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ABSTRACT

Dielectric elastomers have emerged in recent years as a smart material capable of acting as an actuator, a sensor,
or a generator. When used as a sensor, this soft, flexible material exhibits a change in capacitance as it is deformed
in both compression and tension. This has led to the adaptation of dielectric elastomer sensors in the wearable
technology space, where careful sensor placement can enable the measurement of biomechanical movement.
However, these sensors may not be measured using traditional capacitance measurement techniques due to their
increased electrode resistance. Thus, a low frequency, low voltage capacitive measurement methodology needs
to be derived for these sensors to thrive in wearable applications. In this work, we propose such a methodology
which utilizes phase detection with the Goertzel algorithm. Traditionally used for tone detection, the Goertzel
algorithm provides an efficient method for recovering individual terms of the DFT. Our sensing methodology
is integrated into a low-cost microcontroller and integrated with a wireless microcontroller to enable remote
measurement of the dielectric elastomers. The open sourcing of this device may jump-start the widespread
adoption of dielectric elastomers as biomechanical sensors.
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1. INTRODUCTION

Biomechanical measurement and analyses of human movement has evolved over time from using simple goniomet-
ric devices to the full-fledged motion capture systems of today. With this increase in technological capabilities,
a wide array of fields have found tremendous value in the data products produced by state of the art equipment.
Clinical research uses such information to analyze gait characteristics and diagnose disease.1,2 Strength and con-
ditioning coaches have used motion capture systems and accelerometer devices to analyze athlete performance
and identify areas for improvement.3,4 However, current motion capture systems are typically composed of a
large array of cameras that must be calibrated and are mounted in semi-permanent positions. Additionally, mo-
tion capture systems incur a large financial and time cost to use.5 In recent years, wearable technology solutions
have been created with the aim to accomplish a similar result as the motion capture system, while packaged in a
wearable device. Many of these attempts utilize a combination of accelerometers and inertial measurement units
(IMU). However, research has come to light indicating that IMUs may be subject to significant drift, leading
to an inaccurate data product.6 Thus, there is still a need for a wearable technology system that is capable of
generating data products with the same quality as from motion capture system, but with greater portability and
reduced cost.

Recently, a class of material known as electroactive polymers (EAP) have been growing popularity due to
their muscle-like ability to change shape when stimulated with an electric field.7 Exploiting this property allows
the material to act as either an actuactor, when an electrical signal is converted to mechanical deformation, or
sensor, when a mechanical deformation is converted to electrical energy. A subclass of EAPs, known as dielectric
elastomers (DE), have been subject to a large amount of research in the robotics space since they can be used
as a type of artificial muscle.8 DEs are constructed by coating a thin electrode material on either side of a thin
elastic dielectric film and are usually much more flexible than traditional EAPs. In essence, DEs electrically
resemble a deformable capacitor, where the stretching or compression of the material results in a change in
capacitance.9,10 Naturally, DEs are better suited to adoption in the wearable technology space since the sensors
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Figure 1. Sock Prototype.

are much more conformable to irregular surfaces than traditional strain gauges. This means these sensors can be
integrated into clothing an stretched without significant interference to the user. The work presented in Ref. 11
has evaluated the use of this type of sensor material, specifically using StretchSense™ sensors, in a wearable sock
to capture foot-ankle kinematics in real-time with positive results. Fig. 1 shows the current sock prototype which
features integrated DE sensors and on-board sensing circuitry with Bluetooth radio. Unfortunately, measuring
the capacitance of a DE is more complex than that of a typical discrete capacitor, and a need has developed for
a low-cost low-voltage capacitive sensing solution that can be integrated into a small wearable device.

2. BACKGROUND

As described in Sec. 1, the basic structure of a DE resembles that of a capacitor: two conductive electrodes with
a dielectric between. Hence, the capacitance of the sensor is dependent on the physical properties, just as in a
traditional capacitor:

C =
εrε0A

d
(1)

Where εr is the relative permittivity of the dielectric material, ε0 is the permittivity of free space, A is the
area of the electrodes, and d is the distance separating the electrodes. However, in a DE, both the area of
the electrodes and the distance between the electrodes changes as the elastomer is deformed. This means both
stretch along the sensor and compression normal to the sensor will result in a change in capacitance. The relation
between stretch and change in capacitance is linear.

Figure 2. Basic electrical model of a dielectric elastomer.
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The basic electrical model of the dielectric elastomer, shown in Fig. 2, also mirrors that of a traditional
capacitor, with a resistor in series with the capacitor to represent the electrode resistance. Unlike a traditional
capacitor, both the electrode resistance and capacitance of the sensor can vary widely depending on the stretch
induced to the sensor. On top of this, the electrode resistance of a DE sensor is also very large,12 so traditional
capacitance measurement techniques are unable to accurately measure the capacitance. Though some stretch
information may be obtained by measuring the resistance of the sensor, this is prone to error due to the high
dependence on temperature for the sensor resistance.

Figure 3. Distributed nature of electrical characteristics in DEs.

Since the electrodes of a DE run along the entire length of a sensor, both the electrode resistance and
capacitance is distributed along the length of the sensor, leading to the more advanced electrical model of a
DE shown in Fig. 3. Because the capacitance is distributed along the length, a higher frequency signal will not
propagate as far along a DE sensor as a low frequency signal. This occurs since the capacitive reactance decreases
as the sensing frequency is increased, and, hence, the charge follows the path of least resistance and does not
propagate along the entire sensor. Ref. 13 used this attribute advantageously to create a multi-frequency sensing
algorithm that could localize the pressure applied to a DE sensor.

3. METHODOLOGY

Motivated by the work in Ref. 14, a capacitive sensing solution was designed. The proposed method utilizes a
sinusoidal input signal across an RC circuit configuration, where the DE serves as the capacitor. When presented
with a sinusoidal signal, the RC circuit will both attenuate the signal and introduce a phase shift across the
capacitor. By measuring the phase shift induced by the RC circuit, the capacitance may be recovered and corre-
lated with the physical deformation of the sensor. To illustrate the change in phase shift at different capacitances,
Fig. 7 displays the input voltage signal and sensor voltage signal at two different sensor capacitances,450pF and
950pF , which fall within the normal operating range of the specific sensor used in this work.

3.1 Capacitance from phase shift

Recovering the capacitance from the phase shift of the voltage across the sensor is quite simple; the voltage at
the sensor is related to the input sinusoid following:

Vs = Vin
Xs√

R2 +X2
s

(2)

Where R is the resistor in the RC circuit and Xs is the reactance of the sensor. This sensing circuit will act
as a low pass filter with a cutoff frequency and phase shift found using:

fc =
1

2πRC
(3)

φ = − arctan 2πfRC (4)
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Figure 4. Reference signal vs sensor signal at 450pF (left) and 950pF (right).

Eq. 4 can then be solved for capacitance:

C =
tan−φ
2πfR

(5)

Thus, the capacitance of the DE may be recovered if accurate measurement of the phase shift can be made.
As was mentioned in Sec. 2, special attention needs to be paid to the selection of the sensing frequency in this
application. Following the simulation results in Ref. 13, a sensing frequency of 250Hz was selected for this
design. This frequency is sufficiently low as to allow propagation of the signal along the entire sensor length. A
510kΩ resistor was selected for this design, which will have the added benefit of filtering unwanted noise from
the signal prior to sampling. The input sinusoid has an amplitude of 0.75V and is offset such that the voltage
will oscillate between 0 and 1.5V. It will be generated from a Digital to Analog (DAC) converter using a look up
table (LUT) which updates the output to generate the sinusoid at the specified frequency. The sensing circuit
schematic is shown in Fig. 5. It is important to note that the same input signal may be fed to any number of RC
circuits for measurement of phase, as long as there are enough Analog to Digital (ADC) channels to sample the
sensor signal. Lastly, a unity gain buffer was added to buffer the voltage across the sensor for the ADC converter
so that the ADC converter does not affect the sensor signal. The unity gain buffer has high input impedance so
it will negligibly affect the sensing circuit.

Figure 5. Capacitive sensing circuit.
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3.2 Phase Measurement

The most essential operation of the candidate sensing solution is correct measurement of sensor signal phase.
When posed with the problem of measuring phase, many engineers will utilize the tried and tested Fast Fourier
Transform (FFT) as the algorithm of choice for extracting frequency information from a signal. However,
the FFT is a computationally expensive algorithm and is quite inefficient on low-cost low-power embedded
hardware. Additionally, the FFT calculates frequency content for many different bins, but in this application,
we know exactly which frequency to measure. The Goertzel algorithm15 circumvents this problem and has
proven to be an efficient method for the evaluation of single terms of a DFT. If computing just a single term of
a DFT, the Goertzel algorithm has a computational complexity of just O(N) whereas the FFT has a complexity
of O(N logN) where N is the number of samples in each calculation. Historically, this algorithm has been
used for tone detection of a keypad on an analog phone, but by adapting this algorithm for this application,
phase information may be calculated in real-time on low-cost embedded hardware. Additionally, the Goertzel
algorithm utilizes real-valued arithmetic in it’s computation, making implementation on embedded architectures
even easier.

The Goertzel algorithm, similar to the FFT, uses a block size to control the frequency resolution. The block
size should be selected such that the sampling frequency fsampling divided by the block size N is an integer
multiple of the target frequency ftarget:

fsampling

N
= ftarget ∗ a, a = 1, 2, 3, ... (6)

To compute the Goertzel algorithm, the following coefficients should be calculated before runtime once your
sampling rate, target frequency, and block size are identified:

k = int(0.5 +
Nftarget
fsampling

) (7)

w =
2πk

N
(8)

c = cosw (9)

s = sinw (10)

a = 2c (11)

Now, the Goertzel may be calculated as shown in Fig. 6. In this implementation, we are only considered
about phase information and not magnitude.

Figure 6. Psuedo code for the Goertzel algorithm. Repeated for each block of samples.

For this work, the Goertzel algorithm was first implemented in Python. Here, it was tested alongside a
traditional DFT and a phase LUT to ensure the correct phase information was recovered from the signal.
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A synthetic 250Hz sinusoidal signal was synthesized at a sampling frequency of 2kHz, with a corresponding
LUT to match the phase of a sinusoid through it’s period. The synthesized samples were added to buffers
and the corresponding DFT and Goertzel algorithms were calculated once a sufficient number of samples had
accumulated. Fig. 7 shows the calculated phase of the three methods, all of which produced the same result.
This verifies the correct operation of the Goertzel implementation, so a more thorough implementation of the
capacitive sensing solution may now be carried out.

Figure 7. Comparison between Goertzel, DFT, and ground-truth phase LUT. The top plot shows the synthesized signal
(blue) and vertical markers where DFT and Goertzel calculations were triggered (red). The bottom plot compares the
results of the DFT and Goertzel with the ground-truth phase information.

4. IMPLEMENTATION

With the underlying methodology established for the capacitive sensing solution, a two-step approach was taken
to bring this solution to fruition. First, a simulation was created using Python to prototype algorithms and verify
the methodology could be implemented in an ideal scenario. Following a successful simulation, the algorithms
would be ported to the target embedded device and all accompanied configuration would be added.

4.1 Simulation Results

As mentioned above, Python was used to simulate the algorithms and sensor signals to validate the methodology.
To begin, a floating point approach was taken, which would allow for fast prototyping of the algorithm without
the need to monitor the values of each portion of the Goertzel algorithm for overflows. The sampling rate was
set to 2kHz based on hardware capabilities and the corresponding block size was calculated in accordance with
Eq. 6. After these parameters were set, the reference and sensor signals were created using the phase offset and
impedance calculated for the chosen resistor and base capacitance. The synthesized signals, shown in Fig. 8,
range from 0 to 4095 to match the dynamic range of the embedded hardware 12-bit ADC. Since the embedded
hardware will be responsible for creating the sinusoid, it will have real-time information of the phase of the
input sinusoid. Therefore, we will not need to sample and calculate the phase for the reference signal in this
implementation. Now, the Goertzel algorithm implemented in Sec. 3 may be used on the synthesized sensor
samples, with the measured phase then compared to the current output phase to establish the relative phase
between the two signals. Afterwards, the capacitance can be recovered and the methodology may be evaluated.
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Figure 8. Simulated reference and sensor signals.

After positive results were achieved using a constant capacitance, a time-varying capacitance signal was
generated for the purpose of evaluating how the algorithm would perform while the sensor is stretched. A
triangular wave capacitance signal was designed, with the corresponding voltage signals synthesized. Fig. 9
shows that the recovered capacitance tracks the true capacitance very well, once again verifying the algorithm
fundamentals.

Figure 9. Simulated time varying capacitance with recovered capacitance with floating-fixed-point.

At this stage, a fixed-point processing approach was developed in simulation as well. This further eases the
difficulty of implementation at the embedded level, since it offers the advantage of optimizing the fixed-point
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arithmetic in Python instead of C or C++. A Python package for fixed-point math was found and used to build
out a library of functions which directly mirror those available on the candidate embedded device. This library
notified the user of overflows when running the algorithms, so the precision at each step of the algorithm could
be optimized to utilize the largest amount of dynamic range without worry of errors when ran on the hardware.
A capacitance range larger than that found on the real sensors was swept to ensure no precision issues were
present in the fixed-point process. The fixed-point results were then compared to the floating point results,
shown in Fig. 10. Impressively, the fixed-point recovered capacitance was only 2pF off the true capacitance over
the simulation, which stepped capacitance from 450pF to 1650pF . Porting this optimized fixed-point Python
code to the embedded hardware will be a light task since the library functions used mirror that of the embedded
fixed-point library.

Figure 10. Error (in pF) between the actual capacitance and recovered capacitance for floating- and fixed-point algorithms.

4.2 Embedded Progress

An initial implementation effort has commenced using a Ti MSP430 family microcontroller. This platform
allows for low power consumption and should provide enough computational power for the needs of this solution.
Following the verification of the working algorithm in the simulation, it has been ported to the embedded device.
Dummy data has been input into the embedded Goertzel implementation and the results have been verified to
match that of the simulation. Additionally, the embedded implementation communicates with a separate board,
using SPI, to relay information over a Bluetooth connection to a host computer which records the sensor data.
The SPI communication link has been verified working as well, with the ability to send configuration messages
to the device to set number of sensor channels, output data rate, and more. A lookup table (LUT) is created and
afterward used by the onboard DAC to generate the input sinusoid at a frequency of 250 Hz. The DAC output
has been verified and shown to be quite stable over even large time frames. The ADC peripheral of the module
has been configured to routinely sample a channel and switch to the next channel. It has been verified to work
with steady DC signals, but some investigation still needs to be performed to determine if the ADC sample and
hold time is long enough to charge the internal capacitor closer to the actual sensor voltage.

Figure 11. Embedded hardware layout.

The implementation of each of the above systems has required careful consideration of program flow and code
optimization to reduce interrupt lengths. Even with such optimizations, the current status of the implementation
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appears to be utilizing the microcontroller at or above computational capacity. Further investigation may
motivate a switch to the MSP432 family of devices, which may run an Real-time Operating System (RTOS) to
better guarantee that timing requirments for this application are met.

5. CONCLUSION

The current work offers a unique approach to the measurement of DEs with a low-voltage sensing signal. Such an
approach, implemented on a small PCB, could see the adaption of DEs in a larger number of applications due to
the unique properties of DEs. Once the embedded design has been debugged and verified against current methods,
the goal is to open-source the developed software so the larger scientific community can use and adapt this
implementation to accelerate adoption of DEs. The simulation code used for this project has been open-sourced
now and may be accessed at https://github.com/msstate-athlete-engineering/soft-sensors-research.
In the case of wearable technology, efficient and accurate measurement of DEs will better improve final data
products and lead to more confidence in the function of the wearable platform.
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