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Spider-inspired tunable mechanosensor for biomedical
applications
Taewi Kim 1,8, Insic Hong 1,8, Yeonwook Roh 1,8, Dongjin Kim1, Sungwook Kim2, Sunghoon Im1, Changhwan Kim 1, Kiwon Jang1,
Seongyeon Kim1, Minho Kim1, Jieun Park1, Dohyeon Gong1, Kihyeon Ahn1, Jingoo Lee1, Gunhee Lee3, Hak-Seung Lee4, Jeehoon Kang4,
Ji Man Hong5, Seungchul Lee2, Sungchul Seo6, Bon-Kwon Koo 4,7✉, Je-sung Koh1✉, Seungyong Han 1✉ and Daeshik Kang 1✉

The recent advances of wearable sensors are remarkable but there are still limitations that they need to be refabricated to tune the
sensor for target signal. However, biological sensory systems have the inherent potential to adjust their sensitivity according to the
external environment, allowing for a broad and enhanced detection. Here, we developed a Tunable, Ultrasensitive, Nature-inspired,
Epidermal Sensor (TUNES) that the strain sensitivity was dramatically increased (GF ~30k) and the pressure sensitivity could be
tuned (10–254 kPa−1) by preset membrane tension. The sensor adjusts the sensitivity to the pressure regime by preset tension, so it
can measure a wide range (0.05 Pa–25 kPa) with the best performance: from very small signals such as minute pulse to relatively
large signals such as muscle contraction and respiration. We verified its capabilities as a wearable health monitoring system by
clinical trial comparing with pressure wire which is considered the current gold standard of blood pressure (r= 0.96) and home
health care system by binary classification of Old’s/Young’s pulse waves via machine learning (accuracy 95%).
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INTRODUCTION
Spiders have not only extremely high sensitivity but also an
astonishing ability to modulate the sensitivity of the sensory
organs by lowering the threshold for external signals that
compression/tensile stress acting on the sensory organs through
changing the leg posture1,2. A spider’s slit organ, a strain sensory
organ, detects physical deformation or strain. They form narrow
(width 1–2 µm) elongated slits with thin (0.25 µm) covering
membrane sensory cells attaches3 (Supplementary Fig. 1). The
sensory cells transduce mechanical stimulation to the neural firing
rate4. The range of neural firing rate limits the range and
resolution of the spider’s sensation. However, spiders seem to
overcome the limitations by adjusting their sensitivity by varying
the position of the leg. Their slit sensory organs became
insensitive in the leg close state and sensitive in the extension
state, a difference of 224 times3. Many researchers have paid
attention to the potential to tune their sensitivity according to the
external environment in other biological sensory systems that
allow wide-ranging and enhanced detection2,5. Meanwhile, the
remarkable advances in mechanosensory of the capability to
measure strain6,7, pressure8–10, and vibration11 have enabled
miniaturization, ultrahigh sensitivity12,13, omnidirectional detec-
tion14, flexibility, and even stretchability of devices15,16. Specifi-
cally, nanoscale crack-based electrodes7, anisotropically resistive
structure17, and microstructured dielectric/electrode structure9

contribute to ultra-sensitivity. Also, intrinsically stretchable materi-
als for electrode/substrate18, serpentine patterns19, and kirigami
designs20 improve the stretchability and sensing range. In
particular, combined with a skin-attachable form factor, epidermal
sensors have been developed to enable precise bio-signal
measurement with minimized stimulation at the skin interface,

such as nanomesh-based breathable electronics21 and wireless
vital signal monitoring system22. In addition, epidermal electronics
expand its application to tactile sensors integrated with actuators
for virtual and augmented reality23 and deep learning technology
to minimize the number of sensors for precise motion tracking24.
However, each sensor has a tradeoff relationship between

measurement range and sensitivity. For example, a broad
measurement range causes the low sensitivity, and on the other
hand, high sensitivity reduces the detectable range of the sensor.
It causes that different sensors must be used depending on the
target signal (Supplementary Fig. 2). This conflicting relationship
occurs due to physical limitations in the signal processing, and
similar limitations exist in nature, such as action potential firing
rate. The nervous system converts physical stimuli into electro-
chemical signals called action potentials and transmits them to
the brain. Action potentials arise from changes in the membrane
potential caused by ion transport across cell membranes, and
voltage fluctuations often take the form of rapid rising spikes and
rapid drops. As the magnitude of the stimulus increases, the
action potential appears at a faster frequency without changing
the magnitude. Because there is a physical limit to the resolution
and frequency range of this action potential25, sensitive receptors
have a small detection range. Since spiders have very sensitive
strain sensing organs, it can be difficult to discriminate against
large stimuli, but this limitation is overcome by actively adjusting
the sensitivity according to the leg posture. Here, we developed
and demonstrated Tunable, Ultrasensitive, Nature-inspired, Epi-
dermal Sensor (TUNES) that mechanosensors inspired by spider’s
sensory systems can easily adjust their sensitivity by preset strain
—dramatically increased sensitivity for the pressure regime of the
signal. The tunability arises from the nonlinear characteristics of
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the nanoscale-crack-based sensor used. Thus, our single sensor
can measure diverse biosignals such as respiration, muscle
contraction/relaxation, and minute wrist pulse and presented
the potential of biomedical application through comparison with a
commercial medical device in a clinical trial. Furthermore, we have
shown that our sensor can be used to diagnose and monitor
human health in the future by classifying pulse signals from the
Young and Old groups through machine learning.

RESULTS
Spider leg joint inspired-tunable sensor to detect broad
dynamic range
The mechanism of the spider and our sensor’s tuning sensitivity is
illustrated in Fig. 1, respectively. In the spider, strain detectors
consisting of parallel slits embedded in cuticles and covered by an
outer membrane are located near the leg joint (Fig. 1a, b). Slits in
leg are compressed or released along the leg posture, as shown in
Fig. 1c, and vibration from external force closes the slit with
compression (Fig. 1d). The extended leg with a more compressed
slit can amplify the organ sensitivity by shifting the threshold1

(Fig. 1e). The changed sensitivity in the slit can allow the spider to
detect various vibration from high to low magnitudes for having
captured small prey or escaping from huge predators (Fig. 1f). By
mimicking the geometry and tuning mechanism of the slit organ,
we designed a sensor with a nonlinear variance of resistance to
applied strain7 by generating nanoscale cracks on a metalized
polyimide (PI) film26 (Fig. 1g). The thickness of the sensor was only
~10 μm which enabled it to be ultralight in weight (~6mg) and
flexible (Fig. 1h). The generated cracks by tensile stress were
straight and perpendicularly aligned to the tensile direction
(Fig. 1i, j). The sensing mechanism of the crack sensor is
compressing and releasing nano-scale cracks (Fig. 1k). Also, as
shown in Fig. 1l, m, the crack sensor can adjust the sensitivity via
pre-strain to the sensor (Preset strain: 0–1%) as with the spider leg.
Tunable sensitivity of the sensor enables the adjustable dynamic
range that allows the sensor to monitor strain and pressure of
various scale with a single sensor.

Characteristic of a tunable crack sensor according to preset
strain
The fabricated crack sensor has a capability to adjust its sensitivity
to measure strain or pressure of various range. We designed a
tensile test using the crack sensor and uniaxial stretcher, as shown
in the experimental setup (Supplementary Fig. 3a), to confirm
sensitivity and measurable range of the crack sensor according to
preset strain (0, 0.5, and 1%). A key feature to arrange sensitivity of
the crack sensor is the nonlinear characteristics that cause to
dramatically increase resistance as the tension increases at the
nanoscale crack. When a tensile test machine (3342 UTM, Instron
Co.) stretches at 0.5, 1, 2% and releases to initial state, the strain
sensitivity reaches up to gauge factor (GF) of 1.3 k, 12.7 k, 30 k at
0.5, 1, 2% strain, respectively, while the GF is defined as ΔR/(εR0)
where ε is applied strain and R0 is base resistance (Supplementary
Fig. 3b). Theoretical modeling and simulation for crack-based
sensor are provided in Supplementary Note 1 and Supplementary
Fig. 4. A further tension in the crack, however, causes an
irreversible disconnection, because of plastic deformation of the
substrate of the crack sensor at above 2%. These results indicate
the intrinsic range depending on set sensitivity. For example, the
measurable strain range with preset at 0, 0.5, and 1% is,
respectively, 0.00167–2%, 0.000133–1.5%, and 0.0001–1. 1%
(Supplementary Fig. 3c).
We also fixed, as the former test, our sensor to the uniaxial

stretcher and set up non-preset and presets at 0.5, 1% to confirm
the possibility of tunable pressure sensitivity in the sensor (Fig. 2a).
As shown in Supplementary Fig. 5, our sensor has ability to detect

minute vibration by tuning fork test. Also, large variations in
resistance were obtained by pressure, applied to the opposite side
of deposited metal layers, up to 25 kPa (Fig. 2b); at 11 kPa, the
pressure sensitivity upon application of a 1% preset strain was
fivefold higher than that when no pressure was applied (Fig. 2c).
FEA simulation was conducted to verify mechanical deformation
against pressure when the crack-based sensor was pre-strained,
showing a uniform strain applied across the sensor and linear
increase of strain with respect to the preset strain and applied
pressure (Supplementary Fig. 6).
The results indicate that due to the sensor characteristics,

pressure sensitivity (S= dR/dP, where R is resistance and P is
applied pressure) can be tuned by setting the initial tension.
Figure 2d shows the static response of the sensor under a 2 kPa
pressure applied at a speed of 20 mm/min for 10 s. The resistance
responses were 26, 63, and 100 Ω, when the preset strains were 0,
0.5, and 1%, respectively, and the resistance was maintained
within 2%, as forces were applied. Here, dynamic ranges for
pressure after each preset at 0, 0.5, and 1% are 10–25 kPa,
2.5–17 kPa, and 0.05–12 kPa (Fig. 2e). The minimum and maximum
pressure were measured based on a value that satisfies the
pressure sensitivity of 50 kPa−1 or more and a value in which the
baseline of the sensor does not change. The dynamic response
and durability of our device were verified by applying a 2 kPa
pressure for 10,000 cycles (Fig. 2f). The two inset graphs at the
bottom of Fig. 2f showing the resistance responses after 2000 and
8000 cycles reveal that a lower preset strain results in higher
durability (2.4 and 1.3 % sensitivity drop with and without,
respectively, a 1% preset strain). As an outstanding of TUNES
compared with previous studies10,27–36, the conventional pressure
sensors require compromise of the sensor characteristics, in which
the sensitivity decreases as the measurement range increases or
low sensitivity over a wide pressure range (Fig. 2g, h). On the other
hand, since TUNES can optimize sensitivity through preset strain
control, it not only maintains high sensitivity when detecting high
pressure, but also significantly improves the limitations of
piezoresistive sensors that should be fabricated for the optimized
sensor’s sensitivity. These results present that adjustable sensitiv-
ity and measurable range via preset strain are key properties to
measure various mechanical signals with utmost performance. The
performance of existing piezoresistive flexible and epidermal
pressure sensors in terms of structures, materials, sensitivity, min
detection limit, tunability, and thickness is summarized in
Supplementary table 1.

Tunable mechanosensory system to monitor vital signals of a
broad range
To demonstrate the capability of TUNES to monitor mechanical
bio-signals which have various pressure regime as medical
application, we applied TUNES to human body that yields
biological signals such as ribcage, arms, and wrist. As shown in
Fig. 3a, we design the TUNES, controlling the preset strain of the
sensor and tuning its sensitivity according to the subject’s signal
amplitude to monitor vital signals. The thin film type crack-based
strain sensor was assembled with strain–pressure transducer to
measure pressure. Both sensor ends were fixed to the transducer,
which is adjustable spacing to exert the present strain (0–1%) for
tuning sensitivity of the sensor. Figure 3b illustrates characteristics
of our TUNES. The widened cracks by the preset strain have more
sensitive to strain because the resistance increases along the
quadratic curve as the gap widens. More details of fabrication and
sensitivity control of TUNES are provided in Supplementary
Methods and Supplementary Note 2.
When a person inhales, the intercostal muscles contract to

increase the anteroposterior diameter of the ribcage (called the
pump handle movement)37. TUNES (Preset: 0%, 0.5%), tightened
with a flexible band as shown in Fig. 3c, and flow meter as
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reference device, monitored respiration which varied with the
changing volume of the chest cavity. When monitoring respiration
with deep pressure via preset 0%, the results from TUNES matched
the data from flow meter without any noticeable difference
(Fig. 3d). Preset 0.5% in TUNES, on the other hand, caused
excessive strain to the sensor with the irreversible damage
(Fig. 3e). Another application of TUNES is monitoring contraction
and relaxation of muscle as electromyography (EMG). When
muscle contracts, changes in volume, cross-sectional area,38 and
hardness39 occur that change the pressure on a sensor attached to
the skin. We attached our sensor with 0.5 and 1% of preset strain
and EMG electrodes to a bicep of a test subject and simulta-
neously measured the signals as the subject lifted a dumbbell
(Fig. 3f and Supplementary Movie 1). The magnitude and shape of

the electrical signal, measured by the EMG sensor, were similar to
our sensor response in the former preset (Fig. 3g), showing us the
possibility of detecting elbow flexion or muscle contraction using
our sensor. The latter preset in the TUNES, however, was not
suitable to monitor the muscle contraction and expansion
because of the excessive preset strain (Fig. 3h). Although the
radial pulse originating from the wrist is a minute signal,
monitoring of the radial pulse can briefly check the heart rate.
In the case of detecting pulse wave as shown in Fig. 3i, TUNES
needs to amplify the obtained signals through high sensitivity
using maximum preset (1%) and monitored enlarged pulse of the
wrist (Fig. 3j), whereas minimum preset, as shown in Fig. 3k,
displayed elusive signals of small amplitude. The detail of

Fig. 1 Sensitivity tuning mechanism inspired by the sensory organs of spiders. a Schematic illustration of a wandering spider. b, c The
spider’s leg is an active substrate that can modulate the intensity of stimulation according to the tension acting on the end organ with slit
(Scale bar: 30 µm). d Schematic illustration of the morphological features of the slit organ along heavier of a leg joint. e Comparison of the
sensitivity of spider leg depending on open and close of slit. f Schematic of the spider’s sensitivity tuning mechanism: Sensitivity is increased
by lowering the threshold of the sensory organs when the leg of spider is bent. g Schematic illustration of the crack-based strain sensor
consisting. h Photograph of the flexible crack sensor (Scale bar: 1 cm). i Top view of an SEM image of the crack on the conductive layer (Scale
bar: 3 µm). j Cross-sectional SEM image of a crack penetrating into the PI layer (Scale bar: 500 nm). k Schematic illustration of the
morphological feature of the crack sensor along strain. l Comparison of the sensitivity of the crack sensor along the open and close of the
crack. m Adjusted dynamic range of the crack sensor by pre-set strain.
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experimental testing methods is provided in Supplementary Note
3 and Supplementary Figs. 8, 9, 10, and 11.

TUNES for a non-invasive biomedical sensor
For numerous wearable sensors, pulse wave measurement has
been used as an application until now, but their accuracy was
unverified or too low to put to practical use. Having demonstrated
the tunability of our sensor, we then evaluated the accurate,
noninvasive, and continuous measurement of pulse waves that is
a critical bio-signal to indicate cardiac performance, vascular age,
and sympathovagal interaction as wearable device. We designed a
strain-controllable frame that can monitor the various vital signals
on the skin as detailed in precedent session (Fig. 4a). The
enhanced sensitivity of the device allowed us to perform the
measurements at various pulse points on the body. The pulse
wave velocity (PWV) and pulse transient time (PTT) could be
measurable by simultaneously monitored by electrocardiography
(Supplementary Fig. 12) that is generally considered to be a
promising technique for noninvasive continuous blood pressure
measurements40. We also evaluated the accuracy and reliability of
the sensor through clinical trials by comparing it with pressure
wire which is considered the current gold standard of intravas-
cular blood pressure41. The trials were conducted in a controlled
operating theater (Supplementary Fig. 13) at the Cardiovascular
Center of the Seoul National University Hospital (Fig. 4b), and the

sensor was secured using medical tape to the skin above the right
brachial artery of the subject; the inset photograph in Fig. 4b
shows the catheter and pressure wire (PW) inserted into the artery
(Supplementary Fig. 14). Figure 4c shows an X-ray image of the
intravascular PW and the wired part of the sensor; the PW was
inserted through the radial artery, and the pulse was measured at
the brachial artery, where the sensor was located. Figure 4d shows
a graph comparing the invasive blood pressure (IBP) signal
measured through the catheter and PW and the noninvasive
signal obtained simultaneously with our sensor. Because the IBP
through the catheter was measured in the radial artery, the graph
shape and blood pressure magnitude slightly differed from those
obtained when the IBP was measured through the PW (a similar
waveform was obtained when the sensor was attached to the
opposite radial artery; Supplementary Fig. 15). However, our
sensor placed at the same position was correctly calibrated with
the PW (Fig. 4e). The Pearson correlation coefficient between the
data from the PW and those from our sensor matched with each
other and was 0.96, which indicates that the two data are
corresponded (Supplementary Fig. 16). The pulse wave calibrated
with blood pressure could be used for non-invasive continuous
monitoring of hemodynamic parameters, such as cardiac output
and stroke volume, which are useful for the intensive care of
seriously ill patients42 (Supplementary Figs. 17 and 18). Further

Fig. 2 Tunable sensitivity and mechanical characterization of the crack sensor. a Schematic of the experimental setup for pressure sensing
with preset strains of 0, 0.5, and 1%. b The vertical displacement-pressure curve while applied strain was 0, 0.5, and 1%. c Resistance response
of the sensor according to the applied pressure with preset strain. d Resistance response of the sensor with a preset train at 2 kPa pressure.
e Pressure range determined by preset strain. f Resistance response of the sensor with preset strain over 10,000 cycles of loading at 2 kPa
pressure (cycles 2000–2010, left, and cycles 8000–8010, right, are shown in expanded views below). g Pressure sensitivity comparison in
detectable pressure range (Maximum sensitivity and pressure range was reached up to 254 kPa−1 and ~25 kPa, respectively at this work).
h Performance comparison of minimum detectable pressure (TUNES could detect <0.05 Pa range).
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information on measurements at various pulse points on the body
can be found in Supplementary Note 4.
Other potential applications of our tunable sensor are analysis of

stress in daily life and cardiac performance examinations. Heart rate
variability (HRV)—the number of fluctuations around the mean
heart rate—is a valuable measure of the sympathetic and
parasympathetic functions of the autonomic nervous system and
can also be used for stress analysis43. We evaluated that the high
accuracy and wearability of TUNES can extend HRV analysis to
various physical activities. As shown in Supplementary Fig. 19a,
attaching the sensor to the skin above the superficial temporal
artery, next to the ear, minimizes the noise caused by joint
movements and enables precise HRV measurements, even during
daily life activities such as cycling (Supplementary Movie 2). The HRV
tachogram was recorded in three different conditions: sleeping,
sitting, and cycling for 10min (Supplementary Fig. 19b). In each

condition, the pulse wave was measured with high accuracy and
very little noise (Supplementary Fig. 20). In addition, the histogram,
Poincare plot, and power spectral density (PSD), which are important
indicators of HRV, were very reasonable (Supplementary Fig. 19c–e).
We also conducted a cardiac stress test using the Balke protocol44

that the body movement was very active (Supplementary Fig. 19f).
As shown in Supplementary Fig. 19g, the pulse wave could be
monitored while the subject walked on a treadmill which increases
the incline by 1% every minute. Supplementary Fig. 19h, i shows the
pulse wave measured 1min after the test was started and at the
highest heart rate (after 15min). In each moment, the waveforms
contained three major peaks (Supplementary Fig. 21). Furthermore,
the enhanced sensitivity of the sensor could simplify and miniaturize
the measurement device so that it enables in-home health
management systems by using a smartphone in conjunction with
wireless communication (a prototype setup is shown in

Fig. 3 Precise pulse wave measurement by TUNES. a Photograph of the TUNES (Scale bar: 0.5 cm). b Schematic illustration of the TUNES
adjusting the preset to match measured range with control of the crack gap (Scale bar: 300 nm). c Photograph of measuring respiration by
TUNES. d, e Comparison of respiration through the optimum (0%) and excessive (0.5%) preset of TUNES. f Photograph of measuring muscle
signals via TUNES and EMG sensor. g, h Comparison of EMG through the optimum (0.5%) and excessive (1%) preset of TUNES. i Photograph of
TUNES attached to radial artery. j, k Measured pulse wave of radial artery measurement by TUNES with preset strain 1 and 0%.
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Supplementary Fig. 22 and Supplementary Movie 3). The detail of
set up for wireless monitoring system is provided in Supplementary
Note 5.

Classification of pulse wave through machine learning
The final goal of developing wearable healthcare sensors is to
improve the user’s health by diagnosing and predicting diseases.
Currently, analyzing biological signals through machine learning is
being actively conducted, but most of them are based on data
measured in hospitals due to the inaccuracy of wearable sensor
data. To demonstrate that the improved sensitivity of the sensor
can help diagnose and predict cardiovascular disease by machine
learning, we obtained a pulse wave dataset from two experi-
mental groups that have different age and gender which are the
most influential factors of pulse wave and used it as training data
in a machine learning model for classification. One group, referred
to as “Young”, consisted of 21 men in their 20 s, and another,
designated “Old”, were 21 women in their 70 s. Machine learning
often requires augmentation of the original data during the
training phase to acquire a sufficient amount of data45. For data
augmentation, we split each dataset into several pieces, obtaining
3921 augmented data (Fig. 5a); Fig. 5b, c shows a single case from
each group. Although the given figures were distinctive enough to
represent the Young and Old groups, there were some outliers,
thus allowing machine learning to play its role. We assigned labels
0 (Young) and 1 (Old) to every piece of pulse wave data. Then, we
applied signal processing principles to better distinguish the two

groups based on the pulse wave data. In the time domain, the
notable features of a waveform signal include the mean,
maximum, root mean square, skewness, kurtosis, kurtosis factor,
crest factor, impulse factor, shape factor, margin factor, and peak-
to-peak value (Fig. 5c). These 11 different features were combined
with the previously augmented data together with the 0/1
assignment, giving a final matrix shape of 3921 by 12. Then, the
dataset was input into random forest46, which is a well-known
high-performance machine learning classifier model (Fig. 5d). For
the 1177 test data, we achieved a classification accuracy of up to
94.9 and 75% with and without, respectively, applying a 1% preset
strain (Fig. 5e and Supplementary Fig. 23). As shown in the above
results, the sensitivity of the sensor is a major factor in the future
healthcare system using machine learning, and our sensor has
shown its feasibility.

DISCUSSION
In summary, we developed an ultrasensitive tunable mechan-
osensor inspired by spider’s slit organ that can tune its sensitivity
by adjusting the preset strain. Compared to existing pressure
sensors with conflicting between sensitivity and measurement
range, our sensor has tunable sensitivity of 10–254 kPa−1 under
pressure regime of 0.05 Pa–25 kPa that enhances bio-signal
detection of various pressure ranges. We have shown the
feasibility that the enhanced bio-signal (especially pulse waves)
can realize the wearable home-healthcare & self-diagnostic system

Fig. 4 The tunable sensor for a skin-attachable biomedical sensor. a Schematic of strain tunable frame for measuring pules signal. b Digital
photograph of the Controlled operating room. The lower right inserted image is a magnified white box (Scale bar: 5 cm). c X-ray image when
the tunable sensor was attached to a brachial artery and the pressure wire passes through the artery (Scale bar: 1 cm). d Simultaneous
measurement of invasive blood pressure monitoring systems (catheter and pressure wire) and the tunable sensor. e Magnified curves of
dashed box at (d).
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through non-invasive blood pressure monitoring and machine
learning. The improved sensitivity provided high precision and
resolution in pulse wave measurements. The similarity of the pulse
wave between TUNES and an invasive blood pressure measure-
ment (pressure wire) which is known as the gold standard was
96%. TUNES could measure the pulse wave at various pulse points,
and we measured the temporal artery even in exercise states such
as walking and cycling. In addition, the measurement & Bluetooth
transmission system could be made up of a simple embedded
circuit without large and complicated equipment. Future work
focuses on the development of an integrated system that
combines wireless communication with motor control systems
to automatically control sensor’s preset strain with optimal

sensitivity and improve structural flexibility of sensor based on
the intrinsic stretchable materials or kirigami designs to detect a
wider range of pressure without damage.

METHODS
Characterization of TUNES
We used field emission scanning electron microscopy (FE-SEM) (S-
4300SE microscope, Hitachi Ltd., Tokyo, Japan) to analyze the
behavior of nano-scale cracks. Strain controllable frame was
fabricated by a 3D printer (ProJet MJP 2500, 3D SYSTEMS. Co.,
Rock Hill, SC, USA). A thermal evaporation system (Thermal
Evaporation System, DD High Tech. Co., Gimpo-si, South Korea)

Fig. 5 Classification of pulse wave measured by TUNES with artificial intelligence. a Preprocessing of pulse wave data. b Characteristics of a
pulse wave from a subject in the Young group and Old group. c Eleven different features were derived from the pulse signal. d Schematic
illustration of the Random forest algorithm. e Random forest classification of pulse wave data. The classification rates were 94.9% with 1%
preset strain and 75% without preset strain.
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was used to sequentially deposit chromium, gold layer on the PI
film (3022-5 Kapton thin film, Chemplex, Palm City, FL, USA). The
crack sensor was stretched by a material testing machine (3342
UTM, Instron Co., Norwood, MA, USA). Geometric factors for
sensitivity of crack-based sensor are provided in Supplementary
Note 6. Electromyography (PSL-iEMG2, Physiolab. Co., Milton
Keynes, UK) measured a muscle response and electrical activity.
Flowmeter (5000 Series Digital Flow Meters, TSI. Co., Shoreview,
MN, USA) delivered reading a respiration measurement. A digital
sound-level meter (TM-101 Sound Level Meter, Tenmars Electro-
nics Co., Taipei, Taiwan) measured the level of sound by the tuning
fork. DAQ system (SIRIUS-SYSTEM, DEWESoft Korea. LTD, Anyang,
Korea) measured mechanical signals of TUNES.

FEA simulation of TUNES
First, to analyze the mechanical behavior of crack-based sensor at
crack interfaces according to the applied strain, we conducted 2D
FEA of unit crack (length and thickness are 5 and 7.5 μm) using the
ABAQUS. Crack-based sensor consists of 7.5 μm polyimide film
and metal layers (50 nm Chromium and 30 nm gold). Since the
thickness of the metal layers is very thin compared to polyimide, it
can be ignored. Linear tensile stretching analysis was performed
to compare the crack depth and crack gap with the experimental
value. The initial dimension of crack depth and crack gap of were
5 and 400 nm. One side of the film is fixed, and the other side is
applied to 2% tensile strain. Second, to analyze the pressure effect
of the pre-strained crack-based sensor, we conducted 3D FEA. The
dimensions of crack-based sensor are as follows (length: 30mm,
width: 5 mm, and thickness: 7.5 μm). Linear buckling analysis by
pressure effect was performed to analyze the deformation of the
length according to the preset strain (0, 0.5, and 1%). The preset
strain was applied to both ends of film, and the pressure was
generated to the central area (5 mm × 5mm). The Polyimide (PI)
was set as the linear elastic material with the elastic modulus (E:
2.5 GPa) and Poisson’s ratio (ν: 0.34).

Ethical information for studies involving human subjects
Clinical trial of TUNES was conducted under the IRB protocol (IRB
No. H-1808-177-969) approved by Seoul National University
Hospital Institutional Review Board and clinicalTrials.gov identifier
(NCT number) is NCT03805815. Pulse data of 20’s men and 70’s
women in Fig. 5 were measured under the IRB protocol (IRB No.
202208-HB-EX-001) approved by Ajou University Institutional
Review Board. All participants submitted the written informed
consents and were advised that they could withdraw from the
study at any time.
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