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A large-area tactile force sensor for measuring ground reaction forces
from small legged robots
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Abstract- This work presents the design, fabrication, cal
ibration, and testing of a multi-touch forc e sensor designed
to measure normal ground reaction forces generated by high
speed locomotion of milli-scale legged robots. The sensor is
based on the optical principle of frustrated total internal
reflection (FTI R) and is capable of resolving multiple simul
taneous normal forces in th e ran ge of 50 . WOO mN at a
rate of 250 Hz with measurement error of less than 1% .
Th e sensor is integrated with commercial, off-the-she lf motion
capture hardware and the whole system is demonstrated with a
simple experiment tracking a bouncing ball and simultaneously
recording kinematic sta te and ground reaction force data.

1. INTRODUCTION

Recent advances in milli- and micro-scale manufacturing
processes have ena bled the design and fabrication of high ly
dynamic, power-autonomous legged robots at very small
sca les [ 1]-[4] . Because of their sma ll size and high power
density, these robots are capable of dynamic maneuvers that
are not possible at larger size scales. Robots like DASH
[3] can perform inversion maneuvers similar to coc kroac hes
and geckos [5]; the dynaRoACH robot is capable of runnin g
on fluidizing ground [6] where larger robots fail [7] ; and
the CLASH robot [8] can dynamically climb near-vertical
surfaces without the assistance of mechanical engage ment
mechanisms like claws.

Developing a princi pled understanding of the dynam
ics underlying advanced locomotion capabilities like those
demonstrated by these robots requires not only high-fidelity
kinematic state information, but also information about the
reaction forces generate d by a robot' s interaction with its
environment. The small size of these robots presents a signif
icant challenge for the charac terization of their locomotion.
Conventional robots with masses on the order of hundreds
of grams or kilograms and sizes on the order of tens of
centimeters can be outfitted with sensor suites that enable
full dynamic characterization. For example, encoders, join t
torque, pressure, and force sensors are commo nly found in
larger bio-inspired robots like RHex [9] or RiSE [10]. How
ever, in the cases of the milli-sca le robots mentio ned above,
the sensors themselves may weigh orders of magn itude more
than the entire robot.

The use of force plates to measure ground reaction forces
is common in biomechanics. In 1938, Mant er published a
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Fig. I. Above (inset. left), the 24-g dy naRoACH robot sits atop the
com pliant layer of the force sensor in a tripod stance. The image on the right
depict s the three resu lting ground reaction force s detected in realtime by the
sensor (inse t magnified to show deta il). Below. the compliant silicon e layer
can be seen emb edded in a table top . The blackout skirt has been rem oved
from the area beneath to show the high-speed camera used to capture imag es
of the "frus trated" light that results from applying forces to the surface of
the sensor.

design for the first force plate, which was used to study
locomotion of cats [II] , and biologists have been using
concep tually similar apparatuses ever since. However, force
plates cannot inherently reso lve individual forces from, for
example, simultaneous ground contacts of the feet of a
multilegged organism . Efforts to reso lve individual ground
reaction forces have used different techniques including
optical birefringence [12], [13] and arrays of individual strain
sensing elements [ 14]. Optical birefringence can be difficult
to work with, and the image processing required to extract
force data makes it challenging to implement in realtime.
Strain sens ing arrays enable measurement of multiple 3D
forces but suffer from limited spatial reso lution.

By cont rast, this work takes inspiration from the domain
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of tactile sensing and multi-touch user interfaces. Previous 
multi-touch or tactile force sensors have typically made use 
of either capacitive [15] or resistive [16] arrays. A standard 
configuration consists of strip-like conductive electrodes sep
arated by a compliant dielectric (in the case of a capacitive 
sensor) or a resistive layer coated with a force sensitive 
resistive ink (in the case of a resistive sensor). Resistive and 
capacitive tactile sensors are compact, but proper scaling to 
cover large areas can be difficult and capacitive sensors, in 
particular, can be prone to noise. 

The increasing availability of high-resolution, high-speed 
cameras has made optical sensing an attractive alternative to 
the previously mentioned approaches. Recent work in this 
area has enabled new user interfaces capable of multi-touch, 
pressure-sensitive interactions [17], [18] using the principle 
of frustrated total internal reflection (FTIR). Optical FTIR 
methods have the advantage that spatial resolution is only 
limited by the CCD of the camera, so a high spatial resolution 
can be achieved over a relatively large area. For capturing 
and characterizing ground reaction forces generated by small 
legged robots, FTIR-based optical methods have the added 
advantage of being easily integrated with commercially avail
able, multi-camera motion capture systems [19], [20] that 
rely on imaging infrared light reflected off of passive markers 
attached to rigid bodies. 

The goal of this work is to enable more complete dynamic 
characterization of small legged robots (like the one pictured 
in Fig. 1) through the simultaneous measurement of normal 
ground reaction forces and kinematic state data. To that 
end, this work details the design, fabrication, and calibration 
of a multi-touch FTIR force sensor with the significant 
advantage of being directly integrated with a commercial, 
off-the-shelf motion capture system to provide synchronized 
normal ground reaction force and rigid body kinematic 
state estimates. We present the mechanical design of the 
sensor and experimental data supporting materials selection 
and design choices. Using an automated dynamic robotic 
calibration system, we apply known forces over the active 
area of the sensor to calibrate out spatial variation and create 
a map from pixels detected in an image to applied normal 
force. We conclude with a simple experiment in which a rigid 
ball is bounced on the sensor, demonstrating the feasibility 
of integrating force sensing with motion capture. 

II. SENSOR DESIGN 
A. Principle of Operation 

Similar to the multi-touch sensor developed by Han [17], 
our design utilizes the principle of FTIR [21]. Light traveling 
in a medium for which the index of refraction (n1) is much 
higher than that of the surrounding medium (n2) will be 
totally internally reflected if the angle of incidence exceeds 
the critical angle. However, if a third medium with an index 
of refraction (n3) close to n1 is brought into sufficiently 
close contact with the first medium, the internal reflection is 
“frustrated,” allowing light to penetrate the second medium. 

In order to create the behavior described above, we used 
the following three media: acrylic (n1), air (n2), and a com-
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Fig. 2. The sensor is constructed by overlaying a sheet of silicone rubber 
on an acrylic surface that is edge-lit by high-power infrared LEDs at a 
wavelength of 850 nm. The light is totally internally reflected within the 
acrylic medium (indicated by the zigzag lines). Microscale roughness on the 
surface of the silicone creates a small air gap between the rubber and the 
acrylic. A force applied to the silicone narrows the air gap, and when the 
gap approaches the wavelength of the light, internal reflection is “frustrated.” 
IR light leaving the acrylic around the point of application of the force is 
reflected off of the silicone and captured by a high-speed camera. 

pliant silicone surface (n3). A schematic outlining the sensor 
configuration is depicted in Fig. 2. Our sensor comprises an 
acrylic sheet (61 cm x 30.5 cm x 8 mm) that is illuminated 
lengthwise by high-brightness 850-nm infrared LED strips 
(Environmental Lights) and covered with a sheet of 3-mm 
thick silicone rubber (Mold Star® 15, Smooth-On ). The 
acrylic is embedded into a tabletop and a high-speed camera 
(OptiTrack S250e, Natural Point) is positioned beneath the 
acrylic inside a darkened enclosure to capture images of the 
“frustrated” light as forces are applied to the silicone surface. 
The application of a force brings the compliant pad into 
intimate contact with the top surface of the acrylic. When 
the size of the air gap between the compliant surface and 
the acrylic approaches the wavelength of the infrared light, 
FTIR occurs and the escaping light illuminates a spot on the 
compliant silicone surface, which is detected and recorded 
by the camera. Though the acrylic and silicone sheets each 
measure 61 cm x 30.5 cm, camera placement for high 
spatial resolution creates an active area of the sensor that 
is approximately 24 cm x 24 cm. 

The sensor is designed to resolve ground reaction forces 
generated by the locomotion of small robots. For example, 
the dynaRoACH robot has a mass of approximately 24 g 
and uses a biologically-inspired alternating tripod gait. The 
stance phase of this gait consists of three legs nominally 
in simultaneous contact with the ground. During quasi-static 
walking, we might therefore expect average per-leg forces on 
the order of 80 mN. During dynamic locomotion, however, 
forces will be much higher, and the likelihood of having 
fewer than three legs in contact with the ground will increase. 
In the design of this sensor, we assume dynamic loads 
approximately 3 times greater than static loads and allow for 
the possibility of the entire dynamic load (750 mN) being 
born by a single leg of the robot. Thus, the target range of 
our sensor is 50 - 750 mN. The important properties of the 
silicones for the design of this sensor are Shore Hardness 
and the tendency to exude silicone oil (and leave residue 
on the surface of the acrylic). Initial tests of a variety of 
silicone rubbers demonstrated that the sensitivity to applied 
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Fig. 3. A comparison of a frame of raw data from the force sensor in the 
motion capture arena with (left) and without (right) ambient IR illumination 
enabled. This initial test demonstrated the necessity of dying the the silicone 
layer to ensure total opacity to infrared light. 

forces is inversely related to the Shore Hardness of the 
silicone layer. However, softer silicones are also prone to 
adhering to the surface (as was the case for most of the 
rubbers with a Shore Hardness below 10A), and they may 
also exude oil. This oil eliminates the air gap necessary to 
prevent FTIR when no force is applied to the sensor. Based 
on these specifications, we chose Mold Star 15 (Smooth-
On) with a silicone thinner additive to attempt to optimize 
its Shore Hardness. The silicone layer is mixed (in liquid 
form) from a two-part mixture, degassed under vacuum, and 
poured at room temperature and pressure. To achieve the 
microscale roughness that creates the air gap between the 
silicone and the smooth acrylic surface, the silicone is poured 
onto and allowed to cure on a sheet of commercially available 
posterboard. The posterboard creates rough features on the 
surface of the silicone with sizes on the order of 20 - 40 
μm. It may also be possible to control the sensitivity of the 
sensor by manipulating the roughness of either the silicone 
or the acrylic surface (or both). 

After integrating the sensor into the motion capture arena, 
we discovered that the silicone was not entirely opaque to 
infrared light, making the force sensor readings susceptible 
to interference from the very bright IR illumination provided 
by the LEDs built into the motion capture cameras. A 
comparison of a frame of raw data with and without the IR 
illumination from the motion capture system is shown in Fig. 
3. To resolve this issue, black dye was mixed into the silicone 
prior to curing to make it opaque to IR. However, the addition 
of the dye drastically decreased sensitivity of the sensor to 
small forces. The solution to this problem was to create a 
bilayer sheet with a bottom layer of undyed silicone (that 
contacts the acrylic surface) and a thin top layer of silicone 
dyed black to block the ambient IR. Pouring the top layer 
of the bilayer sheet before the bottom layer is fully cured 
enables the silicone to bond chemically across the layers, 
preserving continuous, uniform mechanical properties. The 
thickness of each layer in the bilayer sheet is controlled 
by controlling the volumes of the undyed and dyed silicone 
poured into the mold. 
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Fig. 4. A process diagram illustrating how relevant image characteristics 
are extracted from the raw data provided by the camera. 1) A hardware 
mask (implemented on the camera) filters noise. 2) An adjustable intensity 
threshold converts grayscale pixel values into a segmented binary image. 3) 
The segmented image is sent to the PC and contours are extracted using 
OpenCV. 4) A size filter ensures random noise is not detected as a force. 
5) Image moments are used to extract the centroid of the contour (center of 
the applied pressure) and the area of the contour (proportional to applied 
force). 

B. Image Processing 

An important component of the sensor system is the 
imaging of the “frustrated” light and the processing used to 
extract the relevant image data, as outlined in Fig. 4. Once 
the relevant image characteristics are extracted, they can be 
converted into force data via calibration. When a force is 
applied to the sensor and data is captured, the resulting image 
is grayscale – lighter pixels represent more contact between 
the silicone and the acrylic and darker pixels represent 
less contact (or applied force). Image processing begins 
onboard the camera with hardware masking and intensity 
filtering. With extended use, the acrylic surface can become 
contaminated with trace amounts of oil, and it can become 
physically damaged resulting in nicks and scratches. Any of 
these effects will tend to increase noise in the image. Though 
it is not desirable to mask pixels inside the working area of 
the sensor, noisy pixels near the edges can be effectively 
eliminated by applying a hardware mask to prevent those 
pixels from being imaged. The intensity filter is then used 
to convert from a raw grayscale image to a binary image 
which is sent over the network from the camera. On the PC, 
OpenCV is used to extract contours. Contours are filtered by 
size to remove any small groupings of pixels resulting from 
noise. Contour size and centroid are extracted using the 0 th 

and 1st image moments, respectively. Each resulting image 
is 832 × 832 pixels, giving the sensor a spatial resolution of 
approximately 0.3 mm. Programmatic control of the cameras 
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and integration of force sensing with motion capture data is 
enabled by a Python wrapper we developed for the OptiTrack 
Tracking Tools API using Cython [22]. 

III. CALIBRATION 
In order to accurately estimate normal forces, it is neces

sary to convert the pixel data (contour area) that results from 
the image processing algorithm into force data (magnitude of 
applied normal force). The process of sensor calibration typ
ically involves computing the solution to the overdetermined 
system of the form y = Ub where y ∈ R r × 1 represents 
measurements of the observable quantity (pixels in our case), 
U ∈ R r × m represents sets of known applied inputs (forces 
in our case), and b ∈ R m × 1 represents unknown parameters. 
The value of b that minimizes (y - Ub)T(y -Ub) gives the 
best fit calibration. However, because the mechanical and 
optical properties of the silicone rubber can vary over the 
area of sensor (the impacts of which are most clearly seen 
in Fig. 5), it becomes necessary to compute local calibrations 
that provide compensation for that variation. 

Fig. 5. Raw data resulting from the dynamic application of increasing 
forces to 225 equally spaced points over the entire area of the sensor. The 
number of pixels detected shows a logarithmic response to the applied force 
and varies with position of application of the force. The data points are 
shaded according to distance from the center of the sensor area with darker 
points being closer. 

Fig. 6. A typical dynamic calibration load curve showing the time rate of 
application of a monotonically increasing calibration force to the sensor. 

A. Method 
To account for local variations in the mechanical properties 

of the silicone, we divide the sensor into a 14 × 14 grid 

and apply a sequence of known forces to points located 
at the corners of the 196 grid cells. The viscoelasticity of 
the silicone requires that the forces be applied dynamically 
to avoid effects of stress relaxation. A static calibration 
will overestimate the sensitivity of the sensor because more 
contact area between the silicone and the acrylic will develop 
over time for a constant applied force. Fig. 6 shows a typical 
load curve for our dynamic calibration. While it is possible 
to compute a local calibration curve at each of the 225 
corners of the grid, we found that a simple 3-D piecewise 
linear interpolation of the raw calibration data, (x, y, log F) 
produced the most accurate results. The logarithm of force 
was used instead of force because the log transformation 
approximately linearizes the pixel output as demonstrated in 
Fig. 7, making the linear interpolation more accurate. 
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Fig. 7. Raw sample data from different regions of the sensor are shown on 
a semilogarithmic plot with corresponding linear fit lines. The sensor was 
divided into a 3 × 3 grid and data were collected at the center point of each 
grid cell. Corresponding markers are shown in the grid cells in which their 
respective data points were taken. 

In order to systematically calibrate the working area of the 
sensor, we developed an automated setup that enables us to 
accurately and repeatably apply known forces at any location 
on the sensor surface. The calibration system consists of 
a five-axis robotic arm (R17, ST Robotics) with a remote 
load cell (Chatillon DGGS-R-250g) attached in place of a 
manipulator or end effector. A 6.35-mm diameter spherical 
indenter is affixed to one end of a compliant Sarrus linkage 
and the other end of the linkage is affixed to the input 
of the load cell. Though the specified spatial resolution 
of the R17 arm is 0.1 mm, the compliant Sarrus linkage 
acts as a nonlinear (softening) spring that enables us to 
translate relatively large displacements into relatively small 
forces. At each point in the calibration grid a continuously 
increasing force is applied, images from the sensor’s camera 
are captured, and readings from the load cell are recorded. 
Because this system enables dynamic calibration, a full 
calibration routine can be run over the entire sensor in less 
than ten minutes. Fig. 8 is a photo of the calibration setup 
used in our experiments. 

B. Results 
Fig. 9 depicts the percentage errors resulting from apply

ing the calibration to approximately 200 randomly chosen 
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Fig. 8. A photograph depicting the hardware setup used to generate 
calibration data for the sensor. A remote load cell is attached to a five-
axis robot arm and used to apply known forces over the surface of the 
sensor. Control is provided by a PC which simultaneously commands the 
arm, reads from the remote load cell, and processes image data received 
from the multi-touch sensor’s camera. 

forces applied at random locations over the sensor’s surface. 
Using this calibration approach, we are able to achieve 
measurement error of less than 1%. In the upper half of the 
range of applied forces the error is consistently very low. 
However, at low forces, the variance in the error is much 
higher. Applied forces below 50 mN were culled from these 
data sets because quantization effects from both the tactile 
sensor as well as the load cell and the robotic arm created 
noisy, inconsistent data. 

Fig. 9. Estimation error for approximately 200 randomly chosen forces 
applied at random locations on the sensor. 

IV. VALIDATION 
One major advantage of the approach taken in this work 

is the integration of high-speed, high-resolution, large-area, 
tactile force sensing with motion capture to provide more 
complete dynamic state information for small, highly dy
namic systems. To demonstrate integration of these sensing 
techniques, we designed a validation experiment to test the 
dynamic force response of the sensor and synchronization of 
force and motion data capture. 

A. Method 
The simplest validation experiment consists of a single ob

ject tracked in the motion capture arena while simultaneously 

Time 

0.924 
1.276 
1.516 
1.688 
1.816 
1.916 

Force estimated us
ing motion capture 
(mN) 

840 
577 
330 
272 
192 
117 

Force measured by 
sensor (mN) 

650 
550 
476 
251 
181 
123 

% Error 

22.6 
4.7 
41 
7.7 
5.7 
5 

applying a normal force to the sensor. Motion capture data 
is used to estimate the acceleration (in the vertical direction) 
of the object providing the right-hand side (ma) of Newton’s 
Second Law. The force sensor provides an estimate of the 
reaction force applied by the sensor to the object, and if the 
two estimates are consistent for the times when the body 
is in contact with the sensor, it can validate the dynamic 
performance of the force sensor. 

Using this approach, we demonstrate the capability of 
the sensor to provide reaction force data synchronized with 
motion capture estimates. We drop a 1-g ball from a height 
of approximately 30 cm onto the sensor. Its trajectory is 
tracked using four motion capture cameras through all stages 
of its motion: drop, initial collision with the table, and 
subsequent bounces. Force data captured by the tactile sensor 
and position estimates provided by the additional four motion 
capture cameras are shown in Fig. 10 

B. Results 
To validate the performance of the sensor, we estimated 

the peak reaction forces at the times corresponding to the six 
peaks shown in Fig. 10. Peak accelerations were determined 
by simply numerically differentiating the vertical position 
data for the ball. Though this method tends to be noisy, 
the acceleration peaks created by contact with the sensor 
are still an order of magnitude larger than the noise created 
by numeric differentiation. Newton’s Second Law is applied 
using the peak accelerations and the 1-g mass of the ball 
to estimate the peak reaction forces. Using the calibration 
procedure described in Section III, a corresponding estimate 
of normal ground reaction force is produced by the sensor. 
A comparison of the forces estimated using each method is 
shown in Table I. 

The achievable accuracy with the ball drop can be high, 
but there is large variation in measurement error. It is not 
yet clear whether the variation is inherent to the sensor 
hardware or if our calibration method is insufficient to 
estimate reaction forces with high frequency content as is the 
case with the rigid bouncing ball. Calibrating for a spectrum 
of input frequencies is an area of further exploration. 

V. CONCLUSIONS AND FUTURE WORK 
We have presented a novel, high-speed, large-area, tac

tile force sensor appropriate for measuring normal ground 
reaction forces generated by small-scale legged robots. The 
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Fig. 10. A simple experiment demonstrates integration of multi-camera 
motion capture with ground reaction normal force sensing. A 1-g ball is 
dropped from a height of approximately 30 cm. Vertical position of the ball 
and the normal reaction force applied to the ball by the sensor are tracked 
and synchronized. The upper figure shows estimates of ground reaction 
force using the tactile sensor. The smallest value of force is not zero in 
this case because the calibration data excludes forces smaller than 5g due 
to quantization noise. The lower figure shows estimates of force resulting 
from twice differentiating motion capture position data to estimate vertical 
acceleration and, in combination with the ball’s mass, applied vertical force. 

system provides normal force sensing in the range of 50 -
1000 mN at a rate of 250 Hz with the ability to synchronize 
directly with a commercial motion capture system. Using the 
system we have demonstrated the ability to sense multiple 
small forces to a mean accuracy within 1% while simul
taneously capturing estimates of kinematic state data like 
positions of rigid bodies. 

Future work will involve improving the sensitivity and 
accuracy of the sensor through the optimization of compliant 
material properties, sensor geometry, and surface treatments 
for the acrylic. For example, laser etching the acrylic may al
low for more precise control of surface roughness, potentially 
improving sensitivity while dynamic mechanical analysis of 
the silicone will allow us to create a material model that 
accounts for the hysteretic effect of stress relaxation on 
contact area measurements. A more complete understanding 
of the role of material and surface properties in performance 
will enable us to parameterize the design so that it may be 
scaled up to measure, for example, human-scale forces (like 
those resulting from walking) or scaled down to measure 
individual ground reaction forces generated by insects or 
small lizards as well as robots. Finally, further work is 
necessary to understand and calibrate out sources of noise 
that have potential to create significant measurement error. 
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