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Abstract—In this paper, we present a capacitive sensor that
measures the interfacial forces in prosthesis. The sensor’s design,
transfer function and performance metrics are tested and
discussed. The sensor is uniquely able to measure both shear and
normal stress simultaneously.
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L INTRODUCTION

In the U.S., more than 180 000 people use an artificial leg
or foot. Successful integration of sensitive skin into a prosthetic
device would be a vast improvement over the devices currently
available to amputees.

The sensor presented in this paper is unique in its ability to
measure normal and shear stresses simultaneously. The
existing devices for transduction of shear and pressure forces
include resistive strain gauges [1], piezoelectric resistors [2,3],
fiber-optic cables and waveguides [4,5], gas-filled cavities [6],
and capacitance-based methods [7-15], are all either incapable
of measuring both forms of forces, or lack adequate resolution.
Furthermore, these sensors exhibit cross-talk between shear
and pressure channels and are difficult to calibrate [16-18].
Due to the lack of commercial devices that can measure shear
distribution, a number of mathematical models have been
developed to predict shear forces from vertical forces [19,20].
However, recent work has found these methods to be
inaccurate [17]. The sensor array presented in this paper will
address these short comings and enable detailed study of
biomechanical interfaces. The sensor development presented in
this paper is a continuation of the work presented in [21].

II.

The shear sensor is a simple parallel plate capacitance
sensor, with two electrode layers separated by flexible and
compressible pillars made of polydimethylsiloxane (PDMS,
Fig. 1a). When a normal force is applied, the pillars compress,
and the distance between the electrodes is reduced. When a
shear stress is applied the pillars bend, and the areas of overlap
between the electrode layers are changed. Fig. 1b shows the
electrode configuration of the sensor. The sensing unit has four
electrodes, comprised of one drive electrode and three sense
electrodes: 1) the pressure sensor, 2) X-directional shear, and
3) Y-directional shear. The sensor has the ability to measure
both pressure and shear at the same time.

ELECTRODE DESIGN

Let the electrodes be separated by a distance dj, and the
area of overlap between each of X direction shear sense
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electrode, Y direction shear sensing electrode, pressure sensing
electrode and the driving electrode by A4, 4, and A.
respectively. The measured baseline capacitances between

electrodes are Cy), Cy) and C .
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Simplified electrode configuration of interfacial force sensor.

Figure 1

When a force is applied, the PDMS pillar array bends and
compresses. This deformation changes the distance of
separation between the sense and drive electrodes by Ad as a
function of the pressure applied, and the areas of overlap
between the drive and sense electrodes (A4, and A4,) as a
function of the shear stresses. The pressure sensor electrode is
fully covered by the drive electrode surface and hence, is only
sensitive to changes in the distance between the electrodes.

Once the new capacitances C , C), and C, have been

measured, the change in the distance between the plates can be
obtained by:
‘IJ

We can determine the change in areas of overlap between
the X and Y direction shear sensing electrodes and drive
electrode to be:
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Since the change in the area of overlap between the
electrodes is a function of only the shear stress, the change in
ratios of capacitances on the right hand sides of (2) and (3) are
also purely functions of the shear stress. Thus, we can use
define these ratios as one of the sensor outputs and use it as
parameters to calibrate the sensor response to shear stresses as
discussed in the following section.



III.

Several sample sensor cells were fabricated and tested to
validate the design and characterize the mechanical and
electrical properties of the device. The sensor was a lcm x lem
square with a PDMS pillar that was 4mm wide and 1mm high
in each corner, (i.e., there were 4 pillars). The sensor was tested
using the Mach-1 micromechanical testing system
(BioMomentum Inc., Canada) with a six-axis load cell
(Nano17; ATI Industrial Automation).

SENSOR CHARACTERIZATION

A. Sensor Response to Compressive Stress

In this test the sensor was strained in compression mode
while being subjected to different shearing stress levels. The
compressive normal force, and the lateral shearing force
required to achieve these strains were measured. The sensor
outputs at each of the loading conditions were also recorded.
The relationship of stress to strain was nonlinear (Fig. 2), and
consistent with those reported for other hyperelastic materials
[22]. For smaller values of strain (less than 5%), the stress
strain relationship is linear, but becomes nonlinear at higher
levels of strain. For the given range of strain, the relationship
can be modeled as an exponential function given by:
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4)
Eomp is the

compressive strain. The exponential fit has a goodness of fit
metric R’ of 0.9985, and most of the measured data points are
within the 95% confidence bounds (Fig. 2).
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Figure2 The PDMS pillars due to their hyperelastic material properties
introduce nonlinearity in the sensor’s mechanical response to compressive
forces.

The change in capacitance of the pressure sensing electrode
pair was measured for various compressive loads (Fig. 3). The
pressure sensing electrode pair is in effect a parallel plate
capacitor, and therefore, has an inverse relationship between
capacitance and the distance between the electrodes. Using this
model, we obtain,
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where AC is the change in sensor capacitance. This model
accurately fits the experimental data with an R* of 0.9933.
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Figure 3 The sensor output is inversely dependent on the strain and is
independent of shear loads.

Combining the relationship between the compressive stress
and induced strain, with the relationship between strain and
change in sensor capacitance, we obtain the mapping between
the mechanical force applied to the sensor and its electrical
response (Fig. 4). This relationship is given by:
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Figure 4 The shear sensor output is linearly dependent on the shear pressure
and is independent of compressive loads.

B. Sensor Response to Shear Stress

In displacement control, the sensor was loaded in shear
mode while being subjected to increasing compressive forces
up to 241 kPa. The normal and shear forces were acquired at
each displacement (Fig. 5). The sensor outputs at each of the
loading conditions were also recorded. The relationship
between shear stress and strain is linear and independent of the
compressive loading. This relationship is given by:



(M

Oshear = 670€shear +1.6

where O, is the shear stress and £, is the shear strain.
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Figure 5 The mechanical properties of the sensor are independent of the
compressive loads. The shear stress and shear strain relationship remained
constant of a range of compressive stress.

The output of the sensor is linearly dependent on the shear
strain (Fig. 6). The sensor output is a ratio of two capacitances,
and is therefore unitless. The linear behavior is given by:
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where S is the output of the sensor.
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Figure 6  The sensor output is linearly dependent on the shear strain.

The calibration curve for the sensor is obtained by
combining the mechanical response of the sensor (Fig. 5) with
the electrical characteristics (Fig. 6) to derive the mapping
between sensor output and shear stress (Fig. 7). The sensor
output is linearly proportional to the shear stress, and is given
by:
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Figure 7 The shear sensor output is linearly dependent on the shear
pressure, and is independent of compressive loads at lower shear loads.

IV. CONCLUSIONS

A sensor that is capable of simultaneously measuring shear and
normal stresses was built and tested. The sensor output was
found to have linear relationship with both types of stresses.
The sensor was shown to be capable of isolating the cumulative
effects of the normal and shear stresses with no significant
crosstalk.
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