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A B S T R A C T   

This paper presents a concept of multi-modal dielectric elastomer actuator (DEA) that leverages a single voltage 
input to concurrently work as linear actuator and loudspeaker, while also integrating self-sensing capabilities. 
Low-frequency linear actuation is obtained by inducing tangential stretching of the DEA membrane surface, 
whereas high-frequency sound generation is concurrently achieved through transverse structural vibrations of 
the DEA membrane surface. Multi-mode actuation is combined with a new self-sensing paradigm: measuring the 
current signal arising from the dynamic acoustic excitation and processing it in real-time with capacitance 
estimation algorithms, the actuator low-frequency displacement can be reconstructed with no need for additional 
transducers or dedicated probing signals. The performance of the proposed self-sensing approach is evaluated 
using complex multi-harmonic driving signals, with a focus on analyzing the correlation between capacitance 
estimates and the low-frequency stroke of the device. Concurrent self-sensing and multi-mode actuation are 
finally demonstrated in a number of application scenarios, in which the intensity/frequency of the DEA acoustic 
output is adjusted in closed-loop as a function of externally induced deformations, such as impacts with ob
stacles, or interactions with a user. The multi-modality paradigm pursued in this work paves the way to new 
application opportunities, such as multi-sensory user interfaces (e.g. audio-tactile buttons), or highly integrated 
sensor-actuator units able to sense their state during operation and provide feedback (e.g., acoustic signaling) 
accordingly.   

1. Introduction 

Dielectric elastomers (DEs) are a promising actuator and sensor 
technology for mobile devices, wearables, and interaction interfaces, 
because of their high stretchability, low weight, ability to accomplish 
self-sensing [1]. DE transducers rely on a variable capacitance principle 
enabled by stretchable polymeric membranes coated by compliant 
electrodes, which can be deformed through the application of an electric 
field [2,3]. Available DE materials include acrylics, rubber, or silicone, 
which can provide electrostatic actuation stresses on the order of MPa, 
and strains over 100 % [4,5]. DEs lend themselves to integration onto 
soft-robotic structures (e.g., minimum energy-structures [6]) and met
amaterials [7], and their actuation capability spans broad bandwidths 
from less than 1 Hz up to several kHz [8,9]. 

A special field of interest for DEs is represented by user interfaces and 
wearables [10–15]. In this context, the possibility of embedding 
different actuation functionalities (e.g., vibrotactile actuation, sound 
generation) within a single multi-functional DE actuator (DEA) unit 
might provide a breakthrough in user interaction applications [16]. In a 
previous work, we showed that with certain DEA topologies, low fre
quency (LF) linear actuation (associated to a longitudinal stretching of a 
DE membrane) and high frequency (HF) structural vibrations can be 
induced simultaneously and independently by a single input voltage, 
hence allowing a DEA device to work as LF linear actuator and loud
speaker, in a multi-modal fashion [16,17]. 

A different paradigm of multi-modality that has largely been 
exploited in the past on DEAs is self-sensing, i.e., the possibility of using 
a transducer as an actuator and a sensor at the same time. Self-sensing 
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enables closed-loop control to be implemented in DEAs without the need 
for additional mechanical sensors [18]. Self-sensing algorithms usually 
reconstruct the DEA capacitance, and, in turn, its mechanical deforma
tion, by online processing electrical measurements (i.e., voltage and 
current) acquired during high voltage actuation [19–23]. Due to the 
capacitive nature of DEAs, the current generated by typical LF actuation 
(on the order of a few Hz) is generally too small to be accurately 
measured and integrated, thus compromising the accuracy of 
self-sensing. To overcome this issue, DE self-sensing algorithms 
commonly rely on the injection of a small-amplitude HF monochromatic 
sensing signal (purposedly introduced for the aim of sensing) on top of 
the main driving signal, which generates a high-amplitude current 
without affecting the actuator mechanical response [22,23]. 

Combining multi-frequency actuation with self-sensing might deliver 
radically new applications, such as wearable multi-function devices (e.g. 
audio-tactile interfaces) that might help improving human-machine 
interaction in industry by adding intuitive input and feedback ele
ments to control machines, or highly integrated wearable feedback in
terfaces for virtual reality. 

Motivated by these applications, the present work demonstrates the 
first example of tri-modal DEA, in which three independent function
alities (i.e., LF linear actuation, HF sound generation, and self-sensing) 
are integrated into a same active DE element and executed simulta
neously. First, we show a characterization of the frequency response of a 
reference DEA design in terms of sound pressure and deformation. We 
then consider a self-sensing algorithm from literature [22], originally 
built upon the assumption of sinusoidal HF probing signal. Due to its 
time-domain (rather than frequency-domain) nature, the algorithm can 
effectively capture capacitance variations in real time even when poly
chromatic HF input signals are used. Leveraging the DEA dynamic 
response, we use different regions of the frequency response to perform 
self-sensing while either enforcing sound generation (using a single 
driving signal for sensing and sound generation) or preventing it (by 
performing sensing through the injection of mid-frequency signals that 
fall outside of the acoustic bandwidth of the device). 

To prove the real-time capability of the proposed multi-modal 
paradigm, we present several proof-of-concept examples, which are 
representative of possible applications, including HF amplitude or fre
quency adaption driven by externally-induced sensed deformations, 
application of the DEA as a smart button capable of deformation- 
dependent audio-tactile feedback, and acoustic signaling upon impact 
detection. 

To the best of our knowledge, this is the first work that combines 
multi-modal DE actuation with self-sensing in closed loop operations. 
Compared to our preliminary findings on self-sensing with multi- 
chromatic signals [24], here we present for the first time a systematic 
analysis of the accuracy and performance of self-sensing in combination 
with multi-mode actuation, and we demonstrate its applicability in 
real-time scenarios. 

The remainder of this paper is structured as follows. Section 2 de
scribes the layout and working principle of the multi-mode DEA. Section 
3 describes the proposed self-sensing approach and its synergies with the 
multi-mode actuation principle. Section 4 shows the results of charac
terization measurements aimed at evaluating the self-sensing algo
rithm’s capability and accuracy. Section 5 describes proof-of-concept 
demonstrations and results. Section 6 presents the conclusion and 
outlook for future developments. 

2. DEA layout and working principle 

The considered DE topology is a circular out-of-plane DEA (COP- 
DEA), devised to provide linear actuation [25,26]. The DEA element 
consists of a stack of DE membranes, each one having a single electrode 
layer on one face (Fig. 1). Consecutive electrodes are subjected to 
opposite voltage polarities, so that the resulting DE stack forms a 
capacitor with 4 parallel dielectric layers and a passive external coating 
layer. The stack, initially flat, is radially pre-stretched on a rigid annular 
frame, and is pre-loaded out of plane by a nonlinear biasing spring 
(NBS). 

When a LF input voltage is applied, the device end-effector (con
sisting in a rigid disc concentric to the DEA electrodes) moves out of 
plane and delivers a stroke z in the axial direction (Fig. 1). This out-of- 
plane motion is a consequence of the membrane longitudinal stretching 
generated by the electrostatic pressure (Maxwell pressure), which is 
proportional to the square of the applied voltage. When a HF voltage 
waveform (with frequency higher than the out-of-plane mode’s natural 
frequency) is applied, the out-of-plane displacement progressively de
creases as a result of the low-pass behavior of the end-effector dynamics, 
and the membrane surface develops a set of structural vibration modes 
similar to the ones observed in flat circular/annular vibrating mem
branes [27]. In previous works [16,17] we observed that, for COP-DEAs 
with radial dimensions in the centimeter range, an acoustic response 
(hearable sound pressure output) is generated in the working ranges 
where HF structural vibrations take place, triggered by excitation 

Fig. 1. COP-DEA structure, with pre-stretching element (NBS) and layered membrane. Picture and 3D model of the DEA element under investigation.  
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voltages with relatively small amplitudes on the order of hundreds of 
volts. Due to the significant difference in the end-effector and the DE 
membrane inertia, structural vibrations of the DEA surface and linear 
stroke are generated on clearly separated regions of the frequency 
domain. Therefore, a simultaneous and independent activation of linear 
actuation and sound generation mode is possible by driving the actuator 
with a voltage input which is the sum of two terms: 

v(t) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
V0 + V1u(t)

√
+ Uaũ(t), with

V0 =
U2

max + U2
min

2
, V1 =

U2
max − U2

min
2

(1) 

The first term in (1), i.e., the one under square root, represents a 
high-amplitude driving signal with LF fundamental frequency, whereas 
the second term is a HF low-amplitude signal. In the equation, u(t) and 
ũ(t) are normalized waveforms (varying between − 1 and +1) whose 
spectral content/fundamental components lie in a LF and a HF region 
respectively; Umax and Umin are the maximum/minimum voltage applied 
on the DEA when no HF component is present (ũ = 0); Ua is the 
amplitude of the HF excitation component (we assume Ua≪Umin). The 
square root in the first term is introduced to compensate for the 
nonlinear (i.e., quadratic) dependence of the electrostatic stresses 
(Maxwell stress) on v. 

We manufactured a COP-DEA sample (Fig. 1, right) with outer 
diameter do = 30mm and inner diameter di = 15 mm. The material used 
for the dielectric layers is silicone Elastosil 2030 film by Wacker, with 
initial thickness of 50 µm. The DEA sample consists of 4 active layers 
(with both faces covered by compliant electrodes) and one passive layer 
(holding no electrode on one of its faces), which are stacked together. 
Electrodes were applied to the pre-stretched silicone films (equi-biaxial 
pre-strain of 20 %) in the desired geometry with a thickness on the order 
of 10 µm, via the screen printing process described in [28,29]. The 
electrode material is a composite of PDMS (SilGel 612 by Wacker) and 
carbon-black particles (Orion Printex XE2). The electrical connections to 
the electrodes were done with thin self-gluing copper foils. The NBS 
consists of two overlapped 50 µm thick spring steal foils and has the 
dimensions discussed in [16]. The NBS holder and the housing structure 
for the DEA are 3D printed with photopolymers and PLA. The initial 
out-of-plane deformation of the DEA is approximately 5 mm. 

3. Self-sensing approach 

In this section, we present a self-sensing approach and algorithm for 
multi-mode DEAs. The proposed approach leverages different regions of 
the DEA frequency response to accomplish deformation sensing either in 
combination with sound generation or alone in a silent mode. The 
sensing algorithm used here makes use of our previous results on self- 
sensing [18], obtained with monochromatic probing signals, which 
are here extended to multichromatic driving voltages. 

3.1. Combined multi-mode self-sensing concept 

In previous works [17], combined LF actuation and HF sound gen
eration have been used to develop audio-tactile interfaces capable to 
provide multiple feedbacks (linear actuation, sound) through a single 
active DE element. An additional functionality can be added on top of 
such multi-mode actuation capability by means of self-sensing. 

Self-sensing relies on voltage and current measurements on the DE to 
provide a real-time estimation of the DEA capacitance, which can be 
used to reconstruct the device stroke/configuration during high voltage 
actuation. Self-sensing is typically achieved by superposing a dedicated 
small-amplitude HF signal on top of the main (typically LF) driving 
voltage signal. Injected signals with sufficiently high frequency generate 
sufficiently large current outputs, which can be accurately measured and 
used in self-sensing algorithms [21]. 

Here, we propose an alternative self-sensing approaches that spe

cifically leverage the COP-DEA dynamic response, and especially the HF 
excitation components present in multi-mode and audio-tactile DEA 
applications. On the one hand, when the device operates in the HF re
gion producing an acoustic output, current measurements associated to 
the HF actuation signal component can be directly used for self-sensing 
without adding extra hardware (e.g., dedicated capacitive sensing 
layers, as proposed in [17]) or dedicated superposed sensing signals 
(because the current resulting from acoustic actuation is already large 
enough to be accurately measured). On the other hand, if no acoustic 
output is requested, self-sensing can still be performed by injecting a 
dedicated small-amplitude sensing signal (superposed to the LF driving 
signal, if present) with spectral content in an intermediate 
mid-frequency (MF) region where neither linear actuation or acoustic 
output are produced (Fig. 2). In this case, the driving voltage still has the 
form given by Eq. (2) (with ũ representing the MF sensing signal), but 
the choice of the sensing signal ũ frequency deliberately prevents (or 
strongly limits) sound generation. 

Self-sensing in either of the two regions (MF or HF) can be further 
associated to different application scenarios, as shown in Fig. 3. In a first 
set of applications, the multi-mode DEA can be used with a HF/MF 
signal superimposed to a LF voltage signal to produce a voltage-induced 
displacement (left-hand side Fig. 3). The self-induced capacitance 
change of the DEA can then be estimated by a self-sensing algorithm and 
used to compute the motion of the end-effector. By feeding the DEA with 
a HF or a MF signal, self-sensing is thus accomplished either in combi
nation with sound generation or alone. In a second scenario (right-hand 
side Fig. 3), the device deformation can be induced by an external me
chanical stimulus. This scenario is representative of applications such as 
multi-mode audio-tactile buttons. In this case, the device deformation 
(measured via self-sensing) is driven by a user’s touch, and can be 
accompanied by a vibrotactile stimulation via LF driving and/or sound 
through a HF superposed voltage signal. Also in this scenario, a silent 
self-sensing mode (for the external deformation) were no sound is pro
duced can be realized leveraging the MF range rather than the HF range. 
Measuring the capacitance potentially allows generating adjustable 
multi-mode outputs (e.g., audio-tactile feedbacks) that are functions of 
the measured user input (e.g., touch). 

3.2. Self-sensing algorithm 

With the aim of formulating a self-sensing algorithm, we model the 
DEA electrical dynamics with an RC series circuit accounting for the 
DEA capacitance and electrodes resistance, while we neglect the leakage 
resistance, assuming that it is very high [21]. Though such an RC-series 
model represents a rough approximation of the DEA electrical response, 

Fig. 2. Working regions of the multi-mode DEA, namely, LF linear motion re
gion, MF region (with no acoustic output), and HF acoustic output region. Self- 
sensing can be performed leveraging voltage components in the MF and HF 
regions (and possibly part of the LF region). The plot is qualitative: frequency 
ranges shown on the frequency axis are an approximate indication that holds 
true for centimeter-scale DEAs with features/material properties similar to 
those discussed in [16,17] and in the present work. 
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we found that it accurately captures the relevant dynamics in the fre
quency ranges that are relevant to our application (see Supplementary 
Material, Sect. S3). 

The equivalent RC circuit is described by the following dynamic 
equation: 

v(t) = R(t)i(t)+
1

C(t)

∫ t

0
i(τ)dτ (2)  

where the driving voltage signal v(t) includes a HF component ũ with 
much higher frequency than the longitudinal deformation frequency of 
the DE (see Eq. (1)), which in turn leads to high amplitude HF current 
i(t). The DEA capacitance C(t) and series resistance R(t) are assumed to 
vary slowly due to LF excitation (i.e., an externally applied deformation, 
or a LF driving voltage component u), whereas capacitance/resistance 
variations due to ũ are assumed negligible (as they lead to small- 
amplitude structural vibrations). With this assumption, the resistance 
and the capacitance can be considered constant on time scales on the 
order of the HF excitation periods, whereas the time derivatives of v(t)
and i(t) are dominated by HF components. 

To estimate the slowly-varying parameters C(t) and R(t), DE self- 
sensing approaches commonly rely on a frequency domain approach 
[23]. In this case, the DE capacitance and electrode resistance are ob
tained in real time as a function of the amplitude change and phase shift 
between voltage and current. Since this approach relies on an electrical 
impedance argument, it requires the injected HF signal to be sinusoidal, 
a condition that does not hold true if a polychromatic HF signal (such as 
an acoustic waveform) is used. To ensure self-sensing in the presence of 
polychromatic HF signals, the self-sensing approach developed by Riz
zello et al. [21,22] is used in this work. Being based on a time-domain 
(rather than frequency-domain) identification approach, this 
self-sensing strategy is virtually transparent to the waveform of the 
excitation signal. As the method is based on a discrete-time identifica
tion algorithm, Eq. (2) is discretised using the pre-warped Tustin 
method, obtaining: 

vk − vk− 1 = R(ik − ik− 1) +
KT

C
(ik + ik− 1) with

KT =
sin(πfeTs)

2πfeTs

(3)  

where k represents a discrete time index, KT is the pre-warp coefficient 
for Tustin method, with fe representing the frequency of ũ (if mono
chromatic) and Ts the sampling time step [22]. Estimation of the DEA 
capacitance C and resistance R at time instant k is performed based on 
voltage and current values measured at time instants k and k − 1, by 
solving in real-time the linear regression problem (3) with a recursive 
least-squares method. A forgetting factor is also employed to account for 
slow variations in C and R [21]. 

The pre-warped Tustin method is introduced to counteract non- 
linear frequency warping effects due to time discretization. Compared 
to other discretization schemes (e.g., Euler method), pre-warped Tustin 
provides an accurate estimation of R and C even when the HF signal is 
sampled with a low resolution. In principle, the employed discretization 
method provides a theoretical estimation accuracy of 100 % only if a 
sinusoidal HF signal at frequency fe is used. Nevertheless, the dis
cretization given by Eq. (3) is still expected to approximate its 
continuous-time counterpart (2) with sufficient accuracy even in case of 
polychromatic HF signals, provided that their spectral content is 
concentrated around fe. In this work, we prove that the estimation ac
curacy is still satisfactory even when the concentration of the HF signal 
spectrum around fe is relatively broad. 

4. Characterization of multi-mode DEA self-sensing 

In this section, we present a characterization of the self-sensing 
behavior of the COP-DEA in combination with multi-mode operation. 
First, we investigate the frequency-dependent performance of the device 
in terms of linear actuation (LF working regions) and sound generation 
(HF working regions), and we identify suitable MF regions for pure self- 
sensing. Afterwards, we present an evaluation of the self-sensing algo
rithm for the cases of externally-driven and voltage-induced de
formations, using sinusoidal and multichromatic (soundtrack) HF 
signals for concurrent sound generation and self-sensing. Eventually, a 
parametric study of the correlation among linear stroke and capacitance 
profiles estimated via self-sensing is presented. 

4.1. Experimental setup 

For the characterization measurements, a dedicated test setup was 
used (Fig. 4). The test setup consists of a data acquisition system with 
analog inputs/ outputs, a custom built sound-absorbing box (110 cm ×
100 cm × 80 cm, as described in [16]), a microphone for acoustic 
measurements (Microtech Gefell MM210 with M33 conditioning mod
ule), a laser to measure the end-effector displacement (optoNCDT from 
micro epsilon), and a linear motor (Aerotech ANT-25LA) to drive the 
movement of the DEA end-effector. The microphone was located at a 
distance of 0.35 m from the sample and placed at a small angle (<20◦) 
with respect to the axis of the DE device to prevent a shielding effect 
from the laser sensor, which was centrally aligned with the end-effector. 
In a previous work [17], we showed that the SPL response of the 
COP-DEA is nearly independent of the angle in an interval [-30◦, +30◦]. 
A high voltage amplifier (HA51U–3P5 by hivolt.de Gmbh & Co.KG with 
3000 V maximum voltage and 10 mA maximum current), installed 
outside of the acoustic box, was connected to the DE. The amplifier has 
built-in voltage monitor used to measure the output voltage. The current 
through the DEA was measured with a custom current sensor. 

The datasets presented in the following were acquired using the 
analog input and output channel of a PSV-500 3D laser vibrometer by 
Polytec at a sample rate of 50 kHz. The acoustic signals were pre- 
processed by a Matlab script to eliminate LF disturbances via a Fast- 

Fig. 3. Different working scenarios for the COP-DEA. Left: multi-mode actua
tion with HF structural vibrations and LF linear actuation, combined with two 
alternative modes for self-sensing (HF acoustic working mode and MF silent 
working mode). Right: operation as smart button, with user-driven LF defor
mation combined with two possible self-sensing modes (HF working mode with 
sound generation, and MF silent working mode). 
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Fourier Transform decomposition and reconstruction. 

4.2. Frequency response and self-sensing algorithm characterization 

We hereby characterize the COP-DEA prototype stroke and acoustic 
output frequency response, to identify the different frequency regions of 
the device (LF, MF and HF), and we present results from multi-mode self- 
sensing. 

Fig. 5 shows the frequency response of the COP-DEA prototype in 
terms of deformation and SPL, obtained by exciting the DEA with chirp 
signals with different bias voltages (Umax = Umin in Eq. (1), with ũ rep
resenting a unit amplitude chirp) and amplitudes (Ua). Chirp signals 
with a frequency range of 40–400 Hz and 1 – 3000 Hz were used for the 
deformation response and the acoustic response respectively. 

In the region between 150 Hz and 600 Hz, the deformation and the 
sound pressure generated by the unit are very low. With that observa
tion, the MF and HF regions for the self-sensing can be identified as 

150–600 Hz and > 600 Hz, respectively. In the HF region, the unit 
produces sound with SPL of up to 90 dB. 

We characterized the performance of the self-sensing algorithm in 
both scenarios illustrated in Fig. 3, with deformations induced by an 
external force (obtained via a linear motor connected to the COP-DEA 
end-effector), or by the LF components of the excitation voltage. 

Fig. 6 shows a characterization of the unit performance and self- 
sensing capability in the presence of an external deformation input 
applied by a motor. The unit is driven with a HF signal ũ (either a si
nusoidal signal with frequency of 700 Hz or a polychromatic audio 
track) used to produce an audible sound as well as to perform self- 
sensing. The audio track used for the tests presented here is the 
Pokémon Center jingle (transcribed by Project Nayuki [30]), whose 
spectrometer is reported in the supplementary materials. For both cases, 
a deformation with amplitude of 2 mm and frequency of 1 Hz is applied 
by the motor, and the acoustic output is measured with a microphone. 
The voltage input has a maximum amplitude of 200 V, bias of 2 kV, and 
produces maximum sound pressure on the order of 0.15 Pa (74 dB). The 
test with monochromatic excitation shows that the sound pressure 
amplitude changes as a function of the stroke (reaching a maximum 
when the COP-DEA out-of-plane deformation is maximum). This beating 
distortion, already observed in [16], is due to the nonlinear dynamics of 
the system, whose stiffness (in the structural HF modes) depends on z. 

Correlation between the measured end-effector stroke and the sensed 
capacitance is quantified in terms of Pearson correlation coefficient (CC) 
between displacement and capacitance time signals. Such quantity is 
defined as the ratio between the covariance of the two variables and the 
product of their standard deviations, and is computed via the Matlab 
function corrcoef. The Pearson CC measures the linear correlation of the 
two variables with a result between − 1 and 1 (+/- 1 perfect correlation; 
0 no correlation) [31]. 

The CC between the calculated capacitance and the movement of the 
end-effector is 0.99 in the case of sinusoidal driving signals, and 0.83 in 
the case of polychromatic driving signals. The high level of correlation is 
confirmed by capacitance-stroke plots in Fig. 6 (bottom), which show 
that the two measured signals are related by a monotonic functional 
relationship. A comparison of the capacitance calculated by the self- 
sensing algorithm and a geometric model of the COP-DEA (derived in 
[26] and reported in the supplementary material) shows also that the 
signal shape is consistent with theoretical predictions. The variation of 

Fig. 4. Test rig setup for characterization measurements of the self-sensing 
performance of the multi-mode DEA. 

Fig. 5. COP-DEA frequency response in terms of displacement and sound pressure output, highlighting the LF (linear actuation mode), MF (no acoustic output mode) 
and HF regions (acoustic output mode) of the response. 
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the capacitance ΔC is calculated by subtracting the initial (equilibrium) 
value of the measured capacitance (which includes parasitic effects due 
to electrode portions that lie outside of the useful actuator area, un
derneath the rigid frames, difficult to include in the model). 

In a similar fashion, self-sensing in the presence of a voltage-induced 
deformation of the DEA element is characterized in Fig. 7. In this case, a 
LF signal with Umin = 500 V and Umax = 2500 V is superimposed to a HF 
signal with same amplitude and frequency as in the previous motor- 
induced measurements. The deformation of the end-effector is below 
0.5 mm, and the maximum sound pressure is on the same order as for 
motor-induced measurements. Compared to the previous case, fluctua
tions in sound pressure amplitude are much higher. This can be 
explained by changes in bias voltage due to the LF signal. The bias 
voltage has an even higher influence than the out-of-plane deformation 

on the stiffness associated the structural modes: increasing the voltage 
leads to a reduction in the DE membrane stiffness, which in turn leads to 
larger amplitude vibrations and sound pressure output. 

The CC for the sinusoidal HF signal (0.87) is lower than that 
measured in the case of motor induced displacement. This is due to a 
ripple in the trend of the estimated capacitance, occurring in the low 
voltage range. This peak is an artifact possibly due to multiple concur
rent causes: 1) in addition to out-of-plane conical deformations, electric 
activation causes a static lateral deformation of the COP-DEA against the 
membrane profile necking, which leads to a change in capacitance; 2) 
the power supply output is subject to distortions in the considered fre
quency range, due to dynamic effects and the capacitive load created by 
the DEA. Both above mentioned effects become particularly conspicuous 
when end-effector displacements are small, as in the example considered 

Fig. 6. Self-sensing performance for motor-induced movement Left: sinusoidal HF signal ũ (700 Hz). Right: HF signal ũ rendering a soundtrack.  

Fig. 7. Self-sensing performance for voltage-induced movement Left: sinusoidal HF signal ũ (700 Hz). Right: HF signal ũ rendering a soundtrack.  
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here. The mismatch between actual displacement and estimated 
capacitance in the bottom part of the stroke is also reflected in the 
capacitance-displacement trend, shown in Fig. 7 (bottom) for 4 cycles. 
Whereas the trend shows a monotonic functional behavior over a large 
portion of the stroke range (similar to Fig. 6), the univocal correlation 
between displacement and predicted capacitance is not correctly esti
mated in the bottom part of the stroke (z ∈ [5.0, 5.2] mm). 

Despite such misestimation of the capacitance over restricted por
tions of the stroke range, the global CC is higher than 0.8, and the al
gorithm is able to macroscopically capture the trend of z. In the case of 
measurements performed using a song as the HF signal, the CC (0.87) is 
the same as for sinusoidal HF signals. Comparison of the capacitance 
trends estimated via self-sensing and with the geometrical model (based 
on measurements of z) shows a greater deviation compared to that 
observed in tests with motor-driven deformation (Fig. 6). This happens 
because, in this test, capacitance varies in a narrower range, leading to 
higher relative inaccuracy in the capacitance estimate. 

Results show that the self-sensing algorithm based on HF driving 
signals (either monochromatic or broadband) in the acoustic range leads 
to capacitance estimates that accurately replicate the essential features 
of the DEA linear displacement. With this consideration, it is also 
possible to use arbitrarily complex polychromatic signals (soundtracks) 
to produce an acoustic output while simultaneously performing sensing. 

4.3. Parametric characterization study 

In this section, we present the results of an extended set of mea
surements, performed with the same procedure as in Fig. 6 and Fig. 7, by 
varying a broad set of test parameters with the aim to evaluate the 
robustness of the self-sensing algorithm. 

For motor-induced measurements, we performed tests at different 
frequencies and amplitude of the HF driving signal as well as different 
biasing voltages, while prescribing LF sinusoidal deformations with 
different frequencies (1 Hz and 3 Hz) and amplitudes. 

Tests with different frequencies of signal ũ were executed using an 
amplitude Ua = 200 V and biasing voltage Ub = 2 kV, with displace
ment of 2 mm amplitude and 1 Hz frequency performed by the linear 
motor. Tests with different values of amplitude Ua were carried out at 
constant biasing voltage of 2 kV, and same LF deformations as in the 
previous case. Tests with different bias voltages were run using a HF 
amplitude of 50 V (which allowed us to apply different bias voltages, 
including low bias voltages, while preserving the voltage polarity posi
tive) and same LF deformations as before. Tests with different prescribed 
deformation amplitude were done using a HF signal of 200 V amplitude, 
350 Hz frequency, and 2 kV bias voltage. 

Results are summarized in Fig. 8 in terms of SPL and CC between 
estimated capacitance and measured displacement. The points for the 
SPL in the plot in Fig. 8 are the mean values of the SPL over the complete 
time window of the measurement. The CC is over 0.9 for all parameter 

combinations, and it decreases below 0.9 only for very low frequencies 
below 50 Hz. 

In the considered region (below the natural frequency of the first 
structural mode), the SPL increases with increasing frequency, and de
pends on the HF amplitude and the bias voltage as previously observed. 
Lowest SPL values reported in these tests corresponds to a condition in 
which the DEA produces no sound, despite minimum values displayed in 
the plots are on the order of 40–50 dB, because of limitations in the 
microphone and electronics capability. 

The results provide evidence that, in all configurations, it is possible 
to identify regions where high SPL can be generated while concurrently 
obtaining capacitance measurements with CC close to 1, or regions 
where the CC is still high but no sound is produced. This allows imple
menting scenarios where sensing is accomplished either in combination 
with or independently of sound generation. 

We repeated the characterization using a soundtrack (spectrometer 
in supplementary material) as HF signal. Corresponding results are 
shown in Fig. 9. In this case, the obtained CC is sensibly lower. The bias 
voltage and the amount of mechanical deformation have the most sig
nificant influence on the CC, whereas amplitude Ua has a minor influ
ence on the CC. For bias voltages higher than 1.5 kV and displacements 
over 2 mm, the CC is higher than 0.8. It can be concluded that also with a 
polychromatic signal the self-sensing algorithm is able to provide 
capacitance estimates that are highly correlated with the device stroke, 
for a broad range of different parameters of the driving acoustic signal. 

We characterized the parametric response of the system in the 
presence of LF voltage-driven deformations and a superposed HF exci
tation. Results obtained with a monochromatic sinusoidal HF signal are 
shown in Fig. 10(a). In a first set of tests (Fig. 10(a) top), a mono
chromatic HF excitation component with amplitude of 200 V and 
different frequencies was applied. Another set of tests (Fig. 10(a) center) 
was performed using a HF signal with 1 kHz frequency and different 
amplitudes. In both cases, the voltage of the LF driving signal is chosen 
as a 1 Hz sine wave varying within the range 0.5–2.5 kV. In a last set of 
tests (Fig. 10(a) bottom), a constant HF signal component (1 kHz, 200 V) 
was used, and the frequency and amplitude of the LF component were 
changed. The LF signal bias was chosen in such a way that the voltage 
waveform had minima at 500 V. 

In addition to SPL and CC, we isolated and quantified the contribu
tion of the HF signal to the end-effector displacement (magenta x- 
markers). This was done by applying a low-pass filter to the displace
ment measurement and subtracting the LF position signal (green circular 
markers) from the initial signal. The values for the HF displacement 
values were then calculated by using the average of the envelope of the 
resulting signal (using the envelope function in Matlab). Tests with 
variable HF signal amplitude and LF amplitude were also performed 
using a soundtrack as the HF signal (Fig. 10(b)). 

The contribution of the HF signal ũ to the stroke is generally small 
(on the order of micrometers), because of the high frequencies and small 

Fig. 8. Characterization of CC based on self-sensing (dot markers) and SPL (triangular markers) for different parameter choices, with motor-induced movement and 
sinusoidal HF excitation. 
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amplitudes (Ua) involved. HF driving signals ̃u with frequency close to 
the DEA pumping mode natural frequency strongly contribute to the 
stroke (see Fig. 10(a) top). In this particular condition, the CC drops 
down because the contribution of the HF component to the stroke be
comes non-negligible, and the frequency of the sensing signal is too low 
to capture it. The HF signal amplitude and LF signal amplitude have an 
influence on the CC. As expected, low amplitudes of the LF driving 
voltage u (below 1.5 kV variation) lead to small capacitance variations, 
that the self-sensing algorithm can only resolve with limited accuracy, 
leading to minimum CC below 0.5. Using a soundtrack (rather than a 
monochromatic signal) as ũ still leads to CCs up to at least 0.8. These 
results suggest that a frequency of at least 350 Hz and amplitude Ua of at 
least 50 V is requested for ũ, in order for the self-sensing algorithm to 
provide CC above 0.8. 

5. Proof-of-concept demonstrations 

To prove the ability of the self-sensing DEA to concurrently imple
ment 3 working modes (i.e., linear actuation, sound generation, and self- 
sensing) in practical scenarios, in this section we present results on 
measurements performed on a set of structured case study demonstra
tions. These case studies are meant to provide a practical demonstration 
of the real-time multi-mode self-sensing capability of the system in 

combination with HF and LF actuation. The considered case studies refer 
to both scenarios in which the COP-DEA performs tasks involving 
externally induced deformations (e.g. smart buttons and audio-tactile 
interfaces), and scenarios involving voltage-driven linear actuation (e. 
g. obstacle detection, voltage-driven output adaptation). 

5.1. Experimental setup 

The case studies were run on a dedicated setup, using a real-time 
target computer (Speedgoat Performance target, 4.2 GHz, 4 cores com
bined with and IO133 16-bit 200 kSPS, acquiring data at a rate of 200 
kSPS), where closed-loop control logics were implemented (using a rate 
of 20 kHz for the real-time control). The structure of the setup is shown 
in Fig. 11, with a component diagram of the setup and the signals flow. 

A 3 channel high voltage amplifier HAR42–4 with 3 HA3B3-S am
plifiers by hivolt.de Gmbh & Co.KG with 3000 V maximum voltage and 
+/-3 mA maximum current was used as the power supply. The high 
voltage amplifier has in-built voltage and current monitors, used to 
measure the output voltage and the current through the DEA. The 
voltage and current monitors of the amplifier were read with the IO 
module of the target machine. Measured data were used for the self- 
sensing algorithm, which run in real-time on the target processor, and 
resulting capacitance measurements were used to set/adjust the driving 

Fig. 9. Characterization of CC based on self-sensing (dot markers) and SPL (triangular markers) for different parameter choices, with motor-induced movement and 
polychromatic HF signal (soundtrack. 

Fig. 10. Characterization of CC (dot-markers) based on self-sensing, SPL (triangular-markers), HF (cross-markers) and LF (circular-markers) mean displacement of 
the end-effector for different parameter combinations, in the presence of (a) sinusoidal HF signal and (b) polychromatic HF signal. 
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voltage in a real-time fashion, as per the requirements of the different 
case studies. Different case studies were implemented by changing the 
logics coded in the software of the real-time machine, leaving the rest of 
the setup unchanged. The software implementation made use of Simu
link Real-Time™ environment. 

Sound measurements were performed using a calibrated microphone 
NT-USB from RODE placed at 0.25 m far from the specimen. For 
displacement measurements, an LK-G87 Laser from Keyence was used. 

5.2. User-induced movement self-sensing 

In the first two examples, the DEA is employed as a user interface 
(Fig. 3 right), and sensing is used to recognize user-induced de
formations that result in a displacement of the DEA end-effector. The 
deformation is measured via self-sensing, and the output is adjusted 
depending on either the intensity of touch or the number of consecutive 
detected touches. Here, the HF driving signal is simultaneously used for 
audio generation and sensing, and an additional LF signal is possibly 
used to provide additional tactile feedback. 

Since the DEA layers have a capacitance of around 1 nF and the 
maximum current of the amplifier is 3 mA with maximum voltage of 
3 kV, the audio-tactile interface is within the safety limits (20 mA 

continuous DC current and >100 nF) recommended for DEA interactions 
with users [32]. 

5.2.1. Adaptive amplitude adjustment of the HF driving signal 
By applying a HF signal with constant amplitude to the prototype, 

the sound pressure decreases as the user pushes the end-effector down 
(Fig. 12(a)). This is consistent with previously observed dependences of 
the DEA sound intensity on the out-of-plane deformation [16]. 
Leveraging real-time self-sensing, online detection of the out-of-plane 
deformation of the DEA is possible. Depending on the deformation, 
the amplitude of the HF signal can be changed to render the sound 
pressure output of the DEA more uniform. Fig. 12(b) shows the sound 
pressure output for an amplitude-compensated signal with 1 kHz HF 
frequency and an amplitude range from Ua0 = 100 V to Ua1 = 250 V 
(whereas 200 V amplitude was used in the case with constant ampli
tude). The output amplitude for the compensation is calculated by linear 
interpolation using the maxima and minima of the capacitance (C0;C1)

and amplitude (Ua0; Ua1) : Ua = Ua0 + Ua1 − Ua0
C1 − C0

⋅(C − C0) = Ua0 + ΔUa
ΔC0

ΔC,
with C0 > C1. The sound pressure is recognizably smoother as compared 
to Fig. 12(a), showing the potential of self-sensing for equalization of the 
sound output. 

With the simple control logics used in here, which make use of a 
static mapping of the HF signal amplitude as a function of the capaci
tance, we could not achieve a completely smooth sound output: signif
icant fluctuations in intensity were still present during fast changes in 
deformation. A possible way to improve this result is by combining the 
proposed closed-loop self-sensing-based approach with a filter (based, e. 
g., on a dynamic model) accounting for the dynamic evolution of the 
system (rather than just relying on instantaneous capacitance mea
surements), to adaptively select the HF signal amplitude [33]. Com
parison of Fig. 12(a) and (b) shows that the peak sound pressure is lower 
in the test with compensation (compare video S1, Supporting Informa
tion). Reaching a constant pressure output equal to the maxim pressure 
in Fig. 12(a) (∼0.2 Pa) would indeed require voltages that would lead to 
electric fields higher than the dielectric strength of the material 
(80–90 V/µm). 

5.2.2. Adaptive tactile and acoustic feedback adjustment 
In audio-tactile interfaces, self-sensing can be used to change the 

feedback provided to the user. Adjustments can be done to both the LF 
(tactile) and the HF (audio) signal simultaneously. In Fig. 13(a), a HF 
signal is applied to the electrodes with the dual purpose of producing an 
acoustic output and performing self-sensing, and its pitch is slowly 
adjusted based on the user’s touch intensity. Similar to previously 
described amplitude adaptation tests, we continuously update the fre
quency as a function of the measured capacitance. Depending on the 
implemented logics, the frequency can be increased with the DEA 
downward deformation (top and middle plots in Fig. 13(a) and video S1, 

Fig. 11. Test rig setup to measure the performance of the multi-mode DEA in 
real-time self-sensing application examples. 

Fig. 12. User induced deformation and corresponding closed-loop amplitude adaption of the HF signal via self-sensing through the HF driving signal applied to 
the DE. 
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Supporting Information) or increased (bottom plot in Fig. 13(a) and 
video S1, Supporting Information). Since the intensity of the DEA 
acoustic output varies with the frequency and the amount of deforma
tion, the amplitude of the HF signal might be additionally varied (as in 
the previous section) to keep the SPL constant. 

In a second test (Fig. 13(b) and video S1, Supporting Information), 
the DEA is used to produce on-demand audio-tactile stimuli that are 
function of the sensed deformation. In this case, a MF signal (350 Hz) is 
used for sensing, which generates no feedback until a touch is detected. 
A set of thresholds values for the capacitance (corresponding to different 
intensity levels of the touch) are defined (dashed lines in Fig. 13(b)). If 
the self-sensing algorithm finds that a certain threshold is surpassed, a 
specific audio-tactile feedback is provided. In Fig. 13(b), two examples 
of threshold-based feedback are shown. In these tests, two thresholds are 
implemented: upon reaching the first threshold, a haptic click stimulus 
(LF signal) with an overlayed acoustic clicking signal (HF signal) is 
applied, and by reaching the second theshold another feedback with the 
same tactile stimulus but different acoustic frequency is applied. In the 
first example in Fig. 13(b) (top plot) a low pitched sound (800 Hz) is 
produced upon reaching the first threshold, whereas the pitch of the 
sound is increased to 1800 Hz when the second threshold is reached, 
whereas the logic is swapped in the second example (from 1500 Hz to 
1000 Hz - Fig. 13(b) bottom). While the feedback signal is applied, the 
self-sensing algorithm still works (relying on currents associated to the 
HF signal), making it possible to detect whether the user is reaching the 
second threshold before or after the execution of the first feedback signal 
is completed. In case the second threshold is surpassed, the execution of 
the first stimulus is halted, and the second feedback routine, with 
different HF signal shape, is immediately started. The violet waveforms 
for the right plots in Fig. 13(b) show the supplied feedback voltage 
signals which are a LF square wave (resulting in a tactile stimulation) 
and a superposed sinusoidal HF signal with exponentially decreasing 
amplitude (resulting in a clicking sound). Both stimuli fall within clearly 
perceivable tactile/acoustic ranges for users, as demonstrated by pre
vious user tests [17]. 

A further example of user interaction, which shows the sensing 
capability also in the presence of arbitrary multi-harmonic HF signals, is 
shown in the supporting video S4. In that example, the audio output of 
the DEA (a soundtrack) is changed upon reaching different thresholds 
for the DE displacement, which is detected via self-sensing based on 
current measurements associated to the soundtracks reproduction. 

5.3. Voltage-induced movement self-sensing 

We consider two scenarios involving self-sensing of voltage-induced 
end effector movements. In the first example, the amplitude of the HF 
driving signal is varied as a function of the end-effector position, 
whereas in the second one the impact of the moving end-effector with an 
obstacle is detected, and an acoustic feedback is produced in response. 
In both cases, a LF driving signal is superimposed to an HF or MF signal, 
used for self-sensing. In these examples, the voltage-induced movement 
of the considered DEA is relatively small (<0.5 mm), because the system 
(DEA + biasing element) was specifically designed for haptic feedback 
applications. Nevertheless, the small stroke can still be reliably 
measured by the self-sensing algorithm and used in a closed-loop setting. 

5.3.1. Amplitude adaptation based on self-sensing 
As already seen in Section 4, the sound pressure varies strongly with 

LF displacements of the end-effector. Self-sensing can be used to make 
the sound intensity steadier by adjusting the HF driving signal amplitude 
as a function of the deformation. 

Fig. 14 shows the end effector displacement, sound pressure time- 
series, and capacitance (measured via self-sensing) for a sinusoidal 
driving voltage with HF component at 1 kHz and 250 V maximum 
amplitude, and LF component with 5 Hz frequency and 750 V amplitude 
with bias voltage of 2 kV. In Fig. 14(a), the HF component of the driving 
voltage has constant amplitude of 200 V, which results in a highly 
variable sound intensity (the sound pressure is maximum when the LF 
component of the driving voltage, and, hence, the out-of-plane stroke, 
are maximum). In Fig. 14(b), the HF signal amplitude is continuously 
varied in a closed-loop fashion, as a function of the measured capaci
tance, by monotonically decreasing the amplitude with the capacitance 

either in a linear 
(

Ua = Ua0 +
ΔUa
ΔC0

ΔC
)

or quadratic 
(

Ua =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Ua0
2 +

U2
a1 − U2

a0
ΔC0

ΔC
√ )

fashion. 

In Fig. 14(c), in contrast, the HF signal amplitude is adjusted as a 
function of the instantaneous value of the LF driving voltage component 
(in an open loop fashion), namely, monotonically decreasing the 
amplitude with increasing values of u(t), as previously done in [16]. In 
both cases, linear and quadratic adaptations of the HF signal amplitude 
on the capacitance/LF voltage are used (the quadratic dependence being 
motivated by the quadratic dependence of Maxwell stresses on the 
voltage). Both compensation methods (self-sensing based closed-loop, 
and input-based open-loop) lead smoother pressure output trends as 
compared to the constant amplitude reference scenario (see video S2, 

Fig. 13. User-induced deformation and corresponding (a) frequency adaption of the HF signal via self-sensing through the HF signal applied to the DE; (b) haptic and 
acoustic feedback adaptation via self-sensing through a combination of MF probing signal and HF actuation signal. 
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Supporting Information). Quadratic compensations lead to slightly 
smoother trends as compared to linear adaptation, though their differ
ence is modest, given the small displacements to which the DEA is 
subject. In these tests, the voltage-based compensation (Fig. 14(c)) is 
found to provide a smoother sound pressure output than the 
capacitance-based compensation. This can be explained by the depen
dence of the sound intensity on the DE membrane tensile stresses, which 
are influenced by the bias voltage (the higher the bias voltage, the lower 
the stress on the DE and, hence, its stiffness against structural vibra
tions). In the conditions of the presented tests, voltage-induced changes 
in stress have greater influence than the DEA out-of-plane stroke on the 
sound pressure output, making the open-loop compensation more 
effective than the simple capacitance-based compensation presented 
here. 

In practice, a better rejection of beat distortions than that achieved in 
here might be obtained by resorting to more complex compensation 
approaches, which combine open-loop information on the input voltage 
with real-time measurements of the capacitance, possibly leveraging 
dynamic models of the DEA acoustic dynamics. It is also worth 
remarking that in applications (especially user interaction) the state of 
the DEA can change because of external factors (impacts, impressed 
deformations), and such state changes can only be detected through a 
deformation-based sensing, which necessarily demands for closed-loop 
logics. 

5.3.2. Obstacle detection based on self-sensing 
We used self-sensing to provide the DEA device with the ability to 

detect impact with an obstacle, and respond with a sound feedback. In 
situations in which the DEA encounters an obstacle during the execution 
of a stroke, or is subject to loads that are higher than its blocking force, 
the end effector position will stay constant in spite of input voltage 
variations. In practice, impact events can be caused by an obstacle 
located on the DEA trajectory, or a touch by a user. In these situations, 
the actuator can still generate sound leveraging high-frequency struc
tural modes. 

We implemented self-sensing-based obstacle detection by experi
mentally mapping the static voltage-induced free displacement response 
of the DEA. We compared such a map with the actual capacitance 
measurements obtained via self-sensing during LF actuation. We were 

thus able to identify obstacle impact events by evaluating the difference 
between expected capacitance and measured capacitance at a given 
voltage, and verifying whether such difference was above a critical 
threshold. 

We performed two tests (Fig. 15): a first test in which the DEA 
concurrently produces linear actuation and sound (top row), and a test 
in which the DEA initially produces silent linear actuation (bottom row). 
In both tests, the LF component of the driving voltage initially had low 
amplitude, which was then increased causing the DEA to hit a fixed rigid 
obstacle located on the end-effector’s trajectory. Obstacle detection was 
performed via self-sensing, respectively using current measurements 
associated to the HF driving signal (top) or a MF probing signal (bot
tom). The normalized error between expected capacitance and 
measured capacitance for the two tests is shown (purple line) on the 
right plots. During impact events, the error increases over a predefined 
threshold, leading to the identification of an impact event. 

Upon impacts detection, acoustic feedback was produced, by varying 
the frequency of the (or introducing a) HF driving voltage component 
(see video S3, Supporting Information). 

6. Conclusion 

We presented a concept of multi-function dielectric elastomer actu
ator (DEA) with self-sensing capability. In addition to a previously 
presented multi-mode actuation principle [16,17], which enables con
current execution of low frequency (LF) linear actuation and high fre
quency (HF) sound generation through a DEA membrane driven by a 
polychromatic input, here we investigate self-sensing approaches that 
allow detecting LF capacitance variations of the DEA via measurements 
of currents associated to the HF components of the excitation voltage. 

The self-sensing algorithm used in this work relies on an RC model 
representation of the DEA and a least square regression [21]. Whereas 
this approach has been applied in the past using dedicated probing 
voltage signals, superposed to the main driving voltage to obtain read
able current measurements, here we prove that the algorithm can be 
directly run using current measurements associated to the HF compo
nent of the driving voltage, even in cases in which such a component is 
highly multichromatic (e.g., a soundtrack). 

We show that, leveraging different regions of the DEA frequency 

Fig. 14. Adaptation of the HF signal amplitude as a function of voltage-induced deformations. (a) Trends of the end effector displacement, estimated capacitance, 
and sound pressure time-series (left) in a reference scenario in which the DEA is driven by a constant amplitude HF voltage (right) superposed to a LF driving voltage. 
(b) Sound pressure obtained by varying the HF signal amplitude as a function of the measured capacitance (self-sensing). (c) Sound pressure obtained by varying the 
HF signal amplitude as a function of the LF driving signal amplitude (open-loop). 
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response, self-sensing can be performed either in combination with 
sound generation (exploiting the acoustic driving signal) or alone, while 
no acoustic output is produced (by using a sensing signal whose fre
quency is purposedly located outside of both the passbands of the LF 
pumping motion and the HF structural modes) 

We built a 30 mm diameter DEA prototype with multi-layer structure 
and characterized its ability to accomplish 3 tasks (i.e., LF actuation, 
sound generation, sensing) at the same time, leveraging different vi
bration modes of the DEA. We considered different working scenarios 
for the DEA, in which LF pumping deformations are either driven by an 
external load (e.g., a push action on the DEA end effector), or a LF 
driving voltage, and superposed to HF monochromatic or polychromatic 
acoustic signals. A parameter study for the different cases is presented to 
validate the correlation of self-sensed capacitance measurements and 
the DEA deformation. To prove the real-time capability of the proposed 
self-sensing strategy, application examples are then presented, in which 
capacitance measurements are used to control and regulate the DEA 
output in closed-loop. Reference is first made to applications of the DEA 
as user interface (smart button), in which the amplitude or frequency of 
the HF voltage excitation is changed as a function of user-induced de
formations (e.g., the amount of deformation impressed by a user onto 
the DEA). Furthermore, in cases in which the DEA concurrently works as 
a loudspeaker and a linear actuator driven by a single input voltage 
signal, we investigate the possibility of adaptively adjusting the intensity 
of the sound pressure output as a function of the stroke, or detect 
blocking conditions (e.g., impact with an obstacle) and respond with an 
acoustic warning signal. 

The simple case studies presented here show the potential for multi- 
mode control of DEAs, which might find applications in fields such as 
wearable sensor-actuator systems, collocated audio-tactile sensing ele
ments or interfaces, and multi-mode actuators that can give feedback 
depending on their own state (e.g. blocking, overload, or contact with 
objects). 

Future developments will be devoted to improve the correlation 
between measured capacitance and actual displacement for HF poly
chromatic input voltages, or increase the sound quality of the interface 
combining self-sensing and model-based filtering approaches. 
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