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Three-Axis Capacitive Touch-Force Sensor for
Clinical Breast Examination Simulators
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Abstract— Clinical breast examinations (CBEs) are a vital part
of breast cancer screening programs. However, there is a lack of
standardization in the kinds of motion and the forces used during
the examination, which can lead to either an inaccurate or a
missed diagnosis. The use of sensors in CBE simulations and
training can help to alleviate this issue. This paper demonstrates
a flexible, three-axis capacitive touch-force sensor that utilizes a
patterned elastomeric dielectric layer. The sensor was fabricated
from a copper-clad Kapton laminate and can resolve normal pres-
sure and track directional motion. The electronic and mechanical
properties of the patterned dielectric layer were analyzed in detail
using finite-element analysis techniques and these results were
then used to optimize the sensor. In a mock CBE setup, we used
a breast model to demonstrate that the sensor, when placed under
the model, could track a normal force of about 18 N when
applied to the test area, as well as the trajectory of the force
as it was applied around the breast model. This data, along with
the accompanying variations in signal patterns, can be utilized
to quantify the CBE conducted by an expert physician, which in
turn can be used as feedback in training tools for residents and
other physicians.

Index Terms— Flexible printed electronics, capacitive sensing,
motion sensor, tactile sensing, clinical breast examination, soft-
lithography.

I. INTRODUCTION

BREAST cancer is the second leading cause of cancer
related deaths amongst women in the United States [1].

Early and adequate screening can play a significant role in
improving patient outcomes in the areas of mortality reduction
and improved life-years gained. One of the widely recognized
approaches to breast cancer screening is CBE, which is
considered to be a vital early detection and prevention tool
amongst women who do not receive regular mammograms [2].

CBE primarily depends on the visual inspection and pal-
pation of the breast and the surrounding tissue with a partic-
ular series of motions (shown in Fig. 1) that are designed
to determine and distinguish between lumps and nodules
to determine their extent and boundaries, as well as their
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Fig. 1. Schematics exhibiting some of the different kinds of hand palpations
that are commonly used during a CBE. Each of these motions is geared
towards identifying the location, extent and depth of the mass and its
boundaries.

depth, mobility and density - information that is vital to its
determination of being either benign or malignant [3]. Despite
the fact that the CBE is a recommended component of a
comprehensive screening platform and that it is performed
by a large number of physicians in the U.S., the manner in
which it is performed varies considerably between physicians
and there is no standardization of the techniques used [4].
It has been observed that training studies using objective and
structured clinical examinations have clear improvements in
the performance of CBE techniques and patient interaction
skills [5]. Studies using silicone breast models show that both
training in CBE technique and experience in detecting breast
lumps can increase the sensitivity for detecting lumps in the
models [6]. It has also been shown that training with silicone
breast models increases the detection of known benign lumps
in women, clearly indicating that the improvement in detection
skills can be applied to patients [7].

Medical students and residents have been observed to
achieve low performance scores on objective examinations of
the CBE components, as well as low sensitivity and specificity
using silicone breast models, illustrating the limitations of the
current tools and methods used in medical school training [8].
This lack of standardization of the techniques and the forces
involved in CBE has significant repercussions. It is known
that there is a strong correlation between the amount of force
used during a CBE palpation and the accuracy in the detection
of lesions [9]. Specifically, it was observed that reduced
palpation forces that were less than 10N placed physicians
at the risk of missing deep tissue lesions near the chest wall.
There is thus a strong need for the development of better
CBE training simulators and sensors to provide physicians
and residents with real time and quantitative feedback in
order to improve their CBE techniques.

The use of sensors in CBE simulations can help characterize
and standardize CBE techniques with a level of detail that
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is not possible through mere observation alone [9]. It is
imperative that any potential sensing solution should be capa-
ble of measuring both shear and normal forces, in order to
measure the applied pressure as well as to track the trajectory
of the applied forces [10]. Currently, the sensing solutions
proposed are based on piezoelectric sensing schemes and
can measure only normal pressure over a large area, but
not directional changes. As a result, they are incapable of
tracking the motions used during CBE palpations, which are
critical to determining the size of a lump. They also show
hysteresis and are susceptible to drift as a result of temperature
variations and external vibrations [11]. A capacitive sensing
solution is preferred because of its high sensitivity, low power
consumption and low drift. Prior work in the area of flexible
capacitive sensors has mainly focused on soft and compliant
tactile sensors for robotic tactile sensing, which operate at low
force regimes [12]–[15].

In order to have greater control over the electronic and
mechanical performance of these sensors, we have developed a
novel normal and shear capacitive touch-force sensor structure
with a patterned dielectric layer. We previously reported pre-
liminary results on this sensor in [16] and here we describe the
design, analysis and fabrication of these touch-force sensors
in greater detail. We intensively investigated the effects of the
geometry of the dielectric layer structures on the sensitivity
of the device through the use of numerical simulations. The
dimensions of the flexible dielectric allows us to stay in the
elastic regime, while the patterned structures provide surfaces
that can deform easily and allow for a quick recovery from
the deformation, thus improving the response of the device
to different motions. Each of the patterned dielectric posts
can flex in the direction of the applied force, which allows
us to measure the force and track the trajectory of the pal-
pation through the use of an overlapping electrode geometry.
These devices were fabricated using rapidly prototypable soft-
lithography steps, based on casting soft polymers in 3-D
printed molds. The fabricated devices were then tested under
different conditions, including a mock CBE using a silicone
model breast where the measurements agreed with the conclu-
sions derived from the simulation data and showed that these
devices had good sensitivity, low cross talk and low hysteresis.

II. SENSOR DESIGN

We devised a novel capacitive sensing scheme along with a
structured dielectric layer fabricated using soft-lithography, in
order to realize mechanically robust and tunable touch-force
sensors.

A. Operating Principle

A capacitive sensing scheme is based on the change in
capacitance between the top and bottom electrodes of a
capacitor, which can be attributed to either one or more of
the following – a change in the thickness of the dielectric
layer (if the dielectric is sufficiently compliant), a change in
the permittivity of the dielectric layer, or a change in the
overlap area between the top and bottom electrode. We exploit
these effects in order to develop a capacitive sensor that
can detect motion both in the normal and shear directions.

Fig. 2. A schematic of the device showing the structured dielectric layer
with its posts and the four differential capacitances C1, C2, C3 and C4 formed
between the top electrode and each of the four bottom electrodes.

When a normal force is applied to a capacitive sensor with a
compliant dielectric layer, the thickness of the dielectric layer
decreases, leading to an increase in the capacitance. When
a tangential force is applied to the sensor, the dielectric layer
shears in the direction of the force, resulting in a change in the
overlap area between the two electrodes, which in turn causes
a change in the capacitance. In many cases, shear forces have
an inherent normal component to them and while the change
in capacitance can largely be attributed to the change in the
overlap area between the top and bottom electrode, a small
fraction must be attributed to the change in thickness of the
dielectric layer that accompanies the normal component.

This change in capacitance can be measured with the aid
of custom readout electronics, which allows us to keep track
of the trajectory of different kinds of motions as well as the
corresponding forces that are used during the exam. This data
can then be compared with pre-verified practitioner data, in
order to provide real-time feedback to the residents in training.

B. Sensor Design

Our sensing solution is a three-axis capacitive sensor with
a structured dielectric layer, as shown in Fig. 2. There are two
aspects to the design of the sensor which allow for the sensing
of shear and normal motion.

The first is the design of the electrode geometry. The
sensor structure consists of a central top electrode overlapping
four bottom electrodes, forming four individual differential
capacitors C1, C2, C3, C4. As the differential capacitors are
in parallel, the total capacitance is given by the sum of the
individual capacitances.

Ctotal = C1 + C2 + C3 + C4

Ci = ε0εr Ai

d
where Ci is the differential capacitance between the top
electrode and the ith bottom electrode, ε0 is the free space
permittivity, εr is the effective permittivity of the dielectric
structure, Ai is the overlap area between the top electrode and
the ith bottom electrode and d is the overall thickness of the
structured dielectric layer. Normal forces/motions can easily be
detected by the simultaneous increase in all four differential
capacitances as a result of the decrease in the thickness of the
dielectric layer.

The breaking of the symmetry of the bottom electrode, with
respect to the top electrode, allows for shear motion to be
detected through the increase in the overlap area between the
top electrode and the specific bottom electrode in the direction
of the shear, and the consequent decrease in the overlap
areas between the top electrode and the remaining bottom
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electrodes. Consequently, the differential capacitance(s) of the
differential capacitor(s) in the direction of the shear motion
increases, while the other differential capacitance(s) decrease.
The change in the differential capacitance is given as follows

�Ci = εiεr (x�y + y�x)

d

where �Ci is the change in the differential capacitance
between the top electrode and the ith bottom electrode, ε0 is
the free space permittivity, εr is the effective permittivity of
the dielectric structure, �x is the change in the x-component
and �y is the change in the y-component of the overlap area
between the top electrode and the ith bottom electrode and d
is the overall thickness of the structured dielectric layer.

The second aspect is the design of the dielectric layer.
The mechanical properties of the dielectric film as well
as the engineering of its structure are important factors in
determining the sensitivity of the touch-force sensor. A soft
and compliant dielectric layer will result in a lower range
of force measurements and a higher sensitivity to shear and
normal motions, while a firmer dielectric layer will result in
a higher range of force measurements and a lower sensitivity
to shear and normal forces. In either case, a solid dielectric
film has a limited ability to shear, resulting in a limited shear
measurement. In addition, the deformation of an elastomeric
thin film subjects it to intrinsic mechanisms, which results in
long relaxation times after compression. In order to counter
this, we have designed a capacitive sensor with a patterned
dielectric layer measuring a few millimeters in thickness. The
thickness of the flexible dielectric allows us to stay in the
elastic regime, while the patterned structures provide surfaces
that can deform easily in response to either a shear or a normal
force, allowing for a quick recovery from the deformation,
thus improving the sensitivity of the device. Each of the
patterned dielectric posts can flex in the direction of the
applied force, allowing us to track the trajectory of different
kinds of motions.

III. MULTI-PHYSICS SIMULATIONS

The deformation of the dielectric layer and hence the change
in the differential capacitance can be tuned by varying the
geometrical parameters of the dielectric layer viz. the height
and width of the posts, the spacing between the posts and the
geometry of the posts themselves.

In order to understand the effect of variations in the
geometrical parameters of the dielectric layer on the initial
capacitance and deformation maximum values respectively,
we conducted 3-D, nonlinear, large-deflection finite element
analysis sweeps in ANSYS 17.2. Specifically, we set up a
two-way coupled simulation between the ANSYS Mechanical
and ANSYS Maxwell modules and first calculated the
initial capacitance of the device in ANSYS Maxwell. The
results from this simulation were imported into the ANSYS
Mechanical module as a Body Force Density applied to
the five electrodes and a mechanical deformation was then
simulated by applying a force at an angle to the top plate.
The mechanically deformed structure was then imported back
into Maxwell to calculate the final differential capacitance

values between the top and bottom electrodes. The top and
bottom substrates were made from Kapton with a dielectric
permittivity of 3.5, while the intermediate dielectric layer was
made from Ecoflex-30 with a dielectric permittivity of 2.5.
We simulated shear forces by applying a force in the X and Y
(in-plane) directions and normal forces in the Z direction.
A fixed boundary condition was applied to the base of the
device.

A. Effect of the Post Height and the Post Diameter on the
Deformation and Shear Differential Capacitance

We looked at the effect of varying the post height and the
post diameter on the initial differential capacitances, as well as
the overall deformation and the differential capacitances after
shearing the device. Intuitively, decreasing the aspect ratio
of the posts by reducing either the diameter of the posts or
increasing its height allows for greater levels of shear between
the top and bottom plates, resulting in a larger capacitance dif-
ferential, which is a desirable feature for sensing shear forces.

Fig. 3 (a) shows the change in the deformation of the top
plate with respect to the bottom plate as a function of the post
height and diameter. From the simulation results, we see that
there is a strong correlation between the reduction in the aspect
ratio of the posts and the maximum amount of deformation that
can be achieved. We also simulated these results for different
shear force magnitudes (5N, 15N, 30N) and found that these
results were consistent for all three forces, indicating that
the device maintains a reliable response across a large force
regime. Fig. 3 (b) shows the change in the differential capac-
itance between the top plate and one of the bottom electrodes
in the direction of the shear force, as a function of the post
diameter and post height. Comparing the simulation results
for the effects of the variation in the aspect ratio on the post
deformation and shear differential capacitances, we see that a
reduced aspect ratio is indeed a viable route to improving the
shear response, as it allows for a larger deformation, which in
turn results in a larger increase in the overlap area between the
top electrode and the bottom electrode in the direction of the
shear motion, allowing for a greater shear capacitance differ-
ential. This was again verified for different shear forces and the
results were found to be consistent across the force regimes.

B. Effect of the Post Height and the Post Diameter
on the Initial Differential Capacitances

We also looked at the effect of varying the post height
and the post diameter on the initial capacitance of the sensor.
The capacitance of a device is inversely proportional to the
separation gap between the top and bottom plates. We expect
to see a decrease in all the four differential capacitances as
the height of the posts is increased. A high initial capacitance
is beneficial for normal force sensing. However, a larger
post height also allows us the benefit of a larger range of
compression in the normal direction, which results in a higher
sensitivity to normal forces. Hence, there exists an application
specific trade-off between the value of the initial capacitance
and the sensitivity of the device with respect to the post height.

Fig. 4 (a) and Fig. 4 (b) show the simulation results for the
initial capacitance as a function of the post height and post
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Fig. 3. (a) Change in the deformation of the top plate as a function of the post height and the post diameter, for three different forces i.e. 5N, 15N and
30N. (b) Change in the differential capacitance of a single differential capacitor in the direction of the shear force as a function of the post height and the
post diameter, for three different forces i.e. 5N, 15N and 30N.

Fig. 4. (a) Variation in the initial differential capacitances of the sensor with the post height, for a fixed post diameter of 2mm. (b) Variation in the initial
differential capacitances of the sensor with the post diameter, for a fixed post height of 2mm. (c) Variation in the initial differential capacitances of the sensor
with the post spacing, for a fixed post diameter of 3mm and a post height of 4mm.
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Fig. 5. (a) Schematic of the fabrication of the flexible touch-force sensor - From left, the top and bottom electrodes are defined on Kapton using standard
photolithography techniques. Next, the patterned dielectric layer is fabricated using soft lithography. Finally, the top and bottom layers are laminated to
complete the sensor. (b) Fabricated touch-force sensor with 7 mm by 7 mm plate size, 4 mm spacing between plates (left). The patterned dielectric posts
laminated to the bottom layer as well as the flexibility of the device are shown on the right.

diameter. As expected, there is a strong monotonic decrease
in the initial differential capacitances with an increase in the
post height. It is also observed that there are small non-
monotonic increases in the initial differential capacitances
with an increase in diameter (while ensuring that the spacing
between the posts is constant, in all cases). This can be
attributed to the overall increase in the effective permittivity
of the structured dielectric layer. As the diameter of the posts
increases, the effective fill-factor of material with a larger
dielectric constant increases, resulting in an overall increase
in the effective permittivity of the dielectric layer.

C. Effect of the Post Spacing on the Initial
Differential Capacitances

Fig. 4 (c) shows the simulation result for the variation in
the initial capacitances as a function of the spacing between
the posts. For a fixed post height and post diameter, increasing
or decreasing the spacing between the posts results in a cor-
responding increase or decrease in the four initial differential
capacitances. There are two contributing factors at hand to
this phenomenon. The first factor, as mentioned earlier, results
from the fact that changing the spacing between the posts
results in a change in the dielectric fill-factor, which in turn
affects the effective permittivity of the structured dielectric
layer. The second factor is the change in the number of
posts between the top and bottom electrodes of each of the
individual differential capacitors C1, C2, C3 and C4. Since
the dielectric layer is fabricated in a manner that leads to a
somewhat random positioning of the posts between the top
and bottom electrodes, there are variations in the number of
posts in each differential capacitor, leading to minor variations
in the effective permittivity, and hence the initial capacitance
of the device. These are taken into account when performing
the device calibration.

IV. DEVICE FABRICATION

Our fabrication process leverages techniques that we have
previously developed [17]–[21] and soft lithography in order
to rapidly prototype devices based on the specific application
requirement. The approach utilizes a 3D printing based mold-
ing technique, which allows us to fabricate dielectric posts

of different geometrical parameters with ease. The process
includes the fabrication of separate top and bottom compo-
nents that are aligned and bonded with the dielectric layer.
The use of established fabrication techniques results in a high
level of device reproducibility.

A brief overview of the fabrication process is shown in
Fig. 5 (a) and images of the fabricated devices are shown
in 5 (b). The upper and lower electrode layers were fabricated
from Dupont Pyralux AC0092500EV, which is a copper-clad
Kapton laminate (copper thickness 9μm, polyimide thickness
25μm). The Kapton laminate was first cut into rectangular
pieces and then rinsed in acetone, followed by isopropyl
alcohol (IPA) and then deionized (DI) water to remove any
trace of oils and other contaminants. AZP4620 photoresist was
spun onto the Kapton substrates at an initial speed of 500 rpm
for 10 seconds, followed by a 4000 rpm cycle for 30 seconds to
achieve a thickness of 6μm, after which, the devices were soft
baked at 115°C for 90 seconds. The copper layer was then pat-
terned using a collimated ultraviolet (UV) light source (Omni-
cure Series 2000, Lumen Dynamics Group Inc., Excelitas
Technologies) with a dosage of 310 mJ/cm2 (10 mW/cm2 for
31 seconds). The patterns were developed in a diluted AZ
400K solution (1 AZ 400K:3 DI H2O) for 45 seconds. In order
to define the electrodes, the copper layer was etched using
copper etchant at 40°C for 12 - 15 minutes (APS-100 Copper
Etchant), after which the devices were rinsed in acetone to strip
the photoresist layer and then cleaned with IPA and DI water.

V. RESULTS AND DISCUSSION

A. Measurement Setup

Measurements were carried out using a custom PCB
designed around the AD7746 Capacitance-to-Digital IC (Ana-
log Devices, Inc., MA, USA). The AD7746 has two channels
for measuring a changing capacitance with a full scale range of
±4 pF, at a resolution of 4 aF. A 32 kHz signal was provided
to the sensor by the IC, to excite the sensor and synchronize
the capacitance measurements. A data update rate of 9.1 Hz
was used in order to keep the noise level low and hence raise
the effective resolution. Data acquisition was done through the
I2C serial interface using an Arduino Uno micro-controller
board.
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Fig. 6. Measured capacitive response of a single four-plate capacitor cell to
a normal load that was increased in steps of 0.17N to 0.85N (steps 1,2,3,4,5)
and then decreased (steps 5,4,3,2,1).

Fig. 7. Time series change in the capacitance of a single four plate capacitor
cell to different pressure scenarios when the sensor was palpated by hand.

B. Capacitance Under a Stepped Load

In order to characterize the response of the sensor to
normal pressure, 18g calibration weights were stacked incre-
mentally (where each weight exerts approximately 0.17N of
downwards force) on a device with a dielectric post height
of 4 mm, post diameter of 2 mm and square electrodes of
size 8 mm by 8 mm, with a 4 mm spacing in between the
plates, until 0.85N, and then decreased in steps of 0.17N,
as shown in Fig. 6. These post dimensions were chosen in
order to optimize the sensor response, while ensuring reliable
fabrication. We see a large jump in capacitance for the first
increment (step 1), of the order of 250-350 fF, following
which there are regular increases of 100 fF per step. This
pattern can be attributed to the sudden compression of the
elastomer dielectric layer posts with the initial load and
gradual compression with subsequent load increments. The
same response was seen when the load was removed gradually,
with a small amount of hysteresis.

C. Three-Axis Performance

We then palpated the same sensor directly in different direc-
tions in order to determine the response of the sensor to forces

Fig. 8. Measured capacitances of a single 4 plate capacitor cell when a
constant force of 0.17 N is placed on the sensor and then moved around.
(a) The response of the sensor at the point when the force is applied. (b) The
response of the sensor when the force is moved towards the bottom right
plate. (c) The response of the sensor when the force is moved towards the top
right plate. (d) The response of the sensor when the force is moved towards
the top left plate. (e) The response of the sensor when the force is moved
towards the right. (f) The response of the sensor when the force is moved
towards the top.

of different directions and magnitudes. As can be seen from the
time series in Fig. 7, the sensor was able to generate distinct
differential capacitance patterns for each of the scenarios that
was simulated. In the event of a normal force, we saw a sharp
rise in all the four individual differential capacitances, due to
the reduction in the thickness of the dielectric layer. When
a shear force was applied, the increase in overlap area of
differential capacitor(s) in the direction of the shear resulted
in an increase in the corresponding differential capacitance(s),
while the other differential capacitor(s) showed a decrease in
their overlap area and hence a decrease in their differential
capacitance(s).

D. Simulation of Clinical Breast Examination

In order to validate the performance of the sensor during
a clinical breast examination, two different kinds of exper-
iments were performed. In the first case, a constant force
of approximately 0.17 N was applied to the sensor and then
moved around after measuring the normal response, in order
to track to motion. With this method, we were able to fix
and calibrate the normal response, following which we began
tracking the motion in different directions. Fig. 8 (a) shows
the normal response of the sensor to the applied force. After
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Fig. 9. Measured capacitances during a mock CBE. (a) Schematic of the
examination setup. (b) The response of the sensor when a normal pressure is
applied to the breast model. (c) The response of the sensor when the pressure
is moved in the south-east direction. (d) The response of the sensor when the
pressure is moved in the north-east direction. (e) The response of the sensor
when the pressure is moved in the north-west direction. (f) The response of the
sensor when the pressure is moved in the south-west direction. (g) Schematic
of the trajectory of the motion around the breast from start to stop.

applying the force, the baseline capacitance shifted to 0.3 pF.
Figs. 8 (b), (c), (d) show the response of the sensor, tracking
motion, as we moved towards the bottom right plate, top
right plate and top left plate, respectively. The dip in the
capacitance values of the opposite plates was a result of the
increase in the distance between the top and bottom electrodes,
while the increase in capacitance was due to the increase in
the overlap area between the top and bottom plates in the
direction of the motion. Figs. 8 (e), (f) show the response
of the sensor when we moved towards the right and top,
respectively. In this case, the overlap of two plates in the
direction of the motion increased, thus raising both their
differential capacitance values.

In the second case, the ability of the sensor to track the
trajectory of motion around a silicone breast model was
verified during a mock CBE. The breast model was placed over
the capacitive sensor as shown in Fig. 4 (a), following which

a calibration routine was run to set the baseline capacitance
to 0 pF. The breast model was then palpated in different
directions with a force of about 18 N. Fig. 9 (b) shows the
response of the sensor to palpation in the normal direction
while Fig. 9 (c), (d), (e) and (f) show the response of the sensor
when the palpation moved along the breast in the southeast,
northeast, northwest and southwest directions, respectively.
We see that in each case, the sensor was able to follow
the path of motion, which is shown in Fig. 9 (g). The clear
differences in each of the individual signal patterns allowed
us to differentiate between different directions and hence track
the trajectory of motion of the hand as it moved around the
breast during the examination.

VI. CONCLUSION

In conclusion, this paper reports a flexible, rapidly prototy-
pable, capacitive touch-force sensor with a novel patterned
dielectric layer and operation of the sensor and described
the fabrication of the devices using photolithography along
with soft-lithography using 3D printed molds. As a result,
we were able to rapidly fabricate and prototype these sensors
based on the specific application requirements. We performed
3D, coupled-multiphysics simulations in ANSYS in order to
analyse the effects of the variations in the dielectric post
geometries on the mechanical and electronic properties of the
sensors. The experimental data was in agreement with these
results and show that this sensor is capable of discerning
between motion in different directions and furthermore, is able
to follow the trajectory of motion that was applied to a model
breast. This would validate the use of such a sensor as a CBE
training tool for residents.

The resulting sensors are flexible, extremely sensitive,
robust and invariant to temperature changes and show low
levels of hysteresis. We envision applications in the areas of
prosthetics shear measurement, haptic and robotic tactile sens-
ing. The device can be tailored to meet the demands of various
applications by changing the substrate material, dielectric layer
patterns and electrode geometries. There is much that can be
done to improve the performance of the sensor. Future work
would involve improving the fabrication process in order to
improve the dielectric post alignment, developing an in-house
system that can better actuate and characterize the sensor,
designing a multiplexed array of the sensors and developing
algorithms for analyzing signal patterns to predict the type
and direction of motion. In addition, improving the mechanical
and electrical interfaces to the readout circuit, optimizing the
electrode geometry to improve shear sensitivity and selecting
polymers with higher dielectric constants are possible ways to
reduce parasitics and increase the operating capacitance range
of the sensor.
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