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ABSTRACT

Metamaterials are artificially structured materials and exhibit properties that are uncommon or non-existent in nature. Mechanical metamate-
rials show exotic mechanical properties, such as negative stiffness, vanishing shear modulus, or negative Poisson’s ratio. These properties stem
from the geometry and arrangement of the metamaterial unit elements and, therefore, cannot be altered after fabrication. Active mechanical
metamaterials aim to overcome this limitation by embedding actuation into the metamaterial unit elements to alter the material properties or
mechanical state. This could pave the way for a variety of applications in industries, such as aerospace, robotics, and high-tech engineering.
This work proposes and studies an active mechanical metamaterial concept that can actively control the force and deformation distribution
within its lattice. Individually controllable actuation units are designed based on piezostack actuators and compliant mechanisms and inter-
connected into an active metamaterial lattice. Both the actuation units and the metamaterial lattice are modeled, built, and experimentally
studied. In experiments, the actuation units attained 240 and 1510 ym extensions, respectively, in quasi-static and resonant operation at 81 Hz,
and 0.3 N blocked force at frequencies up to 100 Hz. Quasi-static experiments on the active metamaterial lattice prototype demonstrated mor-
phing into four different configurations: Tilt left, tilt right, convex, and concave profiles. This demonstrated the feasibility of altering the force
and deformation distribution within the mechanical metamaterial lattice. Much more research is expected to follow in this field since the
actively tuneable mechanical state and properties can enable qualitatively new engineering solutions.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0101420

I. INTRODUCTION and arrangement of unit elements.” While MMs allow for attain-
ing a broad range of properties beyond conventional materials, these
properties are permanently fixed by the design.

Active mechanical metamaterials (AMM) can overcome these
limitations by embedding sensors and actuators within their unit
elements. This allows us to attain central and/or localized con-

trol over the distribution of the material properties and/or state

Increasingly better and specialized engineering materials are
required to meet the innovation needs in medicine, aerospace,
and many other fields. Metamaterials are man-made materials
that are engineered to exhibit properties that are uncommon or
absent in nature and differ from the properties of their constituent

materials."”” They are achieved by smart design of mesostructures:
Functional unit elements are interconnected into a repeating lattice
that appears as a continuum material on a macroscale and exhibits
a tailored functionality, e.g., altering electromagnetic waves, sound,
or mechanical stimuli.” Mechanical metamaterials (MM) make use
of mechanisms in their unit elements to attain exotic mechani-
cal properties,' e.g., negative Poisson ratio, pentamode behavior,
and compensation of thermal expansion.” ° More complex behav-
iors can be realized by altering the shape, geometry, orientation,

within the AMM lattice. Such an approach can achieve signif-
icantly broader adjustability in material properties than altering
the conventional materials via temperature or other means™’ and
attain novel properties, such as direct control over the material
stress or strain field, controllable stiffness, and increased damping
without adding damping material. These properties are realized in
lumped mechatronic systems (e.g., haptics'’ and vibration isola-
tion'!) by actuation and dynamic control but not yet in material
volumes. While AMMs can be activated by embedding conventional
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transducers (addressable as mechatronic metamaterials), utilization
of smart material transducers'”"* or active composites'”'® is more
promising due to their simpler construction and perspective for
additive manufacturing.'” "

Integration of actuation into metamaterials has been studied in
numerous reports to alter their optical or electromagnetic proper-
ties.”’ Embedded actuation in mechanical metamaterial (or similar)
structures has been studied only in a few reports. Poon and Hopkins
proposed a metamaterial design that consists of a 3D array of Ga-
filled silicone cells with integrated heater wires that can melt Ga to
change the stiffness of the cells.”! Reaction time in such a concept
is limited by the rate of heat exchange. Overvelde et al. proposed an
origami-inspired 3D MM that can alter its shape, volume, and stift-
ness.”” It consists of rigid faces and pneumatically actuated hinges
that form a periodic lattice of extruded cubes and can be actuated
in 3 DOFs. Haghpanah et al. integrated electromagnets within MM
unit cells that can lock or unlock the cell, allowing to individually
switch between two cell stiffness to vary the lattice stiffness, Pois-
son ratio, and buckling strength.” Thomas used electromagnets to
design MM unit cells that can alter their damping coefficient via
electromagnetically altering the Coulomb friction.”” These solutions
cannot input force to alter the dynamic state of the metamaterial >’
or are severely limited in bandwidth.”"**

To enable dynamic control over the material’s stress and strain
fields, stiffness, and damping and to attain more advanced function-
alities, it is required to embed dynamic actuation in the MM at the
unit element level. This paper proposes an approach for designing
such active mechanical metamaterials and validates it by designing,
building, and studying an AMM prototype. In this approach, the
MM is constructed from actuation units by interconnecting them
into a MM structure. The actuation units need to provide the stiff-
ness and embedded actuation functionality and must be individually
controllable. This work results in the first AMM whose structure is
actuated by electric stimulus, therefore, allowing dynamic control
over the state of its strain or stress field.

The proposed design approach and rationale to realize the
AMM concept are explained in Sec. I A. In this work, the actuation
functionality is based on piezoelectric stack transducers (Sec. IL A 1).
The AMM-specific actuation units are proposed based on the com-
pliant motion amplifier concept, aiming to provide stiffness and
mechanical compliance matching between the AMM lattice and the
actuator (Sec. IT A 2). The actuation units can be connected into a
desirable AMM structure, whereas a planar hexagonal lattice is used
in this study (Sec. IT A 3). The actuation units and the AMM lattices
are designed and validated based on analytical and FEM model-
ing (Sec. II B). First, analytical models of the bridge and rhombus
motion amplifiers (Secs. II B 1 and II B 2) are used to design six dif-
ferent actuation units that are further studied using finite element
analysis (Sec. I B 3). Next, the best suited actuation unit design is
used to build a finite element model of the AMM lattice and further
study its functionality in deforming into six different shape profiles
(Sec. 11 B 4). The experimental part of the work (Sec. IT C) first builds
the prototypes of the best suited actuation unit and the AMM lattice
(Sec. II C 1), then studies the force and displacement dynamics of
the actuation unit (Sec. II C 2), and finally studies the AMM lattice
functionality in producing four different shape profiles (Sec. IT C 3).
The results and discussion are addressed in Secs. I1I and IV, and the
work is concluded in Sec. V.

ARTICLE scitation.org/journal/apm

Il. MATERIALS AND METHODS

To study the proposed AMM concept, the methodology is
divided into the design, simulation, and experimental validation
parts. Section II A starts with explaining our approach for design-
ing AMMs and then continues on realization, covering the actuator
selection, actuation unit design, and AMM lattice design. The mod-
eling in Sec. II B first models the main components of the actuation
units analytically, further studies the six actuation unit designs using
finite element methods, and finally builds an AMM model from
the best actuation unit design and simulates its function in taking
six different deformation configurations. The experimental part of
this study in Sec. II C first explains the prototyping of an actuation
unit and the entire AMM lattice, and then how they are studied,
respectively, in dynamic and quasi-static experiments.

A. Active metamaterial design

The AMM design in this study is inspired by the spring-mass
(-damper) modeling of material structures, where the material is
considered as a network of nodes with a mass, and adjacent nodes
are interconnected by vertices with stiffness (and damping). Here,
each vertex consists of stiffness, and an embedded actuator for exert-
ing a force between the nodes, allowing control of the local stress
or strain states within the material. In this study, these vertices
are addressed as actuation units, and the interconnecting nodes as
the coupling elements. The main challenges lie in the actuation
unit design since they define the stiffness for the AMM structure
and must translate the actuator force-displacement profile into the
desired output characteristics. This section will first explain the actu-
ator selection in Sec. IT A 1, then address the actuation unit design in
Sec. II A 2, and finally explain connecting them into an AMM lattice
in Sec. [T A 3.

1. Actuator

This study used commercially available piezoelectric stack actu-
ators. These transducers are actuated by voltage, exhibit high power
densities and bandwidths, and output high forces at small displace-
ments. They are compact and simple in structure (like other smart
material actuators), essential for efficient fabrication and minia-
turization of the future AMMs. This study selected the SA050520
piezoelectric stack actuator from Piezodrive.” It has a footprint of
5x 5mm?, a length of 20 mm, a weight 0of 4.0 g, and a stiffness of 41
N/um. At up to 150 V of operational voltages, it can provide up to
31 um of actuation range and 900 N of blocking force.

Alternative actuators that were considered for AMM design
include electromagnetic, electrostatic, fluidic, thermal, and piezo-
electric patch actuators. Compared to the stack transducers that
contain a lot of active material in a compact design, piezoelectric
patches provide large deflections but are limited in forces and band-
widths. Electrostatic actuators are fast and precise but require very
high voltages and produce small deformations.”””* Thermal actu-
ators (e.g., bimorphs and Chevrons) produce high forces at low
voltages but are limited by heat dissipation. Fluidic actuators allow
high energy densities”” but require bulky controls, and their band-
width is limited by fluid dynamics. Electromagnetic actuators were
excluded due to their poor outlooks in downscaling, i.e., bulky
structure and exponential reduction in energy density with size.”®
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2. Actuation unit design

The structural design of the AMM actuation unit needs to
translate the actuator functionality into the desired output function-
ality of the AMM actuation unit. In this study, this means amplifying
the limited range of motion of the piezostack actuator (31 ym for the
SA050520) while remaining as compact as possible. This is attained
by adaptation of the motion amplification mechanisms for mechan-
ical leverage, well known in high-tech engineering.”” Most feasible
mechanisms for designing actuation units of the AMMs are the
bridge and rhombus types of motion amplifiers, as explained in
Fig. 1.°Y A broader overview of the motion amplifier designs can be
found in Ref. 30.

The proposed actuation unit designs use multiple stages of the
bridge and rhombus motion amplifiers in series since the single-
stage designs cannot simultaneously attain high output stroke and
compact design: (1) single-stage designs that can produce large
gains and displacements become unreasonably large in size and (2)
compact designs remain limited in their range of motion, despite
exhibiting very high local gains (see Sec. IT B). In multi-stage designs,
the total amplification of motion A,, equals the multiplication of
the individual stage amplifications Am;, i = 1,2, ..., n, where n is the
number of stages,’’

Am=Amy-Amy-... - Am,. (1)

Besides the transfer of the mechanical energy from the actu-
ators to the mechanism output, a portion of it remains within the
amplification mechanism as strain energy, and some of it is dissi-
pated via viscoelasticity. Therefore, the efficiency of the actuation
unit is further a trade-off between the material properties and the
dimensions of the compliant structures: (1) the materials need to
provide sufficient strength, elasticity, and low loss modulus and (2)
the compliant mechanisms need to be slender enough to provide low
flexural stiffness and remain below the fatigue limit at high strains
while being thick enough to bare the stresses.

Actuation unit development investigated two- and three-stage
designs based on the motion amplifiers in Fig. 1. In all designs, the
bridge amplifier is chosen for the innermost stage since it is much
stiffer than the rhombus design and very compact. For the exter-
nal stage, all the designs use a rhombus motion amplifier since it
is less stiff and leaves enough space for inserting the actuator. The
two-stage designs differ in the orientation and dimensioning of the
amplifiers, while the three-stage designs also vary in the type of the
intermediate amplifier stage. The six designs are shown in Fig. 2 and
are denoted as follows: (a) a two-stage design that orients both the
stages in the same plane; (b) a more compact two-stage design that
orients the stages in perpendicular planes; (c) a three-stage design

ARTICLE scitation.org/journal/apm

FIG. 2. Actuation unit designs consist of two [(a) and (b)] or three [(c) to (f)] stages
of motion amplifiers.

that uses a bridge amplifier for the intermediate stage and places it
in the same plane as the inner stage to leave space for actuator place-
ment; (d) another three-stage design with stiffer bridge amplifiers;
(e) a three-stage design that uses a rhombus amplifier for the inter-
mediate stage and orients all stages perpendicular to each other; and
(f) a more compact version of the previous design.

3. Active metamaterial lattice

Based on the actuation unit designs in Sec. I A 2, it is possi-
ble to construct a wide variety of planar or three-dimensional AMM
lattices. Considering the AMM as a network of nodes (i.e., coupling
elements) and vertices (i.e., actuation units), the lattice design is a
matter of designing the coupling elements.

This study focuses on a planar design of a hexagonal AMM lat-
tice as shown in Fig. 3. The Y-shaped couplers are interconnected by
the actuation units, providing the AMM lattice with its stiffness and
actuation functionality. Such AMM design allows local actuation

FIG. 1. Motion amplifiers in the actua-
tion unit design: The bridge (left) and the
rhombus (right) type.
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Actuation
couplers

FIG. 3. Interconnecting the actuation units (numbered 1-23) into a hexagonal AMM
lattice by the rigid couplers.

of the material lattice within a plane, enabling local (meta)material

translations and rotations.

B. Modeling

This section describes the analytical and FEM models that were

used in designing and evaluating the actuation units and the AMM
lattice design. First, analytical modeling of the bridge and rhombus
motion amplifiers is, respectively, given in Secs. II B 1 and II B 2,

attaining the dimensions for the mechanism geometries. Next, all

the actuation unit designs (Fig. 2) were numerically modeled as
described in Sec. I B 3, allowing to account for the design details
and study the dynamic behavior. Finally, a FEM model of the AMM
lattice was constructed to study actuation in the AMM, as described
in Sec. I B 3.

1. Analytical modeling of the bridge amplifier

The operating principle of the bridge amplifier is explained in
Fig. 4. Thin and thick geometries in the design function, respectively,
as flexible joints and rigid bodies. Elongation of the piezoelectric

oy
A,, B, A, and B, align v
at max stroke \
I < R A 1
A B,! i IB A
L L0 S . 2 o Az
Bx Bx
2 2

FIG. 4. Modeling the bridge type of motion amplifier: The structure, deformations,
and parameters.

scitation.org/journal/apm

stack actuator by Ax causes a reduction in the angle «a of the
segment AB and a further displacement Ay at the output, perpen-
dicular to the Ax direction. Expression for the amplification can be
given as’

Ay, I, sin & — /B2 sin® a — Ax? — 2Axl, cos
Ax Ax

Am = , ()
where I, is the length of the motion amplifier linkages. While a
compact design requires a small [, & can be varied to tailor the
amplification. Local motion amplification increases as « approaches
0, and the largest stroke can be attained if « ~ 0 occurs at the full
extension of the actuator Axpax. Then, the maximum displacement
can be expressed as™

Aymax = 21, sin a. (3)

In this case, the length of the linkages that attain the most compact
designisl; = I, + Ax, where I is the projection of [; on the x axis, that
is, bound by the length of the actuator lyic,, such that Iy < 0.5 - Lez.

2. Analytical modeling of the rhombus amplifier

The working principle of the rhombus amplifier is explained
in Fig. 5. It consists of four thicker bodies at the motion input and
output locations and four compliant beams for the amplification
mechanism. Motion amplification is described by**

Am:&:ZCOttx, (4)
Ax

Therefore, it only depends on the beam angles. Again, as «
approaches 0, the local motion amplification approaches maximum,
while the force transfer approaches 0. Similarly to the bridge ampli-
fier case, choosing the beam angle depends on the maximum input
displacement, defined by the previous stage.

3. Finite element modeling of the actuation units

The analytical models in Secs. II B 1 and II B 2 aim for a com-
bined motion amplification of 10x when connecting the two designs
in series [Eq. (1)]. Similarly, three-stage configurations are expected
to provide more amplification at the cost of lower force transmis-
sion. FEM modeling was performed in Comsol Multiphysics 5.6 to

FIG. 5. Modeling the rhombus motion amplifier: The structure, deformations, and
parameters.
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refine that estimation by accounting for the exact realization of the
design and the higher order effects caused by the geometry features
and material behavior that were omitted in the analytical models.

In this modeling study, the six actuation unit designs in Fig. 2
(Sec. IT A 2) were investigated under free displacement conditions
to estimate their extension under static loading. One end of the
actuation unit was fixed as a boundary condition, and the dis-
placement of the other end was measured in the simulations. The
actuation input was modeled as a constant displacement of 31 ym,
which is equal to the maximum actuation range specified for the
SA050520 actuator. The designs were evaluated by their output dis-
placements and structural deformations, and the best-performing
actuation unit was further analyzed under dynamic excitation using
the same displacement amplitude within the frequency interval of
1-500 Hz.

4. Modeling the lattice

Evaluating the proposed design of the AMM lattice was per-
formed in Comsol Multiphysics 5.6. The model was built in Solid-
Works 2019, and it consisted of 23 actuation units and 14 rigid
couplers. The resulting model configuration and meshing are shown
in Fig. 6. Actuation of the AMM was simulated by providing dis-
placement inputs at the intended piezostack locations within the
actuation units. Due to the limited amount of available actuators
in the experimental phase (see Sec. II C 1), the AMM model was
only activated at up to six actuator locations in the first four sim-
ulations, while the remainder of the actuator locations were left
unconstrained. This allowed for matching the simulation conditions
to the respective four experiments in Sec. I1 C.

The simulations studied various quasi-static deformations that
the AMM lattice design can attain. The bottom row of the actua-
tion units was fixed to the Earth frame, and the populated actuation
units were activated, aiming to produce the following six behaviors
at the top row of the actuation units: (1) tilt to the right using the
actuation units 1, 5, 11, 14, and 20; (2) tilt to the left using the actu-
ation units 4, 10, 13, 19, and 23; (3) concave profile by activating the
actuation units 1, 4, 11, 13, 20, and 23; (4) convex profile by activat-
ing the actuation units 2, 3, 12, 21, and 22; (5) piston motion in the
vertical direction by activating actuation units 1, 2, 3, 4, 11, 12, 13,
20, 21, 22, and 23; and (6) uniform expansion via activating all the

ARTICLE scitation.org/journal/apm

actuation units. In the first four simulations, the activate actuation
unit locations were initially varied to identify the best placement for
maximum output. The fifth and sixth behavior were only simulated
and not studied in the subsequent experiments.

C. Experimental

For experimental validation of the proposed AMM concept, the
actuation unit and AMM lattice prototypes were first constructed, as
explained in Sec. IT C 1. Furthermore, Secs. II C 2 and II C 3 describe
the experimental set-ups and methodology, respectively, for study-
ing the dynamic behavior of the individual AMM actuation unit and
for studying the deformation profiles that the AMM lattice prototype
can attain.

1. Actuation unit and AMM prototypes

The AMM actuation units were manufactured from a ther-
moset acrylic resin (Stratasys Vero®*) on a Stratasys Polyjet ]735 3D
printer. This allowed for attaining the motion-amplifying structures
in a single print, at roughly homogeneous material properties. Piezo-
electric stack actuators (SA050520, see Sec. II A 1) were placed into
the motion-amplifying structures to make the actuation units active.
In the actuation unit dynamics measurements (Sec. I C 2), the actu-
ator was further bolted in place to prevent it from decoupling during
the high-frequency excitation. An assembled actuation unit is shown
in Fig. 7.

The AMM lattice prototype was constructed according to the
design explained in Secs. II A 3 and II B 3 and in Fig. 3. The active
and passive actuation units were interconnected into a lattice struc-
ture using the Y-shaped couplers and fixed to the Earth frame at the
bottom row using the mounting modules. Using slide-in connectors
atall of the interconnections made the design modular for fast design
alterations and servicing. All these additional components were 3D
printed from PLA on a Prusa i3 MK3, and the resulting prototype is
shown in Fig. 11.

2. Measuring the actuation units

Experiments on the actuation units measured their quasi-static
and dynamic responses under the free displacement and blocked
force conditions. The experimental setup for these measurements is

~—__ -~ /—
Fixed to Earth frame 50 mm

FIG. 6. Comsol model of the AMM lattice.

FIG. 7. An AMM actuation unit with an integrated piezoelectric actuator. (a) output
node, (b) piezoelectric stack actuator, (c) fasteners to support the actuator, and
(d) fixed node.
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shown in Fig. 8 and the block diagram in Fig. 9. The following will
explain the procedure for these experiments.

In free displacement experiments, the actuation unit was
attached to one end to the Earth frame, and a laser displacement
sensor (optoNCDT 1750-2, Micro-Epsilon, range 2 mm, resolution
0.1 um) was used to measure the displacement of the output in the
free end, as shown in Fig. 10. The driving signals were produced
by an RS Pro RSDG 805 arbitrary waveform generator (AWG) and
applied to the piezoelectric actuators via a Thorlabs HVA200 high
voltage amplifier. The monitor line output of the HVA200 amplifier
(i.e., the voltage on the actuator) and the output of the laser displace-
ment sensor were routed to a NI USB-6221 data acquisition card,
which was connected to a PC computer with NI LabVIEW 2018
environment, as shown in Figs. 8 and 9. The entire setup was placed
in a transparent acrylic chamber for safety.

The blocked force experiments were conducted on a similar
set-up, differing in the clamping conditions and the sensor: The out-
put end of the actuation unit was attached to a force sensor (Futek
LSB200), as shown in Fig. 10. Force sensor output was connected to
the NI USB-6221 data acquisition board input, in place of the laser
displacement sensor (see Fig. 9). The other end of the force sensor
was fixed to the Earth frame, allowing it to measure the actuation
force and restrict any motion.

In free displacement configuration, the quasi-static experi-
ments measured the voltage-displacement curves of the actuation
units, and the dynamic experiments measured their frequency
responses. In the frequency response measurements, the piezoelec-
tric stack actuators were excited by a 1-500 Hz logarithmic chirp

FIG. 9. Block diagram of the experimental set-up for measuring the actuation unit
displacements and forces.

ARTICLE scitation.org/journal/apm

FIG. 8. Experimental setup for studying
the AMM actuation unit. (a) strain gauge
amplifier, (b) NI USB-6211 data acqui-
sition board, (c) waveform generator,
(d) high voltage amplifier, (€) acrylic pro-
tective enclosure, (f) actuation unit and
sensors for displacement and force mea-
surements, and (g) PC with NI LabVIEW
2018 environment.

signal with a 75 V amplitude, 75 V offset (i.e., 0-150 V), and 50 s
duration. In the voltage-displacement measurements, the same exci-
tation amplitude and offset were used at a 1 Hz frequency. This
resulted in an input displacement range of ~25.8 um. The voltages
that were applied to the actuator (i.e., at the monitor output) and
the output of the laser displacement sensor were read and recorded
in a file by a LabVIEW program for the whole duration of the
experiments. The data were processed and plotted in Matlab 2021
environment, using the “tfestimate” and “mscohere” functions to
extract the Bode and coherence plots.

Similar experiments were conducted in the blocked force con-
figuration to measure the voltage—force curve and the frequency
response of the actuation force. As a major difference, the frequency
response measurements of the actuation force used a 20 s long chirp
signal in the 1-100 Hz interval for excitation. The narrower fre-
quency range was used since the actuation units started to crack at
higher frequencies.

3. Experiments on the AMM lattice

Experiments on the AMM lattice aimed to validate their func-
tionality by producing the same displacement profiles as the first
four simulations in Sec. II B 4 (tilt left, tilt right, concave pro-
file, and convex profile). Due to the limited availability, only up

FIG. 10. Actuation unit in the displacement (left) and force (right) measurements.
(a) laser distance meter, (b) load cell, (c) wires for powering the actuation unit, (d)
actuation unit, and (e) manual XY stages for positioning and fixing the actuation
unit.
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FIG. 11. Experimental setup for measuring the AMM lattice deformations currently
set up for convex profile measurements at node 4 location. (a) Wires for powering
the actuation units, (b) measurement locations, (c) laser displacement sensor, (d)
unwired actuation units remain inactive, (e) active actuation units are wired, and
(f) bottom row is fixed to the Earth frame.

to six actuation units were populated with the piezoelectric actu-
ators (SA050520), using the same configuration as simulations (1)
through (4).

In the experiments, the bottom row of the AMM lattice was
fixed to the Earth frame using 3D-printed mounts (PLA, Prusa i3
MK3), as shown in Fig. 11. The displacement profile at the top row
of the AMM prototype was measured using an optoNCDT 1750-2
laser displacement sensor (Micro-Epsilon). The actuators were elec-
trically connected in parallel and driven by an RS Pro RSDG 805
AWG via a Thorlabs HVA200 amplifier, similarly to the actuation
unit measurements in Sec. I1 C 2.

ARTICLE scitation.org/journal/apm

The active actuation units were excited by a sinusoidal signal
with a 75 V amplitude, 75 V offset (i.e., 0-150 V), and 0.1 Hz fre-
quency. The cyclic motion of each node was measured in separate
experiments, by moving the displacement sensor to a new location
between the experiments. Voltage and displacement were read and
stored by a LabVIEW 2018 program in a PC computer via a NI
USB-6221 data acquisition board. The results were processed and
compared against the simulation data using Matlab 2021.

lll. RESULTS

This section presents the results of studying the proposed
AMM concept. First, the modeling of the actuation units and the
metamaterial lattice prototype are addressed in Sec. III A, and then,
the respective experimental results are presented in Sec. I1I B.

A. Modeling

Modeling was performed as described in Sec. II B. In the fol-
lowing, the results are first given for the analytical modeling of the
bridge and rhombus motion amplifiers in Sec. III A 1, then for the
modeling of the actuation units using FEM in Sec. I1I A 2, and finally
for the AMM lattice prototype in Sec. III A 3.

1. Motion amplifiers

The results for analytical modeling of the bridge and rhombus
amplifiers (Secs. IT B 1 and II B 2) are shown in Fig. 12, indicating
how their motion amplification factors and actuation ranges vary for
different beam angles in the design. These results are based on the
dimensions and the stroke of the SA050520 actuator (Sec. IT A 1). To
attain the combined motion amplification of 10x, the beam angles of
8.5° and 17.8° were chosen, respectively, for the bridge and rhom-
bus designs. This allows us to accommodate the entire displacement
range of the bridge amplifier and leaves enough space for actua-
tor installation, given that these stages are placed in perpendicular
planes.

2. Actuation units

FEM modeling of the actuation unit designs (see Sec. IT A 2 and
Fig. 2) was performed according to Sec. II B 3. Deformation heat
maps for the actuation units upon a 31 ym input displacement are

3r B 7160
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K4
/
25 . P 150

E II ll /,/ ————— Max range: both amplifiers, theoretical 5

E 2t ¢y 7 ~ T ~Maxrange: bridge amp, SA050520 actuator |, 40 c FIG. 12. Actuation ranges (left axis) and
- 7 Max range: rhombus amp, SA050520 actuator o Co e : . .
o} v, = = = Ampiification ratio bridae amplifler = motion amplification ratios (right axis)
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shown in Fig. 13, and the following presents the modeling results for
all the designs.

Studying the two-stage actuation units showed that design (a)
attains output displacements of up to 287 ym [Fig. 13(a)], mean-
ing a motion amplification factor of 9.26x, very close to the 10x
design goal. Simulations further indicated that the long and slen-
der flexures in this design buckle significantly, making this design
unfavorable, especially for dynamic operation. The more compact
design (b) yielded 307 ym displacements upon the same stimulation
[Fig. 13(b)], meaning a 9.90x amplification, and exhibited signifi-
cantly less buckling due to the shorter flexural structures within the
design.

The three-stage actuation units (c) and (d) use bridge ampli-
fiers for the intermediate stage. Design (c) resulted in the output
deflection of 200 ym, i.e., 6.45x amplification. Such a low factor
was caused by the significant deformations within the intermedi-
ate motion amplifier stage, where the intended rigid portions of the
design flexed under the load [see Fig. 13(c)]. Design (d) aimed to
overcome this flaw by providing adequate thickness at the unwanted
deformation sites, achieving a 230 ym displacement output, i.e.,
7.42x amplification. Although an improvement, this is less than the
simpler two-stage designs (a) and (b) attained.

The three-stage designs (e) and (f) use rhombus amplifiers for
the intermediate stage. The design (e) achieved a maximum dis-
placement of 872.5 ym, meaning an amplification factor of 28.14x
[Fig. 13(e)]. While this is roughly three times more than in the
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designs (a) and (b), the dimensions increase from 46 to 146 mm
since the gains >3x require beam angles <15° (Sec. 11 B 2). The
size and buckling make this design impractical. To achieve a more
compact actuation unit, the beam angles were varied in simulations
between 15° and 45°. This resulted in the design (f) that attained
displacements of 286.68 ym, i.e., 9.24x amplification [Fig. 13(f)].
Therefore, no performance improvement was achieved over the
design (b) once the dimensions were made similar.

The best amplification-to-size ratio was attained by the design
(b), and it was further used as the actuation unit in the AMM lattice.
In all simulations, the von Mises stresses remained well below the
yield strength of the Vero material (65 MPa), resulting in no plastic
deformations.

3. AMM lattice

The AMM lattice design (Sec. IT A 3) was simulated as described
in Sec. II B 4, and the results are graphically depicted in Fig. 14.
The following addresses the simulated deformation configurations
in accordance with the numbering of Sec. IT B 4: (1) Tilt to right in
Fig. 14(a) produced a 0.25° rotation angle as the top leftmost node
of the lattice was displaced vertically by 1.07 mm and the rightmost
node by —0.183 mm. (2) Tilt to the left in Fig. 14(b) attained iden-
tical results in the opposite direction due to the symmetrical design.
(3) Concave profile in Fig. 14(c) was attained by producing a ver-
tical displacement between the outer (i.e., nodes 1 and 4) and the
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FIG. 13. Finite element analysis of the six actuation unit designs showing their deformations and von Mises stresses.
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FIG. 14. Simulation results for the AMM lattice taking the six different deformation configurations. (a) Tilt to the right. (b) Tilt to the left. (c) Concave profile. (d) Convex profile.

(e) Piston motion. (f) Uniform expansion.

inner nodes (i.e., nodes 2 and 3) of the top row. The vertical dis-
placements of the outer and the inner nodes were, respectively, 0.70
and 0.24 mm. (4) Convex profile in Fig. 14(d) was produced by
using the opposite strategy, i.e., by increasing the vertical displace-
ment between the middle and the outer nodes. The resulting vertical
displacements were 0.67 and 0.20 mm, respectively. (5) The piston
motion showed a 0.87 mm displacement at all of the output nodes.
(6) The uniform expansion in Fig. 14(f) achieved the maximum ver-
tical displacement of 1.14 mm upon activation of all the 23 actuation
units.

B. Experimental

Experiments were conducted according to the procedure
described in Sec. IT C. In the following, the results are first given
for the actuation unit measurements in Sec. IIT B 1 and then for the
experiments on the AMM lattice prototype in Sec. III B 2.

1. Actuation unit

The actuation units were constructed as described in Sec. I1 C 1
and studied under quasi-static and dynamic excitation as explained
in Sec. II C 2. Upon quasi-static excitation (1 Hz, 150V, ~26 ym
input), the actuation units achieved up to 240 ym displacements,
i.e., an amplification factor of 9.29x. Their measured and simulated
displacements and forces are plotted in Fig. 15. Some deviations
between the simulation and experiment results are observed due to
the presence of hysteresis and non-linearity in gain.

Results for the dynamic displacement measurements are given
in the Bode and coherence plots in Fig. 16, along with the respective
simulation data. In the proportional gain region (up to ~50 Hz), the
actuation unit shows ~240 ym displacements, i.e., 9.29x amplifica-
tion. The first resonance is observed at 81 Hz, exhibiting a maximum
displacement of 1510 ym. This is followed by an antiresonance at
111 Hz, forming a pole-zero pair (180° dip followed by a recov-
ery in the phase). The second resonance is observed at 444 Hz with
an amplitude of 346 ym. The simulations effectively predicted these
resonances, while the exact magnitudes and frequencies somewhat
deviate.

Frequency response measurements for the actuation unit force
are given in Fig. 17, indicating a roughly constant force output of
0.3 N over the entire range of measurement frequencies.

2. Active metamaterial lattice

The prototype of the AMM lattice was constructed accord-
ing to Sec. II C 1 and is shown in Fig. 11. The four experi-
ments for measuring the AMM lattice deformation profiles were
conducted according to Sec. II C 2. The results are plotted in
Fig. 18, showing the motion of the four output nodes alongside the
respective simulation results. The maximum displacements for all
four experiments and six simulations are summarized in Table 1.
Discrepancies between the experiments and simulations are pri-
marily caused by the viscoelastic properties of the actuation unit
structure.
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FIG. 15. Displacement and force
responses of the actuation unit. Sim-
ulation and experimental results upon
a 1 Hz sinusoidal excitation at 150 V
amplitude.

FIG. 16. Bode plots and coherence
for the actuation unit free displacement
dynamics measurements. The magni-
tude plot also shows the simulation
results for comparison.

FIG. 17. Bode plots and coherence for
the actuation unit blocked force dynam-
ics measurements.
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FIG. 18. Results for the AMM lattice experiments (exp) and simulations (sim) of taking four different deformation configurations. The plots show how the four nodes in the
top row of the AMM lattice (see Fig. 3) vertically translate upon the application of voltage. (a) Tilt to the right. (b) Tilt to the left. (c) Concave profile. (d) Convex profile.

IV. DISCUSSION

This work proposed and studied a novel concept of active
mechanical metamaterials that attain active control over the material
configuration and dynamic state. The concept based on the individ-
ually driven actuation units that can be interconnected into a lattice

TABLE |. Vertical displacements for the nodes in the top row of the AMM lattice:
Simulation and experimental results.

Node displacements (mm)

Configuration\node No.1 No.2 No. 3 No. 4

Tilt left: Simulation 1.074 0.362 0.005 -0.183
Tilt left: Experiment 0.876 0.306 0.004 -0.146
Tilt right: Simulation -0.182 0.005 0.362 1.074
Tilt right: Experiment -0.146 0.04 0.306 0.876
Concave: Simulation 0.702 0.236 0.237 0.703
Concave: Experiment 0.584 0.216 0.226 0.616
Convex: Simulation 0.192 0.665 0.665 0.191
Convex: Experiment 0.190 0.578 0.567 0.163
Piston: Simulation 0.866 0.865 0.865 0.866
Expansion: Simulation 1.043 1.312 1.312 1.042

to form a metamaterial. Both the actuation units and an AMM lattice
were designed, modeled, built, and experimentally studied in this
work.

The actuation units in this study are based on the rhombus and
bridge type of motion amplifiers. While these structures proved ver-
satile, the AMM design space is open to virtually any mechanism
type that can transmit the actuation input from the piezoelectric
actuators to the AMM lattice, convert the forces and displacements
to the proper range, and provide structural stiffness. Two- and three-
stage actuation unit designs were studied in simulations, aiming
for a 10x motion amplification. Among the analyzed structures,
a two-stage design [Fig. 2(b)] was found to be the most suitable
for the purpose of this study. Three-stage designs [Figs. 2(c)-2(f)]
performed inferior in simulations, and attaining higher motion
amplification proved to be more challenging. This is mainly caused
by the undesired deformations that occur in the structural material
(Vero) due to its limited stiffness.

Experiments on the chosen actuation unit design showed a
good agreement with the simulations: The amplification factor of
9.29x is very close to the 10x target. Minor deviations were observed
in the peak gains and resonant frequencies. These are hypothesized
to be caused by (1) imperfections in the 3D printed structures of the
actuation unit, e.g., variations in the finite voxel sizes and curing, (2)
coupling between the actuation units and the actuators, e.g., from
the surface roughness and the weak pre-tension, (3) inaccuracies in
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the material parameters and model, e.g., in the storage and loss mod-
uli, and (4) simplified actuation model that assumes a proportional
voltage—displacements relation and neglects the hysteresis. Design,
materials choice, and structural optimization of the actuation units
require further investigation in future work.

The proposed AMM concept was studied based on the hexago-
nal lattice configuration, providing sufficient space for the actuation
units. Alternatively, they can be interconnected into any lattice
configurations (e.g., triangular and rectangular), and enabling the
actuation can be selective, i.e., using passive units at the loca-
tions where the actuation is not desired. Such selective actuation
placement was used in all four experiments on the AMM lat-
tice prototype, and the results matched well with the respective
simulations. The minor deviations can be explained by the same
reasoning as given above for the actuation unit results and by the
Coulomb friction between the AMM prototype and the table that
supported it. This support was needed due to the limited stiff-
ness of the 3D printed material. For the same reasons, only the
quasi-static experiments were conducted. Future work will address
these limitations by using metal structures to attain the required
stiffness.

Therefore, the proposed AMM concept was successfully vali-
dated both in simulations and experiments, proving it feasible to
directly and dynamically control the deformation configuration of
a (mechanical meta) material via embedded electromechanical actu-
ators. This further opens the possibility to locally render and alter
virtual properties of whole surfaces or volumes of material, as it is
possible in lumped mechatronic systems (e.g., haptics'’ and vibra-
tion isolation''). This sort of AMM concept is expected to enable
specialized high-tech materials that are required in industrial appli-
cations, such as deformation correction, vibration suppression, and
continuum robotic manipulators.

The main challenges toward the mature AMMSs were seen to
lie in (1) developing actuation solutions that are easy to fabricate,
miniaturizable, and have low losses in energy transfer, (2) designing
actuation units that efficiently interface the mechanical impedance
of the actuator to the desired force-displacement characteristic on
the AMM lattice while providing sufficient stiffness, (3) embed-
ding sensing to enable the more exotic material properties that
require closed-loop control, and (4) establishing a system integra-
tion strategy to manage the wiring and embedded electronics in
realizing the local and global control methods. While production
actuators were used in this study, in the future, the AMMs are
expected to be fabricated by concurrent additive manufacturing of
structural material and smart material actuators and/or sensors.” "
Developing such materials and techniques is the main focus of our
ongoing research.

V. CONCLUSION

This work proposed and created the first active mechanical
metamaterial whose unit structures are actuated by electric stimuli.
This allows direct and dynamic control over the state of the stress
or strain field within the material. The metamaterial architecture is
based on actuation units with embedded piezoelectric actuators that
are interconnected into a lattice to form a metamaterial, allowing
for the application of electrically controllable local actuation within
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the AMM lattice. Besides the demonstrated shape-morphing func-
tionality, such AMMs will enable in the future to locally render
and alter virtual mechanical properties of the whole material sur-
faces or volumes, similarly to the lumped systems in today’s haptics
applications.

Six different actuation unit configurations were designed based
on the compliant motion amplifier concept and then evaluated in
finite element simulations. Force and displacement dynamics of the
best actuation unit design were experimentally studied. Free dis-
placement measurement results showed steady-state deflections of
240 pym and peak displacements of 1510 ym for the first resonance at
81 Hz. Blocked force measurements showed that the actuation unit
delivers 0.3 N force amplitude over the entire measurement range
(up to 100 Hz). Metamaterial was constructed by connecting the
actuation units into a planar hexagonal lattice. In simulations and
experiments, the bottom row of the lattice was fixed, and the top
row successfully demonstrated morphing into four different con-
figurations: Tilt to the left, tilt to the right, convex, and concave
profile.

Therefore, the first evidence of the feasibility of the pro-
posed AMM concept was successfully demonstrated. Key challenges
toward mature AMMs were seen in developing suitable actua-
tion solutions, designing AMM-specific actuation units, embedding
sensing in the AMM structure, and system integration to manage
control complexity. Future work will address optimization of the
actuation unit designs, reducing losses within the structural mate-
rial, accounting for the actuator dynamics, and developing the AMM
lattice for dynamic operation. The exploitation of such mechatronic
materijals in applications will require attaining high performance
and low costs. This may become possible with the advances in addi-
tive manufacturing of smart material transducers, when it becomes
possible to print these sensors and actuators concurrently with
structural material.
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