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Microfabricated capacitive sensors prepared with elastomeric foam dielectric films and stretchable

metallic electrodes display robustness to extreme conditions including stretching and tissue-like

folding and autoclaving. The open cellular structure of the elastomeric foam leads to significant

increase of the capacitance upon compression of the dielectric membrane. The sensor sensitivity

can be adjusted locally with the foam density to detect normal pressure in the 1 kPa to 100 kPa

range. Such pressure transducers will find applications in interfaces between the body and support

surfaces such as mattresses, joysticks or prosthetic sockets, in artificial skins and wearable robotics.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4832416]

Pressure is measured in a variety of applications ranging

from product manufacturing, object recognition to medical

research. It is a fundamental metric for tactile interfaces.

Discrete pressure sensors produced with MEMS technology

are widely available today but cannot be easily distributed in

a large-area skin-like format. Several groups have recently

reported artificial tactile skins for applications in macroelec-

tronics, soft robotics, prosthetics, and bio-inspired electron-

ics. These “soft” pressure sensing technologies rely on

microstructured elastomers1,2 or composite polymers3–5 inte-

grated in resistive or capacitive devices, ferroelectric sen-

sors,6 liquid metal microfluidics,7 optical waveguides8,9 or

inorganic semiconductor nanomembranes printed on elasto-

meric substrate.10

In all cases, the soft polymer is implemented as the car-

rier or the sensitive material and is usually a homogeneous

elastomer with an elastic modulus in the 10 s–1000 s kPa

range. In this paper, we explore how microcellular elastomer

foams can be implemented for soft pressure sensing skins

and demonstrate highly deformable yet reliable capacitive

sensors. The foam sensors employ stretchable thin gold film

electrodes separated by a dielectric membrane of flexible

polyurethane (PU) foam. Fig. 1(a) illustrates the robustness

and deformability of the sensor skin, which can withstand

crumpling, sharp indentation, and autoclaving without deteri-

oration of its electromechanical performance.

The soft sensing skin is prepared on a flexible, microcel-

lular, open-cell polyurethane foam. The two-component elas-

tomer is mechanically mixed and allowed to foam up,

producing membranes with selected density and fairly uni-

form cell size.11 Evaporating thin (<100 nm thick) gold

layers onto the foam elastomer produces highly stretchable

metallization. The open-cell foam structure conveys highly

anisotropic mechanical properties to the metallic coating.

Upon stretching, large strain fields inducing cracks and folds

in the metal film only localize above the foam’s cells, while

the surrounding ligaments remain almost strain-free,

enabling stable electrical conduction in the metal film.11 The

initial electrical resistivity of the thin gold film on PU foam

is 10 lX cm, similar to that of gold film on polyDimethyl

siloxane (PDMS).12

FIG. 1. (a) Pictures of a highly compliant and robust sensor skin prepared

with flexible polyurethane foam and stretchable thin film metallization. The

skin can sustain crumpling as well as sharp indentation (bottom picture).

The gold film coating remains intact. (b) Pressure sensor skin fabrication

process.
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The process flow used to prepare the soft pressure sens-

ing skin is presented in Fig. 1(b). First, a two-component

mixture of flexible polyurethane foam (Smooth-on Flex-

Foam-iT, grades III or 17) is dispensed on a glass wafer and

bar-coated to the desired thickness. After 2 h crosslinking at

room temperature, the foam top surface is coated with an

array of electrodes, typically a 25 nm thick film of evapo-

rated gold on top of a 5 nm thick adhesion layer of titanium

patterned through a shadow mask as three parallel stripes of

1 cm width and 5 cm length (Fig. 1(a)). The metallized foam

is then flipped and coated using the same process with a sec-

ond array of electrodes positioned at a 90� angle relative to

the top electrodes.

Fig. 2(a) displays compressive stress-strain curves for

low (0.1 g cm�3) and medium (0.4 g cm�3) density flexible

polyurethane foam membranes compressed at a constant rate

of 15 lm min�1. Under in-plane compression, the open-cell

flexible foam exhibits three deformation regimes: linear elas-

tic, plateau, and densification.13 At small displacements,

bending of the cell walls results in linear elasticity. The tran-

sition from linear to non-linear behavior occurs at a moderate

strain associated with elastic (reversible) buckling of the cell

walls. The long collapse plateau is characterized by a nearly

constant stress across a wide range of compressive strains.

The transition to densification occurs at a strain, where most

of the porosity has been squeezed out and dramatic stiffening

of the elastomer occurs. Changing the foam density modifies

drastically the stress-strain curve: increasing the film density

from 0.1 to 0.4 g/cm3 stiffens the polymer (the elastic modu-

lus (E*) rises from 20 to 760 kPa), shortens the stress plateau,

and finally reduces the strain at which densification starts.

The foam relative permittivity can be calculated accord-

ing to Eq. (1)

e� ¼ 1þ es;PU � 1ð Þ
q�

qPU

; (1)

where es;PU, qPU, and q* are the bulk PU permittivity

(¼3.5), the bulk PU density (¼1.2 g/cm3), and the foam den-

sity, respectively. The stiff foam (q*¼ 0.4 g cm�3) has a

larger volume fraction of polyurethane domains relative to

that of voids compared to soft foams (q*¼ 0.1 g cm�3) there-

fore its initial permittivity is larger: e�stif f ¼ 1.83 and

e�sof t¼ 1.21. Figs. 3(b) and 3(c) show the capacitance and

deducted relative permittivity across the foam membranes

placed in an Agilent 16451B dielectric test fixture. The

8 mm diameter soft and stiff foam membranes are 440 and

690 lm thick, respectively; electrodes are 5 mm diameter.

The applied compression is controlled with a micrometer

screw. Stray capacitances can be neglected using a guard

electrode montage in the top plate electrode. For a given

compression, the soft foam displays a larger increase in ca-

pacitance than the stiff foam; the capacitance increase in

bulk polyurethane is comparatively modest. When the me-

chanical load is applied to the foam, air is expelled through

the open-cell structure leading to a denser material and an

increased e*. The latter increases to a maximum correspond-

ing to the compressive stress plateau. In this regime, the

porosity is easily removed from the foam microstructure. At

high compressive strain (>0.5), densification starts from

contact between the cell walls.13 The strain at which e*

reaches the maximum is directly related to the foam density.

An increased foam density leads to thicker cell walls, which

touch at smaller strains, reducing in the meantime the strain

at which densification starts and e* peaks. A decrease from

0.75 to 0.6 strains is indeed observed when increasing the

foam density from 0.1 to 0.4 g/cm3 (Fig. 3(c)). Furthermore,

in the densification regime, the fall in relative permittivity

may be explained by the difficulty in further removing the

FIG. 2. Mechanical and dielectric properties of the flexible polyurethane

foam membranes. (a) Compressive stress-strain response of a soft

(0.1 g/cm3) and stiff (0.4 g/cm3) foam. (b) Plate capacitance measured across

bare (uncoated) foam membranes as a function of applied compression (dot-

ted curves) and calculated using a constant relative permittivity

(C ¼ e�e0 A=t, plain curve). (c) Corresponding relative permittivity as a

function applied strain.
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residual porosity: PU cell walls compress locking in the pore

space.14

Figure 3 summarizes the responses to compressive load-

ings of capacitive foam sensors. The sensors are prepared (as

described in Fig. 1(b)) by using the soft polyurethane foam

(q*¼ 0.1 g cm�3, 440 lm thick) which gives the highest pres-

sure sensitivity; each sensor has a 1 cm2 electrode surface area.

The sensor capacitance, C ¼ e� e0
A
t , is recorded with an

E4980A Agilent inductance capacitance resistance (LCR) me-

ter; compression is applied with a motorized indenter (a 5 mm

diameter plastic indenter moving at a 15 lm/s rate). Fig. 3(a)

illustrates the net change in capacitance of the sensor during

cyclic deformation to 10 kPa, 50 kPa, and 300 kPa, (indenting

over 1 s and pausing 5 s); each cycle (with 3 applied pressures)

lasts 46 s. The sensor response is relatively fast (in the 100 ms

range) and independent on the range of applied pressure.

Fig. 3(b) plots the sensor response, while the sensor

skin is conformed over the tip of a pencil. The skin is held

in a plastic ring (10 cm diameter) for easy manipulation and

the pencil tip, normal to the skin plane, is centered on the

1 cm2 sensor (Fig. 3(b) inset). Using a manual stage, the

pencil tip slowly indents the back of the skin, which was

preliminary coated with a protective 100 lm thick silicone

membrane. First, the capacitance changes little with the

depth of indentation due to the silicone damping and the

small contact area with the pencil tip. Further indentation

linearly increases the capacitance as the skin uniformly

coats the sides of the pencil tip. After removal of the in-

denter, the gold film surface is intact, and the sensor capaci-

tance recovers its initial value.

The sensor skin is then coated over a golf ball. Typical

responses of the measured change in sensor capacitance as a

function of time are shown in Fig. 3(c): the sensor matrix is

held flat (prior to conforming the ball) then fitted to the ball.

As a cyclic, 75% compressive strain is applied to the surface

of the foam sensor, its capacitance repeatably increases by

2.25 pF. Stretching the skin over the ball leads to a change of

the capacitance at rest, C0, from 4.7 pF to 6.5 pF, but the tem-

poral response and capacitance deltas are not otherwise

altered by the imposed multi-axial stretch.

We evaluated the robustness of the foam sensor technol-

ogy by recording the sensor response prior to and immedi-

ately after three demanding treatments. Fig. 3(d) shows the

cycling response of a sensor before and after being subjected

to, in sequence, the scotch-tape test (sticking and peeling off

of scotch tape on the metal film), crumpling (as shown in

Fig. 1(a)), and autoclaving (121 �C, 200 kPa, 20 min.).

Compressive cycles to 75% strain are applied with the 5 mm

diameter indenter on the surface of the sensor mounted flat

in the experimental setup. The sensor response is surpris-

ingly stable. Only autoclaving significantly affects the

response, yet does not annihilate it.

The foam sensor skin fabrication process may be simply

altered to pattern distributed sensing volumes of selected

stiffness within a single foam membrane (Fig. 4(a)). Before

metallization, the flexible foam membrane is perforated to

produce an array of holes that are subsequently filled with

softer foam. A thin residual layer of the softest foam also

coats the whole skin surface as shown in Fig. 4(a).

Electrodes are then aligned with the soft and hard foam

patterns, resulting in sensors of two different stiffnesses and

sensitivities side-by-side and on the same substrate

(Fig. 4(b)). Large sensors (1 cm2 surface area) are presented

here but smaller features may be patterned using laser cut-

ting or molding against three-dimensional negative struc-

tures. Figs. 4(a) and 4(d) show a photograph and the

response of the hybrid sensor skin. The soft sensors are sig-

nificantly more sensitive than those patterned on the stiff

foam, registering changes in capacity of 0.015 pF/kPa vs

0.0026 pF/kPa in the initial linear regime. In addition, as a

byproduct of the fabrication process, the entire array is

coated with a thin layer of soft foam. This improves the sen-

sitivity of the stiff sensors in the low pressure range without

affecting its response in the high-pressure range.

FIG. 3. Soft foam sensor response (a) to cyclic indentation, (b) to sharp indentation, and (c) before and during shaping over a golf ball over 5 cycles to 75%

compressive strain. (d) Cyclic sensor response to 75% compression before and after exposure to tape test, crumpling and autoclaving. All sensors are 1 cm2.
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In summary, we demonstrated a straightforward

approach to design and fabricate highly robust and compliant

pressure sensors using flexible elastomeric foams. The

microcellular structure combined with the elastic polymer

matrix conveys improved mechanical, and as a result, elec-

tromechanical properties compared to bulk elastomers. The

pressure sensitivity and operating range of the foam-based

sensors may be adjusted by modulating the foam density.

Flexible foams are already available in a wide range of for-

mats, materials, and stiffness and are used in industrial as

well as biomedical settings. Their compatibility with thin

film metallization opens the path to the production of large-

area, lightweight, and low-cost sensory skin.

We acknowledge the support from the European

Research Council through an ERC Starting Grant No.

259419-ESKIN and the Bertarelli Foundation.
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FIG. 4. (a) Picture of a hybrid foam

sensor skin (each gold stripe is 1 cm

wide). (b) “Stiff” and “soft” sensor

response as a function of applied

pressure.
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