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ABSTRACT: Robotics capable of human-like operations need to have
electronic skin (e-skin) with not only tactile sensing functions but also
proximity perception abilities. Especially, under the current widespread of
COVID-19 pandemic, touchless interfaces are highly desirable. Magneto-
reception, with inherent specificity for magnetic objects, is an effective
approach to construct a non-contact sensing e-skin. In this work, we propose
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ferromagnetic substrate can seamlessly be applied to the piezoresistive layer of
the sensor. Because the magnetic force relates strongly to the approaching
distance, the position information can be transduced into the resistance change of the piezoresistive network. The flexible proximity
sensor exhibits an ultrahigh spatial resolution of 60 ym, a sensitivity of 50.47 cm™, a wide working range of 6 cm, and a fast response
of 10 ms. The repeatable performance of the sensor is shown by over 5000 cycles of approaching—separation test. We also
demonstrate successful application of the sensor in 3D positioning and motion tracking settings, which is critical for touchless tactile

perception-based human—machine interactions.

KEYWORDS: proximity sensing, magneto-piezoresistive effect, stacked piezoresistive network, 3D motion tracking,

touchless tactile perception

1. INTRODUCTION

Electronic skin (e-skin) has achieved rapid development,
owing to the excellent flexibility and mechanical compliancy,
which can be conformally attached on irregular shapes of
robotics or prosthetics for artificial intelligence, health
monitoring, and human—machine interactions. Real sensations
of human skin like normal and shear force,'™® strain,’ "'
temperature, and so forth have all been realized on the e-skin
to enrich the sensing capabilities of smart robotics."*”'®
Besides tactile perception, detecting objects away from the e-
skin of a robot is also important. For instance, certain tasks
require robots to collaborate with human beings. In general,
the body parts of a human are very dynamic and may move
randomly. It is of great importance to avoid unnecessary
collision of a robot with human body parts. A robot equipped
with a proximity sensor can detect the distance away from and
the moving direction of a human, allowing for timely
adjustment of its moving route when needed. This way, the
robot can work with human beings with smooth operation and
natural interaction. A machine vision system can recognize
approaching objects. However, the quality of visual informa-
tion is affected by many factors, including the light condition,
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transparency of the objects, and background, that interfere
with the moving objects. As such, e-skin with proximity sensing
ability is highly demanded.'”"*

Various mechanisms have been proposed for touchless
flexible sensor design including thermal radiation,"® humid-
ity',zo_23 optical,24 electrostatic,'®*° and magnetic.ZG_28 Ther-
mal radiation and humidity methods are mainly used for
detection of approaching human body parts, like fingers, but
have limited working distance due to the rapid attenuation of
thermal radiation and moisture; optical methods have superior
resolution on distance change but require complex setups and
integration that restricts its broad application. Benefiting from
easy fabrication and low power consumption, most reported
flexible proximity sensors employ a capacitive sensing
mechanism with parallel-plate or planar capacitor config-
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urations.””~>* Objects that are conductive or have dielectric
constants different from air can cause a change in capacitance
when approaching the electrode, owing to the electrostatic
coupling effect.>® However, fundamental challenges for this
sensing principle are susceptibility to ubiquitous irrelevant
objects and environmental conditions (humidity, air flow, etc.)
that make it difficult to distinguish the desired signal source
from noises, especially under tiny distance variation.”®****
Also, sensitivity of capacitive-type proximity sensors is largely
affected by the limited dielectric between the electrode and
objects, which is air in most practical situations. Increasing the
density of capacitor arrays is a way of improving sensitivity, but
it causes significant mutual capacitance coupling and signal
interference between the highly dense intersected capaci-
tors.* "¢

Magnetic effects have also been widely studied for position
detection and navigation applications, owing to their high
sensitivity and reliability.””~*' More importantly, the magnetic
field has less disturbance from an ambient environment and is
impervious to non-magnetic objects that can ensure accurate
acquisition of proximity signals. Until now, the giant magneto-
resistive effect has attracted great research interest in making
flexible magnetic/proximity sensors, owing to its ultra-high
sensitivity and thin-film fabrication technique.’®*”**~**
However, the precise multilayer deposition of nanometer-
thick ferromagnetic and non-magnetic conductive materials
involves much higher difficulty and cost in the yield of sensors.
The electromagnetic induction mechanism has also been
proposed for the detection of an approaching magnetic object,
owing to its rapid response.”~*" However, to achieve adequate
induced potential, dense planar coils at the centimeter scale
level are required while the most effective sensing area is
limited to the center of the coils; besides, such a mechanism is
only applicable for dynamic movement monitoring and
excludes static location identification. Thus, it is highly
demanded to develop a high-performance proximity sensor
with a highly adaptable fabrication process and capability for
both static and dynamic detecting applications.

In this work, we present a novel flexible proximity sensor
based on the magneto-piezoresistive effect for touchless tactile
perception including 3D position and motion tracking and
human—machine interactions. The sensor is based on
ferromagnetic polydimethylsiloxane (PDMS) substrates and
stacked piezoresistive layers. The attractive magnetic force
induced from the approaching magnetic material will first exert
on the ferromagnetic substrate and then transmits to the
coated piezoresistive layer that results in the resistance change.
As the magnetic force is a function of approaching distance,
such resistance change can accurately reflect the proximity of
the magnetic objects. The sensing mechanism proposed in this
work not only simplifies the fabrication process but also avoids
the inferences from the background, thus allowing the
proximity sensor with high specificity and accuracy in touchless
tactile perception.

To achieve high sensitivity of the sensor, hierarchical
magnetic microstructures were constructed by doping Fe;O,
nanoparticles in a ferromagnetic PDMS substrate with a two-
step sandpaper demolding process. In addition, piezoresistive
layers coated on the microstructured ferromagnetic PDMS
(MFP) substrate were constructed in a three-dimensional
(3D) stacked network for achieving large sensing distance and
high spatial resolution of the sensor. The piezoresistive 3D
network is fabricated through layer-by-layer deposition of

graphene oxide (GO) sheets and carbon nanotubes (CNTs).
Then, a thermal reduction is performed to convert the
insulating GO to conducting reduced GO (rGO). This
annealing process also helps to shape a 3D stacked structure
by wrinkling and expanding rGO layers with thermal stress. In
addition, it connects CNTs with rGOs both in-plane and out-
of-plane, which prepares them for the tunneling effect and
contact resistance changing under the influence of magnetic
force. With these optimized designs, the sensor offers an
ultrahigh sensitivity of 50.47 cm™" and an ultrafast response
time of 10 ms with a sensing range up to 6 cm. Because of the
ultrahigh sensitivity and low disturbance of magnetic field, a
spatial resolution of 60 um was realized. In addition, no
significant degradation of sensing response was observed up to
5000 cycles of approaching—separation test. The magneto-
piezoresistive proximity sensor can be used as a touchless
sensing interface for human—machine interactions.

2. EXPERIMENTAL SECTION

2.1. Materials. PDMS (Sylgard 184) was purchased from Dow
Corning, America. GO powders were purchased from Tulin Jinhua
Keji Co., Ltd., Shenzhen, China. Carboxylated single-wall CNTs were
purchased from XianFeng Nanao Co. Nanjing, China. Ferroferric
oxide nanoparticle (Fe;O4; 200 nm) powders were purchased from
Shanghai Macklin Biochemical Co., Ltd., Shanghai, China.

2.2, Preparation of the GO and CNT Aqueous Solution. A 2
mg/mL GO aqueous solution was prepared by ultrasonically
dispersing 100 mg of GO powders in 50 mL of deionized water in
an ultrasonic cleaner under the power of 150 W for 30 min. Addition
of 2 mg of CNTs to 20 mL of deionized water, followed by dispersion
in a cell crusher for 2 h under 54 W power resulted in a 0.1 mg/mL
CNT aqueous solution.

2.3. Preparation of the MFP Substrate. To exactly replicate the
microprotrusive morphology of sandpaper, a master mold was first
made by casting a PDMS mixture (10:1 weight ratio of the base
solution and curing agent) on the sandpaper and heating on a
hotplate at 80 °C for S h. After being fully cured, the PDMS master
mold was obtained by peeling it off from the sandpaper. Then, ferro-
PDMS was prepared by adding 50% weighted Fe;O, nanoparticles in
the as-prepared PDMS mixture. The ferro-PDMS mixture was fully
stirred for 15 min to have the nanoparticles uniformly distributed in
PDMS and placed in a vacuum chamber for 10 min to degas.
Afterward, the well-prepared ferro-PDMS was cast on the PDMS
master mold and cured at 80 °C for S h. Finally, the MFP substrate
was replicated from the PDMS master mold. Compared to a
sandpaper mold, which is easy to break after repeated heating and
peeling processes, this master mold is durable and consistent in batch
fabrication of the MFP substrates. For easy peeling off, both the
sandpaper and PDMS master mold were coated with an anti-sticking
monolayer of trichloro (1H,1H,2H,2H-perfluorooctyl) silane (FOTS)
(Sigma-Aldrich) through thermal evaporation. In this study, we set
the thickness of the MFP substrate of the magneto-piezoresistive
sensor to be about 1 mm, which not only ensures sufficient magnetic
force to be induced but also offers the flexibility needed to attach the
sensor on the curved surface of a robot.

2.4. Fabrication of the Magnetic Proximity Sensor. The 3D
stacked piezoresistive layer was made by depositing 20 yL of GO and
50 uL of CNT aqueous solutions layer-by-layer on the MFP substrate,
which was cut into 1 X 1 cm® square pieces. GO and CNT aqueous
solutions were prepared by ultrasonically dispersing powders in the
deionized water, and their concentrations were 2 and 0.1 mg/mL,
respectively. Before each deposition, oxygen plasma treatment was
performed on the substrate at S0 W power and 0.4 mbar pressure
level for 40 s to improve the hydrophilicity of the surface. Then, the
sample was placed in a fume hood for about 1 h to accelerate the
natural drying and then cautiously transferred on a hot plate for
thermal annealing at 250 °C for 3.5 h under nitrogen. The annealed
sample was then facedown mounted on an interdigital electrode
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Figure 1. (a) Schematic illustration of the magneto-piezoresistive proximity sensor. (b) Enlarged view of the 3D stacked piezoresistive network
coated on the MFP substrate. (c,d) Fabrication process of the MFP substrate and the 3D stacked piezoresistive network through layer-by-layer
deposition. (e) Optical image of the fabricated flexible proximity sensor. (f,g) Theoretical prediction and experimental measurement of magnetic

force as a function of approaching distance.

fabricated using a flexible printed broad circuit and gently packaged
with polyimide adhesive tapes. After all these fabrication steps, the
flexible magneto-piezoresistive proximity sensor was completed.

2.5. Characterization of the Sensor. Performance of the
proximity sensor was characterized using a dynamic fatigue testing
system (ElectroPuls 1000, Instron). Here, the sensor was placed on
the bottom stage of the system, while the magnet was fixed in a
customized acrylic flat holder clamped using the upper gripper of the
system. Diameter of the magnet was 3 c¢m, which was much larger
than the dimension of the sensor to decrease the influence of the
fringe effect. After calibration, the approach and separation distance
can be controlled by the movement of the gripper, and the real-time
resistance change of the sensor was recorded using a digital
multimeter (Keithley 6500). Current—voltage (I—V) curves of the
sensor at different CNT densities were measured with a source meter
(Keithley 2400). The magnetic field under different approaching
distances was measured with a digital gauss meter (CH-magneto-
electricity 1500), and the magnetic force was characterized using a
dynamic fatigue testing system. Surface roughness of the MFP
substrate was captured and analyzed using an optical microscope
(Leica DM6B) integrated with a 3D imaging analysis system.
Morphology observation, element analysis, and mapping of the
sensor were all performed using a field-emission scanning electron
microscope (Hitachi SU8010).

3. RESULTS AND DISCUSSION

Figure la illustrates the schematic drawing of the flexible
magnetic proximity sensor. A wrinkled piezoresistive layer was
coated on the MFP surface, and the electrical signal would be
readout from the interdigital electrodes underneath. Com-
posed of rGO sheets and CNTs, the enlarged morphology of
the 3D stacked piezoresistive network is given in Figure 1b.
The rGO layers became wrinkled and expanded and were
separated horizontally and vertically after the thermal

reduction process;48 also, in the process, with the removal of
oxygen-containing functional groups, the sandwiched CNTs
bonded to rGO stably and connected them from both in-plane
and out-of-plane. The detailed fabrication process of the
magneto-piezoresistive proximity sensor is provided in Figure
1c,d. In this work, sandpaper is used to facilitate the formation
of hierarchical microstructures on the flexible substrate. As
shown in Figure 1c, a PDMS master mold was first made by
direct demolding from the sandpaper, and then, ferro-PDMS
which was prepared by adding Fe;O, nanoparticles into the
PDMS mixture was cast on the master mold. After curing and
demolding, microprotrusive structures of sandpaper were
precisely reproduced on the ferro-PDMS, and the MPF
substrate was fabricated. Then, as shown in Figure 1d, the
piezoresistive layer was made by layer-by-layer deposition, in
which the dispersed GO and CNT solutions were dip-coated
on the MFP surface in a sequential order. Oxygen plasma
treatment was carried out before each deposition to increase
the hydrophilicity of the surface so that solutions were easily
spread out evenly. After natural drying of the solutions, thermal
annealing was performed and the flexible proximity sensor with
a 3D piezoresistive network on the MFP substrate was
obtained. The fabrication process is of high standard and
allows good repeatability of the sensor for each manufacturing.
Figure le shows the optical image of the sensor carefully
packaged on a flexible interdigital electrode for signal reading.

The spatially distributed magnetic field plays an important
role in transducing distance information into resistance
variation through magnetic force. The MFP substrate will be
immediately magnetized under the field and pressured by the
attractive magnetic force induced by an approaching magnetic
material (e.g.,, permanent magnet). To find out the relationship
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Figure 2. (a) Titled SEM image of the surface topography of the proximity sensor. (b,c) EDS analysis and elemental mapping images of the
microprotrusion on the MFP substrate. (d) Cross-sectional SEM image and (e) height distribution analysis of the MFP substrate demolded from
#800 sandpaper. (f) Enlarged SEM image of microprotrusion coated with the 3D stacked piezoresistive network. (g—i) SEM image of the 3D

piezoresistive network stacked with rGO and CNTs.

between the magnetic force and the approaching distance and
the influence of other parameters, an analytical model is
derived with the Ampere molecular current hypothesis and
Bio-Savart law.” ™' To simplify the derivation, the Fe;0,
nanoparticles are assumed to be uniformly distributed in the
PDMS substrate and uniformly magnetized. The normal
component of the magnetic force can be expressed as below

k/,t(};(S]2
8
~ [p(H + d) - ()T} (1)

where k is a self-defined parameter relating to the doping ratio
of Fe;O, nanoparticles in the PDMS substrate, y, is the
magnetic permeability of vacuum, y is the magnetic
susceptibility of Fe;O, nanoparticles, S is the cross-sectional
area of the MFP substrate which is facing the cylindrical
permanent magnet, | denotes the current density of the
equivalent surface current loop, h is the thickness of permanent
magnet, H is the thickness of MFP, and d is their gap distance.
In the above expression, the function ¢(x) is expressed as

O e——
A1+ (f) )

where g is the radius of the permanent magnet. The detailed
derivation process is given in section 1 of the Supporting

F,(d) = {lo(H+h+d) — p(H + d)I

Information. According to eqs 1 and 2, the normalized
magnetic force changing with approaching distance is plotted
in Figure 1f; meanwhile, the force and magnetic field were also
experimentally measured, and the result is shown in Figure 1g
and Figure S1 of the Supporting Information. Our analytical
model was verified by comparing Figure 1f,g, in which the
changing trend of magnetic force with approaching distance is
consistent between theoretical prediction and measurement
results. Also, it is noted in Figure 1g that the force is smaller at
a large distance and increases rapidly with the decrease of the
distance.

Figure 2a shows the titled SEM image of the surface
topography of the proximity sensor. The ferromagnetic
microstructures replicated from #800 sandpaper located
randomly on the surface and functioned as mechanical
receptors that transmit the induced magnetic force to the
piezoresistive layer. Thus, magnetization of these micro-
structures which is largely determined from the doping
condition of Fe;O, nanoparticles is critical for the force
transition. Energy-dispersive X-ray spectroscopy (EDS)
analysis on the microprotrusion was performed, and the result
in Figure 2b shows that the Fe;O, nanoparticles have been
successfully mixed into these micro-level structures. Next, the
corresponding EDS mapping plotted in Figure 2¢ demon-
strates the uniform distribution of these ferromagnetic
particles. Apart from microprotrusions, the flat and cross-
sectional areas of the MFP substrate also contain Fe;O,
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Figure 3. (a—c) Relative resistance change of the magneto-piezoresistive proximity sensor fabricated with (a) different grid-number sandpapers,
(b) different amount of CNTs, and (c) different number of stacked piezoresistive layers. (d) Schematic illustration of the working principle of the

proximity sensor. (e) Equivalent circuit model of the proximity sensor.

nanoparticles as proved by the EDS analysis in Figure S2a—c.
The SEM image of the cross-sectional view of the MFP
substrate in Figure S2d shows that the Fe;O, nanoparticles
have no obvious agglomeration. From the cross-sectional SEM
image of the sensor in Figure 2d, the microprotrusive
structures demolded from #800 sandpaper exhibited a
hierarchical morphology, which has been widely proven to
be beneficial for sensitivity improvement.’”>> The height
profile of these microstructures was characterized by using an
optical microscope equipped with a 3D image analysis system.
In Figure 2e, the height distribution of these microprotrusions
is analyzed, indicating that around 30 pm-high micro-
protrusions occupied the largest ratio. Also, these micro-
protrusions ranged from ~17 to 43 um high, and such height
allows conformal attachment of the 3D piezoresistive network
as shown in Figure 2f. The wrinkled rGO sheets overlapped
with each other with CNTs being embedded in. The enlarged
SEM image of the 3D piezoresistive network is shown in
Figure 2g. From the cross-sectional view, the rGO and CNT
layers were stacked together with compressible gaps and CNT's
functioned as hinges that combined rGO from both in-plane
and out-of-plane as demonstrated in Figure 2h,i, respectively.

Design parameters, like MFP substrate roughness, CNT
density, and stacked layer numbers of the 3D piezoresistive
network, will largely determine the proximity sensor’s perform-
ance and thus were systematically investigated in this work.

MFP substrate roughness which can be engineered using
different grid numbers of sandpapers was first studied. Figure
3a compares the relative resistance change of the sensors as a
function of the approaching distance from 6 to 0 cm, which
were fabricated from #60, #600, and #800 sandpaper. The grid
number of sandpapers represents the pore size used for
filtering sand grains when making the sandpaper, and a larger
number means a smaller pore size and smoother surface.”*
Morphology and height profile analysis of the MFP substrate
demolded from #60, #600, and #800 sandpapers are compared
in Figure S3 of the Supporting Information, and the
microstructures fabricated from #800 sandpaper were the
densest and smoothest among the three. According to the
response curve in Figure 3a, sensitivity of the magneto-
piezoresistive proximity sensor is defined as S = (AR/R,)/Ad,
where AR is the resistance change, R, is the initial resistance,
and Ad is the change in the approaching distance. Therefore,
the maximum sensitivity of the sensor increased from 12.7 to
38.1 to 43.9 cm™! with the decrease in the MFP substrate
roughness, and #800 sandpaper obtained the highest sensitivity
in this work. It is because denser and lower microprotrusions
mean smaller height difference, and thus, more contact sites for
electronic paths between microstructures and electrode can be
built atthe same magnetic force level that leads to larger
resistance variation under small approaching distance change.
The data in Figure 3a show that the sensitivity of the magneto-
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Figure 4. (a) Cyclic test of the magneto-piezoresistive sensor in the entire working distance. (b,c) Response and recovery times of the sensor. (d)
Response of the sensor at 1, 2, and 4 Hz approaching—separation frequencies. (e) Dynamic response of the sensor under a 1 mm step-by-step
approach from 1 cm separation distance to 0 cm. (f) Response of the sensor to sinusoidal oscillation of the magnet with 60 ym amplitude at 1 cm
distance away. (g) Sensor under repeated approaching—separation tests for S000 cycles at 1 cm distance away (insets are responses at the

beginning, middle, and end of the test).

piezoresistive sensor as a function of the approaching distance
has three segments. This phenomenon can be explained by the
compressing process of the 3D microstructures. Large
approaching distance induces small magnetic force, so it is
difficult to compress the microstructures to establish more
contact sites with electrodes. With little change in the contact
area, the change in resistance is small, leading to low
sensitivity. As the approaching distance is reduced, the increase
in magnetic force compresses more microstructures into
contact with the electrode, resulting in large change in
resistance and high sensitivity. Although continuously
decreasing the distance leads to continual increase in the
magnetic force (Figure 1lg), the already compressed 3D
microstructures leave little room for further increase in the
contact area, so the sensitivity of the sensor drops dramatically.

As the outermost layer of the sensor, the 3D stacked
piezoresistive network coated on the MFP substrate will
perceive the external stimuli in the first place and thus
determines the maximum sensing distance of the sensor. In the
3D network, CNTs not only combine rGO sheets from both
in-plane and out-of-plane but also behave as the ultra-sensitive
conductive paths after connecting with each other. Thus,
density of CNTs which is defined by dipping volume divided
by the coating area (V/A) was investigated under the influence
of sensing distance. With a sensor area of 1 X 1 cm?, the

density was varied from 25 to SO and 100 uL/cm? and
response of the sensors was characterized. From Figure 3b, the
maximum sensing distance of 6 cm was achieved with 50 uL/
cm?® CNT density, and the sensing distance decreased to 2.5
and 2 cm when CNT density of 100 and 25 ,uL/cmz was used,
respectively. Such results were attributed to the combined
contact resistant effect and tunneling effect of CNTs in the
formation of conductive paths under the influence of the
magnetic force. In the stacked structure of the 3D network as
illustrated in Figure 2g—i, CNTs were generally classified into
two statuses, partially contacted with rGO layers or interacted
with each other and others were randomly and individually
outspreaded without any connection. When the density was 25
uL/cm?, CNTs were distributed incompactly so that the
potential conductive paths induced by CNTs were less. Thus,
the magnetic object needs to be present at a maximum of 2 cm
away from the sensor in order for the sensor to generate
detectable signals. Increasing the density of CNTs to 50 uL/
cm? not only causes sufficient change in the contact resistance
under compression but also significantly increases the
tunnehng effect that leads to resistance change before
contact.”> This guarantees that the sensor can respond to
both a tiny magnetic force when the magnetic object is far
away and a small change in the approaching distance. As the
density of CNTs reached 100 uL/cm?, plenty of CNTs filled in
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the network where lots of conductive paths already existed and
variation from both the contact resistance and tunneling
resistance was reduced after compression. As a result, the
sensing distances shrunk from 6 to 2.5 cm. An inflection point
for optimized CNT density should exist between 25 and 100
uL/cm? and in this work, we used 50 pL/cm? for further
characterization.

The number of layers in constructing the 3D stacked
piezoresistive network was also studied. With fixed conditions
of the #800 sandpaper MFP substrate and 50 xL/cm* CNT
density, the magneto-piezoresistive proximity sensor was
fabricated with three rGO layers (no CNT layer), three
rGO/CNT layers (rGO/CNT/rGO), and five rGO/CNT
layers (rGO/CNT/rGO/CNT/rGO) individually, and their
response is shown in Figure 3c. It is obvious that the maximum
sensitivity of the sensor with only rGO layers was 32.2 cm™,
which is the lowest due to lack of CNTs in the stacked
piezoresistive network for forming ultrasensitive conductive
paths. On increasing three rGO/CNT layers to five tGO/CNT
layers, one more layer of CNTs was constructed such that
resistance of the sensor further decreases as compared in
Figure S4 of the Supporting Information. Also, the resistance
variations from both contact resistance and tunneling
resistance of CNTs were amplified during compression of
the microprotrusions; thus, sensitivity of the sensor increased
from 43.9 to 50.47 cm™". Theoretically, having more layers of
rGO/CNT would lead to better performance; however,
considering the time and cost of fabrication and stability of
the 3D stacked network, five rtGO/CNT layers were adopted
for sensor design in this work.

The working principle of the magneto-piezoresistive
proximity sensor is schematically illustrated in Figure 3d.
The MFP substrate coated with the 3D stacked piezoresistive
network is facedown mounted on an interdigital electrode, and
the initial electronic paths are from the contact sites between
higher microprotrusions and electrodes, and their contact
resistances are defined as Rc; and R,; meanwhile, the inherent
resistance of the 3D piezoresistive network is Ry, so the
equivalent resistance of the sensor R, is determined from the
two parts depicted in Figure 3d(i). Specifically, as illustrated in
Figure 3d(ii), Ry is composed of in-plane resistance R; and gap
resistance R,, where R, is the combination of contact resistance
and tunneling resistance induced by CNTs. The subscript
number represents the layer number of the resistance. After
applying magnetic force, more contact sites between micro-
protrusions and electrodes will be built, causing the change in
contact resistance Rc; and Rc,; also, the compressed 3D
network leads to a change in Ry. Compare to R;, R, contributes
more to the resistance variation, which means that both the
contact resistance and tunneling resistance decrease signifi-
cantly when more conductive paths from CNTs are generated,
as demonstrated in Figure 3d(iv). Figure 3e shows the
equivalent circuit model of the proximity sensor and the
equivalent resistance expression according to the working
principle discussed above.

Systematic characterization of the optimized proximity
sensor was performed. Figure 4a shows the repeated test of
the sensor response in the entire working distance. Overlapped
data from five cycles of tests imply that the sensor can work
accurately and repeatably each time, and the sensitivity is 2.27
cm ™! when approaching distance is from 6 to 3 cm and reaches
as high as 50.47 cm™" when approaching distance is from 3 to
1 cm and then decreases to 8.68 cm™' when the distance is

close to 0 cm. Although the magnetic force increases linearly
when the magnet approaches the sensor, the sensitivity of the
magneto-piezoresistive sensor drops during the process. This is
mainly attributed to the nonlinear piezoresistive response of
the sensor as illustrated in Figure SS. Beyond 0.3 kPa, the 3D
piezoresistive network is fully compressed, leading to dramatic
drop in the sensitivity. From Figure SS, the piezoresistive
response range of the magneto-piezoresistive proximity sensor
reaches to 10 kPa, which is larger than magnetic force-induced
pressure at contact (1 kPa), proving it can also respond to
pressure after contacting, which is superior to a regular
magnetic-type proximity sensor. Figure S6 of the Supporting
Information compares the performance of reported flexible
proximity sensors in terms of maximum sensitivity and sensing
distance,'”/!9#31323439758 1t jndjcates that our magneto-
piezoresistive sensor has the highest sensitivity among all the
proximity sensors reported so far. To further improve the
sensing distance of our sensor, both the higher doping ratios of
Fe;0, nanoparticles and more layers of the 3D piezoresistive
network can be employed to produce larger resistance change
of the sensor at a given approaching distance. Response time of
the sensor was then characterized using a custom-made
platform integrated with a non-magnetic plate and ejection
mechanism. With the ejection system, a magnet can be
instantly placed in space at a given distance from the sensor
and then be driven to approach to and separate from the
sensor. During this process, a digital multimeter is used to
record the real-time resistance change of the magneto-
piezoresistive sensor. From the data in Figure 4b,c, the
response and recovery time is calculated to be 10 and 34 ms,
respectively. With the rapid response time, frequency property
of the sensor was characterized. Figure 4d shows sensor
response at 1, 2, and 4 Hz approaching—separation frequencies
with an initial distance of 1 cm away and an oscillation
amplitude of 1 mm. The result demonstrated stable and
accurate response of the sensor to corresponding frequencies.
Then, a continuous measurement with gradually decreasing
approaching distance was performed. From the base distance
of 1 cm, a 1 mm step-by-step decrease in approaching distance
was employed, and relative resistance variation of the sensor
shown in Figure 4e exhibited a linear and stable response
correlated to the distance change. To explore the minimal
detectable distance change of the sensor, the magnet moved
frequently in a sinusoidal wave at 1 Hz. As the change in the
distance shrank down to 60 um, the magneto-piezoresistive
sensor can still record a 0.04% variation in the resistance
(Figure 4f), indicating that the sensor has a spatial resolution
of 60 pm. According to the relationship between the magnetic
field and distance (Figure S1), 60 ym resolution corresponds
to a magnetic field change of 750 uT. Such a change is 15
times larger than that of the geomagnetic field (~50 uT).
Therefore, the influence of geomagnetic field is negligible. To
the best of our knowledge, the resolution obtained in this work
is the best level among all reported flexible proximity sensors.
Figure 4g shows the repeatability of the sensor performance
under continuous approach and separation test for over 5000
cycles at 1 Hz. During the test, the resistance of the magneto-
piezoresistive sensor became smaller over time, owing to more
CNTs staying in contact with each other. This phenomenon
gradually caused a slight drift of the baseline. However, the
relative change in resistance remains almost the same
throughout the repeatability test (insets of Figure 4g), proving
the robustness of the sensor for long-term usage.
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Figure S. (a) Position of the robotic hand detected by the magneto-piezoresistive sensor and visualized by the lighting color and number of LEDs.
(b) 3D motion tracking of the robotic hand moving in «, y, and diagonal directions by a sensor array. (c) Number identification by the sensor array.

Owing to the series of excellent features mentioned above,
the magneto-piezoresistive proximity sensor can be employed
for acquiring highly accurate 3D position and motion
information, which are critical for the operation of smart
robotics. Figure Sa illustrates the position detection of the
robotic hand visualized by the lighting color and number of
LEDs. The sensor was packaged on the finger of the robotic
hand and connected to a self-made control system, which
could programmatically regulate the on/off of LEDs on the
board. When the robotic hand was S cm away from the
magnet, one of the eight LEDs was on, and with its approach
toward the magnetic material, eight LEDs gradually lightened
to reflect the position of the robotic hand. Also, the color
change from green to red was used as a reminder for the
approaching status (a video for the entire process is included as
Movie Sl in the Supporting Information). Besides the 1D
position recognition, we made a 3 X 3 sensor array for motion
detection of robotics as shown in Figure S7 in the Supporting

Information. Compared to the flexible pressure sensor array

. . 59,60
used for motion detection,

touchless tactile perception
proposed in this work not only provides in-plane moving
direction according to sequential response of adjunct sensors
but also gives out-of-plane approaching distance information
from the single sensor and thus 3D motion tracking of robotics
can be realized. In Figure Sb(i)—(iii), the robotic hand with its
fingers equipped with magnetic material was driven in %, y, and
the diagonal directions. The trajectories were all successfully
recognized by the sensor array. Movie S2 of the Supporting
Information demonstrates the successful 3D motion detection
using the sensor array. Benefiting from the 3D motion tracking,
the sensor array could also function as an interface to identify
characters and numbers that smart robotics intend to
communicate with other machines or robotics. Figure Sc
shows that the writing of numbers “0”, “1”, and “2” using the
robotic hand were all distinguished by the sensor array.
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Having proved such capabilities in position and 3D motion
tracking, our proposed interface can also be applied for
touchless human—machine interactions. An important
human—machine interaction scenario for touchless operation
is in hospital, especially in the COVID-19 pandemic. To avoid
the spread of virus and protect both medical staff and patients,
touchless interaction has been recommended by centers for
disease control and prevention of most countries.’’ Thus, in
this work, we developed a touchless human—machine
interaction system for checking medical reports for medical
staffs. Generally, the system can be installed at the service
terminal of hospitals, in which after inputting the patient’s
identification number, related medical information will be
loaded and displayed to medical staff. As shown in Figure 6(i),
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Figure 6. Touchless human—machine interaction system for non-
contact medical information checking. (i) Illustration of the touchless
interaction system and the user interface. (ii) Signal reading with the
magneto-piezoresistive sensor array. (iii—v) Response of the user
interface to the input.

the volunteer wore a regular medical glove with magnetic
material adhered to the tip area of the index finger and then
contactlessly input the patient ID number into the interface.
Concerning real practical situations in hospitals, sterilization of
gloves with ethyl alcohol is always required; thus, in the
demonstration, the volunteer also had his glove wiped with
alcohol gel first and then performed the operation. To avoid
the interference signals during the transient cross-moving of
fingers on non-target numbers, a duration time of 1 s was set to
guarantee the correct selection of target numbers. Figure 6(ii)
shows the measured time domain response of the sensor array,
in which corresponding numbers are all distinguished. Figure
6(iii,iv) shows the number inputting through the interface,

showing that environmental influence (wet glove) had no
impact on the signal identification, and also, the combined
dynamic and static tracking improved the accuracy of signal
acquisition, benefiting from the magneto-piezoresistive effect.
After successfully entering the patient ID number, related
information was displayed on the screen as shown in Figure
6(v). The complete demonstration of the touchless interface is
shown in Movie S3 of the Supporting Information. Overall, the
touchless interface system proposed in this work can be widely
used in non-contact human—machine interaction applications.

4. CONCLUSIONS

In summary, a novel magneto-piezoresistive proximity sensor
was developed by having hierarchical MFP coated with a 3D
piezoresistive network for touchless tactile perception. Based
on the magneto-piezoresistive effect, the approaching distance-
related magnetic force is induced on the MFP and then applies
to the piezoresistive layer seamlessly so that proximity
information can be transduced into resistance change of the
sensor. Benefiting from the hierarchical microstructures and
stacked piezoresistive layers, the flexible proximity sensor
shows an ultrahigh resolution of 60 ym and a sensitivity of
50.47 cm™; a fast response time of 10 ms, and a wide sensing
range of 6 cm are also achieved. Our sensor exhibits more than
500% increase in sensitivity than that of previously reported
flexible proximity sensors and almost two orders of magnitude
higher resolution than the conventional capacitive proximity
sensors. Besides, stable response for over 5000 cycles of
approaching-separation test proves the robustness of the
sensor. Finally, we demonstrate its application in 3D position
recognition and motion tracking, which is highly demanded for
safety control and precise operation of robotics. Furthermore,
this touchless sensing interface offers an effective way to
restrain the COVID-19 virus from spreading widely.
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