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Abstract—Studying interfacial stresses is an important step 
towards understanding load distributions in mechanical, 
biomedical, and industrial systems. This paper presents a 
capacitive sensor that is capable of simultaneously measuring 
compressive and shear stresses. The sensor consists of two 
electrode layers separated by a set of flexible and compressible 
polymer pillars. The sensor’s response to compressive and shear 
stresses was tested and characterized up to 320 kPa and 70 kPa 
respectively. An algorithm to estimate the applied stresses based 
on sensor output was developed and validated. The applied 
compressive stresses were estimated with an accuracy of 95.04 
% and shear stress with an accuracy of 89.45 %. 

I. INTRODUCTION 
In the United States, 623,000 civilians live with a lower 

limb amputation [1]. A large proportion of these lower-limb 
amputees use prosthetic limbs for mobility, yet their 
performance is greatly inferior to that of natural limbs. 
Achieving patient comfort without sacrificing mobility is the 
primary concern for amputees undergoing rehabilitation after 
amputation. Comfort and mobility are influenced by the fit of 
the prosthetic socket system [2,3] and load distribution 
(normal and shear stress) from the socket to the residual limb. 
To help improve patient comfort, numerous studies have been 
conducted recently to understand the implied but complex 
relationship between pressure, shear stress, fit, and injury. 
Many investigators have attempted to understand load transfer 
between the residual limb and the prosthetic socket by 
studying: a) the direct measurement of interface stress [4,5] at 
specific limb locations [6]; b) the effect of varying socket 
types [7,8]; c) the suspension systems [9,10]; d) the amount of 
interface friction [11]; and e) the variation over time [12]. The 
interfacial stress sensor discussed in this paper will help 
improve the understanding of these complex relationships by 
providing doctors a tool to measure interfacial stress with high 
accuracy. 

The sensor presented here is a continuation of the work 
presented in [13,14]. The work presented in [13] shows the 
viability of using capacitive sensors for measuring interfacial 
forces, and [14] discusses the electrical and mechanical 
characteristics of the sensor in detail. The work presented in 

this paper details the inverse problem wherein a model is 
developed to estimate the applied compressive and shear 
stresses based on the measured capacitances.  

The existing devices for transduction of shear and pressure 
forces include resistive strain gauges [15], piezoelectric 
resistors [16], fiber-optic cables and waveguides [17], gas-
filled cavities [18], and capacitance-based methods [19-22]. 
They are all either incapable of simultaneously measuring 
both forms of stresses, or lack adequate resolution. 
Furthermore, the range and sensitivity of the existing sensors 
cannot be easily tuned to suite the application of interest, 
thereby making them sub-optimal solutions. For example, 
when studying interfacial forces between the prosthesis and 
residual limb, the region at the bottom of the limb will 
experience higher compressive stress than shear, while the 
regions along the sides of the limb will experience higher 
shear stresses than compressive stress. If the same sensor is 
used to measure forces at both of these regions, it will have 
sub-optimal pressure performance in the bottom region, and 
sub-optimal shear performance along the sides. In the sensor 
presented in this paper, the stress-strain relationship can be 
easily tuned for optimal performance in the expected range of 
stresses by altering the physical dimensions of the pillar. This 
flexibility allows researchers to gather higher accuracy data in 
all regions without having to use complex multi-modal 
sensing instrumentation. 

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. 1).  

 

 

Figure 1. Photograph of the interfacial stress sensor. 

Surface exposed to 
interfacial forces

Top electrode layer

PDMS pillars

Bottom electrode layer

This work was supported in part by the U.S. National Institute of Health 
under Grant R21HD052109-02, the Department of Veterans Affairs Grant 
A4843C, and the Washington NASA Space Grant scholarships. 

978-1-4244-8168-2/10/$26.00 ©2010 IEEE 2569 IEEE SENSORS 2010 Conference



Fig. 2a 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. When a 
normal force is applied, the pillars compress, and the distance 
between the electrodes is reduced, thereby increasing the 
capacitance between the drive electrode and all the sensing 
electrodes. When a shear stress is applied, the pillars bend, and 
the areas of overlap between the electrode layers are changed 
(Fig. 2b). The electrodes are laid out such that the pressure 
sensing electrode has significant overlap with the drive 
electrode and its output is, therefore, immune to lateral 
displacements. The shear sensing electrodes are designed such 
that they are sensitive to change in areas of overlap along only 
one direction, and therefore their outputs are immune to 
crosstalk. 

 
 (a) (b)  

Figure 2. Simplified electrode configuration of interfacial force sensor. 

 
II. SENSOR CHARACTERIZATION 

To determine the transfer function of the sensor, it was 
tested using the Mach-1 micromechanical testing system 
(BioMomentum Inc., Canada) with a six-axis load cell 
(Nano17; ATI Industrial Automation). A charge integration 
based circuit, with a resolution of 4pF, was used to measure 
the output capacitances. The circuit uses an average of 100 
successive samples to mitigate errors due to white noise. The 
sensor cell was subjected to a range of compressive stresses 
(up to 320 kPa), and at each compressive stress level, was 
subjected to shear stresses (up to 70 kPa). The trans-
capacitance of the pressure and shear sensing electrodes were 
measured at each stress level (Fig. 3 and Fig. 4, respectively). 

 

III. DATA ANALYSIS 
The output capacitance of the pressure sensing electrode 

varied linearly with the applied compressive stress (Fig. 3), 
and was insensitive to shear stresses. The expected 
relationship would be an asymptotic one since the capacitance 
between a set of parallel plate electrodes varies inversely with 
the distance between them. Since PDMS is a hyper-elastic 
material, its stress-strain relationship is non-linear. In the 
range of forces the sensor was tested in, the non-linearties 
introduced by capacitance-strain and stress-strain relationships 
cancel each other, thereby resulting in a linear stress-
capacitance dependency. The exact nature of the stress-strain 
and capacitance-strain relationships can be found in [14]. The 
relationship between applied compressive stress and 
capacitance of pressure sensor is given by, 

 0.7811 6.1166P CC σ= +  (1) 

where, Cp is the measured capacitance of the pressure sensing 
electrode, and Cσ  is the applied compressive stress. 

 

Figure 3.  Output of pressure sensor varies linearly with the applied stress. 

Since the shear sensing electrodes are rectangular in shape 
and placed such that their area of overlap with the drive 
electrode can vary due to lateral displacements along only one 
direction, their output capacitances vary linearly with applied 
shear stresses (Fig. 4). The distance between the shear sensing 
electrodes and the drive electrode is a function of the 
compressive stress, and is reflected as capacitance offsets 
between the curves in Fig. 4 at zero shear stress. The 
relationship between the capacitance of the shear sensing 
electrode, CS, and shear stress, Sσ , can therefore be described 
by the equation, 

 S SB s SC C m σ= +  (2) 

where CSB is the baseline capacitance of the shear sensor, 
defined as its output at zero shear stress, and ms is the 
sensitivity of the sensor. 
 

 

Figure 4. Output of shear sensor varies linearly with the applied stress and is 
dependent on compressive stress. 
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The relationship between the change in baseline 
capacitances of shear sensing electrodes ( SBCΔ ) and 
compressive stress is non-linear (Fig. 5) and can be 
approximated to a quadratic fit given by, 

 2 45.078 10 0.374Sb C CC σ σ−Δ = − × +  (3) 

While both the changes in capacitance of the pressure 
sensor (Cp) and the baseline capacitance of the shear sensor     
( SBCΔ ) are dependent on the compressive stress and are 
effects of change in the distance between the sense and drive 
electrodes, the change in CP is linear, and SBCΔ  is non-linear. 
This inconsistency is due to the non-linearity introduced by 
fringing field interactions between the shear sensing electrode 
and the drive electrode. As the sense electrodes move closer to 
the drive electrode the number of fringing fields that couple 
the electrode pair increases. In the case of the pressure sensing 
electrode, since it always has a significant area of overlap with 
the drive electrode, the number of fringing field lines coupling 
the pressure sensing electrode and the drive electrode are 
nearly constant irrespective of the distance between the 
electrode pairs. 

 

 

Figure 5. The relationship between baseline capacitance of shear sensor and 
compressive stress is non-linear and can be approximated to a quadratic fit. 

 

The dependence of fringing field interaction between the 
shear sensing electrode and drive electrode on compressive 
stress also affects the sensitivity of the shear sensor, and is 
reflected as the variation of the slope of the shear sensor 
output (Fig. 6). This asymptotic non-linear relationship can be 
modeled as, 

 0.3862.216 2.324s Cm σ −= +  (4) 

 

IV. STRESS ESTIMATION AND VALIDATION 
To goal of the work presented in this paper is to estimate 

the applied stresses based on the measured capacitances CP 
and CS.  

To estimate the compressive stress, we use linear and one-
to-one mapping between the pressure sensor capacitance and 
compressive stress. The compressive stress estimate, , can 
be obtained by algebraic manipulation of (1), and is given by, 

 4.816 7.538C PCσ = +  (5) 

 

Figure 6. Relationship between the slope of the shear sensor output and 
compressive stress. 

The shear stress estimate, Sσ , can be obtained from 
algebraic manipulation of (2). The estimates for shear sensor 
baseline, SBC , and sensitivity, Sm , are obtained from (3) and 
(4) based on the estimated compressive stress, Cσ . The 
estimated shear stress is given by, 

 
4 2

0.386

0.374 5.078 10
2.216 2.324

S C C
S

C

C σ σσ
σ

−

−

− + ×
=

+
 (6) 

The stress estimation process described by (5) and (6) can 
be validated by comparing the stress estimates predicted by 
these equations against the known true values of the stresses 
(Fig. 7 and Fig. 8). 

 

 

Figure 7. Compressive stress can be estimated with an average accuracy of 
95.04 %. 
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For the data set presented in this paper, the compressive 
and shear stresses were estimated from the sensor output with 
an accuracy of 95.04 %, and 89.45 %, respectively.  

 

Figure 8. Shear stress can be estimated with an average accuracy of 89.45 %. 

V. CONCLUSIONS AND FUTURE WORK 
We constructed and tested a sensor to simultaneously 

measure shear and normal stresses. The sensor was shown to 
be capable of isolating the cumulative effects of the normal 
and shear stresses with no significant crosstalk. Additionally, 
the applied stresses were estimated from the sensor output.  

The relatively low accuracy in shear stress estimate can be 
attributed to the experimental noise in evaluating the 
sensitivity of the shear sensor (Figure 6) and its amplification 
in (6). When designing future versions of the sensor, this 
factor will be taken in to account while making sensitivity vs. 
area trade off decisions. Some of the error can also be 
attributed to a non-ruggedized test set up, which will also be 
addressed in the near future. To reduce the errors due to 
instantaneous spikes in sensor measurements, a finite response 
filter will be added to (6). 

The next step in the development of this sensor will be to 
improve the sensitivity of the sensor to shear stress, and to 
build and test an array of these sensor cells. These will be 
challenging to achieve without increasing the dimensions of 
the sensor (thereby ruling out increasing electrode surface area 
for increased sensitivity), and adding a significantly larger 
number of electrical connections to measure the output of each 
sensor cell in the array. 
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