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Abstract

Shape changing active metamaterial could form the structural backbone of an object as well as deliver the actuation.
The integration of these two functions saves design space and allows for creative topologies. The literature study of
this thesis investigated smart material actuator solutions that could be used to enable such active metamaterials,
covering PVDF, dielectric elastomers, IPMC, conducting polymer, carbon nanotubes and piezoelectric ceramics. It is
found that dielectric elastomers achieve high strains, low stress and need high driving voltages. Conducting polymers
are able to deliver both high stress and high strain, but consume relatively much power. If power consumption is a
priority, Electronic EAPs are preferred. PVDF does not excel on stress or strain, but is an overall good performer. The
outlook of realizing active metamaterials via integration of actuation paves the way for non-rigid body deformations and
broadens the view on potential applications. At the moment such a system cannot be realized due to the lack of
appropriate designs and manufacturing methods. The objectives of this report are (1) the employment of smart
materials to make metamaterials active, (2) proposing a method of how to realize this using production materials and
(3) employing these methods to build a small metamaterial demonstrator that functions both as the actuator and the
structure. In this work this was done by designing and constructing a tube shaped metamaterial demonstrator of a high
precision positioning system. The 3D geometry of the metamaterial was built by layering planar pre-fabricated
structures which use smart material for actuation. The design of the unit cells can be implemented in metamaterial of
any shape and allows for miniaturization, which extends its applicability. The metamaterial was capable of vertical
displacements. The constructed metamaterial tube was able to bend itself. Measured maximum amplitudes of a single
layer, and the three layered stack were respectively 4.60 um and 6.91 um. Roll movement of the top layer of the stack
was achieved with a lowest point of -0.13 ym and a highest point of 8.49 um. The system showed that smart materials
are a suitable choice to make metamaterial active, and that active metamaterial could be produced using production
material. The planar approach for design and fabrication, provides a relatively simple and fast method for building
metamaterial in general.
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1 Introduction

Metamaterials are engineered materials that can attain properties that are very exotic or cannot be attained
with natural or classical materials. A well-known metamaterial is the pentamode material that is designed by
Milton and Cherkaev [1]. It is a pentamode material that behaves like a fluid. This means that it is easy to
deform and hard to compress. For this reason these kind of materials are also called meta-fluids.
Metamaterials can be designed in a way to provide characteristics that cannot be found ordinary materials,
for example, a re-entrant honeycomb that has a negative poisons ratio [2]. When pulled in vertical direction,
instead of getting thinner in horizontal direction, it widens. Negative stiffness is another characteristic that
can be achieved by metamaterial, for example by buckling when pushed over a certain boundary [3].

High precision positioning systems are a valuable asset in the race for smaller feature sizes in high tech
industry. The power transmission systems of these systems occupy design space which limits the
miniaturization of the system. Geared power transmission systems suffer from backlash, which is a
fundamental issue that originates from the use of gears. It can be introduced intentionally in the design, but
also caused by errors or wear and is the cause of non-linear behavior in the equations of motion of a
system [4]. Research on this problem has been done by modelling [4], eliminating this backlash
mechanically [5] and compensation it by control [6]. Another complication of the use of gears is the
production of wear particles. The mechanical contact between gears can be the reason for the presence of
these particles that are caused by fatigue wear, abrasive wear or adhesive wear [7].

If metamaterial would be able to actively change the characteristics and shape of its unit cells, the
dimensions of the material could be altered. Unit cells of active metamaterial could form the structural
backbone of the object, as well as deliver the actuation. Integrating these two functions in the unit cells
would safe valuable design space. As each unit cell could be altered, the object would be able to deform
freely. The use of solid state actuators for activation the unit cells could rule out any backlash in actuation.
Being able to locally adjust the material, would also allow for the correction of local deformations and
isolation of vibrations by the structure itself. These capabilities would extend the potential applicability of
shape changing-metamaterial far from positioning systems only. Very few work has been done on actively
changing the dimensions of metamaterial by deforming the unit cells. In 2016 a kirimigami inspired study
has been done by Overvelde et al. which achieved a metamaterial with a tunable shape [8]. The actuators
that were used for this study were tactical placed air pockets by which the cubic unit cell could be flattened.
In 2021 Navin Shankar Saravana Jothis manufactured shape changing metamaterial with miniaturizable
unit cells that were able to amplify the input of piezoelectric actuators by 9.28 times [9]. Work on changing
the characteristics of metamaterial actively has been done on stiffness and damping [10].

Smart materials are an interesting option for activating metamaterials. They are material level transducers
that convert energy between multiple physical domains, for example from the electrical to the mechanical
domain [11]. The transducers can be used for actuating, as well as sensing purposes [6]. Due to their
robust [12] and compact build, they do not limit the miniaturizability of the metamaterial. A literature review
on electromechanical smart material transducers was conducted to (1) gain the knowledge that is critical for
understanding the working principles of the transducers and (2) discover the potential for integrating smart
material transducers in the unit cells of metamaterial. The review gathers the characteristics of PVDF,
dielectric elastomers, IPMC, conducting polymer, carbon nanotubes and piezoelectric ceramics. Strain,
Young’s modulus, stress, driving voltage, power consumption and the requirements on their surroundings
were reviewed to categorize the materials and composites. It is found that dielectric elastomers achieve
high strains, low stress and need high driving voltages. Conducting polymers are able to deliver both high
stress and high strain, but consume relatively much power. If power consumption is a priority, Electronic
EAPs are preferred. PVDF does not excel on stress or strain, but is an overall good performer.

The use of piezoelectric material in a bending setup to planarly manufacture active metamaterial, was not
part of earlier research and has the potential to be miniaturized. At the moment such a system cannot be
realized due to the lack of appropriate designs and manufacturing methods. The objectives of this report are



(1) the employment of smart materials to make metamaterials active, (2) proposing a method of how to
realize this using production materials and (3) employing these methods to build a small metamaterial
demonstrator that functions both as the actuator and the structure. In this work this was done by designing
and constructing a tube shaped metamaterial demonstrator of a high precision positioning system. The 3D
geometry of the metamaterial was built by layering planar pre-fabricated structures which use smart
material for actuation. The design of the unit cells can be implemented in metamaterial of any shape and
allows for miniaturization, which extends its applicability. The metamaterial will be validated in
measurements on vertical displacements of the individual layers, and measurements on the vertical
displacement and roll movement of the stack.



2 A review of electromechanical
smart material transducers for planar
metamaterial design

The literature review on electromechanical smart material transducers was conducted to (1) gain the
knowledge that is critical for understanding the working principles of the transducers and (2) discover the
potential for integrating smart material transducers in the unit cells of metamaterial. The review gathers the
characteristics of PVDF, dielectric elastomers, IPMC, conducting polymer, carbon nanotubes and
piezoelectric ceramics. Strain, Young’s modulus, stress, driving voltage, power consumption and the
requirements on their surroundings were reviewed to categorize the materials and composites. It is found
that dielectric elastomers achieve high strains, low stress and need high driving voltages. Conducting
polymers are able to deliver both high stress and high strain, but consume relatively much power. If power
consumption is a priority, Electronic EAPs are preferred. PVDF does not excel on stress or strain, but is an
overall good performer.
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Abstract—Smart material transducers have a wide area of
potential applications such as vibration damping, high precision
positioning and sensing. The competitive advantage of smart
material transducers is their solid state behaviour. In addition
to the absence of backlash due to this solid state, smart ma-
terial transducers have great miniaturization and integration
potentials. This literature study gathers the characteristics of
PVDF, dielectric elastomers, IPMC, conducting polymer, car-
bon nanotubes and piezoelectric ceramics. These materials or
composites are potentially suited to be used as foundation for
electromechanical activation of planar mechanical metamaterial.
To support deliberate actuator choices, Strain, Young’s Modulus,
Stress, Driving voltage, Power consumption and requirements on
their surroundings are reviewed for the aforementioned materials
and composites. It is found that dielectric elastomers achieve high
strains, low stress and need high driving voltages. Conducting
polymers are able to deliver both high stress and high strain,
but consume relatively much power. If power consumption is a
priority, Electronic EAPs are preferred. PVDF does not excel on
stress or strain, but is an overall good performer.

I. INTRODUCTION

Smart material transducers are material level transducers
that convert energy between multiple physical domains, for
example from the electrical to the mechanical domain [1].
They are compact, robust [2] and easy to manufacture [1]] and
suffer no backlash due to their solid state behaviour. A variety
of materials that can be used for the production of smart
material transducers is able to respond very fast to stimuli,
which makes them eligible for high bandwidth applications
[L]. Smart material transducers can be used for actuating as
well as sensing purposes [3].

The combination of these characteristics makes smart ma-
terial transducers a logical choice for implementation in
mechatronics and paves the way for further miniaturization
and integration. Smart material transducers are often used for
vibration damping due to their fast response. Their simple
and compact build makes them suitable for the integration in
motion amplifiers. Amplified they deliver sufficient displace-
ment while maintaining high precision which makes them an
appropriate choice for high precision positioning systems.

This literature study gathers the characteristics of PVDE,
dielectric elastomers, IPMC, conducting polymer, carbon nan-
otubes and piezoelectric ceramics in[section II} These materials
or composites are potentially suited to be used as foundation
for smart material transducers. The characteristics covered are
strain, Young’s modulus, stress, driving voltages, power con-
sumption and the requirements on their surroundings. These

characteristics are important for the practical application and

are discussed in [section 111l

II. SMART MATERIALS FOR TRANSDUCERS

Two types of smart transducers materials that are frequently
used are electro active polymers and piezoelectric ceramics.
The polymers that are adressed in this section are divided
between electronic and ionic electro active polymers.

A. Electro Active Polymers

Polymers are pliable and relatively inexpensive. Some of
them possess the ability to change their shape or size when
an electrical, chemical, pneumatic, optical or magnetic field
is applied. The most practical excitation for mechatronical
applications of these polymers is electrical. These polymers
are known as Electro Active Polymers (EAPs), they are
mechanically flexible, have a low density and are easy to
process [4]. In the early 1990s, EAPs able to induce large
strain were introduced [3)]. The working principles of EAPs
can be categorised by two mechanisms: electronic EAPs which
are driven by electric field and ionic EAPs which are driven
by the displacement of ions [6].

1) Electronic: The dimensional changes in electronic (field
activated) EAPs are caused by piezoelectric, electrostriction
and Maxwell stress effects [6]. Electronic EAPs are subdivided
by the principal that is their dominant cause for electrostric-
tion. Piezoelectric polymers are characterized by an electrical
polarization that can be modified by an applied electric field
that applies a moment to the polarized groups within the
polymer and physically deforms the the material [4]. Dielectric
elastomers deform due to electrostatic interaction between two
electrodes with opposite electric charge [7].

Piezoelectric polymers are polar polymers that are almost
all in the semicrystaline form [6]. Piezoelectric polymers are
ferroelectric when their polarization can be re-orientated by the
application of an electric field [6]. This re-orientation of the
polarization can produce a contraction in the direction of the
applied electric field of up to 5% [6l]. Multiple ferroelectric
polymers are used to produce actuators such as polyvinyl
fluoride (PVF), polyvinylidene fluoride (PVDF, also abbrevi-
ated as PVF,) or copolymers of PVDF with trifluoroethylene
(TrFE) or tetrafluoroethylene (TFE). To increase the dielectric
constant of the material, electron radiation can be used, but
this treatment is known to have several undesirable side
effects [8]. A higher electromechanical response with respect
to electron radiated material, was realised by the use of



molecular designed terpolymers [4]. The dielectric constant of
terpolymers can be increased by using filler with a high dielec-
tric constant [6]. Ferroelectric polymer actuators can also be
constructed from two components, a flexible backbone and a
grafted polarizable polymer [9][L0]. PVDF-based ferroelectic
polymers are known to be processed relatively easy and to have
large and fast mechanical responses [11]. Driving voltages of
manufactured PVDF-based actuators range from 10V up to
>1000 V [12], power consumption is in the range of miliwatts
[S] and the Young’s modulus is 1462 MPa[l13].

The normal ferroelectric transition can be modified by a
random defect field to realize a reversible phase transformation
between the polar and non-polar molecular forms that converts
a normal ferroelectric polymer into a relaxor ferroelectric
polymer [14]. Relaxor ferroelectric polymers distinguish them-
selves from other polymers by their high dielectric constant
(K > 50) [15] and have a slimmer hysteresis loop compared
to normal ferroelectric materials [16]]. shows the
differences in the polarization hysteresis loops of P(VDF-
TrFE) 50/50 copolymer measured at room temperature, before
and after irradiation [16]].

10 [T T T T T T T T T T T T T T T T T T T
€ sf A i B ]
S | ! ]
L:JL oL =+ ]
S -

Q I
Sr T 1
A 1
_10'| I Nl NI I B A S N A A I e
-2 -1 0 1 2 -2 -1 0 1 2
E (102 MV/m)
Fig. 1. The polarization hysteresis loops of P(VDF-TrFE) 50/50 copolymer

measured at room temperature: (A) before irradiation and (B) after irradiation
with 4 x 10% Gy at 120°C [16].

Dielectric elastomers are actuated by placing a charge on
the surfaces of a thin rubbery dielectric. This can be done
by spraying the charge on the material [[17], but also, more
practical, by using compliant electrodes attached to the mate-
rial [18]. Typical materials that are used to produce dielectric
elastomer actuators are polydimethylsiloxane (PDMS) and a
pressure sensitive tape fabricated by 3M™[19]]. The Young’s
moduli of these materials lie around 0.5 MPa [19].

Dielectric elastomers are known to achieve strains greater
than 100% [4][5[7]. The process of an expanding dielectric
elastomer is shown in

Electromechanical instability can occur within dielectric
elastomers due to wrinkling or dielectric breakdown. Studies
have shown that this problem can be eliminated by lateral pre-
stretch [20] [21]]. Very high bond acrylic tapes (VHB) were
commonly used for dielectric material, but suffer from high
viscoelasticity which prevents fast response of the actuator.
VHB is recently being replaced by silicone-based elastomers
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Fig. 2. Photographed and schematic expanding dielectric elastomers [18].

(polysiloxanes) which show lower viscoelasticity, but also low
dielectric constants [22].

Broad application of dielectric elastomers is forestalled by
the need for relatively high driving voltages in to order of
1kV for electrode separetions of 10 to 100 pm[23]]. Several
methods to lower the driving voltage such as decreasing the
elastic modulus [24]], increasing the dielectric permittivity [25],
decreasing the film thickness [26] and chemical modification
of polar elastomers [27] are being studied.

Common materials that are used for electrodes on dielectric
elastomer actuators include graphite and carbon black. Al-
ternative methods such as compliant metal thin-films, metal-
polymer nano-composites and nanoparticle implantation are
used to miniaturize dielectric elastomer actuators [28]].

2) Ionic: The displacements and shape changes of ionic
EAP actuators are caused by the movement of ions through
the actuator material. Ionic EAP actuators are manufactured
using ionic polymers, conductive electrodes such as metals,
conducting polymers and carbon nanotubes. Driving voltages
of ionic EAP actuators are in the range of 1V to 7V and
powerconsumption is in the range of milliwatts [5]].

IPMCs consists of an ion-exchange polymer film that is
coated with metal electrodes. They offer typical strains of 0.5%
and a typcial stress of 3 MPa when exposed to a relatively
low driving voltage of <10 V. Processing IPMCs is relatively
easy and their potential for miniaturization is good [29][30].
IPMC:s are fabricated by coating an ion-exchanging membrane
(IEM) with an electrode material such as metals (e.g., Au, Pt,
Pd, Ag) or transition metals (e.g., Ni, Fe) on Nafion films
[31]. The Nafion film is soaked in water and when exposed
to an electrical field, cations carry water molecules to the
cathode side. Hereby the cathode side will expand, while the
opposite site will shrink. This causes a bending deformation
in the actuator [29]. An illustration of the process is shown
in The Young’s modulus of manufactured IPMCs
varies between 220 MPa and 830 MPa [32]].

Conventional IPMCs are needed to be submerged in water
to operate, but when the water is replaced by an ionic liquid,
it is possible for IPMCs to operate in air [33].

Conducting polymer EAPs can be constructed from two or
three layers. Bilayer devices are made out of a conductive



o' Hydrated cation

& Water 4 Cation

—=_. Polymer network

Fig. 3. Schematic illustration of an IPMC structure without an applied field
(above) and with an applied field (below). Adapted from [29].

polymer film which acts as an electrode and is connected to a
’no volume-change film’. To make a bilayered device work, a
counter-electrode must be present and the device must function
in an electrolyte solution [6]. Trilayer devices are constructed
from two conducting polymer electrodes with an electrolyte in
between to form a bending EAP actuator. A trilayered device
functions in an electrolytic solution as well to make ionic
conductivity between the two conductive polymer electrodes
feasible, a counter-electrode is then not necessary because
it is integrated in the actuator. The use of an electrolytic
solution can be avoided by using a polymer electrolyte or an
ionic polymer gel between the two conducting polymer layers
which will act simultaneously as a no volume-change layer
[6]. The volume changes that occur in conducting polymer
EAPs are caused by the incorporation and expulsion of ions
and solvents into, and from the polymer electrodes [34].
Conductive polymer EAPs are known to theoretically be able
to produce high force densities up to 450 MPa[35]. Volume
changes between oxidized and reduced states are 30-40% [36].
Young’s moduli of the actuator depend on the saturation of
the material. In 1997 Della Santa et al. reported a saturated
Young’s modulus of (1450 &+ 76) MPa for a linear actuator
while the dry Young’s modulus was (2990 + 94) MPa[37].
The main disadvantage of conductive polymer EAPs is
that the response time of the actuator is limited by the ion
exchange process between the conductive polymer film and
the electrolytic medium. The response time is typically in the
order of seconds [38]. The most efficient way to improve this
ion exchange process is to increase the ionic conductivity of

the electrolytic medium. This could be done by increasing the
ion concentration when a liquid electrolyte is used but thereby
the actuator is forced to work in a liquid medium [6]].

Carbon nanotube EAPs expand when charge is stored in
the nanotubes. Strains of up to 0.6% are reported [39]]. The
arrangement of individual nanotubes has proven difficult to
control [40]. The Young’s modulus of carbon nanotubes is
very high and known to be a function of the tube radius and
helicity. In general it is in the range of 1 TPa [41].

The working principle of ionic EAPs is a flow of ions which
is a disadvantage when power consumption is considered. The
current that is needed for actuation has to be maintained to
keep the actuator in actuated position.

B. Ceramics

Piezoelectric ceramics are ferroelectric materials in which
the ferroelectric behavior is not observed above a certain
temperature called the Curie temperature (T¢) [42].

Ceramics are the most widely used materials for the pro-
duction of piezoelectric smart material transducers. The most
commonly used ceramic is lead zirconate titanate which
was introduced in the 1960s [44] and is abbreviated as PZT.
Unlike electro active polymers, ceramic based smart material
transducers are inflexible and brittle. Ceramic based stacked
smart materials generally produce relatively small strain, large
stress and have a low respone time [1]]. Larger strains are ob-
tained by bending actuators based on ceramics and composites
such as macrofiber composites (MFCs).

The toxicity of lead-based transducers has led to the discov-
ery of lead free alternatives based on NagsBipsTiO3 (NBT)
and Ko 5NagsNbO; (KNN) showing challenging characteris-
tics such as a strong temperature depence and degradation
[43]).

1) PZT: PZT is a polycrystalline ceramic material that
is the most commonly used option for the production of
ceramic actuators. The material consist of a solid solution of
ferroelectric lead titanate (PbTiO3;) and an anti-ferroelectric
lead zirconate (PbZrz). The crystalline structure of PZT can
be altered by changing the ratio of the two components in
the material. For solutions with relatively much titanate, the
material is tetragonal. Relatively high amounts of zirconate
produce rhombohedral material. Coexistance of both phases
is also possible whereby 14 different polarization directions
are achievable [46]. Structural changes of PZT at Curie
temperature and morphotropic phase boundary are shown in

Due to the application of an electric field, the titanate or
zicronate ion moves along the direction of the applied field,
which causes the deformation of the actuator.

The properties of PZT can be influenced by the addition
of isovalent, donor or acceptor dopants. These dopants can
influence the piezo properties, curie point, permittivity, cation
vacancy, electromechanical coupling factor k,, mechanical
quality factor @,,, dielectric loss and create anion vacancies
[47]. Typical strains are in the order of 0.1% and typical
Young’s moduli are in the range of 85 GPa [49]. Thin films
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Fig. 4. Portion of the PZT phase diagram showing structure changes at Curie
temperature and morphotropic phase boundary [46].

of PZT with largely detached columnar grains showed strains
of 0.9% [50]. Driving voltages for PZT actuators are in the
range of 2.5V to 600V, mainly depending on the thickness
of the actuator [51] [52] [53] [54].

To multiply the stroke of a PZT actuator, PZT- and electrode
layers can be placed in an alternate manner upon each other
to form a multilayered stack. Thick layered stacks that need to
be driven by higher fields (due to thickness of the stack) can
be fabricated by cutting pre-sintered blocks and electroding,
poling and bonding them. Thinner stacks that require lower
driving voltages can be fabricated by a tape casting technique
where very thin tapes are produced and stacked on top of
each other. The displacement of multilayered PZT stacks is
generally around 1 pum / 1 mm of height [47]. To achieve more
practical displacements, actuator stacks are generally placed
within an amplifying mechanism.

2) Ceramic Bending actuators: To enlarge the low strain
that is delivered by the piezoelectric ceramic material, the
material can be placed in a bending configuration. The most
common bending actuator configurations are unimorph and
bimorph actuators [55]. Unimorph actuators consist of one
piezoelectric layer and one flexible layer that is not piezo-
electric. When a field is applied to the piezoelectric layer,
the dimensions of this layer will change. The neutral layer
will resist these changes and thereby the actuator is forced
to bend. Bimporh actuators consist of two piezoelectric layers
which, dependant on a parallel or series electrical connection,
are respectively poled in the same or opposite direction [55].
The different assemblies of bi- and unimorph actuators are
shown in

3) Piezoceramic fibers: Aforementioned restrictions of
piezoceramic actuators such as brittleness and small displace-
ments can also be remedied by using piezoceramic material in
a polymeric matrix [57]. The strenght of crystalline materials
is usually much higher in fiber form and the flexible nature
of the polymer matrix makes the actuator bendable. The inter-

(c) Unimorph

Fig. 5. Piezoelectric bimorph series (a), parrallel (b) and unimorph (c)
actuators adapted from [56].

digitated electrodes that are visible in causes much
higher forces/displacements due to the stronger longitudinal
(ds3) piezoelectric effect [58]]. These composites are available
under multiple commercial titles such, Active Fiber Composite
(AFC) and Macro Fiber Composites (MFC).
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components together.
Permits in-plane
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rectangular
piezoceramic fibers

Improved damage
tolerance and flexibility
relative to monolithic
ceramic.

Fig. 6. A schematic view of MFC adapted from [58].

Piezoceramic fiber for the use in actuators such as AFC
actuators were traditionally extruded in a cylindrical form
which made the manufacturing process, and thereby the actu-
ators, expensive. MFC was developed by the NASA Langley
Research Center by using low-cost piezoceramic wafers that
were diced to produce the needed fibers. The costs of pro-
ducing and handling the fibers became much lower by this
manufacturing technique [57]]. As is visible in the
piezoceramic fibers wihtin MFC are rectangular shaped due
to the dicing and surrounded by a polymer matrix. Maximum
operational strain rates of 0.099% and operational stress rates
of 33 MPa at driving voltages of 3kV are reported in liter-
ature [57|] for LaRC-MFC™baseline actuators. Like normal



piezoceramic actuators, piezoceramic fiber actuators have no
special requirements on their surroundings. Comprehensive
information about manufacturing techniques and applications
of several piezoceramic fiber actuators including AFC and
MFC can be found in an overview written by Williams in
2002 [58].

III. DISCUSSION

In the characteristics of EAPs, ceramics and
SMAs were discussed. The performance of these materials
as the foundation of a smart material transducer depends on
their behavior in the fields of strain, stress, driving voltage,
response, power consumption and requirements on their sur-
roundings. These aspects of the different materials described
in is summarized in Stresses are estimated
by multiplying the strain with the Young’s modulus as can be

seen in [Equation

o=c¢F

(D

In it was found that, next to differences in stress
and strain, the materials distinguish themselves on driving
voltages, power consumption and whether or not there is a
need for an electrolytic surrounding. While all ionic actuators
fundamentally have the need for an electrolytic surrounding,
literature presents several ways of how this surrounding can
be omitted [6] [33]. The choice for a material to form an
actuator should be made on the specific demands of the
application. As can be seen in there is no material
without disadvantages. If power consumption is not an issue
for the specific application, conducting polymers are closest
to an adequate all-rounder.

IV. CONCLUSION

The eligibility of the different materials for the use in smart
material transducers depends on demands of the end-user.

« High strains are achieved by dielectric elastomer actuators
at the downside that they produce relatively few stress and
need very high driving voltages.

o Carbon nanotube actuators are able to produce very
high stress but are difficult to manufacture. Conducting
polymer actuators are able to deliver high stress and
strain. A drawback to carbon nanotube actuators, con-
ducting polymer actuators and fundamentally all ionic
EAP actuators is that they consume large amounts of
power.

o Electronic EAP actuators are preferred if there is a
need for low power consumption. An alternative that
consumes slightly more power could be provided by
ceramic actuators.

e Ionic EAP actuators are able to function on low driv-
ing voltages. They do however, have the need for an
electrolytic environment. While this environment can
be achieved in several more or less intrusive ways, it
complicates the manufacturing process of both actuator
and instrument.

PVDF based actuators do not excel on stress nor strain,
but are overall good achievers with practical stress and
strain values. They functions on driving voltages starting
at 10V, consume little power and have no restrictions on
their surroundings.

NOMENCLATURE
K Dielectric constant [—]
kp Electromechanical Coupling Factor [-]
Qm Mechanical Quality Factor [-]
E Young’s modulus [Pa]
o Stress [Pa]
e Strain [-]
P Polarization [C m 2]
E Electric field [Vm™!]
Tc Curie temperature [°C]
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3 Planar approach for designing and
fabricating active metamaterials

Shape changing active metamaterial could form the structural backbone of an object as well as deliver the
actuation. The integration of these two functions saves design space and allows for creative topologies. The
outlook of realizing active metamaterials via integration of actuation paves the way for non-rigid body
deformations and broadens the view on potential applications. At the moment such a system cannot be
realized due to the lack of appropriate designs and manufacturing methods. The objectives of this paper are
(1) the employment of smart materials to make metamaterials active, (2) proposing a method of how to
realize this using production materials and (3) employing these methods to build a small metamaterial
demonstrator that functions both as the actuator and the structure. In this work this was done by designing
and constructing a tube shaped metamaterial demonstrator of a high precision positioning system. The 3D
geometry of the metamaterial was built by layering planer pre-fabricated structures which use smart
material for actuation. The design of the unit cells can be implemented in metamaterial of any shape and
allows for miniaturization, which extends its applicability. The metamaterial was capable of vertical
displacements, and the constructed tube was able to bend itself. The measured maximum amplitudes of a
single layer and the three layered stack were respectively 4.60 um and 6.91 ym. Roll movement of the top
layer of the stack was achieved with a lowest point of -0.13 ym and a highest point of 8.49 pym. The system
showed that smart materials are a suitable choice to make metamaterial active, and that active
metamaterial could be produced using production material. The planar approach for design and fabrication,
provides a relatively simple and fast method for building metamaterial in general.
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Planar approach for designing and fabricating active
metamaterials
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Abstract—Shape changing active metamaterial could form the
structural backbone of an object as well as deliver the actuation.
The integration of these two functions saves design space and
allows for creative topologies. The outlook of realizing active
metamaterials via integration of actuation paves the way for
non-rigid body deformations and broadens the view on potential
applications. At the moment such a system cannot be realized due
to the lack of appropriate designs and manufacturing methods.
The objectives of this paper are (1) the employment of smart
materials to make metamaterials active, (2) proposing a method
of how to realize this using production materials and (3) employ-
ing these methods to build a small metamaterial demonstrator
that functions both as the actuator and the structure. In this
work this was done by designing and constructing a tube shaped
metamaterial demonstrator of a high precision positioning sys-
tem. The 3D geometry of the metamaterial was built by layering
planar pre-fabricated structures which use smart material for
actuation. The design of the unit cells can be implemented in
metamaterial of any shape and allows for miniaturization, which
extends its applicability. The metamaterial was capable of vertical
displacements. The constructed metamaterial tube was able to
bend itself. Measured maximum amplitudes of a single layer, and
the three layered stack were respectively 4.60 um and 6.91 pm.
Roll movement of the top layer of the stack was achieved with
a lowest point of —0.13 um and a highest point of 8.49 um. The
system showed that smart materials are a suitable choice to
make metamaterial active, and that active metamaterial could
be produced using production material. The planar approach
for design and fabrication, provides a relatively simple and fast
method for building metamaterial in general.

I. INTRODUCTION

High precision positioning systems are a valuable asset in
the race for smaller feature sizes in high tech industry. The
power transmission systems of these systems occupy design
space which limits the miniaturization of the system. Geared
power transmission systems suffer from backlash, which is
a fundamental issue that originates from the use of gears. It
can be introduced intentionally in the design, but also caused
by errors or wear and is the cause of non-linear behavior in
the equations of motion of a system [1]. Research has been
done on modelling [1]], eliminating this backlash mechanically
[2] and compensation it by control [3]]. Another complication
of the use of gears is the production of wear particles. The
mechanical contact between gears can be the reason for the
presence of these particles that are caused by fatigue wear,
abrasive wear or adhesive wear [4].

If metamaterial would be able to actively change the char-
acteristics and shape of its unit cells, the dimensions of the
material could be altered. Unit cells of active metamaterial
could form the structural backbone of the object, as well as

deliver the actuation. Integrating these two functions in the
unit cells would safe valuable design space. As each unit cell
could be altered, the object would be able to deform freely.
The use of solid state actuators for activation the unit cells
could rule out any backlash in actuation. Being able to locally
adjust the material, would also allow for the correction of local
deformations and isolation of vibrations by the structure itself.
These capabilities would extend the potential applicability
of shape changing-metamaterial far from positioning systems
only.

Very few work has been done on actively changing the
dimensions of metamaterial by deforming the unit cells. In
2016 a kirimigami inspired study has been done by Overvelde
et al. which achieved a metamaterial with a tunable shape [3].
The actuators that were used for this study were tactical placed
air pockets by which the cubic unit cell could be flattened. In
2021 Jothis manufactured shape changing metamaterial with
miniaturizable unit cells that were able to amplify the input
of piezoelectric actuators by 9.28 times [6].

The use of piezoelectric material in a bending setup to
planarly manufacture active metamaterial, was not part of
earlier research and has the potential to be miniaturized. At
the moment such a system cannot be realized due to the lack
of appropriate designs and manufacturing methods. The objec-
tives of this report are (1) the employment of smart materials
to make metamaterials active, (2) proposing a method of how
to realize this using production materials and (3) employing
these methods to build a small metamaterial demonstrator
that functions both as the actuator and the structure. In
this work this was done by designing and constructing a
tube shaped metamaterial demonstrator of a high precision
positioning system. The 3D geometry of the metamaterial
was built by layering planar pre-fabricated structures which
use smart material for actuation. The design of the unit
cells can be implemented in metamaterial of any shape and
allows for miniaturization, which extends its applicability. The
metamaterial will be validated in measurements on vertical
displacements of the individual layers, and measurements on
the vertical displacement and roll movement of the stack.

The remainder of this paper is organized as follows. In
the methodology for designing, modelling, realizing
and testing active metamaterial consisting of three stacked
planar rings is outlined. The results of fabrication, as well
as the results of measurements on vertical displacement and
roll movement, are shown in These results and the
opportunities for further research are discussed in



whereafter the conclusion is reached in [section VI

II. METHODS & MATERIALS

In the logic behind the design and the

choice of materials is explained. The expected displacement
is calculated in Fabrication and the use of
materials are described in [subsection II-Cl whereafter the mea-
surements setups and the conducted experiments are described
in [subsection TI-D

A. Design

At the moment, additive manufacturing methods are not
mature enough to make active metamaterial. An alternative
method is to assemble active metamaterial from simple pre-
fabricated components. This can be realized by separately
fabricating the active and passive components, and afterwards
laminating them. Afterwards the laminated layers can be
stacked into a metamaterial.

Active metamaterial is able to locally adjust the stress or
strain profile within the material. The use of piezoelectric
actuators enables the actuation to be compactly integrated in
the metamaterial. This makes a separate motor redundant and
saves design space.

In this study this technique is employed to realize a cylin-
drical demonstrator of such active metamaterial. This design
is representative of a range of potential active metamaterial
applications, such as an enclosure of a machine, an actuated
optical column or a positioning stage.

The choice of using the actuators in a bending setup is made
to amplify the range of the actuators. This omits the need for
a motion amplifier. The tunability of each unit cell enables
the metamaterial to deform freely. Hereby not only vertical
displacement can be reached, the tube will also be able to
bend itself in a desired direction.

A planar design is chosen because it simplifies manufac-
turing. The layers can be seen in Two layers are
connected to form the unit cells of the metamaterial. A unit cell
is showed in|[Figure 1b] These cells can be stacked to form the
metamaterial and increase the range. The planar design consist
of a spring steel ring with six segments that each contain 4
laser cut piezoceramic elements. These elements are aligned
in such a way that they create a wave form in the spring
steel ring when they contract. The placement of the actuators
and the wave form are visible in respectively and
The design of the stacked rings that form the

-

(b) Wave formed by actuators

(a) Actuators on the ring. during actuation.

Fig. 1: Placement of actuators.

metamaterial is showed in After every two waves,
the ring is connected to the ring above. This results in three
evenly distributed connections between every ring. Dividing
the rings in pairs of two waves was originally intended to
provide width compensation when actuating the stack.

Fig. 2: Metamaterial design.

B. Modelling

The concept that is used to create displacement is the
concept of a unimorph actuator. Such an actuator is simply
a contracting piece of material bonded to a flexible sub layer.
The expected displacement § for an actuator like this, is
calculated by equations for unimorph actuators clamped

at one side and can be seen in [Equation

_3I?AB(B+1)

0= h—% i) ds1V
A=t

E, M
Bl

hp

D = A’B* + 2A(2B +3B* + 2B*) + 1

PZT-5H and 1.4310 stainless steel properties as well as
actuator length can be found in For the sake of
simplicity the calculations are done for a rectangle actuator.

The outcome of is a displacement of 3.13 um.

E, [Pa] 61*%10"9
E; [Pa] 193*10"9
pp kgm™3] 7500
Density 1.4310 stainless steel ps [kgm—3] 7872
Coupling factor ds1 [CN—1]  320%10™-12
Voltage \% 80

Young’s modulus PZT-5H
Young’s modulus 1.4310 stainless steel
Density PZT-5H

Height PZT-5H hp [m] 0.19%10°-3
Height 1.4310 stainless steel hs [m] 0.10%10"-3
Length of the actuaor [ [m] 3.0-10"-3

TABLE I: Material properties.

The placement of two actuators close together in a scheme as

is visible in should give double this displacement
which is 6.26 um.



C. Realisation

The actuators for this project that are visible in
should have a shape that follows the form of the flexible ring

that is underneath. Therefor a plate material was preferred
that would allow for cutting it into the right shape. PZT-
S5H Piezoelectric Plate (PSI-SH4E) was chosen as actuator
material because of its availability in plates and that it is easily
cuttable by laser. The rated drive voltages are +/-84 V. The
material expands in thickness direction and contracts in length
and width direction if an electric field of the same polarity
and orientation as the original polarization field is applied.
Motion in thickness direction of the plate with a thickness
of 0.19mm is in the order of tens of nanometers. Motion in
length direction of the plate with a length of 34.9 mm is in the
order of microns [9]. Cutting PZT in the desired shape will be
done using and Optec WS STARTER laser micro machining
system which uses a Talon 355-12 (15 W) laser.

The ring beneath the actuators visible in is the
flexible sub layer of the design. For this layer, 0.1 mm 1.4310

stainless steel is chosen because it is flexible, conductive,
durable and suitable to multiple adhesion techniques such as
welding and glueing. Cutting the spring steel in the desired
shape will be done using the same Optec laser as is used for
cutting the PZT.

Multiple assembling techniques were used during the re-
alisation of the metamaterial. To fixate the PZT elements
on the spring steel ring, an alignment and clamping tool
was designed. The model of this clamping tool is shown in
The clamping tool will be printed on a Formlabs
Form 3+ stereolithography printer. The bottom layer will be
printed using Formlabs Grey V4 resin. It has three columns
distributed evenly at the outside of the design to align the
second and third layer. The part will function as an inlay for
PZT elements and secures room for spacers between the rings.
It accommodates 24 PZT elements of each 11 degrees and 12
spacers of each 5 degrees. The margins between each element
or spacer are 1 degree. The spacers will connect the individual
layers to form the metamaterial. The peaks of the bottom layer
will be connected to the valleys of the upper layer. This way
will allow for the displacements of the individual rings to
add up. The spacers will be placed between the waved layers
at three points distributed evenly over the six waves in the
ring. The middle layer will be made from Formlabs Elastic
50A to ensure sufficient flexibility. It is intended to put equal
pressure on the ring and has a flat surface with three small
blocks of material placed at the outer diameter of the ring.
These blocks can fixate the ring and center it. The flexibility
of the part will compensate for minor imperfections when
the setup is pressurized. The top layer functions as a force
distributor which distributes the force of the clamp evenly to
the flexible middle layer. The top layer will be made from
the same material as the bottom layer to provide the needed
stiffness.

To prevent exposure of the glue to excessive amounts of
heat, the PZT elements will be soldered before they are glued.

Fig. 3: Clamping tool.

To keep the elements flat, they will be soldered onto copper
foil. The flatness is needed to fit them in the alignment tool
after soldering. Soldering will be done using low temperature
Chipquik SMD291SNL (Sn96.5/Ag3.0/Cu0.5) soldering paste.
Strips of copper foil will be laid down on a hot plate. A drip
of soldering paste will be placed on the strip, after which the
PZT element will be placed upon the drip. When subsequently
the hot plate is turned on, the elements will be soldered to the
copper strips.

The actuators will be glued to the spring steel ring. This
ring will replace the function of the electrode to which it
is glued. Glueing the actuators onto the spring steel will
be done with slow hardening, two component, epoxy glue.
The slow hardening characteristics of this glue provides 30
minutes handling time which will be welcome while aligning
the actuators. Due to clamping during the glueing period, the
layer thickness of the glue will be very thin compared to the
thickness of the PZT. Both combinations will act as parallel
plate capacitors. The characteristics of the new parallel plate
capacitor that is slightly thicker by the added layer of glue,
should not change significantly compared to the original one.
The added layers can be seen in [Figure 4

Parallel plate

Spring steel : capacitor with glue
Glue —
Electrode «+—— Original parallel
PZT plate capacitor

Electrode

Fig. 4: Original and new parallel plate capacitor with glue.

The copper strips connected to the PZT elements will be
wired by soldering coated 0.25 mm copper wire onto strips.
The elements will be wired per group of 4 PZT elements which
together form a wave. The spring steel ring, which functions as
the negative electrode, will be wired by winding a wire around
the ring and afterwards soldering the winding. Although the
solder will not bond to the stainless steel, this process will
result in mechanical friction between the wire and the ring.



The first layer will be fixed on 3D printed base by using
printed clamps. Stacking the second layer on the first layer,
as well as stacking the third layer on the second layer, will
be done using non permanent fasteners. These fasteners will
fixate the layers with respect to each other and provide spacing
between the layers. They distribute the displacement of the
bottom layer to the one above. By using this non definitive
connection between the layers, the formed metamaterial re-
mains detachable. Choosing the placement of the fasteners will
be done by finding three approximately equal displacements
on the bottom ring and connecting those to three valleys of
the top ring. This process is discussed later in this section and

in [section TV]
D. Experiments

During the experiments the amplitudes and displacements of
segments are measured when a signal is fed to one, multiple,
or all of the segments of a ring or a stack. The measurements
were focused on vertical displacement and measurements
on width compensation were omitted. Recommendations for
further research on this matter can be read in
Roll movement will be achieved by choosing specific segments
in each layer to become active. These segments will be chosen
based on their relative position towards the fastener that is
wished to distribute the displacement to the next layer.

Two measurement setups were used during the experiments.
A single point setup for fast measurements in a single point,
and a multipoint setup to measure the deformation of an entire
layer. The setups present the movement of the metamaterial
in a different way. The single point setup shows displacement,
where the multipoint setup shows the amplitude of an oscilla-
tion.

1) Single point: Single point measurements for displace-
ment were done on a setup consisting of a National Instru-
ments NI USB-6211 multifunction I/O device and a laptop
running Labview software to generate functions and read
the inputs from the Micro-Epsilon ILD1750-2 laser distance
sensor. This sensor uses optical triangulation to define the
distance of an object relative to the sensor. The setup can
be seen in The generated singal was amplified by
an Smart Materials MFc 1500/20 high voltage amplifier. The
output of these measurements are the voltage on the system,
the measured displacement, and the current through the system
at every 0.01s. The results were analysed using Matlab. The
signals that were fed to the metamaterial are two sines of
1 Hz. One between 0V and 76.2V, and one between —84V
and 84 V.

2) Multipoints: Multipoint measurements were done by a
Polytec PSV-400 scanning laser Doppler vibrometer (LDV)
setup visible in [Figure 6] A laser is pointed at a moving target,
the reflected beam has Doppler shift due to the motion of the
target. The vibrometer can be set to do these measurements on
multiple points. Displacements are calculated from this data
by the accompanying software. Multiple measurement points
are presented in an image laid over a picture of the object
to give a 3D visualization. The signals that were fed to the

Fig. 5: Single point setup.

metamaterial are two sines of 1 Hz with relatively V,,,;, =0V
& Viep = 80V and Vi, = =84V & Vi, = 84V,
These signals were generated by the vibrometer controller
and amplified by a Thorlabs HV200 amplifier. Results were
analysed using the following settings: point data, single scan
point and displacement that was calculated from velocity.

Fig. 6: Multipoint setup.

The signal was kept above OV and below 84V during
the bulk of the experiments. The choice to keep the voltage
positive at first, was made due to concerns of depolarization.
After consulting the manufacturer, negative voltages were used
in the last stage of the experiments. 84 V was the maximum
rated voltage for the PZT plates by the manufacturer. The
current through an actuator can be calculated by
[10].

i Cau(t)
ot
u(t) = Asinwt @

i(t) = CAw cos wt
Where the capacitance C' of the used actuator is 80 nF [9]
which results in a current with an amplitude of 107°A for
the used frequencies and voltages. Currents this small are not
measurable by the used setups.

III. RESULTS

The results are divided into the results of the fabrication
process in [subsection I1I-Aland the results of the measurements
in [subsection TIT-Bl



A. Fabrication

Laser cutting the spring steel resulted in a flat ring with
an outer diameter of 40 mm and an inner diamter of 30 mm
without any bends or scratches which was desired for later
processing. The cut ring is showed in

Fig. 7: Laser cut spring steel.

The pzt plates were cut into segments of a ring with the
same dimensions as the spring steel ring. Mutiple of this

segments cut from a PZT plate are shown in [Figure 8

Fig. 8: Laser cut PZT plate.

The design of the clamping tool as was described in
results in an evenly filled out bottom layer of the

tool visible in [Figure 9|
The result of soldering the PZT elements to copper strips

using a hot plate can be seen in The achieved,
flatness which is needed to fit them in the alignment tool, is
shown in [Figure 9} The result of the PZT elements glued upon
the spring steel ring is shown in Winding a wire
around the ring and afterwards soldering the wire results in a
low resistance of around 1§2 from the wire to the ring.

The clamps that are used to fix the first layer on the base
can be seen in[Figure 12} Stacking the second layer on the first
layer, as well as stacking the third layer on the second layer,
was done by using two adjusted miniaturized clothespins glued
together. The stacks of two and three layers are showed in
respectively [Figure 13al and [Figure 13b] The segments that are
activated to achieve roll are visible in and correspond
to the positions shown in [Figure 14] The abbreviations are
based on the accompanying wire colors in Dutch and are
written out in

B. Measurements

1) Individual rings: The maximum amplitudes of the rings
with all segments active were measured to analyse the follow-
ing subjects:

Fig. 10: Several PZT elements soldered onto copper foil.

e The performance of the individual rings

o The variation between the rings

o The influences of the clamps

« The influence of the segments on each other

The results for measuring the maximum amplitudes of ring 1,
2 and 3 with all six segments active are shown in respectively
[Figure 15a] [Figure 15b| and [Figure 15c| These experiments
achieved maximum amplitudes in the range of 3.9um to
4.6 pm. Zero displacement is shown at the 3 places where
the rings are clamped to the base. Large variations in segment
performance is shown in all rings. For ring 1, segment WT
shows the lowest amplitude, for ring 2, segment WT shows
the lowest amplitude and for ring 3, segment GRS shows the
lowest amplitude. Minimum and maximum amplitudes of each
of the three rings are shown in

To get to know the influence that the combinations of
segments have on each other, the three combinations of
segments between the clamping points are activated. The
results for measuring the amplitudes of the combinations of
ring 2 are shown in [Figure A.6| |[Figure A.7| and [Figure A.8|
Comparable amplitudes in the range of 3.28 um up to 3.94 ym
are measured.

The variations between the segment of a single ring were
studied by measuring the amplitudes of the individual seg-
ments of ring 3. The results of these measurements are shown




Fig. 11: Prototype ring with PZT elements.

@,

Fig. 12: First layer clamped on base.

=

in [Figure A.9|up to [Figure A.14] The maximum amplitude of
each segment of ring 3 is shown in

To compare the measurements of the single point setup
with the multipoint setup, the displacement and amplitude of
segment GL is measured by both setups. The results of these
measurements are visible in [Figure A.2| and [Figure 15al The
maximum displacement and amplitude are shown in [Table V1|

~

(b) Three layered stacked
metamaterial.

(a) Two layered stacked
metamaterial.

Fig. 13: Stacked metamaterial.

Orange OR
White WT
Gray GRS
Green GRN
Yellow  GL
Purple  PRS

TABLE II: Wire color abbreviations

Stacking the layers to add up the displacements and increase
the range of the metamaterial is an important goal of this study.
The displacement and the amplitude of segments GRS and
PRS were measured by respectively the single point setup and
the multipoint setup. To see the effect of stacking the layers,
measurements were done on all segments. The results of these

measurements are showed in |[Figure A.2) and |Figure 16al A
comparison of the measurements is given in
Bending is on of the expected features of the presented

metamaterial concept. For this bending action, roll movement
of the top of the stack is needed. This movement was ex-
perimentally checked by activating the segments shown in
[Table TI1] from [section 11| To see the effect of activating these
segments, measurements on all segments were done during roll
movement. The results of these measurements can be seen in

2) Stacking the rings: To find three approximately equal
displaced segments to interconnect by the improvised clamps,
measurements on the amplitudes of the bottom layers were
done. The results of these measurements are shown in
up to After stacking the middle
layer on the bottom layer, the amplitude distribution of the
displacement by the improvised clamps is checked. Ideally
these measurements should show comparable results to the
first measurements. To check this distribution, the connection
points of the clothespins on the middle layer are measured.
These connection points are the valleys of the middle layer.

The results of these measurements are shown in
up to A summary of the measurements is
given in These measurements are repeated on
the middle layer to find attachment points for the top layer.
The results of these measurements are shown in
up to The results of the measurements on the
connection points of the top layer are shown in
up to A summery of the measurements is given
in

[Figure 16b] The lowest point shows an amplitude of —0.13 um
while the highest point is showing an amplitude of 8.49 um.
To increase the range of motion, the actuation was ex-
tended to the maximum allowed range. The displacement and
amplitude of segment WT were measured, while feeding a
signal of Vi, = —84V and V4, = 84 V. The results of
these measurements on displacement and amplitude can be
seen in respectively [Figure A.2|and [Figure 16¢| A comparison
between the measurements is given in[Table X] To compare the
response of the system while being fed a positive signal, to the
response while being fed a both positive and negative signal, a
measurement on the system without input is needed. The result
of this measurement, together with measurements for the plus
and plus-minus signals, using the single point setup is shown

in The measurement stated approximately 9.8 um.

IV. DISCUSSION

A. Discussion

1) Measurements and expected displacement: The expected
outcome of the design is that only positive displacements



Top GRN | GRS | WT
Middle | GRS | WT OR
Bottom | GL PRS | OR

TABLE III: Active segments for roll.

Fig. 14: Top view of the stack with annotated segments
(Bottom: blue, middle: yellow, top: white).

should occur when positive voltages are applied. When both
positive and negative voltages are applied, also negative dis-
placements should be visible. This expectation is validated by
measurements on the single point setup with a zero volt singal,
a strictly positive signal and a both positive and negative
signal. The results of these measurements are shown in
It can be seen that measurements with only positive
voltages do not show values below the ’zero measurement’.
The measurement with both positive and negative values shows
comparable amplitudes up and under the ’zero measurement’.

The multipoint setup is a vibrometer that is intended to show
vibrations. While only positive voltages are applied and only
positive displacements occur, the software 'wants’ to show a
vibration which results in a measurement with an amplitude
that is half of the actual value and a movement that goes
both up’ and down’. Valley to peak values of the multipoint
setup are comparable to the single point setup. This can be

seen in where the same signal was fed to the
system as the Plus-Minus signal in For the sake

of simplicity, amplitude measurements of the multipoint setup
were not converted.

2) Individual rings: The concept of multiple actuators on
the top and bottom of a ring was able to successfully create
waves in a ring. Thereby the concept can be used to create
vertical displacements and could be interesting for building
positioning systems. In an expected displacement
of 6.26 um was noted. The equation that is used, is for an
actuator that is clamped at one side, and moving freely at the
other. shows displacements of around 8 pm which is
in the same range. Differences between the calculated value
and the measured value are likely to occur due to influences
of clamping, other segments and alignment faults which result
in more or less space between actuators then was intended.

There are variations in the amplitudes of the segments of

Ring 1 | Ring 2 | Ring 3
Min. ampl. [pm] | 0.543 1.133 0.057
Max. ampl. [um] | 3.939 4.148 4.600

TABLE IV: Results for actuating all segments for ring 1, 2
and 3. Minimum and maximum segment amplitudes are
given for each individual ring.

GL
2.92

GRN
3.61

GRS
2.59

OR
1.55

PRS
1.53

WT
2.87

Max. displ. [um]

TABLE V: Results for actuating all segments for ring 3.
Amplitudes are given for each individual segment.

ring 1, which is visible in One cause that likely

contributes to these variations is the misalignment of the
actuators of segment WT. The actuators moved slightly during
the glueing process which resulted in overlap of the top and
bottom actuators, as well as rotations. These misalignments
are notable if looked closely at in Variations in
the amplitudes of ring 2 and 3 are believed to be the result of
clamping the rings on to the base. This effect is better visible
in where the ring seems to pivot around the lowest
clamping point.

shows variations in the amplitudes of the individual
segments of ring 3. Segments OR and PRS show less ampli-

tude when compared to the other segments. In

and it can be seen that the surrounding segments
of both segment OR and PRS are ’pushed’ below zero. The

reason for this behavior could be a variation in clamping force
of the lowest clamping point when compared to the other two
clamping points, as the behavior is not showed around other
clamping points in [Figure A.9| up to [Figure A.14]

3) Stacking the rings: Three rings were successfully
stacked into a metamaterial which resulted in an increased
range. The created metamaterial can both function as the
structural backbone of a system as well as the actuation part.
Stacks of the unit cells can be formed in any wished shape
which extends the applicability of the concept. Next to the
ability to create a vertical displacement, the metamaterial also
proved capable of creating roll movement. This allows the
metamaterial tube to bend itself in every wished way. Due to
the miniaturizability of the concept, the bending of the tube
could be interesting for applications other than positioning
such as application in the medical field.

Measurements done on segments GRS and PRS of the top
layer of the three layered stack were shown in
Amplitudes and displacements of the stack proved to be larger
than amplitudes and displacements of the individual rings.

[Table VTI| and [Table VI show differences between the
amplitudes of the attachment points of the clothespins on the
lowest ring, and the amplitudes of the clothespins connected
to the highest ring. These differences are visible for both the
connections between the bottom ring and the middle ring,
as well as for the connection between the middle ring and
the top ring. The differences are both positive and negative.
The highest measured difference in amplitude is 1.77 ym for




(a) Ring 1

—~ N

(b) Ring 2

e
OR

(c) Ring 3

Fig. 15: Results for measurements on maximum amplitudes of ring 1, 2 and 3 with all six segments active.

(a) Measurement on segment GRS with all
segmetns active.

(b) Measurement on segment PRS during
roll movement.

(c) Stack, three layers, WT,
Vinin = —84V and V00 = 84V.

Fig. 16: Results for measurements on the three layered stack.

Ring 1 GL
3.94

~ 8

Multi (amplitude) [pm]
Single (displacement) [um]

TABLE VI: Results for measurements on segment GL of
ring 1 with both multipoint and single point setup.

GL GRS | OR
Peak [pm] 298 | 1.68 1.90
Valley [um] | 2.33 | 0.89 2.89

TABLE VII: Results for measurements on peaks of bottom
ring and corresponding valleys of middle ring.

segment OR between the middle and the top ring. A possible
explanation of these relatively large differences can be found in
the stiffness of the wires that were used to drive the actuators.
By choosing thin coated copper wires, the stiffness of the
wiring was minimalized during design. It was however found
that 0.1 mm stainless steel rings, in combination with the
actuators, does not provide large stiffness. While guiding the
wires of the middle and top ring through the bottom ring, the
stack showed movement. Despite minimalizing the tension on
the wires after installing the middle and top layer, there could
be some tension left that resulted in displacements within the
stack. Considering the low weight of the layers, the weight of
the added layer is not expected to contribute to the differences.

Roll movement showed a relatively large maximum ampli-
tude of 8.49 um from segment GRS. This value is larger than
the value of 6.91pm that was measured at the same point
with all the segments of the three layered stack active. An
explanation for this behavior could be that tension is build
up by the activation of some segments which counteracts the
intended motion.

OR | GRS | GL
Peak [pm] 4.05 | 4.13 3.79
Valley [um] | 3.50 | 3.27 2.02

TABLE VIII: Results for measurements on peaks of middle
ring and corresponding valleys of top ring.

GRS PRS
Multi [um] | 6.91 5.62
Single [um] | =~ 12,5 | =~ 12.5

TABLE IX: Results of actuating all segments of the stack.
Amplitudes and displacements of segment GRS and PRS are
given.

Driving the stack with a sine signal between —84V and
84V, more than doubled the measured displacement compared
to driving the stack with a sine signal which was kept between
0V and 84V. This can be seen in where the
results are showed for measurements with the single point
setup, without setting the minimum displacement to zero.
This figure also shows the result of approximately 9.8 pm
for a measurement without input. When the both positive and
negative signal is fed to the system, shows that
this point can be viewed as the middle point around which the
system oscillates. The lowest value is approximately —8 pm,
the highest 28 um.

4) Metamaterial: The results that were presented in
showed that the proposed methodology proved suited
for building active metamaterial. The relatively simple fabri-
cation process is suitable for miniaturization and allows for up
scaling the production of metamaterial. These characteristics
make active metamaterial more accessible and broaden the
employability, which paves the way for further research on



Stack WT
17.09
~ 36

Multi (amplitude) [pm]
Single (displacement) [pm]

TABLE X: Results of actuating all segments of the stack.
Amplitudes and displacements of segment WT are given.
Vinin = —84V and V,,,,. = 84 V.

metamaterial structures.

B. Further research

The methodology that is presented allows for a relatively
simple and fast production process of active metamaterial. This
makes active metamaterial a more competitive option in many
research problems and should lead to more implementations
in designs. To encourage this, the planar design of active
metamaterial should be further investigated and combined with
control.

The locally tunable unit cells of active metamaterials could
be ideal for absorbing high local impacts such as bullets.
Planarly designing such a device could keep costs low and
fabrication relatively simple. A controller could manage the
collaboration off all unit cells to gradually absorb the energy
and safely distribute it to the human body. The unit cell for
such a project should be able to change its shape, stiffness and
damping rapidly. Smart material actuators could provide the
fast response that is needed to achieve this.

For future work on this particular design, it would be inter-
esting to further study the characteristics of the metamaterial.
For example, the tunability of the shape of the unit cells
can be exploited to create a material with tuneable damping
and stiffness when it would be complemented with control.
This project focused only on displacements of the active
metamaterial setup. The layers are made up out of flexible
material and the actuators are suitable for high bandwidth
applications. This combination would make it interesting to
study the dynamical behavior. The metamaterial proved very
capable of roll movement as was discussed earlier in this
section. It would be interesting to build a controller to control
the movement of the material and study the performance on
this matter.

Improvements on the metamaterial can be made by changing
the design for a specific goal, optimizing the alignment and
clamping tool, the use of thicker spring steel and refine-
ment of the spacers. The design with six waves and three
connection points was originally intended to provide width
compensation when actuating the stack. To make this possible,
a new rest state of 50% actuation was proposed as can be
seen in Vertical enlargement of the stack would
not cause a narrower stack as the neighbor segment would
compensate for the narrowing. This process is showed in the
fully actuated state in During the experiments,
measurements were focused on vertical displacement of the
stack and measurements on width were omitted. Experiments
on width compensation with the demo model could provide
useful information for applications where the width should

(a) 50% actuated stack.

(b) 100% actuated stack.

Fig. 17: Width compensation.

remain unchanged. Driving the stack with a controller instead
of manually, would highly simplify this experiment.

If the aforementioned width compensation is not pursued,
three waves would suffice per layer. This would allow for
more room per actuator on the ring. Hereby not only tip
displacement ¢ can be exploited, but also the rotation angle of
the tip in combination with the space between the actuators.
This way, with less actuators, a larger displacement can be
achieved.

Further development of the alignment and clamping tool
could provide more consistent placement of the actuators on
the stainless steel rings. This would rule out a large amount
of the uncertainties faced while interpreting the results. If
the actuators are capable of bending thicker stainless steel
rings, these rings could provide more stiffness to the setup. A
demonstrator which deformations are visible with the naked
eye could be designed by choosing different actuator material
and pair it with a matching flexible sublayer. A higher stiffness
of the setup would result in a relatively lower influence of the
stiffness of the wires on the setup. Ideally the clamping points
on the base should be as thin as possible. This way they will
take up the least amount of torque, which will minimize the
influence on the behavior of the ring. The adjusted clothespins
that are used, are clamped on the rings. This provides a
sufficient connection for low frequency use. If dynamical
behavior would be of interest, a more rigid connection between
the rings would be preferred.

V. CONCLUSION

The objectives of this study were (1) the employment of
smart materials to make metamaterials active, (2) proposing a
method of how to realize this using production materials and
(3) employing these methods to build a small metamaterial
demonstrator that functions both as the actuator and the
structure. This work designed and constructed a tube shaped
metamaterial demonstrator of a high precision positioning
system. The system showed that smart materials are a suitable
choice to make metamaterial active, and that active meta-
material could be produced using production material. The



planar approach for design and fabrication provides a relatively
simple and fast method for building metamaterial in general.
The metamaterial was capable of vertical displacements, and
the constructed tube was able to bend itself. The measured
maximum amplitudes of a single layer and the three layered
stack were respectively 4.60 um and 6.91 um. Roll movement
of the top layer of the stack was achieved with a lowest point
of —0.13 pm and a highest point of 8.49 um. The metamaterial
that was created can both function as the structure of a system,
as well as provide the actuation. The methodology that is
presented allows for a relatively simple and fast production
process of active metamaterial. This makes active metamaterial
a more competitive option in many research problems and
should lead to more implementations in designs. To encourage
this, the planar design of active metamaterial should be further
investigated and combined with control. The locally tunable
unit cells of active metamaterials could be ideal for absorbing
high local impacts such as bullets. Smart material actuators
could provide the fast response that is needed to achieve this.
For future work on this particular design, it would be inter-
esting to further study the characteristics of the metamaterial.
For example, the tunability of the shape of the unit cells can
be exploited to create a material with tuneable damping and
stiffness when it would be complemented with control.
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APPENDIX
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4 Conclusion

The objectives of this study were (1) the employment of smart materials to make metamaterials active, (2)
proposing a method of how to realize this using production materials and (3) employing these methods to
build a small metamaterial demonstrator that functions both as the actuator and the structure. A literature
review on electromechanical smart material transducers was conducted to (1) gain the knowledge that is
critical for understanding the working principles of the transducers and (2) discover the potential for
integrating smart material transducers in the unit cells of metamaterial. It is found that dielectric elastomers
achieve high strains, low stress and need high driving voltages. Conducting polymers are able to deliver
both high stress and high strain, but consume relatively much power. If power consumption is a priority,
Electronic EAPs are preferred. PVDF does not excel on stress or strain, but is an overall good performer.
The main paper presents the methodology for designing and constructing a tube shaped metamaterial
demonstrator of a high precision positioning system. The 3D geometry of the metamaterial was built by
layering planer pre-fabricated structures which use smart material for actuation. The concept of multiple
actuators on the top and bottom of a ring was able to successfully create waves in a ring. Thereby the
concept can be used to create vertical displacements and could be interesting for building positioning
systems. The measured maximum amplitude of a single layer was 4.60 um. Three rings were successfully
stacked into a metamaterial which resulted in an increased range. The created metamaterial can both
function as the structural backbone of the system as well as the actuation part. Next to the ability to create a
vertical displacement, the metamaterial also proved capable of creating roll movement. This allows the
metamaterial tube to bend itself in every wished way. The measured maximum amplitude of the stack was
6.91 uym. Roll movement of the top layer of the stack was achieved with a lowest point of -0.13 ym and a
highest point of 8.49 ym. The system showed that smart materials are a suitable choice to make
metamaterial active, and that active metamaterial could be produced using production material. The planar
approach for design and fabrication, provides a relatively simple and fast method for building metamaterial
in general.
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5 Recommendations

The methodology that is presented allows for a relatively simple and fast production process of active
metamaterial. This makes active metamaterial a more competitive option in many research problems and
should lead to more implementations in designs. To encourage this, the planar design of active
metamaterial should be further investigated and combined with control.

The locally tunable unit cells of active metamaterials could be ideal for absorbing high local impacts such as
bullets. Planarly designing such a device could keep costs low and fabrication relatively simple. A controller
could manage the collaboration off all unit cells to gradually absorb the energy and safely distribute it to the
human body. The unit cell for such a project should be able to change its shape, stiffness and damping
rapidly. Smart material actuators could provide the fast response that is needed to achieve this.

For future work on this particular design, it would be interesting to further study the characteristics of the
metamaterial. For example, the tunability of the shape of the unit cells can be exploited to create a material
with tunable damping and stiffness when it would be complemented with control. This project focused only
on displacements of the active metamaterial setup. The layers are made up out of flexible material and the
actuators are suitable for high bandwidth applications. This combination would make it interesting to study
the dynamical behavior. The metamaterial proved very capable of roll movement as was discussed earlier
in this section. It would be interesting to build a controller to control the movement of the material and study
the performance on this matter. Improvements on the metamaterial can be made by changing the design for
a specific goal, optimizing the alignment and clamping tool, the use of thicker spring steel and refinement of
the spacers.

Further development of the alignment and clamping tool could provide more consistent placement of the
actuators on the stainless steel rings. This would rule out a large amount of the uncertainties faced while
interpreting the results. If the actuators are capable of bending thicker stainless steel rings, these rings
could provide more stiffness to the setup. A demonstrator which deformations are visible with the naked eye
could be designed by choosing different actuator material and pair it with a matching flexible sublayer. A
higher stiffness of the setup would result in a relatively lower influence of the stiffness of the wires on the
setup. Ideally the clamping points on the base should be as thin as possible. This way they will take up the
least amount of torque, which will minimize the influence on the behavior of the ring. If dynamical behavior
would be of interest, a more rigid connection between the rings would be preferred.
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A File guide

Active Metamaterial Archive — All the needed data to create active metamaterial

Calculations — MATLAB files
Displacement — Modelling of the displacement
Distribution — How the actuators and spacers are distributed

Design — SW files
3D printing — SW for printing
Laser cutting — SW for laser cutting
Assemblies & Models — SW for visualization

Literature — Papers, books, etc.
Literature review — Literature used during
Research paper — Literature used during

Presentations — PowerPoints
Literature — Presentations given during
Midterm — Presentations given during

Results — Results obtained
LabVIEW — Data from the single point setup
MATLAB — Processed data by MATLAB
Report results — Results that were used in the report
Vibrometer — Data from the multipoint setup
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