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Abstract. Mechanical metamaterials have become an emerging
research field due to the advances in additive manufacturing technol-
ogy in the last decade. Especially, materials with adjustable coefficient
of thermal expansion (CTE)—thermoelastic metamaterials—are investi-
gated because of their wide range of engineering applications. They span
from the shape control of space structures to micro positioning systems.
For designing the CTE of metamaterials, at least two materials with dif-
ferent CTEs have to be combined in complex lattice structures, which
makes manufacturing difficult up to now. However, with the advent of
multi-material additive manufacturing such metamaterials become avail-
able. Extensive research examined topological designs of passive ther-
moelastic unit cells. Regarding topological concepts for applications as
actuator, mainly only homogeneous temperature differences and mechan-
ical forces as activation have been addressed. However, the activation
through joule heating is addressed rarely. In this work, the design of a
bi-metallic thermoelastic actuator based on mechanical metamaterials
with joule heating activation is presented. First, an efficient parameteri-
zation for the underlying triangular metamaterial cell with double-coned
legs inspired by pentamode metamaterials is presented. The cell design
concept is investigated using finite element method regarding stiffness
and CTE as well as their coupling and the influence of the double cone
shape of the legs. Second, two principal design options for the accom-
modation of foil heaters on the actuator cell are compared. By using
a transient simulation of an actuator consisting of a tessellation of the
designed cells, the thermoelastic functionality could be shown.
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1 Introduction

Most of the natural materials expand with the rise of temperature and shrink by
decreasing it, which characterizes them as materials with positive coefficient of
thermal expansion (CTE). In contrast, near-zero CTEs and even negative CTEs
are intrinsic properties of few materials for specific temperature ranges [1–3].
Also, these materials generally have a limited mechanical performance, which
limits their engineering applications [2,4].

These limitations of natural negative CTE materials can be overcome with
mechanical metamaterials. Mechanical metamaterials show a rationally archi-
tectured micro structure that results in a desired macroscopic behavior [5]. This
includes auxetic metamaterials that present a negative Poisson’s ratio, penta-
mode metamaterials where arbitrary anisotropic stiffnesses can be obtained and
thermoelastic metamaterials where a tunable CTE can be reached [2,6–9]. Ther-
moelastic metamaterials with controllable CTE have been investigated for over
20 years [10,11]. Structures with high unidirectional CTE are desired for actu-
ators controlled by temperature, while structures with zero, minimal or even
negative CTE are intended especially for applications that either involve high
temperature variations or require high dimensional accuracy, or both [4,12,13].
Applications reach from high-precision spaceborne optical systems to microchip
devices [4,14–17]. For the sake of achieving these properties, these microstruc-
tures must have specific geometries and must be composed of least two different
materials with a CTE difference among them [18]. With the advent of metal-
lic multi-material additive manufacturing they become available for structural
applications [19–22].

Recent studies focus on the one hand on metamaterials that present a con-
trollable CTE and yet are structurally efficient [12,13,23–27]. On the other hand,
stimuli-responsive thermoelastic metamaterials called actuators [28], active
metamaterials [29] and 4D thermomechanical metamaterials [30] are investi-
gated. The underlying metamaterial ground structures usually work with flexure
joints instead of applying structurally efficient double-cone struts of pentamode
metamaterials [31–33]. Moreover, besides an activation via heating the whole
actuator [24,28,31,32,34], only limited studies consider a local activation. In
[35] a micro actuator activated by a laser with triangular displacement amplifi-
cation is investigated. In [36] and [37] additively manufactured actuators that are
activated by a standard foil heater are investigated. In the work, the thermoe-
lastic functionality could be shown in simulations and experiments. However, no
multi-metamaterial actuators are investigated there.

In this study, the design of a planar bi-metallic thermoelastic actuator cell
applying mechanical metamaterials with joule heating activation is presented.
For investigation, a parameterized geometry based on a bi-material triangle with
double cone legs inspired by pentamode metamaterials is utilized. The parame-
ters’ effect on the stiffness and the CTE as well as their coupling are evaluated.
Moreover, two options for the joule heating activation with a standard foil heater
that requires a minimal surface area are compared: by thickening the middle strut
and by applying an additional out-of-plane accommodation structure.
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2 Design of the Thermoelastic Actuator Cell

2.1 Negative Thermal Expansion Mechanism of the Actuator Cell

The negative thermal expansion (NTE) of the unit cells of thermoelas-
tic metamaterials is based on a purposefully designed geometric structure
using at least two different materials with a preferably large CTE-difference
[18]. These geometric structures can be classified in bending-dominated and
stretch-dominated according to the underlying expansion mechanism. In this
work, a stretch-dominated structure is applied as it is structurally more effi-
cient compared to a bending-dominated structure and therefore more suitable
for engineering applications [38–40]. In Fig. 1, a scheme of the applied triangular
deformation mechanism of the used planar unit cell for unidirectional expansion
in y-direction is shown. When heated by the temperature ΔT , the thermal elon-
gation in axial direction of the middle strut a− a0 is higher than the elongation
of the legs due to its higher CTE. This results in a rotation of the legs by the
angle ϕ0 −ϕ. Thus the height of the triangular structure h0 decreases to h. The
resulting elongation in y-direction will be henceforth called the structure’s CTE,
which is calculated by CTE = (h0−h)/(h0ΔT ). Besides, the stiffness is defined
with respect to a unit force F in y-direction. The CTE and the stiffness of this
actuator cell are majorly determined by the edge length a and the angle ϕ. These
properties are highly coupled. For instance, low angles lead to high NTEs and
low stiffness in y-direction at the same time. Remarkably, actuators with high
positive CTE can be built by reversing the high- and low-CTE material.

Fig. 1. Scheme of the underlying planar triangular mechanism with idealized rotational
joints for a unidirectional negative thermal expansion in y-direction. When heated, the
thermal elongation in axial direction of the middle strut a − a0 is higher than the
elongation of the legs due to its higher CTE. This leads to a rotation of the legs by
the angle ϕ0 − ϕ resulting in a decrease in height from h0 to h. The stiffness is defined
with respect to a unit force F in y-direction.

2.2 Design Objectives and Parametrization of the Geometry
of the Actuator Cell

In this work, a concept for an actuator for engineering applications, especially
space applications, is presented. The process of 3D multi-material L-PBF is
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particularly suitable to fabricate these structures. However, the metallic multi-
material L-PBF is not yet a consolidated process. Consequently, there are some
design restrictions and the choice for a simplified design, where no or minimal
support structures are required, is convenient. The following design objectives
are taken into account here:

• High Stiffness in y-direction
• High NTE in y-direction
• Joule heating activation with a standard foil heater
• Good manufacturability with bi-material metallic additive manufacturing

When implementing the presented triangular mechanism, a certain wall thickness
is required because of stiffness and process requirements. Moreover, in applica-
tions actuator cells are usually connected in series for higher NTEs or in parallel
for higher stiffnesses. This results in a overlapping of the thicknesses of the struts
at the joints as depicted in Fig. 2a. Accordingly, additional rotational stiffness
arise (see Fig. 2b). This especially applies for very small angles.

However, the triangular mechanism creating the NTE requires a rotation in
the joints. Accordingly, a geometric parametrization with double-coned legs is
applied. The smaller thickness at the joints reduces rotational stiffness while
in the middle of the strut a high bending resistance preventing buckling of the
legs is kept (see Fig. 3) [7–9]. Due to the high complexity with manufacturing
structurally more efficient tubular structures are not considered here. The middle
strut is not tapered since there the foil heater is attached. The overall thickness
t1 is applied. In order to provide enough space for the accommodation of a foil
heater, the middle strut can be thickened (m). For the legs, the thickness t1 is
reached only in the middle of the strut while the ends are tapered. At the ends
of the legs, the thicknesses t2 and t2/2 are applied. The t2/2-offset at the left
corner is important for the avoidance of overlapping of the legs with the middle
strut at very small angles. The angle ϕ is defined from the middle strut middle
axis to the leg middle axis.

When considering wall thicknesses, there are two main mechanisms of thermal
expansion that counteract when aiming for high NTEs:

• Geometric nonlinear triangular thermal expansion mechanism
• Thermal expansion of the structure in y-direction defined by the geometric

expansion in y-direction hl and hh.



Design and Investigation of an Thermoelastic . . . 5

(a) Tessellation of the actuator cell. Ideal-
ized lattice model with rotational pin joints
(black). Compliant mechanism considering
the wall thickness (grey). Arise of addi-
tional rotational stiffnesses (orange) illus-
trated in a quarter cell (dotted).

(b) Illustration of the aris-
ing rotational stiffnesses c
when considering the wall
thickness using a quarter
model.

Fig. 2. Arsing rotational stiffness of the actuator cell when taking wall thickness into
account.

2.3 Joule Heating Activation

For the joule heating activation, commercially available foil heaters are utilized.
This is especially applicable for space application where space-qualified heaters
are preferred. Therefore, multi-hierarchically and small-scale structures are not
suitable as an activation with standard heaters is difficult. For foil heaters, a min-
imum space for accommodation is required due to the maximum power intensity
(approx. 0.5 W

cm2 [41]) and the minimum width. Consequently, for the accom-
modation of the foil heaters the middle strut is preferable over the legs since it
is longer. Moreover, activating the middle strut instead of the legs makes the
actuator more efficient because it results in a higher temperature in the middle
strut than in the legs. This results in a higher decrease in height due to the
higher difference in thermal elongation.

For the increase in width two option are investigated here:

• Joule heating activation by thickening the middle strut (see Fig. 4a)
• Joule heating activation with an additional accommodation structure

attached to the middle strut (see Figs. 4b and 4c)

In the first option, not only a foil heater could be directly attached to the middle
strut, but also a heating cartridge could be accommodated inside it, as depicted
in Fig. 4a. However, the thickening of the middle strut leads to lower NTE. Due
to its higher and isotropic CTE, the elongation of the middle strut would cause a
higher elongation in the y-direction as well. Therefore, an out-of-plane structural
enlargement for the accommodation is applied in the second option. Here, an
exemplary double cone and a plate are depicted, whereby other geometries could
be utilized. The plate is not suitable for low edge lengths.
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Fig. 3. Quarter model of the parametrization of the geometry with double cone legs
and with a thickening of the middle strut (m) for the accommodation of a foil heater.

(a) Thickening of middle
strut for the accommoda-
tion of foil heater (1) or a
heating cartridge (2).

(b) Actuator with ex-
emplary symmetric
cone-shaped accommo-
dation structure.

(c) Actuator with ex-
emplary symmetric
plate-shaped accommo-
dation structure.

Fig. 4. Options for the accommodation of a foil heater (orange).

3 Investigation of the CTE and the Stiffness
of the Actuator Cell

For the evaluation of the actuator cell, CTE, stiffness and their coupling as well
as the efficiency of both joule heating activation options are investigated using
finite element method. To this, different sets of parameters where investigated
in Sect. 3.1, 3.2, 3.3, 3.4 and 4. An overview of the applied parameter sets and
the materials can be found in Tables 1 and 2. Steel was applied as the high CTE
material and Invar as the low CTE material. Both are structurally efficient while
having a considerably large CTE gap. Moreover, bi-material powder bed fusion
is feasible using them because of the good weldability of both materials [42,43].
All investigations are done under the variation of the angle ϕ in an interval of
[6◦; 60◦] using a 2.5mm thick model. First, the influence of the main parameters
a, ϕ and t is studied. Then, the influence of the double cone shape of the legs
and the influence of the thickening of the middle strut is investigated.
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Table 1. Overview over parameters applied for the investigations.

Section t1 [mm] t2 [mm] m [mm] a [mm] ϕ [◦]

3.1 [0.5; 1.5] 0 [10; 20]

3.2 1 [0.5; 1] 0

20
[6; 60]

3.3
1 1 0

1 0.5 0

3.4 1 0.5 [0; 10]

4
1 0.5 0

20 20
1 0.5 3

Table 2. Material parameters and thickness in z-direction.

Parameter Unit Steel Invar

Young’s modulus GPa 200 140

Poisson’s ratio – 0.3 0.3

CTE 10−61/K 18 1

Thermal conductivity W
m·K 15 13.5

Heat capacity J
kg·K 510 515

Density kg
m3 7900 8100

Thickness in z-direction mm 2.5

3.1 Influence of the Edge Length a and the Overall Thickness t1,2

The influence of the edge length a and the overall thickness under different
angles was investigated (see Fig. 5). Both parameters greatly influence the CTE
and the stiffness: A higher NTE is generated by lower angles, smaller thicknesses
and higher edge lengths (see Fig. 5a). By contrast, a higher stiffness results from
higher angles, higher thicknesses and lower edge lengths (see Fig. 5b). Conse-
quently, as a rule of thumb, the stiffness and CTE are of competing interest (see
Table 3).

However, regarding the CTE, only for angles smaller than approx. 20◦ a
considerable strong effect for the NTE can be observed. In this course, an increase
in thickness reduces this effect.

Regarding the stiffness, there is a decrease for angles greater than approx.
50◦ due to the activation of bending deformation in the legs. This effect is also
stronger for shorter edge lengths and could be hindered by using higher thick-
nesses in the middle of the legs. However, this effect is not considered any further
as the focus of this work is on structures with high NTE that require long edges
and small angles.
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Table 3. Contradicting influence of the geometric parameters ϕ, a, t1,2 on stiffness and
NTE.

Parameter

Design objective ϕ t1,2 a

Stiffness ↑ ↑ ↓
NTE ↓ ↓ ↑

Fig. 5. Influence of the edge length a and the overall thickness t on the stiffness and
CTE of the actuator cell under variation of the angle ϕ.

3.2 Influence of the Double Cone Shape of the Legs

In a second step, the influence of the double cone shape of the legs under different
angles was investigated (see Fig. 6). To do this, a reduction of t2 from 1mm to
0.5mm was considered while keeping t1 = 1mm and a = 20mm. It was observed,
that a higher tapering results in a much higher NTE while having a minor
effect on the stiffness. This especially applies for smaller angles ϕ. Consequently,
tapering the legs is well suited to improve the actuator geometry when taking
the design objectives stiffness and CTE into account at the same time. Due
to the definition of the CTE-stiffness-relationship using only two variables, this
parametrization is well suited for a fast preliminary design of components with
many coupled cells followed by a topology optimization for detailed design.
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Fig. 6. Influence of the tapering of the legs (defined by t2) on the stiffness and CTE of
the actuator cell under variation of the angle ϕ. A constant thickness t1 = 1 mm and
a constant edge length a = 20mm is applied.

3.3 Comparison of Actuator Cells with Tapered and Non-Tapered
Legs

Third, a tapered (t2 = 0.5mm) and a non-tapered (t2 = 1mm) actuator cell
with a constant edge length a = 20mm and a constant width of t1 = 1mm were
comparatively examined under the variation of the angle ϕ (see Fig. 7). The
influence of the tapering varies under different angles ϕ: For decreasing angles
the effect on the NTE rises while the impact on the stiffness decreases. This is
due to the higher overlapping of the legs with the middle strut when considering
thicknesses which can be overcome by the tapering (see Fig. 7). Thus, the double
cone shape of the legs is beneficial for the actuator design where high NTEs
that require low angles and high stiffnesses are to be reached simultaneously.
Nevertheless, only pareto-optimal solutions can be achieved in terms of stiffness
and NTE. The decrease in stiffness for angles higher than approx. 55◦ depicted
in Fig. 5b can also be seen here.
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Fig. 7. Comparison of an actuator cell with tapered and non-tapered legs under the
variation of the angle ϕ. A constant thickness t1 = 1 mm and a constant edge length
a = 20mm is applied.

3.4 Influence of the Thickening of the Middle Strut on the CTE

Fourth, the influence of thickening of the middle strut (defined by m) on the
CTE is investigated (see Fig. 8). To do this, an actuator cell with tapered legs
(t2 = 0.5mm) with a constant edge length a = 20mm and a constant width of
t1 = 1mm was studied under the variation of the angle ϕ. It can be observed
that higher thicknesses of the middle strut result in significantly lower NTEs.
This effect is due the higher geometric expansion in y-direction (hh) resulting
in a higher thermal expansion in y-direction which counteracts the triangular
expansion mechanism (see Fig. 3). Thus, for example, at an angle ϕ = 20◦, the
actuator cell has a CTE of approx. −9·10−6 1/K with no thickening of the middle
strut (m = 0mm) while there is a CTE of approx. −3 ·10−6 1/K for m = 10mm.
As a consequence, the thickening of the middle strut is only suitable for the joule
heating activation when small NTEs are sufficient. However, it is advantageous
that no support structures are needed at additive manufacturing using this type
of activation.

4 Investigation of the Transient Thermal Expansion
Applying Joule Heating Activation

For the investigation of the transient thermal expansion an actuator cell tessella-
tion comparing both joule heating activation options is considered (see Figs. 9a
and 9b). By applying a tessellation, a higher overall negative expansion can be
achieved. Moreover, by using two rows of cells next to each other, the actuator
is stiffer, in particular regarding multiaxial loads. The same size of activation
surface with a watt density of 0.5 W

cm2 is applied on front- and backside for
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both options and the displacement u after 10 s is evaluated. The scale of the
displacements is in μm-scale for both options which is suitable for spaceborne
(see Fig. 9c). However, when applying a double cone as accommodation structure
for the foil heater far higher negative displacements can be reached especially at
small angles.

Fig. 8. Influence of the thickening of the middle strut on the CTE under the variation
of the angle ϕ.

(a)

(b)

(c) Displacement u after 10 s when applying a watt density
of 0.5 W

cm2 on the respective activation surface (orange) under
the variation of the angle ϕ.

Fig. 9. Comparison of the transient thermal expansion of an actuator cell tessellation
with joule heating activation using a thickening of the middle strut (9a) and a double
cone (9b).
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5 Conclusion

In this work, the design of a bi-metallic thermoelastic actuator with negative
thermal expansion (NTE) based on mechanical metamaterial with joule heating
activation was presented. First, an efficient parametrization of the actuator cell
based on a triangular geometry where double-cone-shaped legs can be considered,
is presented. The stiffness and CTE were then investigated and it was observed
that both are highly coupled, but contradict design objectives regarding the
geometric parameters ϕ, a, t1,2. This contradiction, however, can be overcome
using tapered legs. At the end, two options for the joule heating activation which
requires a certain width were investigated: by thickening the middle strut and by
applying an out-of-plane structural enlargement. It was shown that the latter is
suitable to reach higher negative displacements. On the other hand, the AM of
these structures would require support structures. In future work, the thickness
at the bi-material interface could be studied taking in consideration the strength
of the weld seam. Moreover, the stiffnesses and CTEs in arbitrary directions can
be taken into account as design objectives. The presented actuator has a high
potential for applications in actively controlled satellite structures [44].
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