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Cuticular pad–inspired selective frequency damper
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Bioelectronics needs to continuously monitor mechanical and electrophysiological signals for patients.
However, the signals always include artifacts by patients’ unexpected movement (such as walking
and respiration under approximately 30 hertz). The current method to remove them is a signal process
that uses a bandpass filter, which may cause signal loss. We present an unconventional bandpass
filter material—viscoelastic gelatin-chitosan hydrogel damper, inspired by the viscoelastic cuticular
pad in a spider—to remove dynamic mechanical noise artifacts selectively. The hydrogel exhibits
frequency-dependent phase transition that results in a rubbery state that damps low-frequency
noise and a glassy state that transmits the desired high-frequency signals. It serves as an adaptable
passfilter that enables the acquisition of high-quality signals from patients while minimizing signal
process for advanced bioelectronics.

A
dvanced bioelectronics such as wear-
able (1, 2) and implantable (3, 4) devices
are considered highly promising for the
continuous detection and measurement
of human physiological signals (5, 6).

Although recent accomplishments involving
the integration of soft and flexible materials
with ultrathin electronics (7, 8) have enabled
continuous monitoring (9, 10) and multifunc-
tionality (multimodal sensing and stimula-
tion) (11–13), such applications (for example,
in patient care) are generally limited by signal
artifacts that arise from dynamic noise (usu-
ally under 30Hz) (14, 15). These signal artifacts
include noise arising frompatientmovements,
such as breathing, walking, tapping, and run-
ning. To selectively remove the dynamic noise
embedded in these biosignals, processing tech-
niques such as bandpass filtering are used (14).
However, that can cause loss of information
(15) and hardly change the band on demand
(table S1). Andwirelessly transfer of their whole
signals, including noises in miniaturized wear-
able electronics, suffer from signal delay in the
signal processing. Although damping materials
that have shock-absorbing properties could
be useful, they need to be designed to damp
the wide or selective ranges of frequency of
biophysiology.
Spiders can use their webs to monitor

minute vibration signals generated by their
prey, enemies, and mates, even in noisy (windy
or rainy) conditions, which usually correspond
to low-frequency (~30Hz) vibrations (Fig. 1A)
(16). Spiders can separate target vibration sig-
nals from mechanical noise using a selective
vibration frequency damping organ in the form

of a cuticular pad located under the vibration
receptor (fig. S1) (16, 17). The cuticular pad has
viscoelastic properties that result from viscous
bonds such as hydrogen bonds between chitin
and protein chains, and the padmaterial phase
changes from a rubbery to a glassy state above
an applied frequency of near 30 Hz (Fig. 1B)
(17). This phase transition allows the pad to
selectively transmit target vibration signals
(higher than 30 Hz) and filter low-frequency
noise (lower than 30 Hz).
We fabricated a chitosan and gelatin inter-

penetrating hydrogel damper (fig. S2 andmovie
S1). The dynamic mechanical properties of the
hydrogel are similar to those of the spider’s
cuticular pad, with modulus increasing with
frequency (Fig. 1C). The material enables vis-
cous damping below the transition frequency.
Above the transition frequency, the tan d value
decreases while the modulus increases with
frequency, so that vibrations elastically trans-
mit. Attributed to its low-frequency damping,
the hydrogel can be used in eliminating dy-
namic noises under 30Hz (Fig. 1D and fig. S3).
The key mechanism we hypothesize for select-
ive damping is based on the relaxation time
of the viscoelastic material, determining the
material’s transition frequency (Fig. 1E). The
ratio of the relaxation time to the deforma-
tion time (observation time) is defined asDe,
which characterizes the viscoelasticity of the
material. When a vibration stimulus reaches
the hydrogel damper, the weak bonds respon-
sible for the viscosity partially break and absorb
the vibration energy, resulting in a rubbery
state. If the relaxation time is less than the
vibration period (De < 1; viscous) and the
mechanical stress is quickly recovered before
the next period of the vibration, then the vi-
bration is continuously absorbed. As the fre-
quency increases up to the transition point
(De = 1), shear thickening occurs, and the
viscosity increases because of the friction

between the chains with remaining viscosity-
related bonds, and the damping is maximized.
However, if the relaxation time is longer than
the vibration period (De > 1; elastic), mean-
ing that the stress does not recover before
the next period of the vibration, then the ab-
sorption fails, the chains rearrange, and the
vibration transmits.
To investigate the selective damping prop-

erty of the hydrogel damper composed of
semi-interpenetrating hydrogels with gela-
tin and chitosan, we implemented dynamic
mechanical analysis through the frequency
sweep with chitosan, gelatin, and gelatin-
chitosan hydrogel (Fig. 1F). The chitosan main-
tains a high tan d value because of its viscous
bonds between its chains in overall frequency,
whereas gelatin has an apparent phase tran-
sition (18, 19). We hypothesize that the exter-
nal vibration stimulus dissociates the viscous
bonds, such as hydrogen bonds, of the poly-
mer matrix from dominantly chitosan hydro-
gel, dissociates hydrophobic interactions from
dominantly gelatin hydrogel, and rearranges
chitosan and gelatin chains in the manner
of the stimulus (fig. S2) (20). Mixtures of
gelatin and chitosan exhibit both high damp-
ing and phase transition, so that the selec-
tive frequency damping can be realized. The
mechanical compression test shows decreas-
ing hysteresis on the frequency (fig. S4) by
shear-thickening damping properties, and the
damping mechanism predominantly comes
from the break and recovery of the viscous
weak bonds (fig. S5). The highpass filter
characteristics can be shown with 14.18 dB/
decade at 27°C and 59.69 dB/decade at 45°C
in a Bode plot (fig. S6 and table S2).
These selective frequency-damping prop-

erties can be used in bioelectronics. Dynamic
noise from motion artifacts is found over a
wide frequency range (Fig. 1G), from 0.01 to
nearly 15 Hz, including even involuntary me-
chanical signals, such as respiration (0.1 to
1 Hz), heartbeat (0.3 to near 4 Hz), and gait
motion (1 to 15Hz) signals (21–23). Integration
with the hydrogel material on conventional
electrodes can be compatible to detect elec-
trophysiological signals such as electroence-
phalogram (EEG) and electrocardiogram (ECG)
signals (Fig. 1H). The hydrogel damper electrode
targets the elimination of low-frequency me-
chanical noise while transmitting electrical
biophysiological signals through an electrical
pathway. To apply our selective dampingmate-
rial to the detection of distinct mechanical
biophysiological signals, we designed a proto-
type device that consists of a 2-mm-thick
hydrogel coated on a mechanosensor. We de-
monstrate a nanoscale crack-based mechano-
sensor inspired by a spider’s vibration-sensing
slit organ, with a Bluetooth module for wire-
less data acquisition and a closed-loop com-
pensation system for temperature variation
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by use of a heater and thermocouple (Fig. 1I
and fig. S7).
Engineering the relaxation time of the hy-

drogel damper can shift the damping curve
and transmitted frequencies according to users’
demand. When the polymeric chains have a
higher diffusion rate, they have more chances
to recover their stress, leading to fast relaxa-
tion time under the given mechanical stimulus
(Fig. 2A). The relaxation time is determined by
the temperature andmolecular weight of gela-
tin, which affects the diffusion rate of the
chains, as confirmed with the Rouse model in
tube theories (Fig. 2B and figs. S2 and S8) (24).

The water content can be one of the factors for
the viscoelasticity, but for stability, the con-
centration was fixed at 6 wt % on the basis of
the optimization (fig. S9). The relaxation time
changes from 1.11 to less than 0.0193 s (Fig. 2B).
Drop-ball tests with a 3.2-mm-diameter stain-
less steel ball on the hydrogel substrates rep-
resent elastic transmission and reflection of
mechanical energies at 19°C,where theDenum-
ber is ≫1, whereas the damping of mechanical
energies occurs after the temperature is in-
creased to 45°C, where De is ≪1 (Fig. 2C and
movie S2). The viscoelastic properties can be
controlled by tuning the temperature, as ex-

emplified by our ability to shift the damping
frequency from 0.89 to 51.8 Hz by changing
the temperature from 27° to 45°C (Fig. 2D); in
this way, the damping frequency can be tuned
according to the user requirements (fig. S10).
Transmitted vibration amplitudes through

the hydrogel damper (Fig. 2E, red) and poly-
dimethylsiloxane (PDMS) reference (Fig. 2E,
gray) at 27° and 45°C with 10 s of vibrations
(5, 25, and 100 Hz) and a temperature sweep
(from 18° to 45°C) at three applied vibration
frequencies (5, 25, and 100Hz) (Fig. 2F) implies
that selective frequency damping and shifting
of the frequencies is feasible (fig. S8). For the
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Fig. 1. Selective noise
damping in a spider’s
cuticular pad and the
bioinspired gelatin-
chitosan hydrogel
damper for selective
frequency-dependent
damping. (A) Schematic
illustrations of selective
low-frequency damping
of superposed high-
frequency target signals
(>30 Hz) at the visco-
elastic cuticular pad
between the tarsus and
metatarsus. The selec-
tively transmitted target
signals reach the lyri-
form slit organs
(vibration receptor).
(B) Viscoelastic proper-
ties of the spider’s
pad, which depend on
the applied frequency of
vibration (28). The
mechanical properties of
the damping pad include
a rubber-glass transition
under an ~30-Hz vibra-
tion. (C) Dynamic
mechanical storage
modulus and tan d of the
gelatin-chitosan hydrogel
versus frequency (n = 3
samples, mean ± SD).
(D) Schematic illustration
of selective biophysio-
logical signal detection
through the hydrogel damper from skin and the surroundings. At high frequency, the vibration starts to transmit through the hydrogel damper surface, with
the plate vibration patterns visualized on the surface. (E) Selective damping mechanism in the hydrogel damper related to the relaxation time. The transition
between absorption and transmission is determined by the De of the hydrogel damper. The hydrogel damper on 1.5 mm polyethylene terephthalate (PET)
(white dotted lines) fluctuates under a 100-Hz vibration, transmitting the vibrations De > 1. (F) Dynamic tan d curves of chitosan, gelatin, and the gelatin-
chitosan hydrogel below and above De = 1. (G) Representative frequency ranges of human mechanical (blue) and electrophysiological (orange) biosignals
and mechanical damping ranges of the hydrogel damper (red) in the 27° to 45°C temperature range (21–23). (H and I) Example of bioelectronics by the
hydrogel damper electrode for measuring electrophysiological signals (H) with mechanical noise and (I) incorporated with the hydrogel damper for selective
mechanical target signal detection by a crack-based strain sensor connected to a Bluetooth module. Scale bars, (H) 1 cm; (I) 8 mm.
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25-Hz vibration, there is amarked decrease in
transmissionwith the temperature that reflects
the temperature-induced transition-point shift
comparedwith the continuous-absorption 5Hz
and transmission 100 Hz (Fig. 2F). Even with

multiple superposed vibrations, selective damp-
ing by the hydrogel damper at 5 Hz occurs at
27°C (Fig. 2G), whereas raising the temper-
ature to 45°C enables the damping frequency
to be increased to 51.8 Hz. By contrast, the

PDMS elastomer transmits vibrations regard-
less of frequency and temperature because of
its elastic properties. Morlet wavelet transform
images demonstrate the selective damping
properties and shifts in the hydrogel damper
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Fig. 2. Shifting the damping region by tuning the relaxation time, which
corresponds to the transition frequency. (A) Schematic illustration of chain
relaxation after a vibration stimulus in relatively (left) low-temperature and
(right) high-temperature atmospheres. A higher temperature accelerates the
relaxation. (B) Temperature and molecular weight dependency of the relaxation
time and transition frequency of the hydrogel damper. The transition frequency
is the reciprocal of the observed relaxation time when De = 1. (C) Viscoelastic
transmission and damping at different temperatures (19°, 35°, and 45°C), with
De verified by dropping metal balls on the hydrogel layer. (D) Shifting of the
hydrogel damper transition frequency from 0.89 Hz at 27°C to 51.8 Hz at 45°C.
(E) Measured real-time waveforms of vibrations in reference (gray) and the

hydrogel damper samples with 5- (red), 25- (yellow), and 100-Hz (sky blue)
frequencies individually applied at ambient temperature (27°C, top) and in a
45°C atmosphere (bottom). (F) Normalized waveforms of transmitted vibrations
with 5 (red), 25 (yellow), and 100 Hz (sky blue) frequencies individually applied
upon a temperature change from 18° to 45°C. The dotted box indicates the
waveforms at ambient temperature (27°C) and 45°C. (G) Measured real-time
waveform of vibrations in a reference (gray) and the hydrogel damper (red) with
superposed 5-, 25-, and 100-Hz multiple-vibration frequencies applied at (left)
ambient temperature (27°C) and (right) in a 45°C atmosphere. (H) Morlet
wavelet transform of each vibration transmitted through a reference at 27°C and
the hydrogel damper at 27°C and 45°C.
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damping curve between 27° and 45°C; the
damping by the reference is shown for com-
parison (Fig. 2H).
We compared the damping properties with

commercially available polymeric dampers—D3O
(25), Alphagel (Theta 7) (26), a silicone-based
elastomer (PDMS), and a shear-thickening corn-
starch suspension—that are viscoelastic shear
thickening materials for shock absorption.
When each damper’s absorbed energy per
volume is measured at various frequencies
to investigate energy absorption capability
(Fig. 3A), the peak damping energies in the
hydrogel damper case, at both 27° and 45°C,
are at least 6.7 times higher (113.04 mJ/mm3

at 27°C and 108.62 mJ/mm3 at 45°C) than
the next best-performing damping material.
Even though the damping curve can be shifted
by tuning the temperature, the amount of ab-

sorbed energy shows the onlyminimal change.
Attributed to the apparent phase transition
of the hydrogel damper, the relaxation time
changes, and transition frequencies even-
tually show dramatic changes under the
temperature (Fig. 3B). The absorbed energy
comparison of the hydrogel damper shows
superior selectivity between the noise and
target signals (338.73 at 27°C and 282.39 at
45°C), which is more than 20 times those of
the other damping materials (Fig. 3C). The
hydrogel damper also exhibits a damping
factor that is more than 3.35 times larger
(22 mJ·s/m3 at 27°C and 5.7 mJ·s/m3 at 45°C)
than those of the other damping materials
(Fig. 3D). Thus, in the case of the hydrogel
damper, the damping bandwidths are narrow
(80.59 Hz at 27°C and 169.3 Hz at 45°C),
whereas other dampers show broad band-

widths (Fig. 3E). Among a broader range of
material types in an Ashby plot, the hydrogel
damper is located close to conventional hydro-
gels, near the kilopascal range (Fig. 3F). The
hydrogel damper surpasses the tan d over the
elastomers and polymers with the ranges of
the kilopascal modulus ranges.
We applied the hydrogel damper into bio-

electronics for continuous biosignal detection
without signal processing. The amount of
water passivated in the hydrogel damper that
is laminated on the different skin spots (chest,
neck, wrist, and forehead) does not change
significantly (figs. S9 and S11). First, to sepa-
rate target mechanical signals from low-
frequency dynamic noise, we assembled the
hydrogel damper with an ultrasensitive crack-
based strain sensor (Fig. 1I and fig. S12) (27, 28).
One example would be to acquire speech
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informationwithout dynamic noises deployed
on the neck (Fig. 4A). The frequency of neck
vibrationduring speech is usually at least 100Hz,
whereas physical noise arises frommotions such
as swallowing and skin tension due to move-

ment, which usually has frequencies under
30Hz (Fig. 4B) (22, 23). Amale volunteer spoke
“Viva la vida” after attaching the integrated
sensor to his neck (Fig. 4C, yellow arrows),
and then the volunteer performed a swallow-

ing motion to create dynamic noise (Fig. 4C,
black arrows). Even if the sensor has low-
frequency dynamic noise induced by the tension
of the skin or movement, it contributes over
a wide frequency range because the noise can
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external mechanical noise (10 Hz).
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create various scales of friction (29). A Morelet
wavelet transforms analysis shows that using
the control sensors with PDMS and bandpass
filtering with 80 to 200 Hz, the vocal signals
and swallowing motion could barely be iden-
tified (Fig. 4C, fig. S15, and movie S3). By con-
trast, the spectrogram of the sensor with the
hydrogel damper shows a relatively clear sepa-
ration of acoustic signals from the swallowing
motion signal; even at 40°C with the inte-
grated heater, entire noise signals due to mo-
tion disappear (fig. S16). The reference, even
with the bandpass filtering at 80 to 200 Hz,
shows a broad frequency range with the lowest
signal-to-noise ratio (SNR), whichmeans that
the target signal acquisition is inaccurate,
making it hard to discriminate signal from
noise (Fig. 4D). With the hydrogel damper,
the peak frequency ranges become narrow,
and the SNR increases with the temperature
(fig. S17). Another example of acquisition, heart
rate signals (0.3 to 4 Hz) on the wrist under
the liftingmove or tapping (<0.4Hz), supports
that the selectivemechanical signal target can
be exploited regardless of the mechanical
noises (fig. S18).
Because the hydrogel damper can be used as

a conductive electrode as well as a damping
material, we next explored whether it can be
used to obtain electrophysiological signals
(ECG and EEG) (Fig. 1H and fig. S13). The
hydrogel canbe expected to transmit the electro-
physiology while damping the external me-
chanical noises. With the lower impedance
of the hydrogel (fig. S13), one demonstration
involves ECG signal detection (0.05 to 150 Hz
range)measurement by attaching each electrode
to the chest of a volunteer (Fig. 4E) while the
electrode is tapped (7 to 8 Hz) and the parti-
cipant is breathing and walking (1 to 2 Hz)
(Fig. 4F). When the representative signals
before and aftermechanical noise application
were analyzed, the mechanical noise obscured
the ECG waveforms, whereas the ECG signal
was detected in the hydrogel case regardless
of mechanical noise (Fig. 4G). Even bandpass
filtering of 0.5 to 40 Hz and additional arbi-
trary bandstop filteringwere ineffective in each
case because the noise frequency was within
the frequency ranges of the target signals. By
contrast, the hydrogel damper results show
representative signals that were stable and
clear regardless of external mechanical noise
(fig. S19). During continuous biophysiology
detection over a full day, the mechanical noise-
damping capabilitywas not degraded (fig. S20).

We also measured EEG alpha wave signals
(8 to 12 Hz) when the eyes are closing by
attaching the electrodes to a volunteer’s fore-
head, together with an actuator that gener-
ates 10 Hzmechanical noise (Fig. 4, H and I).
The wavelet spectrogram shows that both
the hydrogel damper and commercial elec-
trodes detect electrical signals at ~9 to 12 Hz
when the volunteer closes their eyes (Fig. 4J).
When the eyes are open, in which case no
signals should appear at 9 to 12Hz, continuous
10-Hz noise was detected in the commercial
electrode cases, and even bandstop filtering
of 10 Hz was inefficient because it distorted
the signals. However, the hydrogel damper
damps the 10-Hz noise selectively, and inter-
mittent signals at 9 to 12 Hz are detected
by the hydrogel damper during natural eye
closing, indicating that stable electrical signal
acquisition is achieved regardless of the noise
(fig. S21).
Selective frequency damping with the visco-

elastic material minimizes mechanical noise
and enables the detection of biophysiological
signals with a high SNR under noisy condi-
tions. Rather than signal processing after the
interruption by the mechanical noises, selec-
tive frequency damping by thematerial itself
would be more effective to acquire clear sig-
nals. The strategy for the engineering of relax-
ation time on demand becomes essential under
the various environmental conditions and needs
to be further improved in the future work—as
well as the temperature controls, which may
require additional form factors in whole de-
vices, and the skin can suffer from the tem-
perature controls. In this way, we propose that
the real-time application of soft bioelectronics
that does not require a signal-processing step
can be accelerated with viscoelastic soft mate-
rials compared with that of rigid wearable
electronics.
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Cuticular pad–inspired selective frequency damper for nearly dynamic noise–free
bioelectronics
Byeonghak ParkJoo Hwan ShinJehyung OkSubin ParkWoojin JungChanho JeongSeunghwan ChoyYoung Jin JoTae-il
Kim

Science, 376 (6593), • DOI: 10.1126/science.abj9912

Bioinspired frequency dampening
Physical activity can interfere with the measurement of physiological signals and often requires band-pass filtering to
remove the artifacts. Park et al. draw inspiration from the viscoelastic properties of the cuticular pad of spiders that can
separate target vibration signals from mechanical noise. They developed a gelatin/chitosan hydrogel damper that will
absorb frequencies below 30 hertz, whereas higher frequencies transmit due to the temporary disruption of the weak
internetwork bonds in the hydrogel. The authors show that the hydrogel can be used to detect electrophysiological
signals such as electroencephalograms and electrocardiograms without interference caused by the patient’s walking or
breathing. —MSL
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