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Abstract— Many applications for tactile sensors require a
flexible, stretchable array to allow installation on curved surfaces or to measure forces on deformable objects. This paper
presents a sensor array created with barometers and flexible
printed circuit boards that delivers high sensitivity on a flexible,
stretchable package using commercial off-the-shelf (COTS)
components: MEMS barometers and commercially-compatible
flexible printed circuit boards. The array is demonstrated on
the surface of a jamming gripper, where it provides the ability
to sense grasping events and detect object shape.

I. I NTRODUCTION
Tactile sensors are important for measuring mechanical
interactions such as contact and forces that are difficult
to detect with other modalities such as vision; they are
also valuable where occlusion limits line-of-sight. Dozens of
tactile arrays have been designed [1], [2], using nearly every
conceivable transduction technology including resistance [3],
capacitance [4], [5], magnetism [6], optical imaging [7]
and much more. Despite this, tactile sensors still do not
see widespread use in most robots and it often requires
considerable work to customize sensors to specific robots.
As a result, there has been a recent shift towards systemslevel considerations [8] such as installation/integration, cost,
and accessibility to systems developers.
One such question is installation on curved surfaces such
as robot hands, fingers, etc. Several approaches have been
presented including fabric sheets [3], rigid panels that can
be tiled over curved surfaces [9], and a ”cut and paste”
design that can be folded to shape [10]. Furthermore, other
surfaces stretch, including soft robots, jamming grippers,
and human skin. This has inspired sensors that stretch,
including sensors based on resistive rubber [11] and soft
sensors base on liquid resistors [12] some of which can
stretch up to 100% [13], [14]. However, creating sensors with
good performance generally requires specialized fabrication
techniques that usually impedes widespread adoption.
In this paper, we present a sensor design that leverages
commercial off-the-shelf (COTS) technology to create a flexible, stretchable array with high sensitivity and low cost. In
the following sections, the design of the sensor is presented
along with a method to decouple external and internal loads
using a semirigid substrate, and the sensor is applied to a
novel application in a jamming gripper.
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Fig. 1. By combination of standard processes, it is possible to create tactile
arrays that are flexible, stretchable, sensitive, and easy to manufacture.

II. D ESIGN
A. Taxels
MEMs barometers provide high pressure sensitivity in a
small, inexpensive package that is compatible with standard
PCB fabrication processes. These sensors consist of a silicon
diaphragm fitted with a Wheatstone bridge, a temperature
sensor for thermal compensation, a high-quality instrumentation amplifier, and an I2C bus. The sensor used for the
current design is MPL115A2 (Freescale Semiconductor Inc.,
Austin, TX, USA) [15], selected for its low cost (1.13USD
in quantities of 100 at time of writing).
MEMS barometers can be converted into tactile sensors
using two steps, as described in [16]. First, the sensor must be
covered with rubber. This process leaves an air bubble inside
the sensor resulting in very low sensitivity. This aspect was
addressed by vacuum degassing the sensor unit in uncured
rubber (Vytaflex20, Smooth-On, Inc., Easton PA) at roughly
-740mm Hg (gauge). This draws the rubber inside the metal
case of the sensor before it cures to provide a direct force
transmission from the rubber surface to the diaphragm of the
sensor.
The second step arises from the I2C communication protocol and the fact that commercially-available sensors share
one or two addresses. Communicating with an array thus
requires additional sensors [16]. To address this, each sensor
can be connected to a dedicated chip-select wire controlled

Fig. 2. Single sensor unit; a. Blank FR4 PCB, b. Barometer and a capacitor
soldered, c. Cast in rubber

by a micro-controller. This makes it possible to activate one
sensor at a time for data sampling.
The array structure was designed to be modular where
the sensor units are individual components which would be
soldered into dedicated places. The PCB design and the
manufacturing steps for a single sensor unit are shown in
Fig. 2. It can be seen that the communication wires were
routed to one side and the chip-select wires to a different
side. This outline makes it possible to simplify the array
assembly as the communication and the chip select lines
can be separated. In the current implementation this feature
makes it possible to wire the sensor unit on a grid of wires,
as will be shown in the next section. Finally, the chipselect outline with four soldering options makes it possible
to designate each sensor unit to a different chip-select wire
during assembly.
To reduce the thickness of the design the circuit boards
were manufactured from a standard FR4 PCB 0.127 mm
thick. The rubber thickness was chosen to be 2.5 mm which
creates a 1.3 mm layer of rubber above the sensor.
Sensitivity of an individual taxel was evaluated by applying a load to the rubber directly above the ventilation
hole using a probe with spherical tip with diameter of 6
mm. The probe was attached to a triple beam balance with
0.001 N resolution. The load was applied incrementally
until the sensor output saturated. Then, the load was gradually removed to evaluate the hysteresis of the sensor. This
measured sensitivity of 3600 counts/N as shown in Fig. 3.
The sensitivity of the unit can be adjusted according to the
application by varying the rubber stiffness or thickness.
B. Wires
To interconnect the array of sensors it was required to have
wires that are flexible, stretchable and connecting at least
four signals. One approach is to leverage flexible circuits.
These have seen significant advancement in recent years,
driven in part by the smartphone and electronics market. To
enable them to stretch, several approaches have been studied
including meandering [17], [18], micro patterning [19], and
crinkling [20]. The meandering approach was chosen for the
current work as it offers a significant elongation before yield,
and it is well suited for our 2D manufacturing techniques.

Fig. 3. Sensitivity of individual taxels. Load is applied through a spherical
tip with diameter of 6 mm.

There were two considerations for implementing wires
design. First is the width of the traces. A few experiments
with our etching manufacturing process have shown that the
minimum reliable trace width is 150µm. Second, the diameter of the loop segment was considered and its dimension was
chosen such that at least one full loop segment be present
between the sensors. With respect to these considerations,
the distance between the sensing points of the sensor units
in the current setup was chosen to be 18 mm.
The wires design used in the current prototype was similar
to the meandering shape shown on Fig. 4. Four copper traces
of 150µm width ensure the electrical connection between
both extremities of the meandering wire. To obtain the traces
pattern, a copperclad kapton sheet (Pyralux 18um copper,
25um polyimide) was spin coated (3000 rpm, 30 s) copper
side up with photoresist (Shipley SP 24D). The copper
traces were then obtained by raster-machining method. In
this method the area around the traces was rastered to remove
resist using a diode-pumped solid state (DPSS) laser and then
the flex circuit was submerged in ferric chloride to remove
the exposed copper regions. Though this manufacturing
process was performed in-house, its outcome is compatible
with commercial manufacturing.
To interconnect the array of sensors, five signals must be
brought to each sensor (V+, Ground, I2C data, I2C clock
and Chip-select). It was also desirable to limit the number
of connections between the wires as these can become loose
during stretching or bending and as such impact the overall
reliability. To address this, the wire was designed as a single
unit to which a number of sensors can be connected. To this
end, the wire presented in Fig. 4 was adapted to be longer and
have several soldering pads for the sensor placement (Fig.
5). To create the array the wires were organized in a grid
configuration, with vertical wires going other the horizontal
wires.
The sensor unit connections are distributed along two of
its edges (as described in Sec. II-A and shown in Fig. 2). One

C. Array

Fig. 4.

Meandering wire with four copper traces.

To assemble the sensor units and wires into an array,
several trade-offs are important to choose an appropriate size.
First, because the taxels are not themselves flexible, there
is a trade-off between sensor density and the flexibility /
stretchability of the array. This is a limitation of the methods
presented, and a complete treatment of how to avoid tactile
aliasing [21] is outside the scope of this work, but various
methods could be used to combat it such as stretching an
awning over the array or encapsulating the sensors in fluidfilled chambers. Second, there is a trade-off between array
size and likelihood of failure. For an n-element array where
each element has a failure rate of x, the failure rate of the
entire array will be xn – this means a 40-element array of
sensors with a 1% individual failure rate has a 33% chance
of failure. Thus, for large arrays it is important to use either
extremely reliable units, or to make it possible to replace
individual units if they fail during manufacture or use. In this
case, we chose a taxel spacing of 18mm and a 4x4 array.
III. S YSTEM P ERFORMANCE

Fig. 5.

Grid connection of the sensors and microcontrollers

edge containing the power supply and the I2C connections,
the other edge containing the chip-select connection. This
makes it possible to solder each sensor unit with both the
horizontal and vertical wires, using only single sided flex
circuitry. This could also be implemented using double sided
PCB layers. In order to have a better fixation with the
underlying flexible wire, rounded cuts were implemented
instead of straight edges at the sensor unit’s solder pads in
order to increase the length of the solder contact. Also, to
increase strength at the connection points, the layers under
the sensor units were bounded using super-glue.
The chip-select hardware was implemented using a
TakkStrip module (TakkTile LLC, MA, USA). The module
was cut to separate the sensors from the pre-programmed
micro-controller, and only the section with the microcontroller was used. Each row, which are the wires for the
chip-select, was connected to a separate module, and this
made it possible to control which sensor on the row is being
read. The vertical wires of the array containing the power
supply and the I2C bus (Fig. 5) were connected together
along the data and power lines of the micro-controller modules. These wires were also connected to USB-to-I2C bridge
interface (CY3240, Cypress Semiconductor Corporation, San
Jose, CA, USA) to gather data. Data sampling from the array
was performed through the bridge interface which has low
communications speed, and the data reported in the paper
was sampled at 20Hz. To improve sampling rates alternative
communication bridges can be used. For example, TakkFast
(TakkTile LLC, MA, USA) can provide sampling speeds of
100Hz for arrays of up to 40 sensors.

For a pressure sensor embedded in a flexible membrane,
loads may come from either external contact or internal
strains resulting from the deflection of the membrane. For
obvious reasons, it is important to differentiate these. People
have designed special sensors that do this [11].
Although rigid sensor substrates are less flexible, they
provide a way to decouple external pressure response from
internal membrane deformation response. To evaluate the
influence of external forces a single sensing unit of the
array was modeled using commercial Finite Element package
Abaqus (Dassault Systemes, France). A 2D model demonstrates sensor response under three key classes of loads as
shown in Fig. 6. For analysis, the model was discretized
into a dense mesh of 4-node reduced integration plane stress
elements CPS4R, with total of 2170 elements. Three loading
cases were studied: normal load, membrane tension, and
membrane bending. For normal load (benchmark case), the
pressure is applied to spread on the upper surface of the
cell, corresponding to the sensor region. In the second case,
a tension with the same amplitude is applied to both the left
and right surfaces of the base rubber part. In the third case,
membrane bending is evaluated by setting a pressure over a
small area near the ends of the membrane, so that the total
force will be the same with the pulling case. For all three
cases, the vertical stress component σ22 at the mid sensor
surface is extracted, and is presented in Fig. 7. It can be seen
that the pulling and bending cases have little effect on the
sensor output compared to direct push. This finding supports
the early assumption that in the current configuration of the
flexible array only forces applied directly on the sensing units
will be registered.
To evaluate the tactile array’s stretchability, the extension
of a single wiring unit was evaluated as follows. All electrical
lines were connected in series so that a single breakage could
be detected as a loss of conductivity. The wire was then
embedded in rubber and on a balloon substrate (Fig. 8 (a) so

Fig. 8. (a) Stretchable wire embedded in rubber / fabric. (b). Failure
generally occurs between 30 and 55 percent strain.

Fig. 6. The simulation model and the results. (a) The simulation model
showing the sensing unit and the overlaying rubber, (b) Simulation results
for pulling, (c) Simulation results for bending.

Fig. 9.
Flexible, stretchable tactile sensors are important for many
applications. (a) robotic grasping (b) sports measurements (c) human factors
and ergonomics (d) psychology and motor control studies.

be used in applications that are themselves stretchable. This
opens a range of uses as shown in Fig. 9. The array presented
here is particularly sensitive and fairly stretchable, so an
application was chosen to highlight these qualities.
Fig. 7.
Simulation results showing that pressure stress (σ22 ) will be
significantly lower for pulling and bending compared to direct push.

that the conditions are as close as possible as the jamming
gripper application presented in IV.
The wire is then fixed on a material tester (Instron 5544A,
Instron, MA 02062, USA), and the force vs. extension, as
well as the connectivity failure was measured.
Fig. 8 (b) shows an example of the wire’s behaviour under
strain. When stretched, the flex circuit wire breaks before the
surrounding rubber; generally at a strain between 30 and 50
percent. This is much lower than a theoretical 103 percent
strain if the wire was fully straightened. This is explainable
by the fact that the rubber surrounding the wire doesn’t
allow the wire to twist freely under strain, thus reducing
substantially the failure point.
IV. A PPLICATIONS
Flexible, stretchable tactile arrays can be installed on rigid
curved surfaces without custom engineering, and they can

A. Jamming Gripper
Jamming grippers take advantage of a phase transition
that occurs in granular materials as the pressure on them
changes. Under pressure, solid particles stop flowing past
one another and ”jam,” as well as compacting slightly. This
allows a thin membrane filled with granules to function
as a gripper [22], [23] – it can be pressed down around
an object, a vacuum is applied inside the membrane, and
the whole device hardens and grasps around the object.
To function well, the membrane must be elastic and thin,
and mechanically robust due to the loading applied; thus,
jamming grippers serve as a challenging test platform for a
flexible, stretchable array.
To create a thin, smooth, membrane around the sensor
network, several different approaches were evaluated and
compared. In the first, a wired sensor array was placed on
a mylar sheet treated with mold release (Universal Mold
Release, Smooth-On, Inc., Easton, PA) and a film of rubber
was poured over the entire system. Although it created a
flexible, stretchable surface equipped with sensors, spreading

Fig. 10. The gripper prototype was created by (a) creating an array (b)
sandwiching it between a balloon and rubber-impregnated fabric (c) filling
it with coffee grounds to create (d) a gripper that can grasp objects.

Fig. 12. A selection of objects and their tactile signatures. Tape roll (top)
and hammer handle (bottom).

Fig. 11. Tactile sensor readings while gripping and lifting a small block.
The sensors indicate when first contact occurs, then when the force pattern
shifts as a vacuum is applied to grip the object. Forces shift again when the
object is lifted, and finally when the object is released.

the plastic too thin caused it to bead up leaving holes so the
resulting membrane was comparatively thick (1.5 - 2mm). In
the second approach, shown in Fig. 10, a balloon was used
as the substrate. The balloon was inflated, and the sensor
network affixed using hot glue. To hold the wires to the
surface, a second layer of thin nylon fabric was stretched
around the outside. Rubber (Vytaflex20) was spread thinly
over this and allowed to soak in, forming a bonded sandwich
constraining the wires.
After the assembly cured, the balloon was deflated and
filled with coarse ground coffee and an air tube was inserted,
fitted with a filter to block the passage of coffee grounds.
To demonstrate the functionality of the sensorized gripper,
the gripper was pressed over target objects, a vacuum was
applied to grasp the object, the gripper was lifted, and
then the vacuum was removed to release the object. As

shown in Fig. 11, the sensors pick up information including
contact, grasp acquisition, object liftoff, and object release.
Additionally, objects were placed against the surface of the
gripper as might occur during first contact. As shown in
Fig. 12, this generates a tactile image of the object.
Note the distinction between tactile data and position data
– a comparatively small change in the underlying surface can
result in a large change in the contact force. This is shown
in the lower left edge of the tape roll in Fig. 12, where
one pixel reports a low reading due to a small displacement
in height. Thus, if the object shifts, the pressure readings
are not a proxy for the shape of the object, but are a good
measurement of force distribution in the gripper.
V. D ISCUSSION AND C ONCLUSION
These results confirm that highly deformable tactile array
sensors can be constructed using standard commercial fabrication processes. The conversion of MEMS barometer chips
to contact pressure sensors requires only vacuum degassing
during rubber overmolding. The resulting transducers are
highly sensitive, with response as low as about one gramforce (0.01 N). The interface is a noise-tolerant digital
signal over a standard bus, so only four common wires are
connected to each sensor (in addition to a specific chipselect
line). This minimal wiring requirement greatly simplifies
integration of sensors into a flexible array.
Stretchable and bendable electrical connections can be fabricated as meandering wires on flexible circuit boards using
the resist and etching techniques employed for consumer
electronics. Elongations of 25% are readily tolerated by the
prototype presented here, and further work on optimizing the
wire geometry (e.g. avoiding high curvatures that develop at

the wire-sensor interface) is expected to significantly increase
the deformation limit. The design presented here uses rigid
PCBs under each chip for solder mounting and for wire
connections. This also provides good isolation of the sensor
from membrane stresses due to bending and stretching. As
a result, the sensor responds only to contact pressures.
This design could be simplified so that the chips are
mounted onto the same flexible circuit boards on which the
meandering wires are fabricated. This means that standard
surface mount flexible PCB manufacturing lines can be used
to assemble the arrays. The excess flexible circuit board
in the areas between the wires can then be removed, for
example using laser cutting or die punching. Rigid plates
can then be bonded to the flexible circuit board beneath
each sensor to provide membrane stress isolation. The result
is a stretchable sensing technology that can be ordered from
electronics manufacturers using standard processes, requiring
only simple modifications before molding the sensor array
into a rubber membrane.
A drawback of the current design is that the sensors are
isolated islands which respond to contact pressure only over
a few square mm directly above the barometer chip. This
responsive area can be expanded by molding a wider stiff
element into the rubber above the sensor. Similarly, in the
present design each overmolded sensor protrudes 1-2 mm
above the surrounding skin. The surface can be leveled by
adding a top layer of softer rubber, which results in a smooth
surface for better contact interactions, but will not transmit
significant stresses from membrane deformation.
This sensor technology is intended to be useful across
a variety of applications, for example in soft robotics and
human-machine interfaces. Here we demonstrated its use
in a jamming gripper, which is a particularly demanding
setting because of the high curvatures and local stresses when
the membrane envelopes a square-edged object. The sensing
array enables the robot controller to determine whether a
grasp is successful, which is problematic using vision due
to object occlusion by the gripper. The sensor data can
also be processed to reveal object shape and orientation
for grasp refinement and object recognition. The creation of
these sensors can enable effective manipulation by humansafe robots with compliant surfaces, as well as a host of
applications in ergonomics and biomechanics.
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