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ABSTRACT
Selecting a sensor modality to detect deformation in a soft

robot or smart garment presents multiple trade-offs. Capac-
itive sensors have numerous advantages but are susceptible
to electrical disturbances. To guide sensor design, we mod-
eled four electrode configurations on a soft origami robot and
compared two electrode designs on a fabricated soft robot to
find a configuration with high displacement sensitivity and
acceptable disturbance rejection. We found that a combina-
tion of three electrodes reduces the response to a nearby elec-
trical motor by a factor of 12 and to a grounded rod by 150
over the previous design.
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Introduction
Sensing mechanical signals such as strain, pressure, or cur-

vature is important across robotics and wearable devices for
activity recognition, health monitoring, and human-machine
interfaces. In contrast to rigid-material substrates, these ap-
plications require sensors that can undergo and measure large
deformations and therefore are fabricated from soft and elas-
tic materials. Capacitive sensors are often chosen due to their
high linearity and low hysteresis [1, 2] when compared to
piezoresistive sensors.

Despite these advantages, capacitive sensors have a notable
non-ideality: their cross-response to electrical disturbances
(e.g., a nearby person, a metal object). To illustrate, we show
the response of an origami soft material robot [3] controlled
in closed-loop (Fig. 1a). The capacitive sensor patterned onto
the robot’s sides is used to estimate its position, and the robot
is actuated through negative air pressure inside the robot.

In the depicted experiment, though the commanded posi-
tion remained the same, the robot changed its length when
a finger was near and recovered its position when the finger
moved away. This response disrupts the accurate estimation
of the robot’s position and presents a major challenge for ac-
curate feedback control of this robot in applications like arms
([4, 5] and crawlers ([6, 7]). While capacitive sensing typ-
ically offers lower hysteresis than observed in piezoresistive
sensors, they must also demonstrate sufficiently high sensitiv-
ity and low response to electrical disturbances to successfully
estimate pose outside of highly structured settings.

A second challenge in capacitive sensing is the lack of
capacitance-to-digital tools when compared with piezoresis-
tive sensors that can easily use microcontrollers with analog-
to-digital converters. Fig. 1b is a photograph of multiple
microcontroller-based capacitive sensing solutions. Despite
the majority of robotic applications requiring some combina-

Figure 1: (a) The capacitive sensors on this soft origami
robot are responsive to proximity, which is an undesired
effect. The robot has been commanded to hold a posi-
tion, but a person’s finger (middle photos) creates an in-
accurate estimate of position. (b) Multiple commercial
approaches for measuring capacitance exist and support
varying levels of portability, wireless operation, and ease-
of-use. Inset: Our capacitance-to-digital board.

tion of untethered, lightweight, or battery-powered operation,
the commercial boards only transmit data and are powered
over a wired connection. Multiple commercial capacitance-
to-digital chips (CDC) have been used to record capaci-
tance, including the Analog Devices AD7746 capacitance to
digital converter [8, 9, 10, 11] and the Freescale MPR121
[12, 13, 14] to measure pressure or strain in wearable devices
[8, 15], the deflection of flexible robotic or mechatronic sys-
tems [11, 16, 3], for e-skin [12, 13, 17], and for other robotics
and wearable applications.

Here, we address ongoing challenges in measuring capaci-
tance in soft robotic systems. First, we discuss the challenge
of changes in the measured capacitance due to nearby electric
field sources or conductive materials, then we model various
approaches for shielding in a soft robot using finite element
analysis (FEA). We then build on a previous demonstration of
a wireless capacitive sensing board [18] to improve its trans-
latability to wearable and/or robotics applications and demon-



strate the performance of the new shielded designs. Our key
contributions are:

• A series of finite element models for designing capac-
itive sensors with reduced response to electromagnetic
sources and grounded objects

• An upgraded design for a wireless and battery operated
capacitive sensing board

• A demonstration of two electrode configurations on a
soft origami robot

Modeling Cross-Response and Sensitivity
We wish to determine where to place the capacitive sensor

electrodes to yield high sensitivity and low cross-response.
Because electrodes placed on the origami folds will have
large fringing field and no closed-form solution, we use FEA
to simulate these qualities. We chose four combinations of
electrodes (Fig. 2a) and simulated the change in capacitance
in COMSOL Multiphysics v6.0. The robot body material was
nylon with aluminum electrodes. The electrodes had either
a voltage terminal or ground boundary condition. A zero-
charge cube of air surrounded the robot structure and sphere
to capture the fringing field.

We simulated two conditions: 1) proximity to an electri-
cally grounded, moving metal sphere to mimic an approach-
ing conductive body (e.g., a finger), and 2) as the robot itself
moved from fully extended (λ = 0.75) to fully contracted
(λ = 0.5). Quantity λ is a dimensionless ratio of fold an-
gles in the structure and can be likened to the contraction or
expansion of the robot. A comprehensive explanation of the
pattern’s structure is presented in Kaufmann et al. [5].

Fig. 2a-b show the simulation of the sphere’s approach,
with the change in capacitance normalized to the capacitance
without the sphere present. In the electrode condition 0, the

Figure 2: The capacitive sensor FEA model (a) with elec-
trodes and four conditions. Both the interior and exterior
of the robot structure is shown, with electrode C on the
opposite side of electrode A. (b) The setup for the robot
and the conductive object.

Figure 3: The FEA model prediction for response to con-
ductive object proximity (a) using electrode 0 and (b) elec-
trode 2 as λ is varied. (c) As λ increases (i.e., the Kresling
height increases), the capacitance increases.

capacitance changes widely. Notably, the capacitance change
is not constant with how folded the robot is; the sphere has the
largest effect at λ = 0.65 over when the robot is either more
or less folded. This response indicates a high sensitivity to
conductive bodies and would present a challenge for accurate
length estimation of the robot.

In contrast, electrode condition 2 has a maximum response
of under 1% due to the large capacitance between electrodes
A and C and the grounded electrode C acting as a screen.
While the change in capacitance also varies across λ, the
fractional change in capacitance is appreciably lower than the
electrode 0 or 1 conditions. Electrode condition 3 (not shown)
had similar response to electrode 2.

The sensitivity to displacement as the robot moved from
extended to contracted is shown in Fig. 2c. These results
are simulated without the sphere present. While the trend
across all electrode conditions was a decrease in capacitance,
the capacitance abruptly increased to 7.43 pF at λ = 55 in



electrode 2 after its initial negative slope. Electrode condition
0 has a slope of −9 fFmm−1 while electrode 2 has a slope of
−88 fFmm−1. The percentage changes from extended (λ =
75) to folded (λ = 60) are −9.6%, −9.8%, −16.3%, and
−17.0% for electrodes 0− 3, respectively.

Hardware Design
The Origami Robot

To evaluate our model with a fabricated system, we created
two origami robots with electrode conditions 0 and 2. These
conditions provided two distinct comparison points and re-
duced the fabrication complexity over electrode condition 3.

The origami robot structure was programmatically gener-
ated using a custom CAD (Fusion 360, Autodesk) to generate
an STL file using previously described design variables and
approach [3], with an initial robot height of 40.7 mm and an
edge length on the hexagonal base of 30 mm. We 3D printed
the robot in thermal polyurethane (TPU) filament (Ninjaflex
Cheetah, 95A shore hardness), then sealed the chamber with
a TPU lid and cyanoacrylate glue (Loctite 495) before insert-
ing pneumatic tubing through holes in the lid.

The electrodes were cut from copper and nickel plated
polyester fabric (woven conductive fabric, 1168, Adafruit)
and double-sided adhesive sheets (Michaels, Inc.) using a
computer-controller cutter (Maker 3, Cricut). We manually
adhered the electrodes from condition 0 or 2 (Fig. 4). In a
minor departure from the model, the bottom electrode E was
wrapped around the exterior base to reduce interconnections
and prevent the inner electrode C from contacting E. Just be-
fore testing, rigid plastic was bonded to the top and bottom
faces to enforce rigid bodies for kinematics and optical track-
ing. These bases also held the measurement cables at known
locations relative to the robot.
Capacitive Sensing Board

We built a custom CDC board that transmits capacitance
readings wirelessly and is battery powered. Details and a per-
formance evaluation of the first version of the board 1 are
available from Ampomah Mensah et al. [18]. The board
is the four-channel Texas Instruments FDC2214 CDC chip,
a thermistor for temperature compensation (MCP9701, Mi-
crochip), and an MCU breakout board (Adafruit ESP32-S3

1Code and board designs are available at: https://github.com/parses-
lab/capacitance

Figure 4: Electrode condition 0 and 2 on the robot.

QtPy) on a custom PCB (Osh Park). Off-board connections to
the capacitor are made through ultraminiature coaxial cables
(u.FL, Hirose Electric Co.) and micro-grabber connections.

Two notable updates in version 2 of the CDC board are bat-
tery state monitoring and data transmission to a computer run-
ning ROS 2 [19] over WiFi using microROS [20], a tool for
integrating resource-constrained microcontrollers with ROS
2. A publisher node is created on the microcontroller us-
ing the micro ros arduino library, and a micro-ROS agent fa-
cilitates communication between the microcontroller and the
ROS2 system.

Results
We fabricated two robots with electrode conditions 0 and 2,

then connected the electrodes to the CDC board to determine
the shielding performance and displacement sensitivity. First,
a grounded metal rod was moved towards the unactuated and
fully extended robot at a speed of 1 cms−1 (Fig. 5a) as the
capacitance was measured, up to a distance of 1 cm. Then, a
DC hobby motor was placed 5 cm from the robot and turned
on or off every 10 s (Fig. 5b). Electrode condition 0 shows a

Figure 5: Electrode condition 0 and 2’s response to (a)
a grounded metal bar approaching at 1 cms−1 and (b) a
nearby DC motor turned on and off.



Figure 6: The displacement sensitivity for the two elec-
trode conditions. The magenta dots link the robot con-
traction and λ values.

marked response (≈ 15%) to the grounded rod and a change
of ≈ 3% for the motor on/off test. These results stand in con-
trast to electrode condition 2, where the maximum increase
due to the grounded rod was 0.1% and the change due to the
motor was well under 0.25%.

In the second test, we measured the displacement sensitiv-
ity to compare it to the magnitude of the response to distur-
bances. We changed the robot position using a custom fluidic
control board and ROS 2 nodes to publish capacitance and
control the fluidic control board, with further details avail-
able in [3]. Ground truth displacement of the robot’s top face
was recorded with a motion capture system (Optitrack).

The capacitance curves with robot displacement are shown
in Fig. 6. The measured displacement sensitivity for elec-
trode 0 is linear with a sensitivity of +65.4 fFmm−1 and
an initial capacitance of 0.5 pF. Notably, the capacitance in-
creases with displacement, though the simulation predicts a
decrease in capacitance. The fully extended capacitance of
0.5 pF was also lower than the simulation’s prediction of 1.35
pF. The capacitance approximately triples over the 15 mm
contraction.

Electrode 2 had a much higher capacitance at full exten-
sion, with a simulated value of 7.2 pF and a measured value
of 12.2 pF. It also does not show a monotonic change with
displacement; instead, it first decreases before increasing, in
the same pattern as predicted from the model. For the region
from 0 to 5 mm, the slope is −255 fFmm−1, while from 9
mm onward, it is +14 fFmm−1. The change from the ini-
tial capacitance to the minimum that occurs between 5 and
10 mm represents a shift of 7.6%.

Discussion
As predicted by the FEA simulation and borne out by the

testing with the robots, electrode condition 2 showed a bet-
ter ability to screen the effects of nearby conductive objects
or motors, with capacitance change of under 0.25% for the

tested conditions. The latter response is particularly impor-
tant for mobile soft robots that may use onboard DC motors
for air pumps. The measured displacement sensitivity was
approximately half of the value predicted by the simulation,
which may be attributed to the larger than expected capaci-
tance when the robot was fully extended.

While electrode 0 had a more pronounced response during
these tests, the response of 15% during the moving rod test
is a fraction of the 200% increase that we observed during
the displacement tests. Electrode 0 outperformed the simula-
tion’s prediction due to the large sensitivity to displacement.

Ultimately, electrode 0 demonstrated a linear and high frac-
tional displacement sensitivity in comparison to electrode 2
but had an inferior electrical disturbance rejection compared
to electrode 2. In contrast, the non-monotonically changing
response of electrode 2 would likely present practical chal-
lenges in determining robot pose. Constraining the robot to
displacements below 10 mm, where the response can be lin-
earized, would mitigate this effect at the cost of reducing the
robot workspace and utility in applications that require a large
workspace.

The FEA simulation predicted the non-monotonic behav-
ior of electrode 2 and the superior disturbance rejection but
did not accurately capture the high displacement sensitivity
in electrode 0 or the increasing capacitance with contraction.
The model is simulated on CAD drawings and assumes “per-
fect” folding, while the behavior of the robot under test in-
cludes bending, stretching, twisting, and folding. Simulations
that account for both electrical and mechanical behavior may
better capture the electric field changes with displacement,
and therefore the capacitance between electrodes.

Conclusions and Future Work
We evaluated multiple electrode designs for capacitive pro-

prioception on a soft origami robot to determine which com-
bination of electrode would yield high displacement sensi-
tivity and sufficiently reject electrical disturbances that may
be encountered during mobile robot operation, finding that
placing a grounded electrode on the robot’s exterior increased
disturbance rejection at the cost of creating a non-monotonic
relationship to displacement.

The FEA simulations provided insight into electrode de-
sign but did not fully capture the displacement sensitivity or
initial capacitance. To accurately guide new electrode de-
signs, future FEA simulations should incorporate a coupled
electromechanical approach to capture non-idealities in robot
deformation that may affect capacitance.

Capacitive proprioception offers low hysteresis yet re-
quires careful design to reject environmental disturbances.
Through care in the initial design and intermediate validation
on robotic platforms, such capacitive sensors will offer new
approaches for soft robot pose estimation and help translate
soft robots from the lab into everyday applications.
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