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Abstract

Rapid advancements in technology have facilitated the development of functional micro-electromechanical system
(MEMS) actuators. The use of such actuators has recently witnessed a surge in a variety of biomedical applications, owing
to their high precision and conformity. This review aims to provide a comprehensive survey of the recently developed
MEMS actuators and their use in biomedical applications. In the context of these applications, we discuss the most
appropriate and extensively used actuation techniques such as thermo-responsive, magnetic, piezoelectric, and soft actu-
ation. In addition, state-of-the-art biomedical systems, tools, and devices are categorically reviewed with recently utilized
actuation techniques, to provide insight into the prospects of implementation. The key parameters responsible for the
enhanced performance and efficiency of the actuators were also addressed. Finally, the future research trends in actuation

techniques for biomedical applications are discussed.

1 Introduction

In recent years, soft actuators for medical devices have seen
an increase in popularity in terms of research and production.
The development of conventional actuators as assistive tools
has significantly aided in risk minimization during medical
procedures. Therefore, it is important to offer precise surgical
procedures with high accuracy, durability, and safety.
Therefore, dedicated actuation mechanisms are required.
With advancements in technology, micro-electromechanical
system (MEMS) technology-based actuators are becoming
increasingly useful for improving the precision and regulation
of movement and versatility in a variety of medical systems,
instruments, and devices. MEMS-based actuators convert
specific energy domains into mechanical movements on a
microscopic scale. Such tools enable us to explore the human
body through tortuous trajectories while minimizing the risk
of tissue damage and exhibiting a low interaction force with
organs. The integration of actuators into endoscopic medical
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devices can help control the movements of equipment used in
treatment, in addition reducing the likelihood of human error
(Takizawa et al. 2018; Wang et al. 2020; Perez-Guagnelli
et al. 2020). The advantageous characteristics of actuation
mechanisms in these devices lead to numerous benefits for
both patients and medical service providers, such as shortened
treatment times, reduced post-surgery effects and patient
discomfort (Beasley et al. 2012). Therefore, it is crucial to
develop appropriate actuation mechanisms to drive specific
tasks in medical devices.

The capabilities of MEMS actuators are continuously
growing as they demonstrate significant potential for var-
ious applications. However, each MEMS actuator has its
own set of characteristics and limitations. Among the
existing MEMS actuators, thermo-responsive, electromag-
netic, piezoelectric, and soft actuation techniques possess
appealing features and have been widely used in a variety
of biomedical devices. Shape memory polymers (SMPs)
and shape memory alloys (SMAs) are smart materials that
respond to thermal stimuli. SMPs offer high elastic defor-
mation, structural flexibility, and large strains, (Zainal et al.
2017) whereas SMAs provide high work density, large
actuation force, simple structural design, and biocompati-
bility (Zainal et al. 2015; AbuZaiter and Ali 2014; Abu-
Zaiter et al. 2015a). Alternatively, piezoelectric actuators
are often used in high-speed and high-precision applica-
tions owing to their characteristics of high accuracy, large-
stroke, lightweight, and fast response (Wang et al. 2019;
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Shi et al. 2013; Ding et al. 2019; Li et al. 2015; Jain et al.
2015). Whereas, electromagnetic actuators typically pro-
vide a large displacement, simple drive mode, high field
energy density, remote control achievable with low input
voltages, and rapid dynamic response (Lee et al. 2009; Kim
et al. 2005). Finally, soft actuators are mainly used in
medical applications that require high flexibility. For
instance, pneumatic actuators are popular as they are well
known for their low production costs, simple structure,
high flexibility, high force per unit volume, and high
energy density (Rehman et al. 2017; Paez et al. 2016; Sonar
et al. 2020; Rehman et al. 2019). In addition to these
actuation techniques, new emerging soft actuation tech-
nologies, including ionic-polymer metal composite (IPMC),
dielectric elastomer (DE), and hydraulically amplified self-
healing electrostatic (HASEL), have exhibited high potential
for use in biomedical devices.

Considering the potential of MEMS actuators, several
studies on soft actuation have been conducted, with an
emphasis on their recent applications. For instance, Ghazali
et al. (2020) studied MEMS actuators developed for bio-
medical applications and their key applications. Other
researchers have focused on specific types of actuations, such
as electromagnetic (Yunas et al. 2020), piezoelectric (Salim
et al. 2018), thermo-responsive (Ariano et al. 2015), and soft
actuation (Mohithetal. 2019; Bar-Cohenetal. 2019; Hao et al.
2019). However, prior discussion demonstrated a limited
scope, as subjects on soft actuators were rarely covered in-
depth, despite being an appealing feature for the biomedical
field. Sénac et al. (2019) and Gifari et al. (2019) reviewed
surgical and endoscopic devices, while Tetteh et al. (2014) and
Munoz et al. (2014) focused on drug delivery systems. Nev-
ertheless, these studies have mostly focused on specific
biomedical applications.

In contrast, the current review emphasizes four primary
MEMS actuation methods: thermo-responsive, electromag-
netic, piezoelectric, and soft actuation, and their application in
biomedical areas including drug delivery systems, medical
tools, and artificial muscle. In addition, this study discusses
the newly discovered HASEL actuators and their potential for
biomedical applications. The actuator mechanism, configu-
ration, fabrication, and performance are extensively dis-
cussed. Furthermore, this study classifies each type of
actuation of the actuators deployed for various biomedical
applications. A graphical description of the review is pre-
sented in Fig. 1. The remainder of this paper is organized as
follows. The working principle and essential features of the
actuators are discussed in Sect. 2. Section 3 presents the key
applications of actuators in medical devices in terms of their
actuation mechanisms, tools, and devices, along with a
comparison of their output performance. Finally, the review
concludes with a synopsis of the main outcomes, implica-
tions, and future prospects of these actuators in Sect. 4.
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2 Types of actuations

This section focuses primarily on MEMS actuators,
including thermo-responsive, magnetic, piezoelectric, and
soft actuation techniques. Their working mechanisms and
features are also discussed.

2.1 Thermo-responsive actuation

Thermo-responsive actuation is a type of actuation that
enables thermo-responsive materials to change their phys-
ical structure in response to a thermal stimulus. SMA and
SMP are thermo-responsive materials that respond to heat;
they are widely used in biomedical devices. Both SMA and
SMP actuators are discussed in this subsection.

2.1.1 SMA actuator

SMA is a class of metallic materials that have the ability to
restore a previously specified length or shape when sub-
jected to a thermodynamic process. SMAs are actuated by
the shape memory effect (SME), also known as the mon-
oclinic crystal form (martensitic) and the cubic crystal form
(austenitic) transformation. The austenite phase is stable at
high temperatures, while the martensite phase is stable at
low temperatures. The transitions in the crystalline state of
SMA are depicted in Fig. 2a. When SMA is in its
martensite phase, the alloy is composed of monoclinic
crystals, rendering it more flexible and thus more easily
deformed. When heated above the austenite temperature,
cubic crystals are formed within the molecular arrange-
ment, causing the material to become rigid and difficult to
deform (AbuZaiter et al. 2015b; Han et al. 2016). When the
SMA is cooled without a load, the crystal structure of the
material resembles that of twinned martensite. During this
phase, the SMA can be deformed by applying an external
force or employing a bias spring to achieve reversible
motion.

SMA actuation modes include one-way and two-way
actuation, as shown in Fig. 2b. The SMA returns to its
original shape at the austenite phase temperature in one-
way actuation mode, but an external force is needed to
recover its deformed shape. While in two-way actuation
mode, the SMA is conditioned to remember its form in
both the austenite and martensite phases by undergoing a
training process. However, achieving a two-way actuation
mode is a lengthy process due to the repeated heating
training process, prompting researchers to investigate dif-
ferent methods of achieving two-way actuation using
bilayer actuation (Ren et al. 2020). Bilayer actuation occurs
when two thin materials with different coefficients of
thermal expansion are kinematically constrained together.
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Fig. 1 Graphical overview of the paper on MEMS actuation techniques

As the temperature changes for two thin materials, different
strains in the materials cause the entire structure to bend.
For instance, AbuZaiter et al. (2016a, b) and Ali et al.
(2012) developed a bimorph SMA structure with silicon
dioxide (SiO,) that provides a maximum displacement of
804 pm and an out-of-plane displacement of 466 pm. In
addition, Kabla et al. (2016) presented a novel concept for
in-plane actuators based on a thin free-standing SMA film
connected with a spring made of four silicone folded
beams.

SMAs are composed of a few elements that determine
their transformation temperature. Among the various SMA
families (e.g., TiNiCu, CuAlNi, NiAl), NiTi-based alloy
has been widely used in biomedical applications due to its
biocompatibility property (Thierry et al. 2002) and its
superelastic behavior (Shabalovskaya 1996). They are
usually composed of patterned thin film or bulk-micro-
machined structures (Choudhary and Kaur 2016; Jay-
achandran et al. 2019). SMA actuators have appealing
characteristics such as high displacement, large force, high
mechanical robustness, large work density, and good

resistance to corrosion (AbuZaiter and Ali 2014; AbuZaiter
et al. 2015a; Munasinghe et al. 2016; Sassa et al. 2012;
Zainal et al. 2015). For instance, AbuZaiter et al. (2016a, b)
has created a micromanipulator with a gripping mechanism
powered by an SMA bimorph actuator. The designed
micromanipulator achieves high displacement and a sub-
stantial degree of freedom. However, the general draw-
backs of SMA actuators include their relatively slow
temporal response and high power consumption when
actuated with self-heating by passing an electrical current
through the material (Holman et al. 2021; Mehrpouya and
Cheraghi Bidsorkhi 2016).

2.1.2 SMP actuator

Akin to SMAs, thermo-responsive SMPs have also gar-
nered the interest of researchers for their use in biomedical
applications including surgical devices, artificial muscle,
and drug delivery systems. The characteristics of tailorable
transition temperatures, ease of activation, large shape
deformation, and recovery time has made thermo-
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Fig. 2 a SMA crystalline a Twinned martensite Deformed martensite
orientation. b SMA actuation . . ;

mode

Cooling

Cold state

Martensite Phase

responsive SMPs a great contender for biomedical devices
(Sun et al. 2020). The SMP falls under the category of
active deformable materials that can be conditioned to
remember a temporary shape and return to its original
shape in response to thermal stimuli. Like SMA, thermo-
responsive SMP also exhibits SME, a remarkable phe-
nomenon of mechanical process embodied by the shape
memory cycle. The shape memory cycle in SMP consists
of hot and cold phases (Fig. 3a). The first stage is the
programming process, in which external force is applied to
set the desired shape and an annealing process is con-
ducted. The material is then be cooled to below the tran-
sition temperature during the recovery process. At this
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stage, the material can be deformed to a temporary shape,
and the trained shape can be recovered by heating the
material (Fig. 3a).

As illustrated in Fig. 3b, the molecular mechanics of the
SME concept is based on the two-phase structure of the
polymer, i.e., cross-links and switching segments (Hasan
et al. 2016; Mu et al. 2018). The permanent shape of the
polymer is determined by cross-links, whereas the tempo-
rary shape is determined by switching segments and tran-
sition temperature. The SMP is stiff when its temperature is
below the transition temperature, and it becomes compar-
atively soft when heated above the transition temperature.
For the switching segments to fix the molecular chain’s
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Fig. 3 a Shape memory cycle. b Molecular mechanics of SMP

position during shape setting, an external force must be
applied to the SMP when heated above the transition
temperature. Afterward, the SMP is cooled while the
external force is removed, resulting in a polymer with a
memorized shape. The shape memory effect is induced
when heat is applied to the SMP and the memorized shape
is recovered.

The features of SMPs, such as high elastic deformation,
remote wireless control, structural flexibility, large strains,
and biodegradable properties in some SMPs (Ge et al.

B High temperature

2016; Liu et al. 2007) increase their suitability for use in
biomedical devices (Ajili et al. 2009; Wache et al. 2003).
For instance, Pringpromsuk et al. (2021) employed shape
memory polyurethane and a dibutyl adipate (DBA) plasti-
cizer to create tube actuators that were used as artificial
blood vessels. In addition, Zainal and Ali (2016) developed
a two-way actuation for an implantable drug delivery
system driven and controlled wirelessly by RF magnetic
field resonant heating.
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Moreover, Besse et al. introduced a concept for
reshaping arrays of hundreds of tightly packed flexible
SMP actuators by timely synchronizing the thermal stimuli
and external pressure, thus allowing each actuator to be
controlled independently using low voltage inputs (Besse
et al. 2017a, b). Meanwhile, Aksoy et al. (2019) studied
and utilized cyclic and latching SMP actuators to produce
arrays of individually addressable, latchable, and reversible
valves. Despite their numerous advantageous properties,
SMPs suffer from the limitations of slow response and low
recovery stress. Table 1 shows the performance of the
SMA and SMP thermo-responsive actuators that are mainly
utilized for applications related to the biomedical field. In
terms of displacement, SMA and SMP generally have large
displacement output but are heavily dependent on the
actuator size. The overall force of SMA shows a higher
value compared to SMP, provided that SMA has a large
volt-density. In addition, SMA shows a higher frequency
value than SMP, but thermo-responsive actuation generally
has a slow response. In general, the SMA actuator out-
performs the SMP actuator in terms of displacement, fre-
quency, and output force.

Table 1 Performance of thermo-responsive actuators

2.2 Magnetic actuation

The thermo-responsive actuation methodologies discussed
in the previous section mostly require a physical connec-
tion to transmit power for the actuation to occur, which
leads to higher power consumption and fabrication limi-
tations. In addition, they have slow actuation responses as
well as lengthy training processes for SMA and SMP. On
the contrary, magnetic actuators provide various benefits,
such as higher efficiency and precise structural movement,
remote actuation, rapid dynamic response, and manipula-
tion (Kim and Meng 2015). Thus, the concept of magnet-
ically actuated techniques has been researched to improve
the number of degrees of freedom (DOFs) while reducing
the actuation fabrication and control complexity, and
power consumption.

Magnetic actuation can be classified into two types:
electromagnetic and magnetostrictive. Electromagnetic
actuation necessitates the use of electricity to stimulate
magnetic effects. By providing an alternating current to the
coil or inductor incorporated into the resonator, it employs
the electromagnetic force (Lorentz force) to produce a

Type of actuation Dimension (mm) Actuation frequency (Hz) Displacement Force (N) DOF References

Diameter Length
SMA 35 60 10 0.7 mm 0.7 2 Namazu et al. (2011)
SMA 0.4 350 NA 1.5 mm 16 Yuan et al. (2014)
SMA 0.5 8 0.025 81 mm NA Kadir et al. (2019)
SMA 100 pm 12 0.08 200 pm NA NA Mehrabi and Aminzahed, (2020)
SMA NA 20 0.27 95 um NA 2 Makino et al. (2001)
SMA 0.4 100 NA 55 mm 7.5 NA Lu et al. (2019)
SMA 100 pm 10 x: 0.13 8.9 mm x: 0.11 2 AbuZaiter et al. (2016a, b)

y: 0.11 y: 0.13

SMA 4 9 0.05 3 mm NA Abadie et al. (2009)
SMA 8 250 NA 35 mm 30 Shi et al. (2014)
SMA 0.53 101.6 NA NA 2.5 Ayvali and Desai (2012)
SMA NA 5 20-40 20 pm 5Sm NA Yanatori et al. (2019)
SMA NA 1 100 45 pm 115m 2 Kabla et al. (2016)
SMP 10 NA 153 M 234 pm NA NA Zainal and Ali (2016)
SMP NA 40 0.03 5 mm 0.073 NA Zhang et al. (2019a, b, ¢)
SMP 7 40 NA NA 0.74 2 Yahara et al. (2019)
M-SMP 15 21 0.017 15 mm NA 2 Ze et al. (2020)
SMP 1.75 24 NA 10 mm 1.11 2 Yang et al. (2016)
SMP NA NA 0.2 650 pm 400 m NA Besse et al. (2017a, b)
SMP 0.03 300 pm 1.5 2 Besse et al. (2017a, b)
SMP 7 9 0.025 10 mm 0.03 2 Chen et al. (2019a, b)
SMP 3 15 0.03 200 pm NA 1 Aksoy et al. (2019)
SMP NA 20 0.5 0.18 mm NA 2 Pringpromsuk et al. (2020)
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magnetic field in the resonator. The Lorentz force is the
force generated on a point charge by the combined electric
and magnetic forces acting on it. When an electric current
(i) flows through a conductor, i produced an external
magnetic field (B) resulting in a Lorentz force, as stated by
(1) (Younis 2011):

F=BixL (1)

where L signified the length of the conductor. An electro-
magnetic force perpendicular to the current and the mag-
netic field is generated by the current in the conductive
element placed within the magnetic field. The applied
current to the coil then creates a mechanical displacement
due to the interaction generated by the current between the
magnet and the magnetic field (Algamili et al. 2021).
Electromagnetic actuation involves the interaction of
magnetic structures and B generated by a current-carrying
circuit (Yang and Xu 2017). As shown in Fig. 4a, a

Fig. 4 Schematic diagram of the a)
working mechanism of an
electromagnetic actuator in

a the off and b the on states Fixed end

Ferromagnetic
cantilever beam

b)

Fixed end

Deflected ferromagnetic
cantilever beam

magnetic actuator comprises of an excitation coil and a
ferromagnetic movable structure mounted in the field
formed by the coil, with the movable magnetic structure
being a suspended cantilever beam (Bau et al. 2008; Bau
et al. 2009). When i is passed through the coil, it produces
B defined by Biot-Savart law (Gomis-Bellmunt and
Campanile 2009; Lv et al. 2015) as:

N;
B= HOHrT (2)

where i, u., N;, and [ are the permeability of free space,
the relative permeability of the material, the number of coil
turns, and the length of the coil, respectively. The inter-
action with B induces an attractive force, F, acting on the
cantilever beam to cause a displacement, X, (refer to
Fig. 4b) at the beam’s free end, which can be expressed as
(Sheeparamatti and Naik 2016):
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where L, E, w, and t are the length of the beam, Young’s
modulus of the material, the width of the beam, and the
thickness of the beam, respectively.

In the case of magnetostriction, a ferromagnetic material
is subjected to a magnetic field and the magnetostrictive
effect causes the material to change shape. Previously,
Singh et al. developed a stress compensated magnetic
actuator using a bilayer consisting of silicon dioxide (SiO;)
and magnetostrictive iron-cobalt (Fe65Co35) thin films
that resulted in a deflection of 162.75 nm (Singh et al.
2019). Gu-Stoppel et al. incorporated a neodymium
(NdFeB) permanent magnet for actuation. Even a single
micro magnet or a micro-magnet array can be made into
any shape and mounted on actuators with great flexibility
(Gu-Stoppel et al. 2019). Over the years, NdFeB magnets
have become the most frequently used material for

(3)

Table 2 Performance of magnetic actuator

magnetic actuators, as shown in Table 2. Due to the rela-
tively low output force of most magnetic actuator appli-
cations, they are particularly well suited for use in surgical
equipment. Furthermore, the magnetic actuator has a fast
response time and a large displacement appropriate to the
actuator size. Due to their advantages such as simple drive
mode, high field energy density, fast response time, and
significant deflection achievable with low input voltages,
this type of actuator is favorable in several MEMS-based
biomedical applications (Kim et al. 2005; Lee et al. 2009).
Microgrippers (Ullrich et al. 2015), micropumps (Gidde
et al. 2019; Zhou and Amirouche 2011), and surgical tools
(Di Natali et al. 2015; Forbrigger et al. 2019) are among
their many uses. However, common flaws in electromag-
netic actuators include parasitic loss at high frequencies
and a rapid decline in volumetric scaling of produced
electromagnetic forces as the system size shrinks (Ceyssens
et al. 2019).

Material Dimension (mm)  Displacement = Magnetic Actuation Force  References
—— _ (mm flux (T frequency (Hz N
Diameter Length {emmm) () d y (He) )
Magnetic coils 6 12 NA NA 4 7 m Lee et al. (2014a, b)
Nitinol, NdFeB magnet 4 21 <02 20 mT 60 6 m Forbrigger et al.
(2019)
Nitinol, permanent magnet 8.5 18.5 300 pm 15 mT NA 0.1 Ullrich et al. (2015)
PDMS, electromagnetic inductive 6 0.5 NA NA 45 75 m Gidde et al. (2019)
coil
PDMS, NdFeB magnet 7 0.45 NA NA 36.9 23.7m Zhou and
Amirouche (2011)
MaxiMag low-carbon iron, NdFeB 10 31 1.5 mm 2 NA 6.8 Wang and El Wahed
magnet (2020)
NdFeB magnet 15 30 NA NA NA 5 Di Natali et al.
(2015)
Silicon Dioxide (Si02), Iron-Cobalt 76 0.578 162.75 nm NA 25.3 NA Singh et al. (2019)
(Fe65Co35)
NdFeB magnet, epoxy, Cu, silicon 300 pm  NA 770 pm 40 mT NA 43 m  Wang et al. (2021)
substrate
SiO,, Al, permanent magnet NA NA 55 um 0.14 T 1.2k NA Lv et al. (2015)
NdFeB magnet 4 NA 10-50 um 14 mT 1 0.0l m Imai and Tsukioka
(2014)
Nd, Ce, Fe, B, PDMS 130 um 2 600 pm 7 mT NA NA Rahbar and Gray
(2017)
NiFe alloy NA 5.1 5.4 mm NA 200 NA Jia et al. (2021)
NdFeB magnet, Silicon (Si) 2 500 p 323 um 500 mT NA 10.1 m  Gu-Stoppel et al.
(2019)
NdFeB powder, PDMS NA 12 100 pm 16.8 T NA 22m  Qietal (2021)
NdFeB magnet, Si 3 1.5 2.75 pm NA 0.025 25 m  Pawinanto et al.
(2016)
Single crystal silicon NA 2.7 150 pm 048 T NA 1p Park et al. (2017)
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2.3 Piezoelectric actuation

Even though thermo-responsive and magnetic actuation
produce high output forces, their positioning resolution,
response time, and accuracy are inadequate. As a result,
they do not meet the requirements for biomedical appli-
cations that necessitate precise control, rapid response, and
accuracy, such as surgical instruments. Piezoelectric actu-
ators, on the other hand, are of great significance because
they possess advantages such as fast response, good oper-
ating bandwidth, compact size, and low power consump-
tion (Gao et al. 2020; Ghazali et al. 2020; Nikpourian et al.
2019). Thus, they are often utilized in applications that
require high-precision actuation such as micro/nano-posi-
tioning systems (Chen et al. 2016), micropumps (Ma et al.
2015a, b; Ma et al. 2015a, b), and microgrippers (Chen
et al. 2020; Li et al. 2018).

Piezoelectric actuators operate using the converse
piezoelectric effect of a piezoelectric crystal to induce
strain by supplying an electric voltage to the crystalline
material. The converse piezoelectric effect can be defined
by Egs. (4) and (5), where the mechanical strain (S) and
displacement density (D) are combined with mechanical
stress (7) and the electrical field (E) (Janocha 2004):

S =s*T +dE (4)
D=dT +¢'E (5)

where s, T, d, and ¢ represent compliance coefficient for
constant E, mechanical stress, piezoelectric charge con-
stant, and dielectric constant of a piezoelectric material,
respectively. The mechanism of operation of this type of
actuator largely depends on the crystal orientation of the
piezoelectric material. In the absence of E and when
operated above the Curie point, the temperature at which a
material loses its spontaneous polarization and piezoelec-
tric properties, electrical dipoles in the piezoelectric
material are randomly oriented. The material leaves the
property of piezoelectricity in this state, and no strain is
induced. The piezoelectric crystal regains the property of
piezoelectricity below the Curie point. When E is applied
parallel to the piezoelectric crystal, the electrical dipoles
align near the applied field. It then triggers the asymmetric
axis of the material and allows it to elongate in the direc-
tion of E. This effect is known as the polarization
effect. Depending on the polarization field (P) and E, the
piezoelectric actuator can be deformed into three actuation
modes, i.e., longitudinal, transverse, and shear. Actuation
modes with the direction of P for a single layer of piezo-
electric crystal are shown in Fig. 5. Without applied E,
there is no strain in the piezoelectric actuator, as illustrated
in Fig. 5a. In the case of longitudinal and transverse
modes, E is applied parallel to P resulting in longitudinal

deformation (6h) (Fig. 5b) and transversal deformation (6/)
(Fig. 5¢). However, when E is placed perpendicular
to P for shear mode, it results in a shear deformation (Js)
(Fig. 5d) (Peng and Chen 2013).

As shown in Fig. 6, piezoelectric actuators can be
classified into two types based on their structural design,
namely unimorph and bimorph actuators. The unimorph
piezoelectric actuator is a cantilever consisting of a single
piezoelectric material and an elastic layer. In contrast, an
elastic layer is sandwiched by two piezoelectric material
layers in a bimorph structure (Wang and Cross 1998). In
the unimorph actuator, when E is subjected to the piezo-
electric layer, it is operated to expand or contract and the
elastic layer prevents the dimension change, resulting in
both bending and stretching. For example, Srinivasa Rao
et al. (2020) fabricated an actuator using a PDMS dia-
phragm and a lead zirconate titanate (PZT) layer. Gunda
et al. developed a PZT unimorph micro-actuator in which
an active piezoelectric layer (PZT-5H, Piezo Systems
T105-H4E-602 [12]) and the stainless-steel passive layer
were bonded with conductive epoxy. The active layer
exhibits inward lateral displacement due to the inverse
piezoelectric effect, which creates a bending moment that
forces the stainless steel membrane downward (Gunda
et al. 2020). Furthermore, Munas et al. proposed circular
PZT actuated metal diaphragms as micropump actuators.
With alternating voltage, the pumping action (suction and
compression strokes) of PZT diaphragms deforms in a
concave (suction) and convex (compression) manner
(Munas et al. 2018).

On the contrary, one-layer contracts while the other
expands, resulting in the bending deformation of the
bimorph actuator. Liu created a poly (vinylidene fluoride)
(PVDF) piezoelectric bimorph actuator by sandwiching its
sheets of PVDF electrode and aluminum foil. The devel-
oped actuator demonstrated bimorph bending in response
to an electric field, with one sheet shrinking in length and
the other expanding (Liu et al. 2019). Table 3 presents the
performance of various piezoelectric actuators mainly
composed of PZT and polymethyl methacrylate (PMMA).
Most of these piezoelectric actuators have been used in
microfluidic systems (e.g., micropump and microvalve
systems) because of their simple structure, fast response,
and good energy conversion efficiency. As can be seen in
the table, the frequency of the piezoelectric actuator has a
comparatively significant value, implying a faster response
time.

2.4 Soft actuation
The term “soft actuation” refers to actuators made of

elastomer or rubber materials. Akin to pneumatic actuators,
electroactive polymers (EAP) and HASEL are also

@ Springer



962

Microsystem Technologies (2023) 29:953-984

Fig. 5 Actuation modes of (a)
piezoelectric actuators with a no
supply, b longitudinal mode,

(b)  Longitudinal mode

¢ transversal mode and d shear
deformation

(¢)  Transversal mode

(d) Shear mode
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Fig. 6 Types of piezoelectric
actuators. a Unimorph
piezoelectric actuator and

b bimorph piezoelectric actuator

+3,

a) Unimorph piezoelectric

Substructure layer

Clamp end

b) Bimorph piezoelectric

Clamp end

categorized as soft actuators. Elastomer-based soft actua-
tors have gained enormous popularity due to their high
flexibility, high compliance, biocompatibility, lightweight
properties, high power-to-weight ratio, low material costs,
and ease of fabrication. This section discusses in detail soft
actuators such as pneumatic, EAP, and HASEL actuators.

2.4.1 Pneumatic actuator

A pneumatic actuator is a device that uses compressed air
to create mechanical motion. Pneumatic soft actuators are

@ Springer

Bottom surface

Neutral axis
Free end

Top surface

4

Substructure layer
Neutral axis

z

Free end )_'
X y
typically constructed of a flexible polymer material with a
fiberless or fiber-reinforced structure and an internal
chamber (or chambers). When pressure is applied to the
internal chamber, the actuator deforms to achieve the
desired deformation. The actuator’s response time depends
on the chamber’s internal volume, and the elasticity of the
elastomer used (Shintake et al. 2018a, b). Pneumatic
actuators provide linear expansion, bending, and twisting
motions depending on the actuators’ design, as shown
in Fig. 7 (Digumarti et al. 2017; Ge et al. 2018; Gorissen
et al. 2014).
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Table 3 Performance of piezoelectric actuator
Material Dimension (mm) Driving voltage Displacement Actuation frequency  References
(Vpp) (mm) (Hz)
PZT, polymethyl methacrylate 65 x 40 19.4 40 pm 15 Zhang et al.
(PMMA) (2013)
NA 140 x 100 13 40 nm 35k Zhang et al.
(2018)
PZT, Al 46.5 x 45.12 150 924 pm NA Chen et al.
(2020)
PZT, Al Length: 150 6 10 0.1 Li et al. (2018)
Diameter: 1.7
PZT, PMMA 45 %x 1.3 50 NA 200 Junwu et al.
(2005)
PZT, PMMA, PDMS, SU-8, 15 x 8 36 NA 200 Liu et al. (2010)
parylene C
PZT, PMMA 40 x 40 150 NA 22 Zhang et al.
(2016)
PZT, PMMA Thickness: 0.3 20 NA 100 Munas et al.
Diameter: 35 (2018)
PZT, Cu Length: 17 140 19.3 0.8 m Na et al. (2018)
PZT, polyactic acid (PLA) 60 x 45 210 NA 49 Zhang et al.
(2020)
PZT, Al 66.2 x 22 150 150 um 0.2 Das et al. (2020)
PZT, PDMS 23 x 23 230 NA 75 Pecar et al.
(2014)
PZT, PLA NA 210 NA 120 Peng et al.
(2019)
PZT, PLA L 60 x H 42 220 0.6 45 Zhao et al.
Diameter: 35 (2019)
PZT, PMMA 5x5x%x20 150 153 pm 5 Mohith et al.
(2020)
PZT, PLA 70 x 42 Diameter: 35 190 NA 130 He et al. (2019)
PZT, PMMA, PDMS 22 7 NA 10 k Nafea et al.
(2018)

As illustrated in Fig. 7, pneumatic actuator movements
can be divided into two types: symmetric and asymmetric
movements. The symmetric cross-section can expand or
contract in response to the pneumatic force applied
(Belding et al. 2018; Byrne et al. 2018). The asymmetric
cross-section shows bending formations resulting from the
bonding of two layers, such as a pneumatic balloon actu-
ator (PBA) with different thicknesses or elasticities
(Shintake et al. 2017). Meanwhile, twisting motions are
triggered by the simultaneous activation of two combined
arrays of PBAs in the opposite bending directions (Goris-
sen et al. 2014). These motions are the results of the
actuation mechanism where pneumatic input is applied to
the actuator’s channel causing elastic deformation (con-
traction or expansion) in its structure, resulting in actuation
(bending or twisting motion) (Agarwal et al. 2016; De
Volder and Reynaerts 2010; Xavier et al. 2021).

Furthermore, pneumatic actuators (PSA) offer a bidirec-
tional or curling motion (Razif et al. 2014; Rehman et al.
2019; Suzumori et al. 2007) depending on the fabricated
channel structure (single or dual configuration). Wakimoto
et al. (2009a, b) developed a three-channeled pneumatic
soft actuator that showed bending motions in six different
directions. Based on the positive features of PSA, Suzu-
mori (1996) developed a three-DoF (pitch, yaw, and
stretch) flexible micro-actuator consisting of a cylindrical
fiber-reinforced rubber structure to prevent the actuator
from deformation in the radial direction, and three internal
chambers for pneumatic supply. Overall, pneumatic actu-
ators offer a number of advantages, including high dis-
placement, biocompatibility, lightweight design, high
power-to-weight ratio, and ease of fabrication. Due to their
characteristics, pneumatic actuators are well-suited for
surgical and gripper applications. Nonetheless, pneumatic
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Fig. 7 Pneumatic actuators.

a Symmetric cross-sections with
expanding motion Reproduced
with permission from Belding
et al. (2018), Wiley—VCH.
Asymmetric cross-sections with
b twisting motion. Reproduced
with permission from Gorissen
et al. (2014), Elsevier.

¢ Bending motion. Reproduced
with permission from Xavier

et al. (2021), Elsevier

Symmetric cross-
section

Asymmetric cross-
section

actuators have a few limitations such as low actuation
accuracy and a large overall size.

2.4.2 Electroactive polymer actuator

Ionic polymer-metal composite (IPMC) and dielectric
elastomer (DE) are classified as EAP actuators, as the
polymers have the ability to deform when triggered by
electrical stimuli. EAP can be categorized into two major
classes, namely ionic EAP (e.g., IPMCs, conducting, and
carbon nanotubes) and field activated EAP (e.g., ferro-
electric and DE) based on their activation mechanism. This
section focuses on IPMCs and dielectric elastomer actua-
tors (DEA), the most widespread actuators among ionic
and field activated EAPs technologies utilized in biomed-
ical devices as well as the robotics field (Anderson et al.
2012; Jo et al. 2013; Rosset and Shea 2016; Shahinpoor
and Kim 2004).

2.4.2.1 lonic polymer metal-composite actuator The
IPMC has been widely studied as an ionic EAP material for
its advantageous properties including considerable bending
strain, low power consumption, good flexibility, and low
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activation voltage. These characteristics have increased the
demand for the development of IPMC in soft robotics and
other industrial fields, as they are suitable for applications
in drug delivery, optical systems, and soft grippers. IPMC
is composed of three layers of a sandwich-like structure
with a thin electrolyte membrane plated by noble metal
electrode layers on each side of the base membrane
(Shahinpoor and Kim 2001). Due to their similar chemical
structure and properties, Nafion, Flemion, and Aciplex are
the most commonly used materials for electrolyte base
membranes. The conductive layer, which is plated on both
sides of the base membrane, is made up of a mix of noble
metals such as gold, platinum, or palladium.
The working mechanism of IPMC is
in Fig. 8. In a neutral state, the anions and cations in the
polymer membrane are distributed evenly. On the contrary,
when an electric field is applied to the IPMC, the cations
together with water molecules will migrate toward the
cathode. Strain then occurs near the IPMC’s cathode due to
anisotropic concentration distributions of cations and water
molecules, and differential swelling leads to the IPMC
bending toward the anode (Park et al. 2008; Schmidt-Rohr
and Chen 2008; Shahinpoor 2003; Sun et al. 2013).

illustrated
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Although IPMCs demonstrate the aforementioned benefi-
cial properties, they frequently suffer from slow response,
low electromechanical coupling efficiency, the need to
maintain electrolytes, and the inability to sustain constant
displacement under activation of a DC voltage (except for
conductive polymers).

2.4.2.2 Dielectric elastomer actuator As a type of EAP,
DEA has been widely adopted in the biomedical and
robotic fields, (Pelrine et al. 2000) in which electrically
actuated elastomers have been reported to have enormous
strains and high electromechanical transduction efficiency.
DEA has been utilized in MEMS biomedical outside-of-
the-body applications (Ghazali et al. 2017; Qin et al. 2018;
Wu et al. 2021). This is due to DEA’s favorable features
such as high mechanical energy density, reconfigurability,
high efficiency, high strains, fast response time, and self-
sensing characteristics (Ashley 2003; Keplinger et al. 2012;
Kwon et al. 2008; Maffli et al. 2015; Rosset et al. 2013). In
addition, DEA is well known for its excellent electrome-
chanical performance and convenience of electrical con-
trol. However, despite its superior performance, DEA
needs a very high voltage for actuation. Furthermore, DEA
requires rigid frames and pre-stretched materials to pro-
duce significant strains upon activation, which limits its
DoF (Zhao and Suo 2010). Moreover, because DEA needs
stretchable dielectric layers, (Rosset and Shea 2013) elas-
tomer membranes frequently suffer from mechanical fati-
gue and degradation under high strains (de Saint-Aubin
et al. 2018; Zhang et al. 2019a, b, ¢). Other than biomedical
applications (Brochu and Pei 2012; Sheima et al. 2019),
soft robotic (Araromi et al. 2014; Heng et al. 2017; Kofod
et al. 2007), and robotic locomotion or movements
(Nguyen et al. 2017; Pei et al. 2004; Shintake et al.
2018a, b; Tang et al. 2017) are among the common
applications of DEAs.

The actuator’s operation is based on electromechanical
actuation, which is achieved when a high voltage is

Water
molecule

Fixed

. = .
cations anions

supplied across the electrodes, causing a potential differ-
ence that generates compressive electrostatic forces (also
known as Maxwell stress) between them. The compressive
force causes thickness reduction and lateral expansion of
the elastomer membrane, as shown in Fig. 9.

The electrostatic force present on the flexible membrane
can be correlated with the driving voltage, V, DE mem-
brane thickness, d, and the surface area, A. The electro-
static force of the flexible membrane, F,, is expressed in
the Eq. (6):

1 (V\* 1 1 \°
Fe:_ - A:_nr 2 A
28(d) 5 ot 1% (Do—w> (6)

where ¢ is the dielectric constant of the DEA, ¢, is the
permittivity of free space, €, is the relative dielectric con-
stant of DEA, D, is the initial displacement between the
electrodes, and w is the displacement in the transverse z-
direction. According to Bigué and Plante (2011) the
structural deformation is caused by Maxwell stresses
induced by electric charges on the electrodes. The total
electric charges, Q, on the electrodes under voltage,V, are
given by:

g=cv (7)

As per Hill et al. (2017) by treating the DE membrane as
a parallel plate capacitor, the actuator capacitance, C can
be expressed as:

A

C= &5 (8)

Essentially, the charges obtained from Eq. (7) and the
capacitance calculated from Eq. (8) allow for the calcula-
tion of the electrostatic force on the DE membrane, as
represented by Eq. (6). Then, the Maxwell pressure, P,
which acts across the two electrodes due to the electrostatic
attraction is given by:
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Fig. 9 Schematic diagram of

DEA working mechanism
No voltage supply

|

Elastomer membrane

P = ¢ (g) 2 9)

Dielectric elastomer soft actuators are commonly made
of silicone elastomers, polyurethanes (PUs), and acrylic
elastomers (3M VHB 4910 and VHB 4905). Acrylic elas-
tomers, such as the widely used VHB4910 elastomer, can
deform significantly. However, they are extremely vis-
coelastic, limiting the actuator’s displacement bandwidth.
Silicone and PU-based elastomers, on the other hand, have
a faster frequency response. They can be cast into various
shapes, even though the resulting strain is significantly
lower than that of acrylic elastomers.

2.4.3 Hydraulically amplified self-healing electrostatic
actuator (HASEL)

Hydraulically amplified self-healing electrostatic actuator
(HASEL) is a novel technology derived from the combi-
nation of DEA and fluid-driven soft actuator technologies
while addressing DEA drawbacks. HASEL has a signifi-
cant advantage over DEA in terms of displacement and is
extremely versatile, as it can achieve all basic actuation
modes (expansion, contraction, and rotation). They can
also self-sense their deformation state and be produced
from various materials with a wide range of form factors
and sizes. HASEL actuator consists of a deformable flex-
ible shell filled with a liquid dielectric covered with a pair
of compliant electrodes. When voltage is applied to the
electrodes, an electric field is generated through the
dielectric fluid. As a result, Maxwell stress acts on the
elastomeric shells and causes the dielectric fluid to be
displaced from between the opposing electrodes to the
surrounding area, which effectuates a shape change of the
soft hydraulic structure (Fig. 10).

HASEL actuators have been utilizing silicone elas-
tomers and thermoplastic polymers as their elastomeric
shells. Silicone elastomers have attractive features such as
favorable dielectric properties, dielectric breakdown
strength of up to ~ 50 — 120kVmm ™!, high stretchability,
and resilience to damage (Madsen et al. 2014;
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Vaicekauskaite et al. 2020). However, Acome et al. (2018)
created a distinctly different design of HASEL actuator
called the elastomeric donut HASEL (Fig. 10a) and planar
HASEL (Fig. 10b). As mentioned in the name, the “donut”
shape is the result formed when voltage is applied to the
actuator; comprised of a circular shell filled with dielectric
liquid with a pair of circular electrodes placed concentri-
cally on both sides of the shell resulting in the deformation
of the initial shapes causing an increase in the height of the
overall elastomeric donut actuators. Planar geometry for
planar HASEL, on the other hand, is based on a flexible
dielectric shell coated with compliant electrodes and filled
with a liquid dielectric that expands in-plane when acti-
vated. According to the analysis, planar HASEL behaves
similarly to DEA in terms of actuation; however, the fluid
in planar HASEL reduces stiffness and allows it to attain
larger strains than DEA of the same dimensions (Acome
et al. 2018).

However, elastomer-based materials have several
drawbacks including the lack of material choice (high-
quality elastomeric films), dielectric fluid leakage during
actuation, and stretchable electrodes leading to lengthy
fabrication procedures. The introduction of thermoplastic
materials, such as biaxially oriented polypropylene (BOPP)
films, avoided the many drawbacks of stretchable dielec-
trics and electrodes, such as limited material selection and
device reliability (de Saint-Aubin et al. 2018; Kornbluh
et al. 2012; Rosset and Shea 2013). It also enabled a sig-
nificant Maxwell stress with breakdown strengths of nearly
700 kVmm™', a host of new actuation geometries, fabri-
cation methods, and performance capabilities in HASEL
actuators (Mitchell et al. 2019; Rothemund et al. 2021).
Apart from donut shaped and planar HASEL, Kellaris et al.
(2018) developed Peano-HASEL by combining the elec-
trostatic principles of elastomeric HASEL actuators
(Acome et al. 2018) with the strength of linearly con-
tracting Peano-fluidic actuators created by Niiyama et al.
(2015) and Sanan et al. (2014).

Peano-HASEL actuators are a type of soft electrohy-
draulic transducer with a fast linear contraction on acti-
vation and high force production and scalability. According
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Fig. 10 Actuation mechanism
of a donut shaped HASEL and a
b planar HASEL

OFF
Elastomer shell

Dielectric fluid Electrode
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b OFF

to Rothemund et al. (2019), the basic configuration of the
Peano-HASEL actuators consists of rectangular shells
shaped by inextensible but flexible polymer film bonding.
Peano-HASEL actuators were investigated using the same
thermoplastic as HASEL actuators, where the linear con-
traction of soft electrostatic actuators occurs without the
need for pre-stretch, rigid frames, or stacked configuration
(Rothemund et al. 2021). These shells are filled with a
liquid dielectric and sealed to form a pouch, with a pair of
opposing electrodes placed on both sides, covering a sec-
tion of the shell. When voltage is applied between the
electrodes, the resulting electric field allows the electrodes
to zip together against one another, beginning at the edge
of the shell where the electrodes are closest to one another,
and the electrical field is strongest. As a result, the zip

ON —I—tv

Dielectric fluid

Stretchable
- electrode |

€— Elastomeric shell =—>

electrodes shift the liquid dielectric into the shell area that
the electrodes do not cover. Furthermore, the hydrostatic
pressure inside the shell rises due to the shell’s inextensi-
bility and the non-compressibility of the liquid dielectric,
causing the actuator to contract linearly (Fig. 11d). Nev-
ertheless, Peano-HASEL has 15% strain limitations,
whereas the average strain of skeletal muscle is around
20%. As a result, Wang et al. developed an improved
approach known as high-strain (HS) Peano-HASEL actu-
ator, which overcame this problem by placing electrodes on
the sides of each shell. When a voltage is applied, con-
traction occurs as the electrodes zip from the shell’s side,
forcing the liquid dielectric towards the actuator’s center
(Fig. 11c). As a result, the HS Peano-HASEL actuator can
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Fig. 11 Working mechanism of a quadrant donut HASEL, b curling HASEL, ¢ high-strain Peano-HASEL, and d Peano-HASEL. Reproduced

with permission from Ref. [180]. Copyright 2021, Wiley—VCH

provide more strain while requiring less blocking force
(Wang et al. 2020).

Peano-HASEL not only exhibits linear contraction but
also thickness expansion, resulting in the configuration of a
quadrant donut HASEL actuator with controlled linear
expansion (Rothemund et al. 2021). The quadrant donut
actuator comprises of a circular thermoplastic shell covered
by circular electrodes on both sides at the center of the
actuator. There are heat seals in the four separate quadrants
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of the shell. This heat seal creates a zipping initiation to
avoid the pull-in instability in the elastomeric donut
HASEL actuator (Fig. 11a). Other than that, motivated by
hydraulic actuation found in species of arachnids (Spagna
and Peattie 2012), a prototype of bioinspired designs of
HASEL actuators that contract, curl, or twist was reported
(Rothemund et al. 2021). The shell of these actuators
consists of a large, electrode-covered chamber, which acts
as a reservoir of liquid dielectric connected to a corrugated
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Table 4 Performance of soft actuator

Type of actuation Dimension (mm)  Displacement Force Pressure Actuation frequency References
Diameter Length (mm) @ (Pa) (Hz)
Pneumatic 32 135 10 2.2 0.06 M NA Ranzani et al. (2015)
Pneumatic 2.4 9 NA 0.5 55k NA Guo et al. (2017)
Pneumatic 1 10 NA NA 280 k 14 Gorissen et al. (2018)
Pneumatic 12 120 20.7 50 m 02 M NA Wakimoto et al. (2009a, b)
Pneumatic 3.5 65 14 0.45 130 k NA Zhang et al. (2019a, b, ¢)
Pneumatic NA 27.6 NA 0.22 100 k NA Rehman et al. (2019)
Pneumatic NA 1170 47 190 758 k NA Ohta et al. (2018)
Thermo- 2 20 65 pm NA NA NA Hamid et al. (2017)
pneumatic
Pneumatic 20 60 7 NA 600 k NA Sun et al. (2019)
Pneumatic 25 30 10 120 137 k 8 Naclerio and Hawkes
(2020)
Pneumatic 1.3 24.6 95 NA 400 k NA Liu et al. (2020)
IPMC 10 35 3.3 50 m NA NA McDaid et al. (2012)
IPMC 12.8 58 NA NA 23k 0.4 Kalyonov et al. (2020)
IPMC NA 9 0.043 NA NA 0.025 Chang et al. (2018a, b)
IPMC 1 25 1.67 NA NA 0.1 Horiuchi et al. (2017)
IPMC NA 8 0.043 NA NA 0.025 Chang et al. (2018a, b)
DEA NA NA 30 pm 3 NA 5 Lee et al. (2017)
DEA 6 40 0.42 NA NA 3 Ghazali et al. (2017)
DEA 10 NA 2.6 NA 193 h 102.1 Linnebach et al. (2020)
DEA 5 10 200 pm 40 m NA 5 Lee et al. (2014a, b)
DEA NA 15 33.8 um NA NA 10 Solano-Arana et al. (2018)
HASEL NA 80 1.39 18 273 k 40 Wang et al. (2020)

structure of smaller chambers (Fig. 11b). Upon activation,
the liquid dielectric is forced from the reservoir into the
corrugated structure; the radius of curvature decreases and
the structure contracts linearly. The curling motion can be
accomplished by applying a strain-limiting layer to one
side of the actuator, which stops corrugations from con-
tracting on that side. As a result, it contributes to the cur-
ling of the corrugated structure away from the strain-
limiting layer applied to the actuator.

Table 4 shows the performance of the previously
reported DEA as well as pneumatic, [IPMC, DEA, and
HASEL actuators. According to the results of the analysis,
soft actuation has a fast reaction time in general, with the
exception of the IPMC actuator, which has the lowest
frequency. Furthermore, the overall force of the pneumatic
actuator is greater than that of the IPMC, DEA, and
HASEL actuators. Nonetheless, DEA actuators have a
higher actuation frequency than pneumatic, IPMC, and
HASEL actuators. The average soft actuation displacement
was large in comparison to their size, with the pneumatic
actuator delivering a comparatively high displacement.

Nonetheless, the major drawbacks of pneumatic, IPMC,
and DEA actuators are their slow response and degradation
over time. To address these shortcomings, researchers
investigated HASEL actuators which use dielectric fluid to
prevent charge dissipation and thus enable a faster response
with significant actuation deflection.

3 Biomedical applications

This section focuses on the use of thermo-responsive,
piezoelectric, magnetic, and soft actuators in biomedical
applications. Biomedical actuator applications are closely
related to movable devices outside of the patients’ body,
including drug delivery systems, surgical devices, and
artificial muscle. The key functionalities of the reported
devices as well as their specific contributions are explored.
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3.1 Drug delivery systems

Micropumps and microvalves are crucial elements in drug
delivery systems to precisely manage medication dosages.
As a result of recent advancements in BioMEMS and
miniaturization technologies, various biomedical devices
have been developed for drug delivery applications (Hilt
and Peppas 2005). With the help of actuators, it can deliver
a specific type of drug with optimal therapeutic efficacy,
eventually assisting in diagnosing and treating chronic and
acute diseases (Paul et al. 2016). Moreover, micropumps
play an imperative role in drug delivery devices that
manipulate drugs or therapeutic agents through channels
while transferring them from reservoirs to specific loca-
tions accurately and reliably (Amirouche et al. 2009).
Usually, the micropump systems use moving elements to
manipulate fluid containing drugs and agents by applying
pressure in the tens of the kPa range. With the aid of the
actuators, micropumps with high actuation pressure forces
have been developed for drug flow.

Thermo-responsive actuators, particularly SMA, have
been widely employed in developing various micropumps
as they provide high actuation force, large displacement,
and high work density. For example, Fong et al. designed
and fabricated an implantable drug delivery device with an
SMA microfluidic pump operated by a radio signal, as
shown in Fig. 12a (Fong et al. 2015). When an external RF
electromagnetic field activated the actuator, the tempera-
ture of the excited nitinol coil exceeded the threshold
temperature, resulting in cantilever-like actuation with a
displacement of 125 um. It was able to dispense 219 nL of
test agents from a reservoir. In addition, an SMP-based
implantable drug delivery system was developed by Zainal
et al., where external RF magnetic fields drove the device.
As a result, the heated SMP actuator turned into a soft
rubbery state, allowing easy deformation. It achieved a
140 pm actuation range at 44 °C device temperature using
0.05 W RF power and a drug release rate of 0.172 pL/min
on average.

Other than that, Benard et al. (1998) developed a
micropump with a thin-film titanium nickel (TiNi) that
pumped fluid at a flow rate of 50 pL/min at maximum
backpressure of 5.3 mbar. Makino et al. (2001) fabricated a
TiNi SMA actuated micropump, capable of producing
displacement of around 95 pm with a bias pressure of
200 kPa, which led to pumping the working fluid at a rate
of 0.4 pL/cycle. Aside from thermo-responsive actuators,
electromagnetic actuators have been applied in microp-
umps, where the actuations have been activated by elec-
tromagnetic mechanisms. For instance, Rusli et al. (2018)
reported an electromagnetically actuated micropump for
bidirectional flow. The dual-chamber microchannel design
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incorporated a dispersing depth structure to provide bidi-
rectional flow. A permanent magnet was affixed to the thin
membrane sheet in each of the dual chambers. The power
inductor was given a positive voltage polarity, which
attracted the magnet, causing fluid to be expelled through
the channel. Meanwhile, negative polarity repelled the
magnet and inflated the membrane, allowing fluid to enter
the chamber. Thus, the constant change of voltage polari-
ties created a net fluid flow to attract and repel the magnet.

Piezoelectric actuators are another type of actuator
widely used in various micropumps to precisely regulate
fluid flow. For example, Ma et al. (2015a, b) developed a
piezoelectric diaphragm actuated micropump with a max-
imum deflection greater than 1.1 mm. Likewise, Junwu
et al. (2005) designed and fabricated a piezoelectrically
actuated high-frequency cantilever-valve pump for drug
delivery. The piezoelectric actuator, operated in bending
vibration mode, pressurized the fluid in the chamber that
led the valves to open and close. Consequently, the fluid
was transferred at a flow rate of 3.5 ml/min and 27 kPa
back-pressure from the inlet to the outlet with an applied
frequency of 200 Hz while maintaining therapeutic
efficacy.

Moreover, a disposable piezoelectric micropump for
insulin delivery and glucose monitoring was developed by
Liu et al. (2010), as illustrated in Fig. 12b. It moved the
fluid by creating pressure through a change in the volume
of the pump chamber. The device was able to transfer fluid
at a rate of 6.23 x 10-5 ml per pulse. In addition to the
functioning of fluid flow, several studies have been carried
out on piezoelectric micro-pumps for simultaneous fluid
flow and sensing purposes. For instance, Zhang et al.
(2013) fabricated a piezoelectrically actuated double dia-
phragm micropump (Fig. 12¢). The device performed both
fluid transportation functions as well as the self-sensing
output flow synchronously via a single piezoelectric ele-
ment. At an operating frequency of 15 Hz, the device
produced a maximum deformation of 40 pm and a fluid
flow rate of 45.98 ml/min with a driving voltage of 160
Vpp- The same group has reported another simultaneously
functioning piezoelectric pump with a bimorph transducer
(Fig. 12d). The micropump was able to transfer fluid at a
rate of 2.93 mL/min (Zhang et al. 2016).

Microvalves are another key component of drug deliv-
ery systems that have been used for accurate dosing. It
controls drug flow and prevents drug backflow while
sealing various molecules, micro/nanoparticles, and
chemical reagents (Cobo et al. 2015; Qian et al. 2020). For
instance, Aksoy et al. developed an SMP-based microflu-
idic valve and demonstrated their use as reagent mixers and
peristaltic pumps, as shown in Fig. 13a (Aksoy et al. 2019).
The moveable element in the valves was made up of a tri-
layer consisting of SMP, carbon-silicone heaters beneath,
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and a styrene-ethylene butylene styrene impermeable film
on top. With an applied liquid pressure, the SMP micro-
valve transferred working fluid at a flow rate of ~ 250 pL/
min. In addition, thermo-responsive hydrogel incorporated
microvalves have been utilized frequently in drug delivery
devices. Rahimi et al. developed a wirelessly controlled
drug delivery device for implant applications that employ
RF magnetic fields (Rahimi et al. 2011). The microvalves
that operated the device’s drug reservoir was made from
poly(N-isopropyl acrylamide) hydrogel, which actuated by
the activated wireless resonant heater once the field fre-
quency was tuned to the heater circuit’s resonance fre-
quency. The device flow rates, and drug release kinetics
can also be controlled wirelessly. For example, Nafea et al.
(2018) fabricated a magnetic field enabled wirelessly
controlled piezoelectric microvalve, as shown in Fig. 13b.

The magnetic field excited the LC resonant circuit,
causing a pressure difference in the reservoir to release the
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d Dual actuator micropump with bimorph transducer. Reproduced
with permission from Zhang et al. (2016), SAGE Publications

stored fluid. At a maximum input pressure, they achieved
maximum flow rates of 8.91 and 7.42 m/min in air and
phosphate buffered saline solution, respectively. Despite
the advantages, the majority of the actuators mentioned
above have low displacements. Magnetic actuators out-
perform thermo-responsive and piezoelectric actuators in
terms of high response times and large displacement vol-
umes. For instance, on a programmable microfluidics
platform, Pradeep et al. (2018) reported electromagneti-
cally actuated valves that regulated multiple fluids
(Fig. 13c). The valves comprised of steel pieces glued to a
PDMS membrane, and a series of solenoids to regulate
their deflection of up to 120 mm.

3.2 Surgical and endoscopic devices

Without a doubt, surgical and endoscopic devices are
essential tools very much needed for surgical conduct. In
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view of the further miniaturization of devices and the
increase in complexity of MEMS actuators, they offer
promising opportunities for creating novel surgical devices
for a broad range of bioMEMS applications. For example,
microsurgery assembly (Shi et al. 2014), catheters (Oxley
et al. 2016), and selective manipulation (Pan et al. 2017) of
cells are based on thermo-responsive materials, piezo-
electric, magnetic and soft actuation principles. These
actuators can improve the tools for surgical and related
procedures, including catheters, endoscopes, and manipu-
lators for grasping and manipulating small or micro-ob-
jects. SMA microactuators have been widely used to drive
catheters and endoscope tools in various directions, uti-
lizing biocompatibility and superelastic behavior (Chang
et al. 2002). For instance, Abadie et al. (2009) developed a
comprehensive thermoelectric SMA micro-actuator for
active endoscopy that was made up of SMA coils that can
bend, twist, and linearly elongate upon heating (Haga et al.
2000; Namazu et al. 2011).

However, issues such as inadequate stroke, slow motion,
and unfavorable heat generation must be resolved.
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Adldoost et al. (2012) designed a surgical gripper with a
single SMA braided wire in a spiral sheath. In addition,
Jang et al. developed a teleoperated surgical robot with two
end-effectors controlled by SMA, with the goal of imple-
menting compact and lightweight devices capable of
driving hand-operated commercial surgical tools such as
forceps and scissors (Jang et al. 2020). A pair of SMA
wires regulated the forceps, and an SMA spring provided a
sustained and stable clamping force (Yuan et al. 2014). An
SMA driven compact robotic was also developed to per-
form single incision laparoscopic surgery (Ali and Taka-
hata 2010; Shi et al. 2014). Magnetic actuators are standard
actuators used in capsule endoscopy to image the areas of
the small intestine unreachable by traditional endoscopy
procedures. A magnetic field-controlled capsule contained
a wireless camera, light sources, and a transmitter. After
being ingested by the patient, it took pictures of the
digestive tract and transmitted them to a recorder worn by
the patient (“Capsule Endoscopy—All medical speciali-
ties—Olympus Medical Systems, Europe,” 2019). Olym-
pus® developed a magnetically actuated capsule endoscope
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that featured an internal permanent magnet and a spiral
ridge wrapped around the capsule body which could be
driven forward and backwards when an external rotating
magnet was applied (Moglia et al. 2007; Toennies et al.
2010). Garbin et al. (2015) developed a laparoscopic tissue
retractor with an actuation unit consisting of an external
driving unit (EDM), an internal driven magnet (IDM), and
a pair of internal anchoring magnets and external perma-
nent anchoring magnets using local magnetic actuation.
Meanwhile, Di Natali et al. (2015) reported a manipulator
with three pairs of EDMs and IDMs and an anchoring unit
to execute surgical tasks (Fig. 14a). Aside from local
magnetic actuation, several researchers have reported fer-
romagnetic-body-based magnetic actuators driven by MRI
gradients. One notable work is reported by Vartholomeos
et al., where an MRI-powered actuator was developed for
needle insertion in neurosurgery. It had a mechanism
capable of converting the rotational motion of spherical
ferromagnetic particles into linear motion to operate a non-
magnetic biopsy needle (Vartholomeos et al. 2011).
Aside from magnetic-based actuation approaches,
attempts have been made to develop various surgical
instruments using pneumatic and other fluid-driven actua-
tors. For example, several pairs of PBA were reported to
generate telescopic motion by manipulating force for

commercial forceps (Fujiwara et al. 2009). Ruzzu et al.
(1998) devised a three-inflatable micro-balloon device for
positioning and orienting the catheter tip. These micro-
balloons were attached to the catheter tip on three sides and
operated by electro-thermo-pneumatic  micro-valves.
Researchers have adapted soft PSA for specific biomedical
applications in addition to PBAs in medical instruments
and systems. For example, Ranzani et al. (2015) developed
a surgical manipulator inspired by an octopus tentacle,
consisting of two identical modules with multi-directional
bending and stiffening capabilities. In a previous study,
Surakusumah et al. (2014), to observe the lungs, airway,
and bronchus obstructions, researchers developed a PSA-
based flexible bronchoscope (FOB) that provided dis-
placement through twisting and bending motions
(Fig. 14b). Furthermore, a pneumatically actuated micro-
gripper was reported by Alogla et al. (2015) to manipulate
embryos for cloning applications. The micro-gripper con-
sisted of two main components, namely, a micro pneumatic
chamber with a flexible membrane and hinged gripper arms
attached to the membrane deflected to provide gripping
motion when pressurized air was supplied to the membrane
as shown in Fig. 14c. Traditional laparoscopes used for
some surgical procedures (such as complete mesorectal
excision) lack the versatility needed to maneuver and meet
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complex surgical targets safely. Thus, Abidi et al. (2018)
and Diodato et al. (2018) designed a robotic system of two
pneumatically actuated identical modules capable of multi-
directional bending and elongation, allowing for highly
dexterous and secure navigation.

Precision positioning and micromanipulation of tiny
objects are of great interest in tissue engineering and
minimally invasive surgery. Thus, microgrippers have been
developed for grabbing, holding, and delivering micro-
objects to a specific position. The actuator is an essential
part of the microgripper; it provides the necessary force to
make the device function as a gripper (Nah and Zhong
2007). Even though various actuators have been used in
microgrippers, piezoelectric actuators have been the most
popular due to their advantages, such as fast response times
and high displacement accuracy. Piezoelectrically actuated
microgrippers have considerably satisfied the requirements
for grabbing tiny objects with improved accuracy and high-
resolution capabilities. For instance, Chen et al. (2019a, b;
2020) designed and developed a piezoelectric-actuated
microgripper consisting of flexible hinges, grasping jaw,
and amplifiers shown in Fig. 14d. The gripper was capable
of holding any objects of size within the range of
0-1724 pm. In addition, Das et al. (2020) developed a
flexure-based piezoelectric microgripper that demonstrated
the task of grabbing and releasing micro-wire with a total
output displacement of 338.3 pum. A piezoelectric actuated
microgripper with a three-stage micromanipulation ampli-
fication mechanism was designed and developed by Liang
et al. (2018) that provided a displacement of 20 pum.

@ Springer

0.4 MM=£0.4 MMt 1 mm —y’

S
A .
" Electrodes
) Channel |

Thin McKibben Muscle

Muscle
Contraction

Voltage

helical SMP fibers. Reproduced with permission from Yahara et al.
(2019), Elsevier. e Schematic design (above) and fabricated image
(below) of the McKibben Muscles. Reproduced with permission from
Cacucciolo et al. (2019), Frontiers

3.3 Artificial muscle

Artificial muscle, also known as muscle-like actuators, is a
broad term for a class of materials that can mimic natural
muscle movement. Similar to natural muscle, artificial
muscle is defined by its ability to contract in response to a
chemical or physical stimulus. They can change their
stiffness, contract, expand, or rotate within one component
in response to an external stimulus such as voltage, current,
pressure, light, or temperature (Mirvakili and Hunter
2018). Skeletal muscle contraction is essentially a straight
contraction. Meanwhile, the term “artificial muscle con-
traction” has a broader meaning: it can refer to the straight
contraction of a complex structure in the case of fluidic
artificial muscles with a sheath, or the straight contraction
of a thin string in the case of shape-memory materials, such
as nitinol filaments. In general, any substance or device
whose shape can change in response to a stimulus may be
considered an “artificial muscle”.

Low-power mobile actuators, robots that replicate effi-
cient and natural forms of motion, autonomous robots and
sensors, and lightweight wearable technology are possible
with today’s artificial muscle technology. However, it is
still unclear which material has the ability to form the
optimal artificial muscle. Some of the studied artificial
muscles used SMA, SMP, pneumatic, DE, and HASEL.
The advantages of SMA artificial muscle are their lightness
and high energy density. The high energy density allows
the actuator to generate powerful motions. Park et al.
(2020) developed the use of SMA wire as an actuation
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material for prosthetic muscle elbow joints (Fig. 15a). The
elbow joint produced a maximum force of 56.3 N and had
response times of 3-5 s for lifting and 8-12 s for lying
down. Meanwhile, Lee et al. (2012) developed a new
prosthetic hand driving mechanism with a fixed thumb and
four fingers powered by an artificial muscle of the SMA
type. SMA-based microscale actuators were also fabricated
by Lee et al. (2018) using diamond-shaped frame compo-
nents. Compared to bulk SMA materials, such structures
allow for a wide elongation range due to spring-like
behavior during tensile deformation. However, most SMA
artificial muscles are inflexible (Fig. 15bc). Alternatively,
Taniguchi (2013) proposed a flexible artificial muscle
actuator based on the molding of silicone rubber utilizing
coiled SMA wires. Apart from SMA, numerous attempts
have been made to modify SMP in artificial muscle
because they have high strains, are flexible at high tem-
peratures, and the simplicity of manufacturing complex 3D
structures. For instance, Fan and Li (2017) made chemi-
cally cross-linked poly(ethylene-co-vinyl acetate) two-way
SMP precursor fibers. Artificial muscles were created by
twisting precursor fibers and displayed an actuation strain
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of up to 68% in the muscle. In artificial muscle made by
Yahara et al. (2019), helical SMP fibers were used as
sleeve fibers. The helical SMP fibers’ sleeve angles could
be altered following fabrication procedures due to their
shape fixity (Fig. 15d).

Other than SMA and SMP artificial muscle, pneumatic
actuators are among the most frequently use in artificial
muscle application. McKibben actuators or pneumatic
artificial muscles have been designed using appropriate
silicone rubbers containing a type of fluid, such as air, to
supply energetic sources for the expansion and contraction
of the allegedly artificial muscle. For example, Yang et al.
(2019) demonstrated a high displacement pneumatic arti-
ficial muscle made of textiles with integrated electronics to
sense its pressure and displacement, attaining a high con-
traction ratio of 40-65%. Cacucciolo et al. (2019) descri-
bed an electrically-driven soft fluidic muscle combining
thin fiber-like McKibben actuators with fully stretchable
pumps. The pumps relied on a solid-state pumping mech-
anism (electrohydrodynamics), which used an electric field
to directly accelerate liquid molecules through an electric
field (Fig. 15e).
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Table 5 Summary of actuation techniques

Types Material Advantages Disadvantages MEMS biomedical
application
Thermo-responsive actuator SMA Ni-Ti alloy, Fe-Mn-SI, Cu—- Large Slow temporal response ~ Medical and
Zn-Al, Cu-Al-Ni displacement High power consumption surgical tools
Large force
High mechanical
robustness
Corrosion
resistant
SMP Polyethylene, polyurethane,  Structural Slow temporal response ~ Drug delivery
PLA flexibility Low recovery stress devices
Large strain
Low density
Biodegradable
properties
Piezoelectric actuator Lead zirconate titanate High High driving voltage Micropumps,
(PZT), barium titanate, displacement Require high temperature microgrippers
lejad titanz.ite‘, lithium . resolution to process piezo
niobate, lithium tantalite Fast response material
time
High efficiency
Magnetic actuator NdFeB Large deflection ~ High power dissipation Microgripper,
at low voltage for driving coils micropumps,
High field energy microvalves
density
Fast response
time
Simple drive
mode
Soft actuator Pneumatic PDMS, Ecoflex 0030, silicon High flexibility Low force exertion Medical devices
rubber Large Limited number of
displacement degrees of freedom
High power to
weight ratio
IPMC Nafion, Flemion, Aciplex, High durability Slow response time Micropump,
ionic hydrogel, conducting 1 o activation Low electromechanical surgical tools
polymer voltage coupling efficiency
Rapid response
Large bending
displacement
DE VHB 4910 Mechanical Requires high field Microgripper,
flexibility strength micropump
Low density Low viscoelasticity of
Simple elastomer
fabrication
process
HASEL Ecoflex 0030, BOPP film Fast response High activation voltage Artificial muscle

time
High
displacement

Self-sensing
ability
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Besides, according to Qiu et al. (2019), although DEAs
are considered new in the artificial muscle industry, DEAs
reflect their high potential as significant technological
progress has shown due to the mechanisms designed to
utilize their large-strain actuation and low stiffness. Qin
et al. (2018) created soft planar DEA artificial muscles for
jaw movement and vibration shaker in tactile feedback
with a maximum linear strain of more than 90%. The
fabricated DEA employed a compression spring for free-
standing structure, achieving linear actuation and twisting
without the actuator’s size increment. Other than that, a
new dipole-conformation-actuated strain cross-scale model
to explain the actuated strain of DE was proposed by Wu
et al. (2021), and a new DE based on polyphosphazene was
synthesized. As a result, a soft artificial heart based on
polyphosphazene was built and showed great potential for
heart failure patients (Fig. 16a). However, DEA artificial
muscle generally requires a very high actuation voltage and
lowering it to less than 1 kV remains a great challenge.
Thus, Chen et al. (2021) reported a pentablock copolymer
(SEHAS: S for polystyrene, EHA for poly(2-ethylhexyl
acrylate)) with a low actuation voltage and an ultrasoft-yet-
strong property (Fig. 16b). Furthermore, HASEL actuators
have demonstrated good potential as an artificial muscle.
They rely on a BOPP film material that tenses up once a
voltage is applied, as presented in Fig. 16c. They represent
a breakthrough in soft robotics because these actuators are
the closest replication to a human muscle. These actuators
can withstand a strain of 0.3 MPa, similar to that of a
human arm muscle. By wrapping a 12-unit HS-Peano
HASEL actuator around a silicone tube, Wang et al. (2020)
fabricated a bioinspired artificial circular muscle (ACM)
that acted as a pump.

4 Conclusion and future prospects

The performance and versatility of MEMS-actuators, as
well as their fabrication and integration methods, have
shown tremendous advancements. They have contributed
to the emerging field of biomedical microsystems such as
smart implants and miniaturized surgical devices. Table 5
compares these actuation mechanisms and their properties
in detail. The success of a targeted application is heavily
reliant on proper actuator selection, which is determined by
factors other than the actuator’s fundamental efficiency,
such as powering and control methods, biocompatibility,
and cost effectiveness. It is essential to have a suitable ac-
tuation mechanism driving a medical system, as any mal-
function in the system during medical or surgical
procedures can be fatal. As a result, a comprehensive
analysis of appropriate and widely used actuation methods
such as SMA, SMP, magnetic, piezoelectric, DE, IPMC,

pneumatic, and HASEL on their applications in biomedical
devices is carried out.

While most of the reported works remained in the
research phase, a few have reached the commercialization
phase. Thermo-responsive actuators, i.e., SMA and SMP,
are feasible for driving medical tools, equipment, and
implantable devices. While magnetic actuation is feasible
for attaining 360° rotation motion especially in capsule
endoscopy applications. Based on the reviewed literature,
Table 5 presents a summarized comparison of various
actuation techniques and their applications. It can be con-
cluded that all the actuation mechanisms reported here
show considerable potential. However, being soft, safe, and
flexible, PSA-based actuation mechanisms can push the
boundaries of the biomedical field towards the develop-
ment of more versatile medical systems in the future.
Among them, SMA offers large displacement and force
whereas SMP possesses relatively high recoverable strain
levels. They are often used in drug delivery and surgical
devices owing to their characteristics mentioned above.
Electromagnetic actuators are used to develop micropumps
and microvalves because of their large displacement, fast
reaction, and low-voltage powering. Meanwhile, piezo-
electric actuators are an established technology for devices
aimed at micro-scale positioning and micropumps. Being
softer and flexible, pneumatic, IPMC, and DE actuators
offer a variety of application opportunities in surgical
devices. However, there still remain certain inherent
challenges in these actuators, such as limited number of
degrees of freedom, slow response times, and low force
exertion. Consequently, the newly developed HASEL
actuator is a great substitute as it provides a large dis-
placement and fast response time suitable for the devel-
opment of artificial muscle.

Based on the literature review, most actuation field
research focuses on soft actuators for biomedical applica-
tions. MEMS technology and microfabrication advances
have enabled soft actuators to generate adequate dis-
placement for biomedical devices. The development of
hybrid actuators, which combine DEA and fluid-driven soft
actuators to address the limitations of DEA, is seen as a
promising approach to improve displacement output. In
conclusion, the ongoing advancements in soft actuation
techniques, characterized by reduced power requirements
and compatibility with biomedical devices, will provide a
sustainable platform for future diagnostic and therapeutic
applications.
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