
JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 30, NO. 2, APRIL 2021 243

Modeling and Experimental Analysis of the
Mass Loading Effect on Micro-Ionic Polymer
Actuators Using Step Response Identification
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Abstract— This paper presents a linear electrochemomechan-
ical model for microscale ionic actuators. A frequency-domain
approach is used to facilitate model interpretation, simplify model
application, and accelerate the generation of actuator-specific
models. A system comprising a micro PEDOT:PSS/PEO actuator
with external loading at its tip was modeled to incorporate
the mass loading effect using the proposed approach. Analysis
showed that the simulation results of the reported model were in
agreement with the experimental measurements conducted with
variability in the mass and input voltage. The success of the
proposed modeling approach promises to enable its application in
the control of microscale ionic actuators for potential biomedical
applications. [2020-0388]

Index Terms— Ionic EAP, analytical model, system
identification, mass loading effect, frequency domain.

I. INTRODUCTION

INSPIRED by biological systems, soft robots show reduced
complexity and higher adaptability in their interactions

with the environment [1]. Using unconventional materials
that embed sensing and control architectures allows robots to
mimic the incredible capabilities of biological organisms in
complex tasks [2]–[4] and exhibit higher bending and twisting
capabilities in constrained environments than their conven-
tional rigid-bodied counterparts [5], [6]. In recent years, ionic
electroactive polymer-based actuators (IEAPs) have attracted
global interest among scientists. IEAPs are believed to have
potential utility in biomedical applications [7], [8], such as
steerable microcatheters [9], [10], microscopy [11], drug deliv-
ery [12]–[16], position-controlled microinjection [17], imaging
[18], and microsurgical tools [19].
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Among the ionic actuators that operate in air [20] and host
their ionic liquid [21], [22], poly (3,4 ethylene dioxythiopene)
(PEDOT)-based actuators have received considerable attention
due to their low density, biocompatibility [23], high reversible,
and fast-switching redox processes [24]. Additionally, these
actuators have a long life cycle (7 × 106 cycles at f = 10 Hz)
without delamination or degradation [25] and require low
operating voltages (typically ≤ 3 V) [26] and a low frequency
bandwidth (0.01 Hz-0.5 Hz) [27]. Due to these advantages,
PEDOT-based actuators are promising candidates to enable
a wide range of microscale applications [25], [28]. To fully
realize the potential of these materials, a novel reproducible
clean-room compatible process has been demonstrated for fab-
ricating trilayer actuators by stacking each layer sequentially
and obtaining an interpenetrated architecture [29] (Fig. 1(a))
with integrated electrically contacting solutions (Fig. 1(b))
[28], [30]. This process removes the need for manual handling,
making the fabrication of such actuators highly automated,
which, in turn, enables short device lengths and thin layers
for faster actuation [27], [30]. For such a configuration,
the central layer acts as an ionic host matrix for the electrolyte
and as an ion transfer membrane. This matrix is formed
of an interpenetrated polymer network (IPN) composed of
two cross-linked polymers—poly(ethylene oxide) (PEO) and
nitrile butadiene rubber (NBR). IPN is the electronic sepa-
rator between two working electrodes made of a conducting
polymer—PEDOT. The obtained trilayer is filled with the
ionic liquid 1-ethyl-3-methylimidazolium bis-trifluoromethyl
sulfonyl-imide (EMImTFSI) [20], [22]. Upon excitation of
a (bipolar) electrical potential between the electrodes, a redox
(reduction/oxidation) process occurs in the conducting poly-
mer, resulting in the mass transport of ions. This primary
mechanism is responsible for the volumetric variation of these
electrodes, leading to their actuation capability.

Modeling is critical for understanding and analyzing the
coupled electrochemical-mechanical aspects and predict the
behavior of such actuators in many of their intended appli-
cations, such as endoscopy, microsurgery, and manipulation.
To our knowledge, few models for such a family of actuators
have been developed to date. Existing methods of modeling
conducting polymer-based actuators rely on one of the three
categories. White-box models [31], [32] are based on physi-
cal principles that capture the system’s fundamental physics
through analytical methods. The system internals are fully
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known and provide an exact solution to the problem; however,
they are complex and are not suitable for real-time control.
Black-box models [33], [34] are based on data mapping,
in which a transfer function is usually built from experimental
data. Such models are simple and suitable for real-time con-
trol; however, they provide minimal insight into the governing
mechanisms present in the system and hence have limited
application. On the other hand, gray-box models [7], [35] are a
trade-off between white-box and black-box models [27]. These
models are partly based on physical principles and empirical
measurements, thus bridging the gap between physics-based
and systems theory.

In the context of the presented work, few notable works on
gray-box models for such a family of actuators are reviewed.
For example, Bentefrit et al. [36] presented a linear elec-
trochemomechanical model using the bond graph finite dif-
ference method [37] to simulate the behavior of ionic trilayer
actuators while visualizing the energy and power efficiencies
along the actuator length and over time. Nguyen et al. [38]
advanced existing work by implementing a nonlinear dynamic
model incorporating mechanical inertial effects. The model
provides a deeper understanding of the nonlinear behavior
of such actuators that stems from the changes that occur as
the voltage is increased [39]. Punning et al. [40] presented
a scalable distributed model of ionic polymer-metal compos-
ite (IPMC) actuators as a lossy resistive-capacitive (RC) trans-
mission line to model the changing curvature. This distributed
nature of the model allows modeling of the nonuniform flexion
of the material in the space and time domains. However,
it does not take into account the mechanical parameters of
the IPMC membrane, such as the inertia and viscoelasticity
of the polymer membranes. This model was improved by
Vunder et al. [41] by incorporating the back relaxation of
IEAPs and extending it in different IEAP materials. By utiliz-
ing distributed port-Hamiltonian systems (PHS), Nishida et al.
[42] present a versatile model for IPMC actuators based on
boundary multiscale coupling, allowing them to analyze the
influence of local and nonuniform properties. In the studies
mentioned above, models have been derived to deepen the
understanding of actuator behavior alone, without considering
its interaction with the structure it intends to set in motion, for
example, their use in potential biomedical applications, such
as micromanipulation, microscopy, and catheterization.

In this category, we can quote the work of Mattioni et al.
[43], who developed a lumped scalable model and control
strategy using PHS formalism to reproduce the basic mechan-
ical properties of an IPMC-actuated compliant biomedical
endoscope. The implemented control strategies successfully
enable the desired equilibrium configuration and dynamic
behavior to be achieved. Shoa et al. [44] presented a dynamic
electrochemical and mechanical model for predicting the bend-
ing and actuation rate of a conducting polymer actuator-driven
structure for its intended use in intravascular imaging. The
delay associated with the finite electronic resistance across
the polymer length was taken into account to accurately
model the transient response. An analytical bending curve
model dedicated to nano/micromanipulation applications was
implemented by Alici et al. [45]. The static characteristics of

the conducting polymer actuators were employed to enable
accurate prediction of the actuation under different applied
potentials.

Other interesting applications for performing medical diag-
nosis require such actuators to move an external load, such as
a camera. The introduction of a weight force component alters
the equilibrium of the system, on the whole. In other words,
while the coupled electrochemical and mechanical domains
govern the bending moment and curvature of the actuator,
the mechanical force produced due to the addition of an
external load has a significant impact on the actuator’s tip
deflection and curvature. As this force component is coupled
with the electrochemomechanical behavior, one cannot predict
the curvature of the actuator by only applying the superposi-
tion of forces. Therefore, a model is required to incorporate
the coupling of the electrochemical and mechanical domains,
together with mass loading effects

The present work is dedicated to predicting and under-
standing the effect of mass loading at the tip of a micro
IEAP actuator. The payload weight can be handled as a
system disturbance. This disturbance can cause a steady-
state error and alter transient-response specifications. Although
these performance deteriorations are compensable by applying
higher-order closed-loop control systems, having the loading
effects already considered in the actuator model leads to
simpler control and better performance [46].

An actuator based on PEDOT:PSS/PEO as the conducting
polymer, loaded and unloaded, is studied in terms of its cur-
vature under an applied voltage and in the frequency domain.
With the partial knowledge of the electrochemical phenomena
occurring in the actuator, a simple linear gray-box model based
on a lumped-parameter approach is developed to predict the
actuator behavior in the frequency domain. Actuator-specific
model generation with gray-box models analyzed in the time
domain requires numerous measurements to determine the
electrical (electrode resistance, series resistance, leakage resis-
tance, and double-layer capacitance) and mechanical (Young’s
modulus and damping ratio) specifications [36], [41]. The
primary benefits of such a model lie in first employing a simple
approach for acquiring the necessary actuator specifications
from its step response as time constants and a gain in the
frequency domain. Second, driving differential equations in
the time-domain approach are substituted by straightforward
Laplace-domain algebraic transfer functions facilitating the
application of the model for different inputs and initial values,
consistent with interacting electrical and mechanical systems
models. Third, a more concise model representation in the
frequency domain eases model interpretations using Bode
plot or s-plane graph analysis. Additionally, by modeling the
payload weight as a feedback and calculating the closed-loop
transfer function, the frequency-domain model is extended
to include the mass loading effects. Finally, robust system
analysis tools in the frequency domain enable the system
stability to be evaluated for different payload masses.

The article is organized as follows. Section II outlines the
methodology adapted to develop the proposed linear model
for a mass loaded actuator and provides a brief review of the
physical equations coupled in each domain. In Section III,
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Fig. 1. (a) 3D view of the PEDOT:PSS/PEO actuator structure (b) Prototypes
incorporating PEDOT:PSS/PEO micro-actuators with integrated gold contacts.
(c) Coupled subsystems of an ionic actuator (d) Equivalent circuit of an ionic
actuator.

the actuator curvatures are experimentally recorded and vali-
dated by varying the weight of the external loads and changing
the applied voltage. An interpretation of the results and sources
of error is discussed in Section IV, focusing on the employed
approach followed by concluding remarks in Section V.

II. PRESENTATION OF THE MODEL

In this section, according to the driving linear differential
equations of IEAP actuators, their Laplace transfer function is
introduced. The transfer function is split into separated electri-
cal, chemical, and mechanical subsystems. Then, the payload
weight is modeled as a feedback block on the mechanical
subsystem and a new mechanical input.

A. Electro Chemo-Mechanical Aspect
Ionic actuators can be represented as a system with an

electrical input (mostly expressed by voltage or current) and
a mechanical output (usually described as a curvature or
displacement).

A generic linear gray-box model of an ionic actuator divides
the actuator into three subsystems: electrical, chemical, and
mechanical (Fig. 1(c)) [36], [41]. For the electrical part,
actuators act as networks of capacitors and resistors upon
application of a voltage at low frequencies. From a mechani-
cal perspective, they are modeled with cantilever beams for
small deflections. The actuators’ electrical and mechanical
subsystems are elaborately modeled by their corresponding
elements, whereas the chemical subsystem is substituted by
a ratio that relates the output of the electrical part (mainly
electric charge (q) stored in the actuator’s electric double-layer
capacitor) to the mechanical part input, e.g., the bend-
ing moment (M). The input electrical voltage charges the

double-layered capacitor through an RC network. This ionic
charge transport causes a proportional bending moment in the
actuator. The resulting bending moment bends the actuator
(see Fig. 1(d)). In Fig. 1(d), R is the series resistance of the
double-layer capacitor, C; q is the electric charge stored in
the capacitor; Re models the electrode resistance; and Rcc
represents the leakage resistance. On the mechanical side, E
and I represent the Young’s modulus and second moment
of inertia, respectively. The chemical subsystem is modeled
by the ratio of the bending moment to the electric charge,
as shown by α.

To analyze the actuator in the frequency domain, the transfer
functions of these electrical and mechanical subsystems are
required. The transfer function is driven by the differential
equation explaining the relationship among the voltage (V ),
q , M , and curvature (κ). These relationships are demonstrated
in [41] and are given in (1) and (3).

q (t) = e− 1
RC t

(∫ t

0

V (τ )

R
e

1
RC τ dτ

)
(1)

In [41], to consider the voltage drop alongside the actuator
length, the actuator is modeled as a lossy RC transmission line
through which the voltage and subsequently q(t) decrease.
However, the low resistance of the actuator electrodes (Re)
used in this work (the resistivity of the electrode is 62.5 μ�.m)
abates the voltage drop along the actuator’s length. Thus,
the transmission line model is not necessary, and the electric
charge in this paper is only a function of time. Neglecting the
transmission line and Re as explained, Rcc is only important
to energy consumption and heating, which are both outside the
scope of this paper. Therefore, the effect of Rcc is negligible
in this work.

The transfer function of the electrical subsystem is obtained
from the Laplace transform of (1):

Q(s)

V (s)
=

1
R

s + 1
RC

(2)

In the above equation, s is a complex number fre-
quency parameter. From [41], the differential equation of the
mechanical subsystem is expressed as follows:

κ (t) = μ[q (t) − λe−λt
∫ t

0
q (τ ) eλτ dτ ] (3)

μ = α/E I is the coefficient that relates curvature to the
charge. λ = E/η denotes the rate of relaxation. η represents
the viscosity [41].

The mechanical subsystem transfer function is derived
from (3) and denoted in (4).

K (s)

Q(s)
= μs

s + λ
(4)

However, the desired transfer function in this paper is
expressed as K (s)/M(s) because feedback occurs on the
mechanical subsystem. Thus, via the substitution of M (t) =
αq(t) in (4), the mechanical subsystem transfer function is
acquired.

K (s)

M(s)
=

1
E I s

s + λ
(5)
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Fig. 2. Block diagram of the ionic actuator (a) Unloaded: subsystems with their relative transfer functions (b) Loaded: payload effect modeled as a feedback
block.

The block diagram of the unloaded actuator with the
computed transfer function is depicted in Fig. 2(a).

B. Loading Aspect

The model that describes the effect of the payload at the
tip of an ionic actuator is presented here. The weight of this
payload (W ) adds a new input to the system, in addition to the
electrical input. Depending on the orientation and curvature of
the actuator, a component of the payload weight is in the bend-
ing direction. Hereafter, this component is called the effective
force (Fe). The effective force causes an additional bending
moment and curvature in the actuator. Therefore, the effective
force depends on and results in curvature. A feedback loop
between the mechanical output (curvature) and input (bending
moment) is formed (Fig. 2(b)). The remainder of this paper
elaborates on this idea using an application case.

C. Global Model

1) System Configuration and Assumptions: In this section,
the implementation of a feedback loop is incorporated in the
loaded actuator’s mechanical subsystem to model the effect of
the payload weight on the actuator. A specific configuration
is studied in this context. The configuration consists of an
actuator and a payload attached to one end of the actuator
(actuator tip). The orientation of the system is vertical, and
the length of the actuator is parallel to the gravitational field.
Fig. 3 shows the configuration of the actuator, in which
one end of the actuator is secured at a fixture. The payload
weight has no effective component before actuation (Fig. 3(a)),
whereas Fig. 3(b) shows the effective force component of the
payload weight on an actuator when driven by an electrical
signal. This component causes more bending in the same
direction. Therefore, positive feedback exists in the mechanical
subsystem. The ratio between Fe and W is equivalent to
the sine of the angle between the gravitational field and the
actuator tangent (Fe = Wsin(β)). Although the curvature

Fig. 3. System configuration of a loaded actuator (a) without and (b) with
applied voltage. (c) PEDOT:PSS/PEO actuator bending in response to the
application of 2 V input and a payload mass (magnets) of 12.6 mg.

caused by the bending moment resulting from the payload
weight increases as it moves further from the actuator tip,
the actuator throughout its length can be approximated as an
arc with a constant curvature equal to the average actuator
curvature. In this case, β and the central angle of this arc are
complementary to the angle between W and Fe. Therefore, β
is equal to the central angle and is calculated by the product
of κ and the actuator length (l) (β = κl). Another assumption
is that the axial force (Fa) does not compress the actuator
length. The bending response of a PEDOT:PSS/PEO actuator
in response to a voltage input with an amplitude of 2 Vpk−pk
(opposite polarity) and a payload mass of 12.6 mg is shown
in Fig. 3(c).

2) Feedback Loop and Derivation of the Closed-Loop
Transfer Function: The payload weight creates a feedback
loop in the mechanical subsystem. The bending moment
caused by Fe on the actuator is calculated by M = Fed .
In this equation, d is the distance from the payload on the
actuator, which means that M and κ resulting from loading
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TABLE I

FEEDBACK AND MECHANICAL INPUT FOR DIFFERENT CURVATURES

Fig. 4. Linearization approach (sine function linear approximation).

are increasing along the actuator length from the actuator
tip to the fixed end. However, in this paper, for simplicity,
the entire actuator is represented by an arc with a constant
curvature passing the fixture and the position of the actuator
tip. To adhere to this representation, the tip force (Fe) should
be substituted by a constant bending moment (Me) that gives
the same deflection at the actuator tip. Me is calculated in (6).
Due to technical difficulties, it is not possible to attach the
payload to the very tip of the actuator. Additionally, a part of
the actuator is under electrical contact. Therefore, the distance
between the payload and the fixed end is slightly less than the
actuator length. As this distance is of interest here and should
not be confused with the geometric length of the actuator,
the length between the payload mass center and the fixed end
of the actuator is called the actuator effective length (le).

Me = 2

3
le Fe (6)

In this application case, β = κle, and thus, Fe = Wsin(leκ).
Therefore, the payload weight causes a feedback via a sine
function. As our goal is a linear model in this paper, the sine
function should be linearized. Fig. 4 shows the linearization
approach applied in this work.

Therefore, the approximation of Fe for different angles
consists of a constant and a curvature dependent component.
The constant is modeled as a mechanical input, whereas the
coefficient of the output κ in the dependent component is
the feedback. Table I shows the effective bending moment
(Me), feedback, and mechanical input (Ml) for different

output values. In this table, m is the mass of the payload,
and g is the acceleration due to gravity.

III. MODEL VERIFICATION: MATERIALS AND METHODS

A. Beam Synthesis and Experimental Setup

The fabrication process of the microactuators was done by
sequential layer stacking Fig. 1 (a) and (b). Two PEDOT:PSS
electrodes with PEO network precursors were fabricated using
the casting method. They were placed above and below a
spin-coated layer of a semi-interpenetrating polymer network
precursors. This last layer was composed of PEO network
and nitrile butadiene rubber. Different annealing steps were
performed to finalize polymerization. The details of the fab-
rication procedure are described in [28], [30]. These steps
allow precise control of the thickness of every layer because
the volume of the casted solution and the rotation speed
of the spin-coater can be easily adjusted. In the last step,
the microbeams of the actuator were obtained via the laser
ablation technique and were swollen in EMImTFSI before
further characterization. The characterized microbeams studied
in this work had dimensions of 6000 × 1374×35 μm with an
effective mass of 0.695 +/- 0.004 mg.

To observe the high amplitude motion of the microbeams
actuated at different voltages, a Phantom Miro LC high-speed
camera (from Vision Research) was used. This camera allows
the recording of 3200 frames per second (fps) at 12-bit
depth with a full resolution of 1280 × 800 pixels [47]. Since
the microbeam’s working frequency is 0.1 Hz, only 24 fps
were used with a resolution of 640 × 480 pixels. We then
obtained at least 240 frames per microbeam’s motion cycle and
therefore studied its curvature at different positions. A lighting
solution [48] with a maximum light output of approximately
108.000 lx/50 cm was also added with a reflecting panel to
ensure appropriate light exposure, as required for this kind of
recording.

B. Determination of the Parameters

1) System Identification: For system identification,
an unloaded actuator was excited by 0.1 Hz square wave
voltage inputs with amplitudes of 2Vpk−pk and 3Vpk−pk. The
actuator’s curvature was recorded, and the repeatability in its
motion was verified. As the step response is of interest, a half
cycle of the actuation to the 3Vpk−pk input was analyzed and
fitted to a second-order linear time-invariant (LTI) system
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Fig. 5. System identification by fitting the measured actuator step response
to a second order LTI system step response (unloaded).

step response (see Fig. 5). The equation for the second-order
fitting in Fig. 5 is expressed as follows:

κ (t) = 181 − 90e−1.8t − 265e−0.3t (7)

The above equation is the response of the system with
an initial value of κ

(
0−) = −174 to the input of V =

3u(t), where u(t) is the Heaviside step function. Therefore,
the transfer function of the actuator is calculated as follows:

K (s)

V (s)
= 63(s + 0.52)

(s + 0.3)(s + 1.8)
(8)

A comparison among (8), (5) and (2) leads to the conclusion
that the zero- and low-frequency poles belong to the mechan-
ical subsystem, and the high-frequency pole is related to the
electrical subsystem. Since the feedback loop is formed on the
mechanical subsystem, this subsystem is especially of interest.
To completely identify the mechanical subsystem, the gain of
this block should also be known.

2) Mechanical Subsystem Gain: The mechanical subsystem
gain is derived as 1

E I . However, the Young’s modulus is only
valid for small deflections when the actuator is undergoing
elastic deformation. The observed deflection is high in the
conducted experiments, and the stress is even higher in the
area close to the fixed end. Out of the linear elasticity region,
the stress-strain relationship is complicated. The stress varies
throughout the actuator length due to the payload weight
and over time by actuation. Therefore, using the stress-strain
equations is impossible in a nondistributed linear model.

Furthermore, the Young’s modulus changes with the applied
voltage [38]. Thus, the Young’s modulus cannot be used in
this paper because the voltage changes over time. Instead,
an empirical mechanical subsystem gain is used.

The mechanical subsystem gain is chosen as the model
with the average or most popular payload weight, and the
input voltage has zero error. The mechanical subsystem gain
is obtained as 4.86 × 107 N−1.m−2.

C. Model Verification

A set of six experiments were conducted with three different
payload masses, 3.15 mg, 6.30 mg, and 12.60 mg, and two
input voltage amplitudes, 2 Vpk−pk and 3 Vpk−pk, to verify
the model with a variable mass and input voltage.

The values of the initial curvature and effective length
for different payload masses (m) are given in Table II.

TABLE II

EXPERIMENTS: PARAMETERIZATION AND SPECIFICATIONS

TABLE III

VALIDATION OF THE PROPOSED MODEL

Fig. 6. System stability analysis: location of the actuator poles and zero.
Mechanical subsystem pole for (a) an unloaded actuator, (b) a payload mass =
12.6 mg, and (c) marginal stability, calculated with a payload mass = 20 mg.

According to the values for le and the initial curvature for the
experiment conducted with an applied voltage of 3 V and a
12.6 mg load, the actuator is in Region 1 of Table I. Thus, after
calculating the closed-loop transfer function of the system,
the responses to the electrical and mechanical inputs and zero
input were calculated. It should be noted that as the mechanical
input stays unchanged from the previous cycle, this input is
constant (see Fig. 4Fig. 4). The obtained response is valid until
the curvature reaches a value at which the system conditions
are placed under Region 2. After adding a feedback to the
transfer function, the three responses, electrical, mechanical,
and zero input, were calculated. In this region, as the mechan-
ical input changes from −0.6mg 2le

3 N.m to −0.14mg 2le
3 N.m,

the mechanical input is (−0.6 + 0.46u(t − t1))mg 2le
3 N.m,

where t1 is the transition time from Region 1 to Region 2.
Additionally, the initial curvature for each region is the cur-
vature at the transition time to that region. This procedure is
repeated for Regions 3-5.

Fig. 7 shows the alignment of the measured curvatures and
simulation results obtained from the model. The results show
a close convergence between the model simulations and the
measurements. An in-depth analysis of the convergence is
detailed in Section IV.

D. Stability Analysis

As the linear approach presented in this paper is best
suited for small curvatures, stability analysis is conducted for
Region 3. The actuator pole and zero locations are shown
in the s-plane in Fig. 6. As the payload mass increases,
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Fig. 7. Concurrence of experimental measurements with simulation results (model). Input voltage amplitudes– Up: 2 Vpk−pk , with payload masses (a) 3.15 mg,
(b) 6.30 mg, (c) 12.60 mg; Down: 3 Vpk−pk , with payload masses (d) 3.15 mg, (e) 6.30 mg, and (f) 12.6 mg.

the mechanical pole moves towards the origin, and for a
payload mass of 20 mg, the actuator is marginally stable. The
actuator is not stable for payload masses greater than 20 mg.

IV. RESULTS AND DISCUSSION

The frequency-domain analysis approach performed in this
paper, in addition to extending the actuator model to include
the mass loading effects, facilitates identification of the system
and application of the model and deepens the understanding
of the actuator behavior. The primary goal of this paper, which
is an extension of existing actuator models to analyze loading,
is achieved. As the actuators are inherently nonlinear except
for small displacements, the validity of the suggested method
was expected to be restricted to small curvatures [36], [38].
Additionally, the feedback loop in the mechanical subsystem
is nonlinear and was approximated with linear components
that are accurate for small angles (i.e., curvatures), adding
more constraints to the validity of the model. However, the
restrictions are met in a vast area of applications, including
most medical applications, such as microcatheters, otoscopes,
and other minimally invasive devices that require small deflec-
tions through tortuous areas to inspect the region of interest
[45],[44], [49].

Nevertheless, the approach shows less than a 15% peak-to-
peak (P-P) convergence error with the conducted experiments
(Fig. 7). In Fig. 7(c), in addition to the errors rooted in
nonlinearity deflections due to large curvatures, the domination
of the mechanical input over the electrical input magnifies
the role of the mass moment of inertia that was neglected in
this paper. Neglecting this term leads to a higher convergence
error of 14%. It should also be noted that Region 3 is the
fastest region, whereas Regions 1 and 5 are the slowest
regions. Therefore, when the model has a greater slope at the

beginning, it reaches Region 2 sooner. In this case, the model,
which overestimated the actuator curvature, is transferred to
a region with even more speed when the actuator is in a
lower speed region. Thus, the error increases. In contrast,
in Fig. 7(a), (e), and (f), the model underestimates the actuator
curvature. Therefore, the model remains in Region 1 (e.g., slow
region), while the actuator functions in Regions 2 and 3 (faster
and fastest regions), leading to a higher (P-P) convergence
error. Experiments conducted with 2 Vpk−pk and 6.30 mg
(see Fig. 7(b)) and 3 Vpk−pk and 3.15 mg (see Fig. 7(d)) had
(P-P) errors of 2% and 5%, respectively, with the simulation
results. Table III shows the (P-P) curvature and error for the
experimental measurements and analytical simulations.

Along with the intended goal, the frequency-domain model
analysis introduces numerous advantages to IEAP actuator
analysis over the conventional time-domain models, to name
a few:

• Actuator-specific model generation: Time-domain gray-
box models require two sets of electrical and mechanical
measurements to identify the system. In the frequency
domain, however, the actuator’s response to a Heaviside
step function is enough to obtain the transfer function.

• Application: Mathematical calculations in the frequency
domain are straightforward. For example, calculating the
system response for different inputs and initial condi-
tions with a known transfer function is performed by
multiplication, whereas in the time domain, it requires
convolution.

• Model interpretation: In the frequency domain, infor-
mation on systems and signals is more concise. Each
signal is represented by its frequency component and
corresponding amplitude. Systems are defined by zeros,
poles, and gain. Therefore, more information about the
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system is obtained from its frequency-domain transfer
function rather than the time domain. For instance,
utilizing Bode diagrams on the actuator used in this work,
one can say that as the zero in the transfer function is
further from the origin than the closest pole and that
the poles are far enough from each other such that the
so-called back relaxation effect does not occur in this
actuator. One can also determine the maximum working
frequency of an actuator for the desired gain and compare
different actuators more easily using their transfer func-
tions. Frequency-domain stability analysis could also be
utilized.

• Consistency: The presented Laplace-domain model is
more compatible with models implementing cooperating
electromechanical systems, which are usually defined in
the Laplace domain.

V. CONCLUSION

In this paper, micro-ionic polymer actuator (PEDOT:PSS/
PEO) model is described in the frequency domain, based on a
linear electrochemomechanical model. The mass loading effect
was investigated with respect to the proposed linear approach
and then established with simulations. Finally, the experimen-
tal validation was assessed and compared with the simulation
results showing good agreement.

Overall, the novelty of this work lies in modeling the
behavior of mass-loaded micro-IEAPs by applying feedback
theory in the Laplace domain. Compared to previous similar
works on modeling IEAPs, the simplicity and conciseness
of the reported approach ease model interpretation, such
as analyzing the stability of the system and acquiring key
actuator specifications. This technique, which accelerates the
generation of actuator-specific models and simplifies its appli-
cation, is expected to serve as an effective approach towards
implementation in potential medical devices.

The proposed linear model reduces the overall computa-
tional cost. However, for applications requiring higher pre-
cision and fewer constraints on computation power, the same
approach could be implemented on a nonlinear actuator model
as a potential future extension of this work. By applying
nonlinear control theory and including the second moment
of inertia, the accuracy can be improved at the cost of the
complexity of the control system.

Additionally, we also propose to develop a controlled sys-
tem addressing the space and integration constraints. In this
context, we refer to the reported approach [28] to fabri-
cate microactuators and microsensors based on PEDOT:PSS.
Therefore, to sense the deflection, a sensor will be coupled
with the actuator to obtain its deformation, the deformation
being proportional to the output voltage of the sensor.

Finally, future work will include simulation and exper-
imental validation of closed-loop control for the pro-
posed model to implement these actuators in biomedical
applications.
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