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ABSTRACT

This paper describes a class of lattice metamaterials with tunable mechanical properties controlled
by the material modulus and structural parameters of the cellular units. The deformation shapes
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can also be changed by external control. We have developed 3D printed quadrilateral cellular TPU

units with specially shaped edge walls. A simplified mechanical model of the different cell deform-
ation processes is established and verified by numerical simulations and experiments. On this
basis, by tessellating and matching these transformations together, we create assembly grids with
adjustable stiffness and deformation shapes controlled by thermal and displacement constraints.

1. Introduction

The demand for materials with excellent functions and
properties is increasing with the progress of modern engin-
eering technologies, and there has been a growing interest in
designing tunable material systems that allow deformable
shapes/structures [1]. Among these, mechanical metamateri-
als have a wider range of applications due to their unusual
mechanical properties derived from their special microstruc-
tural geometry than classical materials of the same material
composition [2-5]. Metamaterials are often artificial struc-
tural composites made up of periodically arranged cells that
not only enhance the properties of the constituent materials,
but also have different functions and unusual properties [6-
7]. By combining lattice structures with the introduction of
mechanical metamaterials through rationally design, the
metamaterial structures not only retain the characteristics of
the lattice structures, such as excellent strength, energy
absorption, thermal insulation, noise suppression and light
weight characteristics, but also obtain new and unique
mechanical properties, such as anisotropy, negative stiffness
and negative Poisson’s ratio [8-16].

At this point, the mechanical properties of the structures
depend not only on the structural materials themselves, but
also on the design and deformation patterns of their micro-
structures, and can be customized through appropriate
microstructure design and arrangement [17-22]. For
example, Gao et al. designed a new class of new 3D lattice
structures that are capable of offering Poisson’s ratio from
positive to negative in a wide range along the three principal
axes [23]. Fan et al. proposed novel two-phase hybrid strat-
egies based on different types and numbers of thin-plate
cubic cells, and quasi-static compression experiments and
finite element numerical simulations were performed to
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investigate their energy absorption characteristics and
deformation mechanisms [24]. Ou et al. developed four cel-
lular-based material structure units composed of rigid plates
and elastic/rotary hinges, so that different compositions of
these units lead to a variety of tunable shape-changing possi-
bilities, such as uniform scaling, shearing, bending and
rotating [25]. Huang et al. proposed a novel dual architec-
ture phase lattice structure consisting with hard and soft
phases [26]. Zhang et al. proposed a pixel design method for
mechanical metamaterials arrangement based on topology
optimization and obtained two different objectives: the max-
imum stiffness (MS) and the maximum stiffness with min-
imum Poisson’s ratio (MSMP) by this method [27]. Thus,
programmable mechanical metamaterials have the potential
to be widely used in aerodynamics, modern heat-transfer
applications, soft robotics, flexible electronics, aerospace
engineering, biomedical engineering and other fields
[28-37].

From the literature, most of the reported lattice metama-
terials are arranged in combinations around homogeneous
or heterogeneous units to achieve specific functions. Among
these, the ability to freely assemble with modular design is a
relatively recent breakthrough. In addition, the use of differ-
entiated temperature field distributions to control the mech-
anical properties of lattice structures is scarcely mentioned
in the literature.

In this paper, we propose a mechanical metamaterial
structure based on flexible polymeric materials whose modu-
lus varies with temperature, which is composed of several
unit cells that can be assembled in a modular way, and
exhibit programmable responses, including stiffness and
deformation patterns, through a variety of external controls,
including temperature and displacement constraints. To
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achieve this goal, a commercial polymeric material (thermo-
plastic polyurethane, TPU) is selected to fabricate quadrilat-
eral cellular units with specially shaped edge walls by 3D
printing. Those units can be assembled modularly and pro-
grammed to transform into different shapes including con-
cave, convex and shear deformation under different
temperature and displacement constraints when subjected to
unidirectional compression. In this paper, simplified mech-
anical models of different deformation processes of cellular
elements are established. The relationships between mechan-
ical properties of cells or their assembly structures, modulus
of material and structural parameters are discussed, and are
verified by numerical simulations and experiments.

2. Designs and mechanical models
2.1. Designs

Consider the quadrilateral cellular unit shown in Figure
1(a), which can be divided into three regions @@® as
shown in Figure 1(b).

For region @, it consists of two sheet structures mirror-
ing each other as shown in Figure 1(c), which can be
regarded as being formed from the geometric shape of
Figure 1(d) after equal-width stretching width b. Its length
is Iy, the upper surface has a parabolic curvature and an
arch height g, and the lower surface is flat and there is a
slot with a top width a;, a bottom width a,, and a depth f.
At the slotted position, the thickness of the thinnest point of
the structure is z. This region is composed of flexible mater-
ial and is the main region where deformation occurs in the
lattice cell, and the slotted area can be subjected to thermal
constraints to control the deformation pattern of the lattice
cell.

For region @, it is composed of rigid material, distributed
at the four corners of the lattice cell and protruding slightly
in the width direction. The displacement constraints can be

(b)

applied at these protruding locations to control the deform-
ation pattern of the lattice cell.

For region @, it serves to transfer the displacement and
stress, and has no special requirements on the material and
shape.

2.2. Determination of shape deformation patterns

For the case where displacement constraint exists, the quad-
rilateral grid cell is subjected to the compressive displace-
ment U,. When the displacement of each prominent corner
points (region @) in the y-direction is constrained and no
rotation occurs, as shown in Figure 2(a), the deformation of
the structure is equivalent to the compression displacement
acting directly and uniformly on region ® without consider-
ing the deformation of region ®. At this time, region @ can
be regarded as being fixed-pinned, and the deformation will
be also deformed along the y-axis in the positive or negative
direction due to its curvature (including arches and slots).
This corresponds to one of the convex/concave deformations
of the grid cell, as shown in Figure 2(b). With a rational
geometric design, it is possible to separate the two states of
deformation by applying a temperature constraint at the
slotted area in region @.

When no temperature constraint is applied, as shown in
Figure 2(c), let the neutral axis of region @ lie at the geo-
metric center, which is separated from the inner boundary
of the external cube of the structure by ep. Assume that
there exists an external center line such that the external
cube has an equal chance of deforming in both directions
after compression, and let it lie at the geometric center of
the external cube, which is separated from the inner bound-
ary of the external cube of the structure by e. Obviously, e
does not vary with position and e = (f + z + g)/2.

When the neutral axis is not lower than the external geo-
metric center line at any position, as ey > e, the structure

(c)

Figure 1. The design of quadrilateral cellular units. (a) A quadrilateral cell. (b) Exploded view of the quadrilateral cell which can be divided into three regions:
@Flexible sheets, @Prominent corner points, @Sheets to transfer the displacement and stress. (c) A flexible sheet structure with an arch and a slot in region @. (d)

The geometric parameters of a flexible sheet in region @.
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Figure 2. (a) Constrained prominent corner points at compressive displacement. (b) The grid cell deforms convexly or concavely, depending on the constraints. (c)
The neutral axis and the external center line of region @ at low temperature, a half cross-section is shown. (d) The heated domain at the slot. (e) Equivalent T-
shaped equivalent cantilever model of the heated domain. (f) The neutral axis and the external center line of region @ when heated, a half cross-section is shown.
(g) Structural deformation obtained by finite element simulation at low temperature of flexible edge walls and (h) when heated at slots. There are three extreme

states: (1) without slotting, (2) without arching, and (3) at f=g.

tends to deform more in the direction of the neutral axis
protrusion, i.e. the slot protrudes to the outside and the
structure undergoes convex deformation. Then there is:

b<g 1)

When a temperature constraint is applied, as shown in
Figure 2(d), the modulus of the material at heated domain
changes from E; at low temperature to E, at high

temperature. The heated domain can be viewed as a region
of length I; and thickness d. Its mechanical model is equiva-
lent to the T-shaped equivalent cantilever model shown in
Figure 2(e) [38], where the modulus at any position is E;
and the shape of the unheated position remains the same,
but the width of the heated domain becomes B = g—jb. As
shown in Figure 2(e-f), the neutral axis of the model has
two limiting points to the position: the heated domain
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boundary <1>, and the central symmetry axis <2>. The
distance between the neutral axis and the inner boundary of
the external cube is:
Eh} — E;h? _
ei—m—f—ho, i=1,2 2)
where hy =f +2z—d, hh=d, h, =d—f.

When the neutral axis is not higher than the external
geometric center line at any position, the structure tends to
deform more in the direction of the neutral axis protrusion,
i.e. the slot protrudes inward and the structure undergoes
concave deformation. Then there is ¢; < e, the solution is:

{gﬁdzf#—z—Admf—kz
§=f

According to Equations (1) and (3), the range of deform-
ation states of the grid cell at different temperatures and
geometrical parameters can be established. The flexible edge
walls in region @ have three extreme states: (1) without slot-
ting, (2) without arching, and (3) at f =g. At f+2z+g=
3mm, the structural deformation obtained by finite element
simulation against the theoretical deformation states is
shown in Figure 2(g-h). It can be concluded that the struc-
ture undergoes only one kind of deformation when there is
no slotting or arching, regardless of whether the temperature
is applied or not, and when f =g, the temperature plays a
conversion role in the convex/concave deformation of the
structure. Essentially, the local reduction of modulus in the
heated domain leads to the preferential deformation of this

©)

@ 1" “‘_,1 (b)
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Figure 3. (a) Unconstrained prominent corner points at compressive displace-
ment. (b) The structure tends to undergo shear deformation under
compression.

la—ay

c=0 i{

<j>

region, which then drives the deformation of the unheated
domain.

Therefore, the deformation state of the structure can be
controlled by adjusting geometric parameters and tempera-
ture, and the closer the geometric parameters are to f =g,
the more obvious the shape changes brought by
temperature.

When boundary corners are not constrained by displace-
ment, as shown in Figure 3(a,b), the structure tends to
undergo shear deformation under compression, and flexible
sheets at regional @ rarely bear loads, which will lead to the
reduction of the compression force, and it depends more on
the action between the corner points and flexible sheets than
on the flexible sheets themselves.

2.3. Mechanical models for deformation

For the symmetrical half of the flexible sheets at region @, it
can also be divided into three parts, named, <i>, <j>, <k>,
respectively corresponding to the main body of the structure
(non-heated domain), slotted slope and slot (heated domain),
as shown in Figure 4(a). Let the coordinate along the length
direction be ¢ and the end be the origin, then the coordinates
of each region and its demarcation point are known. The
height of the arch of parabolic shape at any point is:

Ag(c) = i c (4)

2.3.1. Basic assumptions
Assuming that the flexible sheet at region ® has a sinusoidal
deflection curve after deformation:

y(x) = % [1 ~ cos (27"” (5)

where U, is the maximum deflection, [ is the length after
deformation, and x is the coordinate along the length direc-
tion. Make sure that the coordinate ¢ before deformation
and x after deformation are two sets of coordinates. and the
full length of the deflection curve is:

UZTCZ

() =%

so that, the compression displacement U, = [y — I..

+ 1 (6)

b=

—_—»

Figure 4. (a) The symmetrical half of the flexible sheets at region @ can be divided into three parts: the main body of the structure (non-heated domain),
<j > slotted slope (heated domain), <k > slot (heated domain). The location of the bounding coordinates for each part is given. (b) The flexible sheet is deformed
from the original shape (solid line) to a surface with deflection (dashed line), the coordinate c before deformation and x after deformation are two sets of

coordinates.



There is a relationship between the compression force Fy
and the compression energy U, and bending potential
energy U, of the structure:

0
F U.+ U 7
v =50, (Ue + Up) 7)
assuming that there is so little compression energy U, that
U, = 0. In other words, that is, the full length of the deflec-
tion curve does not change during the deformation,

Ily(x)] = lo. So that:

- ®)

Considering that the edge walls are variable section struc-
tures, the bending potential energy U, without temperature
constraints should be written as:

I

lEl

dx—Eljz , (x)dx,
“hy 0 (05
b, s
1(0) = 1) = 5 ),
4
f—l—z—i—g—l—‘zgcz, <i>
0
4 2¢—1
ho={ frzrg-Fo -2 0Ty s
0 1 — a2
4
f+z+gfl$2gcsz, <k>
0

)
where [(x) is the length of the deflection curve from any

point x to the origin after deformation.

2.3.2. The relations between coordinate ¢ and x
For the coordinate ¢ before deformation, there is:

c=lx) = Jx 1+ [j(x)] dx

0

(10)

and Equation (10) is an elliptic integral that can be approxi-
mated by Taylor expansion as:

U, 2 I (Umn\*> . [4nx
[~ [(T) —&-1}(—16“( lyc ) sin (T)
=k - x — ks sin (kzx)

) >0, ky = k,(Uy) > 0.

(11)

where k; = k; (U,

2.3.3. Simplification of models
Based on Equations (5), (9) and (11), The bending potential
energy U, without temperature constraints can be written as:
El bTE U}%
Up = 6l —r f(xUy)
lo-ay

(s 4
f(xUy) = 0210 (no; — my )’ (1 + cosx> dx
oy ‘ (12)

2’0 2 3
+J:0 ) (noa — mc* — nyc) (
20y ¢

4n
+ cosl—x> dx

Cc

lc
4
+ 10 e (ns — i)’ (1 + cosl—x> dx
b .
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then the compression force Fy can be written as:

Fo — an(X, Uy)
N au, (13)
= 2kU,f (x, U, )+ka(x, )

where No1> Moz, M3, M1, M), kZ 0.
As x> 1, all sine terms can be considered as extremely
small in Equations (11) and (12). So:
f(xUy) ~

lp—ay lo—ay

e 2
fozzo myh(c) dx—l—ﬁ =

0 “1]

“myh(c)’dx (14)

—i—JE,aZZ msh(c)’dx
o e

where 0 < my, my, m3 < 1,h(c) oc X%

2.3.4. Approximate models and conclusions

Equation (14) shows that the mechanical properties of the
edge walls as variable section structures can be treated as a
superposition of individual roles, which are the three parts
named, <i>, <j>, <k> (Figure 4(a)) at the flexible sheets
at region @ (Figures 1(b) and 2(a)), for the same structural
parameters and boundaries are shared between each of the
parts and each of the integral terms in Equation (14). Thus
there is an approximate model:

feUy) = Y H{X) |G
h?max 3h3
N Z(

i, min (15)
1—<1> <j>, <k>

x>

4

where H;(x”) is a seventh degree polynomial with respect to
X, ny is a length parameter of coordinate x, and is propor-
tional to the length of each part, ¢;max and ¢;min are the
boundaries of all parts (<i>, <j>, <k>), and hj max
and h; i, are the maximum and minimum values of thick-
ness h in each of the parts. Thus, the compression energy
U, and the compression force Fy can be solved when no
temperature constraints are loaded.

For the case of temperature constraints, the modulus of
the material and the sections of the structure both varies
with location. Thus there is an approximate model:
br'U}

G (U
f5 Uy )~ S B (”‘?ma* Hm)
4 Y

i=<i>, <j>, <k>

U, =

(16)

where E; is the modulus of material for each part, and n,,
is a length parameter of coordinate x and width of heated
domain I;. Therefore, the flexible sheet with variable cross-
section in region @ can be regarded as a weighted superpos-
ition of several different sets of constant cross-section but
equal length sheets, which is still valid for local modulus
inhomogeneities caused by temperature, and the preferen-
tially deformed heated domains and less-deformed unheated
domains are independent of each other at initial pressure.
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It should be noted that this model is only an approximate
model for compression in region ©. Though region @ is the
most critical region in the deformation of the structure, the
deformation of regions @ and ® may also be taken into
account. After considering the deformation of regions @
and @, the deformation of region @ may not be idealized,
for example, the deflection curve may not be sinusoidal. In
addition, the model only provides a first order approxima-
tion to the definite integral equation, and the shape of the
heated region is also an idealized approximation.

We speculate that the theoretical model is more suitable
in the following conditions. The shear and out-of-plane
deformation are not considered, the compression displace-
ment is of the same order of magnitude as the structural
dimensions, regions @ and ® are approximately free of
deformation, and the structure is well heated.

3. Results and discussion
3.1. Single unit

Figure 5(a) shows the deformation under compression of a
single unit whose flexible edge walls are the same as those
in Figure 2(g) (3), by comparing simulation and experiment
results. Friction exists between the unit and experimental
platform as a displacement constraint. For one of the states
which has no temperature constraints, at room temperature
the unit deforms convex. And in other case, after a tempera-
ture constraint at the slots of region @ (Figure 2(a,d)) by
external heating films (Figure 7(d)), the heated domains
deform easier so that the unit deforms concave as opposed
to the deformation in its no temperature constraints. Such
deform states are consistent with theoretical expectations.

Figure 5(b-e) shows the force-strain and equivalent stift-
ness-strain response at two states which are predicted by
theories and FE simulations, and are compared with experi-
ment results. For both of the states, with the increasing of
strain, the compression force increases and gradually con-
verges to a stable value, while the equivalent stiffness
decreases and gradually converges to zero. The force and
equivalent stiffness at no constraints is reasonably higher
than those in temperature-constraint state. This is the result
of the local modulus reduction in the heated domain.

The results show some differences in the stiffness of
structure obtained by analytical method, FE simulation and
experiments, especially when the compression strain is less
than 0.05mm-mm~"'. We speculate on the four reasons for
this discrepancy.

Firstly, the theoretical model is an approximate model
with errors when the compression strain is relatively small.

Secondly, the theoretical model does not take into
account the deformation of regions @ and ®.

Thirdly, the friction forces are not taken into account in
the theoretical model and simulation. The pressure forces
offset against the friction forces among the assembled parts,
resulting in low results at lower compression strains.

Finally, the friction forces between the sliding rails and
the assembly are not included in theoretical and simulation
results, which exist in the experiment. The sliding rails are

not perfectly straight, so the frictional forces at the corner
points change due to compression displacement, causing the
pressure and equivalent stiffness curves to fluctuate in the
experimental results.

However, there is a same trend in analytical, FE simulation
and experiment results, that the compression force increases
by strain and gradually converges to a same stable value, the
equivalent stiffness decreases by strain and gradually con-
verges to zero. In this case, it can be considered that the the-
oretical model to be considered reasonably convincing.

3.2. Assembly lattices

Figure 6(a) shows the deformation under compression of
the assembly structure, which is composed by 3x3 units as
above-mentioned, by simulation and experiment. The units
assemble each other by prominent corner points, and all of
them can be freely disassembled as well, as shown in Figure
7(a). The temperature constraints are provided by heating
films (Figure 7(d)), and the displacement constraints are
provided by external sliding rails, which can limit the corner
points at each line to move only in the compress direction.
Without sliding rails, corner points can move in the direc-
tion perpendicular to the compression as well.

The deformations of the assembly structure shown by sim-
ulations and experiments in different constraints are almost
the same. Each unit of the assembly shows the same shape-
transform pattern as in the case of individual compression of
the unit. The temperature constraints locally affect only the
heated cellular units and are independent of the unheated
cells. Depending on the type of constraint, cells in the assem-
bly shows concave, convex and shearing deformation, which
are consistent with theoretical expectations.

Figure 6(b,c) show the force-strain and equivalent stift-
ness—strain response at displacement constraints, so that
units deform concave/convex due to temperature. For the
case without temperature constraints, as in Figure 6(b,c), the
assembly is all at room temperature, and it can be seen that
the force and equivalent stiffness of the assembly follow the
same trend with strain as in the case of a single unit (the FE
simulated values no longer converge after the contact of the
structure occurs). The equivalent stiffness of the structure is
easily known to be three times that of a single unit accord-
ing to the parallel series equation, as predicted by the theory
in Figure 6(b,c).

For the case of simultaneous action of temperature and
displacement constraints, as in Figure 6(d,e), the modulus of
the structure is significantly lower than that at room tem-
perature, due to the low local modulus of the heated units,
which play important roles in deform after compression,
while the unheated units have almost no deformation. So
the equivalent modulus of the structure is close to the
modulus of the whole area composed of the heated units,
while the correlation with the unheated units is low.

For the case of no displacement constraints, as shown in
Figure 6(f), the sliding rails are removed at this point, the
corner points can move perpendicular to the compression
direction, and the unit changes from compression-bending
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Figure 5. (a) Deformation under compression of a single unit by simulation and experiment. Friction exists between the unit and the experimental platform as a
displacement constraint. The original state, the state at room temperature and the state with temperature constraints at the slotted area are shown. (b) Force-strain
response at room temperature, (c) Equivalent stiffness—strain response at room temperature, (d) Force-strain response with temperature constraints, (e) Equivalent
stiffness—strain response with temperature constraints are predicted by theories and FE simulations, and measured in experiments.

deformation to compression-shear deformation. According
to the experimental results, the compression force of the
structure is reduced at the same temperature compared to
the displacement constraints. This is consistent with the
results obtained from theory.

3.3. Discussion

In the results of the theory, FE simulations and experiments,
the trends of compression force and equivalent modulus

with strain are almost the same. The units or the assembly
share the same deformation patterns controlled by tempera-
ture and displacement constraints, although there are some
differences between them due to the simplification of the
theoretical model, the choice of simulation parameters and
elements, and experimental factors. Moreover, the deform-
ation of each unit of the assembly, the compression force
and the equivalent modulus of the unit itself are independ-
ent of each other, and are not influenced by other units.
Therefore, it can be assumed that the mechanical properties
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Figure 6. Experiment methods. (a) 3D-printed nylon prominent corner points and TPU lattices linked by metal pins. (b) Calibration lines for the outer boundary
(straight) and the inner boundary (parabolic). The units should be placed here for calibration after an experiment was done. To reinforce the units, metal sheets
should be glue-bonded to the surface. (c) External sliding rails that provide displacement constraints, and the bolts inside the corner points can slide up and down.
(d) External heating films which provide temperature constraints should held in slots by clamps.

of the assembly and the way the shape changes can be
designed programmatically according to each detachable

individual unit.

One of the potential applications of this structure is
encoded display. Figure 8(a). shows a cross-shaped five-unit

assembly structure, whose prominent corner points of the
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Figure 7. (a) Deformation under compression of assembly lattices by simulation and experiment. The original state, the state at room temperature with displace-
ment constraints, the state with temperature constraints at the top layer and with displacement constraints, and the state without displacement constraints at the
slotted area are shown. (b) Force—strain response, (c) Equivalent stiffness—strain response at room temperature with displacement constraints are predicted by theo-
ries and FE simulations, and measured in experiments. (d) Force-strain response, (e) Equivalent stiffness—strain response with temperature and displacement con-
straints are predicted by FE simulations, and measured in experiments (the FE simulated values no longer converge after the contact of the structure occurs). (f)
Comparison of the force-strain responses measured in experiments at room temperature for the states with and without displacement constraints.

(a (b)

(©) (d)

D means displacement is limited by sliding rails.

Figure 8. The deformations of different temperature constraints under compression obtained by FE simulation of a cross-shaped five-unit assembly structure, prom-
inent corner points of the outer boundary of the assembly are constrained. (a) Original state, displacement constraints are given. (b) “Twin stars”, (c) “X” shape, (d)
“Hyperbolic” shape are three different deformations of the assembly under different temperature constraints.
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outer boundary of the assembly are constrained. The defor-
mations under compression obtained by FE simulation,
shown as Figure 8(b-d), are programmatically controlled by
the positions of temperature constraints. Each flexible edge
wall can be heated, and the deformation is not constrained
by other walls in the same unit or in other units.
Considering the independence of the edge walls and the
detachability of the unit, the assembly can theoretically
achieve any feasible deformation.

Another potential application of this structure is the
modulus adjustable structure. As shown in Figure 6(a-b,d),
the equivalent modulus of the assembly decreases dramatic-
ally when heating the cells of a single layer. In this case, the
modulus and deformation sequence of the assembly can be
programmed by heating in layers to meet different usage
requirements in the field of support, energy absorption, and
impact resistance, etc. Such the adjustable mechanism of lat-
tice structure greatly improves its adaptability and potential
application fields.

4, Conclusions

In this paper, we proposed a kind of adjustable lattice meta-
materials based on the quadrilateral flexible cellular units,
and through theoretical, FE simulation and experimental
methods, we demonstrated that: The mechanical properties,
including the variation relationship between the pressure
that increases with strain and the equivalent stiffness that
decreases with strain, could be controlled by the material
modulus and structural parameters of the units, and the
deformation methods, including internal concave, convex
and shearing, could be changed due to external temperature
and displacement constraints. We demonstrated that:
Within a cell, the modulus of the polymer decreases with
increasing temperature, and the preferentially deformed
heated domains and less-deformed unheated domains are
independent of each other. And between the cells, each
element is independent of each other regardless of the tem-
perature and displacement constraints. Thus, the intra-cell
independence leads to the existence of a sequential order of
cell deformation, and the inter-cell independence leads to
the modularity of the assembly, the entire assembly is highly
programmable as a result. In this way, the metamaterials
could be extended to a wider range of applications, such as
encoded display and modulus adjustable structure.

5. Experimental section
5.1. Finite element analysis

The commercial FE software Abaqus 2016 was used and the
Abaqus/Standard solver was employed for all the simula-
tions. The models were placed between two rigid plates. The
temperature constraints were applied to slots, the displace-
ment constraints were applied to prominent corner points
and set to U2=U3=0, For each position U3 =0.
Tetrahedral quadratic element (C3D10MT) with tempera-
ture-displacement coupling was used and the modulus

parameter E;=25.8 MPa, E,=1.0 MPa. The Prony series were
obtained from the tensile-relaxation experiment of TPU.

5.2. Construction and assembly

As shown in Figure 7(a), 3D-printed nylon prominent cor-
ner points and TPU lattices were linked by metal pins, and
the assembly can be disassembled freely through pulling the
pins out. To reinforce the units, the edge walls in region ®
(Figures 1(b) and 2(a)) were glue-bonded by the metal
sheets to the surface. The bolts inside the corner points can
slide up and down in external sliding rails, which were
made of acrylic material obtained by laser cutting as
Figure 7(c).

5.3. Experiment

Instron testing machine 5944 was used in the compression
experiments. Electric heating films were held in slots by
clamps as shown in Figure 7(d). The units should be cali-
brated to the edge lines shown in Figure 7(b) after an
experiment was done. To eliminate the residual deformation
after the experiment, the structure should be restored to its
original shape by restraining the shape through frames and
then be placed in hot water.
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Table A.1. The values of Prony series obtained by relaxation test.

Series Series Relaxation
Term gi ki time 7
1 0 0 0.1
2 0 0 1
3 0.14516 0 10
4 0.17267 0 100
5 0.07649 0 1000
00 0.60568 1 -

top and bottom of each end. Instron 5944 tensile tester was used for
the room temperature tensile-relaxation test, with the tensile rate of the
tester set at 0.1 mm/s and the tensile deformation set at 5mm for 50s.
Then the current 5mm tensile deformation was maintained for 1000s.
The stress-time curve of the tensile-relaxation process at the central
position of the specimen was obtained, given in Figure A.1.

From the stress-time curve obtained by the relaxation test, the vari-
ation of the energy storage modulus with time can be determined. It can
be converted into kernel functions. By exponential fit, the Prony series
and the normalized residual modulus at each relaxation time can be
obtained. The values obtained for Prony series are shown in Table A.1.
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