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Abstract

®

CrossMark

Soft robots have the potential to transform the way robots interact with their environment.
This is due to their low inertia and inherent ability to more safely interact with the world
without damaging themselves or the people around them. However, existing sensing for soft
robots has at least partially limited their ability to control interactions with their environment.
Tactile sensors could enable soft robots to sense interaction, but most tactile sensors are

made from rigid substrates and are not well suited to applications for soft robots which can
deform. In addition, the benefit of being able to cheaply manufacture soft robots may be lost
if the tactile sensors that cover them are expensive and their resolution does not scale well

for manufacturability. This paper discusses the development of a method to make affordable,
high-resolution, tactile sensor arrays (manufactured in rows and columns) that can be used
for sensorizing soft robots and other soft bodies. However, the construction results in a

sensor array that exhibits significant amounts of cross-talk when two taxels in the same row
are compressed. Using the same fabric-based tactile sensor array construction design, two
different methods for cross-talk compensation are presented. The first uses a mathematical
model to calculate a change in resistance of each taxel directly. The second method introduces
additional simple circuit components that enable us to isolate each taxel electrically and relate
voltage to force directly. Fabric sensor arrays are demonstrated for two different soft-bodied

applications: an inflatable single link robot and a human wrist.
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1. Introduction

1.1. Soft robots

Research into fabricating and controlling soft robots has
recently increased significantly [1-9]. This is in part because
the demand for robots that can safely interact physically with
their surroundings is increasing dramatically. Rigid robots are
expensive and are typically programmed to avoid unwanted
contact with their surroundings. Soft robots have the potential
to be much cheaper and can make extensive contact with their
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surroundings without causing damage to themselves or their
environment. Additionally, physical interaction with a tradi-
tional robot often requires high bandwidth control and sensing
in order to be safe. Instead, many soft robots are passively
compliant and therefore inherently safer when interacting
with their environment. Although soft robots may be able to
more safely make contact with their environment, without
contact sensing the benefit of this capability is very limited.
Soft, cheap, scalable, high-resolution sensing is a key to
exploiting this capability for soft robots. Whole body skins for
robots require a scalable solution for large areas over curved
surfaces, with the additional design criterion of flexibility for
soft robots.

© 2018 IOP Publishing Ltd  Printed in the UK
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1.2. Tactile sensing

Tactile sensing has been developed for decades because of
its promise to improve a robot’s ability to interact with the
world using closed-loop feedback control. One of the most
popular methods of tactile sensing uses material that changes
resistance when compressed in series with a constant value
resistor. This results in a voltage divider circuit that allows a
changing voltage to be read from the node between the two
resistive elements. This method is demonstrated in multiple
papers [10-15].

Our goal in the design and manufacturing of our sensor was
to make it scalable as well as soft and deformable for integra-
tion with a soft robot or other soft body such as a human arm.
The sensor presented in this paper is made of conductive, non-
conductive, and resistive fabric materials. The voltage output
of each taxel (or individual tactile sensor unit) is directly cor-
related with how much the resistive fabric is compressed.

To decrease the amount of electronics required while
increasing sensing resolution, we built a sensor that oper-
ates in a grid with rows and columns (see figure 1). A single
column is powered with 5V, while simultaneously reading the
voltage along a single row using an analog to digital converter
(ADC). Where the column and the row intersect, a taxel is
formed, and a voltage reading can be obtained and correlated
to force. This method increases the sensing resolution while
decreasing the amount of electronics that would be required
for individual sensors. However, this form of sensor array may
exhibit cross-talk when multiple taxels are activated simulta-
neously. Addressing this problem is one contribution of our
work. Two methods are introduced: the use of a mathematical
model to calculate changes in resistance, and the minimal use
of additional simple circuit components to electrically isolate
taxels.

2. Related work

Related to our work in this paper, other researchers have begun
to examine different tactile sensing methods for soft bodies.
Rogers et al [16] discuss different types of materials that are
used in stretchable electronics, and mainly focus on organic-
based devices such as those discussed in [17]. A discussion of
fabric-based tactile sensors was not included. Other examples
of flexible sensors are shown in Someya et al [18] and [19]
demonstrating a conformable, flexible network of pressure
sensors using organic transistors. The manufacturing of such
sensors typically requires a clean room and sophisticated
prototyping processes and equipment along with domain-spe-
cific expertise. The use of transistors also adds complexity to
the circuit. Cross-talk was mentioned in [18], but a solution for
cross-talk compensation was never proposed. Further exam-
ples of tactile sensors include Yamaguchi et al [20], who have
shown that they could use optical sensing of a transparent soft
material on a gripper to improve performance while gripping
tools. Sareh ef al [21] have used tactile sensing on a soft robot
prototype for minimally invasive surgeries. Although both of
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Figure 1. Representative scenario for parallel parasitic cross-talk.

these tactile sensor designs were created specifically for soft
robots, it is unclear if they would generalize and scale well for
large surface areas and soft bodies, as we show in this paper.

Specifically related to our variable resistance tactile sensing
method, many researchers have explored methods of tactile
sensing using voltage drive lines and analog to digital conver-
sion lines set in a grid to decrease the number of electronics
and increase resolution. The difficulty with this architecture
is that the taxels are no longer isolated circuits and cross-
talk occurs. Two types of cross-talk are possible: mechanical
cross-talk and parallel parasitic cross-talk. Mechanical cross-
talk is caused by indirectly straining material when pressing
on an adjacent taxel. This effect was discussed in Canavese
et al [11]. However, Canavese et al never tested for parallel
parasitic cross-talk. Parallel parasitic cross-talk is caused by
resistors in parallel that influence the voltage output when two
or more non-adjacent nodes are compressed simultaneously.
An example of when this type of cross-talk would occur is
shown in figure 1.

Past methods for cross-talk compensation, although effec-
tive at eliminating current leakage (see [22, 23]), do not
eliminate parallel parasitic cross-talk. Other research that has
attempted to address this problem requires complicated cir-
cuitry which increases cost and complexity for manufacturing
(see [14, 24, 25)).

Our initial tactile sensors were based on work performed
by researchers at the Georgia Institute of Technology [10].
Fabric taxels were individually sewn and wired, which limits
the scalability of the design due to its labor intensive nature
and increased cost and circuit complexity. Another problem
with this design is that when isolating each taxel electrically,
the sensing resolution is very limited. This is due to the size
of each taxel and due to the electronics required for a large
array of sensors. The taxels can be made smaller, but then the
number and complexity of electronics needed to get informa-
tion from each taxel greatly increases. For example, in [10]
since each taxel requires a single ADC—100 taxels would
require 100 ADCs. However, our methods allow us to design
and build a sensor that, in addition to being flexible, low-cost,
and easily made in-house, also scales well to large areas and
does not require complex circuitry.
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Figure 3. Sensor construction with columns and rows of conductive
fabric. The gray resistive material is folded back to reveal columns
of conductive material. Metal snaps are located at the top of each
column.

3. Sensor design and construction

Individual taxels were typically constructed following the
design shown in figure 2, similar to those described in [10].
We employed the same materials used in [10] in the new grid-
style sensor.

We used an iron-on adhesive to glue the conductive fabric
to the non-conductive spandex material. Strips of conduc-
tive fabric were glued to one side of the spandex material
in rows, while columns of the conductive fabric were glued
to a spandex fabric opposite. A large piece of resistive mat-
erial (EeonTex LG-SLPA-20K supplied by Eeonyx) was then
placed between the two layers of spandex with the columns
and rows of conductive material facing the resistive material
(see figure 3).

Metal snaps were connected to the ends of the conductive
fabric strips so that wires could be soldered to them. We used
an Arduino Mega’s ADC channels to record from the rows and
we used the digital outputs to power the columns of the sensor.
To obtain information from each taxel using the Arduino, we
read from every ADC channel while cycling through each 5V
digital I/O pin. Using 27 I/O pins and 11 ADCs we were able
to read from 297 taxel positions at a rate of approximately 80
Hz with un-optimized code on the Arduino Mega.

There are some limitations for our current hardware
design. The minimum spatial resolution is limited by the con-
ductive filament used. For the first application we show on a
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Figure 4. 3 x 3 simplified high resolution sensor.

soft robot, we used 3/8” strips of conductive fabric, but there
is conductive thread that is available and should also work in
a similar manner. Additionally, since we currently use metal
snaps, our row and column sizes are limited by the size of
the snaps. However, that is not a fundamental limitation and
could be resolved if finer spatial resolution is needed. Finally,
in terms of sampling real-world phenomenon at high frequen-
cies, we fully expect the mechanical response of the fabric
to be much slower than the electrical response. Therefore the
limit to sampling any kind of impulsive force would likely be
the actual fabric mechanics or the sampling rate of the ADC.

4. Cross-talk compensation

Two methods of cross-talk compensation on this high resolu-
tion sensor will be discussed in the following sections. The
first method requires fewer electrical components along with
a mathematical model we developed for estimating cross-
talk. Using the cross-talk model, we can determine a change
in resistance for each taxel, which can be directly correlated
to force. The second method is similar to methods in [24],
where the resistor of interest is isolated through the use of
multiplexers. However, instead of using multiplexers to create
open circuits, diodes are used to restrict the flow of current
and simplify the control circuitry. The benefits of each method
will be discussed in the following sections.

4.1. Cross-talk compensation by modeling of the circuit

4.1.1. Mathematical model. Initial tests of a grid tactile sen-
sor prototype showed that there was a significant amount of
parallel parasitic cross-talk when compressing several taxels
in the same row. In order to compensate for this cross-talk,
we developed a model of the circuit that would estimate the
behavior of the cross-talk. Figure 4 shows a simplified cir-
cuit schematic of a 3 row by 3 column grid sensor. Ry; for
k=1,2,3 and j = 1,2, 3 represents the changing resistance
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of each node when the resistive fabric is compressed. Rc,
through R, represent the constant value resistors needed to
form a voltage divider. V;, V,, and V; represent the alternat-
ing square waves used to power each column individually and
Voutl> Vourzs Vours represent the location where the voltages are
read by the ADCs.

Using Kirchoff’s current and voltage laws and this simpli-
fied 3 x 3 version of the high resolution tactile sensor, our
model showed that the voltage output, Vo, is a function of
all the resistance values corresponding to the same row. For
example, V. only depends on the resistance values of the
first row. Equation (1) shows the form of this relationship.

aVs + bV, + ¢V,

Voul = 1
T RGRnRis+a+b+c M

Where:
a = R 1R;2R¢,
b = Ry R;3R¢,
¢ = RipR13Rc,

Since each voltage input is activated one at a time using
alternating square waves, the equation simplifies depending
on which channel is powered. If VI =5V, then V2 = V3 =0,
equation (1) then simplifies to:

CV]
RiuRpRiz+a+b+c

@)

Vout],] =

Where V1,1 would represent the voltage reading at node
Ri1 when only V; is powered. This shows that the voltage
reading of one row is not only dependent on the change of
resistance between where the column and row intersect, but
on each change of resistance that occurs along the entire row.
This is what makes it impossible to directly correlate force to
Vout-

4.1.2. Cross-talk simulation. To check the validity of equa-
tion (2) and our ability to estimate cross-talk, we built a simple
simulation in MATLAB to see if the cross-talk model behaved
like the cross-talk in the physical sensor. The experiment con-
sisted of holding two resistor values on a single row constant
in simulation while increasing pressure on the third variable
resistor on the same row. Without changing the force on the
two resistors, the voltage readings dropped as force on the
third resistor increased. This demonstrated the effect of par-
allel parasitic cross-talk. We then compared the results from
our simulation to data collected from a small-scale tactile sen-
sor (3 rows by 3 columns) using the same method. This time,
we applied a constant force or pressure to the first two taxels
to get a constant resistance while simultaneously increasing
pressure on the third resistor in the same row. Figure 5 shows
that the simulated and actual responses were comparable. Any
apparent differences were such that we expected to be able to
compensate for them through calibration.

Based on the results of the above comparison, we saw
that the voltage outputs were a function of all resistors corre-
sponding to the same row. Since the actual resistance at each
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Figure 5. A comparison of simulated and actual tactile sensor
cross-talk.

Vi

Figure 6. A simplified circuit showing a single row as a branching
circuit.

node is independent of all other resistances, we wanted a
method to solve for the resistance directly based on the voltage
readings obtained from each row.

From equation (2) we can see that V, is only a function of
the row resistances and a known input voltage which allows us
to analyze the circuit of a single row at a time. Figure 6 shows
what a single row circuit would look like with Ry; representing
the j number of resistances of the kth row, R¢, representing the
constant resistor in the voltage divider, V; representing
the cycling square waves, and V. representing the voltage
output on the kth row when the jth column is powered.

Our known variables are Vi and V; at time 7 (where ¢ is
a discrete time step), and R, which is fixed. The goal is to
find the Ry;’s. Given the voltage drop across a resistor AV, we
know that AV = iR, and that the sum of the currents into a
node is equal to the sum of the currents leaving. Therefore, we
can show that the current through the constant resistor, ic,, is

Vl - Vout,k + VZ - Vout,k o+ Vn

- Vout,k
Ru Ri» Rin

3)

le =

At time t =1, V| is on and the rest of the input voltages
are 0, and we sample Vi x1. At time £ =2, V, is on and the
rest of the input voltages are off, and we sample Vo 12, €tc. A
matrix, Vax, can be constructed for time t = 1...n where n
is the total number of columns. We can then create an n x n
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matrix of AV’s for calculating the resistances of a single row
as follows:

(Vi — Voutkt) —Voutkl —Voutkl —Voutkl

—Voutk2 (V2 = Voutkz) —Voutk2 —Voutk2

Vax = —Vout k3 —Vout 3 (V3 = Vourxs) —Vout 3
—Vout,kn —Vout,kn —Vout,kn (Vn - voul,kn)~

“)

Using what we know from equation (3), we get current

if we divide AV by R. We define Ry as the array of inverse
resistances.

(L 1 1 a7
Rk - [Rkl sz Rk3 T Rkn] (5)

The current ic, at any time ¢ = 1...n is known and can be
shown to be

T
_ | Yourk Vowkr  Vouuks Voutn

To = [ %2 B2 . %=l @

Given these matrices, we can show that the following is true:

Ie, = VairRy. 7

Remembering that the unknowns we wish to find in this
equation are the inverse of the elements in Ry, they can be
solved for in the following manner:

R = Vax) I, (8)

This solution only represents the inverse of the resistance
values for a single row, k. All the resistances can be solved for
simultaneously if we apply this method to each row. A block
matrix can be formed using this solution for the kth row. Using
this matrix we can find the resistance values for every node.
The form of this solution is shown in equation (9) where m
represents the total number of rows.

Ic Va1 0 0 0 0 Ri

I 0 Van 0 0 Ra

Ies| — | O 0 Vaz 0 0 R3 9)
: 0 0 0 0 :

Zem 0 0 0 0 Vaml| |Rm.

4.1.3. Sensor calibration. To illustrate the performance of the
sensor after applying the result from equation (9) to the raw
data, supplemental video 1 (stacks.iop.org/IMM/28/064004/
mmedia) shows us compressing multiple taxels in the same
and different rows on a flat surface.

The next step was to relate the measured values to force.
Instead of using voltage in the cross-talk compensation code,
we used the actual ADC readings reported from the Arduino
Mega while assuming that the conversion between voltage
and ADC values could be included in our calibration. For
example, instead of using 5V for V; we substituted in the
10 bit ADC representation of 5V, and instead of Vi, being
reported as values between OV and 5V, they were reported as
values between 0 and 1024. One further note is that the sensor
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Figure 7. A plot showing the behavior of hysteresis in the material.

performs better when a low value resistor is used for the con-
stant value resistor R¢, since a lower resistor value increases
the voltage range of each taxel. 330(2 resistors worked well
for our specific setup in the first demonstration application on
a soft robot.

The tactile sensor was calibrated on a flat, rigid surface by
pressing a force torque sensor with an attached square plate
against multiple taxels. We then summed the total number of
active taxels and divided the force by that number to get a force
per taxel (or distributed force) value. We then took the calcu-
lated resistance of the active taxels, found the median, and
correlated it with the force per taxel value. Figures 7-9 show
the characteristic behavior of the sensor in four different sce-
narios: (1) the sensor is quickly loaded and unloaded multiple
times to demonstrate the mechanical hysteresis of the fabric,
(2) aload is applied at a slower rate of 1 %, (3) aload is applied
at a faster rate of 5 %, and (4) the sensor is loaded to a specific
value and unloaded to non-zero values multiple times (where
the time dependence is represented by the colors transitioning
from dark blue to yellow). Our main focus was to perform
a simple calibration of the sensor and use it on a single link
robot arm for validation, so we did not attempt to compensate
for hysteresis in this work. Methods can be employed such as
those discussed in [26] to overcome the effects of hysteresis.
Ignoring the effects of hysteresis, we used the linear calibra-
tion from figure 8 for the loading curve and applied it to the
sensor for testing. Figure 8 shows that calibration was fairly
consistent for different rates of loading as well.

Once the calibration was applied to the tactile sensor, we
tested its accuracy and repeatability with the sensor array
placed on a flat rigid surface. A 1.5 inch square of acrylic was
pressed against the sensor while measuring the force with
a force-torque sensor. The estimated force from each indi-
vidual taxel was summed together to estimate a rotal applied
force. Figure 10 shows the total estimated force compared to
the actual applied force reported by the force-torque sensor.
Although there is error and hysteresis, the accuracy for such
large total forces is very encouraging.
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Figure 8. Left: a plot of the median of a group of taxel resistance values versus force per taxel with a loading rate of 1 % Right: a plot of the
median of a group of taxel resistance values versus force per taxel with a loading rate of 5%.
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Figure 9. A plot showing repeated loading and unloading, where
the sensor was unloaded to non-zero values before being loaded
again.

4.14. Soft robot integration. Next, we wrapped the tac-
tile sensor around the end of a single link inflatable robot.
Figure 11 shows the sensor on the soft robot with a force
torque sensor mounted on a stand. The robot was actuated so
that it would press against the force-torque sensor. We pressed
the robot link against the force-torque sensor multiple times
while recording from both the tactile sensor array and the
force-torque sensor. In order to compare the measurements
from the tactile sensor array and the force-torque sensor, we
summed the measured forces from each individual taxel to
get a resultant force. Figure 12 shows how the tactile sensor
array compared to the force-torque sensor. As was expected,
the tactile sensor array measurements were noisier with the
sensor wrapped around the soft robot limb than when it was
tested on a flat, rigid surface. However, the overall accuracy
and trends are quite good. Figure 12 shows the percent error
of our estimated total force over time for the tactile sensor
wrapped around the inflatable robot’s limb. The large spikes
represent the error due to the unmodeled effects of hyster-
esis occurring when the sensor is being unloaded. Any force
estimates that were recorded as less than zero were assumed
to be zero since the tactile sensor cannot be used to measure
adhesive or negative forces. A video showing the collection
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Figure 10. Sensor force estimate versus actual force when sensor is
placed on a flat surface.

of the data reported in figure 11 is included as supplemental
video 2.

Our sensor was developed as part of an SBIR Phase II
program with NASA where we are currently working in col-
laboration with the startup company Pneubotics who has
produced fabric-based, pneumatically-actuated soft robots,
like the single joint shown in figure 11. In general, on our
current soft robot hardware, we find that the main links of
the robot do not bend or buckle and therefore tactile sensors
on those sections would work well. However, sensors at the
joints would obviously be deformed when the joint actuates
and, similar to results in [10], would cause false positives if
not compensated properly. However, because joint sensing
for soft robots is still an open challenge as well, one possible
application of our high resolution sensor is to integrate the
sensors with the joints and use the data to learn models for
joint deformation or configuration for soft robots.

4.2. Cross-talk compensation with additional circuitry

4.2.1. Electrical closure of parasitic current pathways. An
alternative to the mathematical model compensation
approach was developed to remove the source of cross-talk
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Figure 11. Images of tactile sleeve integrated onto a single link robot arm and the tactile sleeve being pressed against the force-torque
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Figure 12. Left: the estimated force versus the actual force while the sensor is wrapped around an inflatable robot link. Right: this graph
shows the percent error of the estimated force of the sensor on a single link robot.
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Figure 13. Alternative circuit diagram.

and is shown in figure 13. The alternative approach prevents
cross-talk by electrically closing parasitic current pathways.
The components used were a multiplexer, a shift register,
and one Schottky diode for each column in the sensor array.
The multiplexer (Texas Instruments CD74HC4067) has
a break-before-make switching mechanism that prevents
cross-talk by breaking the connections to all readouts except
one before reading [27]. All the sensor readout rows have
an open circuit except for the row being read, such that no
parasitic current can flow in the open circuit directions. The
constant value resistor R¢ creates a voltage divider for the
ADC to read from.

———
"E mEE

Figure 14. Wrist-worn fabric tactile sensor array.

The shift register (Texas Instruments 74HCS595) is used
to simultaneously update the voltage values of the columns.
Using a shift register means that the digital outputs to the col-
umns of the sensor are synchronized. Updating the outputs
simultaneously allows us to avoid reading from the sensor
before the current is steady. As shown in figure 13, the diodes
are placed between the output of the shift register and the
columns of the sensor. The diodes are used to prevent cur-
rent back-flow into the shift register. As explained in the
mathematical model, each sensor is modeled by a branching
circuit or parasitic pathway; the cross-talk removal circuitry
uses diodes to close off those branches and allows the output
voltage of a sensor to be independent of the rest of the sensors
in a given row. It should also be noted that the diodes used
are Schottky diodes because they have a negligible voltage
drop, thereby reducing loss in sensor resolution. The Schottky
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Fabric Tactile Sensor Array
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Figure 15. Wrist-worn fabric tactile sensor array (a) about to be immersed in sand and (b) measuring regions of contact and interaction

forces between the wrist and a buried object.
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Figure 16. The effects of cross-talk without compensation.

diodes used are 20V, 1A and have a voltage drop of approxi-
mately 0.01-0.02V. As shown in supplemental video 3, this
circuit results in negligible parallel parasitic cross-talk.

4.2.2. Application on a human wrist. This second method of
cross-talk compensation was demonstrated with a fabric tac-
tile sensor array designed for a different soft body: the human
body. Figures 14 and 15 show a 3 x 6 sensor array that has
been wrapped around a human wrist for initial testing and
in the intended application scenario. In this design, a ribbon
cable with 28 AWG wire was used for electrical connections
to columns instead of metal snaps. Individual wires were sol-
dered with a flat tab and sandwiched between each adhesive
strip of conductive tape and the underlying non-conductive
fabric. Supplemental video 4 shows the wrist-worn fabric
tactile sensor array being immersed in sand. The sensor array
is able to measure regions of contact and approximate interac-
tion forces between the wrist and a buried object.

4.3. Cross-talk compensation validation

In this paper, we presented two methods for cross-talk com-
pensation. In this section, we present a final test to validate

the effectiveness of the two compensation methods in terms
of removing the effects of cross-talk. In order to show how
cross-talk affects the circuit, we took a simple 3 x 3 tactile
sensor array and applied a constant load to taxel; ; (which is
the taxel in the first row and first column). An increasing force
was then applied to taxel; 3 (first row, third column). The goal
of this test was to see how sensor output (either voltage or
estimated resistance depending on the method used) of taxel; ;
was affected by an applied load on taxel; 3. In an ideal tactile
sensor with no cross-talk, the reading for taxel;; would be
independent of the load on taxel ;3 and would remain con-
stant in this test. For a baseline comparison, figure 16 shows
the results when no cross-talk compensation is applied. The
figure clearly shows that cross-talk occurs, even in this simple
3 x 3 sensor array.

The same test was then performed for the two cross-talk
compensation methods in order to validate their effective-
ness. Figure 17 shows the effect of applying a constant load
to taxel; ; while increasing the force on taxel; 3 for each of the
two cross-talk compensation methods.

As can be seen in figure 17, the two methods of cross-talk
compensation virtually eliminate the effects of parallel para-
sitic cross-talk that can be seen in figure 16. Since the type
of measurable unit differs for each compensation method,
the Y-axis for each plot ranges from O to the full-scale range
(FSR) of each method. The full-scale ranges for the resistance
model and the extra circuitry method are 0—4000 and 0-1024,
respectively. These values would then need to be calibrated to
force for actual applications. In order to compare the effec-
tiveness of the two methods, we also calculate the slopes of
the plotted lines in figure 17. These slopes show the sensitivity
of each compensation method to cross-talk during the loading.
The slopes of the lines for both compensation methods stay
relatively constant and near zero (especially compared to the
slope of the uncompensated plot in figure 16). Table 1 shows
the percent change of each line, which was calculated by
taking the slope of each line and dividing it by the FSR.

Although both compensation methods were comparable
for a 3 x 3 grid, we also performed the same test on our
11 x 27 taxel sensor that we attached to the soft robot in ear-
lier tests. We only tested using the resistance model method
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Figure 17. Left: validation of cross-talk compensation for the method of modeling the circuit. Right: validation of cross-talk compensation

using the diode/multiplexer method.

Table 1. Comparison of percent changes for the uncompensated graph and the two compensation methods.

Percent change for compensation methods

Force range Uncompensated Resistance model Extra circuitry
0-20N 1.0114 0.1182 0.0234
0-5N 1.3726 0.0346 0.0745
4000 5. Conclusion
S 35001 This paper has presented robust tactile sensor arrays that can
5 sasal measure contact over large areas, which is something that is
% difficult for most other current designs. Additionally, the sensor
E 2500 | design is flexible and scalable for manufacturing, which makes
u it an ideal candidate for integration for future applications with
§ et soft robots. We have presented two methods for overcoming
ﬁ SRABL cross-talk. The effects of parallel parasitic cross-talk can be
g _,-...»-——’_"'—H—*S_ modeled and used to calculate the actual resistance at each
a‘Lr; 1000 taxel and correlated to force, or cross-talk can be eliminated
E through additional circuitry, i.e. multiplexers and diodes, so
g 500¢ that voltage output can be directly correlated to force. The first
5 . . . . method allows sensors to be built with minimal circuitry at low
0 5 10 15 20 cost, and the second method simplifies the typical switching

Force on Taxellj (N}

Figure 18. The effects of cross-talk on an 11 x 27 taxel sensor.

(see section 4.1), and the results are shown in figure 18. The
cross-talk compensation is still most effective below 5N when
scaled, but as the force increases the cross-talk compensation
begins to degrade. Interestingly, this only seemed to be true for
the resistance model version, and also occurred in the 3 x 3
version (table 1). We expect that this is caused by the ADC
resolution and the fact that the sensor is only powered by 5V.
Since the voltage range for each taxel decreases as the number
of taxels increases, an ADC with higher resolution is needed
to capture smaller changes in voltage that are necessary for
calculating the resistance accurately. Despite this limitation
in our current hardware implementation, when the sensor is
in use on soft robots, the total force will be distributed among
multiple taxels where each taxel will experience a relatively
small force as shown in section 4.1.4. This means that the high
resolution sensor in its current configuration can still estimate
forces accurately for a certain range of forces per taxel.

method in the literature by using diodes to stop the negative
flow of current through the circuit. Both methods are effective
at showing contact locations and estimating forces applied to
the tactile sensor. We expect that these results, coupled with
past research on whole-body tactile sensing for control in clut-
tered environments (see [28, 29]), should enable soft robots to
more effectively interact with the real world. Additionally, the
low cost of having such a large number of sensors enabled by
our methods may be useful for learning data-driven models of
soft robots and soft robot interaction, given the inherent dif-
ficulty in modeling them analytically.
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Appendix. Index to supplementary multimedia
attachments

Number Type Description

1 Video Reduction of cross-talk for tactile sensor
array as described in section 4.1.3

2 Video Experiment described in section 4.1.4
comparing tactile sensor data on a soft
robot to ground truth data

3 Video Demonstration of second method of
cross-talk reduction described in
section 4.2.1

4 Video Example application of second method
of cross-talk reduction on a soft-bodied
human wrist described in section 4.2.2
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