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1. Introduction

Humans simultaneously leverage multiple sensory inputs
to be able to navigate and interact with their surroundings.[1]

While robotics researchers are actively working to mimic this
capability,[2–19] it typically requires the use of multiple sensors,
making it more challenging to obtain a high density of modalities
on a single robot.[20] Robotics applications typically require both
pressure and proximity-sensing capabilities to create systems
that can interact autonomously with the environment and safely

with humans.[13,21–23] Robots equipped
with only tactile sensors, which sense
objects upon contact, cannot appropriately
react to approaching objects by decreasing
their velocity.[21] As a result, the movement
of these robots must be programmed to be
slow enough to avoid unsafe collisions or
breaking fragile objects.[21,24] Further,
previous works have demonstrated that
the ability to distinguish between materials
can help robots more autonomously
interact with their environments.[25–27]

Proximity sensing has often been intro-
duced using cameras or ultrasound, al-
though a variety of methods exist.[28–32]

However, the single focal point of a camera
limits depth perception, making it difficult
to understand the environment very near to
a robotic gripper.[21] On the other hand,
ultrasonic proximity sensors are effective
with wide-range proximity sensing, but
are limited by their high power consump-
tion.[32] To provide depth perception, a

proximity-sensing mechanism that can detect when an object
is approaching, especially very near the sensor, is necessary.

In most cases, achieving both pressure and proximity sensing
requires the use of either two distinct sensors[33,34] or at least two
distinct readout mechanisms.[22,33] These approaches increase
the amount of space that must be occupied by the sensing
architecture, thereby reducing the density of sensors that can
be integrated onto a single robotic limb. Recapitulating human
skin requires high density sensor arrays: there are as many as 241
mechanoreceptive units per cm2 in just the fingertip,[35] but few
reported sensors have the miniaturization capability to achieve
this for combined pressure and proximity sensing.[36]

Researchers have recently begun to capitalize on the fringe
fields in capacitive sensors to create single devices capable of
sensing both pressure in contact mode[37] and proximity in
noncontact mode, with capacitance as the single readout
signal.[24,38,39] Fringe field sensors detect incoming objects
through the disturbance in the fringe field as the object
approaches. For example, our group has demonstrated a fringe
field capacitive pressure sensor that wraps around an artery
and is capable of detecting fluctuations even if it is not in full
contact.[38] However, in each of these cases, introduction of
noncontact mode capability required a significant compromise
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To mimic human touch sensing, robotics must be able to leverage multiple
sensory inputs. Previously, to achieve both proximity and pressure sensing, most
approaches have required using two separate sensors, each with their corre-
sponding electronics, limiting the achievable density. More recently, sensors with
multifunctional pressure and proximity capabilities have been realized at the cost
of compromised pressure sensing. Presented here is a new design for a
multifunctional interdigitated fringe field capacitive pressure sensor with a
pyramid microstructured dielectric layer that has proximity-sensing capabilities
(noncontact mode) while also sensing pressure (contact mode) as strongly as an
equivalent parallel plate capacitive sensor of the same size. In contact mode, both
sensors have a response time of less than 20 ms and can respond to loads lighter
than 0.5 Pa. Further, the interdigitated fringe field sensor can clearly distinguish
between the two sensing modes, as well as between conductive and noncon-
ductive materials in the noncontact mode. Finally, we use the interdigitated fringe
field sensor to demonstrate both proximity and high-sensitivity pressure sensing
on a robotic gripper.
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in pressure-sensing sensitivity. In fact, previous works have
struggled to achieve sensitivities above 1MPa�1 while maintain-
ing strong proximity sensing capabilities.[39] This low-pressure
sensitivity is problematic not only because it limits the useful-
ness 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 capaci-
tance 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 deforma-
tion 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 inter-
electrode 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.

www.advancedsciencenews.com www.small-structures.com

Small Struct. 2020, 2000079 2000079 (3 of 11) © 2020 Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.small-structures.com


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 interelec-
trode 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 cm�2 in
the original design to 20.7 pF cm�2 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 ε0εr
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 sensi-
tive 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 CsensorÞ (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 interdigi-
tated 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 con-
stant 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.

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 capaci-
tance of

ΔC ¼ n · l½Csensor,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, increas-
ing 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 expecta-
tions. Specifically, we tested the proximity-sensing capabilities of
our sensors by placing it on a stage and moving it toward a
35mm-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 electro-
des 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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experimental results, we used finite element modeling to
simulate the approach of acrylic toward capacitive sensors incor-
porating 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 stron-
ger 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 com-
press 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).

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, whereinmoving a conductivematerial 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 dis-
tance 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

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.
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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 con-
ductive 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 interdigita-
tion 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 capaci-
tance. 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 sen-
sor 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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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 20ms and relaxation times less than 40ms, increasing

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

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 20ms. 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.
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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

type. Regardless, the interdigitated sensor’s proximity response
was clearly linear with a high coefficient of determination
(R2¼ 0.9), whereas the parallel plate sensor’s response was
not (R2¼ 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

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.
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response varied depending on shape, size, compressive modu-
lus, and conductivity of the material. This was evident from com-
paring 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 con-
ductive material (human finger and metal chord). Each material
resulted in a unique shape of the FI-100’s response curve, indicat-
ing 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 proximity-
sensing capabilities, with the FI-100 sensor exhibiting a more
linear and stable response to the approaching blueberry as com-
pared 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 proxim-
ity sensor with strong sensing capabilities in each regime.
The advantage of this work is evident when comparing to physi-
cal 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 con-
tact 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 capa-
bility 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 functional-
ity of being able to distinguish between conductive and noncon-
ductive 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 pho-
tolithography would enable sensor features as small as 1 μm,
including pyramids, electrode width, and gap sizes. It is impor-
tant 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 sen-
sor 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. (NR¼ not reported).

Proximity Pressure

Reference Overall sensor
size [mm2]

Type Max absolute relative
signal change

Distance for relative
signal change [cm]

Type Max sensitivity [kPa�1] Total reported
pressure range [kPa]

Minimum
detection

[24] >9000 Capacitive 0.075 (pF/pF) 9 Capacitive 4� 10�4 0–300 NR

[33] �2000 Capacitive 0.15 (pF/pF) NR Piezoresistive
and Capacitive

0.86 0–100 10 Pa

[36] NR Capacitive 0.25 (pF/pF) 20 Capacitive 0.0224 0–360 7.3 Pa

[38] 9.9 Capacitive 0.07 (pF/pF) 0.8 Capacitive �4.5� 10�3 0–300 NR

[39] 900 Inductive 0.074 (mH/mH) 15 Capacitive 5.57� 10�4 0–330 0.03 g

[34] �1600 Capacitive �0.013 (V/V) 7 Resistive 5.3� 10�3 0–72 NR

Our work 9.9 Capacitive 0.07 (pF/pF) 0.14 Capacitive 0.054 0–300 0.49 Pa
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on a robotic gripper. With its multifunctional-sensing capabili-
ties, 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 5min followed by at least a 30min 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 s�1

acceleration) for 1min. The spin-coated uncured mixture was then degas
for at least 90min, 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 s�1

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� 10�5 torr. The evaporation rates for chromium and gold were
0.04 and 0.3 Å s�1, 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 [induc-
tance (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 35mm 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� 5mm2 glass

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 6.25mm. Each material tested
was placed between the gripper fingers for proximity and grasping test.
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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. 
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Figure S2. When evaluating proximity response, the point of contact with the sensor was 

confirmed using a force gauge. 

  



               
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.  
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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.   



 

 
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.  
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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  

𝐶𝐼𝐷𝐸 = 4𝜀0 (
𝐾(𝑘1

′ )

𝐾(𝑘1)
)     (2) 

 

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

′ )

𝐾(𝑘2)
)   (3) 

 

𝐶𝑠𝑒𝑛𝑠𝑜𝑟 = 2𝜀0(𝜀𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 − 1) (
𝐾(𝑘3

′ )

𝐾(𝑘3)
)   (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.  

 


