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Abstract

The manufacturing of bimorph, electrothermal actuators conventionally re-

quires multiple processing steps, which limits design flexibility and customiza-

tion. Thermoplastic extrusion 3D-printing offers a single-process method

for manufacturing complex, multi-material geometries without additional as-

sembly, thereby enhancing the design versatility. While single-process, 3D-

printed sensors (e.g., piezoresistive or piezoelectric) have been extensively

studied, the development of single-process, 3D-printed actuators remains

limited. Key challenges in 3D-printed, thermoplastic actuators include or-

thotropic, time- and temperature-dependent material behavior, stress relax-

ation, and single-process design.

This study introduces a novel single-process 3D-printing method, and an

analytical model for predicting the time-dependent tip deflection and block-

ing force of multilayer electrothermal actuators. The actuator is fully 3D-

printed and consists of three material layers: a high-coefficient-of-thermal-

expansion (CTE) layer, a heater layer, and a low-CTE layer. The pro-
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posed analytical model is distinctive in that it incorporates orthotropic,

temperature-dependent material properties and accounts for stress-relaxation

effects–factors typically neglected in conventional models. It predicts time-

dependent tip deflection and blocking force as function of the applied voltage

and is experimentally validated using actuators with two distinct material

configurations.

The experimental results show close agreement with the model predic-

tions, confirming the accuracy and reliability of the proposed approach.

Moreover, the integration of a single-process manufacturing method with the

novel, comprehensive analytical framework provides a robust foundation for

advancing the development of 3D-printed, electrothermal actuators with im-

proved actuation speed. These findings underscore the potential of scalable,

high-performance, electrothermal actuators, manufactured in a single pro-

cess, for actively controlled shape-morphing structures. This work paves the

way for the future integration of actuation functionality into single-process,

3D-printed, smart and responsive devices.

Keywords: 3D printing, electrothermal actuators, modeling, single-process

manufacturing, tip deflection, blocking force

1. Introduction

Soft actuators are important for advancing next-generation technologies

in robotics, biomedicine, and wearable devices due to their flexibility, adapt-

ability, and reconfigurability–attributes that mimic the complex behaviors

of living systems [1]. These characteristics enable safe and adaptive inter-

actions with delicate or irregular environments, making soft actuators suit-
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able for applications where rigid systems are ineffective [1, 2]. Despite these

advantages, current soft actuator designs often require complex, multi-step

manufacturing and rely on simplified analytical models that do not capture

key behaviors such as stress relaxation and the temperature-dependent or-

thotropic properties of 3D-printed materials. Addressing these limitations is

required to develop smart, single-process, 3D-printed, shape-morphing struc-

tures capable of active and precise responses in real-world settings.

Soft actuators exhibit shape transformations in response to external stim-

uli such as light [3, 4], electricity [5, 6, 7], magnetic fields [8, 9], pneumatic

pressure [10], humidity [11, 12], temperature [13, 14, 15], chemical reac-

tions [16], or combinations of multiple stimuli [17, 18]. Electrical stimulation

is among the most promising techniques for practical applications due to

its convenience, controllability, and ease of use [19]. Despite their typically

low blocking force, electrically driven actuators are very attractive due to

their design versatility, lightweight construction, compact size, and the ac-

cessibility of electrical power, making them suitable for diverse applications

like artificial muscles [20], soft robots [21, 22, 23], soft grippers [24], and

metasurfaces [25].

Electrothermal actuators utilize Joule heating, generated by an electrical

current passing through a resistive material, to induce a thermal expan-

sion [26, 27, 28]. A typical design features a bimorph structure, with one

layer having a high coefficient of thermal expansion (CTE) and another hav-

ing a low CTE [29]. Resistive heating occurs either in the low-CTE layer or in

an additional layer containing an embedded heater. Upon heating, the mis-

match in the CTEs between layers causes the actuator to bend towards the
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low-CTE layer [30]. Electrothermal actuators are advantageous due to their

low power consumption, customizable deformation, and high precision, mak-

ing them well-suited to applications in robotics and flexible devices [31, 32].

In addition to actuation, recent advances have incorporated integrated sens-

ing capabilities into electrothermal actuators. For instance, Wang et al. [33],

Pimpin et al. [34], and Liu et al. [35] developed self-sensing electrothermal ac-

tuators, however; these actuators are based on multi-process manufacturing

techniques.

3D-printing has expanded the possibilities for electrothermal actuators

by enabling the manufacture of conductive patterns and complex geome-

tries, allowing for tailored thermal responses and deformations in advanced

applications such as soft robots [36, 37, 38] and soft grippers [39, 40, 41].

Thermoplastic extrusion, 3D-printing further transforms electrothermal ac-

tuator manufacturing by reducing costs and enabling the production of ver-

satile, multi-material, multifunctional structures across various scales [42].

Moreover, thermoplastic extrusion, 3D-printing facilitates the single-process

manufacturing of smart structures [43], including dielectric actuators [44],

force sensors [45], accelerometers [46], and active metamaterials [47]. How-

ever, current thermoplastic extrusion, 3D-printed, electrothermal actuators

still rely on multi-process manufacturing, including pre- or post-processing

steps.

Present electrothermal actuators typically utilize a standard copy pa-

per as one material layer due to its low CTE, light weight, and flexibility,

combined with shape-memory polymers (SMPs), which can undergo large ge-

ometric changes when heated, enabling programmable deformation [48, 49,
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50]. However, these actuators require a multi-step manufacturing process

that involves preparing the paper as a printing surface, cutting the actua-

tor from it, and performing an additional shape-memory programming step.

This programming involves heating the SMP above its glass-transition tem-

perature, stretching to induce internal stresses, cooling under deformation

to fix the temporary shape, and finally releasing the constraints [51, 52].

Consequently, such actuators cannot be classified as entirely 3D-printed and

cannot be directly integrated into a smart structure.

Several studies have explored thermoplastic extrusion, 3D-printed, elec-

trothermal actuators, demonstrating their capabilities, while requiring multi-

process manufacturing techniques. For example, in 2021, Chen and Peng

[48] introduced a thermoplastic extrusion, 3D-printed, electrothermal actu-

ator for a starfish-shaped gripper. This actuator demonstrated reversible

shape changes over 100 cycles but required printing the SMP onto paper,

followed by integrating a graphene sheet as a heating element, adding an

additional step to the manufacturing process. In 2022, Duan et al. [49]

demonstrated a bilayer electrothermal actuator with reversible deformations,

manufactured by the thermoplastic extrusion, 3D-printing of SMP onto pa-

per. This actuator powered a soft crawling robot equipped with asymmet-

rical, variable-friction feet. That same year, Lee et al. [51] developed an

electrothermal actuator composed entirely of SMP. By varying the print-

ing speed, they tuned the SMP’s properties and evaluated their effect on

the bending performance. Additionally, in 2022, Jian Jiao et al. [53] intro-

duced a stiffness-tunable, shape-locking, electrothermal actuator. After 3D-

printing, conventional wires were embedded into the material layers through
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predesigned holes for heating, adding another processing step. In 2023, Chen

and Liao [50] presented a thermoplastic extrusion, 3D-printed, bilayer elec-

trothermal actuator with SMP deposited onto paper. This actuator was

used in a lightweight soft robot with four legs, enabling controllable gaits by

pairing the legs. In 2024, Chen and Chen [54] manufactured a SMP elec-

trothermal actuator for a soft gripper with four fingers capable of grasping

a spherical object. This actuator required multiple sequential processes, in-

cluding the thermoplastic extrusion, 3D-printing of SMP onto paper, direct

ink writing to deposit a conductive polymer matrix composite heater, and

laser cutting to release the multilayer structure. Similarly, in 2024, Delbart

et al. [52] developed a multi-shape actuator using thermoplastic extrusion,

3D-printing in a single process, with an integrated, electrical self-triggering

system. The design incorporated a shape-memory, carbon-black PLA layer

embedded within TPU layers of varying thickness to achieve the bending

motion; however, the bending cycle could only be reproduced once, unless

the shape-memory reprogramming was repeated.

During actuation, multilayer actuators are subjected to shear forces at

the layer interfaces, which can lead to delamination over time and reduce

actuator longevity [55]. To address this issue, several strategies have been

proposed, including the development of single-layer actuators [55], mechani-

cal interlocking of layers [56], and the introduction of a third layer with en-

hanced bonding. The latter approach shifts the neutral plane toward the crit-

ical interface, thereby reducing interfacial stresses and minimizing delamina-

tion [57]. For thermoplastic-extrusion 3D-printed electrothermal actuators,

strong layer interfaces can be achieved by selecting compatible materials that
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promote strong interlayer adhesion in multimaterial 3D printing [58, 59].

However, these actuators also exhibit long activation times and high energy

consumption due to the low thermal diffusivity and high electrical resistivity

of thermoplastics, making them unsuitable for fast, real-time applications

such as artificial muscles or soft grippers [60]. To address this, researchers

have assisted electrothermal actuation with pneumatic pressure [61] or string

mechanisms [62], which complicates the design and limits the integration of

such actuators into single-process smart structures. However, single-process

3D-printed electrothermal actuators still hold significant potential for smart

shape-morphing structures that actively modulate their shape in response

to external loads [63]. Metamaterials with tunable properties, such as stiff-

ness [64], Poisson’s ratio [65], and thermal expansion [66], can be actively con-

trolled by electrothermal actuators and integrated into smart structures. For

example, the snap-through behavior of the metamaterial presented by Nam

et al. [63] can be controlled by electrothermal actuation, as can the geometry

of base cells to modulate stiffness [64] or Poisson’s ratio [65]. Furthermore,

given the design flexibility of thermoplastic extrusion 3D-printing, this ap-

proach holds promise for developing lightweight, shape-adaptable, actively

controlled smart structures manufactured in a single process.

Analytical models are essential for designing effective and controllable

smart structures, achieving high-precision applications, and optimizing ac-

tuator performance [67, 68]. However, studies on thermoplastic extrusion,

3D-printed, electrothermal actuators predominantly focus on the manufac-

turing process and typically report actuator displacement without providing

or comparing results with analytical models. The performance of an elec-
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trothermal actuator is commonly evaluated based on its tip deflection and

blocking force, where the blocking force is defined as the maximum force gen-

erated at the actuator’s tip when its deflection is fully constrained. While

analytical models are critical for predicting these metrics, existing models in

the scientific literature typically assume isotropic, temperature-independent

material properties. However, thermoplastic extrusion, 3D-printed structures

exhibit orthotropic properties with a temperature dependence [69, 70], and

the behavior of thermoplastic polymers is further influenced by stress relax-

ation [71, 72, 73]. Consequently, applying conventional analytical models

to thermoplastic extrusion, 3D-printed, electrothermal actuators results in

inaccuracies.

The analytical models in the scientific literature are predominantly based

on the work of Timoshenko [74], who proposed an analytical model for a

bi-metal strip under uniform heating, providing equations to determine the

curvature and deflection for specific boundary conditions. In 2010, Du et al.

[75] extended Timoshenko’s model by developing a multilayer bending model,

demonstrating that neglecting the heating layer leads to inaccuracies in the

curvature predictions unless the heating layer is extremely thin and com-

pliant. For force analysis, Chu et al. [76] developed an analytical model to

predict the tip deflection and blocking force of a bimetallic cantilever actu-

ator. More recently, in 2022, Kim et al. [77] combined these approaches to

present analytical models capable of estimating both the tip deflection and

the blocking force of multilayer bimorph actuators. Additionally, comprehen-

sive analytical models for bimorph, electrothermal actuators that integrate

electrothermal and thermal-mechanical behavior have been proposed by Cao
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and Dong [68], Tibi et al. [78, 79], and Todd and Huikai Xie [80]. These

models relate heating power to temperature rise and subsequently to bend-

ing curvature via thermally induced bending. However, they lack predictions

for the blocking force and fail to account for the temperature-dependent or-

thotropic material properties, which are critical for accurately modeling the

thermoplastic extrusion, 3D-printed structures.

Traditional manufacturing approaches for electrothermal actuators in-

volve multiple processing steps, increasing complexity, cost, and the risk

of cumulative performance errors. In contrast, thermoplastic extrusion 3D-

printing enables single-process manufacturing, eliminating post-processing

and thereby reducing production time, minimizing error accumulation, and

facilitating seamless integration into smart, adaptive systems. Tip deflection

is a key performance metric, as it determines the actuator’s displacement

range–critical for achieving the desired motion in applications such as ar-

tificial muscles, soft robotics, and adaptive metamaterials. Inaccurate de-

flection predictions can result in inadequate or excessive motion, leading to

suboptimal performance. Furthermore, the absence of reliable blocking force

predictions in existing models affects actuator design by causing over- or

under-dimensioning, which compromises efficiency and may introduce safety

risks in load-bearing applications. These inaccuracies also hinder integra-

tion into smart structures, where consistent and predictable force output is

essential.

To overcome these limitations, this study focuses on single-process, 3D-

printed, multilayer, electrothermal actuators. It introduces the design princi-

ples and the analytical model for predicting the time-dependent tip deflection
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and blocking force. The fully 3D-printed actuator comprises three material

layers: a high-CTE layer, a heater, and a low-CTE layer. The analytical

model incorporates orthotropic, temperature-dependent material properties

and accounts for the stress-relaxation effects. It accurately predicts the time-

dependent tip deflection and blocking force based on the applied voltage and

is experimentally validated using actuators with two distinct material con-

figurations.

The manuscript is structured as follows. In Sec. 2, the theoretical back-

ground and prior research relevant for the analytical model are presented.

The design of the single-process, 3D-printed, bimorph, electrothermal ac-

tuator and the proposed analytical model for tip deflection and blocking

force are introduced in Sec. 3. In Sec. 4, the 3D-printing for the single-

process, bimorph, electrothermal actuator and the experimental methods for

tip-deflection and blocking-force measurements are described. In Sec. 5, the

results and discussion of the experimental validation of the analytical model

are provided, along with a comprehensive sensitivity analysis. Finally, the

conclusions are drawn in Sec. 6.

2. Theoretical Background

This section presents the prior knowledge required for the analytical

model of the 3D-printed, bimorph, electrothermal actuator introduced in

Sec. 3.

For structures with material deposition in a single direction, as shown

in Fig. 1, the material properties are assumed to be symmetric across three

orthogonal planes, resulting in orthotropic material properties [81]. The

11



x
y

z

3

2

1

print bed

3D printer 
coordinate system

material
deposition
direction

Figure 1: Schematic of a unidirectional 3D-printed structure illustrating its principal ma-

terial coordinate system: axis 1 is aligned with the print direction, axis 2 lies in-plane and

perpendicular to the print direction, and axis 3 is normal to the printed layers, represent-

ing orthotropic material behavior.

material properties vary along the three principal axes: the 1st principal axis

is aligned with the material-deposition direction, the 2nd is perpendicular to

it, and the 3rd is orthogonal to the layers, as shown in Fig. 1.

Fig. 2 shows the three-layer, bimorph, electrothermal actuator. The 1st

material layer (M1) has a high CTE, the 2nd material layer (M2) serves as the

heater, and the 3rd material layer (M3) has a low CTE. If no voltage is applied

to the heater, the actuator remains in its initial state, as shown in Fig. 2a,

with a length L, width w, and thickness of each material layer ti. When a

voltage is applied to the heater, Joule heating generates a temperature change

+∆T , causing the material layers to expand. Due to the different CTEs, the

material layers with a low CTE are pulled by those with a high CTE, and

vice versa, resulting in a new length L0 and curvature κx of the mid-plane,
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Figure 2: (a) Schematic of the three-layer bimorph actuator in its initial state, with layers

arranged from bottom to top as M1 (high CTE), M2 (heater), and M3 (low CTE). (b)

Actuated state when a voltage is applied to M2, causing a temperature increase. The

resulting thermal expansion mismatch induces a mid-plane curvature κx, leading to a tip

deflection δT and a blocking force Fmax.

as shown in Fig. 2b. This upward bending of the actuator generates a tip

deflection δT and a blocking force Fmax. The analytical modeling of the Joule

heating is presented in Sec. 2.1, and the tip deflection and blocking force are

discussed in Sec. 2.2.

2.1. Electrothermal Heating

The temperature distribution in a one-dimensional, homogeneous medium

is described by the heat equation [82, 83]:

∂2T

∂x2
+

q̇

k
=

1

a

∂T

∂t
, (1)

where T is the temperature distribution as a function of the spatial coordinate

x and time t: T (x, t), q̇ is the rate of energy generation per unit volume, k is
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the thermal conductivity, and a = k/ρ/Cp is the thermal diffusivity, with ρ

and Cp representing the mass density and specific heat at constant pressure,

respectively.

In electrothermal heating, thermal energy is generated by converting elec-

trical energy into heat through a resistor, a process known as Joule heat-

ing [82]. If the energy generation is uniform throughout the volume V of the

resistor, the volumetric generation rate is defined as [84, 85]:

q̇ =
Ėg

V
, (2)

where Ėg is the rate at which thermal energy is generated within the vol-

ume of the resistor. Assuming that all the electrical power is converted into

thermal energy and that the resistor obeys Ohm’s law, the rate of thermal

energy generation Ėg at an applied voltage U is [86]:

Ėg =
U2

R
, (3)

where R is the electrical resistance of the resistor, defined as [87, 88]:

R = ρe
l

A
, (4)

with ρe representing the electrical resistivity of the material, l the length, and

A the cross-sectional area of the resistor. In general, the electrical resistivity

of the material is a function of temperature ρe(T ) [89, 90, 91].

To solve the heat equation (1), the initial and boundary conditions must

be specified. If the medium has a uniform temperature T0 before the condi-

tions change, the initial condition is given as [82]:

T (x, 0) = T0. (5)
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If the surface of the medium is in contact with a liquid or gas at x = x0

and no radiant heat transfer occurs, the convection boundary condition is

applied [82]:

−k
∂T

∂x

∣∣∣∣
x0

= h[T∞ − T (0, x0)], (6)

where h is the convection heat-transfer coefficient, and T∞ is the temperature

of the liquid or gas.

For a one-dimensional composite medium, the heat equation (1) is solved

separately for each material. At the common surface between the materials

1 and 2 at x = x1,2, the boundary conditions of continuity for temperature

and heat flow are applied [85]:

T1(x1,2, t) = T2(x1,2, t), (7)

−k1
∂T1

∂x

∣∣∣∣
x1,2

= −k2
∂T2

∂x

∣∣∣∣
x1,2

. (8)

2.2. Analytical Model of Electrothermal Actuator

Due to the thick material layers of the actuator and its orthotropic mate-

rial properties, the analytical model for the tip deflection and blocking force

of a multilayer, bimorph, electrothermal actuator is based on Classical Lam-

ination Theory (CLT) [92, 93, 94]. To keep the main text concise, a detailed

explanation of CLT is provided in Appendix A.

Tip Deflection. For an electrothermal actuator with fixed-free boundary con-

ditions, as shown in Fig. 2b, tip deflection is defined as [76, 77]:

δT =
1 − cos(L0 κx)

κx

, (9)

where κx is the curvature in the x-axis direction (see Fig. 2), and L0 =

L(1+ε0x) is the deformed length at the mid-plane, determined from the initial
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length of the actuator L and the mid-plane strain in the x-axis direction

ε0x. The curvature κx and the strain ε0x are obtained by solving Eq. (A.15),

considering only thermal loads, as no external forces act on the actuator.

Blocking Force. For the actuator with fixed-free boundary conditions, as

shown in Fig. 2b, the blocking force is defined as [76, 77]:

Fmax =
3(E I)x, eq

(L0)3︸ ︷︷ ︸
Keq

δT , (10)

where (E I)x, eq is the equivalent flexural rigidity of the actuator in the x-axis

direction, L0 is the deformed length of the actuator at mid-plane, and δT is

the tip deflection from Eq. (9). The equivalent flexural rigidity (E I)x, eq is

obtained by solving Eq. (A.9) [75, 95, 96]:

(E I)x, eq =

det

[A] [B]

[B] [D]

w

det

[A] [B]

[B] [D]


4,4

 , (11)

where the matrices [A], [B], and [D] are the extensional stiffness matrix (A.10),

the extension-bending coupling matrix (A.11), and the bending stiffness ma-

trix (A.12), respectively (for details, see Appendix A). The [AB,BD]4,4 is

obtained by removing the 4th row and the 4th column from the assembled

[AB,BD] matrix, and w is the width of the actuator.

In the subsequent analytical model of the actuator, the equivalent bending

stiffness in Eq. (10) will be denoted as Keq for brevity.
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2.3. Stress Relaxation of Polymers

Stress relaxation is the gradual decrease in stress when a material is held

at constant strain [71, 72, 73, 97]. For a linear viscoelastic material, the ratio

of the stress relaxation σ(t) at a constant strain magnitude ε0 to the strain

is described by the relaxation modulus [71, 97]:

E(t) =
σ(t)

ε0
. (12)

The relaxation modulus E(t) can be modeled using a Prony series with

N terms as [97, 98, 99]:

E(t) = E0

[
1 −

N∑
k=1

rk

(
1 − e

− t
τk

)]
, (13)

where E0 is the instantaneous value, i.e., the elastic modulus, and the sum

over N Prony terms includes the relative relaxation term rk and the cor-

responding characteristic time τk, which are obtained by fitting the Prony

series to experimental data.

The speed of the stress relaxation depends on the temperature, making

the relaxation modulus a function of both temperature T and time t. Using

time–temperature superposition, the relaxation modulus can be expressed

as [100]:

E(t, T ) = E(ζ, Tref), (14)

where ζ is the reduced time and Tref is the reference temperature. The

reduced time is defined as [97, 98]:

ζ =
t

aT (T )
, (15)

where aT (T ) is the shift-factor. The shift-factor aT (T ) represents a horizon-

tal time–temperature shift of the material property curves on the log-time
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axis for a given temperature change [97, 98, 99]. For polymer materials,

the shift-factor aT (T ) tends to follow the empirical Williams-Landel-Ferry

(WLF) equation [97, 98, 99]:

log10 aT (T ) = − C1(T − Tref)

C2 + (T − Tref)
, (16)

where Tref is the reference temperature of the constructed curve by time–temperature

shift, and the constants C1 and C2 depend on the specific polymer material.

For an arbitrary strain history {ε(t)} as a function of time t, the result-

ing time-dependent stresses {σ(t)} are obtained by solving the hereditary

integral [98, 100, 101]:

{σ(t)} =

∫ t

0

[R(t− τ)]
d {ε(τ)}

dτ
dτ, (17)

where [R(t− τ)] is the time-dependent stiffness matrix. For orthotropic ma-

terials under the plane-stress assumption, [R(t− τ)] is represented by a sym-

metric 3 × 3 matrix, with each component being an individual relaxation

function approximated by a Prony series (Eq. (13)).

3. Single-Process 3D-Printed Bimorph Electrothermal Actuators

This section introduces the design and 3D-printing procedure for the

single-process, 3D-printed, bimorph, electrothermal actuator. Subsequently,

the proposed analytical model for tip deflection and blocking force is pre-

sented.

Fig. 3a shows the single-process, 3D-printed, bimorph, electrothermal

actuator. The actuator consists of three material layers: the 1st material

layer (M1) has a high CTE, the 2nd material layer (M2) serves as a heater
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made of electrically conductive material, and the 3rd material layer (M3)

has a low CTE. Each layer has a thickness ti, as shown in the schematic

model in Fig. 3b. The actuator has an active length L, with an additional

length Lc for clamping to ensure a fixed boundary condition, and a width w.

The heater (M2) is divided in the middle by an electrically non-conductive

material, i.e., insulating material (IM), with a width wg = w − 2 · wh and

a length Lg = L + Lc − wh, creating an electrically conductive path with

a width wh. It is important that the size of wg is sufficient to electrically

insulate the two parts of the heater. This design provides a large contact

area between M1, M3, and the heater to heat the actuator efficiently and

evenly, while maintaining a low resistance.

3.1. 3D-Printing Electrothermal Bimorph Actuator

Fig. 3a shows the step-by-step, single-process, 3D-printing of the elec-

trothermal actuator, with material deposition (indicated by the blue line)

in each material layer. The material layers are stacked along the z-axis of

the 3D printer, aligning the z-axis of both the actuator and the 3D-printer.

First, M1 is 3D-printed with material deposited along the y-axis. This ori-

entation achieves a higher thermal expansion in the x-axis by utilizing the

higher CTE in the 2nd principal axis, as indicated by previous research [69].

Additionally, printing M1 first helps prevent warping of the actuator on the

print bed during cooling. Next, M2 and insulating material are printed with

the material deposited along the x-axis to leverage the lower electrical re-

sistivity of the conductive material in the 1st principal axis direction [102].

3D-printing insulating material in the x-axis direction prevents short cir-

cuits by pulling the previously deposited M2 material across the insulating
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Figure 3: (a) Step-by-step single-process 3D printing of a bimorph electrothermal actuator,

illustrating the layer-by-layer deposition of M1 (high CTE), M2 (heater) with insulating

material (IM), and M3 (low CTE). Each layer is oriented to optimize thermal or electri-

cal properties, and electrically conductive tape is embedded to provide robust electrical

contacts. (b) Schematic of the final actuator geometry, showing the heater’s conductive

path separated by an insulating gap. The stacked layers are aligned along the 3D printer’s

z-axis, enabling single-process fabrication without additional assembly.
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gap. After 3D-printing the first layer of M2, electrically conductive tape is

bonded to it. Conductive material is then deposited over the tape in the sub-

sequent 3D-printed layer of M2 to ensure good electrical contact, as shown

in Fig. 3a. Finally, M3 is 3D-printed with the material deposited along the

x-axis to achieve lower thermal expansion by utilizing the lower CTE in the

1st principal axis direction [69].

It is important to use compatible materials to achieve strong bonds at

common surfaces, ensuring they can withstand shear forces during actua-

tion. Additionally, to support the assumptions in the subsequent analytical

model, M2 and the insulating material should have similar mechanical and

thermal properties–specifically, similar elastic moduli, CTEs, and thermal

conductivities. This allows the model to treat the M2/insulating material

layer as effectively homogeneous, thereby simplifying the analytical model

by ensuring a uniform temperature distribution and consistent strain across

the material layer.

3.2. Analytical model

The analytical model for the time-dependent tip deflection and block-

ing force of a single-process 3D-printed multilayer electrothermal actuator is

developed in three steps:

1. Transient thermal analysis: The time-dependent temperature dis-

tribution within the 3D-printed electrothermal actuator is calculated

under the applied voltage.

2. Tip deflection computation: The tip deflection as a function of time

is evaluated for each temperature distribution at each time-step, using

updated temperature-dependent mechanical properties.
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3. Blocking force computation: The generated blocking force as a

function of time is determined for each temperature distribution at

each time-step, accounting for stress relaxation.

The proposed model employs a decoupled thermomechanical approach, in

which a transient thermal analysis first computes the time-dependent temper-

ature distribution. This temperature profile is then used to update temperature-

dependent mechanical properties, such as elastic moduli and stiffness matri-

ces, for the subsequent mechanical analysis. The sequential formulation sim-

plifies the modeling process while capturing the essential thermomechanical

behavior of the actuator. Fig. 4 is a representation of the analytical model,

showing the input and output parameters.

Thermal Model. To obtain the time-dependent temperature distribution in

the 3D-printed, electrothermal actuator in the z-axis direction, a simplified

one-dimensional model with three material layers, internal heat generation

in the second material layer, and convection boundary conditions is built, as

shown in Fig. 5. The thermal model assumes a uniform temperature in the

x-y plane (see Fig. 3b), achieved by the large contact heater, and that the

2nd material layer consists only of M2, neglecting the effect of the insulating

material.

Due to the complexity of the problem, a numerical solution of the heat

equation (1), such as the finite-differences method [82, 103], is required for

each material layer. The thermal conductivity k in the z-axis direction is

needed (see Fig. 5) for each material layer, which, based on the orientation

of the 3D-printed electrothermal actuator (see Fig. 3a), corresponds to the

material properties in the direction of the 3rd principal axis. Additionally, the
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Figure 4: Block diagram of the decoupled thermomechanical approach for predicting the

time-dependent tip deflection and blocking force of a single-process 3D-printed bimorph

electrothermal actuator. A transient thermal model computes the temperature distribu-

tion from the input voltage, followed by the update of temperature-dependent mechanical

properties to compute tip deflection. Stress relaxation is then incorporated to determine

the time-varying blocking force. This sequential approach captures the actuator’s thermo-

mechanical response.

mass density ρ and specific heat Cp of the material layers are required for the

thermal model. The continuity of the temperature (7) and the heat flux (8)

is preserved at the common surfaces between M1 and M2, as well as M2 and

M3. On the outer surfaces of M1 and M3, only the convection boundary

condition (6) is applied, as radiation is negligible within the temperature

range considered in this study [68, 82, 30]. The convection heat-transfer

coefficient h for passive convection at room temperature (T∞ = 22 ◦C) is
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Figure 5: One-dimensional thermal model of the three-layer actuator, assuming uniform

properties in the x–y plane and internal heat generation in the middle layer. Each layer is

assigned thermal properties along the z-axis, with convective boundary conditions applied

at the outer surfaces.

used.

The Joule heating of the actuator at an applied voltage U is modeled by

the internal heat generation within the second material layer, as described by

Eq. (3). The electrical resistance of the heater R is estimated using Eq. (4).

For the length of the resistor l, the average length of the electrically con-

ductive path is chosen, as indicated by the yellow dashed line in Fig. 3b.

The heater has a rectangular cross-section with an area of A = wh · t2 (see

Fig. 3b). For simplicity, it is assumed that the electrical resistivity ρe is uni-

form along the entire conductive path and does not change with temperature

within the considered range. Due to the dimensions of the actuator (L > w),

the conductive path is primarily in the x-axis direction, corresponding to the

1st principal axis (see the material deposition of M2 in Fig. 3a). Hence, the

electrical resistivity ρe in the 1st principal axis direction is used. Therefore,

the theoretical electrical resistance of the actuator heater is determined using
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Eq. (4) as follows:

Rh,theo = ρe
2 (L + Lc) + w − 2wh

wh t2
. (18)

When the actuator is 3D-printed, the actual resistance Rh of the heater is

measured and used in the model. For simplicity, it is assumed that the

electrical resistance remains constant over the operating temperature range.

However, if the temperature dependence of resistance is known, it can be

updated and accounted for at each time-step. The energy-generation rate

per unit volume q̇ of the heater at an applied voltage U , used in the heat

equation (1) for the 2nd material layer, is determined from Eq. (2) using the

volume of the entire 2nd material layer:

q̇ =
U2

Rh[(L + Lc)w t2]
. (19)

Tip Deflection. To obtain the time-dependent tip deflection of the 3D-printed

electrothermal actuator with fixed-free boundary conditions, a three-layer

laminate model is built, as shown in Fig. 2. Similar to the thermal model,

the insulating material is neglected, and it is assumed that the 2nd material

layer consists only of M2. The tip deflection is determined using Eq. (9) by

utilizing the CLT with the plane stress assumption (for details, see Appendix

A). The curvature in the x-axis direction κx and the mid-plane strain εx of

the laminate are determined for thermal loads based on the temperatures at

each time-step from the thermal model, and L represents the active length

of the actuator (see Fig. 3b).

To obtain the curvatures κx and mid-plane strains εx, the in-plane stiff-

ness matrix for each material layer is first constructed using Eq. (A.3). The

elastic modulus in the 1st and 2nd principal axes (E1 and E2), Poisson’s
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ratio in the 2nd principal axis when a load is applied in the 1st direction

ν12, and the angle of material deposition θ for each material layer are used.

Based on the filament deposition of material layers discussed in Sec. 3.1, the

angles are θ1 = π/2 and θ2 = θ3 = 0 for M1, M2, and M3, respectively.

For actuators with material deposition angles θk = 0 or θk = ± π/2 and no

applied shear stresses, the shear modulus G12 is not required. The temper-

ature dependence of the mechanical properties is accounted for by updating

them at each time-step based on the temperature determined by the thermal

model and recalculating the stiffness matrices. Second, the in-plane stiffness

matrices are combined into the laminate’s extensional stiffness matrix [A]

Eq. (A.10), extension-bending coupling matrix [B] Eq. (A.11), and bending-

stiffness matrix [D] Eq. (A.12), where

z1 = −t2
2
− t3

2
, z2 =

t1
2
− t3

2
, z3 =

t1
2

+
t2
2
. (20)

Third, the thermal forces and moments in the laminate are determined for

the temperature at each time-step from the thermal model. The tempera-

ture difference of the average spatial temperature in each layer ∆T k is cal-

culated from the thermal model and used in Eq. (A.13) and (A.14). Finally,

Eq. (A.15), with no external loads, is solved at each time-step to obtain the

mid-plane strains {ε0} and curvatures {κ} of the laminate over time. The

time-dependent tip deflection is then determined using Eq. (9).

Blocking Force. To obtain the time-dependent blocking force of the 3D-

printed, electrothermal actuator with fixed-free boundary conditions, the

same three-layer laminate model used for tip deflection is employed (Fig. 2).

However, the output force of the actuator is influenced by the stress relax-
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ation of the polymer materials, as discussed in Sec. 2.3. Therefore, to deter-

mine the time-dependent blocking force, the hereditary integral (Eq. (17)) is

applied in Eq. (10) as follows:

Fmax =

∫ t

0

Keq(t− τ)
dδT (τ)

dτ
dτ, (21)

where Keq is the equivalent bending stiffness of the actuator, which is time-

and temperature-dependent, and δT is the previously determined tip deflec-

tion. The time dependence of the equivalent bending stiffness is accounted for

by using the principal relaxation moduli Ei(t), approximated by the Prony

series (Eq. (13)), when constructing the stiffness matrices in Eq. (11), in the

same manner as for the tip deflection. The temperature dependence of the

equivalent bending stiffness is incorporated by using a reduced time for the

principal relaxation moduli (Eq. (14)). The deformed length of the actuator

at the mid-plane, L0 = L(1 +ε0x), is determined from the initial length of the

actuator L and the mid-plane strains in the x-axis direction ε0x, based on the

tip-deflection results.

Since the temperatures, tip deflection δT , and mid-plane strain ε0x are

determined at N discrete points with a time interval ∆t, Eq. (21) is expressed

in discrete form as follows:

Fmax[n] = Keq[0] δT [0] +
n∑

m=1

Keq[n−m]∆δT [m] ; n = 1, 2 ... N, (22)

where Fmax[n] is the blocking force at the discrete time-step t[n], Keq[0]

and δT [0] are the initial (time-step t[0]) equivalent bending stiffness and tip

deflection, respectively, Keq[n−m] is the equivalent bending stiffness at the

discrete time-step t[n−m], and ∆δT [m] = δT [m]− δT [m− 1] is the change in
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tip deflection at the time-step t[m]. The equivalent bending stiffness at the

discrete time-step t[n−m] is determined according to Eq. (10) as:

Keq[n−m] =
3 (E I)x, eq[n−m]

{L(1 + ε0x[n])}3
, (23)

where (E I)x, eq[n−m] is the equivalent flexural rigidity at time-step t[n−m],

and ε0x[n] is the mid-plane strain in the x-axis direction at time-step t[n]. The

equivalent flexural rigidity (E I)x, eq[n−m] is determined using Eq. (11) with

time- and temperature-dependent principal relaxation moduli at time-step

t[n−m] as (Eq. 14):

Ei(t[n−m], T [n]) = Ei(ζ[n−m], Tref). (24)

Here, the reduced time-step ζ[n−m] is based on the time increment t[n]−t[m]

and the shift-factor at the temperature at time-step t[n], as follows (Eq. (15)):

ζ[n−m] =
t[n] − t[m]

aT (T [n])
. (25)

The WLF equation (16) is used to determine the shift-factor aT (T [n]).

In this way, the convolution in Eq. (22) is used to obtain the force at each

time-step, and thereby the time-dependent blocking force of the actuator.

4. Experimental Research

This section presents details of the 3D-printing of the introduced, single-

process, 3D-printed, bimorph, electrothermal actuator. Subsequently, the

experimental setup for validation of the proposed analytical model for tip

deflection and blocking force is presented.

The actuators and all the samples to determine the material properties

were printed on an E3D Toolchanger 3D-printer to utilize multi-material,
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Table 1: Used materials with their print settings.

Print Settings

Filament Manufacturer Refered to as Nozzle Temp. Bed Temp. Print Speed

[◦C] [◦C] [mm/s]

Nylon PA12+CF15 Fiberlab PACF 260 90 60

Nylon PA12+GF15 Fiberlab PAGF 255 90 60

Prusament PLA Prusa Polymers PLA 215 60 60

Conductive PLA Protopasta condPLA 215 60 40

EasyWood Cedar Formfutura woodPLA 215 60 60

StoneFil Terracotta Formfutura stonePLA 220 60 60

Eel 3D Printing Filament NinjaTek condTPU 225 45 20

Ice9 Insulating TCPoly thermalTPU 230 45 30

thermoplastic extrusion, 3D-printing for manufacturing in a single-process.

They were printed with a 0.4-mm nozzle, 0.42-mm extrusion width, 0.2-mm

layer height, 100 % fill density, aligned rectilinear fill pattern and a single

perimeter. Further filament-specific settings can be found in Tab. 1.

4.1. 3D-Printing Electrothermal Bimorph Actuator

The proposed approach (see Sec. 3) was used to manufacture electrother-

mal bimorph actuators in two distinct configurations, denoted as A1 and

A2. Material and geometrical details are provided in Tab. 2. While the

overall dimensions–length, width, and thickness–remain similar, individual

layer thicknesses were adjusted to optimize performance for each material

combination. The two configurations, A1 and A2, were selected to evaluate

the impact of different material combinations on actuator performance and

to validate the robustness of the proposed analytical model. Configuration

A1 was designed to maximize thermal expansion mismatch by selecting ma-
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Table 2: 3D-printed electrothermal bimorph actuators.

Actuator Material Layer Material ti [mm] L [mm] w [mm] wh [mm] Lc [mm]

A1

M1 PAGF 0.6

60 20 9 20
M2 condTPU 1.2

M3 PACF 0.6

IM thermalTPU 1.2

A2

M1 woodPLA 0.8

60 20 9 20
M2 condPLA 0.6

M3 stonePLA 0.8

IM PLA 0.6

terials with the greatest difference in CTE between M1 and M3, resulting in

pronounced tip deflection. In this setup, the heater is made from conduc-

tive TPU, which offers high conductivity, effective bonding with PA-based

materials, and, due to its soft core, enables large actuator deformation. In

contrast, configuration A2 uses PLA-based materials for all material layers to

ensure strong interlayer bonding. This configuration exhibits lower thermal

expansion and stiffness, as well as higher temperature dependence, thereby

providing a contrasting behavior to test the model’s predictive capabilities

across different material systems.

Fig. 3a shows the layer-by-layer process of 3D-printing the A2 actuator.

M1 was printed with a fill angle of 90◦, while M2, M3, and insulating material

were printed with a fill angle of 0◦ to achieve the desired material-deposition

orientation, leveraging orthotropic material properties to maximize the ther-

mal expansion differences and minimize the heater resistance. An electrically

conductive tape with 5-mm overlap was used for the electrical contacts.
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The 3D-printing process took approximately 30 min per actuator. For

each configuration (A1 and A2), three independent specimens were manu-

factured to account for any variability inherent in the 3D-printing process.

4.2. Mechanical Characterization of 3D-printed Electrothermal Bimorph Ac-

tuator

Fig. 6 shows the experimental setup for measuring the tip deflection and

blocking force. After 3D-printing, the actuator was clamped the length Lc

(see Fig. 3b). The clamping fixture, secured with two screws, ensured a

fixed boundary condition and held the actuator in a horizontal position. A

DPPS-60-10 (Voltcraft, Germany) power source was connected to the actu-

ator’s electrical contacts using crocodile clips. The surface temperature was

measured using a FLIR A50 (Flir, USA) thermal camera.

For the tip-deflection measurements, the VibroGo VGO-200 (Polytec,

Germany) laser vibrometer was used to measure the displacement, as shown

in Fig. 6a. During the tip-deflection measurement, the force sensor was

removed to allow the actuator to bend freely.

To measure the blocking force, an FX293X-100A-0025-L (TE Connectiv-

ity, Switzerland) load cell was employed to measure the force at the actuator’s

tip, as shown in Fig. 6b. The load cell was attached to a customized posi-

tional bracket, allowing accurate placement at the center of the actuator’s

width. A metal pin was added to the load cell to ensure point contact with

the actuator. Before the blocking-force measurement, the actuator’s tip was

positioned on the load cell to ensure initial contact.

Both the laser-vibrometer and load-cell signals were recorded using the

NI-9215 (National Instruments, USA) measurement card. Prior to each mea-
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Figure 6: (a) Experimental setup for measuring the tip deflection of the 3D-printed ac-

tuator using a laser vibrometer. The actuator is clamped at one end to provide a fixed

boundary, and a thermal camera monitors the surface temperature. (b) Setup for blocking

force measurement, with a load cell positioned at the actuator tip. In both experiments,

a step voltage is applied to the actuator.

surement, the actuator was cooled until it stabilized to room temperature

(22 ◦C) to ensure consistent initial conditions. A step voltage of U = 48 V

was applied to the actuator, triggering thermal image acquisition and dis-

placement or force measurement. Signals were recorded for 10 min, allowing

the actuator temperature to reach a steady state. The average temperature

was defined from an area 1 mm away from all the edges of the actuator to

exclude boundary effects.

The analytical model of the 3D-printed, bimorph, electrothermal actua-
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tor, proposed in Sec. 3.2, was used to predict the tip deflection and blocking

force of the A1 and A2 actuators (see Tab. 2) for experimental validation.

Initially, the required input material parameters were determined (see

Fig. 4). The material properties of 3D-printed structures depend on various

manufacturing and structural parameters, as well as time and temperature,

as described in Sec. 2. Therefore, the material properties are best determined

experimentally. An efficient experimental identification of the required ma-

terial properties along their respective principal axes was conducted to ob-

tain the necessary input parameters for the analytical model. To keep the

main text concise and focused, the details of the experimental setup and the

methodology for material property identification are provided in Appendix

B. The determined material properties are presented in Tab. 3. These ma-

terial properties, along with the actuator geometry (see Tab. 2), served as

inputs for the model.

First, the temperature distribution was calculated for an applied volt-

age of U = 48 V. A thermal model, based on the implicit finite-difference

method [82, 103], was used with 6 nodes per material layer and a time-step

of 1 s. The measured electrical resistance of the heater Rh, a convection coef-

ficient of h = 12 W m−2 K−1 [104], and an ambient temperature of 22 ◦C were

included. The initial temperature was set to 22 ◦C, and the resulting tem-

perature distribution was computed over the experimental timeframe, and

the surface node temperature was compared to the experimentally measured

average surface temperature.

Next, the calculated temperature distribution was used to predict the tip

deflection δT . For each time-step, the average spatial temperature in each
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Table 3: Identified material properties needed for thermal, tip deflection and blocking

force model.

Material Property Unit
A1 A2

PAGF condTPU PACF woodPLA condPLA stonePLA

ρ kg/m3 1000 1180 931 1013 1240 1432

k W m−1 K−1 0.11 0.14 0.11 0.15 0.17 0.24

Cp J kg−1 K−1 1474 1212 1119 1124 1019 1034

ρe Ω cm / 34 / / 19 /

E1 GPa 3.22 0.08 5.38 2.01 2.43 5.8

E2 GPa 1.52 0.07 1.61 1.27 1.92 2.07

ν12 / 0.44 0.5 0.48 0.32 0.4 0.38

α1 µm m−1 K−1 45.4 174 18.7 89.1 109 24.1

α2 µm m−1 K−1 138 388 134 98.1 204 204

r1 / 0.18 0.15 0.16 0.05 0.75 0.02

r2 / 0.6 0.2 0.44 0.64 0.25 0.57

r3 / / 0.6 / 0.16 / 0.24

τ1 s 1004 1030 956 810 31854 280

τ2 s 16334 12090 16504 24150 132054 12050

τ3 s / 131521 / 84784 / 81741

C1 / 3.7 3.9 4.6 7.9 7.1 26

C2
◦C 22 34 39 61 41 196

Tref
◦C 22 22 22 22 22 22

material layer T was calculated as the average temperature in the six nodes,

and further the temperature difference ∆T relative to the initial temperature.

Based on T , the elastic moduli Ei were updated to account for the tempera-

ture dependence, while Poisson’s ratios ν12 were assumed to remain constant.

The stiffness matrices ([A], [B], [D]) and thermal loads were calculated for

each time step, from which the curvatures κx and mid-plane deformations ε0x

were obtained. Using κx and ε0x, the time-dependent tip deflection δT was
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estimated, and compared to the experimental results.

Finally, the blocking force Fmax was estimated. For each time-step t[n],

the convolution of the stress relaxation was calculated using the WLF equa-

tion to determine the reduced time-step ζ[n−m] based on the average spatial

temperature T [n]. The relaxation moduli Ei(t[n − m]) were computed and

used to update the stiffness matrices, which yielded the equivalent flexural

rigidity (E I)x, eq[n − m] and bending stiffness Keq[n − m]. The same re-

laxation model was applied to both principal axes, as the orientation has

minimal influence on the stress relaxation behavior [72]. The Poisson’s ra-

tios were assumed to be constant with respect to time and temperature.

The equivalent flexural rigidity Keq[n−m] was multiplied by the change in

tip deflection during the previous time-step, ∆δT [m], to compute the partial

blocking forces. Partial blocking forces from previous time-steps, adjusted

for stress relaxation, were summed to compute the time-dependent blocking

force Fmax, which was compared to the experimental measurements.

5. Results and Discussion

This section presents the measured temperature, tip deflection, and block-

ing force of the proposed single-process 3D-printed bimorph electrothermal

actuator and compares the results with predictions from the analytical model.

In addition, a comprehensive sensitivity analysis is conducted to evaluate the

influence of key input parameters on both thermal and mechanical responses.

A total of six electrothermal actuators were experimentally characterized:

three with the A1 configuration and three with the A2 configuration (see

Tab. 2), to validate the reliability of the single-process, 3D-printing method
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for bimorph, electrothermal actuators.

Fig. 7a shows the measured average temperature on the outer surface of

M1 for both A1 and A2 actuators, along with the temperature predicted

by the proposed analytical model. All actuators exhibit similar thermal

behavior, and the proposed thermal model (see Sec. 3) accurately predicts

the surface temperature. It is assumed that the proposed thermal model also

accurately predicts the internal temperature distribution within the actuator.

The measured tip deflection of the cantilever bimorph electrothermal ac-

tuators is shown in Fig. 7b. Actuators of the same configuration exhibit

similar tip deflection. Additionally, the tip deflection predicted by the con-

ventional model described in [77] (gray solid line) and by the proposed ana-

lytical model (red solid line) are shown. Both the conventional and proposed

models produce similar tip-deflection predictions, which align well with the

experimental data.

Fig. 7c presents the measured blocking force of the cantilever bimorph

electrothermal actuators. Again, actuators of the same configuration exhibit

similar blocking-force behavior. Additionally, the blocking force predicted

by the conventional model [77] (gray solid line) and the proposed analytical

model (red solid line) are included. For both configurations, the conventional

model inaccurately predicts a higher blocking force that converges to a con-

stant value with time. However, due to the stress relaxation in polymers,

which is accelerated at elevated temperatures, the blocking force decreases

over time when a constant voltage is applied to the actuator. The proposed

model accounts for stress relaxation, accurately capturing the drop in block-

ing force caused by the temperature- and time-dependent changes in stiffness.
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Figure 7: Measured and predicted responses of A1 (left) and A2 (right) electrothermal

actuators: (a) average temperature on the outer surface of M1, comparing measurements

(Mea.) with the proposed analytical model; (b) tip deflection, comparing measurements

(Mea.), the conventional model [77] (gray), and the proposed model (red); and (c) blocking

force, also compared among measurements (Mea.), the conventional model (gray), and the

proposed model (red).
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This allows for accurate modeling of single-process thermoplastic extrusion

3D-printed electrothermal actuators, which is essential for applications in

smart structures.

The proposed actuator design has a characteristic actuation time of τ =

148 s and τ = 126 s for the A1 and A2 actuators, respectively. Due to the

long activation time resulting from the low thermal diffusivity, this design

is unsuitable for fast real-time applications such as artificial muscles or soft

grippers. However, the proposed actuators and model serve as the foundation

for future development and optimization of single-process electrothermal ac-

tuators. Faster actuation times can be achieved by implementing geometric

features, such as ribs, to enhance heat transfer.

While the proposed analytical model and experimental validation demon-

strate the potential of single-process 3D-printed electrothermal actuators, few

simplifying assumptions were introduced to enable efficient and tractable

modeling. These include a uniform temperature distribution in the x–y

plane, similar mechanical and thermal properties for the heater (M2) and

insulating material, constant heater resistance, and ideal layer bonding. The

current model also focuses on rectangular geometries and linear elastic be-

havior. These assumptions are appropriate for the actuator design and are

supported by experimental results; however, they define the current scope

of the model. Importantly, they also suggest clear opportunities for future

refinement, such as capturing localized temperature gradients, incorporating

temperature-dependent resistance, modeling more complex geometries, and

accounting for inter-layer deformability. Overall, these simplifications sup-

port a robust and validated framework while identifying promising directions
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to further enhance model accuracy and broaden applicability.

Nonetheless, the proposed design of single-process 3D-printed electrother-

mal actuators still holds significant potential for smart shape-morphing struc-

tures that actively modulate their shape in response to external loads in

slowly changing environments. They can be integrated into metamaterials

to actively tune properties such as stiffness, Poisson’s ratio, and thermal

expansion. Furthermore, given the design flexibility of thermoplastic extru-

sion 3D printing, this approach holds promise for developing lightweight,

shape-adaptable, actively controlled smart structures manufactured in a sin-

gle process.

Sensitivity Analysis. Fig. 8 presents the sensitivity of the actuator’s ther-

mal and mechanical responses–including steady-state surface temperature,

transient temperature, tip deflection, and blocking force–to variations in key

input parameters. Each parameter was varied independently while all others

were held constant.

Fig. 8a illustrates that the steady-state surface temperature is most sen-

sitive to the input voltage U , followed by layer thickness t, convective heat

transfer coefficient h, electrical resistivity ρe, and ambient temperature T∞.

Due to the actuator’s small thickness and large surface area, convective heat

transfer dominates over conduction. Joule heating further amplifies sensi-

tivity to U , t, and ρe. In contrast, density ρ, thermal conductivity k, and

specific heat capacity Cp have little effect on steady-state temperature but

do influence transient behavior at 60 s, as shown in Fig. 8b.

Fig. 8c shows that tip deflection is primarily governed by actuator geometry–

specifically length L and thickness t. An increase in L results in greater de-
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flection, while a larger t increases stiffness and reduces deformation. Temper-

ature T and the CTE α also strongly affect deflection, with greater thermal

expansion yielding larger tip displacement. In contrast, the elastic modulus

E and Poisson’s ratio ν have minimal influence.

Fig. 8d indicates that the maximum blocking force is most sensitive to

actuator geometry–specifically thickness t, width w, and length L. Increas-

ing t and w enhances stiffness, resulting in a higher blocking force, whereas

increasing L reduces it. The CTE α and elastic modulus E also contribute to

an increased blocking force by promoting internal stress generation. Temper-

ature T has a moderate effect, while Poisson’s ratio ν and stress relaxation

parameters (r, τ , C1, C2) have little effect on the peak value but remain

relevant for long-term force prediction.

Overall, actuator geometry–particularly thickness and length–and the

CTE of the constituent materials significantly influence actuator perfor-

mance. Accordingly, the proposed analytical model serves as a valuable

tool for optimizing both geometry and material selection to achieve targeted

performance in application-specific designs.

6. Conclusions

This research introduces the design principles and the analytical model

for predicting the time-dependent tip deflection and blocking force of mul-

tilayered electrothermal actuators, 3D-printed in a single process. The fully

3D-printed actuator consists of three material layers: a high-CTE layer, a

heater layer, and a low-CTE layer. The proposed analytical model incorpo-

rates orthotropic, temperature-dependent material properties and accounts
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Figure 8: Parametric sensitivity analysis of the actuator’s thermal and mechanical behavior

in response to a±10% variation in each input parameter, while all others are held constant.

Subplots compare the relative influence of these parameters on: (a) steady-state surface

temperature (note that ρ and Cp overlap, as do h and ρe); (b) transient temperature at

t = 60 s (with overlapping curves for ρ and Cp); (c) maximum tip deflection; and (d)

maximum blocking force (with overlapping curves for E and w, as well as for α, r & τ ,

and C1 & C2).

for stress-relaxation effects. The proposed model predicts the time-dependent

tip deflection and blocking force, given an input voltage. The model is exper-

imentally validated using actuators manufactured with two distinct material

configurations.

The actuator manufactured with PAGF, conductive TPU, and PACF
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material layers and dimensions of 60 × 20 × 2.4 mm, achieved a temperature

increase of ∆T = 17.0 ◦C within 10 min under a step voltage of 48 V. This

resulted in a tip deflection of 1.5 mm with a characteristic actuation time

τ = 148 s and a maximum blocking force of 0.55 N at 4.5 min. The actuator

manufactured with woodPLA, conductive PLA, and stonePLA material lay-

ers and dimensions of 60 × 20 × 2.2 mm, achieved a temperature increase of

∆T = 15.7 ◦C within 10 min under a step voltage of 48 V. This resulted in a

tip deflection of 1.1 mm with a characteristic actuation time τ = 126 s and a

maximum blocking force of 0.42 N at 3.5 min.

Experimental results confirm the repeatability and reliability of the single-

process 3D-printing method. These actuators represent the first entirely

single-process, 3D-printed, electrothermal actuators, which can be seamlessly

integrated into smart structures, flexible electronics, and soft robotic systems.

Furthermore, the proposed model accurately predicts the blocking force of

thermoplastic extrussion 3D-printed electrothermal actuator by capturing

the temperature- and time-dependent decrease in blocking force caused by

the stress relaxation. Conventional model neglects these effects and at 10 min

overestimate the blocking force by 108 % and 97 % for the two actuator ex-

perimentally researched.

The proposed design of single-process 3D-printed electrothermal actu-

ators holds significant potential for smart shape-morphing structures that

actively modulate their shape in response to external loads in slowly chang-

ing environments. The proposed model serves as the foundation for further

research and development of single-process 3D-printed electrothermal actu-

ators with faster actuation times, enabling further integration into active
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structures.
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and Analysis of Transient and Three-Dimensional Heat Transfer in

3D Printing via Fused-Deposition Modeling (FDM), Computation 12

(2024) 27. doi:10.3390/computation12020027.

[85] N. Mosleh, M. Esfandeh, S. Dariushi, Simulation of temperature profile

57

http://dx.doi.org/10.1109/ICRA.2017.7989794
http://dx.doi.org/10.1109/JMEMS.2007.908754
http://dx.doi.org/10.1109/JMEMS.2007.908754
http://dx.doi.org/10.1016/j.ijmecsci.2022.107095
http://dx.doi.org/10.1016/j.ijmecsci.2022.107095
http://dx.doi.org/10.1007/s10665-024-10359-x
http://dx.doi.org/10.3390/computation12020027


in fused filament fabrication 3D printing method, Rapid Prototyping

Journal 30 (2024) 134–144. doi:10.1108/RPJ-02-2023-0067.

[86] P. Scherz, S. Monk, Practical Electronics for Inventors, fourth edition

ed., McGraw Hill Education, New York Chicago San Francisco Athens

London, 2016.

[87] F. Hong, B. Lampret, C. Myant, S. Hodges, D. Boyle, 5-axis multi-

material 3D printing of curved electrical traces, Additive Manufactur-

ing 70 (2023) 103546. doi:10.1016/j.addma.2023.103546.

[88] F. Aliberti, A. Sorrentino, B. Palmieri, L. Vertuccio, G. De Tommaso,

R. Pantani, L. Guadagno, A. Martone, Lightweight 3D-printed heaters:

Design and applicative versatility, Composites Part C: Open Access 15

(2024) 100527. doi:10.1016/j.jcomc.2024.100527.

[89] A. Steckiewicz, K. Konopka, A. Choroszucho, J. M. Stankiewicz, Tem-

perature Measurement at Curved Surfaces Using 3D Printed Pla-

nar Resistance Temperature Detectors, Electronics 10 (2021) 1100.

doi:10.3390/electronics10091100.

[90] A. M. L. Lanzolla, F. Attivissimo, G. Percoco, M. A. Ragolia, G. Stano,

A. Di Nisio, Additive Manufacturing for Sensors: Piezoresistive Strain

Gauge with Temperature Compensation, Applied Sciences 12 (2022)

8607. doi:10.3390/app12178607.

[91] M. J. Hossain, B. T. Tabatabaei, M. Kiki, J.-W. Choi, Additive Man-

ufacturing of Sensors: A Comprehensive Review, International Jour-

58

http://dx.doi.org/10.1108/RPJ-02-2023-0067
http://dx.doi.org/10.1016/j.addma.2023.103546
http://dx.doi.org/10.1016/j.jcomc.2024.100527
http://dx.doi.org/10.3390/electronics10091100
http://dx.doi.org/10.3390/app12178607


nal of Precision Engineering and Manufacturing-Green Technology 12

(2025) 277–300. doi:10.1007/s40684-024-00629-5.

[92] S. R. Rajpurohit, H. K. Dave, M. Bodaghi, Classical laminate the-

ory for flexural strength prediction of FDM 3D printed PLAs, Mate-

rials Today: Proceedings (2023) S2214785323013561. doi:10.1016/j.

matpr.2023.03.310.

[93] F. Medel, J. Abad, V. Esteban, Stiffness and damping behavior of 3D

printed specimens, Polymer Testing 109 (2022) 107529. doi:10.1016/

j.polymertesting.2022.107529.

[94] C. Casavola, A. Cazzato, V. Moramarco, C. Pappalettere, Orthotropic

mechanical properties of fused deposition modelling parts described

by classical laminate theory, Materials & Design 90 (2016) 453–458.

doi:10.1016/j.matdes.2015.11.009.

[95] G. H. Staab, Laminar Composites, second edition ed., Butterworth-

Heinemann, Amsterdam ; Boston, MA, 2015.

[96] R. C. Hibbeler, Mechanics of Materials, tenth edition in si units, global

edition ed., Pearson, Harlow, 2018.

[97] R. S. Lakes, Viscoelastic Materials, Cambridge University Press, Cam-

bridge ; New York, 2009.

[98] H. E. Pettermann, A. DeSimone, An anisotropic linear thermo-

viscoelastic constitutive law: Elastic relaxation and thermal expansion

creep in the time domain, Mechanics of Time-Dependent Materials 22

(2018) 421–433. doi:10.1007/s11043-017-9364-x.

59

http://dx.doi.org/10.1007/s40684-024-00629-5
http://dx.doi.org/10.1016/j.matpr.2023.03.310
http://dx.doi.org/10.1016/j.matpr.2023.03.310
http://dx.doi.org/10.1016/j.polymertesting.2022.107529
http://dx.doi.org/10.1016/j.polymertesting.2022.107529
http://dx.doi.org/10.1016/j.matdes.2015.11.009
http://dx.doi.org/10.1007/s11043-017-9364-x


[99] B. Fazekas, T. J. Goda, Constitutive modelling of rubbers: Mullins

effect, residual strain, time-temperature dependence, International

Journal of Mechanical Sciences 210 (2021) 106735. doi:10.1016/j.

ijmecsci.2021.106735.

[100] S. Huang, Y. Qi, J. Zhang, B. Gu, B. Sun, Multiscale homogenization of

thermo-mechanical viscoelastic response of 3D orthogonal composites

with time-dependent CTEs, Composite Structures 347 (2024) 118479.

doi:10.1016/j.compstruct.2024.118479.

[101] W. Cai, P. Wang, Fractional modeling of temperature-dependent me-

chanical behaviors for glassy polymers, International Journal of Me-

chanical Sciences 232 (2022) 107607. doi:10.1016/j.ijmecsci.2022.

107607.
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Appendix A. Classical Lamination Theory

The Classical Lamination Theory presented here is applicable to or-

thotropic thin laminates, where the strain variation through the laminate

is described by the mid-surface strains {ε0} and the mid-surface curvatures

{κ} (Fig. A.9a) [92, 93, 94, 95]:
εx

εy

εxy

 =


ε0x

ε0y

ε0xy

 + z


κx

κy

κxy

 , (A.1)

where the z coordinate runs through the thickness of the laminate, starting

at the mid-surface, as shown in Fig. A.9b.

Assuming linear elastic material properties and a plane stress stress-strain

relationship, the stress in the k-th lamina is given by [92, 93, 94, 95]:
σx

σy

σxy


k

=
[
Q
]
k




ε0x

ε0y

ε0xy

 + z


κx

κy

κxy


 , (A.2)

where
[
Q
]
k

is the in-plane stiffness matrix of the k-th lamina. The in-plane

stiffness matrix
[
Q
]
k

is obtained by transforming the stiffness matrix in the

principal coordinate system [Q]k to the Cartesian coordinate system [93, 95]:

[
Q
]
k

= [Tσ]−1
k [Q]k [Tε]k . (A.3)

Here, [Tσ]k and [Tε]k are the off-axis transformation matrices, defined as [93,
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Figure A.9: (a) Schematic illustration of a laminate with mid-surface curvatures {κ} and

mechanical loads and moments ({N} and {M}). (b) Cross-sectional view showing the

total thickness t, divided among individual laminae. (c) Fiber orientation in each lamina,

with principal material axes defined relative to the x-axis by the angle θk.

95]:

[Tσ]k =


m2 n2 2mn

n2 m2 −2mn

−mn mn m2 − n2

 , [Tε]k =


m2 n2 mn

n2 m2 −mn

−2mn 2mn m2 − n2

 ,

(A.4)
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where m = cos θk and n = sin θk, with θk being the angle measured from the

x-axis to the 1st principal axis of the k-th lamina, as shown in Fig A.9c.

The in-plane stiffness matrix for plane stress inthe principal coordinate

system has the following form [92, 93, 94, 95]:

[Q]k =


Q11 Q12 0

Q12 Q22 0

0 0 Q66

 , (A.5)

where the individual terms are [92, 93, 94, 95]:

Q11 =
E2

1

E1 − ν2
12E2

, Q22 =
E1E2

E1 − ν2
12E2

, Q12 =
ν12E1E2

E1 − ν2
12E2

, Q66 = G12.

(A.6)

Here, Ei is the elastic modulus along the i-th principal axis, ν12 is Poissons’s

ratio in the 2nd direction when a load is applied along the 1st principal

axis, and G12 is the shear modulus corresponding to shear stress applied

to the 12-plane. The following relationship is also considered in Eq. (A.6):

ν12/E1 = ν21/E2 [92, 93, 94, 95].

The laminate loads are assumed to consist of resultant forces {N} and mo-

ments {M}, defined for a representative section of the laminate in Fig. A.9b.

The resultant forces have units of force per unit length of the laminate (N/m),

while the resultant moments have units of force times length per unit length

of the laminate (N m/m). To satisfy equilibrium conditions, the resultant

laminate forces and moments must be balanced by the integral of stresses

over the laminate thickness, leading to the following relationship [92, 95]:

{N} =


Nx

Ny

Nxy

 =

∫ t/2

−t/2


σx

σy

σxy

 dz =
N∑
k=1

∫ zk

zk−1


σx

σy

σxy


k

dz, (A.7)
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{M} =


Mx

My

Mxy

 =

∫ t/2

−t/2

z


σx

σy

σxy

 dz =
N∑
k=1

∫ zk

zk−1

z


σx

σy

σxy


k

dz, (A.8)

where t is the thickness of the laminate, N is the number of lamina, and the

k-th lamina has bottom and top z-coordinates of zk−1 and zk, respectively

(see Fig. A.9b).

Substituting Eq. (A.2) into Eqs. (A.7) and (A.8), and considering that

the mid-surface strains {ε0} and curvatures {κ} are independent of the z-

coordinate, the integration is simplified. The loads and moments can be

expressed in matrix form, after integration, as [92, 94, 95]:{N}

{M}

 =

[A] [B]

[B] [D]

{ε0}

{κ}

 , (A.9)

where matrix [A] is the extensional stiffness matrix, [B] is the extension-

bending coupling matrix, and [D] is the bending stiffness matrix [92, 95].

The components of [A], [B], and [D] are defined as [92, 94, 95]:

[Aij] =
N∑
k=1

[
Qij

]
k
tk, (A.10)

[Bij] =
N∑
k=1

[
Qij

]
k
tk zk, (A.11)

[Dij] =
N∑
k=1

[
Qij

]
k

(
tk z

2
k +

t3k
12

)
. (A.12)

Here, the subscripts i and j refer to matrix indices, tk = zk−zk−1 is the thick-

ness of the k-th lamina, and zk = (zk +zk−1)/2 is the location of the centroid

of the k-th lamina from the mid-plane of the laminate (see Fig. A.9b).
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For laminates with different thermal expansion properties among the

laminae, thermal effects can result in significant residual strains and curva-

tures [95, 105, 106, 107]. Each lamina is constrained to deform with adjacent

laminae, resulting in a uniform strain and curvature but differing residual

stresses in each layer. The resulting laminate thermal loads
{
NT

}
and mo-

ments
{
MT

}
are defined as [95, 105, 106, 107]:

{
NT

}
=


NT

x

NT
y

NT
xy

 =

∫ t/2

−t/2


σT
x

σT
y

σT
xy


k

dz =

∫ t/2

−t/2

[
Q
]
k

[Tε]
−1
k


α1

α2

0


k

∆T dz

=
N∑
k=1

[
Q
]
k

[Tε]
−1
k


α1

α2

0


k

∆Ttk, (A.13)

{
MT

}
=


MT

x

MT
y

MT
xy

 =

∫ t/2

−t/2

z


σT
x

σT
y

σT
xy


k

dz =

∫ t/2

−t/2

[
Q
]
k
z [Tε]

−1
k


α1

α2

0


k

∆T dz

=
N∑
k=1

[
Q
]
k

[Tε]
−1
k


α1

α2

0


k

∆T tk zk, (A.14)

where αi is the CTE along the i-th principal axis (see Fig. A.9c). Incorpo-

rating thermal loads and moments into Eq. (A.9) gives the following expres-

sion [95, 105]: {N}

{M}

 =

[A] [B]

[B] [D]

{ε0}

{κ}

−


{
NT

}{
MT

}
 . (A.15)
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Appendix B. Material Properties Identification

Elastic Modulus, Coefficient of Thermal Expansion and Density. The princi-

pal elastic moduli Ei, the principal CTE αi, and the density ρ of the materials

were measured using the method described in [69]. The results are shown

in Tab. 3. The temperature dependence of the principal elastic modulus Ei

was measured in the temperature range from room temperature (22 ◦C) to

the glass-transition temperature (or up to 90 ◦C if the glass transition was

not reached). In Tab. 3 principal elastic moduli Ei at room temperature are

listed.

Poissons’s Ratio. The Poisson’s ratio in the 2nd principal direction, when the

material is loaded in the 1st principal direction ν12, was measured according

to the ISO 527 standard [108]. Three ISO 527-1/1B specimens, each with

a thickness of 4 mm and a width of 10 mm, were used for each material.

The specimens were 3D-printed with material deposition along their length

to ensure loading in the direction of the 1st principal axis. The resulting

Poisson’s ratio ν12 for each material is provided in Tab. 3.

Relaxation Modulus and Shift-Factor. The relaxation modulus in the appro-

priate principal direction Ei(t) and the shift-factor aT for the materials were

determined by measuring the force reduction over time under constant defor-

mation at various temperatures. Three rectangular samples with dimensions

of 20 × 20 × 40 mm were used for each material. Depending on the ma-

terial being tested, the rectangular samples were 3D-printed with material

deposition matching the direction used for the electrothermal actuators (see

Sec. 4.1). This allowed the identification of the relaxation modulus in the
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1st principal direction for M2 and M3 materials, and in the 2nd principal

direction for M1 materials (see Tab. 2).

Fig. B.10 shows the experimental setup for measuring the relaxation mod-

ulus. A bench vise was used to apply a precise step deformation to the rect-

angular sample. The sample was placed between two aluminum blocks in

the jaws to ensure uniform contact between the sample and the jaw, as well

as between the sample and the load cell. The FX293X-100A-0025-L (TE

Connectivity, Switzerland) load cell, positioned between one jaw and the

aluminum block and connected to a NI-9215 (National Instruments, USA)

measurement card, was used to acquire the compression force. The LK-

G82 (Keyence International, Belgium) laser displacement sensor, also con-

nected to the NI-9215, monitored the jaw displacement. The temperature

of the rectangular sample was measured using a type K thermocouple and

a NI-9211. The experiment was conducted in a 3D printer with an actively

temperature-controlled chamber, allowing relaxation measurements at ele-

vated temperatures.

First, the relaxation modulus at room temperature (T = 22 ◦C) was mea-

sured. After placing the rectangular sample in the jaws, a 1 N compression

force was applied using the vise to hold the system in place. This state was

defined as the initial zero-deformation state. A step deformation d0 was then

applied to the sample by the vise, resulting in a compression force of 100 N,

and the force F (t) was recorded for 2 h.

Second, relaxation measurements at 30 ◦C and 40 ◦C were conducted us-

ing the actively temperature-controlled chamber of a 3D-printer. The rect-

angular sample was left at each temperature for 2 h to heat up to the target
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thermocouple
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block

laser 

displacement 
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Figure B.10: Experimental setup for measuring the relaxation modulus of 3D-printed

rectangular samples. A load cell records the compressive force, and a laser displacement

sensor tracks the step deformation. A thermocouple positioned on the sample monitors

temperature, while aluminum blocks ensure uniform contact with the compression jaws.

temperature Tsample measured by a thermocouple. A 1 N compression force

was again applied to establish the initial state. The same step deformation

d0 as used at room temperature was then applied to the sample, resulting in

a different final compression force due to the decrease in elastic modulus at

elevated temperatures, and the force F (t) was recorded for 2 h.

To obtain the relaxation modulus Eq. (12) was used. The stress σ(t) was

determined from the measured force F (t) and the cross-sectional area of the

rectangular sample A as [96]:

σ(t) =
F (t)

A
=

F (t)

20 × 20 mm
. (B.1)

The strain ε0 was determined using the initial length of the sample L0 and

the applied deformation by the vise d0 as:

ε0 =
d0
L0

=
d0

40 mm
. (B.2)
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The measured relaxation modulus at room temperature was then approxi-

mated by a Prony series with 3 terms, as defined in Eq. (13), using a least

squares algorithm to find the optimal values for the relative relaxation terms

rk and characteristic times τk [109], which are shown in Tab. 3.

To obtain the shift-factor aT a least squares algorithm was used to de-

termine the value by which the time t of the relaxation modulus at Tsample

needs to be scaled (Eq. (15)) to overlap with the relaxation modulus at

room temperature on a logE(t) vs. log t graph, forming a master curve

with Tref = 22 ◦C [110]. Based on the determined shift-factor values at

Tsample = 30 ◦C and Tsample = 40 ◦C, the coefficients C1 and C2 of the WLF

equation (16) were determined. The resulting WLF equation coefficients are

shown in Tab. 3.

Electrical resistivity. The electrical resistivity ρe of condPLA and condTPU

was measured in the direction of the 1st principal axis. Fig. B.11a shows

a rectangular sample used for the resistivity measurement. A total of 8

rectangular samples per material were 3D-printed with varying dimensions:

length 50 mm and 100 mm, width 10 mm and 20 mm, and thickness 1 mm and

2 mm. The rectangular samples were 3D-printed with material deposition

along the x-axis direction, as indicated by the blue line in Fig. B.11a. For

the middle 3D-printed layer, an electrically conductive adhesive tape was

bonded to the opposite edges of the previously printed layer, overlapping

by approximately 3 mm. The next 3D-printed layer was then printed over

the conductive tape, creating a solid electrical contact surface, as shown in

Fig B.11a.

Once the rectangular samples were 3D-printed, the electrical resistivity
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(a)

material deposition*
x

y

z

10 mm

x

y
z

10 mm

* Not to scale.

electrical contacts

(b)

Impedance Analyzer

Analog Discovery

Figure B.11: (a) Rectangular 3D-printed sample (dimensions vary) used to measure elec-

trical resistivity, with conductive tape applied at both ends to ensure reliable electrical

contacts. (b) Experimental setup for resistance measurements, with an impedance ana-

lyzer connected to the sample via crocodile clips under a constant DC voltage.

ρe was determined using Eq. (4). First, the resistance R of the rectangular

sample was measured using the experimental setup shown in Fig. B.11b.

A Digilent Analog Discovery 2 oscilloscope (Digilent Inc., USA) with an

impedance measurement module was used to measure the resistance R of

the rectangular sample. The module allowed for DC resistance measurements

with calibrated shunt resistors and compensation for the connecting cables.

Crocodile clips were attached to the conductive tape for electrical contact. A

constant voltage of 3 V and a 1 kΩ shunt resistor were used for the resistance

R measurements of the rectangular samples.
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Second, the cross-sectional area A of the rectangular sample was deter-

mined based on the nominal width and height of the rectangular sample:

A = width ·height. For the length of the resistor l, the nominal length of the

rectangular sample, shortened by the length of the electrical contact overlap

(2 · 3 mm), was used, since the resistance of the conductive tape is signifi-

cantly lower compared to the conductive polymer: l = length− 6 mm. Using

this method, the electrical resistivity was determined for all 8 samples, and

the resulting average resistivity is shown in Tab. 3.

Thermal Conductivity and Specific Heat at Constant Pressure. The thermal

conductivity k and specific heat Cp of the materials used were measured

based on their thermal response. Considering the 3D-printing orientation

of the electrothermal actuator, the thermal model requires the value of the

thermal conductivity k in the direction of the 3rd principal axis. Fig. B.12a

shows a rectangular sample used to measure the thermal conductivity k and

specific heat Cp. The rectangular sample has a length of 60 mm, a width

of 20 mm, and a height of 3 mm, with a square 3 × 3 mm hole with a depth

of 1 mm in the center of the top surface. The rectangular sample has a

sandwich structure consisting of three 1 mm-thick material layers. The bot-

tom and top material layers are made of M1 or M3 material (marked green in

Fig. B.12a), while the middle layer consists of the electrically conductive ma-

terial M2 (marked red in Fig. B.12a). The same combination of conductive

and non-conductive materials used for the actuators (Tab. 2) was applied.

The thermal conductivity k and specific heat Cp of the M1 or M3 material

were measured, with the M2 layer used for heating.

The rectangular samples were 3D-printed with the settings shown in

72



Tab. 1, stacking the layers in the z direction. The M2 material layer was 3D-

printed with material deposited in the x direction. For the non-conductive

material layers, the material was deposited in the x direction if M3 material

was used, or in the y direction if M1 material was used, to remain consistent

with the 3D-printed actuators (see Tab. 2). For electrical contact, electrically

conductive tape was used, similar to the setup for the electrical resistivity

samples.

Fig. B.12b shows the experimental setup for measuring the thermal con-

ductivity k and specific heat Cp. Initially, the electrical resistance Rh of the

rectangular sample was measured using the same method as for electrical

resistivity measurements. The rectangular sample was then freely suspended

on two ropes, with crocodile clips used for electrical contact on the conduc-

tive tape to connect the sample to the DPPS-60-10 (Voltcraft, Germany)

voltage generator. A FLIR A50 (Flir, USA) thermal camera was used to

measure the temperature on the top surface of the rectangular sample. A

step voltage of 60 V was applied to samples with condTPU, and 30 V was

applied to samples with condPLA for M2. The average temperature on the

surface, in an area 1 mm away from the sample edges, the hole edges, and

the ropes (to exclude boundary effects), as well as the average temperature

inside the hole, were recorded for 15 min to allow the system to reach steady

state. The measurements were performed using 3 rectangular samples for

each material.

Initially, the thermal conductivity k and specific heat Cp of condTPU

and condPLA were determined. All three material layers of the rectangular

samples (M2 and M1/M3) were printed with the same conductive material.
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Figure B.12: (a) Rectangular, three-layer sample used for thermal conductivity and specific

heat measurements, featuring a small central cavity to monitor temperature distribution.

(b) Experimental setup in which the sample is suspended by two ropes and heated via a

step voltage, while a thermal camera records surface temperatures for both transient and

steady-state analyses.
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The thermal conductivity k and specific heat Cp were then determined from

the measured surface and hole temperatures by adjusting the material prop-

erties in the thermal model to match the measured thermal response. The

same thermal model used for the actuators (described in Sec. 3.2) was ap-

plied, with 16 nodes, a single material layer, internal heat generation, and

convection boundary conditions. For the energy generation rate q̇, the ap-

plied voltage U , the measured resistance Rh, and the volume of the entire

rectangular sample (V = 60×20×3 mm) were used. The convection bound-

ary condition was applied to both boundary surfaces, with a convection heat

transfer coefficient of h = 12 W m−2 K−1 [104] and an ambient air temper-

ature of 22 ◦C. A least squares algorithm was used to minimize the error

between the measured surface and hole temperatures and the temperatures

predicted by the thermal model by updating the thermal conductivity k and

specific heat Cp. The thermal conductivity k was first determined from the

steady-state temperatures, and the specific heat Cp was then determined

from the transient part of the measured response. The resulting thermal

conductivity k and specific heat Cp of the conductive materials are shown in

Tab. 3.

Finally, with the known thermal properties of the conductive materi-

als, the thermal conductivity k and specific heat Cp for the non-conductive

materials were determined using the three-layer rectangular sample. The

thermal model described in Sec. 3.2, with 6 nodes in each material layer,

was used. For the energy generation rate q̇, the applied voltage U , the mea-

sured resistance Rh, and the volume of only the M2 material layer (V =

60 × 20 × 1 mm) were considered. The convection boundary condition was
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applied to both boundary surfaces, with a convection heat transfer coefficient

of h = 12 W m−2 K−1 [104] and an ambient air temperature of 22 ◦C. The

same approach as before was used to update the material properties to match

the model’s predictions with the measured temperatures; however, this time,

only the material properties of the outer material layers were updated to ob-

tain the thermal conductivity k and specific heat Cp for the non-conductive

materials listed in Tab. 3.
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