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with humans.[13,21–23] Robots equipped
To mimic human touch sensing, robotics must be able to leverage multiple
with only tactile sensors, which sense
objects upon contact, cannot appropriately
sensory inputs. Previously, to achieve both proximity and pressure sensing, most
react to approaching objects by decreasing
approaches have required using two separate sensors, each with their corretheir velocity.[21] As a result, the movement
sponding electronics, limiting the achievable density. More recently, sensors with
of these robots must be programmed to be
multifunctional pressure and proximity capabilities have been realized at the cost
slow enough to avoid unsafe collisions or
of compromised pressure sensing. Presented here is a new design for a
breaking fragile objects.[21,24] Further,
multifunctional interdigitated fringe ﬁeld capacitive pressure sensor with a
previous works have demonstrated that
the ability to distinguish between materials
pyramid microstructured dielectric layer that has proximity-sensing capabilities
can help robots more autonomously
(noncontact mode) while also sensing pressure (contact mode) as strongly as an
interact with their environments.[25–27]
equivalent parallel plate capacitive sensor of the same size. In contact mode, both
Proximity sensing has often been introsensors have a response time of less than 20 ms and can respond to loads lighter
duced using cameras or ultrasound, althan 0.5 Pa. Further, the interdigitated fringe ﬁeld sensor can clearly distinguish
though a variety of methods exist.[28–32]
between the two sensing modes, as well as between conductive and nonconHowever, the single focal point of a camera
limits depth perception, making it difﬁcult
ductive materials in the noncontact mode. Finally, we use the interdigitated fringe
to understand the environment very near to
ﬁeld sensor to demonstrate both proximity and high-sensitivity pressure sensing
a robotic gripper.[21] On the other hand,
on a robotic gripper.
ultrasonic proximity sensors are effective
with wide-range proximity sensing, but
are limited by their high power consumption.[32] To provide depth perception, a
proximity-sensing mechanism that can detect when an object
1. Introduction
is approaching, especially very near the sensor, is necessary.
Humans simultaneously leverage multiple sensory inputs
In most cases, achieving both pressure and proximity sensing
to be able to navigate and interact with their surroundings.[1]
requires the use of either two distinct sensors[33,34] or at least two
While robotics researchers are actively working to mimic this
distinct readout mechanisms.[22,33] These approaches increase
[2–19]
the amount of space that must be occupied by the sensing
capability,
it typically requires the use of multiple sensors,
architecture, thereby reducing the density of sensors that can
making it more challenging to obtain a high density of modalities
be integrated onto a single robotic limb. Recapitulating human
on a single robot.[20] Robotics applications typically require both
skin requires high density sensor arrays: there are as many as 241
pressure and proximity-sensing capabilities to create systems
mechanoreceptive units per cm2 in just the ﬁngertip,[35] but few
that can interact autonomously with the environment and safely
reported sensors have the miniaturization capability to achieve
this for combined pressure and proximity sensing.[36]
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in pressure-sensing sensitivity. In fact, previous works have
struggled to achieve sensitivities above 1 MPa1 while maintaining strong proximity sensing capabilities.[39] This low-pressure
sensitivity is problematic not only because it limits the usefulness of the device, but also because it can make it more difﬁcult
to distinguish between noncontact and contact signals. Thus, to
enable high density arrays, there is a demand for a single sensor
that has strong performance in both contact and noncontact
modes and requires only one readout mechanism.
Building on our group’s previous work, we demonstrate an
integrated design to signiﬁcantly enhance the pressure-sensing
capabilities of proximity-sensing fringe-effect sensors using an
interdigitated electrode design with a microstructured dielectric.
Not only can the interdigitated design enable noncontact sensing
via the fringe effect, it can also distinguish between conductive
and insulating materials by capitalizing on the mutual capacitance
effect, adding to the complexity of information that can be obtained
from a single device. This high-sensitivity sensor can also be used to
distinguish between contact and noncontact modes, an important
capability for electronic skin. In contact mode, we show that using
an interdigitated electrode design with small gaps between ﬁngers
enables a fringe ﬁeld sensor to perform as strongly as an equivalent
parallel plate sensor within reasonable pressures, with fast response
times and low limit of detections. Finally, we demonstrate the
performance of our sensor when mounted on a robotic gripper.

2. Results
2.1. Analytical and Numerical Analyses of the Fringe-Effect
Capacitive Sensor Designs
We used theory and simulations to estimate the trends of
different design parameters on three capacitive sensor designs:

fringe ﬁeld, fringe ﬁeld with interdigitated electrodes, and
parallel plate (Figure 1). For all of these capacitive sensors, there
is a fringe effect caused by the electric ﬁeld extending beyond the
overlapping area between electrodes. Compared with parallel
plate sensors, fringe ﬁeld sensors speciﬁcally capitalize on the
fringe effect by sensing disruptions in the fringe ﬁeld as capacitance changes. When an approaching object disrupts the fringe
ﬁeld in the air above the sensor, the fringe ﬁeld sensor can detect
the capacitance change despite not making contact with the
object. After the object contacts the sensor, capacitance changes
arise when the fringe ﬁeld is manipulated by a physical deformation of the dielectric layer.
The sensor performance in both contact and noncontact
modes is dependent on key design parameters, as shown in
Figure 1C,D.[40] To test these parameters, we selected fringe ﬁeld
sensor dimensions based on the proximity sensor previously
reported by our group, which consisted of electrodes with a
spacing of 300 μm.[38] The following nomenclature is used to
describe the sensor types: F represents fringe ﬁeld sensor, while
FI is used to denote fringe ﬁeld sensors with interdigitated
electrodes. The number following these letters dictates the interelectrode distance in micrometers; for example, FI-100 refers to a
fringe ﬁeld interdigitated electrode with 100 μm electrode width
and interelectrode spacing. Furthermore, all sensor designs
assume an identical dielectric layer that has been structured into
micropyramids (Figure 1A,C) to maximize sensitivity, since our
group has previously shown that this design signiﬁcantly boosts
sensitivity in parallel plate sensors.[41–43]
In the noncontact mode, our simulations show that fringe
ﬁeld sensors are capable of proximity sensing, and electrode
design can be manipulated to improve its noncontact sensitivity.
To estimate the noncontact sensing capability of the fringe ﬁeld
sensors, we used ﬁnite element modeling to simulate the voltage

Figure 1. Designs of the sensors used in the study, all with the same space utilization. A) Side view of the parallel plate sensor design with labeled
dimensions and the materials used for each layer. B) Top view of the parallel plate sensor design. C) Side view of a traditional fringe ﬁeld sensor design
with labeled materials used for this study along with design dimensions. D) Top view of a traditional interdigitated electrode design with labeled
dimensions. E) Top view of the traditional fringe ﬁeld design with a 300 μm interelectrode separation. F) Top view of the traditional fringe ﬁeld design
with a 100 μm interelectrode separation. G) Top view of the interdigitated fringe ﬁeld design with a 300 μm interelectrode gap and width. H) Top view of
the interdigitated fringe ﬁeld design with a 100 μm interelectrode gap and width.
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and electric ﬁeld distributions for each electrode design
(Figure 2). For the noninterdigitated fringe ﬁeld electrodes
(F-100 and F-300), the simulations show that as the gap between
electrodes decreases, the strength of the fringe ﬁeld increases,
whereas the penetration depth—the maximum distance in the
z-direction that the sensor can detect changes[44]—decreases
(Figure 2A–F). Without testing these electrodes within a

complete capacitive sensor, it is unclear whether ﬁeld strength
or penetration depth plays a larger role in dictating noncontact
sensitivity.
We hypothesized that noncontact mode sensitivity can be
improved by increasing the number of fringing capacitances,
resulting in a cumulatively stronger ﬁeld. One way to achieve this
while maintaining the same space utilization is by interdigitating

Figure 2. Simulations supporting fringe ﬁeld sensor designs for proximity sensing. A) Top view of the voltage distribution of the traditional fringe ﬁeld
design with a 300 μm interelectrode separation (s) with 1 V applied. B) Side view of the traditional fringe ﬁeld design with a 300 μm interelectrode gap (s)
showing the electric ﬁeld strength. C) Side view of the traditional fringe ﬁeld design with a 300 μm interelectrode gap (s) highlighting the electric
ﬁeld penetration depth. D) Top view of the voltage distribution of the traditional fringe ﬁeld design with a 100 μm interelectrode gap with 1 V applied.
E) Side view of the traditional fringe ﬁeld design with a 100 μm interelectrode gap (s) showing the electric ﬁeld strength. F) Side view of the traditional
fringe ﬁeld design with a 100 μm interelectrode gap (s) highlighting the electric ﬁeld penetration depth. G) Top view of the voltage distribution of the
interdigitated fringe ﬁeld design with a 300 μm interelectrode gap (s) and width (w) with 1 V applied. H) Side view of the interdigitated fringe ﬁeld design
with a 300 μm interelectrode gap (s) and width (w) demonstrating the electric ﬁeld strength. I) Side view of the interdigitated fringe ﬁeld design with a
300 μm interelectrode gap (s) and width (w) highlighting the electric ﬁeld penetration depth. J) Top view of the voltage distribution of the interdigitated
fringe ﬁeld design with a 100 μm interelectrode gap (s) and width (w) with 1 V applied. K) Side view of the interdigitated fringe ﬁeld design with a 100 μm
interelectrode gap (s) and width (w), showing the electric ﬁeld strength. L) Side view of the interdigitated fringe ﬁeld design with a 100 μm interelectrode
gap (s) and width (w) highlighting the electric ﬁeld penetration depth.
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the electrodes (Figure 2G–I). Our simulations conﬁrmed that
interdigitation signiﬁcantly increases the total electric ﬁeld
strength. Further, increasing the number of electrode pairs
within an area by decreasing both electrode width and interelectrode distance increases the strength of the electric ﬁeld
(Figure 2J–L). For the sensor with 100 μm gap distance, this
strategy increased the areal capacitance from 3.67 pF cm2 in
the original design to 20.7 pF cm2 in the interdigitated design
(Figure 2J). However, as with the noninterdigitated fringe ﬁeld
sensors, decreasing the distance between electrodes also
decreased the penetration depth (Figure 2L).
Next, we used theoretical considerations to predict the
pressure sensing (contact mode) performance of each of these
sensor designs. In the traditional parallel plate design, two
parallel electrodes are separated by a dielectric layer. Parallel plate
sensors are governed by the equation
C ¼ ε0 εr

A
d

(1)

where C is the capacitance, ε0 is the permittivity of free space,
εr is the relative permittivity of the dielectric, A is the overlapping
area between the two electrodes, and d is the distance between
the two electrodes, as shown in Figure 1A. When a parallel plate
sensor is compressed, the distance between the two electrodes
decreases, causing an increase in the capacitance. Highly sensitive pressure sensors have been obtained by microstructuring the
dielectric layer, which causes compression to also displace air
within that layer.[33,41–43,45–52] As air has a lower dielectric
constant than the dielectric material, this change causes an
increase in the overall effective dielectric constant of the layer,
which further increases the change in capacitance upon
compression.[43,46]
In contrast, as the electrodes are planar in the fringe ﬁeld
sensor, the distance between them is ﬁxed, and the pressure
sensing capability of the fringe ﬁeld devices is only a function
of the change in the effective dielectric constant by displacement
of the air when the pyramids are compressed. Fringe ﬁeld
sensors are governed by the equation[53]
C ¼ n · lðCIDE þ Csubstrate þ Csensor Þ

(2)

where n is the number of interdigitated electrode pairs (IDE),
l is the overlapping length, Csensor is the sensing capacitance,
Csubstrate is the line capacitance with a dielectric substrate, and
CIDE is the line capacitance without the surrounding dielectrics.
More information on Equation (2) and the analysis of interdigitated fringe ﬁeld capacitive sensors can be found in Supporting
Information Discussion S1. In the aforementioned equation,
CIDE and Csubstrate are determined by the interdigitated structure,
including width and spacing. However, Csensor is dependent on
and, consequently, sensitive to the dielectrics. As a result, only
the Csensor changes when the sensor is compressed, where the
applied pressure causes a change in the effective dielectric constant of the dielectric layer due to displacement of the lower
dielectric constant air. As the pressure sensing mechanism is
dependent solely on the change in the permittivity of the
dielectric layer, obtaining high sensitivity pressure sensing
performance with fringe ﬁeld sensors poses a signiﬁcant
challenge.
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We hypothesized that interdigitating the electrodes would
improve the contact-mode sensitivity because they increase
the number of electrode pairs. From Equation (2), when a
deformation is applied to fringe ﬁeld sensors, Csensor is the
only capacitance value that changes, for a total change in capacitance of
ΔC ¼ n · l½C sensor,f  Csensor,i 

(3)

As all of the sensors have the same pyramid microstructures,
Csensor is expected to change identically for all of the sensors.
As a result, if we keep the overlapping length constant, increasing the number of interdigitated electrode pairs in a given area
means you are multiplying the change in Csensor by a larger
scaling factor, causing a greater change in overall capacitance.
This analysis suggests that an interdigitated electrode design
improves pressure sensing capability, which can be further
improved by increasing the number of interdigitated electrode
pairs in a given area.
2.2. Experimental Evaluations of Field-Effect Capacitive Sensor
Designs
To test our hypotheses, we fabricated multiple fringe ﬁeld
sensors using evaporation through a shadow mask for the
electrodes and silicon wafer molds for the microstructured
dielectric layer, followed by testing and characterization. We used
the traditional high-performing parallel plate capacitive pressure
sensor conﬁguration as the standard to which to compare our
fringe ﬁeld designs’ pressure-sensing capabilities.
2.2.1. Noncontact-Sensing Capabilities
Based on the simulations, we expected the fringe ﬁeld sensors
to be sensitive to approaching objects, with the interdigitated
sensors having higher sensitivities. The noncontact sensing
performance of our sensors in response to an insulating acrylic
block was tested and found to be consistent with these expectations. Speciﬁcally, we tested the proximity-sensing capabilities of
our sensors by placing it on a stage and moving it toward a
35 mm-thick piece of acrylic connected to a force gauge. As
expected, only the fringe ﬁeld sensors were able to detect the
acrylic before it made contact with the sensor, demonstrating
the importance of the fringe ﬁeld to enable the proximity-sensing
capability (Figure 3A). We deﬁne the capacitance change as the
capacitance at the initial point subtracted from the capacitance at
the point deﬁned by the x-axis. In each case, the capacitance
increased as the object approached the sensor. Consistent with
our expectations, the strongest performing proximity sensors
were the interdigitated sensors, with a capacitance change
approximately 7 times greater than the parallel plate and with
a detectable distance range of at least 5 mm. The penetration
depth can be improved by increasing the gap between the electrodes or making the overall sensor larger.
Between the interdigitated sensors, FI-300 had a slightly
higher sensitivity than FI-100 further away from the sensor,
indicative of the previously discussed trade-off between electric
ﬁeld strength and penetration depth. To conﬁrm these
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Figure 3. Noncontact-sensing capabilities of the sensors, with 0.0 mm as the point of contact with the sensor, demonstrate the ability to distinguish
between conductive and nonconductive materials. A) Experimental responses of all ﬁve sensors to an approaching block of acrylic shows a much
stronger response of the interdigitated electrode design to a nonconductive material. B) Simulations of noncontact response of the two sensors with
an interdigitated electrode design conﬁrms the experimental response to the approaching acrylic, with a slightly stronger response of the FI-300.
C) Contact and noncontact modes can be distinguished with the nonconductive approaching material by observing the change in slope upon contact
with the sensors. D) Conductive materials cause a decrease in the capacitance as they approach the sensors due to mutual capacitance. The fringe ﬁeld
sensors all have signiﬁcantly stronger responses than the parallel plate sensor.

experimental results, we used ﬁnite element modeling to
simulate the approach of acrylic toward capacitive sensors incorporating these interdigitated designs, assuming 100 μm layer
of poly(dimethylsiloxane) (PDMS) to represent the dielectric
and encapsulation layers (Figure S1, Supporting Information).
The simulated noncontact responses were nearly identical
to our experimental observations (Figure 3B), with FI-300
having only slightly higher sensitivity than FI-100. Clearly,
both penetration depth and the strength of the electric ﬁeld
are important in determining the overall response of the sensor.
Both sensors have very similar responses as one has a stronger
electric ﬁeld (FI-100) and the other has a larger penetration
depth (FI-300). However, the FI-300 actually has a slightly higher
sensitivity, indicating that penetration depth has a slightly stronger effect.
To be used as both a proximity and pressure sensor, the sensor
must be able to detect transition from noncontact to contact
mode sensing. To test this, the acrylic was further used to compress the microstructures once it made contact. For all sensors,
we could easily distinguish the transition point between contact
and noncontact modes by simply evaluating the point at which
the slope sharply increases (Figure 3C). This point of touch
was conﬁrmed using a force gauge (Figure S2, Supporting
Information).
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Interestingly, we found that our fringe ﬁeld sensors could
also easily distinguish between conductive and insulating
materials in noncontact mode. Insulating materials, like the
acrylic block, caused an increase in capacitance as they approach
the sensor (Figure 3A), whereas conductive materials caused
capacitance to decrease (Figure 3D). This difference in the signs
of the proximity response curve slopes is because of the mutual
capacitance effect, wherein moving a conductive material into the
electric ﬁeld of a capacitor causes some of the charge from the
electric ﬁeld to transfer to the conductor, resulting in a decrease
in the capacitance measured between the two electrodes.[54–56]
This ability to distinguish between material types using the
mutual capacitance effect increases the sensing modalities that
can be incorporated into the same sensing area.
For proximity sensing of conductive materials, the sensor
designs followed the same sensitivity trends as when they sensed
the nonconductive acrylic. The importance of the fringe ﬁeld
design in enabling proximity sensing is particularly evident
for conductive materials, as FI-100 had a sensitivity of up to
14 times higher than the parallel plate design (Figure 3D).
Both the interdigitated electrode designs had a detectable distance range of at least 5 mm, although the capacitance change
is signiﬁcantly higher closer to the surface of the sensor. As with
nonconductive materials, the strength and penetration depth of
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the electric ﬁeld play important roles in sensor performance for
conductive materials as well. As electrodes that have a larger
distance between them also have a greater ﬁeld penetration
depth, FI-300 had a higher sensitivity than FI-100 when the conductive material was more than 100 μm away from the sensor.
However, as the conductive material approached closer to the
sensor, the response of FI-100 became stronger than FI-300
due to its larger electric ﬁeld strength, as can be seen by the
slightly higher slope of FI-100 near the sensor surface.
2.2.2. Contact-Sensing Capabilities
Next, we experimentally demonstrated that electrode interdigitation enables fringe ﬁeld sensors to recapitulate the strong
pressure sensing capability of parallel plate capacitive pressure
sensors. As has been previously observed,[38] the traditional
fringe ﬁeld sensor designs (F-100 and F-300) exhibited very poor
contact-sensing performance. Interdigitation of the fringe ﬁeld
electrodes signiﬁcantly improved sensitivity in the contact mode,
validating our hypothesis. As expected from our simulations,
more electrode pairs led to better sensitivity. Indeed, the
FI-100 design could completely match the performance of an
equivalent parallel plate sensor at both low and medium
pressures (Figure 4A,B). We deﬁne the relative capacitance
change as the capacitance change divided by the initial capacitance. Though its performance deviated slightly from the parallel
plate sensor at higher pressures (Figure 4C), the two sensors
were nearly identical up to 100 kPa, which is the maximum

pressure detectable by human touch.[33] Further, the FI-100 sensor response was found to be consistent over three sensors in
terms of both sensitivity and initial capacitance (Figure 4D).
The initial capacitance trends followed the expected trends from
the computational model, with only a 4.2% overall deviation from
simulation results. The experimental initial capacitance values
were averaged over three sensors of each type. Their values were
determined to be 0.63  0.027, 0.64  0.027, 0.85  0.016,
1.79  0.15, and 1.43  0.093 pF for the F-300, F-100, FI-300,
FI-100, and the parallel plate designs, respectively. In fact, this
initial capacitance was stable between 25 and 100  C with a
net change in capacitance of less than 15  2.4 fF (Figure S3,
Supporting Information). This allows us to attribute changes
in the capacitance solely to pressure and proximity sensing.
Finally, the sensor responses for all ﬁve sensors were stable over
at least 4000 cycles (Figure 4E and S4, Supporting Information).
Further, we tested additional important contact performance
metrics relevant for real-world applications. First, the sensors
were evaluated on their capabilities to detect pressure changes
with an already applied weight. We used three different weights
(Figure 5A) to simulate three different conditions that might be
important for real-world sensing applications, such as the need
to encapsulate the sensor (small weights) or manipulate several
objects at once (larger weights). The contact sensing ability of our
FI-100 was found to be very similar to the parallel plate design,
further supporting the need for the interdigitated design in
improving the pressure sensing capabilities (Figure 5B–D).
With a small applied weight of 0.4 g, similar to the weight of
a thin encapsulation layer, all of the sensors respond similarly

Figure 4. Contact-sensing capabilities over a wide range of pressures. A,B) Interdigitation enhances the sensitivity in contact mode at low and medium
pressures, and the FI-100 is able to recapitulate the performance of the equivalent parallel plate sensor within these pressures. C) At high pressures, even
the strong performing FI-100 demonstrates limitations compared to the parallel plate design. D) Sensor performance is consistent over three sensors of
each type in both sensitivity and initial capacitance. E) The observed pressure response of the FI-100 is stable over 4000 cycles (inset: the stability of the
signal as a function of cycle).
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Figure 5. Additional important performance metrics for contact sensing capabilities. A) Three weights were used to simulate different conditions for
real-world sensing applications. B) With 0.4 g applied weight, the sensors perform similar to their performance with no applied weight. C) With 6.5 g
applied weight, all sensor performances begin to be diminished, however the parallel plate and FI-100 still perform nearly identically. D) At 12 g of applied
weight, the sensor performances are further diminished, but the FI-100 and parallel plate sensors still have stronger responses than the other sensor
designs. E) FI-100 and parallel plate sensors demonstrate fast response and relaxation times. F) The response time of the FI-100 and parallel plate sensors
is less than 20 ms. G) Image of the paper towel on the FI-100 sensor, with an applied pressure of 0.49 Pa. H) Only the FI-100 and parallel plate sensors
were able to respond to 0.49 Pa. I) None of the other fringe ﬁeld sensors can detect pressures below 10 Pa.

to their response with no added weight (Figure 5B). As more
weight (6.5 g) was placed on them, all sensors showed weakened
pressure sensing sensitivity, though the parallel plate and
FI-100 sensors still performed nearly identically (Figure 5C).
The diminished response at higher applied pressure is a result
of the increased resistance to compression of the pyramid
microstructures; as all of these sensor responses are dependent
on the deformation of the pyramids, this increased resistance to
compression leads to a weaker capacitance change. With an even
larger weight of 12 g, the FI-100 sensor deviated from the parallel
plate control, though it was still able to detect more strongly than
the other three fringe ﬁeld sensors (Figure 5D).
Next, we evaluated the response and relaxation times of our
strongest performing fringe ﬁeld sensor (FI-100). Both the
parallel plate and FI-100 sensors exhibited fast response times
less than 20 ms and relaxation times less than 40 ms, increasing
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the versatility of potential applications (Figure 5E,F). Finally,
we tested the ability of our sensors to detect ultralight loads,
which we simulated using a small piece of a paper towel
weighing 0.49 Pa (Figure 5G). Only the parallel plate and
FI-100 sensors were able to detect this light load (Figure 5H).
In contrast, the lightest loads detectable by the other tested
sensors were more than an order of magnitude higher
(Figure 5I).
2.3. Demonstration with Robotic Gripper
To demonstrate the implications of this new sensor design
and its improvement over previous state-of-the-art sensors, we
evaluated its performance on a robot gripper (Figure 6A). The
experimental setup is shown in Figure S5, Supporting
Information. We demonstrated the pressure sensing utility of
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Figure 6. Demonstration of the sensor capabilities on a robotic gripper. A) The robotic gripper holding the blueberry in the closest gap distance between
the ﬁngers. B) The FI-100 and parallel plate sensors respond similarly to gripping the PDMS disk. C) Only the FI-100 sensor is able to detect sensor
approach to the PDMS. D) The sensitivity of the noncontact response is higher for FI-100 than the parallel plate sensor, demonstrating the need for the
fringe ﬁeld design for this feature. E) Only the FI-100 sensor has a strong linear ﬁt in the noncontact mode on the robotic gripper. F) The FI-100 is able to
distinguish between materials of different moduli, all with the same geometric dimensions. G) The sensor response is different for a blueberry, cherry
tomato, earplug, metal chord, and grounded ﬁnger. It can distinguish between the conductive ﬁnger and metal chord and the insulating cherry tomato,
blueberry, and ﬁnger. H) The sensor response is consistent over ten replications. I) Only the FI-100 sensor responds strongly to approaching the blueberry
with both a higher sensitivity and coefﬁcient of determination.

the best-performing interdigitated fringe ﬁeld sensor (FI-100 ) by
comparing it with the parallel plate sensor when mounted on a
robotic gripper. First, we monitored the sensor response to the
gripper ﬁngers moving toward each other without an object in
between to conﬁrm that the sensor response was independent
of their movement and that the sensor wires were sufﬁciently
shielded (Figure S6, Supporting Information). While both the
parallel plate and FI-100 sensors were able to detect the gripping
of a piece of PDMS (Figure 6B), only the FI-100 sensor was able
to sense the approaching object before making contact
(Figure 6C). Using the robotic gripper, the relative capacitance
of the FI-100 sensor changed by 3.84  0.29% per second as it
moved toward the object, whereas the parallel plate relative
capacitance changed by only 1.69  0.14% per second. These
results were conﬁrmed over ﬁve replicates for each sensor
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type. Regardless, the interdigitated sensor’s proximity response
was clearly linear with a high coefﬁcient of determination
(R2 ¼ 0.9), whereas the parallel plate sensor’s response was
not (R2 ¼ 0.55). We found these results to be consistent over ﬁve
cycles with the sensor approaching three different materials of
the same dimensions (Figure 6D,E).
In contact mode, the strong pressure sensing capability of
the FI-100 sensor is evident from its ability to detect different
materials. The gripper ﬁngers with the sensor were set to
approach the same gap size. A more compressive material will
result in less pressure measured. As a result, the sensor was able
to distinguish between three materials with the same size, shape,
and dielectric constant, but different compressive moduli:
Ecoﬂex 00-30 (128 kPa), Dragon Skin 10 Slow (403 kPa),
and Sylgard 184 (2925 kPa) (Figure 6F).[43] Further, the sensor
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response varied depending on shape, size, compressive modulus, and conductivity of the material. This was evident from comparing the response of ﬁve items: a cherry tomato, a blueberry,
an ear plug, a human ﬁnger, and a metal chord (Figure 6G).
The sensor was able to distinguish between the conductive
and insulating materials by the slope of the curve of the relative
capacitance change as the robotic ﬁnger with the sensor approached
the object. The slope was positive for the insulating materials
(cherry tomato, blueberry, and ear plug) and negative for the conductive material (human ﬁnger and metal chord). Each material
resulted in a unique shape of the FI-100’s response curve, indicating the sensor’s potential ability to distinguish between different
materials when combined with a machine learning algorithm.
Finally, we evaluated the stability of our sensor in detecting the
blueberry. Not only did our sensor grip the blueberry without
breaking it (Figure 6A), but the response was also stable even
over ten replications, with ﬂuctuations of only 0.6% in the
baseline and 2% in the response to the blueberry (Figure 6H).
Here, too, the fringe ﬁeld design proved necessary for proximitysensing capabilities, with the FI-100 sensor exhibiting a more
linear and stable response to the approaching blueberry as compared with the parallel plate sensor (Figure 6I). The sensitivity of
the noncontact response was almost three times higher for the
interdigitated sensor, with a coefﬁcient of determination almost
twice as high as the parallel plate’s response (Figure 6I). Taken
together, these results demonstrate the ability for our FI-100
sensor to achieve strong proximity sensing in a real robotics
application without diminishing its pressure sensing capability.

3. Discussion
In this work, we created a multifunctional pressure and proximity sensor with strong sensing capabilities in each regime.
The advantage of this work is evident when comparing to physical characteristics and performance properties of previous works
(Table 1). In the proximity regime, the maximum magnitude of
the relative signal change is similar to the previous works.
However, this signal change occurs over a smaller distance,
demonstrating that our sensor has a stronger response in signal
as a function of distance. Further, our sensor demonstrates the
capability to distinguish between conductive and nonconductive

materials by capitalizing on the mutual capacitance effect. This
allows the robot to be programmed to approach some materials
while avoiding others, depending on the application. In the contact regime, our sensor is among the highest sensitivity of those
that do not demand two distinct sensors and has the lowest
minimum detection limit (Table 1).
One of the major challenges in robotics is achieving multiple
sensing capabilities for high-density sensor arrays that can
mimic human skin-like sensing performance. While there are
as many as 241 mechanoreceptive units per cm2 in just the
ﬁngertip,[35] few reported sensors have the miniaturization capability to achieve such a high density for combined pressure and
proximity sensing.[36] By combining proximity and pressure
sensing into a single sensor, in addition to the added functionality of being able to distinguish between conductive and nonconductive materials, our new design already helps to maximize
space. In the future, the capability for miniaturization of the
sensor itself will further enable higher density, multifunctional
e-skins for robotic sensing. In the present study, we used metal
evaporation with a laser-cut mask to fabricate our interdigitated
designs. However, more advanced fabrication methods like photolithography would enable sensor features as small as 1 μm,
including pyramids, electrode width, and gap sizes. It is important to note than in this case, the penetration depth for the
proximity sensing may be diminished as the sensor is further
miniaturized. However, we expect that our multifunctional sensor can be readily miniaturized to achieve a high-density sensor
array capable of sensing both proximity and pressure with the
ability to distinguish between the two modes.

4. Conclusion
We designed an interdigitated fringe ﬁeld capacitive sensor
capable of both detecting and distinguishing between contact
and noncontact inputs. Electrode interdigitation improved the
sensitivity in both contact and noncontact modes, with the best
sensor able to detect approaching objects while exhibiting
excellent contact-mode performance metrics comparable with
a high-performing parallel plate control. We demonstrated the
possibility to utilize this sensor in robotics by showing that it
retains its superior performance characteristics when mounted

Table 1. Comparison of our multifunctional pressure and proximity sensor to those previously reported in literature based on physical characteristics and
performance properties. (NR ¼ not reported).
Proximity

Pressure
Type

Max sensitivity [kPa1]

Total reported
pressure range [kPa]

9

Capacitive

4  104

0–300

NR

NR

Piezoresistive
and Capacitive

0.86

0–100

10 Pa

0.0224

0–360

7.3 Pa

4.5  103

0–300

NR

0–330

0.03 g

Overall sensor
size [mm2]

Type

[24]

>9000

Capacitive

0.075 (pF/pF)

[33]

2000

Capacitive

0.15 (pF/pF)

[36]

NR

Capacitive

0.25 (pF/pF)

20

Capacitive

[38]

9.9

Capacitive

0.07 (pF/pF)

0.8

Capacitive

Reference

Max absolute relative Distance for relative
signal change
signal change [cm]

4

Minimum
detection

[39]

900

Inductive

0.074 (mH/mH)

15

Capacitive

5.57  10

[34]

1600

Capacitive

0.013 (V/V)

7

Resistive

5.3  103

0–72

NR

9.9

Capacitive

0.07 (pF/pF)

0.14

Capacitive

0.054

0–300

0.49 Pa

Our work
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on a robotic gripper. With its multifunctional-sensing capabilities, high performance, and potential for miniaturization, our
interdigitated fringe ﬁeld sensor is a strong candidate for future
robotic electronic skin.

5. Experimental Section
Finite Element Simulations: Finite element simulations (COMSOL
Multiphysics, COMSOL Inc., Burlington MA) were carried out to simulate
the noncontact proximity effect of the fringe ﬁeld capacitive sensor designs
using an electrostatic physics model.
Silicon Mold Fabrication: The molds used to make the pyramid
microstructures was made by patterning bare <100> Si wafers with a
300 nm thermally grown oxide. The process started with a lithography
process to generate photoresist patterns (S1813, Microposit) and etching
of the oxide layer using buffered oxide etch (6:1, BOE) for 45 min. Then,
the remaining oxide layer acted as a mask during the Si etching process.
Using KOH (30% at 80C) <100> Si could be etched to create pyramid
structures with a sidewall angle of 54.7 . The oxide layer was subsequently
removed using buffered hydroﬂuoric acid, followed by a vapor deposition
of trichloro (1H, 1H, 2H, 2H-perﬂuorooctyl)silane (Sigma-Aldrich) for ease
of release from the mold.
Sylgard 184 Microstructure Fabrication: A 10:1 Sylgard 184 elastomer to
crosslinker ratio was mixed using FlackTek, Inc. speedmixer at 2500 rpm
for 5 min followed by at least a 30 min degas by vacuum. Once ﬁnished,
the mixture (400 μL) was transferred on to cover the entire silicon
wafer mold (1.5  1.5 cm2) and spin coated at 500 rpm (100 rpm s1
acceleration) for 1 min. The spin-coated uncured mixture was then degas
for at least 90 min, followed by a curing process at 70  C for 18 h and
a demold. To make the encapsulation layer, the same procedure was
repeated, however, the spincoating was done at 500 rpm (100 rpm s1
acceleration) for 90 s.
Electrode Fabrication: Electrodes were fabricated using 0.005 00 invar,
polished masks, laser etched by Photo Etch Technology. The masks
were mounted on 8 μm-thick polyimide sheets (Alfa Aesar) after which
5 nm chromium followed by 100 nm gold were deposited on the surface
using a thermal evaporation in a vacuum chamber at a temperature
below 1  105 torr. The evaporation rates for chromium and gold were
0.04 and 0.3 Å s1, respectively.
Sensor Fabrication: To fabricate the fringe effect-based sensors, the
pyramid microstructures were placed on the electrodes with the tips
touching the electrodes. The encapsulation layer was placed on top with
air bubbles removed. For the parallel plate sensor, the pyramid structures
were placed on one of the electrodes with the pyramid tips touching
the electrode. The other electrode was placed on top, followed by the
encapsulation later.
Noncontact Mode Testing: The Agilent E4980A Precision LCR [inductance (L), capacitance (C), resistance (R)] meter was used to take the
capacitance measurements at 15 kHz frequency with a 5 V alternating
current (AC) signal. Measurements were carried out at controlled
temperature (23.5  1  C) and humidity (40  10%). A force gauge
(Mark-10, Series 5, Force Gauge Model M5-10) along with a
mechanized z-axis stage were used to test each sensor’s capability to
respond to an object moving toward the sensor. A metal probe was
connected to the LCR meter ground for the metal testing using the
mutual capacitance effect. The stage moved the sensor toward the
force gauge with a step size of 10 μm until the force gauge detected
1 N of force applied on the sensor. This procedure was repeated for
the nonmetal approach to the sensor, however, attached to the probe
was 35 mm of acrylic. These tests were repeated for all ﬁve sensor types.
Contact Mode Testing: The Agilent E4980A Precision LCR meter was
used to take the capacitance measurements at 15 kHz frequency with a
5 V AC signal. A force gauge (Mark-10, Series 5, Force Gauge Model
M5-10) along with a mechanized z-axis stage were used to apply the
pressures to the sensors. Measurements were carried out at controlled
temperature (23.5  1  C) and humidity (40  10%). A 5  5 mm2 glass
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slide was placed on top of the sensor for testing. Five cycles with
a step size of 1 μm to a maximum force of 0.5 N. For the high-pressure
measurements, sensors were compressed for ﬁve cycles with a step size of
5 μm to a maximum force of 10 N. Each sensor was also tested for stability
over at least 4000 cycles with a step size of 2 μm to a maximum force of
1 N. These tests were repeated or all ﬁve sensor types.
Contact Mode Testing with Preapplied Pressure: The Agilent E4980A
Precision LCR meter was used to take the capacitance measurements
at 15 kHz frequency with a 5 V AC signal. A force gauge (Mark-10,
Series 5, Force Gauge Model M5-10) along with a mechanized z-axis
stage were used to apply the pressures to the sensors. Measurements
were carried out at controlled temperature (23.5  1  C) and humidity
(40  10%). For all tests, a glass slide was placed on the sensor for a
uniform pressure response. To demonstrate the low applied pressure
capabilities, a small acrylic weight was applied to the sensor with a mass
of 0.4 g and a pressure of 118 Pa. To demonstrate the medium applied
pressure capabilities, a larger acrylic weight was applied to the sensor
along with a small vial ﬁlled with water, with a mass of 6.5 g, and a pressure
of 1.9 kPa. To demonstrate the larger applied pressure capabilities,
the same acrylic weight used for the medium testing was used along
with a larger vial ﬁlled with water, with a mass of 11.8 g, and a pressure
of 3.4 kPa. The sensor was then compressed to a force of 1 N at 2 μm
step sizes.
Detection Limit and Response Time Measurements: These studies were
conducted using Texas Instruments FDC1004EVM-4 Channel Capacitive
to Digital Converter Evaluation Module. Measurements were taken with
a sampling frequency of 100 samples per second. To evaluate the response
and relaxation times, sensors were compressed with a large grain of
salt that weighed 6.39 g and applied 1.86 kPa of pressure.
Robot Gripper Demonstration: The fabricated sensor was mounted on
one of the ﬁngers of the Linxmotion Little Grip Kit (Robotshop) robotic
gripper. The sensor was connected to a FDC1004EVM-4 Channel
Capacitive to Digital Converter Evaluation Module (Texas Instruments).
The robot gripper was connected to a microcontroller (Arduino Uno,
Rev 3) with a feedback loop developed using the microcontroller’s
software. The ﬁnal position of the gripper was set to a distance of
1.3 cm between the gripper ﬁngers, after which the ﬁngers were
programmed to move apart. 10:1 Sylgard polydimethyl siloxane,
Dragon Skin 10 Slow, and Ecoﬂex 00-30 were prepared in a mold with
the diameter of 14.3 mm and thickness of 6.25 mm. Each material tested
was placed between the gripper ﬁngers for proximity and grasping test.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
This project was supported by the Beijing Institute of Collaborative
Innovation. V.R.F. was supported by the Department of Defense (DoD)
through the National Defense Science & Engineering Graduate
(NDSEG) Fellowship Program.

Conﬂict of Interest
The authors declare no conﬂict of interest.

Keywords
electrode designs, multifunctional sensors, pressure sensors, proximity
sensors, robotics

2000079 (10 of 11)

© 2020 Wiley-VCH GmbH

www.advancedsciencenews.com

www.small-structures.com
Received: August 14, 2020
Revised: October 1, 2020
Published online:

[1] S. S. Robinson, K. W. O’Brien, H. Zhao, B. N. Peele, C. M. Larson,
B. C. Mac Murray, I. M. Van Meerbeek, S. N. Dunham,
R. F. Shepherd, Extrem. Mech. Lett. 2015, 5, 47.
[2] M. L. Hammock, A. Chortos, B. C. K. Tee, J. B. H. Tok, Z. Bao,
Adv. Mater. 2013, 25, 5997.
[3] T. Someya, T. Sekitani, S. Iba, Y. Kato, H. Kawaguchi, T. Sakurai,
Proc. Natl. Acad. Sci. U. S. A. 2004, 101, 9966.
[4] X. A. Wu, T. M. Huh, A. Sabin, S. A. Suresh, M. R. Cutkosky, IEEE
Trans. Robot. 2020, 36, 15.
[5] H. Jiang, E. W. Hawkes, C. Fuller, M. A. Estrada, S. A. Suresh,
N. Abcouwer, A. K. Han, S. Wang, C. J. Ploch, A. Parness,
M. R. Cutkosky, Sci. Robot. 2017, 2, eaan4545.
[6] J. W. Booth, D. Shah, J. C. Case, E. L. White, M. C. Yuen,
O. Cyr-Choiniere, R. Kramer-Bottiglio, Sci. Robot. 2018, 3, eaat1853.
[7] H. Wang, M. Totaro, L. Beccai, Adv. Sci. 2018, 5, 1800541.
[8] G. Cheng, E. Dean-Leon, F. Bergner, J. R. G. Olvera, Q. Leboutet,
P. Mittendorfer, Proc. IEEE 2019, 107, 2034.
[9] N. Lu, D. H. Kim, Soft Robot. 2014, 1, 53.
[10] D. Rus, M. T. Tolley, Nature 2015, 521, 467.
[11] N. Yogeswaran, W. Dang, W. T. Navaraj, D. Shakthivel, S. Khan,
E. O. Polat, S. Gupta, H. Heidari, M. Kaboli, L. Lorenzelli,
G. Cheng, R. Dahiya, Adv. Robot. 2015, 29, 1359.
[12] C. M. Boutry, M. Negre, M. Jorda, O. Vardoulis, A. Chortos, O. Khatib,
Z. Bao, Sci. Robot. 2018, 3, eaau6914.
[13] Y. C. Lai, J. Deng, R. Liu, Y. C. Hsiao, S. L. Zhang, W. Peng, H. M. Wu,
X. Wang, Z. L. Wang, Adv. Mater. 2018, 30, 1801114.
[14] M. Cianchetti, C. Laschi, A. Menciassi, P. Dario, Nat. Rev. Mater.
2018, 3, 143.
[15] H. Yousef, M. Boukallel, K. Althoefer, Sens. Actuators, A Phys. 2011,
167, 171.
[16] G. Yao, L. Xu, X. Cheng, Y. Li, X. Huang, W. Guo, S. Liu, Z. L. Wang,
H. Wu, Adv. Funct. Mater. 2020, 30, 2070037.
[17] G. Saha, S. Das, A. Ghosh, J. Rakshit, K. Hasan, A. D. Roy, N. Das,
A. Paul, in 2018 4th IEEE Int. Conf. on Research in Computational
Intelligence and Communication Networks, ICRCICN 2018, IEEE,
Piscataway, NJ 2018, pp. 147–151.
[18] G. Z. Yang, J. Bellingham, P. E. Dupont, P. Fischer, L. Floridi, R. Full,
N. Jacobstein, V. Kumar, M. McNutt, R. Merriﬁeld, B. J. Nelson,
B. Scassellati, M. Taddeo, R. Taylor, M. Veloso, Z. L. Wang,
R. Wood, Sci. Robot. 2018, 3, eaar7650.
[19] B. Shih, D. Shah, J. Li, T. G. Thuruthel, Y.-L. Park, F. Iida, Z. Bao,
R. Kramer-Bottiglio, M. T. Tolley, Sci. Robot. 2020, 5, eaaz9239.
[20] S. Sundaram, P. Kellnhofer, Y. Li, J. Y. Zhu, A. Torralba, W. Matusik,
Nature 2019, 569, 698.
[21] S. E. Navarro, M. Marufo, Y. Ding, S. Puls, D. Goger, B. Hein,
H. Worn, in IEEE Int. Conf. on Intelligent Robots and Systems, IEEE,
Piscataway, NJ 2013, p. 1149.
[22] H. K. Lee, S.-I. Chang, E. Yoon, IEEE Sens. J. 2009, 9, 1748.
[23] C. Bartolozzi, L. Natale, F. Nori, G. Metta, Nat. Mater. 2016, 15, 921.
[24] B. Zhang, Z. Xiang, S. Zhu, Q. Hu, Y. Cao, J. Zhong, Q. Zhong,
B. Wang, Y. Fang, B. Hu, J. Zhou, Z. Wang, Nano Res. 2014, 7, 1488.
[25] N. Kirchner, D. Hordern, D. Liu, G. Dissanayake, Sens. Actuators,
A Phys. 2008, 148, 96.
[26] H. Alagi, A. Heiligl, S. E. Navarro, T. Kroegerl, B. Hein, in IEEE Int.
Conf. on Intelligent Robots and Systems, IEEE, Piscataway, NJ 2018,
pp. 6284–6290.

Small Struct. 2020, 2000079

[27] Y. Ding, H. Zhang, U. Thomas, in IEEE Int. Conf. on Intelligent Robots
and Systems, IEEE, Piscataway, NJ 2018, pp. 7179–7184.
[28] I. J. Cho, H. K. Lee, S. Il Chang, E. Yoon, J. Electr. Eng. Technol. 2017,
12, 310.
[29] K. Shimonomura, H. Nakashima, Proc. IEEE Sensors 2013, 17,
1464.
[30] K. Shimonomura, H. Nakashima, K. Nozu, in IEEE Int. Conf. Robotics
and Automation (ICRA 2016), IEEE, Piscataway, NJ 2016, p. 138.
[31] K. Hsiao, P. Nangeroni, M. Huber, A. Saxena, A. Y. Ng, in 2009 IEEE
Int. Conf. on Robotics and Automation, IEEE, Kobe 2009.
[32] A. Bujnowski, K. Czuszynski, J. Ruminski, J. Wtorek, R. McCall,
A. Popleteev, N. Louveton, T. Engel, in 2015 8th Int. Conf. on
Human System Interaction (HSI), IEEE, Warsaw 2015, p. 158.
[33] J. O. Kim, S. Y. Kwon, Y. Kim, H. B. Choi, J. C. Yang, J. Oh, H. S. Lee,
J. Y. Sim, S. Ryu, S. Park, ACS Appl. Mater. Interfaces 2019, 11,
1503.
[34] H. Seok Jo, S. An, H. J. Kwon, A. L. Yarin, S. S. Yoon, Sci. Rep. 2020,
10, 2701.
[35] R. S. Johansson, A. B. Vallbo, J. Physiol. 1979, 286, 283.
[36] Q. Hua, J. Sun, H. Liu, R. Bao, R. Yu, J. Zhai, C. Pan, Z. L. Wang,
Nat. Commun. 2018, 9, 244.
[37] Z. Bao, B. C.-K. Tee, S. C. B. Mannsfeld, J. P. Opatkiewicz,
US 9,112,058 B2, 2015.
[38] C. M. Boutry, L. Beker, Y. Kaizawa, C. Vassos, H. Tran, A. C. Hinckley,
R. Pfattner, S. Niu, J. Li, J. Claverie, Z. Wang, J. Chang, P. M. Fox,
Z. Bao, Nat. Biomed. Eng. 2019, 3, 47.
[39] H. S. Han, J. Park, T. D. Nguyen, U. Kim, C. T. Nguyen, H. Phung,
H. R. Choi, in IEEE Int. Conf. on Robotics and Automation, IEEE,
Piscataway, NJ 2016, pp. 97–102.
[40] M. T. Rahman, A. Rahimi, S. Gupta, R. Panat, Sens. Actuators, A Phys.
2016, 248, 94.
[41] S. C. B. Mannsfeld, B. C.-K. Tee, R. M. Stoltenberg, C. V. H.-H. Chen,
S. Barman, B. V. O. Muir, A. N. Sokolov, C. Reese, Z. Bao, Nat. Mater.
2010, 9, 859.
[42] B. C. K. Tee, A. Chortos, R. R. Dunn, G. Schwartz, E. Eason, Z. Bao,
Adv. Funct. Mater. 2014, 24, 5427.
[43] S. R. A. Ruth, L. Beker, H. Tran, V. R. Feig, N. Matsuhisa, Z. Bao,
Adv. Funct. Mater. 2019, 30, 1903100.
[44] X. Hu, W. Yang, Sens. Rev. 2010, 30, 24.
[45] A. Chhetry, J. Kim, H. Yoon, J. Y. Park, ACS Appl. Mater. Interfaces
2019, 11, 3438.
[46] S. R. A. Ruth, V. R. Feig, H. Tran, Z. Bao, Adv. Funct. Mater. 2020, 30,
2003491.
[47] J. C. Yang, J.-O. Kim, J. Oh, S. Y. Kwon, J. Y. Sim, D. W. Kim,
H. B. Choi, S. Park, ACS Appl. Mater. Interfaces 2019, 11, 19472.
[48] S. Kang, J. Lee, S. Lee, S. G. Kim, J. K. Kim, H. Algadi, S. Al-Sayari,
D. E. Kim, D. E. Kim, T. Lee, Adv. Electron. Mater. 2016, 2, 1600356.
[49] P. S. Das, A. Chhetry, P. Maharjan, M. S. Rasel, J. Y. Park, Nano Res.
2019, 12, 1789.
[50] F. Liu, F. Han, L. Ling, J. Li, S. Zhao, T. Zhao, X. Liang, D. Zhu,
G. Zhang, R. Sun, D. Ho, C. P. Wong, Chem. Eur. J. 2018, 24, 16823.
[51] Y. Wan, Z. Qiu, Y. Hong, Y. Wang, J. Zhang, Q. Liu, Z. Wu, C. F. Guo,
Adv. Electron. Mater. 2018, 4, 1700586.
[52] J. Yang, S. Luo, X. Zhou, J. Li, J. Fu, W. Yang, D. Wei, ACS Appl. Mater.
Interfaces 2019, 11, 14997.
[53] M. G. Kim, H. Alrowais, C. Kim, P. Yeon, M. Ghovanloo, O. Brand,
Lab Chip 2017, 17, 2323.
[54] G. Walker, J. Soc. Inf. Disp. 2012, 20, 413.
[55] G. Barrett, R. Omote, Inf. Disp. (1975). 2010, 26, 16.
[56] M. S. Sarwar, Y. Dobashi, C. Preston, J. K. M. Wyss, S. Mirabbasi,
J. David, W. Madden, Sci. Adv. 2017, 3, e1602200.

2000079 (11 of 11)

© 2020 Wiley-VCH GmbH

Supporting Information
Title Flexible, Fringe-Effect Capacitive Sensors with Simultaneous High-Performance Contact
and Non-Contact Sensing Capabilities
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PMMA, t = 1 mm
Pressure sensitive layer
Dielectric constant = 1.8, t = 150 μm
Distance (d)
d = 0 mm – 1.4 mm
for proximity

Polyimide, t = 10 μm
Glass, t = 2mm
Patterned Au electrode, t = 1 μm

Figure S1. Model used to simulate the acrylic material approaching the two interdigitated
sensors in non-contact sensing. We model a piece of acrylic (PMMA) approaching the fringe
field electrodes with a thin layer of PDMS on top.

Figure S2. When evaluating proximity response, the point of contact with the sensor was
confirmed using a force gauge.
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Figure S3. A) Heating the FI-100 sensor from room temperature to 120℃ using a hot plate has a
negligible effect on the capacitance change. B) Cooling the FI-100 sensor from 130℃ has a
negligible effect on capacitance change.

Figure S4. All sensors show high stability over at least 4000 cycles. Here shown: F-100 (upper
left), F300 (upper right), FI-300 (lower left), and the parallel plate (lower right).

Figure S5. A) Experimental setup, including an Arduino to control the robotic gripper, and FDC
chip to convert the signal, and the laptop to readout the signals. The robotic gripper is holding a
small cherry tomato. B). The robotic gripper with the FI-100 mounted on one of the fingers. C)
Side view of the FI-100 mounted on the robotic gripper.
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Figure S6. Evaluation of the FI-100 and parallel plate sensors mounted on the robotic gripper to
the movement of the fingers towards each other. Neither shows significant response to this
movement.

Discussion S1: Analysis of Interdigitated Fringe Field Capacitive Sensors
To analytically evaluate the capacitive sensing component (Cs) of an interdigitated fringe field
sensor, we use a conformal mapping technique to transform the coplanar geometry into a parallel
plate capacitor for which the capacitor is linearly dependent on dielectric constant.[1] The total
capacitance (Cs) is made up of the line capacitance without surrounding dielectrics CIDE, the line
capacitance with a dielectric substrate Csubstrate, and the sensing capacitance with a chemical layer
Csens, as shown in the following equation:
𝐶 = 𝑛 ∙ 𝑙(𝐶𝐼𝐷𝐸 + 𝐶𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 + 𝐶𝑠𝑒𝑛𝑠𝑜𝑟 )

(1)

Where
𝐾(𝑘 ′ )

𝐶𝐼𝐷𝐸 = 4𝜀0 (𝐾(𝑘1 ))

(2)

1

𝐾(𝑘 ′ )

𝐶𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 2𝜀0 (𝜀𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 − 1) (𝐾(𝑘2 ))
2

𝐾(𝑘 ′ )

𝐶𝑠𝑒𝑛𝑠𝑜𝑟 = 2𝜀0 (𝜀𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 − 1) (𝐾(𝑘3))
3

(3)
(4)

Where n is the number of interdigitated electrode pairs, l is the overlapping length between the
electrodes, K(k1’)/K(k1), K(k2’)/K(k2), and K(k3’)/K(k3) are the ratios of complete elliptical
integrals of air, substrate, and the sensing film based on geometric parameters related to the
electrode width and inter-electrode spacing, respectively.[1,2] The first capacitance of the coplanar
strip, CIDE, lines only with the air layer and thus is dependent on the permittivity of free space, ε0.
The approximation of the complete elliptical integral is dependent on the value of k between 0
and 1. The final term, Csensor takes into account the microstructured dielectric layer on top of the
interdigitated electrodes and is dependent on the thickness of the insulation layer, which is the
microstructured dielectric layer along with the encapsulation layer.[1] Thus, since the only layer
being affected by compression is the microstructured dielectric layer, only Csensor changes in the
pressure sensing regime.

