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Abstract—Objective: The mechanical imaging of lumps in
tissues via surface measurements can permit the noninvasive
detection of disease-related differences in body tissues. We
present and evaluate sensing techniques for the mechanical
imaging of soft tissues, using a highly compliant electronic sensing
array. Methods: We developed a mechanical imaging system for
capturing tissue properties during automatic or human-guided
palpation. It combines extremely compliant capacitive tactile
sensors based on soft polymers and microfluidic electrodes with
custom electronic data acquisition hardware, and new algorithms
for enhanced tactile imaging by reference to nominal tissue
responses. Results: We demonstrate that the system is able to
image simulated tumors (lumps), yielding accurate estimates of
cross section area independent of embedding depth. In addition,
as a proof of concept, we show that similar tactile images can
be obtained when the sensor is worn on a palpating finger.
Conclusion: Soft capacitive sensors can accurately image lumps in
soft tissue provided that care is taken to control and compensate
for electrical and mechanical background signals. Significance:
The results underline the utility of soft electronic sensors for
applications in medical imaging or clinical practices of palpation.

Index Terms—lump detection, tactile sensing, stretchable sens-
ing, imaging, capacitive sensor

I. INTRODUCTION

ACTILE elasticity imaging, or tactile elastography, aims

to reconstruct the composition of a volume of tissue
from surface mechanical measurements, in the form of stress
(normal pressure and shear traction) or strain (displacement)
captured by a measurement instrument. It is a valuable al-
ternative to other imaging modalities, because it is relatively
non-invasive, and able to capture surface mechanics of tissues
that reflect the elasticity of sub-surface tissues. As detailed
below, several methods for tactile mechanical imaging are
described in the literature, and a few have reached clinical
application. However, most approaches utilize sensing devices
that are many orders of magnitude stiffer than body tissues.
Mechanical imaging techniques based on softer sensors, like
that presented here, could facilitate imaging of sensitive,
curved, hard, or heterogeneous tissues, and could yield wear-
able sensors that are able to capture quantitative data during
existing clinical physical examination practices (Fig. 1).
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In medicine, palpation refers to the application of touch
in the physical examination of the body, and represents an
essential clinical skill. Physicians palpate with the hand or
finger to assess the condition of body organs or tissues, and
to aid in disease diagnosis. In many cases, including breast
and prostate cancer, palpation remains the first opportunity,
lowest cost, and least invasive method for detecting cancer.
However, physicians often miss nodules or lumps, due to tissue
inhomogeneities, perceptual limitations in what can be felt,
or to incorrect technique [1], leading to diagnostic errors.
Equally concerning, most physical examinations currently
yield little quantitative information. This can make diagnosis
and prognosis error prone, and can impede tracking of disease
progression over time. Tumors are usually much stiffer than
healthy soft tissue [2—4]. This distinction in stiffness makes
it possible to use electronic tactile sensors to non-invasively
detect and assess subsurface lumps [5—11].

A diverse variety of sensing methods for tactile imaging
or elastography have been studied for the detection of tissue
lumps or other features. Prevailing technologies have been
based on optically-based mechanical sensing [12, 13], capaci-
tive strain sensing [14], and rigid point-force sensors based on
resistive, piezoelectric and magnetic principles [8, 11, 15, 16].
Devices involved in tactile imaging frequently employ sensors
distributed over rigid substrates, and as a result cannot conform
to heterogeneous, stiff, highly curved, or sensitive bodily tis-
sues. In contrast, soft, conformable sensors, like that proposed
here, are readily adapted to such application requirements, and
can also yield high quality data, as we demonstrate, but have
rarely been studied for the tactile imaging of tissues.

Within the broader field of mechanical sensing, several
strategies have recently been developed for realizing mechan-
ical sensors from stretchable materials [17-23], or somewhat
stiffer polydimethylsiloxane (PDMS) [24, 25], or from flexible
substrates [26—29], or through other geometric specializations,
such as meshing [30-33]. The method of embedding liquid
metal Gallium Indium alloy within soft synthetic polymers was
first used to realize simple assemblies of point strain sensors
[17,18]. In our previous work, we combined soft polymer
sensors with capacitance sensing methods to realize highly
conformable distributed tactile sensing arrays [22,23,34]. The
intrinsic compliance of the these polymer composite sensors
allows them to conform to a wide range of surfaces, while
their predictable electronic and mechanical behavior ensure
consistent (high) performance, suggesting that they would
prove useful for biomedical problems of mechanical imaging.
However, none of the aforementioned devices has previously
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Fig. 1: Wearable sensing prototypes based on a similar device
design to that employed in this paper. Such sensors may prove
useful for wearable sensing during physical examinations by
palpation.

been investigated for this purpose.

Beyond sensor design, a second problem in tactile imaging
is to infer the properties of palpated tissue from surface
measurements. Using the latter, the goal is often to extract
information, in the form of images I(z,y) or volumetric
data E(z,y,z), that reflects the spatial distribution of tis-
sue properties (typically elasticity). Although this entails a
reconstruction problem that is, in general, ill-posed, several
methods have been proposed for imaging and enhancement
from tactile sensor measurements, based on the processing of
single images [35], relative comparisons of multiple images
[16,36-38], or direct estimation of tissue properties [37,39].
The utility of computational enhancement methods for tactile
images captured with a compliant sensor array has not been
previously studied. In the present contribution, we demonstrate
new methods for enhancing and extracting invariant features
of lumps embedded in tissues from surface measurements
captured with a highly compliant sensor.

In order to address these challenges at the device level, we
recently developed tactile sensors and sensing techniques that
are intrinsically deformable [34]. These sensors use arrays of
liquid metal electrodes embedded in multilayer soft polymer
membranes (Figure 4). Their low elastic modulus enables them
to compliantly conform to touched surfaces that are themselves
curved or compliant. Our prior work provides a review of the
overarching design principles for these sensors, and a detailed
characterization of their geometric, mechanical, and electronic
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Fig. 2: Illustration of the operating principle, based on capaci-
tive sensing. a) Configuration of the two orthogonally arranged
layers of microchannel electrodes, highlighted in red and blue
colors, respectively. b) The sensing elements consist of upper
and lower electrodes.
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Fig. 3: The sensors were evaluated via indentation testing (a),
yielding measurements with excellent performance in response
to spatially (b) or repeated temporally (c) varying loads.

properties, and performance characteristics [23, 34].

In the research presented here, we investigated the mechan-
ical imaging of soft tissues using a unique, soft tactile sensing
system suitable for imaging tumors or other lesions in body
tissues. We realized extremely compliant tactile sensors, based
on soft polymers, that were fabricated using soft lithogra-
phy techniques, and microfluidic electrodes for capacitance
sensing. We combined these devices with custom electronics
for data acquisition, and numerical algorithms for enhancing
lumps in tactile images. To assess this approach to mechanical
imaging, we fabricated an array of simulated (polymer) tissues
with embedded lumps (simulating tumors). We demonstrate
that our system is able to automatically produce images of
the subsurface lumps of varying size and depth, and, using
multi-image enhancement methods, we show that it is possible
to capture the geometry of embedded lumps with results
that are nearly independent of embedding depth. As a proof
of concept that demonstrates the unique capabilities of our
sensing methods, we also show that similar tactile images are
obtained when the load is applied by a human finger that
palpates the tissue via the sensor, pointing toward the pos-
sibility of examination gloves that might perform biomedical
sensing during routine physical examinations. The remainder
of the paper describes the sensing devices, sensing system,
and computational methods, and the simulated tissues used to
evaluate it.

II. MEASUREMENT INSTRUMENT: SOFT TACTILE SENSOR

Tactile signals from palpated subsurface lumps are dimin-
ished due to the intervening tissue, and spatial definition in the
tactile signals is also lost. To ensure that such lumps could be
imaged accurately, we used principles developed in our recent
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Fig. 4: Overview of the multilayer stretchable tactile sensing arrays. a) The 9 x 9 tested sensor array. b) Demonstration
of the softness of the sensing array. c-f) Illustration of the structure of the soft sensing array, showing the configuration of

microchannels and micropillars.

work [23,34] to fabricate tactile sensors with high spatial
resolution, sensitivity, and to ensure excellent performance in
both static and dynamic sensing conditions.

a) Sensing method: The operating principle of the tactile
imaging device is based on changes in the mutual capacitance
between arrays of microfluidic electrodes arranged on two or-
thogonal planes. Changes in capacitance result from geometric
deformations of the electrodes under mechanical loading of the
membrane (Figure 2). When the (soft) sensor is pressed against
an object, local deformation near the closest approach of a
pair of microfluidic electrodes yields a change in the distance
between them, and an increase in mutual capacitance.

As demonstrated in our previous work, the change in the de-
vice geometry accompanying deformation accurately reflects
the resulting change in mutual capacitance that is sensed [23].
This capacitance change thus reflects the local strain, and,
indirectly, the normal pressure applied to the sensor in this
region. In capacitance sensing, the dielectric properties of the
environment, and fringing electric fields, can also affect the
sensor performance. We minimized these effects through the
use of careful electronic design and (dynamic) idle channel
grounding (Section IIIA). Differential imaging in software
(Section ITIC) also aided in reducing these artifacts.

The resulting sensors prove accurate and responsive (Fig. 3),
with high repeatability and low levels of hysteresis during
loading and unloading, due to the thin profile of the device.
After calibration, we have demonstrated that we can obtain
an estimate of local strain or pressure at each point on the
sensor surface that is accurate to about 1%, and a nearly
linear variation in capacitance is observed as a function
of force. Under displacement-controlled loading, capacitance
rises monotonically by 25% under an imposed strain that in-
creased by 30%, yielding, at minimum (i.e., within this range),
42 dB of dynamic range. Cross-talk to adjacent (unpressed)

sensing cells is minimal, less than 1% [23,34].

b) Sensor structure: The sensing array consists of a thin,
composite membrane, comprised of three layers (Figure 4).
Briefly, each layer is fabricated from low modulus addition-
cured synthetic polymer, ensuring high levels of compliance.
We combine layers to yield thin, multilayer membranes [34].
The electrodes are embedded into top and bottom polymer
layers via microfluidic channels that are filled with a metal
alloy that is liquid at room temperatures and above (eutectic
Gallium Indium, eGaln, 75% Ga, 25% In by mass, melting
point 15.7 °C [40,41]). Between these layers is a third layer,
comprising a two-dimensional array of micropillars, which
make it possible to tune the operating range of pressures and
the electronic sensitivity of the device to application require-
ments. Four electronic interface elements are offset from the
main membrane, which serve to insulate the microchannel and
electrical interconnects from mechanical stress during testing.
Due to the low elastic modulus of the soft polymer substrate,
the sensing devices can recoverably deform to applied strains
greater than 200% without mechanical or electronic damage.

c) Tactile imaging of hard lesions in soft tissue: The
sensing area comprises an array of elements near the inter-
section of each pair of orthogonally arranged electrodes. The
sensor is coupled to a data acquisition system that provides
a value c¢;; giving the mutual capacitance between each row
electrode ¢ and column electrode j. Using calibration data,
this capacitance value c;; can be converted to a force per unit
area, i.e. pressure, p;;, associated with each sensing element
ij. Because the tissues themselves are soft, stresses change
slowly across the surface of the sensor, and it is possible to
interpolate pressure values to obtain a continuous measure,
p(z) (see Results, below).

In a volume of heterogeneous tissue, the variation in
Young’s modulus with position yields differences in the ef-
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Fig. 5: Tactile sensing system design and implementation. a) The simplified schematic of the sensing system. b) The complete
assembly of the tactile sensing system. c) The assembled data acquisition and microcontroller circuits, capable of scanning

through up to 16 x 16 sensing cells.

fective stiffness, or, more generally, the displacement-pressure
relation P(z,y) = P(u(z,y)) between normal pressure P
and displacement u(z,y) at a surface point (x,y). During
sensing, these tissue differences will be reflected in variations
in the measured pressure P(z,y) at the interface with the
sensor. Pressure will be highest at areas directly above a
lesion of high Young’s modulus compared to the tissue, and,
for tissue volumes that are large compared to the lump size,
will be higher when the lesion is closer to the surface. In
addition, a larger lump will yield a wider distribution of
high pressure values. Computing the volumetric variation in
Young’s modulus due to a lump from surface measurements
would require solving an ill-posed inverse problem. However,
as we disclose below, with appropriate assumptions on the
geometry of the lump, it is possible to use image processing to
extract reliable size estimates independent of depth or applied
surface load.

III. EXPERIMENTS

In order to empirically investigate the use of soft tactile
sensors for imaging lumps in tissue, we designed and fab-
ricated a tactile sensing system to perform tactile imaging
of a variety of simulated tissues, and developed multi-image
enhancement algorithms to enhance lump dependent signals.

Using published data, we fabricated simulated tissues with
hard lesions of different diameters and embedding depths
(Section IIIB, below), in order to mimic the presence of hard
tumors in healthy tissue. We captured data from these samples
using the sensing system, and evaluated the tactile imaging
performance in three experiments. In the remainder of this
section, we describe the tactile sensing system, the simulated
tissues, the experiments and results.

A. Tactile Sensing System

We designed the sensing system to be comprised of four
elements: the soft capacitive sensing array, a novel, custom
suite of scanning and measurement electronics for data acqui-
sition, a microcontroller for transferring data to the computer
via serial communication, and a computer performing data
processing, logging, and visualization of the data in real-time
(Figure 5(a)). The resulting system (Fig. 5(b)) utilized custom
electronics, and a commodity computing system in order to
control the sensing.

The sensor was designed using the methods described
above, and fabricated using soft lithography methods recently
developed in our laboratory [23], yielding, in one embodiment,
a 9 x 9 soft sensing array; other prototypes were similar
but differed in the surface area and number of channels
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Fig. 6: Simulated tissues (a,b) with stiff solid ball of diameter
d embedded with the 15 mm x 15 mm x 20 mm soft polymer
cube, mimicking a lump in normal tissue. An extra layer of
the same polymer material on top of the cube ensures the solid
ball was embedded at depth /. Overall size was held constant.
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Fig. 7: Overview of the experiment setup, consisting of three
functional parts: measuring system, indenting stage, and a PC
for data processing. The measuring system includes a sensor
array and the customized electronics.

(Fig. ??). Upper and lower layers of microchannels in the
sensor (microchannel diameter 300 pm, inter-channel spacing
2 mm) are embedded in polymer layers of 500 pum thickness;
see Figure 4 (c-f). The micropillar layer, which provides en-
hanced sensitivity, linearity and operating range to the device,
had a thickness of 600 pum, and contained an array of 88
micropillar structures (width 1 mm).

The data acquisition system used custom electronics with
an integrated circuit for capacitance measurement (AD7746,
Analog Devices) based on delta-sigma modulation analog-to-
digital conversion, and yielding about 21 bits of effective
resolution. The capacitance sensing limit was as small as
tens of femtofarad (fF), with a resolution of 107! F. We

designed a four-layer printed circuit board (Figure 5(c)) for
the acquisition system, which is capable of reading up to 256
(16 x 16) sensing elements using high-speed 1:16 multiplexers
with low series resistances to address each sensing element,
and selecting respective pairs of orthogonal channels for
measurement.

Due to the very small capacitances, accurate measurement
required careful control over the parasitic parameters of the
signal path between the sensing array and the measurement
circuit. To this end, we designed custom electronics, custom
shielded cabling and interconnects, and separate shielding
(Figure 5(c)) for the measuring PCB and microcontroller,
which carry analog signals and digital signals, respectively.
The shielding ensures that parasitic capacitances at the cables
play a small role compared to the dielectric environment near
the sensor.

To address the latter, we also implemented an active
switched-grounding isolation method controlled by the mea-
surement circuit that suppressed interference in the measure-
ments. While one sensing element (two microchannels) are
being measured, idle channels are grounded, reducing fringing
capacitance and crosstalk. The dynamic range of the assembled
sensing system was empirically determined to be high, with a
signal-to-noise ratio of 60 dB.

Data transfer from the sensing circuit to the computer
was performed via serial communication from an embedded
computing platform (Arduino Due, Arduino), which facili-
tated scanning through the sensing elements, and updating
capacitance measurement with an effective sample rate of
approximately 80 Hz. Custom software on a personal com-
puter communicated with the microcontroller board, receiving,
logging, visualizing, and analyzing the data.

B. Simulated Tissue Samples

To evaluate lump imaging with the developed soft tactile
sensing system, we prepared a set of simulated tissue samples.
These were modeled on mechanical and geometric properties
of experimentally measured prostate tissue and tumors [8, 42]
and were similar to phantom tissues used in prior studies
on mechanical imaging of lumps [14,43,44]. We fabricated
simulated tissues with soft polymer (Ecoflex 00-30, Smooth-
on, Inc.; M100 modulus of 7x10* Pa). Samples included stiff
lumps, in the form of solid balls (Young’s modulus 5x10'°
Pa) of varying radius for the experiments on lump imaging
(Figure 6). This material is stiffer than a biological tumor,
but it provides an appropriate contrast in stiffness to the soft
polymer, and facilitates comparison with results from prior
literature. Simulated tissues were fabricated with dimensions
of 15 mm (width) x 15 mm (length) x 20 mm (height). We
fabricated an array of tissues that varied in the depth h from
the sample surface to the top of the lump and the diameter d of
the solid ball. The lump was first embedded in a tissue of 15
mm high in a single step cast. Then, cover layers of thickness
h and b, made of the same polymer material, were combined
with the lump tissues on the top and bottom surfaces. The
sum of the thickness of the two cover layers was 5 mm (i.e.,
h + b = 5 mm), ensuring that the resulting tissue height was
height 20 mm.
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Fig. 8: A summary of the conditions used in the experiments. (a) Imaging lumps in simulated tissue, while varying diameter d,
embedding depth h, and indenting displacement p. Experiment 1 varied p and h while fixing d. A blank sample (d = 0 mm)
and four lump containing samples (d = 4,6, 8,10 mm) were used. Experiment 2 varied lump diameter at » = 0. (b) Imaging
was performed as the sensor was loaded via a finger (h = 0 mm, d = 0,6 mm).

In previous prostate cancer research, among 184 radi-
cal prostatectomy specimens, the maximum tumor diameter
ranged from 0.1 to 4.1 cm (median, 1.6 cm) [44]. In this
research, we selected four values of d in the experiment: d =
4, 6, 8, 10 mm, which are on the small side of the range
of observed prostate tumor sizes. Five values of embedding
depth h (the distance between the tissue surface and the top
of the ball) were used: h = 0, 1, 2, 3, 4, 5 mm. In total,
we fabricated 24 distinct simulated tissue samples including
lumps, and one blank tissue with no lump, all of which were
used in our experiments.

C. Tactile Image Capture and Enhancement

In lump imaging experiments, we applied the soft tactile
sensor to simulated tissue samples, under mechanical or human
control, using a range of displacements. We obtained data, in
the form of tactile images, from the sensor, and processed this
data to enhance lump contrast in the images.

The sensor and samples were aligned on a level platform.
We used a high resolution force test stand (ES-20 and M5-20,
Mark-10, Inc.) to apply vertical indentation displacement to
the tissue. At each displacement value, the sensor data were
captured, logged, and employed in a visualization system using
a custom software graphical user interface (Figure 7).

We designed three sets of lump imaging experiments to
evaluate the performance of the tactile sensing system. The
first two imaged samples with lumps that varied in depth
h (measured from the top of the lump to the surface of
the tissue) and diameter d. In these experiments, we applied
strain-controlled loading via an aluminum indenting plate
(Figure 8a). In the third set of experiments, loading was
provided by a human finger (Figure 8b), in order to provide a
preliminary assessment of the utility of wearable sensing for
tactile imaging.

The first set of experiments employed tissues with a fixed
lump size (diameter d = 10 mm) at different depths (h =

1, 2, 3, 4, 5 mm). Tissues were was indented under strain-
controlled loading from 0 mm to 2.5 mm while sensor data
was logged. In a second set of experiments, the embedding
depth was held constant (depth ~ = 0 mm, corresponding to
lumps just below the surface), and lump diameter was varied
(d=0,4, 6,8, 10 mm). In the last set of experiments, loading
of the sensor was provided by a human finger, while the level
of displacement was controlled by (comfortably) affixing it to
the precision indenting rig (Figure 8(b)). Five displacement
values were used in testing (0, 0.5, 1.0, 1.5, 2.0 mm).

The captured data had spatial resolution of 2 mm (total 81
spatial samples, 9 x 9 array), and we smoothed the captured
data via a moving average over ten frames of sensing data.
To increase the contrast of the imaged lumps and render
them more robust to differences in lump depth or loading we
computed enhanced images, by interpolating the raw measure-
ments, performing normalization, and background subtraction.
First, we formed high resolution images via linear interpola-
tion, yielding values f(x,y) of the image at interpolated points
(z,y) from those at measurement points (z;,y;), i = 1,2,
which are position coordinates of the sensing elements, and
f(xi,y:), © = 1,2, the measured values of capacitance change.

Subsequently, using this data, we implemented a back-
ground subtraction method that removed the signal produced
by loading of the bulk tissue from that due to the lumps. The
same method may prove useful for mitigate effects of support
geometry and mechanics. For the background signal, we
employed recorded blank (no-lump) tactile images f (z,9;2)
for each load value z. These images were subtracted from the
measured signals f(x,y;z) at the same load value, yielding
enhanced images I(x,y; 2)

PR (25 R ( (A N
maxg,y f(2,4:2)  max,, f(z,y;2)

It is often desirable to obtain a quantitative estimate of lump
size from image data. Since even those images produced by
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Fig. 9: Tactile images (a-d) captured for tissues of four lump diameter values (d = 4,6, 8,10 mm) as indenting displacement
and depth were varied. Depth was measured from the top of the lump to the surface of the tissue (h = 0,1,2,3,4,5 mm).
Indenting displacement p is shown over a range from 0 mm to 2.5 mm in steps of 0.5 mm. For each lump size, the highlighted
signal in the capacitance change map that reflects the subsurface lump becomes more prominent as the depth  decreases or
the indentation increases. At equal values of depth and displacement, a larger lump size yields a higher capacitance value, and

wider extent of the area in which this increase is observed.

spherical lumps are not perfectly circular, we associate an
equivalent lump diameter d. to the image of a lump, which
we define to be the diameter of a disk of diameter d. whose
area A is equal to the area of the region of the image covered
by the lump, which is given by

A=rd*/4 = d.=/4A/T )

The area A is not known. To estimate it, we used a method
from prior literature [14], in which the lump image is modeled
via a two-dimensional Gaussian function, whose parameters
are fit to the data. The fit function is given by
2
) (3)

— ZC)Q _ (y — yc)
2w? 2w3

f(e.y) = fo + acxp (—

An example is shown in Figure 10. We fit the differential
image with the Gaussian function, which is then evaluated on
a dense mesh (spacing 0.2 x 0.2 mm), and we estimated the
image area A corresponding to the lump via the proportion of
pixels that lie above the threshold. The value d. is computed
using equation 2.

In a last set of experiments, in order to demonstrate the
feasibility of wearable tactile sensing, sensing was performed
via a human finger, which applied the soft tactile sensor to the
sample under strain-controlled loading in the normal direction
(Figure 8b). Image data was collected from samples with
lumps of diameter d = 10 mm, embedding depth A~ = 0 mm,
and indentation displacements from 0.5 to 2.0 mm.
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IV. RESULTS AND DISCUSSION

The experiments imaged simulated tumor-containing tissue
with lumps of varying diameters. We compared the results with
and without lumps, the latter consisting of blank tissue samples
(Fig. ??b). When present, the lump was a prominent central
feature in tactile images of all of the samples that possessed it.
For these lump-containing tissues (Fig. 9), the tactile images
clearly manifest the presence of the lump upon indentation of
at least 1.5 mm. For larger or shallower lumps, their presence
was revealed with even lower levels of indentation. In contrast,

the blank tissues (Fig. ??b) showed little spatial differentiation
up to an indentation of 1.5 mm; beyond this, there was a broad
increase in signal in the central area, where strain was larger,
but those spatial changes were slowly varying. We note that
the color mapping in this figure extends to a maximum value
of C/Cy = 110%, but that this does not represent saturation
in the sensor output. Instead, capacitance grows monotonically
at high loads as predicted by theory [23].

For lump-containing tissues, as the lumps varied in depth,
there was an increase in capacitance in the lump region of
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Fig. 10: Image production from a lump is modeled via fitting
a 2D Gaussian function (a), which was then evaluated on a
fine mesh (b) in order to estimate the projected area of the
lump.

the image, and the increase grew with decreased embedding
depth, yielding a qualitatively clearer image for lumps that
were closer to the surface (Figure 9).

The contrast-enhanced images were computed using equa-
tion 1 by subtracting normalized reference (blank sample)
tactile images from normalized measured images (Figure 11).
The results provide high contrast and definition of the lump
region, capturing the lump shape and size even when the lump
was small or deeply embedded (Figure 12).

We used the enhanced images (Fig. 12) to compute effective
lump diameters d. at each embedding depth, lump size, and
indentation level using the Gaussian fitting method of equation
(3) and diameter estimate of equation 2. We combined data
from all conditions, and computed a histogram of estimated
values relative to the true diameter values d./d (Fig. 13).
The results indicate that the estimates predict the true lump
size with an accuracy of a few percent, irrespective of the
embedding depth, lump size, or indentation. The standard
deviation across all conditions was 12%, indicating that this
size estimate was robust to the lump parameters and palpation
method (Fig. 13).

In a last set of experiments, we provide preliminary data
investigating the utility of the soft sensing system described
here for wearable sensing during physical examination by
palpation. The resulting images reflect the geometry and
properties of the finger, but also clearly evidence the presence
of the lump, when the latter is embedded in the simulated
tissue (Figure 14) and when the indenting depth is sufficiently
high (more than about 1.5 mm). As noted in Section II,
the geometry and mechanics of the surface that supports the
sensor affects the sensor performance, since sensor output
increases with internal strain. In manual tissue palpation,
movement behavior also plays a significant role in determining
the tactile information that is acquired [45], although we have
not examined these factors here.

V. CONCLUSION

This study investigated the utility of soft tactile sensors
for imaging lumps in simulated tissue. We presented new

methods for tactile imaging, including a integrated electronic
sensing system that achieves high levels of sensitivity. Lumps
manifested clearly in tactile imaging, even under gentle pal-
pation, which is important in applications involving delicate
or sensitive tissues.

Using data from this system, and algorithms for extracting
invariant signatures of subsurface lumps, we demonstrated that
it is possible to robustly image such lumps. This could be done
in a manner that is largely independent of the depth at which
they are embedded, or the applied load. We also showed that
the resulting images can be used to estimate the size of the
lump accurately, with a population mean within 2% under the
controlled conditions of our study, and standard deviation of
just 12%, even for small, deeply embedded lumps.

We also provided preliminary data motivating the feasibility
of tactile imaging with a wearable sensor. Such a sensor could
one day prove useful in clinical examinations by palpation,
where they could provide quantitative documentation that
is otherwise lacking in most examinations. One instructive
case example is digital rectal examination of the prostate, a
common physical examination for men, which often provides
one of the earliest means of detecting cancer. The sensing
system presented here can be designed and fabricated with
the flexibility to accommodate applications requiring different
ranges of movement and applications.
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Fig. 13: Estimated lump diameter relative to true diameter,
dest/d, for all samples (4, 6, 8, 10 mm), using the method of
equations (2)-(3). The distribution is narrowly peaked about
the true value (2% error), and a standard deviation of 12%,
evidencing the effectiveness of the tactile image enhancement
algorithm at imaging lumps independent of embedding depth
or palpation firmness.

The results of this research are promising, but there remain
several limitations that may be improved upon in future
work. While the processing presented here is quasi-static, the
rate of change in the signals captured by the sensor (for
example, the growth rate of contact area or strain energy
density) is known to be salient to human stiffness perception.
Such data could readily be captured dynamically in order to
provide further information about the mechanical properties of
palpated tissues. In human palpation, shear stress also plays
an important sensory role, and could prove useful for me-
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Fig. 14: Tactile images of simulated tissue captured under
loading by a human finger (Fig. 8b), at three indentation levels,
with and without embedded lump (diameter 6 mm, depth O
mm).

chanical imaging applications. The sensing method explored
here proves adept at capturing stresses in the normal direction,
and it may be useful to explore new features, comprising
additional functional layers or structures, that could facilitate
shear stress imaging. Tactile imaging can be effective at
capturing lump geometry from surface measurements, but the
three-dimensional, irregular nature of some tumors would pose
significant challenges. Mechanically, if the sensor support is
elastic, the geometry of the sensor can vary during palpation.
Further investigation could be warranted to understand how
this could affect sensor performance.

The electronic system presented here achieved high signal-
to-noise ratio, high sensitivity, and real-time capture, but in
a commercial application, even faster performance could be
desirable, as might readily be achieved within the state of
the art, using more customized data acquisition integrated
circuitry. New materials for electric shielding, such as elastic
conductive polymer layers, would further aid in insulating
the sensor from fringing capacitance effects. Finally, in order
to facilitate the translation of this work to applications in
healthcare, experiments involving excised or in-vivo tissue
samples would be especially valuable in order to establish a
foundation for the clinical application of mechanical imaging
with compliant tactile sensors.
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