electroreception in rays

Electroreception in a ray (i.e., P. motoro) was observed in a tank
with a size of 60 cm by 45 cm by 45 cm (length by width by height).
An odor-delivery tube was placed in the center of the tank, and two
electrodes were placed on either side of the tube (fig. S16). The
whole experimental setup was disguised as buried under sand. A
function generator (Agilent, 33612A) was used to supply an alter-
nating current with the amplitude of 5 A and frequency of 2 Hz to
the electrode, which simulated the electric field generated by the
biomechanical activity of a prey animal (6). The prey-searching
behavior of the ray was recorded using a video camera installed
above the tank. The moving trajectory of the ray was obtained by
locating the point at the center of the ray’s two eyes over time and
connecting the data points. The response of the ray to the electric
field was quantitatively analyzed by measuring the duration the
moving trajectory of the ray was located within 7.5 cm from the
center of the electrode. All animal experiments were reviewed and
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approved by the Institutional Animal Care and Use Committee of
Seoul National University.

Materials and specimen preparation

SAERs were fabricated using a polyacrylamide hydrogel containing LiCl.
Acrylamide (AAm; Merck, A8887) and N,N-methylenebisacrylamide
(MBAAm; Merck, M7279) were used as a monomer and cross-linker
for the hydrogel, respectively. LiCl (Merck, 14408) was used as an ionic
charge carrier. Lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP; Merck, 900889) and benzophenone (BP; Merck, B9300) were
used as a photoinitiator and UV-assisted grafting agent, respectively.
Very High Bond (VHB) tapes (3M, 4905) were used as elastomers
in the SAERs.

Preparation of hydrogel precursor solution

A hydrogel precursor solution was prepared by dissolving AAm
and LiCl in deionized water. The molar concentrations of the AAm
and LiCl were both 2 M; 1.55 weight % (wt %) of MBAAm and
1.24 wt % of LAP with respect to the weight of AAm were added to
the solution.

SAER fabrication process

The VHBs were immersed in BP solution (15 wt % in ethanol) for
10 min for swelling-driven absorption. Then, the VHBs were washed
with ethanol and completely dried with nitrogen gas. The grafting
agent-absorbed VHBs were treated with a 365-nm UV lamp (UVP,
UVGL-25) for 10 s. Hydrogel electric field receivers with a diameter
of 2 cm and a thickness of 200 pm were printed on the grafting
agent-activated VHBs using a DLP 3D printer (Litho Advanced 3D
printer, Illuminaid). During printing, the hydrogel precursor solution
was exposed to 385-nm UV light for 10 s. After printing, the precursor
solution on the surface of the fabricated hydrogel/elastomer hybrids
was fully removed using nitrogen gas. To enhance the contrast
between the hydrogels and elastomers, fluorescent dyes (Merck,
R6626) were added to some of the hydrogels.

Mechanical testing

For uniaxial-tensile tests of the hydrogel/elastomer hybrids, a
200-pm-thick hydrogel was printed on the VHB. The test was
carried out using a universal testing machine (Instron, 3343) with a
receding rate of 1 cm/min.

Numerical analysis

The induced voltage across the external load, V, and theoretical
capacitance between the object and the receiver, Crgpm, were
computed by the FEM using COMSOL Multiphysics (see the
Supplementary Materials for details). The built-in MATLAB routine
integral was used to numerically compute Eq. 2 (see the Supple-
mentary Materials for details).

Characterization of sensing capability

A hydrogel electric field receiver with a diameter of 2 cm and a
thickness of 200 um was connected to an external load of 5 gigohm.
An electrometer (Keithley, 6517A) was used to measure the induced
voltage across the external load. A pushing tester (Labworks,
LW139.138-40), a linear power amplifier (Labworks, PA-138) and a
function generator (Agilent, 33612A) were used to provide vertical
simple harmonic oscillation of the objects (fig. S2). The initial distance,
amplitude, and frequency of the oscillating object were 3 cm, 1 cm,
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and 2 Hz, respectively. To prevent ambient electrical noise, mea-
surements were conducted on a grounded metal table surrounded
by a Faraday cage (see the Supplementary Materials and figs. S9 and
S10). The PFA film was fixed on an acrylic substrate with a size of
30 mm by 30 mm by 5 mm (length by width by thickness), and this
was used as the object. The object was charged by rubbing it
with PP film.

Digital signal processing

The built-in MATLAB routines lowpass and highpass were used to
reduce the noise in the voltage signal caused by the ambient dynamic
object (see the Supplementary Materials for details).

Dehydration test

A hydrogel electric field receiver with a diameter of 2 cm and a
thickness of 200 um was encapsulated using VHB. The fabricated
receiver was left in an environment with a temperature of 25°C and
a humidity of 30%. Then, the weight, electrical resistance, and sens-
ing capability of the hydrogel electric field receiver were measured
over time. The weight of the receiver was measured using an analytical
balance (Radwag, AS 82/220.R2). The electrical resistance of the
receiver was measured using an LCR meter (Agilent, E4980A) with
Ag/AgCl electrodes.

Characterization of through-wall sensing capability

To characterize the through-wall sensing capability of the SAER,
dielectric barriers and hydrogel conductive shields were placed
between the receivers and the object, respectively. The dielectric
barriers were 50 mm by 50 mm by 15 mm (length by width by thick-
ness) in size. The relative permittivities of the barrier materials were
measured using an LCR meter (Agilent, E4980A) with dielectric
constant measurement fixture (Keysight, 16451B) (table S1). The
hydrogel conductive shield, 50 mm by 50 mm by 0.2 mm (length by
width by thickness) in size, was fabricated using a 3D printer and
connected to ground. To investigate the effect of the data line on the
sensing capability, the receiver was connected to a data line with a
size of 50 mm by 3 mm by 0.2 mm (length by width by thickness).

Demonstration of the through-wall sensing capability:
Object movement

Two hydrogel electric field receivers with a size of 20 mm by 20 mm
by 5 mm (length by width by thickness) were prepared. Both receivers
were connected to the external load of 5 gigohm with indium tin
oxide—coated polyethylene terephthalate film (Merck, 639303). LabView
(National Instruments) was used to turn on LEDs when the induced
voltage exceeded a threshold voltage. The distance between the
pendulum and the receiver was 2 cm. To demonstrate the through-
wall sensing capability of the SAER, a dielectric barrier and conduc-
tive shield were placed between the receiver and the pendulum. A
2-mm-thick piece of paper was used as the dielectric barrier, and a
2-mm-thick grounded aluminum sheet was used as the conduc-
tive shield.

Demonstration of the through-wall sensing capability:
Human movement

The hydrogel electric field receiver with a size of 50 mm by 50 mm
by 2 mm (length by width by thickness) was connected to an external
load of 10 gigohm with silver-plated copper wire. The receiver was
attached to a wooden wall with a size of 1770 mm by 1200 mm by
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30 mm (length by width by thickness). The distance between the
wall and the walking path of the person was approximately 30 cm.

Demonstration of a wearable SAER for spatial perception
The sensing and shielding layers of the wearable SAER were fabri-
cated using the 3D printer. The thickness of the printed hydrogels
in each layer was 200 pm. The sensing layer comprised four hydro-
gel electric field receivers with a diameter of 1 cm. The distance
between adjacent receivers was 3 cm. The hydrogel conductive
shield of the top shielding layer was designed to cover all data lines
in the sensing layer. The hydrogel conductive shield of the bottom
shielding layer was designed to cover all data lines and receivers in
the sensing layer. The wearable SAER was assembled by sequentially
stacking the bottom shielding layer, sensing layer, top shielding layer,
and cover layer. Coaxial cables were used to connect the hydrogels
of the SAER to the external loads and ground. LabView was used to
generate auditory signals when a nearby object was detected. All
procedures involving human subjects were reviewed and approved
by the Institutional Review Board of Seoul National University. All
subjects provided informed consent.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abg9203
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