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A skin-inspired tactile sensor for smart prosthetics

Yuanzhao Wu'??3, Yiwei Liu"?*, Youlin Zhou"?, Qikui Man'?, Chao Hu'?, Waqas Asghar'??,
Fali Li"*3, Zhe Yu"??, Jie Shang'? Gang Liu"?, Meiyong Liao® Run-Wei Li"**

Recent achievements in the field of electronic skin have provided promising technology for prosthetic systems.
However, the development of a bionic tactile-perception system that exhibits integrated stimuli sensing and
neuron-like information-processing functionalities in a low-pressure regime remains a challenge. Here, we dem-
onstrate a tactile sensor for smart prosthetics based on giant magneto-impedance (GMI) material embedded
with an air gap. The sensor exhibits a high sensitivity of 120 newton™" (or 4.4 kilopascal™) and a very low
detection limit of 10 micronewtons (or 0.3 pascals). The integration of the tactile sensor with an inductance-
capacitance (LC) oscillation circuit enabled direct transduction of force stimuli into digital-frequency signals. The
frequency increased with the force stimuli, consistent with the relationship between stimuli and human re-
sponses. The minimum loading of 50 micronewtons (or 1.25 pascals), which is less than the sensing threshold
value of human skin, was also encoded into the frequency, similar to the pulse waveform of humans. The pro-
posed tactile sensor not only showed desirable sensitivity and low detection limit but also exhibited transduc-
tion of digital-frequency signals like human stimuli responses. These features of the GMI-based tactile sensor
show potential for its applications in smart prosthetics, especially prosthetic limbs that can functionally replace
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natural limbs.

INTRODUCTION
Human skin perceives pressure stimuli on touch, which are subse-
quently transformed into physiological responses; these responses
are transferred to the brain via the nervous system (1-4). The quality
of life for persons with limb loss is greatly affected because of lack of
tactile sensing capability. To achieve a close-to-natural replacement, it
is important to develop a tactile sensory system that perceives stimuli,
encodes them into physiological responses, and then delivers them to
the nerves or the brain to form sensory feedback (5, 6). Therefore, re-
searchers are motivated to develop sensors for embedded prosthetics
and artificial skin that can restore tactile sensation to disabled persons
(1, 7-12). There has been notable advancement in the field of
designing prosthetic limbs integrated with rigid and/or flexible tactile
sensors that are responsive to variable environments (11). Despite
these advancements, prosthetic limbs cannot be fully used as a func-
tional replacement of natural limbs for disabled persons because of
signal incompatibility, that is, the digital pulse signals of humans
and the analog signals from artificial tactile sensors. In this case, the
development of next-generation prosthetic limbs that replace or even
surpass the sensing ability of humans is very important. High tactile
sensitivity, ultralow pressure detection, and the ability to encode
stimuli into action potentials mimicking those of humans are the re-
quired parameters for fabrication of high-performance tactile sensors.
High-performance e-skin tactile sensors can be prepared by using
flexible piezoresistors (13, 14), capacitors (15, 16), or organic field-
effect transistors based on nanomaterials, for example, carbon nano-
tubes (CNTs) (17-20), graphene (21), metallic nanowires (22-24), or
conductive polymer materials (25). Novelty in structure also affects
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the sensitivity and detection limit of tactile sensors. In particular,
polydimethylsiloxane (PDMS) patterned with microstructure has
shown promise for the design of a highly sensitive pressure sensor
(13,26-30). Park et al. (31) used a porous PDMS structure and achieved
high sensitivity (1.5 kPa™"), whereas Wang et al. (32) reported a sensor
based on a silk microstructured surface that exhibited superior sensi-
tivity (1.80 kPa™) and a very low detectable pressure limit (0.6 Pa).
Miyamoto et al. (33) reported lightweight and stretchable on-skin
electronics with nanomeshes. Saraf et al. (34) introduced a light-
harvesting and self-powered monolith tactile sensor.

To provide a richer and more natural form of feedback, some
approaches have been developed to elicit tactile perception (35-37).
For example, Oddo et al. (38) reported an approach of intraneural
stimulation that elicited discrimination of textural features by an arti-
ficial fingertip in intact and amputee humans. Osborn et al. (39) also
developed a multilayered electronic dermis, which exhibited properties
based on the behavior of mechanoreceptors and nociceptors, to provide
neuromorphic tactile information to an amputee. These approaches
open new opportunities for sensory restoration in neuroprosthetic
hands. If tactile feedback is increasingly biomimetic, then it will become
more natural, rich, and meaningful to the patient. The sensory feedback
system could be more compatible with humans if the tactile sensor
is able to encode stimuli by mimicking action potentials, which con-
vert mechanical stimuli into physiological signals efficiently (Fig. 1A).
Therefore, conversion of time-domain signals to frequency-domain
signals is the key factor for artificial tactile sensors. Tee et al. (40) con-
ducted a tactile sensing technology study on live neuron-compatible
organic material. In this study, the integration of a CNT-based tactile
sensor with organic transistor-based flexible oscillators enabled direct
transduction of force stimuli into digital-frequency signals. The output
frequency showed a sublinear response to the force stimuli in the
range of 10 to ~100 kPa. This work represents a step toward the design
and use of an e-skin with neural-integrated touch feedback mechanism
for replacement of limbs. Kim et al. (41) developed neuromorphic
technology in neuroprosthetics. The spikes emitted by the proposed
artificial tactile sensor (neural afferent) were directly used to stimulate
a biological neuron that elicited muscle contraction. Despite these
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Fig. 1. Schematic illustrations and photographs of the skin-inspired tactile
sensor. (A) Schematic illustration of a human touch sensation. (B) Schematic il-
lustration of the tactile sensor. (C) Schematic illustration of the sensing mecha-
nism used for tactile sensing. (D) Scanning electron microscope (SEM) image of
the surface of Co AW. Inset: SEM image of the fractured surface. (E) Photograph
showing the current sensor. (F) Photograph of the sensor array. (G) Photograph
showing the flexibility of the sensor array.

achievements, newly developed bionic tactile-perception systems for
e-skins with integrated stimuli sensing and neuron-like information-
encoding stimuli functionalities in the low-pressure regime still face
challenges. Challenges include limited digital-frequency transduction
mechanisms and their compatible integration with the sensing capac-
ity of high sensitivity and low detection limit.

Here, we demonstrate a tactile sensor based on magnetic sensing
technology for smart prosthetics that exhibited high sensitivity and
low detection limit with transduction of digital-frequency signals in
the low-pressure regime. The tactile sensor based on the proposed
concept demonstrated a sensitivity of 4.4 kPa™" (equal to 120 N™")
and a detection limit of 0.3 Pa (equivalently 10 uN) in the range of
0 to ~1 kPa. The direct transduction of force stimuli into digital-
frequency signals was achieved by the integration of the tactile sensor
with an LC oscillation circuit. The frequency increased with an in-
crease in external force, and it remained consistent with the relation-
ship between stimuli and human responses. The proposed tactile
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sensor not only showed high sensitivity and low detection limit but
also exhibited the pulse-like stimuli responses of humans, which
confirms its potential for applications in smart prosthetics, even be-
yond the sensing capacity of tactile mechanoreceptors (such as slow-
adapting ones) in natural limbs.

RESULTS

Design and measuring principle of the skin-inspired

tactile sensor

The digital tactile sensor was composed of the free-standing mem-
brane of a polymer magnet and a magnetic sensor integrated in the
air gap structure (Fig. 1B). An air gap was introduced to obtain a
low detection limit because the free-standing membrane of the poly-
mer magnet, which was embedded on top of the air gap, deformed
easily under the action of an external force. The magnetic sensor, em-
bedded with the air gap at the bottom, sensed the change of magnetic
field due to deformation of the polymer magnet induced by the subtle
force. The LC oscillation circuit was composed of a circuit in which an
inductor (L) and a capacitor (C) were applied in parallel. This circuit
has been used to convert time-domain signals into frequency-domain
signals as described in Eq. 1,

1

m/IC M)

f=

where L is inductance and C is capacitance. The magnetic sensor was
chosen to be inductive so that the inductive element sensed the change
of magnetic field and formed an LC oscillation circuit with the capac-
itor. Giant magneto-impedance (GMI) material, which offers several
advantages over conventional magnetic material, including a high sen-
sitivity of 500%/QOe, was used as the inductive sensing element. The
GMI material provided a sensitive route to detect the subtle change
of magnetic field (42, 43). As shown in Fig. 1Cand fig. S1, the magnetic
flux change from the polymer magnet passing through the inductive
sensing element changed the impedance of the sensing element due to
the GMI effect. When an external force was applied to the polymer
magnet, the free-standing membrane deformed inward, which re-
sulted in the displacement of the polymer magnet toward the induc-
tive sensing element (fig. S1B). As a result, magnetic flux passing
through the inductive sensing element increased, and impedance of
the sensing element decreased. In this proposed device scheme, the
frequency of the LC oscillation circuit also changed with the amount
of external force.

Co-based amorphous wire (Co AW), a type of GMI material that
exhibits high permeability and excellent GMI effect (44-47), was used
as the core of the inductive sensing element. The Co AW has a uniform
and smooth surface with a diameter of 60 um (Fig. 1D) and exhibited
high permeability (fig. S2). The fabrication process for the tactile sen-
sor based on Co AW and the air gap structure is shown in fig. S3. A
PDMS ring was replicated from a plastic mold and then grafted to a
micrometer-thick PDMS membrane at the bottom to hold up the in-
ductive sensing element. The polymer magnet, which consisted of
PDMS and neodymium iron boron (NdFeB) magnetic powder, was
placed on top of the PDMS ring and formed the free-standing mem-
brane. The PDMS ring and the free-standing membrane together
formed an air gap structure that allowed the free-standing membrane
to deform easily under an external force. The resulting devices are
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GMI ratio responses of the sensor to the displacements at different frequencies, that is, 75, 250, 750, and

where Z(H,y) and Z(Hg,,) are the impedance values
under an external magnetic field H, and the satu-
rated magnetic field Hy,,, respectively. The GMI
ratio decreased almost linearly with an increase in magnetic field from
0 to 6.2 Oe, and, when the magnetic field was larger than 6.2 Oe, the
GMI ratio remained zero, indicating saturation of the core (fig. S6). As
shown in Fig. 2A, the GMI ratio increased with the frequency until the
frequency reached 250 kHz; the GMI ratio reached as high as 500%
and saturated under the magnetic field of 6.2 Oe, as a consequence of
the contribution of the permeability of Co AW based on the skin effect
(38). Then, the GMI ratio decreased with an increase in exciting fre-
quency. The GMI ratio also increased with the driving current. Until
the driving current reached 1 mA, the GMI ratio reached 500% at
250 kHz. When the driving current increased further, the GMI ratio
decreased (fig. S7).

The magnetic field sensitivity of the inductive sensing element
can be expressed as

(3)

where Z(H,,) is the impedance of the inductive sensing element at
saturation magnetic field, dZ(H) is the change of impedance under
an external magnetic field, and dH is the change of magnetic field.
At a driving current of 1 mA and a frequency of 250 kHz, a sensitivity
of 80%/Oe was obtained. The field sensitivity of the current inductive
sensing element was higher compared with a giant magnetoresistance
sensor that has a sensitivity of ~1%/Oe (34). Therefore, a subtle force
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1000 kHz. Displacement is the deformation of the polymer magnet under different loadings. (D) Relation of
the factor of sensitivity k of the inductive sensing element and frequency of driving current.

can be detected by the tactile sensor with high magnetic field sensitiv-
ity and a near-linear response to magnetic field.

The parameters of the air gap are also important for the sensitivity
and the detection limit of the sensor. The most important parameter is
the height of the PDMS ring, defined as the distance between the poly-
mer magnet and the inductive sensing element. The height should be
optimized to ensure that the inductive sensing element works best at a
biased magnetic field in the range of 0 to ~6.2 Oe. Impedance values
were measured in situ when the polymer magnets with different
magnetization approached the inductive sensing element. As shown
in Fig. 2B, when the polymer magnet was far away from the inductive
sensing element, the impedance was high. The curve shifted to the
larger distance range when increasing the magnetization of the poly-
mer magnet. Therefore, a higher PDMS ring was required for the same
sensitivity when the polymer magnet had a larger magnetization.
When the polymer magnet approached the sensing element, imped-
ance initially showed almost no change. However, when the height
was smaller than a critical value, the impedance showed a sublinear
dependence on the height. When the height decreased to another crit-
ical value, the impedance started to show weak height dependence,
which meant that the magnetic field generated by the polymer magnet
reached about 6.2 Oe.

The first differential relation between impedance and height is
shown in fig. S8 to understand the sensitive height range for the sensing
element. When the polymer magnet was away from the sensing ele-
ment (point b in fig. S8), the first differential value reached zero. In this
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case, there was nearly no change in impedance. However, when the
polymer magnet approached the sensing element, the differential
value showed a sharp increase with the decreased distance until it
reached a peak value (point c in fig. S8). After the peak value, the
differential value decreased with the decrease in height until the
height reached another critical value (point a in fig. S8). This means
that the height of the PDMS ring should be chosen at the peak value
of point ¢ with the highest sensitivity. The polymer magnet with a
magnetization of 0.3 electromagnetic unit (emu) and the PDMS ring
with a height of about 1.3 mm were chosen so that the tactile sensor
would work at the most sensitive range. Thus, a subtle force applied
to the polymer magnet caused displacement, and

impedance was changed due to the variation in 5

relationship between AZ% and applied pressure P in the range of 0 to
~7.5 Pa was observed. The sensor showed noise of almost 0.02%
without loading, but when a pressure of 0.3 Pa was applied, the sensor
showed 0.15% relative change in impedance (fig. S9). This demon-
strates that the sensor was able to distinguish between subtle pres-
sure and noise. The sensitivity of the tactile sensor is defined as S= A
(AZ%)/AP, where A (AZ%) is the relative impedance change and AP
is the change in applied pressure. The sensitivity is 4.4 kPa™", equal to
120 N ! (the contact area is about 4 x 10™> m?). The prosthetics not
only perceived ultralow pressure but also had the ability to grasp
heavy objects. Therefore, the sensor is also prepared to detect pressure

magnetic field. The response of the GMI ratio to 4t
the displacement under different loadings with
different frequencies is illustrated in Fig. 2C. Dis-
placement is the distance traveled by the polymer
magnet under external loading. Frequency has a
significant effect on the GMI ratio response under 1t
the loading. To realize the effect of exciting fre-
quency, the factor of sensitivity « is defined as

3t
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(4)

where (AZ/Z) max and (AZ/Z) i, are the GMI ra-
tios at the maximum and minimum displace-
ments, respectively, and Ad is the difference
between minimum and maximum displacement.
Values of k increased from 0.37 to 0.69%/um with
the frequency ranging from 50 to 250 kHz and then
decreased when the frequency was higher than
250 kHz (Fig. 2D). Therefore, the optimal frequency
is 250 kHz, consistent with the optimal frequency of
the inductive sensing element.

®© ¢ .0 o
® © © © ¢

Ultralow pressure sensing ability

First, the sensitivity of the tactile sensor was inves-
tigated. The vertical forces were loaded on the sen-
sor by a microstress sensor measurement system.
The impedance was measured in situ with the appli-
cation of loading on the tactile sensor. The distance
between the sensing element and the polymer mag-
net decreased slightly in the presence of loading,
and the magnetic flux passing through the sensing
element increased, which lastly induced the change
in impedance. The impedance change (AZ%) of the
sensor was defined as

38.56}
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0

. . Fig. 3. Evaluation
where Z and Z; are impedance values with and

without the application of external force, respective-
ly. The impedance change increased with an increase
in subtle pressure (Fig. 3A). An approximately linear

to be equal to 0.3
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pressures shows the sensitivity of the tactile sensor in the ultralow pressure range. (B) Response of the
pressure sensor to water droplets, each with a volume of 1 pl. The corresponding pressure is calculated

Pa. (€) Schematic illustration of the trail of a moving ant. (D) The responses of the

tactile sensor to the moving ant.
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over 20 kPa (fig. S10). The durability and the stability of the sensor are
also important for practical applications. The reported sensor exhib-
ited (fig. S11) high durability and stability under a loading of 25 Pa by
repeated load cycling 10° times. Besides this, the sensor was mounted
on a mechanical arm to demonstrate the wearable pressure sensing
performance. When the finger was touched gently, the sensor signaled
a response (fig. S12B). The sensor could also perceive the wind blow-
ing, as shown in fig. S12C.

The detection limit of the tactile sensor was further investigated by
dropping water of different volumes (1 pl, equal to 10 uN) onto the
tactile sensor. The impedance was measured after several seconds,
when the water droplet was uniformly distributed. A change of
0.15% in the impedance was obtained for a volume of 1 ul (fig. 3B).
The impedance change increased with increasing volumes of water
droplets. The tactile sensor could distinguish a weight of 10 uN. By
taking the contact area as about equal to 4 x 107> m?,
we calculated the corresponding pressure detection

The LC circuit frequency was modulated according to the change of
inductance. As shown in Fig. 4A, the high-frequency sinusoidal signal
from the LC oscillation circuit was converted into a square signal with
high frequency. The square signal was consequently divided into a low-
frequency signal by the frequency division circuit, which was then
converted into pulse waveforms. The pulse waveforms changing with
pressure were considered the output. Fig. 4B demonstrates the frequen-
cy changes under loadings of 50, 113, and 1000 Pa. The number of pulse
waveforms increased with loading, which is similar to human responses
to force stimuli. The relationship between loading and frequency was
further investigated (Fig. 4C). The frequency of pulse waveforms
increased with loading in the range of 0 to ~1 kPa. The exponential
function of f= 69 — 20 e ©~62/42% was obtained, where fis the frequency
response (in hertz) and P is pressure stimuli (in pascals), consistent with
the stimuli-response function in the literature (48). A pressure of more

limit to be equal to 0.3 Pa.

The dynamic sensing was demonstrated by plac-
ing small live insects of 0.8-mg mass onto the tac-
tile sensor. The actions of the ant could be sensed.
Figure 3C shows the moving trail of the ant, and
Fig. 3D demonstrates the change of impedance of
the tactile sensor with the moving ant. The imped-
ance of the tactile sensor is about 38.57 ohms. When
the ant was placed at the edge of the sensor (f;), an
impedance change of 0.02 ohms was recorded.
Then, the ant moved around the edge of the sensor.
When the ant stayed at the center of the sensor (z,),
a large deformation occured and the impedance of
the sensor dropped markedly to 38.48 ohms. When
the ant stayed at the center of the polymer magnet
for several seconds, the impedance of the tactile sen-
sor continued to fluctuate slightly with the ant
antenna touching the free-standing membrane of
polymer magnet (Fig. 3D, inset). The backward
and forward movement of the ant near the center
of the ring (three times) led to dynamic changes
in impedance, as confirmed by the three peaks
(t3, t4, and t5) in Fig. 3D. The impedance change
was larger when the ant was closer to the center
of the ring and when the ant was placed upside
down on the membrane. The ant struggled, strong-
ly scratching the membrane, moving, and trying to
turn over (fg). Last, the ant turned over and moved
freely. After this, the impedance dropped slowly.

The bionic behavior of the skin-inspired
tactile sensor

Tee et al. (40) reported that the action potential of
neurons was closely followed by the frequency of
pulses. In this way, the study provided a technique
to encode pressure into digital-frequency pulse sig-
nals and to add sensing capabilities to prosthetic de-
vices. In this work, analog signals recorded from the
sensor were converted into digital-frequency sig-
nals by using an LC oscillation circuit composed
of a tactile sensor and a capacitor of 100 nF. A tac-
tile sensor served as the inductor (L) in the circuit.
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than 20 kPa was also transformed into a digital-frequency signal for
practical applications in which a heavy object was grasped, as shown
in fig. S13.

When a subtle pressure was placed on the sensor, a digital pulse
waveform similar to a human’s was obtained by another used logic
circuit shown in fig. S14. When the number of pulse waveforms from
the first counter was more than the base number of pulse waveforms
without loading, the second counter was triggered and it started to
count pulse waveforms. The change in the number of pulse waveforms
under the subtle pressure was investigated through the logic circuit.
Frequency changed with an increase in subtle pressure, ranging from
0 to ~7.5 Pa (Fig. 4D). When a loading of 1.25 Pa was placed on the
tactile sensor, a 0.7-Hz pulse waveform was obtained by the device.
Therefore, a minimum loading of 1.25 Pa (the contact area is about
4 %107 m? or 50 uN), beyond the sensing threshold value of humans
(1 mN) (1), can be encoded as digital-frequency signals.

DISCUSSION
Recent neuroprosthetic studies showed that pressure sensation can be
stimulated by injecting a train of pulses having different frequencies
via cuff interfaces (49) and that pain sensation can be elicited through
transcutaneous electrical nerve stimulation (39). In addition, recon-
struction of tactile sensation of force levels and object shape was
shown by using multielectrode stimulation via pulses in which cur-
rent amplitude increased linearly with sensor outputs (35). In con-
trast, this work focused on providing a biomimetic tactile sensory
system to sense subtle pressure stimuli via digital pulses for functional
prosthetics. Subtle pressure sensing is a remarkable skill of our somato-
sensory system, which is used in everyday activities to interact with the
environment. The reported tactile sensor exhibited a very high sen-
sitivity of 4.4 kPa™" and an ultralow detection limit of 0.3 Pa. Factors
that played an important role in enhancement of tactile sensor per-
formance are as follows: (i) Co AW with an excellent GMI effect, that
is, the inductive sensing element with high sensitivity to magnetic
field sensed the weak magnetic field, ensuring the high sensitivity of
the sensor; (ii) the free-standing membrane of the air gap deformed
easily under an external subtle force due to a slight loss of the subtle
force, providing the low detection limit of the sensor; and (iii) the
inductive sensing element sensed the magnetic field change induced
by the subtle force and simultaneously changed the frequency of the
LC oscillation circuit. Compatibility of sensing pressure stimuli and
simultaneous transduction of digital-frequency signals makes the
current sensor innovative and applicable for smart prosthetics.

Furthermore, the digital pulse signals from artificial tactile sen-
sors, which are compatible with humans, were obtained by an LC
oscillation circuit. The frequency increased with the external force,
consistent with the relationship between stimuli and human responses.
Previously, some researchers used a microneurographic method to ob-
tain the pressure response of slowly and rapidly adapting cutaneous
mechanoreceptors in the human body (50, 51). They have shown that
the receptors increased their discharge frequency when pressure was
applied to their receptive field. Our results are consistent with those of
previous studies. The free-standing membrane of the polymer magnet
was similar to the receptive field: When pressure was applied, the fre-
quency of the pulse signals of the device increased.

Opverall, the performance of the reported tactile sensor indicates
potential applications in the field of smart prosthetics. Besides, we ex-
pect that the sensitivity and detection limit of the sensor can be further
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improved by choosing GMI materials with a higher GMI ratio and by
varying the thickness of the PDMS membrane through optimization
of the polymer magnet and the fabrication method. Sensory feedback
of tactile sensors with high sensitivity, low detection limit, and digital-
frequency signals may make prosthetic limbs better and more person-
alized in the future.

MATERIALS AND METHODS

Preparation of the PDMS ring

The PDMS pre-polymer and its curing agent (Sylgard 184, Dow
Corning) were poured in the plastic mold in a ratio of 8:1 (w/w).
Poured PDMS were cured in a vacuum oven at 80°C for 12 hours. Last,
the mold was shaken in methanol, and the ring was carefully removed.

Preparation of free-standing membrane

Fabrication of the PDMS membrane (~20 um) was carried out
according to the steps reported in the literature (52, 53): (i) A 1-um-
thick sacrificial layer of SU-8 photoresist was spin-coated onto a
clear silicon wafer. (ii) PDMS solution was diluted with hexane be-
fore spin-coating. A PDMS pre-polymer-to-curing agent ratio of
10:1 (w/w) was used. PDMS/hexane solution (2:1, w/w) (800 ul) was
spin-coated onto a sacrificial layer at 2000 revolutions per minute for
3 min and then cured at 80°C for 12 hours. (iii) The membrane was
shaken in acetone and methanol and then carefully removed.

Preparation of the polymer magnet

PDMS was prepared by mixing the base and curing agent at a 10:1
weight ratio. NdFeB powder and PDMS were mixed at different
weight ratios. Then, the mixture was fabricated by using a master mold
technique. After 2 hours of curing at 80°C, the polymer magnet was
magnetized by applying a magnetic field of 2 T. The polymer magnet
was bonded onto the free-standing membrane by using an interme-
diate pre-polymerized PDMS and cured for 2 hours.

Preparation of the inductive sensing element

A 100-um copper wire was wound around 500-um microtubes in the
same direction by using a winding machine, forming a tight coil with a
length of 10 mm. The number of turns could be controlled by the
winding machine, ensuring repeatability and consistency of the coil.
Co AW with a diameter of 60 um was prepared by the melt extraction
method. Then, Co AW was cut to size for the core of the inductive coil,
forming the inductive sensing element. The polymer magnet was
placed on top, and the inductive sensing element was placed at the
bottom of the PDMS ring. The LC oscillation circuit comprised a cir-
cuit in which an inductive sensing element (L) and a capacitor (C)
were at the bottom of the PDMS ring with a parallel combination.

Device characterization

Impedance measurement was conducted with a Hioki IM3570 im-
pedance analyzer. Loading was manually measured. The device was
powered by a 5-V battery in the experiment. We designed a readout
circuit based on transistors and a liquid crystal display to display the
output of the device.

SUPPLEMENTARY MATERIALS

robotics.sciencemag.org/cgi/content/full/3/22/eaat0429/DC1
Additional methods
Fig. S1. Schematic illustration of the operating mechanism of the device.
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Fig. S2. Characterization of Co AW.

Fig. S3. Schematic illustration of the fabrication procedure of the tactile sensor.

Fig. S4. Comparison of the magnetic gradient of the polymer magnet with the perpendicular
and parallel magnetization.

Fig. S5. Characterization of the polymer magnet.

Fig. S6. GMI ratio of the inductive sensing element at different magnetic field values.

Fig. S7. The GMI ratio of the inductive sensing element at different driving current values.
Fig. S8. The first differential relations between the impedance of the inductive sensing
element and the height obtained as a result of calculation from Fig. 2B.

Fig. S9. The real-time response of the sensor to the subtle pressure.

Fig. S10. The response of the sensor to the pressure in the range of 0 to 100 kPa.

Fig. S11. The durability and stability of the current sensor.

Fig. S12. The wearable pressure sensing performance of sensors.

Fig. S13. The digital frequency as a function of applied pressure in the range of 10 to 180 kPa.
Fig. S14. The logic circuit for the pulse waveform of the subtle pressure.
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