








tunability for tactile imaging at 80 kPa that is comparable to
human touch. The device is highly linear in terms of both the
current and IEL (Figure 2b). The linearity is due to the increase
in the number of percolation channels per unit of a cross-
sectional area as the film is compressed. The electro-
luminescence conversion is high, corresponding to low power
consumption, ∼0.25 mW/mm2, comparable to other electronic
skin sensors (∼0.6 mW/mm2)40. As IEL is linearly proportional
to the local strain, the greyscale of the tactile image maps the
local stiffness variation.
Two classes of palpable composite structures were fabricated

to quantitatively image the variation in stiffness and anisotropic
shape of the filler, respectively. For both structures, the filler d =
3.2 mm deep. In the first structure, the cross-section was
circular with ET/EM from 2.5 to 10 (Figure 3a). The
corresponding tactile image clearly shows the gradual decrease
in contrast (i.e., lower EL) as ET/EM decreased from 10 to 2.5
(Figure 3b). A critical aspect of the device is the ability to
quantify the relative palpability. In the image (Figure 3b), the
step changes in the palpability as ET/EM changes from 10 to 2.5
are quantified by line scan (Figure 3c). The line is a local
average over the digital values for all the pixels in that segment,
and the error bar is the standard deviation. Although the

standard deviations are large, there appears to be a clear
distinction between the three (local) hardness regions. The
relative increases in average EL from 2.5 to 5 and 5 to 10 was
∼2.4 and ∼4.1, respectively, which are reasonably linear. The
strong contrast in the tactile image for ET/EM above 5 meets
the breast cancer screening requirement of imaging a mass of
stiffness 10-fold higher than surrounding tissue.5 The second
composite structure had two fillers, but the cross-section was
noncircular with sharp corners (Figure 3d). The image clearly
shows the noncircular-shaped “corona” for ET/EM of 5 and the
circular-shaped central core with larger intensity. In a similar
analysis to that for Figure 3c, the linear scan across the image
shows a rise in intensity of ∼6-fold (Figure 3f).
We quantified the effect of d at fixed ET/EM and, conversely,

the effect of ET/EM at fixed d, on the image quality. The fillers
were 3 mm thick (see Figure 1) with an L = 2 mm and 5 mm
square cross-section, respectively (Figure 4a,f). The ET/EM =
10 was fixed. For shallow depths, d ≤ 3.2 mm, the contrast was
remarkable with sharp edges and corners (Figure 4). The 2 mm
mass (i.e., filler) was easily detected up to depths of 10 mm.
However, the sharp edges at d = 10 mm were smeared. The
circular-like shape and larger apparent size at a 10 mm depth
was because the differential stress field due to the filler tends to
become isotropic. For larger sizes, the shape appeared to be
intact. Importantly, for ET/EM = 10, the required minimum
stiffness ratio to detect cancerous tumors in the breast and
palpable filler of L = 2 mm at d = 10 mm is clearly visible in the
tactile images. The EL intensity in all tactile images was color-
coded with a scale similar to that shown in Figure 2. The sharp
images with defined corners are consistent with the high
resolution of ∼20 � m measured for the tactile device.25 The
high resolution is attributed to the anisotropic conduction of
the film where electron tunneling occurs along the thickness
but the interparticle spacing in the lateral direction is sparse for
percolation (Figure 1). As a result, in principle, the effective
pixel size (accounting for incommensurability between the
layers) is below 100 nm.
Next, d = 6.5 mm was fixed, and the effect of ET/EM was

studied. The fillers were identical, as in Figure 4. Tactile images
for L = 2 mm filler were detectable for ET/EM = 10 (Figure 5a).
For ET/EM = 5, the shape was not apparent, while at 2.5, the
filler was below the detection limit. It is important to note that

Figure 4. Effect of the d on the tactile image. (a and f) Optical image of filler with square cross-section of side 2 and 5 mm, respectively. The other
panels (b to e and g to j) are corresponding tactile images at d ranging from 1.5 to 10 mm. The stiffness ratio, ET/EM, is fixed at 10. Scale bar is 5
mm.

Figure 5. Study of the effect of ET/EM on the tactile image. (a to f)
Using the same filler shape as Figure 4. Tactile images at ET/EM
ranging from 2.5 to 10 are recorded. The filler is fixed at d = 6.5 mm.
Color scale is similar to that of Figure 2. Scale bar is 5 mm.
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for this particular depth and ET/EM < 5, the 2 mm filler was
undetectable by human fingers. The larger filler (L = 5 mm),
however, was clearly visible in the images for all ET/EM values.
The device can clearly image fillers larger than 5 mm even at
low stiffness ratio. This suggests that a small variation in the
stiffness (below 2.5) of a size less than 2 mm, which may be due
to (normal) heterogeneity in the breast tissue, will not be
visible, indicating a low background and leading to higher
contrast in tactile images for features with higher relative
stiffness.
A translucent breast model with visible fillers of relative

stiffness of ET/EM = 10 from MammaCare Corp. was tested
(Figure 6a). The mechanical properties of the breast model are
realistic in terms of overall stiffness and are used to train
medical personnel for CBE. The fillers of different shapes and
size are located at depths ranging from ∼2 to 20 mm (Figure
6b). The tactile image of each of the fillers (i.e., simulated
mass) 20 mm below the surface were correctly detected in the
tactile images, including the anisotropic shape (Figure 6c−f).
Dimensions of 5 mm are clearly apparent (Figure 6d),
indicating that the device can potentially be a screening tool
to emulate CBE. Similar to a mass in the breast, the filler in the
breast model is mobile in the surrounding matrix during
palpation. The movement is recorded as distortion of the image
as the angle of palpation is changed (Figures S3 and S4 in SI).
It is also of note that small distortion occurs because during the
palpation the filler is mobile, so only a portion of the filler
produces the stress distribution. Unfortunately, the filler under
the papilla could not be imaged properly although it was the
largest (Figure 6g). However, the outline of the image is visible

but not too conclusive. Feeling a mass under the papilla also
remains a challenge for CBE.

■ CONCLUSION

In summary, the device has four salient features that allow for
optimum sensitivity to obtain palpable images 20 mm deep of a
5 mm size structure. First, although the film was only ∼150 nm,
it was sensitive to appreciable strain caused by contact pressure
in the 80 kPa range. The local buckling of the polymer film
between the nanoparticle layers resulted in counterintuitive
softening of the film and reversible deformation of up to a 40%
compression ratio (Figure 2b). The second aspect of the device
is the linear response. The optical signal and the rise in
electrical current on compression increased linearly with load
(Figure 2a). The linearity was caused by a linear increase in the
percolation path between the top and bottom electrode with
increasing load. The tunneling current did rise due to
compression, but the effect was insignificant compared to the
increase in percolation. The third aspect was easy processing by
a simple dip coating and washing operation that allowed
fabrication of the device on a large area flat or curved surface
and substrates that may be rigid or flexible. The fourth aspect
was that the signal from the film was continuous (i.e., an analog
device) where the contact pressure was directly converted to
EL distribution making the data acquisition convenient and fast.
Using an artificial breast model, the four features resulted in
imaging palpability of clinical relevance to potentially screen for
breast cancer. The smallest mass imaged by devices reported in
the literature was 6 mm in diameter at a depth of up to 17.5
mm, but the stiffness ratio was ∼22.13 In a breast model, a 5
mm long mass was accurately imaged at a depth of 20 mm (3

Figure 6. Tactile imaging of a breast model. (a and b) Schematic and optical image of the breast model, respectively. (c to g) Tactile images of the
various fillers in the model. The wrinkles in the model surface (b) are visible in the tactile images (for example, c and d).
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times the thickness of the mass itself) and ET/EM was as low as
10. Masses smaller than 10 mm in length were often difficult to
detect even by a trained professional.8 Thus, the device will
improve the outcome of CBE by providing a quantitative
image. Softer masses (ET/EM < 2.5) were below the sensitivity
level leading to background. Owing to the linear response of
the device, the greyscale quantitatively mapped the relative
palpability.

■ METHODS
The tactile sensor is fabricated by interposing three monolayers of Au
(10 nm) and two monolayers of CdS (3 nm) spaced by dielectric
polymer film (DPF). The DPF is made by spin coating alternate layers
of PAH and PSS at 3000 rpm for 20 s and washing with DI H2O also
at 3000 rpm in 20 s after each deposition. Thus, the tactile sensor has
the following tandem structure: ITO−DPF−(Au−DPF−CdS−
DPF)2−Au−DPF. The top layer is DPF for protective purposes.
The structure and process is described in more detail in the
literature.38 The device is deposited on 25 × 25 mm2 ITO glass
(Delta Technologies Limited, CB-90IN-0105). PAH (15 000 Da) and
PSS (70 000 Da) were purchased from Sigma-Aldrich.
The palpable structures are designed in a matrix of extrasoft cellular

silicone (Rogers Corporation, BF-1000 in 1.5 mm, 3.2 mm, and 6.5
mm thicknesses). The filler was a closed cell silicone sponge of
(Rogers Corporation) and/or a silicone rubber sheet (McMaster-Carr,
8632K44). The sponge is 2.5- and 5-fold stiffer than the matrix, and
the silicone rubber is 10-fold stiffer than the matrix. Their mechanical
properties are investigated with a tensile test instrument (TestRe-
sources; Model 225LB Actuator and Model 3397-136 Load Cell). The
results on mechanical properties are shown in Figure S2 in the SI.
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