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Stress and Deformation Behavior of 2D Composite Cellular
Actuator Structures of Ceramic Building Blocks and Epoxy

Resins

Franziska Eichhorn, Helmut Schiegerl, David Kéllner, Ken-ichi Kakimoto,

and Tobias Fey*

2D actuator composite structures are fabricated of lead zirconate titanate (PZT) als.
and Al,O; building blocks with an epoxy resin matrix. This novel modular
concept gives the possibility to create complex geometric structures where the
structure itself tailors the physical properties. To improve the possibilities of
excitation or loading and determine the influence of the geometric parameters as
slenderness ratio t, - g ' and active area A, . finite element (FE) simulations are
used. The stress distribution o,, within the unit cell and the resulting strain
amplification a, are tested with different mechanically coupled thermal excitation
modes. A homogeneous excitation of the PZT building blocks and a maximum
A, ciive Of 24% led to a maximum of strain amplification and a reduction of
induced tensile stresses. In addition, zero deformation could be generated by
modifying the structure design with a slenderness ratio of 0.5. Further geometric
variations offer the potential to increase the strain amplification.

1. Introduction

The physical properties of 2D cellular solids with ordered cell
designs are determined by the selected materials and their archi-
tecture.”! Qutstanding mechanical properties make them suit-
able for different applications with low weight, damage tolerance,
and impact resistance.!"*"® In particular their mechanical defor-
mation behavior®* can be used to increase elongation or
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contraction compared with dense materi-
(7911 Optimization of geometry param-
eters and material variations are performed
using FE simulations to analyze deforma-
tion behavior and stress distribution.!">™*"]
Idealized and periodically arranged cellular
solids were analyzed using different analyti-
cal and experimental models.[-%!71>20-2%]

A novel field of research addresses the
modular assembly of cellular ceramic struc-
tures from individual macroscopic building
blocks into which the corresponding struc-
ture is disassembled. These modular units
named as building blocks can be individually
functionalized and excited.***! Eichhorn
et al.?**] investigated such novel structures
through finite element (FE) simulations and
determined the strain amplification and
stress behavior as a function of geometric
parameters such as the slenderness ratio t,- g~ '. These periodic
cellular structures were parameterized and with the support of
algorithms different variants of the geometric structure could be
generated.?*%°)

Gohari et al.,* Ray et al.,””! and Steiger et al.*®! used numeri-
cal models and FE simulations as ABAQUES to investigate plate- and
bar-shaped, dense composite actuator models made consisting of
lead zirconate titanate (PZT) fibers in an epoxy resin matrix. FE
simulations were compared with various mathematical theories
to verify the models.

In this work, PZT epoxy resin actuator model were com-
bined with cellular structures®®*?! and modular structures built
up with building blocks***% to fabricate cellular composites.
Nonlinear FE simulations were used to investigate their strain
amplification and stress behavior. Numerical FEA is used here
as a tool. Therefore, the focus is on the generation of these novel
structures.

These 2D modular and cellular actuator structures with a rel-
ative density of 0.445 were assembled of individual ceramic
building blocks connected with epoxy resin. The optimization
of the structure was performed by parameter variation to gener-
ate maximum strain gain under mechanically coupled thermal
excitation. Following Eichhorn et al.,*** it was assumed for
the simulations that the thermal expansion correlates directly
with the piezoelectric expansion due to the crystalline material
structure. The variations in strain amplification as well as stress

§[26.27)
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distribution were determined in the middle unit cells to mini-
mize the edge influence.

2. Experimental Section

Ceramic building blocks were produced using PZT and Al,O;
injection mold according to our invented methods,?+2>31:32
as shown in Figure 1.

According to the dimensions of the modular building blocks,
the structure of the planar actuator was divided so that it can be
assembled from different building blocks. These were parallel,
horizontally oriented alumina crossbars (frame: Lge, t;) and
three piezoceramic PZT beams (column, lever: h, t, ;) and they
were bonded by epoxy resin with a thickness v=0.10 mm,
as shown in Figure 1 and Table 1. The cellular structures
were 2D, whereas the building blocks had a thickness b of
5.00 mm.

The material properties of PZT, Al,03, and epoxy resin are
reported in the study by Eichhorn et al.** Here, the actuator
model and the algorithms (using scripting language “Python”
[Version 3.5, Python Software Foundation, Beaverton, Oregon,
USA]) to generate the simulation models are described, too.
The model generation was controlled by so-called procedure files,
where besides the structure generation, the material properties,
boundary conditions, as well as the meshing parameters were
assigned.

The optimization of the design was carried out under variation
of the geometric slenderness ¢, - g’l and three modes of mechan-
ically coupled thermal excitation which was simulated with the
commercial software “MarcMentat” (Version 2017.0.0, MSC
Software, Munich, Germany), which was used for over 25 years
in industry and science,**=*! as shown in Table 1. For meshing
of this nonlinear plane strain calculation, the triangle element

www.pss-b.com

Table 1. Geometric parameters of the 2D cellular actuator structure.

Geometric parameter Value Unit
g 0.10-6.92 mm
t, to 1.50 mm
ty-g! 0.22-15.00 -

Prelative 0.445 -

Lges 10.00 mm
h 2.50 mm
m 0.30 mm
v 0.10 mm
(] 0 °

Table 2. Simulated thermal excitation and corresponding active areas
Aaciive depending on excitation mode.

Excitation mode E|JE|N E|S|N E|N|N
Lever a=+, E a=+, E a=+, E
Strut a=+,E a=-S a=0, N
Frame a=0,N a=0, N a=0,N
Active area A,cive 0.24 0.24 0.16

type six of the element class three (second-order isoparametric
2D plane strain triangular element) according to “MSC
Element Library” was used. The 2D elements were arranged
by the internal mixed-mesh-maximum principal by validated
mesh optimization based on the defined subdivisions in the
geometry model.

X

Figure 1. Used modular actuator model built with two types of building blocks: Al,Os- (grey) and PZT-building blocks (black). The epoxy phase is colored

in red.
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The simulation conditions were as follows: 1) The calculation
was carried out in plane strain mode. 2) The nodal movement
was set to zero for all nodes with y-coordinate Y=0 and
Y=L, Figure 1. 3) Thermal expansion of frame oierma Was
set to 0K™! (Neutral). Therefore, no excitation was applied,
and the frame remained in its original state. There was neither
expansion nor shrinkage. The frame deformed solely through the
deformation of the columns and levers. 4) Columns and levers

www.pss-b.com

were exposed to a temperature change with a constant tempera-
ture gradient AT of 15 K. 5) For expansion mode, therma Was set
as +76 x 107 °K™! and for Shrinkage mode, amermar as
—76 x 107K . 6) This resulted in the three different excitation
modes (E|E|N), (E|S|N), and (E|N|N), as shown in Table 1.
Due to the individual excitation of the modular units, the pro-
portion of the active area A,y Was reduced (expansion, shrink-
age) and only a part of the structure was active, where
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Figure 2. Stress distribution in 6,, under mechanically coupled thermal excitation modes (E|E|N), (E|S|N) and (E|N|N) of Al,O3—PZT composite actuator

structures and in dependence of t,-g~".
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Aactive < Alattice- The analyzed modes (E|E|N) and (E|S|N) had an
Aqctive 0f 24% and (E|N|N) of 16% compared with the whole struc-
ture area.

The parameter of slenderness ratio t, - g ' varied between 0.22
and 15.00. Therefore, the thicknesses t; and t,, the angle 6, and
the other geometric parameters v, gap m, Lges, and h were kept
constant to limit the variations of the actuator model, as shown in
Table 1. The mode (E|S|N) activated levers and columns contrar-
ious, as shown in Table 2. The (E|E|N) and (E|S|N) mode had a
constant active component and different excitations of the
columns.

3. Results and Discussion

3.1. Stress Distribution under Different Excitation Modes

The excitation mode and the slenderness ratio t, -g{1 influenced
the calculated stress distributions 6, through the cross section of
the middle, as shown in Figure 2. The deformation in the
AL, Os-PZT structures showed a stress distribution of 6, in
the range from —827kPa (t,-g ' =0.22) to +2.69kPa
(t2- g =1.00) for (E|E|N) mode, for (E|S|N) mode in the range
from —8.23kPa (t,-g ' =0.58) to +9.04kPa (t,-g ' =15.00),
and in the range from —7.68kPa (t,-g ' =0.39) to +5.03 kPa
(t2-g ' =5.00) for (E|N|N) mode.

It can be determined from the simulation results that an
inflection point with minimum stresses occur inside the levers
for (E|E|N) and (E|N|N) modes att, - g~* = 0.39 (ratio of a “golden
ratio”) and for (E|S|N) mode at t, - g~! = 0.58. With a reduction of
Agcive 0f 8%, absolute internal compressive stresses decreased by
about 10%, whereas the tensile stresses inside the levers
increased up to 46% when changing from (E|E|N) to (E|N|N)
mode. In the (E|S|N) mode, tensile stresses occurred for ¢, - g~
< 0.58 and compressive stresses for t,-g ' > 0.58 in the range
from +8.66 to —2.22 kPa. Decreasing t, - g ', the absolute values
of the compressive stresses within the levers increased to a max-
imum of —8.15 kPa.

The opposite excitation in (E|S|N) mode increased the tensile
stresses by 322% and reduced the compressive stresses by 73%
compared with the (E|N|N) mode with a shifting of the inflection
point for slenderness t,-g~ ' change of 38%. In contrast to the
lattice structures, the resulting o,, was about 99% significantly
lower for the same applied AT.

3.2. Strain Amplification Behavior

Strain amplification a, is defined as the strain increase in the
cellular structure as opposed to a dense monolithic material.
Following Eichhorn et al.,** this is calculated as the quotient
of the strain of the lattice £,*""® and the strain of the dense
material sydense as well as the active area and relative density.
Due to the sole lateral dynamic excitation, the deformation in
X-direction is nearly zero for all three excitation modes. The nor-
mal strains were also close to zero due to pure flexural deforma-
tion. Hence, the deformation behavior in the X-direction was
neglected.

The strain amplification a, decreased for all three modes with
increasing t,- g, as shown in Figure 3. The (E|E|N) and (E|N|N)
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Figure 3. Strain amplification a, of Y-direction in dependence of the gap
width t,- g™

mode caused negative strain amplifications for high t,-g™"
Applying the (E|E|N) mode inside the slenderness range
0.22-15.00, a, was reduced from +0.021 down to —0.263 with
zero elongation at t,-g ' =0.57. The (E|N|N) mode showed a
similar trend within a range of 0.119 down to —0.178. The
reduced active area here caused a reduction of |a,| of 32%.

Due to the contrarious deformation of the columns and levers
in (E|S|N) mode, the strain amplification increases from +0.017
to 4-0.154 with increasing t,-g .

For all three modes, a saturation of a, was reached for high
slenderness ratios due to the small distances between columns
and levers. By increasing the distance g and decreasing t,-g "
between the column and lever, the influence of the individual
components increased.

4, Conclusion

In this article, modular actuator structures were fabricated from
PZT and Al,O5 building blocks connected by a thin epoxy layer
and their properties calculated by FE simulations. The influence
of the excitation mode, slenderness, and active area on strain
amplification and stress distribution was investigated by
mechanically coupled thermal excitation.

The highest negative strain amplification of a, = —0.263 was
determined in (E|E|N) mode and the highest positive strain
amplification in (E|S|N) of a,=+0.154 for t,-g ' =15.00. A
decrease in t,g ' and minimizing the active area decreased
the induced internal tensile stresses. For all excitation modes,
a point of inflection of the stresses occurred at the ratio of the
“golden ratio” (t,-g~' =0.39). By minimizing the active part
of 8%, |a,| was decreased by 32%. Only the modes (E[E|N)
and (E|N|N) showed zero strain amplification for different slen-
derness ratios, which allows the generation of strain-resistant
complex structures.
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