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Touch, press and stroke: a soft
capacitive sensor skin

Mirza S. Sarwar™, Ryusuke Ishizaki?, Kieran Morton?, Claire Preston?, Tan Nguyen?,
Xu Fan?, Bertille Dupont?, Leanna Hogarth?, Takahide Yoshiike?, Ruixin Qiu?, Yiting Wu?,
Shahriar Mirabbasi® & John D. W. Madden ®**

Soft sensors that can discriminate shear and normal force could help provide machines the fine control
desirable for safe and effective physical interactions with people. A capacitive sensor is made for this
purpose, composed of patterned elastomer and containing both fixed and sliding pillars that allow the
sensor to deform and buckle, much like skin itself. The sensor differentiates between simultaneously
applied normal force and shear using summation and differences of signals from four deformable
capacitors. Cross talk from shear to normal force is less than 2.5%, and between shear axes is less
than 10%. Normal and shear stress sensitivity is 0.49 kPa and 0.31 kPa respectively, with a minimum
displacement resolution of 40 pum. In addition, finger proximity is detectable at a range of up to

15 mm. The operation is demonstrated on a simple gripper holding a cup. The combination of features
and the straightforward fabrication method make this sensor a candidate for implementation as a
sensing skin for humanoid robotics applications.

To accommodate for complex interactions between humans and robots, it is important to design a method for
touch identification that can be active on fingertips and other sensing surfaces. Ideally, the approach will be
scalable to cover over most of a robot’s surface area, forming an artificial or electronic skin2. Such a technology
is also sought for neurally controlled prosthetic devices to enhance motor control®*. The functional require-
ments of an artificial skin include the ability to sense and differentiate tactile stimuli such as light touch, normal
force, and shear'. Combined shear and normal sensing capability enables grip of fragile objects for manipula-
tion while avoiding excessive forces™®. Altun et al.” emphasise the benefits of shear sensing to recognize human
touch gestures on a robot, and Shehata et al.® have described the benefits of feedback sensing in applications
such as prosthetic limbs. Having a smooth and soft skin, rather than a hard or bumpy surface, helps make the
surface more lifelike.

The objective of this work is to create a soft sensor which provides displacement signals in three axes that can
be readily discriminated and may in turn be related to force. Softness or compliance in force sensors enables a
more natural robot-human interaction, and three sensing axes improves dexterity over normal force alone. Soft
normal and shear force sensors are typically capacitive®!!, piezoelectric'?, piezoresistive!*'%, or magnetic'®. Flex-
ibility is incorporated using elastomer layers and deformable electrode materials that contain silver nanowires'’,
carbon nanotubes'®-%, liquid metals*??, and hydrogels®. Silicone based elastomer substrates such as Ecoflex?"**
and PDMS? have been used to make the substrate stretchable. In addition to normal pressure sensing capabili-
ties, shear sensing is important to possess for an artificial skin. Most soft sensors do not measure both shear and
pressure, and those that do often have significant drawbacks. In this work we have sought to overcome some of
the limitations associated with previous normal and shear sensors including lack of discrimation of direction®,
uneven upper surfaces needed to convert shear to torque?, or rigid circuitry integrated into the sensor that
restrict bending, stretching, and spatial resolution'®.

Several studies have been done on hard, silicon-based tactile sensors incorporating shear detection, but these
tend to be too stiff or brittle to enable highly conformable sensor arrays'*** and require involved fabrication
processes?. Several soft capacitive sensors that have successfully discriminated between forces. In the present
work we use an alternative electrode and dielectric geometry that increases sensitivity by an order of magnitude.
The dielectric is compliant and is compressible thanks to the addition of pillars?®*°, and the electrodes are spaced
as in Fig. 1A to allow greater capacitance change. Ham et al.!! recently demonstrated a similar five electrode
3-axis force sensor design to our own that also detects rotation around the surface normal. Their simulation
shows the benefits of using porous polymers and pillar structures as dielectrics to increase sensitivity relative
to the use of a solid dielectric. They also show an estimation of combined multi-axis force inputs, with average
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Figure 1. The sensor and working principle. (A) Top view of electrode architecture (left) and side view (right)
(B) Sensor electrode layout showing four top electrodes (blue E1-E4) and one bottom one (red). Electric fields
couple directly between the top and bottom electrodes (X1), while some fringing fields (X2, X3) extend above
the plane of the device and can couple into a finger for proximity detection. The device is a mutual capacitive
sensor in which in (D) an applied pressure displaces the top electrodes (originally grey) downwards (blue) to
increase coupling with the bottom electrode (red), while (E) shear is detected by the lateral displacement and
varying overlap of the top and bottom electrodes (dielectric omitted for clarity). In (F) portions of the sensor
are cut away to display the structure and electrode arrangement. (G) Cross-section of sensor showing localized
buckling upon shearing with a finger.

error of about 10%. Boutry et al.*! demonstrated an array of internal bumps patterned with five thin capacitive
electrodes. A soft, flat surface sits above these small domes, which has five perpendicular electrodes that overlap
with the electrodes below. The pattern of response produced when the two layers move relative to each other
enables the differentiation between simultaneous pressure and shear in this soft sensor. However, a single pres-
sure/shear sensing location requires interpretation of data from a 5 x 5 array of capacitive sensors, which is a
challenge for scalability to larger arrays, and quantitative differentiation has not yet been shown. Charalambides
et al.*?> demonstrated a solid dielectric PDMS-based capacitive shear sensor, but this device requires a significant
initial normal force (1.8 N) before functioning.

Three dimensional piezoelectric, magnetic and optical sensing has also been demonstrated. A 2 x 2 array
of trapezoidal PDMS protrusions on a flexible PCB were coated with piezoelectric PVDF film*. By comparing
the voltage output from the faces of each trapezoid the direction of applied force is determined. The sensor is
relatively stiff, with minimum detectable shear and normal stresses of 45 kPa and 100 kPa, respectively. These
sensitivities are poor compared to the sensitivity of skin itself, where displacements of 10 pm are detected at low
frequencies™. Xela uSkin® is a commercial magnetic normal and shear force sensor that can be expanded into an
array of up to 4 x 6, and is sensitive to applied forces down to approximately 10 mN or 0.45 kPa in normal force
with a lateral spatial resolution of 4.7 mm per taxel. A permanent magnet is placed in a rubbery layer above a
rigid Hall-effect sensing chip, which detects the deformation in the sensor surface from movement of the magnet.
The underlying chip (one per taxel) adds to cost and restricts bending, limiting the curvature of the surface on
which it can be mounted. Unlike skin it is not readily stretchable, and while it can bend, each taxel is stiff; these
properties make it less practical for use on tightly curved surfaces such as fingertips. Choi et al.*® demonstrate
a similar magnetic sensor that is scaled up to a large array, but this sensor requires the same stiff embedded
components as the uSkin®® in addition to a minimum height requirement of 6 mm due to the parameters of the
magnetic field adding to the thickness of the sensor. This embedded-chip system is common in sensors that are
otherwise soft, which makes them difficult to use in applications requiring high bendability or stretchability.
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We present a soft and stretchable sensor with the ability to sense proximity, normal force and shear. We
employ capacitance addition and differences between electrodes to extract directional forces. The shear and
pressure magnitudes are output as separate numeric quantities and therefore are easy to interpret and imple-
ment in automated systems. A major contribution is the demonstration of minimal coupling between axes,
proving the basic architecture. The non-linear stiffness®” and ability to buckle (Fig. 1A left) simulates human
skin—a potential advantage for creating sensor arrays that do not couple, and relevant to the desire to match
constitutive behaviour of skin in advanced humanoid robots, such as that of Sophia (Hanson Robotics)* or
iCub (EU project RobotCub)* to make more realistic human synths*. The sensor surface is smooth, making
it more skin-like than some previous work, which uses bumps on the sensor surface to create torque*>*”1. The
sensor also detects the approach of a finger, or in general any grounded conductor* using mutual capacitance
but is relatively insensitive to insulating materials. The sensor also has a simple readout circuit which provides
capacitive signals through reading only four capacitances. Mutual capacitive sensing has also been found to be
relatively stable to temperature change®.

Results

A set of five independently connected electrodes is used for the capacitive sensing, enabling displacements and
forces applied to the surface of the sensor to be resolved in 3 dimensions. Four top sense electrodes (EI-E4) are
capacitively coupled to one bottom ground electrode, as shown in Fig. 1A, forming capacitances CI1-C4. The top
and bottom electrodes are coupled by electric fields both going directly through the dielectric (X1) and projecting
outwards (X2), as shown in Fig. 1B. The capacitances between each of the top electrodes and the bottom refer-
ence are sequentially measured using an AD7745 capacitance-digital converter and a multiplexer. Connection
between the soft sensor elements and this circuit is made using copper tape attached to conductive elastomer
and copper leads respectively. These capacitances change in a way that depends on the nature of the stimulus.

The working principle is as follows. A human finger in proximity or lightly touching acts as a virtual ground
and decouples the projected electric fields (labeled X3 in Fig. 1B), thereby reducing all the capacitances CI-C4 in
a similar manner*. Upon application of a compression force, all four top active electrodes, E1-E4, are displaced
towards the bottom electrode, thereby increasing all four capacitances, CI-C4 (Fig. 1C). Applying a shear force
in the rightward direction moves E3 to the right, increasing the overlapping area with the bottom electrode, and
in turn increasing C3. E1 also moves the to the right, decreasing overlap area with bottom electrode, in turn
decreasing C1I (Fig. 1D). The shear in this axis has minimal effects on C2 and C4 as their overlap with the bot-
tom electrode does not change. This combination of changes in C1-C4 is characteristic of a shear in the positive
x-axis and provides information on the magnitude of the shear and its direction. The truth table of responses is
presented in Table 1.

Mathematically we can separate the effects of shear and normal displacement from the resulting changes in
capacitance. When normal displacement is applied all capacitances increase, while the shear effects are propor-
tional to the difference in capacitances. For example, the shear displacement magnitude parallel to the C;, C; axis
is nonlinearly proportional to the expression (C3C| — C1C})/(C} 4 C}), where C, and C; are the capacitance
values without force applied, and C,”and C;’ are the values at the time of interest. We demonstrate that this equa-
tion is valid for shear directionality even with the application of a normal force. The shear signal in the perpen-
dicular direction is given by a similar expression, replacing C, and C; with C, and C,. Normal displacement of the
dielectric is proportional to the sum of differences, (AC; + AC, + ACs + ACy)/(C| + C + C} + C}), where
AC,; represents the change in capacitance, C;—Cj; this is shown to be valid even with a simultaneously applied
shear. The overall change in capacitance of each electrode is the superposition of these individual changes, which
are separated by the equations. These analytical equations are nonlinearly proportional to the strain experienced
by the device, and may be mapped to three-axis applied displacement force through calibration. Derivation of
the analytical equations is shown in Supplemental S1.

To obtain a larger change in capacitance, localize the effect of shear, and simulate the buckling and stretching
of skin, a novel dielectric architecture is used as shown in Fig. 1E. The dielectric consists of elastomer pillars
supporting the top layer and air. There are two types of alternating pillars—square, with the electrodes E1-E4
located on top of them, and X-shaped. The spacing and aspect ratio of the square pillars are such that they can
easily bend upon application of a shear at the top surface, making the device more sensitive compared to when
a solid layer of elastomer is used. The square pillars are anchored on both the top and bottom layers, while the X
pillars are only anchored to the bottom layer, as shown in Fig. 1E This allows for a smooth top layer by prevent-
ing it from collapsing in regions not supported by square pillars while simultaneously enabling a sliding motion

Stimulus C1 C2 C3 C4

Light touch Down Down Down Down
Normal force Up Up Up Up

Shear +ve X direction | Down Unchanged | Up Unchanged
Shear —ve X direction | Up Unchanged | Down Unchanged
Shear +ve Y direction | Unchanged | Up Unchanged | Down
Shear —ve Y direction | Unchanged | Down Unchanged | Up

Table 1. Truth table for proximity/light touch, two-axis shear and normal force.
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of the top layer upon application of a shear and gives the sensor the ability to buckle and stretch in a localized
region, mimicking human skin, as seen in Fig. 1E.

The materials and methods are chosen to be low cost and appropriate for large-format mass production.
A simple three-step mold-pattern-bond (MPB), Fig. 2A-D, produces a unibody sensor. The elastomer used
is Ecoflex™ 00-30, which is highly compliant and has a skin-like feel. The stretchable electrodes are carbon
black mixed with Ecoflex™. Although the resistivity of the carbon black based stretchable conductor is large
(approximately 0.1 Q-m), it is sufficient for low-current capacitive sensing. Ecoflex™ 00-30 is first cured in the
top and bottom molds (Fig. 2A) to build the top and bottom segments, with the two types of pillars in the two
molds being 1.5 mm tall, beneath a 0.3 mm thick top layer. The air pockets are 1.5 mm tall, the square pillars are
3 mm x 3 mm, and the X-pillars are 5.8 mm long on each leg. The electrodes are patterned with carbon black
containing Ecoflex™ using shadow masks made from cut transparency film (Staples multipurpose transparency
film, 120 pm thick) shown in Fig. 2B. The electrodes (top 4 being 3 mm x 3 mm and bottom 9 mm x 9 mm) are
covered with an encapsulating layer of Ecoflex™ (Fig. 2C) approximately 300 pm thick. Half of the area of each
of the top 4 electrodes overlaps with the bottom electrode midway along the four edges (Fig. 1A). A grounding
layer is added to the top or bottom of the sensor using the same layering process as the sense electrodes, before
the electrodes are added. The top segment is then bonded to the bottom by applying a thin layer of uncured
Ecoflex™ on the bottom of the square pillars only (Fig. 2D). The sensor has an effective elastic modulus for
compression of approximately 160 kPa (skin has a modulus of ~ 400 kPa**). A stress—strain plot for our sensor
is shown in Fig. 3A, demonstrating a low effective elastic modulus EI at small strains and a higher modulus E2
for larger strains, similar to human skin’.

Figure 3B demonstrates the sensor response to the approach and contact of a finger. The four bars in the map
correspond to the four capacitances CI-C4. Upon approach, the projected field couples increasingly with the
finger and the coupling between the excitation and sense electrodes will decrease along with all four capacitances
C1-C4 (Fig. 2B). The maps in Fig. 2B,C show the % decrease in the positive y-axis. The capacitances reach a
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Figure 2. Fabrication of the sensor. (A) Step 1: Mold. Mold filled with Ecoflex™, with the square pillars that will
form the top surface of the skin shown at left and the X-shaped supporsts that form the bottom layer shown at
right. (B) Step 2: Pattern electrodes (black) using carbon black-Ecoflex™ composite by doctor blading through

a shadow mask. (C) Spin on encapsulating layer to prevent external electrical contact. (D) Step 3: Bond layers
using a thin layer of uncured Ecoflex™ which glues the square pillars to the base layer.
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Figure 3. Sensor response to different stimuli. (A) Non-linear elastic response similar to human skin. E1I is
a smaller effective elastic modulus for small strains while E2 is a larger elastic modulus for larger strains. (B)
Response to a hovering finger (C) a light touch (D) a press and (E) a shear. All capacitive axes are in %AC.

minimum with a 10-12% decrease upon light contact, as shown in Fig. 2C. The human finger or other conduct-
ing object acts as a virtual ground, which leads to the decrease in capacitance. When approached or touched by
a plastic object with a size similar to a finger, the capacitance shows a modest increase (up to 3%). The response
is small and in the opposite in direction, as capacitance is increased due to the higher effective dielectric con-
stant. The sensitivity to human approach may be valuable in robotics applications where the robot is expected to
interact with humans in a delicate manner. Sensing can be done through clothing and is sensitive at a distance
of 1.5 cm for electrodes of this scale, as shown below for maximum range. This ability to sense proximity could
also be valuable in control, providing advance warning of a collision, or helping guide grasp.

Upon application of force normal to the sensor surface, the dielectric thickness is decreased and all four
capacitances increase, as shown in Fig. 2D. Figure 2E shows the application of a shear and the sensor’s response
to it. The applied shear buckles the skin on the leading edge and stretches the skin on the trailing edge. This is
achieved by the dielectric architecture in Fig. 1E, which enables sliding of non-bonded surfaces, and separation
when under compression—much like skin itself. The capacitance response to a shear is shown in the map in
Fig. 2E. The capacitance at the trailing edge of the shear increases due to the increase in overlap area, as illustrated
in Fig. 1D. Also seen in Fig. 2E is the decrease in capacitance at the leading edge of the sheared sensor as overlap
with the reference is reduced. The two responses are not perfectly equal and opposite, due to the superimposed
normal force that is applied during the act of shearing. The capacitances perpendicular to the axis of the shear
force increase slightly due to this downward deformation.

One key ability of this sensor architecture is to simultaneously detect and estimate normal and horizontal
displacements and forces. This is done using the difference and summation signals, including normalizing by
base capacitance in the shear case to get a dimensionless expression, yielding:

n_ AC) 4+ AC + ACs + ACy

normal signal = J C+GAC+C (1)

A 1 G3C) — C1C,
shear signal along C1(—)C3 = 7= mﬁ, (2)

and
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These equations assume uniform displacement of all four electrodes, E1-E4, relative to the base electrode. The
derivations of the equations are shown in the supplementary S1. This model assumes that the electrodes deform
in a uniform manner due to applied force, and that the indentation object has flat dimensions of at least the size
of the shear sensing area (1.1 x 1.1 cm). Simulations are conducted in COMSOL, shown in Fig. S2 to verify the
normal or lateral motion for normal or shear forces respectively. Based on these simulated results, the model
should provide a nonlinearly proportional calculation of applied forced directionality. This set of three equations
separates the shear induced changes in capacitance along the two horizontal axes, and the normal strain induced
strain capacitance. In order to estimate applied force from capacitance, the calibration curves shown in Fig. 4 are
used. Using the resultant force vectors in the x- and y-directions, force vectors can be estimated.

Like commercial force sensors, including the ATT Nano 17 multi-axis force sensor used here for calibration,
the new soft sensor is able to differentiate between simultaneously applied shear and normal components. To
demonstrate this, measured shear and normal forces obtained from the ATI Nano 17 are compared to those
predicted by our capacitive sensor. A 14 x 14 mm square indenter printed from resin (Formlabs) is used to indent
the sensor surface, and displacements are applied using a Nanomax 3-axis stage. Indenter size and shape is chosen
to cover the entire sensor surface and provide a uniform response, shown in Fig. 4A. Normal force and % change
in capacitance (AC/C,) for the four capacitive electrodes are plotted in Fig. 4B. We see change in capacitance
increase with increasing applied force for all four electrodes, as is expected given that the separation between
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Figure 4. Characterization of sensor. (A) Characterization setup showing the ATI Nano 17 load cell and the
Thorlabs 3-axis stage. (B) Plot showing relation between applied pressure and %AC change in capacitance. The
inset shows the simulated %AC change in capacitance with pressure. (C) Plot showing relation between applied
pressure and % change in capacitance with GND shielding to reduce parasitic capacitance. (D) Plots showing
response of sensor to normal forces with simultaneous horizontal forces being applied. (E) Image from the
bottom of the sensor at steady state (left) and with a shear force applied (right). (F) Plots showing response of
sensor to horizontal shear displacement in the X-axis with simultaneous normal forces being applied. (G) Plots
showing response of sensor to horizontal shear displacement in the Y-axis with simultaneous normal forces
being applied. (H) Sensor applied on a robotic gripper holding a paper cup.
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capacitor plates is decreasing. The slopes of the responses flatten with increasing force, consistent with the increas-
ing stiffness of the sensor (Fig. 2A). There is significant variation between electrodes in the AC/C, magnitude and
slope, shown in Fig. 4B. When looking instead at raw change in capacitance, the changes are more consistent,
shown in Fig. S3. Parasitic coupling due to trace asymmetry leads to a difference in baseline capacitance (C, =44
pE C,=49 pE C;=49 pE, C,=38 pF). Using the ground shield architecture shown in Fig. S7reduces the variation
between electrodes, seen in Fig. 4C. The ground shielding lowers the baseline capacitances and also brings the
electrode capacitance closer to each other (C, =14 pE, C,=13 pF, C; =14 pF, C,=15 pF). The sensitivity is 2.8%/
kPa for low pressures. A light press using a fingertip is approximately 50 g, which corresponds to a normal force
of about 0.5 N and is detectable. The force ranges characterized in both normal and shear are chosen to match the
lower forces observed in humanoid touch®® to focus on the low forces associated with dexterous manipulation.
The sensitivity drops with increasing load, Fig. $13,S14, consistent with the increasing stiffness of the structure,
to 0.3%/kPa at 80 kPa. The sensor also demonstrates a consistent response to repeated small-force normal
characterization, with a maximum change in force response of 0.593% and maximum change in signal response
of 2.93% across a five-peak characterization set. The sensor also exhibited minimal wear from characterization
performed and practical tests, including movie S1-S3 with practical indentation objects.

To illustrate the sensor’s ability to detect normal force independent of shear forces applied, the normal signal
calculated using Eq. (1) is plotted against the applied normal strain. The summation of the responses of the
four electrode capacitances results in a single curve relating applied normal strain and capacitance, as shown
in Fig. 4D. This curve remains approximately constant under simultaneous horizontal (shear) forces of varying
magnitude. All four curves associated with different levels of shear force coincide with each other within 2.5%.
The normal force detection is independent of the level of shear force applied, showing that reliable normal force
readings can be obtained, independent of shear. When normal strains are in excess of 30%, significant viscoe-
lastic responses are observed, as seen in Fig. S5. However, the measurements are stable relative to applied shear
strain, as shown in Figure S6. This suggests, as expected, that capacitance is determined by electrode spacing,
not by forces between electrodes. Minimum normal forces detected are 0.095 N (0.49 kPa) with a SNR of 5 dB,
corresponding to a normal strain of 1.6%. Assuming accuracy decreases as sensor deformation becomes further
from the linear region, and worst-case accuracy occurs at the lowest measured sensitivity, the worst-case normal
force accuracy of the sensor is+0.04 N.

In order to characterize the shear force sensitivity, a horizontal force is applied by moving the Nanomax
3-axis stage in either the X or Y axes. Upon application of shear, the surface of the sensor buckles, similar to
human skin, as shown in Fig. 1E Images looking up through the bottom of the sensor in rest and sheared states,
are shown in Fig. 4E. The calculated shear displacement from the sensor is plotted against the applied shear
displacement in Fig. 4F,G for displacements along the X-axis and Y-axis. There are four sets of plots in each
figure corresponding to different normal forces applied simultaneously to the shear force; agreement between
curves in this plot indicates the independence of sensing directions from one another. The X and Y axis shear are
nearly independent, with some X-Y cross-over seen in Fig. 4F (10% maximum). This is likely due to imperfect
shielding, leaving some coupling between electrode E2 and E4 with the adjacent traces. Minimum shear forces
detected are 0.061 N (0.31 kPa) with a SNR of 5 dB, corresponding to shear strain of 1.8%, showing a sensitiv-
ity of ~0.3% change in capacitance per change in strain (or ~20% change in capacitance per Newton, and 5%
change/kPa), with a maximum force tested of 0.8 N (4.1 kPa), corresponding to a shear strain of up to 53%.
Based on the same assumptions of worst-case accuracy as the normal force response, the shear force accuracy
of the sensor is+0.043 N.

Using results from the X-axis shear magnitude and Y-axis shear magnitude, the resultant shear magnitude
and angle can be estimated, as demonstrated in Movie S1. A strawberry was used to apply forces to the sensor.
The strawberry, despite being relatively soft, was not physically degraded by the interactions with the sensor,
which is important for applications that require a gentle interaction®. The sensitivity to shear forces is also illus-
trated in Fig. 4H and Movie S2. Here the sensor is implemented on a gripper, which is used to grab a Styrofoam
cup. The sensor is mounted on a flex printed circuit board. As shown in Fig. S8, the flex PCB contains the four
sense electrodes (E1-E4) and all the readout hardware. The hardware is concealed inside the gripper, as shown
in Movie S2. The video demonstrates the sensor’s ability to detect the shear forces as the cup gets heavier due
to the addition of water. A key offering of the sensor is the ability to detect shear changes as the cup becomes
heavier, which requires multi-axis sensitivity. This feature is a step towards mass estimation and slip detection,
and in turn dextrous manipulation of objects. Movie S1, shows the sensor response to the application of forces
in 3 axes, showing the output signal as a shear vector and normal magnitude.

Proximity to the sensor of a grounded object produces a clearly detectable signal out to a distance of 15 mm.
This range is observed through the approach of a finger towards the surface of the sensor, acting as an approach-
ing cylindrical grounded object. The response of the sensor to the approach of a finger from a maximum distance
of 15 mm is illustrated in Fig. 5A, with the approaching finger shown in Fig. 5B. Due to the electric field siphon-
ing by the approaching finger, a decrease in capacitance occurred up to a maximum average AC/C, of 14.7%,
measured across the four upper taxels of the sensor and using the capacitance reading at 15 mm as the baseline.
This proximity could be used to enable anticipation of incoming objects, and identification of light touch on the
sensor surface with very low normal force.

Although shear, proximity and touch can all be detected, there is a region of ambiguity between pressure and
proximity. An approaching conductor causes the capacitance to decrease, and vice versa on retraction. The same
response is seen if the finger approaches and pushes very lightly on the sensor, with capacitance rising after con-
tact due to compression of the capacitors, shown in Fig. S9. To resolve this ambiguity between light pressure and
proximity a grounded conductor plane is added on top of the sensor, removing the mutual capacitive coupling
between the electrodes and the approaching object or person. In order to retain the ability to detect proximity
the conductor plane is multiplexed to a self-capacitance readout IC (FDC1004), illustrated in Fig. S10. Movie S3
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Figure 5. Approaching object proximity characterization. (A) Plot showing average taxel capacitive response
to an approaching finger with 15 mm distance as baseline capacitance (B) Finger approaching sensor within a
plastic distance-measuring guide.

demonstrates the sensor detecting approach, light touch, and normal force, combined shear and normal force.
There is no effect of proximity on force detection, and vice-versa. The configuration allows detection through
clothing, and the registration of contact that is below the resolution of the normal and shear force sensors.

Discussion

The soft capacitive sensor distinguishes normal force from shear with direction discrimination based on additive
or differential capacitive signals. It also enables proximity detection, and has skin-like properties. The mecha-
noreceptors of human skin remain more sensitive, detecting forces as small as ~30 mN*, three quarters the
weight of a sheet of paper, and corresponding to a pressure of ~ 300 Pa—so there is still work to do to match this
sensitivity. The dielectric architecture allows plenty of room for scaling up or down, however. Changes in sen-
sitivity can be achieved by using materials of different intrinsic stiffnesses, as has been explored by Ham et al.!!,
as well as by varying the geometry and size of the features—creating the promise of both smaller and/or softer,
higher resolution sensors, and bigger and/or stiffer, higher force versions. An attractive feature of any capacitive
technology is that its spatial resolution scales in proportion to the dimensions of the electrodes. On the larger
scale, previous work*? suggests that the active area can be hundreds of square meters, which can be low in cost
due to the inexpensive materials employed.

Next steps in sensor development include coupling the sensors with control to enable the manipulation of
delicate objects. There is also the potential to fabricate and test arrays of sensors to form a full skin, and enable
large-area skin sensing. Effective scaling to arrays would require a reconfiguration of the sensor design described
here to maximize density of sensing taxels while keeping the number of connections required manageable. One
potential approach to this scaling is to arrange the taxels into grids of overlapping taxels, where vertical and
horizontal traces could be shared across taxels, as demonstrated in normal force sensing®’. Success in this area
would enable robots and prosthetics to interact more effectively with their environments.

Materials and methods

Sensor fabrition

A FormLabs Form?2 Printer was used to print two molds (Grey V4 material). Ecoflex™ 00-30 (Smooth-On two-
part silicone elastomer) was mixed in a 1 (part A):1 (part B) mass ratio for 3 min and degassed to remove air
bubbles. The mixture was poured into the molds and levelled with a glass slide, degassed once more for 2 min
and placed in an oven at 60 °C for 10 min.
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Masks for patterning the electrodes were laser cut from Staples multipurpose transparency sheets (120 um in
thickness). Each mask was manually aligned with the dielectric patterns on top of the cured Ecoflex mold layers
while still in the mold, with the 4-electrode pattern laid down on the square-pillar piece and the bottom electrode
laid down on the X-pillar dielectric. Carbon black (H30253 Carbon Black Super P® Conductive, Alfa Aesar) was
mixed in a Thinky ARE-310 mixer with Ecoflex 00-30 in a 2(carbon black):10(part A):10(part B) mass ratio for
4 min, then spread over the aligned mask exposed regions to cover the electrode region. A glass slide was used to
level the conductive paste and remove excess material before liftoff of the mask, leaving the patterned electrode.

Ecoflex 00-30 uncured mixture was prepared using the same mixing and degassing method as above and
spin-coated at 300 RPM on top of the patterned electrodes in the molds for 60 s to achieve an encapsulating layer
of ~400 um thickness. The molds were again placed in the oven for 10 min to cure the top layer.

The two molded pieces with patterned and encapsulating electrodes were peeled off of the molds. A 1:1
Ecoflex mixture was prepared and spin-coated onto a petri dish at 300 RPM for 60 s. The square-pillar layer was
laid gently pillar-side-down on top of this uncured layer and lifted off to form an adhesive layer on the bottom
of the pillars. The dielectric piece with X-pillars was placed X side up and the square pillar piece was manually
aligned such that the pillars fell in the center of the gaps between the crosses and pressed down to adhere the two
layers and form the full sensor. The sensor was cured in the oven for 10 min at 60 °C to finish the curing process.

Sensor readout

An Analog Devices CDC chip (AD7745) was used to read the capacitance. The CDC has a similar working princi-
ple to a Delta-Sigma analog-to-digital converter (ADC). One multiplexer (MAX 4518) was used to cycle through
the four top electrodes, and the output of the multiplexer was fed to the CDC. The microcontroller (Arduino
Mega 2560) controlled the multiplexer and CDC and fed the final data through a serial port into a computer
where digital values of the capacitance could be acquired and displayed. For the self-capacitance augmentation
an FDC1004 CDC is used in addition to the AD7745.

Sensor characterization

The sensor is placed on a box containing the readout circuit, and is fixed on a 3-axis stage (Thorlabs NanoMax), as
is shown in Fig. 4A. A 14 mm x 14 mm 3D printed cover is attached on to the ATI load cell, acting as the indenter
plate that applied force to the sensor. Four levelling screws are used to ensure the ATI sensor is flat relative to
the surface of the sensor, as any tilt will bring about unwanted torque. The soft sensor is lifted up to contact the
ATT sensor using the stage. Characterization is initiated when the ATT sensor is just touching the test sensor and
applying a small force (typically 0.1 N).

Data availability
All data needed to evaluate the conclusions in the paper are present in the paper and/or the Supplementary
Materials. Additional data related to this paper may be requested from the authors, specifically M.S.

Received: 28 June 2022; Accepted: 26 September 2023
Published online: 25 October 2023

References

1. Silvera-Tawil, D., Rye, D. & Velonaki, M. Artificial skin and tactile sensing for socially interactive robots: A review. Robot. Auton.
Syst. 63, 230-243. https://doi.org/10.1016/J.ROBOT.2014.09.008 (2015).

2. Hammock, M. L., Chortos, A., Tee, B.C.-K.,, Tok, ].B.-H. & Bao, Z. 25th anniversary article: The evolution of electronic skin (E-Skin):
A brief history, design considerations, and recent progress. Adv. Mater. 25(42), 5997-6038. https://doi.org/10.1002/ADMA.20130
2240 (2013).

3. O’Doherty, J. E. et al. Active tactile exploration using a brain-machine-brain interface. Nature 479(7372), 228-231. https://doi.
org/10.1038/nature10489 (2011).

4. Raspopovic, S. et al. Bioengineering: Restoring natural sensory feedback in real-time bidirectional hand prostheses. Sci. Transl.
Med. 6(222), 22ra219-22ra219. https://doi.org/10.1126/scitranslmed.3006820 (2014).

5. Valero, M. et al. Interfacial pressure and shear sensor system for fingertip contact applications. Healthc. Technol. Lett. 3(4), 280-283.
https://doi.org/10.1049/ht].2016.0062 (2016).

6. XCang, X. L., Bucci, P, Strang, A., Allen, J., MacLean, K., & Liu, H. S., Different strokes and different folks: economical dynamic
surface sensing and affect-related touch recognition. In Proceedings of the 2015 ACM on International Conference on Multimodal
Interaction, 147-154 (ACM, 2015), https://doi.org/10.1145/2818346.2820756.

7. Altun, K. & MacLean, K. E. Recognizing affect in human touch of a robot. Pattern Recognit. Lett. 66, 31-40. https://doi.org/10.
1016/j.patrec.2014.10.016 (2015).

8. Shehata, A. W,, Rehani, M., Jassat, Z. E. & Hebert, J. S. Mechanotactile sensory feedback improves embodiment of a prosthetic
hand during active use. Front. Neurosci. https://doi.org/10.3389/fnins.2020.00263 (2020).

9. Chase, T. A., & Luo, R. C. A thin-film flexible capacitive tactile normal/shear force array sensor. In Proceedings of IECON 95-21st
Annual Conference on IEEE Industrial Electronics, vol. 2, 1196-1201, (1995), https://doi.org/10.1109/IECON.1995.483967.

10. Rocha,]. G, Santos, C., Cabral, J. M., & Lanceros-Mendez, S. 3 Axis capacitive tactile sensor and readout electronics. In 2006 IEEE
International Symposium on Industrial Electronics, 2767-2772 (20060). doi: https://doi.org/10.1109/ISIE.2006.296052.

11. Ham, J. et al. Porous dielectric elastomer based flexible multiaxial tactile sensor for dexterous robotic or prosthetic hands. Adv.
Mater. Technol. 8(3), 2200903. https://doi.org/10.1002/admt.202200903 (2023).

12. Zhang, J. et al. Finger-inspired rigid-soft hybrid tactile sensor with superior sensitivity at high frequency. Nat. Commun. https://
doi.org/10.1038/541467-022-32827-7 (2022).

13. Jung, Y, Lee, D.-G,, Park, J., Ko, H. & Lim, H. Piezoresistive tactile sensor discriminating multidirectional forces. Sensors 15(10),
25463-25473. https://doi.org/10.3390/s151025463 (2015).

14. Noda, K., Hoshino, K., Matsumoto, K. & Shimoyama, I. A shear stress sensor for tactile sensing with the piezoresistive cantilever
standing in elastic material. Sens. Actuators A Phys. 127(2), 295-301. https://doi.org/10.1016/].SNA.2005.09.023 (2006).

15. Hwang, E.-S,, Seo, J. & Kim, Y.-]. A polymer-based flexible tactile sensor for both normal and shear load detections and its applica-
tion for robotics. J. Microelectromechanical Syst. 16, 556-563. https://doi.org/10.1109/JMEMS.2007.896716 (2007).

Scientific Reports |

(2023) 13:17390 | https://doi.org/10.1038/s41598-023-43714-6 nature portfolio


https://doi.org/10.1016/J.ROBOT.2014.09.008
https://doi.org/10.1002/ADMA.201302240
https://doi.org/10.1002/ADMA.201302240
https://doi.org/10.1038/nature10489
https://doi.org/10.1038/nature10489
https://doi.org/10.1126/scitranslmed.3006820
https://doi.org/10.1049/htl.2016.0062
https://doi.org/10.1145/2818346.2820756
https://doi.org/10.1016/j.patrec.2014.10.016
https://doi.org/10.1016/j.patrec.2014.10.016
https://doi.org/10.3389/fnins.2020.00263
https://doi.org/10.1109/IECON.1995.483967
https://doi.org/10.1109/ISIE.2006.296052
https://doi.org/10.1002/admt.202200903
https://doi.org/10.1038/s41467-022-32827-7
https://doi.org/10.1038/s41467-022-32827-7
https://doi.org/10.3390/s151025463
https://doi.org/10.1016/J.SNA.2005.09.023
https://doi.org/10.1109/JMEMS.2007.896716

www.nature.com/scientificreports/

16.
17.
18.

19.

20.
21.
22.

23.
24.

25.
26.
27.
28.
29.
30.
31.

32.

33.
34.

35.
. Choi H,, et al Deep learning classification of touch gestures using distributed normal and shear force. In 2022 IEEE/RS] International

37.
38.
39.

40.
. Lee, H.-K,, Chung, J., Chang, S.-I. & Yoon, E. Normal and shear force measurement using a flexible polymer tactile sensor with

42.
43.
44.
45.
46.

47.

Tomo, T. P. et al. Covering a robot fingertip with uSkin: a soft electronic skin with distributed 3-axis force sensitive elements for
robot hands. IEEE Robot. Autom. Lett. 3(1), 124-131. https://doi.org/10.1109/LRA.2017.2734965 (2018).

Hu, W, Niu, X., Zhao, R. & Pei, Q. Elastomeric transparent capacitive sensors based on an interpenetrating composite of silver
nanowires and polyurethane. Appl. Phys. Lett. 102(8), 083303. https://doi.org/10.1063/1.4794143 (2013).

Park, S. et al. Stretchable energy-harvesting tactile electronic skin capable of differentiating multiple mechanical stimuli modes.
Adv. Mater. 26(43), 7324-7332. https://doi.org/10.1002/adma.201402574 (2014).

Wang, X,, Li, T, Adams, J. & Yang, J. Transparent, stretchable, carbon-nanotube-inlaid conductors enabled by standard replication
technology for capacitive pressure, strain and touch sensors. J. Mater. Chem. A 1(11), 3580. https://doi.org/10.1039/c3ta00079f
(2013).

Karimov, K. S. et al. A carbon nanotube-based pressure sensor. Phys. Scripta 83(6), 065703. https://doi.org/10.1088/0031-8949/
83/06/065703 (2011).

Li, B., Fontecchio, A. K. & Visell, Y. Mutual capacitance of liquid conductors in deformable tactile sensing arrays. Appl. Phys. Lett.
108(1), 013502. https://doi.org/10.1063/1.4939620 (2016).

Dickey, M. D. Stretchable and soft electronics using liquid metals. Adv. Mater. 29(27), 1606425. https://doi.org/10.1002/adma.
201606425 (2017).

Sun, J.-Y., Keplinger, C., Whitesides, G. M. & Suo, Z. Ionic skin. Adv. Mater. https://doi.org/10.1002/adma.201403441 (2014).
Yao, S. & Zhu, Y. Wearable multifunctional sensors using printed stretchable conductors made of silver nanowires. Nanoscale 6(4),
2345. https://doi.org/10.1039/c3nr05496a (2014).

Hwang, E.-S., Seo, ]. & Kim, Y.-J. A polymer-based flexible tactile sensor for both normal and shear load detections and its applica-
tion for robotics. J. Microelectromech. Syst. 16(3), 556-563. https://doi.org/10.1109/JMEMS.2007.896716 (2007).

Pang, C. et al. A flexible and highly sensitive strain-gauge sensor using reversible interlocking of nanofibres. Nat. Mater. 11(9),
795-801. https://doi.org/10.1038/nmat3380 (2012).

Cheng, M.-Y,, Lin, C.-L., Lai, Y.-T. & Yang, Y.-]. A polymer-based capacitive sensing array for normal and shear force measurement.
Sensors 10(11), 10211-10225. https://doi.org/10.3390/S101110211 (2010).

Wang, L. & Beebe, D. . Silicon-based shear force sensor: development and characterization. Sens. Actuators A Phys. 84(1), 33-44.
https://doi.org/10.1016/S0924-4247(99)00342-8 (2000).

us Sarwar, M. S. Soft capacitive sensors for proximity, touch, pressure and shear measurements (University of British Columbia,
2019). https://doi.org/10.14288/1.0378695.

Morton, K. Soft capacitive force sensing skin: Characterization, operation on a curved surface, and increased force range. Univ.
Br. Columbia https://doi.org/10.14288/1.0402763 (2021).

Boutry, C. M. et al. A hierarchically patterned, bioinspired e-skin able to detect the direction of applied pressure for robotics. Sci.
Robot. 3(24), eaau6914. https://doi.org/10.1126/scirobotics.aau6914 (2018).

Charalambides, A., Cheng, J., Li, T., & Bergbreiter, S. 3-axis all elastomer MEMS tactile sensor. In Proceedings of the IEEE Inter-
national Conference on Micro Electro Mechanical Systems (MEMS), vol. 2015-Febru, no. February, 726-729 (2015) https://doi.org/
10.1109/MEMSYS.2015.7051060.

Lee, Y. R, Chung, J., Oh, Y. & Cha, Y. Flexible shear and normal force sensor using only one layer of polyvinylidene fluoride film.
Appl. Sci. https://doi.org/10.3390/app9204339 (2019).

Bolanowski, S. J., Gescheider, G. A., Verrillo, R. T. & Checkosky, C. M. Four channels mediate the mechanical aspects of touch. J.
Acoust. Soc. Am. 84(5), 1680. https://doi.org/10.1121/1.397184 (1998).

uSkin SENSOR—XELA Robotics. Accessed 5 September 2021 https://xelarobotics.com/en/uskin-sensor.

Conference on Intelligent Robots and Systems (IROS), 3659-3665 (2022). doi: https://doi.org/10.1109/IROS47612.2022.9981457.
Delalleau, A, Josse, G., Lagarde, J.-M., Zahouani, H. & Bergheau, J.-M. A nonlinear elastic behavior to identify the mechanical
parameters of human skin in vivo. Skin Res. Technol. 14(2), 152-164. https://doi.org/10.1111/j.1600-0846.2007.00269.x (2008).
Fukuda, T., Dario, P. & Yang, G. Z. Humanoid robotics—History, current state of the art, and challenges. Sci. Robot. 2(13), 1-3.
https://doi.org/10.1126/scirobotics.aar4043 (2017).

Natale, L., Bartolozzi, C., Pucci, D., Wykowska, A. & Metta, G. iCub: The not-yet-finished story of building a robot child. Sci. Robot.
2(13), 2-4. https://doi.org/10.1126/scirobotics.aaq1026 (2017).

Morimoto, J. Soft humanoid motor learning. Sci. Robot. 2(13), 1-3. https://doi.org/10.1126/scirobotics.aaq0989 (2017).

embedded multiple capacitors. J. Microelectromech. Syst. 17(4), 934-942. https://doi.org/10.1109/JMEMS.2008.921727 (2008).
Sarwar, M. S. et al. Bend, stretch, and touch: Locating a finger on an actively deformed transparent sensor array. Sci. Adv. https://
doi.org/10.1126/sciadv.1602200 (2017).

Nguyen, N. T. et al. Transparent stretchable capacitive touch sensor grid using ionic liquid electrodes. Extreme Mech. Lett. 33,
100574. https://doi.org/10.1016/j.em1.2019.100574 (2019).

Pawlaczyk, M., Lelonkiewicz, M. & Wieczorowski, M. Age-dependent biomechanical properties of the skin. Postepy Dermatologii
i Alergologii 30(5), 302-306. https://doi.org/10.5114/pdia.2013.38359 (2013).

Campbell, J., & Yamane, K. Learning whole-body human-robot haptic interaction in social contexts. In 2020 IEEE International
Conference on Robotics and Automation (ICRA) 10177-10183 (2020). https://doi.org/10.1109/ICRA40945.2020.9196933.

King, H. H., Donlin, R., & Hannaford, B. Perceptual thresholds for single vs. Multi-Finger Haptic interaction. In 2010 IEEE Haptics
Symposium, 95-99 (IEEE, 2010). https://doi.org/10.1109/HAPTIC.2010.5444670.

Yin, X. et al. Smart roller: Soft sensor array for automated fiber placement. Adv. Sens. Res. https://doi.org/10.1002/adsr.202200074
(2023).

Acknowledgements
We thank Alex Abulnaga for helping with fabrication and characterization of the sensor. All figures in this
manuscript are original works by the authors, or credited appropriately to their original creators.

Author contributions

M.S.S. designed, developed, fabricated and characterized the sensor. He and K.M. wrote the manuscript. R.I.
aided with the design of the sensor and set specifications. T.N, C.P. and K.M. aided in the modelling, characteri-
zation and writing. B.D. aided with the characterization of the sensors, X.F. and L.H. aided with the fabrication
of the sensor and design of the readout hardware. S.M. guided the electronics design. ].M. and T.Y. provided
guidance on design, interpretation of results and overall supervision. All authors contributed in the review of
the manuscript.

Scientific Reports |

(2023) 13:17390 | https://doi.org/10.1038/s41598-023-43714-6 nature portfolio


https://doi.org/10.1109/LRA.2017.2734965
https://doi.org/10.1063/1.4794143
https://doi.org/10.1002/adma.201402574
https://doi.org/10.1039/c3ta00079f
https://doi.org/10.1088/0031-8949/83/06/065703
https://doi.org/10.1088/0031-8949/83/06/065703
https://doi.org/10.1063/1.4939620
https://doi.org/10.1002/adma.201606425
https://doi.org/10.1002/adma.201606425
https://doi.org/10.1002/adma.201403441
https://doi.org/10.1039/c3nr05496a
https://doi.org/10.1109/JMEMS.2007.896716
https://doi.org/10.1038/nmat3380
https://doi.org/10.3390/S101110211
https://doi.org/10.1016/S0924-4247(99)00342-8
https://doi.org/10.14288/1.0378695
https://doi.org/10.14288/1.0402763
https://doi.org/10.1126/scirobotics.aau6914
https://doi.org/10.1109/MEMSYS.2015.7051060
https://doi.org/10.1109/MEMSYS.2015.7051060
https://doi.org/10.3390/app9204339
https://doi.org/10.1121/1.397184
https://xelarobotics.com/en/uskin-sensor
https://doi.org/10.1109/IROS47612.2022.9981457
https://doi.org/10.1111/j.1600-0846.2007.00269.x
https://doi.org/10.1126/scirobotics.aar4043
https://doi.org/10.1126/scirobotics.aaq1026
https://doi.org/10.1126/scirobotics.aaq0989
https://doi.org/10.1109/JMEMS.2008.921727
https://doi.org/10.1126/sciadv.1602200
https://doi.org/10.1126/sciadv.1602200
https://doi.org/10.1016/j.eml.2019.100574
https://doi.org/10.5114/pdia.2013.38359
https://doi.org/10.1109/ICRA40945.2020.9196933
https://doi.org/10.1109/HAPTIC.2010.5444670
https://doi.org/10.1002/adsr.202200074

www.nature.com/scientificreports/

Funding
This work was supported by an NSERC Discovery and NSERC Collaborative Research and Development grant.
M.S.S. was funded by an NSERC CGS award.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-023-43714-6.

Correspondence and requests for materials should be addressed to M.S.S. or J.D.W.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

ov License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:17390 | https://doi.org/10.1038/s41598-023-43714-6 nature portfolio


https://doi.org/10.1038/s41598-023-43714-6
https://doi.org/10.1038/s41598-023-43714-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Touch, press and stroke: a soft capacitive sensor skin
	Results
	Discussion
	Materials and methods
	Sensor fabrition
	Sensor readout
	Sensor characterization

	References
	Acknowledgements


