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A B S T R A C T

Thermoplastic-extrusion 3D printing has gained popularity for the fabrication of electrothermal soft
actuators that can control shape in response to temperature changes generated by embedded 3D-
printed heaters. However, the material properties, such as the coefficient of thermal expansion, elastic
modulus, and damping, significantly impact the performance of these 3D-printed electrothermal
actuators. The material properties can be temperature-dependent, and vary based on the print and fill
orientation. Current experimental methods cannot simultaneously research these properties, resulting
in partial research of the influencing parameters.

This research introduces a simultaneous and non-contact identification method for the elastic
modulus, damping, and coefficient of thermal expansion, utilizing optical and thermal cameras, a
scanning laser vibrometer, IR heating, and electrodynamic shaker excitation. The method was applied
to several materials, including composites. The introduced method can fully characterize the 3D prints
and the materials used for 3D printing, leading to the faster and more predictable development of future
3D-printed electrothermal actuators.

1. Introduction
Smart structures sense changes in the environment and

react accordingly in real time [1]. Multimaterial 3D print-
ing has enabled the fabrication of smart structures [2, 3],
sensors [4, 5] and actuators [6, 7]. Fully 3D-printed soft
actuators can be manufactured in a single process [8] and
therefore custom designs are much more viable, when com-
pared to semi-3D-printed counterparts that require skilled
operators and post-processing assembly [9]. Unlike conven-
tional actuators, soft actuators produce flexible motion due
to the integration of microscopic changes at the molecular
level into a macroscopic deformation of the actuator mate-
rial [10]. Soft actuators can be classified into several sub-
groups based on their actuation mechanisms, such as piezo-
electric [11], dielectric [6], magnetic [12], electrostatic [13],
pneumatic [14], thermal [15], electrothermal [16], and shape
memory [17].

The bimorph electrothermal actuator is probably the old-
est and best electrothermal actuator design [18]. It consists
of two or more layers of different materials and a resistive
heater between them. Electricity generates Joule heat and
the difference in the coefficient of thermal expansion (CTE)
of the layers causes deflection. Joule heating uses compara-
tively low drive voltages, but can produce large forces and
displacements [19]. For this reason, bimorph electrothermal
actuators have attracted much attention in the field of soft
robotics for joints [20], grippers [21, 22], small crawling soft
robots [23, 24] and robot fingers [25], and in electronics for
switches [26].
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Chu et al. [27] developed an analytical model for the
electromechanical performance of a bimetallic cantilever
beam. They showed that the tip deflection and force of a
bimorph electrothermal actuator depend on the elastic mod-
ulus and the CTE of the materials used. In addition, damping
properties are also important, because soft actuators are
mainly made of soft elastic materials, resulting in large
oscillations in the actuation and de-actuation, or in rapid
motion [28, 29]. In 3D-printed bimorph actuators the elastic
modulus, damping, and CTE are influenced by a number
of parameters, including print orientation and fill angle, see
Popescu et al. [30]. The elastic modulus, damping and CTE
also differ with the material used for 3D printing.

Some of the most commonly used commercially avail-
able materials for thermoplastics-extrusion 3D printing
are polylactic acid (PLA), polyethylene terephthalate gly-
col (PETG), thermoplastic polyurethane (TPU) and ny-
lon/polyamide (PA) [31]. Recent advances in materials
science have made it possible to use thermoplastic composite
materials for 3D printing [32]. In composite materials,
reinforcements are added to the matrix in the form of parti-
cles [33, 34, 35], short fibers [36, 37], continuous fibers [38],
and nanoparticles [39, 40] to enhance mechanical properties
such as elastic modulus, damping and CTE. Therefore, to
fully understand the behavior and potential applications for
bimorph actuators, it is essential to accurately characterize
the elastic modulus, damping, and CTE of the materials for
3D printing.

The most common method for testing the elastic modu-
lus of 3D-printed structures is the tensile test. For example,
Zhao et al. [41] and Yao et al. [42] used tensile tests to evalu-
ate the elastic modulus of PLA for different print orientations
and layer heights. In addition, Liu et al. [43] tested PLA
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composite materials with various inclusions such as wood,
ceramic, copper and aluminum particles, and carbon fibers.
Pejkowski et al. [44] investigated the elastic modulus of
plain, carbon-fiber-reinforced and glass-bubbles-reinforced
3D-printed PA using tensile tests. Sola et al. [45] reviewed
and compared existing tensile testing standards using PLA
samples with different fill angles. Another method of de-
termining the elastic modulus is to measure the natural fre-
quency of a sample. Medel et al. [46] used this approach for a
non-contact measurement using a scanning laser vibrometer
and an electrodynamic shaker. They found significant influ-
ences of the fill angle, print orientation and nozzle tempera-
ture on the elastic modulus of PLA. Pszczółkowski et al. [47]
compared the measured elastic modulus of PLA and ABS
samples varying the nozzle temperature using a tensile test
and two nondestructive techniques: the impulse-excitation
technique and the ultrasonic method. They concluded that
the nondestructive methods measured an elastic modulus
that was approximately 1 GPa (50 %) higher than with the
tensile test.

To characterize the damping of 3D-printed structures,
researchers use various modal analysis techniques. He et al.
[48] studied the effects of nozzle size, fill ratio, and fill
pattern on the damping of ABS using the logarithmic de-
scent method. A similar approach using a curve-fit method
to calculate the damping was used by Öteyaka et al. [49]
to investigate the effects of fill ratio and fill pattern on
the damping properties of PLA. Medel et al. [50] used
a non-contact measurement of damping of the PLA with
an electrodynamic shaker and a scanning laser vibrometer.
They used the half-power method to calculate the damping
to study the effects of print orientation, nozzle temperature,
and print speed. Another method for characterizing damping
is dynamic mechanical analysis (DMA). Morettini et al. [51]
and Wang et al. [52] used it to analyze the effects of print
orientation, layer height, fill rate, and nozzle temperature on
the damping properties of PLA.

The most common method of measuring CTE is a ther-
momechanical analysis (TMA). For example, Bute et al.
[53] used it to investigate the effect of print orientation on
the CTE of various thermoplastics and their composites.
Qahtani et al. [54] also used TMA to investigate the ef-
fects of biobased poly inclusions in PLA on CTE. TMA
was also used by Faust et al. [55] to measure the CTE
of PA and carbon-fiber-reinforced PA samples with differ-
ent print orientations and fill angles. The alternative non-
contact method for measuring thermal deformation is dig-
ital image correlation (DIC). Chen et al. [56] used DIC
with non-contact temperature measurements with a thermal
camera to measure the CTE of a carbon-fiber-reinforced PA
metamaterial unit cell. Similarly, Momenzadeh et al. [57]
used DIC and a thermocouple for temperature to study the
CTE of polyvinylidene fluoride (PVDF) and its compos-
ite with zirconium tungstate powder. Another method for
measuring thermal deformation is to use fiber Bragg-grating
sensors. Kousiatza et al. [58] used it in combination with

a thermocouple to study the CTE of carbon- and glass-
continuous-fiber-reinforced thermoplastic composites. CTE
can also be measured with a dilatometer. Arif et al. [40] used
this method to study the effects of carbon nanotubes and
graphene nanoplatelets on the CTE of polyether ether ketone
(PEEK).

While the elastic modulus, damping and CTE are usually
identified separately, they can also be researched at the same
time. Morettini et al. [51] and Wang et al. [52] researched
the elastic modulus and damping of PLA using tensile tests
and DMA, respectively. Similarly, Vidakis et al. [59] used
a tensile test for the elastic modulus and DMA for the
damping identification of polypropylene/alumina nanocom-
posites. Medel et al. [50] simultaneously identified the elas-
tic modulus and damping of PLA; the measured dynamic
response of a sample was used to identify the elastic modulus
from the first two natural frequencies and the damping
using the half-power method. Chapman et al. [60] used the
combination of a tensile test for the elastic modulus and
TMA for the CTE to research PA. Similarly, Dul et al.
[61] investigated ABS and ABS with the addition of 4 wt%
graphene nanoplatelets, and Moreno-Sanchez et al. [62]
investigated ASA and ASA reinforced with basalt fibers.
Fros and Vesely [63] identified the elastic modulus, damping
and CTE of carbon nanotubes and graphene-nanoplatelets-
reinforced PEEK. A tensile test was used to measure the
elastic modulus, TMA for CTE and DMA for damping. Arif
et al. [40] examined the effect of carbon black on PETG and
PLA using a tensile test for the elastic modulus, dilatometer
for CTE and DMA for damping measurements.

This research introduces a method for the simultane-
ous and non-contact identification of temperature-dependent
elastic modulus, damping, and CTE. The non-contact iden-
tification is based on two optical systems (optical camera
and thermal camera), a scanning laser vibrometer, IR heat-
ing and electrodynamic shaker excitation. The temperature-
dependent elastic modulus’ identification is based on the
natural frequency of the cantilever beam; the temperature-
dependent damping identification is based on the circle fit
method; and CTE is based on the DIC method and the spatial
temperature information from the thermal camera. The pro-
posed sample design makes it possible to research multiple
3D-printing parameters (e.g., fill angle, print orientation, fill
density and print speed) on the elastic modulus, damping,
and CTE. Based on the proposed method, the 3D prints and
the materials used for 3D printing can be characterized for
the development of 3D-printed electrothermal soft actuators.

The manuscript is structured as follows. In Sec. 2 the
theoretical background of the methods used is presented. In
Sec. 3, the method for simultaneous, non-contact identifica-
tion of the temperature-dependent elastic modulus, damping
and coefficient of thermal expansion in 3D-printed structures
is introduced. The application of the introduced method to
various thermoplastics is given in Sec. 4. Sec. 5 gives the
results and discussion. Finally, conclusions are drawn in
Sec. 6.
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2. Theoretical Background
Thermoplastic-extrusion 3D printing involves building

the parts layer by layer from the bottom up by heating and
extruding a thermoplastic filament [64]. Due to the manufac-
turing process, the mechanical properties of the structures
depend on various parameters, which can be divided into
two groups: manufacturing and structural parameters [65].
The manufacturing group includes, for example, extrusion
temperature, print speed, print-bed temperature and ambient
temperature. The structural group includes, for example, the
distance between the material decomposition lines, the layer
height, the orientation of the printed part and the fill angle.

For structures with material decomposition in a single
direction, as shown in Fig. 1, the material properties are
assumed to be symmetric in 3 orthogonal planes (along the
deposited material and transversely in the horizontal and
vertical planes), resulting in orthotropic material proper-
ties [66]. This article focuses on the iedntification of the elas-
tic modulus, damping and CTE in the principal directions,
with the 1st principal axis pointing in the direction of the
material decomposition lines, the 2nd perpendicular to them,
and the 3rd orthogonal to the layers, see Fig. 1.

x
y

z

3

2

1

print bed

3D printer 
coordinate system

material
decomposition

direction

Figure 1: Unidirectional 3D-printed structure with principal
coordinate system.

2.1. Elastic Modulus
When a solid behaves in a linearly elastic way, the

stresses are proportional to the strains with a factor of
the elastic modulus, as described by Hooke’s law [67]. In
addition to the classical tensile test, the elastic modulus
can also be measured using dynamic, non-destructive meth-
ods [46, 47]. From the dynamic response of a beam, the
elastic modulus can be calculated using the Euler–Bernoulli
theory of the free lateral vibration of the beam as [68]:

𝐸 = 4𝜋2

(𝛽𝑛 𝑙)4
𝑓 2
𝑛 𝜌𝐴 𝑙4

𝐼
, (1)

where 𝛽𝑛 𝑙 is the dimensionless constant of the 𝑛-th natural
frequency that depends on the boundary conditions of the
beam, 𝑓𝑛 is the 𝑛-th natural frequency, 𝜌 is the material
density, 𝐴 is the cross-sectional area, 𝑙 is the beam length,

and 𝐼 is the area moment of inertia. The value of 𝛽𝑛 𝑙 for
the 1st natural frequency of a fixed-free (cantilever) beam is
known to be 𝛽1 𝑙 = 1.875104 [68].

2.2. Damping
Damping refers to the dissipation of energy in a system,

typically through the conversion of mechanical energy to
heat [68]. The damping ratio 𝛿 is a dimensionless parameter
used to describe the damping in a structure. It is defined as
the ratio of the damping force to the critical damping force of
a structure [68]. Here, the circle-fit method for the damping
identification will be briefly introduced. For more details, the
reader is referred to the work of He and Fu [69].

The method is based on the circular shape of the frequency-
response function (FRF) of a Nyquist plot. The FRF is
defined as the ratio between the Fourier transform of the
response (displacement) and the excitation (force) [69]. The
FRF is a complex function of the frequency, and when
shown as a Nyquist plot near the resonant frequency it forms
a circle. The damping ratio is identified from the circle
fit. First, the natural frequency (𝜔𝑟) is determined as the
frequency at the point with the maximum arc change [69].
Once the natural frequency is known, the damping ratio can
be estimated using any two FRF points before and after 𝜔𝑟
as [69]:

𝛿 =
𝜔2
𝑎 − 𝜔2

𝑏

2𝜔2
𝑟

1
tan (𝜃𝑎∕2) + tan (𝜃𝑏∕2)

, (2)

where 𝜔𝑎 and 𝜔𝑏 are the frequencies after and before 𝜔𝑟,
respectively, and 𝜃 is the angle between the selected point
and 𝜔𝑟 is measured from the center of a circle.

2.3. Coefficient of Thermal Expansion
The coefficient of thermal expansion (CTE) is a param-

eter that expresses the fractional change in length per unit
temperature change [70]. In general, CTE depends on the
temperature, but in a certain temperature range where the
length varies linearly with temperature, it can be treated as a
constant. CTE is defined as [70]:

𝛼 = 1
𝐿0

Δ𝐿
Δ𝑇

= 𝜀
Δ𝑇

, (3)

where 𝐿0 is the initial length, Δ𝐿 is the change in length
due to the change in temperature Δ𝑇 . The fractional change
in length Δ𝐿∕𝐿0 is the thermal deformation described by
the engineering strain 𝜀 = Δ𝐿∕𝐿0 [71].

2.4. Digital Image Correlation
Digital image correlation (DIC) is a non-contact optical

technique for measuring strain and displacement [72]. DIC
tracks the displacement and deformation of a square subset
of pixels in an image called a region of interest (ROI). To
find a unique displacement and deformation, it is important
that the ROI has a random pattern that is diverse in con-
trast and intensity level. The goal is to find the mapping
function between the ROI in the reference image and the
current image [73]. If an affine transformation is used as the
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mapping function, planar displacements and deformations
can be found. Mathematically, the problem is formulated
as a multivariable optimization problem [73]. The zero-
mean normalized sum of the squared difference is usually
chosen as the cost function, using the Newton-Rapshon
method to resolve the transformation parameters [74]. For
more accurate results not limited by pixel resolution, ROI is
interpolated and subpixel accuracy is achieved [75].

2.5. Glass-Transition Temperature
The glass-transition temperature, represented by 𝑇𝑔 ,

marks the point at which the amorphous regions of a polymer
transition from a stiff, rigid state to a more flexible, rubbery
state [76]. This transition in the mobility of the polymer
chains is also referred to as the alpha transition 𝑇𝛼 , especially
in dynamic applications [77]. This temperature marks the
boundary between the solid and the rubbery state of the
material. It is a property of amorphous materials and the
amorphous portion of semi-crystalline materials. The 𝑇𝑔 of
a material can vary depending on its molecular structure,
with materials having a flexible backbone exhibiting a lower
𝑇𝑔 and materials having a stiff, rigid, and inflexible structure
exhibiting a higher 𝑇𝑔 . One way to determine 𝑇𝑔 is to look
at the decrease in elastic modulus with temperature as the
transition from a rigid state to a rubbery state occurs [77].

3. Simultaneous Non-Contact Identification of
the Elastic Modulus, Damping and
Coefficient of Thermal Expansion in
3D-Printed Structures

3.1. Sample Geometry
The proposed sample, named 3T, is shown in Fig. 2. The

3T sample is a symmetric 6-cantilevered beam structure;
the beams have three different lengths (𝐿0, 𝐿1, and 𝐿2).
The number of beams and their lengths can be adjusted
to meet the requirements of the experiment. This design
allows 6 simultaneous measurements of the elastic modulus,
damping and CTE. The thickness 𝑡 and the width 𝑤 of
the beams can be varied to contain a sufficient number of
material deposition lines for a representative sample of the
3D-printed structure, while keeping 𝑡 small to minimize
the temperature gradient. The beams on the same side are
separated by distance 𝑔1 and by a notch 𝑔2 with a depth equal
to the beam thickness (𝑡). The notch is important to separate
the natural frequencies identified later. The 3T sample is
fixed to the electrodynamic shaker via the base of width 𝑏𝑤
and height 𝑏ℎ.

The main advantage of the proposed 3T sample is that
each beam can be 3D printed with different parameters.
This allows the study of different effects of the 3D-printing
parameters on the material properties within a single sample.
In this research different lengths are used to research the
effect of natural frequency on the elastic modulus and to
cover large differences in the elastic modulus (e.g., PETG
vs. TPU).

Figure 2: The 3T sample geometry.

3.2. Method Experiment Setup
The experimental setup of the introduced method is

shown in Fig. 3. The 3T sample is mounted on the elec-
trodynamic shaker and subjected to a relatively small am-
plitude of vibrations. Small vibrations are used to excite
the natural dynamics of the sample and not affect the in-
plane deformation. The 3T sample is uniformly heated to
the desired maximum temperature using the IR lamps (non-
contact). To further enhance the heating of the 3T sample,
the IR-reflective surface is placed behind the 3T sample and
the sample’s back side is painted black with a temperature
paint. After heating, the 3T sample is cooled to the desired
minimum temperature by convection, releasing the heat to
the surroundings (22 ◦C). During the temperature cycle,
images are captured simultaneously by two cameras, one
for the visual spectrum and one for the IR spectrum. The
dynamic response of each beam of the 3T sample is also
measured with a scanning laser vibrometer and the excitation
of the electrodynamic shaker with an accelerometer. The 3T
sample can be heated and cooled for the desired number
of temperature cycles. The experiment ends with the glass
transition step: the 3T sample is heated to a temperature
above 𝑇𝑔 and the measurements are stopped when excessive
deformation occurs.

IR lamp
thermal
camera

optical
camera

scanning laser
vibrometer

accelerometer
electrodynamic shaker

Figure 3: Method experiment setup.
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3.3. Identification of Elastic Modulus
The scanning laser vibrometer and electrodynamic shaker

are used for non-contact identification of the elastic modulus
based on the natural frequency of a beam on a 3T sample.
Eq. (1) is used to determine the elastic modulus. The linear
dimensions of the 3T sample are measured to determine the
length 𝐿, cross-section area 𝐴 = 𝑤 ⋅ 𝑡, and area moment
of inertia 𝐼 = 𝑤 ⋅ 𝑡∕12 of a beam (Fig 2). From the
measurements the volume of a whole 3T sample is calculated
(see App. A) to determine the material density 𝜌 from the
measured mass. The first natural frequency 𝑓1 is estimated
from the first peak on the magnitude plot of the FRF and
then exactly identified with the circle-fit method. In this way
the elastic modulus is determined in the direction of the
principal axis running along the length of the beam (Fig. 1).

To study the effect of temperature on the elastic modulus
during the temperature cycling the dynamic response of the
beams is measured at regular temperature intervals. The
temperature of the measured elastic modulus is determined
using the temperature of the beam based on the thermal
camera image taken during the response measurement. Due
to the potential temperature gradient along the length of
a beam, only a specific region of the beam is considered
when evaluating the temperature. The region is near the fixed
support where the maximum stress in the first mode shape
is expected to occur, since the change in material properties
due to temperature in this region has the greatest effect on
beam stiffness. For details see App. B.

3.4. Identification of Damping
Based on the scanning laser vibrometer’s response and

the electrodynamic shaker base excitation the damping ratio
is identified using the circle-fit method. The damping ratio
is estimated simultaneously with the natural frequency using
Eq. (2). The damping ratio of the beam in the direction
of the principal axis running along the length of the beam
(Fig. 1) is estimated at different temperatures to investigate
the temperature dependence. The temperature of the mea-
sured damping ratio is determined in the same way as for
the elastic modulus.

3.5. Identification of Coefficient of Thermal
Expansion

The optical camera and thermal camera in combination
with IR heating are used for a non-contact identification of
the CTE from a series of simultaneous images taken during
temperature cycling.

DIC is used to calculate the deformation of the 3T
sample beam due to temperature changes from the optical
camera images. The deformation of the beam is calculated
using the ROI, where the beam is free to thermally deform.
Therefore, to avoid the boundary effects, the ROI should
have a certain distance from the fixed support. The deforma-
tion 𝜀 is calculated in the directions along and perpendicular
to the beam length, which allows for the identification of
CTE in two directions from one beam.

The temperature change of a beam is calculated from the
thermal camera images. First, the temperature is evaluated

from the thermal camera image within the same region of
the beam that was used for the DIC. Then, the temperature
change Δ𝑇 is calculated as the temperature difference be-
tween the current image and the reference image.

With known deformation 𝜀 and temperature change Δ𝑇 ,
CTE is determined using linear regression in the temperature
window where the linear trend is observed, according to
Eq. (3). In this way, CTE in the direction of the principal axis
running along and perpendicular to the length of the beam
(Fig. 1) is determined from the corresponding deformation.

4. Experimental Research
4.1. 3D Printing of 3T Samples

The introduced method was used to investigate the ef-
fects of print orientation and fill angle on the elastic mod-
ulus, damping, and CTE of 3D-printed structures made
of 9 different materials, see Tab. 1. Composite materi-
als tested include PLA with added wood particles (wood-
PLA), PLA with added stone powder (stonePLA), PA with
added carbon fibers (PACF), and PA with added glass fibers
(PAGF). In addition, TPU with a high thermal conductivity
of 6 W m−1 K−1 (thermalTPU) was tested.

The three most common print orientations were used,
i.e., horizontal (H), vertical (V) and lateral (L), in combi-
nation with three different fill angles, i.e., 0◦ (denoted as:
0), 90◦ (90), and alternating 45◦/−45◦ (45*), as shown in
Fig. 4. This results in a total of 81 printed 3T samples. They
were named based on the material name, print orientation
and fill angle, e.g. PLA H0 refers to a 3T sample that was
3D printed with Prusament PLA material in a horizontal
orientation with a fill angle of 0◦.

All the 3T samples were printed on an E3D Toolchanger
to utilize multi-material printing for supports. They were
printed with a 0.4-mm nozzle and 0.45-mm extrusion width,
0.2-mm layer height and 100 % fill density. Other filament-
specific settings are shown under Print Settings in Tab. 1.
The 3D-printing process took approximately 70 h to fabri-
cate 81 3T sample configurations.

The dimensions of the 3T sample were iteratively im-
proved to obtain a sample suitable for simultaneous mea-
surements of elastic modulus, damping, and CTE. The base
width 𝑏𝑤 = 10 mm and height 𝑏ℎ = 4 mm were chosen
to allow repeatable attachment to the shaker and sufficient
overlap of the beams to model the joint as a fixed support.
At the same time, the base must remain small so that it does
not act like a heat capacitor and disturb the temperature field.
The distances 𝑔1 = 2 mm and 𝑔2 = 1 mm between the
beams were sufficient to limit their interactions during the
vibration and separate their natural frequencies (Fig. 2). The
beam width 𝑤 = 6 mm and the thickness 𝑡 = 1.8 mm were
chosen to achieve a high surface-area-to-volume ratio for
rapid heating and cooling. The beam thickness was chosen
to minimize the temperature gradients and keep the beams
slender, yet thick enough to contain at least 3 material
decomposition lines in all the printing configurations.
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Table 1
Researched materials.

Filament Manufacturer Refered to as
Print Settings Experiment

Nozzle Temp. Bed Temp. Print Speed 𝑇max
[◦C] [◦C] [mm/s] [◦C]

Prusament PLA Prusa Polymers a.s. PLA 215 60 30 50
EasyWood Cedar Formfutura VOF woodPLA 220 60 30 55
StoneFil Terracotta Formfutura VOF stonePLA 228 60 30 55
Prusament PETG Prusa Polymers a.s. PETG 250 85 30 70
TPU filament PLASTIKA TRČEK d.o.o. TPU 230 60 15 60
Ice9 Insulating TCPoly, Inc. thermalTPU 230 60 15 60
PA6 Low Warp Spectrum Group Sp. z o.o. PA 260 90 30 70
NYLON PA12+CF Fiberlab S.A. PACF 260 90 30 70
NYLON PA12+GF15 Fiberlab S.A. PAGF 260 90 30 70

L0

L45*L90

V45*V0V90

H90

H45*H0

Figure 4: Researched parameters of 3D printing, details not to scale.

The length of the longest beams on the 3T sample 𝐿1 =
40 mm was chosen as the maximum that we could still
homogeneously heat with the experimental setup. The other
two beams were chosen to be shorter to compensate for the
drop in natural frequency outside the excitation bandwidth
during heating, especially for the flexible materials. In this
way the elastic modulus and damping could still be measured
from the shorter beams. The length of the shortest beam was
chosen to be 𝐿3 = 20 mm to keep its slenderness slightly
above the limit for the validity of Euler’s beam theory (𝐿∕𝑡 >
10 [78]). The length of a middle beam 𝐿2 = 28 mm was
selected so that the natural frequencies of the beams are
reasonably uniformly distributed in the frequency space for
all the materials tested. This design allows simultaneous

measurements of the elastic modulus, damping and CTE
using a single 3T sample with the same geometry for all the
materials tested.

Due to the nature of the thermoplastic-extrusion 3D
printing, the structures consist of a discrete number of
material-deposition lines. For this reason, the dimensions
of the final structures do not always match the desired
dimensions. In order to obtain a symmetrical 3T sample
the dimensions perpendicular to the material-decomposition
lines were chosen to be a multiple of the line width, with the
spacing also taken into account. Similarly, the dimensions
in the direction of the 𝑧 axis of a 3D printer were chosen to
be a multiple of the layer height. This results in different
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Figure 5: Experimental setup.

Table 2
The 3T samples dimensions.

Dimension 3T Sample
H45*, L45*, V45* H0, V90 L0, V0 H90, L90

𝐿1 [mm] 40 40 40 40.01
𝐿2 [mm] 28 28 28 28.20
𝐿3 [mm] 20 20 20 20.06
𝑤 [mm] 6 6.15 6 6
𝑡 [mm] 1.8 1.8 1.67 1.8
𝑏𝑤 [mm] 10 10 10 9.81
𝑏ℎ [mm] 4 4 4.11 4

dimensions of the 3T samples depending on the print
orientation and fill angle, as shown in Tab. 2.

4.2. Experimental Setup
Fig. 5 shows the experimental setup of the introduced

method. After the 3T sample was printed, its dimensions
were measured with a caliper. Then the 3T sample was
weighed using the EMB 200-3 (KERN) weight (accuracy of
0.001 g). The top and bottom of the 3T specimen were first
painted with matte black paint spray, then a random speckle
pattern was applied to the top with matte white paint spray.
The 3T sample was superglued to the electrodynamic shaker
head. The electrodynamic shaker LDS V406 (Bruel & Kjaer)
was used together with the amplifier EP4000 (Behringer)
to excite the 3T samples with white noise in the frequency

range 30 – 2000 Hz generated by an NI 9263 (National
Instruments Corporation) measurement card.

An A/127/V (DJB Instruments) accelerometer with a
temperature range from −50 to 125 ◦C was mounted on the
electrodynamic shaker head under the 3T sample to monitor
the excitation. The velocity response of each beam was
measured using a PVD 100 (Polytec) laser vibrometer with
a custom mirror head adapter to automatically position the
laser beam to a measurement point at the end of each beam.
Reflective tape was used to amplify the laser signal. An
NI 9234 measurement card was used to acquire the signals
from the accelerometer and laser vibrometer. The excitation
and response signals were measured sequentially for 1 s at
each beam throughout the experiment.

Two 150-W IR lamps were used to achieve uniform
heating of the 3T sample. A surface covered with aluminum
tape was placed behind the 3T sample to reflect the IR light
and promote heating from behind as well. Images during the
temperature cycles were simultaneously acquired using the
acA4112-20um (Basler ace) optical camera and the FAST
M3k (Telops) thermal camera. Not to interfere with the
thermal camera, the IR lights were turned off during image
acquisition. Both cameras used the same trigger signal gen-
erated by an NI 9263. The triggering of the image acquisition
was controlled to have a constant temperature resolution of
∼0.5 ◦C. The 3T sample was heated and cooled for 3 tem-
perature cycles between the minimum (𝑇min) and maximum
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(𝑇max) temperatures. The heating and cooling rates exhib-
ited variability across materials attributed to variations in
thermal diffusivity (for further information, refer to App. C).
On average, the heating rate was 5.8 ◦C / min, while the
cooling rate was −8.9 ◦C / min. The minimum temperature
was chosen to be 𝑇min = 30 ◦C, because this temperature was
reached relatively quickly at room temperature (22 ◦C). The
maximum temperature was unique for each material tested,
as it must be lower than its 𝑇𝑔 , and is given under Experiment
in Tab. 1. After completion of the third temperature cycle,
the glass transition step was performed: the 3T sample was
heated to the maximum temperature ∼90 ◦C and if exces-
sive deformation occurred beforehand, the measurement was
stopped.

The experiment for a single 3T sample lasted about
40 min, resulting in roughly 50 h of experimental data. Op-
tical and thermal cameras each captured around 460 images,
and the dynamic responses of each beam and excitation were
measured approximately 150 times per sample. Evaluating
the data for a single 3T sample took about 45 min.

4.3. Identification of the Elastic Modulus
Eq. (1) was used to identify the elastic modulus. The

cross-sectional areas 𝐴, the area moments of inertia 𝐼 , and
the lengths 𝐿 of the beams, as well as the material density 𝜌,
were determined by caliper and weight measurements. They
were considered constant at all the tested temperatures. Their
change due to thermal expansion had no significant effect on
the calculated elastic modulus, compared to the effect of the
change in natural frequency with the temperature.

The first natural frequency 𝑓1 of each beam on the 3T
sample was determined at a given temperature using the
circle-fit method. To fit the circle to the frequency-transfer
function between the velocity of the beam and the elec-
trodynamic shaker acceleration, 15 frequency points were
selected both before and after the assumed natural frequency.
Then, the exact first natural frequency was identified as the
frequency of the point of maximum arc change, as described
in Sec. 2.2. The range of the determined natural frequencies
for each material is shown in D.

The temperature of the identified elastic modulus was
determined for each beam as the average temperature within
the ROI near its fixed support from the images taken by
the thermal camera during its individual dynamic-response
measurement, as shown in Fig. 6. The ROI extends from the
edge of a base (beginning of a fixed support) to 7 % of a
beam length to include the ROI where the stress in the first
mode shape is higher than 90 % of the maximum stress for a
cantilever beam (for details, see App. B). The ROI is also
1 mm away from both edges of the beam to exclude the
boundary effects.

Depending on the print orientation and fill angle of
the 3T sample, the elastic modulus in the principal direc-
tions was identified, as shown in Tab. 3. For configurations
marked with “∗”, the elastic modulus in the principal direc-
tions cannot be identified, and instead, the elastic modulus
for alternating fill angles was determined.

10 mm  − ROI

30 40 50 60 70 80 90 [°C]

Figure 6: ROIs on the thermal camera image of each beam on
the 3T sample used to calculate the temperature at which the
elastic modulus was identified.

Table 3
Mapping from the print orientation and fill angle of a 3T
sample to a principal direction in which the elastic modulus
and damping ratio are identified.

Fill Angle
0 90 45*

Print Orientation
H 1 2 ∗
L 1 2 ∗
V 3 3 3

4.4. Identification of Damping
The identification of the damping was performed simul-

taneously with the identification of the natural frequency
using the circle-fit method. The initial steps of the circle-
fit method were the same as described in Sec. 4.3. With the
resonant frequency point in the Nyquist plot known, 4 pairs
of frequency points before and after the natural frequency
were used to calculate the damping ratio using Eq. (2).
The final damping ratio was then calculated as the average
of the four. The temperature at which the damping ratio
was identified was the same as for the elastic modulus (see
Sec. 4.3). Depending on the print orientation and fill angle of
the 3T sample, the damping ratio in the principal directions
was identified, as shown in Tab. 3.

4.5. Identification of the Coefficient of Thermal
Expansion

The selected ROI for the DIC analysis on each beam on
the 3T sample is shown in the optical camera image, see
Fig. 7. The ROI was 7 % of the total beam length from
the fixed support, starting where the temperature ROI of
the elastic modulus ended, to avoid the boundary effect of
a fixed support. To exclude the reflective tape at the end of
a beam the ROI was 3 mm shorter than the beam length.
Also, a distance of 1 mm was used between the ROI and
the horizontal edges of the beam to avoid boundary effects.
The DIC method was used to identify the deformation in the
direction of the beam length (𝑢) and perpendicular to it (𝑣)
from the series of acquired images (see Sec. 2.4).

The temperature of the beam was determined as the
average temperature within the ROI from the thermal camera
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10 mm

u

v

 − ROI

Figure 7: ROIs in the optical camera image of each beam on
the 3T sample used to calculate the deformation.

10 mm  − ROI

30 40 50 60 70 80 90 [°C]

Figure 8: ROIs in the thermal camera image of each beam on
the 3T sample used to calculate the temperature.

image, as shown in Fig. 8. The ROI includes the same region
as the ROI used for DIC.

The heat capacity of the material contributes to a dis-
crepancy between the measured surface temperature and the
average temperature within the beam. During the IR lamps’
heating phase the surface temperature is slightly higher
than the one inside the sample, and vice versa during the
convection-cooling phase resulting in a hysteresis. There-
fore linear regression was performed separately for the data
obtained during the heating and cooling phases, as shown
in Fig. 9. To mitigate the nonlinear effects of hysteresis,
only measurements with temperatures greater than 𝑇min + 5
during heating and less than 𝑇max − 5 during cooling were
utilized for the linear regression analysis. The final CTE was
obtained by calculating the average of the fitted regression
coefficients during cooling and heating.

In this way the CTE was identified in the 𝑢 and 𝑣 direc-
tions for each beam on the 3T sample (Fig. 7). Depending on
the print orientation, fill angle, and deformation direction,
CTE in the principal direction was identified according to
Tab. 4. For the configurations marked with “∗”, the CTE
in the principal directions cannot be identified, and instead,
CTE for the alternating fill angles is determined.

4.6. Identification of the Glass-Transition
Temperature

The glass-transition temperature was identified from the
reduction in the elastic modulus as the temperature increases
above 𝑇𝑔 . Fig. 10 shows the procedure for identifying 𝑇𝑔 .

Table 4
Mapping from the print orientation and fill angle of a 3T
sample, and deformation direction from DIC to a principal
direction in which CTE is identified.

Print Orientation Fill Angle Deformation Direction
𝑢 𝑣

H
0 1 2
90 2 1
45* ∗ ∗

L
0 1 3
90 2 3
45* ∗ 3

P
0 3 1
90 3 2
45* 3 ∗

First, the elastic-modulus measurements during the glass-
transition step were divided into two groups using data
segmentation with the dynamic programming search method
and L2 regularization [79]. Linear regression was then ap-
plied to both groups, and the point of intersection of the two
lines, indicating the decay of the elastic modulus and hence
𝑇𝑔 , was determined. This approach was implemented on all
the beams of the 3T sample, and an average 𝑇𝑔 value was
computed.

5. Results and Discussion
Fig. 11 shows the measured elastic modulus in the di-

rection of the principal axes and for an alternating fill an-
gle (∗) in the observed temperature range. Different beam
lengths (natural frequencies) had no significant effect on
the calculated elastic modulus, so the continuous function
of the elastic modulus as a function of temperature was
obtained by averaging the measured elastic moduli of all the
beams within the rolling ±2 ◦C temperature window. Base
materials (PLA, PETG, TPU and PA) show similar elastic
moduli in all 3 principal directions and for the alternating
fill angle. Therefore, 3D-printed structures with 100 % fill
of these materials can be modeled as isotropic materials in
terms of their elastic properties. However, when inclusions
are added, the elastic properties become directional. Com-
posite materials (woodPLA, stonePLA, thermalTPU, PACF
and PAGF) have the highest elastic modulus in the direction
of the 1st principal axis and the lowest in the direction of
the 3rd principal axis. During extrusion of the material,
the inclusions tend to align in the direction of flow and
solidify during deposition. Hence, the highest stiffness in
the 1st principal direction. The structures are less stiff in the
direction perpendicular to the inclusions (2nd principal axis)
and even less orthogonal to them (3rd principal axis), where
most of the load is carried by the matrix. As expected, the
elastic modulus of the alternating fill angle is between the
1st and 2nd principal elastic modulus. All of the materials
studied show a linear decrease in the elastic modulus with
a temperature in the observed temperature range. Some of
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Figure 9: Deformation vs. temperature change of a beam on a PACF V90 3T sample.
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Figure 10: Identification of glass-transition temperature for a
beam on PLA V0 3T sample.

the less thermally stable materials show a significant drop in
elastic modulus at 𝑇𝑔 , which we will discuss later.

The measured damping ratio in the observed temperature
range is shown in Fig. 12. It was found that the damping
ratio has no significant dependence on the print orientation
and fill angle. Therefore, an isotropic damping model can
be used for 3D-printed structures with 100 % fill made of
these materials. TPU and thermalTPU exhibited a higher
damping ratio as they were in a rubbery state in the temper-
ature range of the measurement. Other materials exhibited
a similar damping ratio at low temperatures, which then
steadily increased with temperature. The damping ratio of
PLA and PETG is the least affected by temperature, up
to a peak. The peak in the damping is also observed for
woodPLA and stonePLA. The glass-transition temperature
can also be determined as the temperature at maximum
peak of damping. However, in the specific case of PLA,

the peak associated with the glass transition is not well-
defined, and multiple peaks can be observed for woodPLA
and stonePLA. This poses a limitation to the aforementioned
method’s effectiveness. Nonetheless, it should be noted that
the maximum peaks of damping (including PETG) occur at
higher temperatures than 𝑇𝑔 determined by the decrease in
elastic modulus (discussed later, refer to Fig. 14). The results
also show that the damping ratio increases with the added
inclusions only in the case of a PLA matrix.

Fig. 13 shows the measured CTE in the direction of the
principal axes and for an alternating fill angle (∗) in the
temperature range from 30 ◦C to their 𝑇max. Again, the base
materials (PLA, PETG, TPU and PA) show similar CTEs
in all 3 principal direction and for the alternating fill angle.
Therefore, 3D-printed structures with 100 % fill from the
base materials can be modeled as isotropic materials with
respect to CTE. However, when inclusions are added, CTE
becomes direction dependent. Composite materials (wood-
PLA, stonePLA, thermalTPU, PACF and PAGF) exhibit the
largest CTE along the 3rd principal axis, and the lowest
CTE along the 1st principal axis. This phenomenon occurs
because the inclusions in these materials restrict thermal ex-
pansion of the structure, resulting in a lower CTE along the
inclusions orientation (the 1st principal axis). Conversely,
the structures experience less constraint perpendicular to the
inclusions (the 2nd principal axis), and even less orthogonal
to the inclusions (the 3rd principal axis), leading to higher
CTEs in these directions. As expected, the CTE for the
alternating fill angle is between the 1st and 2nd principal
CTE.

Up to 90 ◦C PLA, woodPLA, stonePLA and PETG
exhibited the glass transition, see Fig. 14. As expected PETG
shows a higher 𝑇𝑔 than PLA. The wood and stone inclusions
have no significant effect on the 𝑇𝑔 of PLA.
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Figure 11: Principal elastic moduli and elastic modulus of alternating fill (∗) as a function of temperature.
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Figure 12: Damping factor as a function of temperature.

6. Conclusions
This research introduces a method for the simultane-

ous and non-contact identification of temperature-dependent
elastic modulus, damping, and CTE. The non-contact iden-
tification is based on two optical systems (optical camera

and thermal camera), a scanning laser vibrometer, IR heat-
ing and electrodynamic shaker excitation. The temperature-
dependent elastic modulus identification is based on the
natural frequency of the cantilever beam; the temperature-
dependent damping identification is based on the circle-fit
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Figure 14: Glass-transition temperature.

method; and CTE is based on the DIC method and the spatial
temperature information from the thermal camera.

The main advantage of introduced non-contact method
over conventional methods is the ability to simultaneously
measure elastic modulus, damping, and CTE. In particular,
when compared to DMA, which requires separate tests, the
proposed method stands out by enabling a comprehensive
characterization of these properties in a single test. Addi-
tionally, the proposed method utilizes a 3T sample, which
allows for the concurrent examination of multiple manufac-
turing parameters. This means that different beams can be
printed at varying speeds, fill angles or fill rates, allowing
for the study of their respective effects within a single

experiment. In contrast, DMA requires multiple samples
and tests to achieve similar outcomes. Furthermore, DMA
measurements are typically limited in terms of frequency
and temperature ranges. Such limitations can result in an
incomplete understanding of a material’s dynamic behavior,
as the available frequency range might not encompass the
complete spectrum, and the temperature range might fail to
capture all relevant thermal transitions or operating condi-
tions of the polymer. In contrast, the proposed method can
be expanded to capture material dynamics across extreme
temperatures and frequencies without relying on the time-
temperature superposition principle.

In this research the introduced method was applied to
investigate the influence of three predominant print orienta-
tions and three distinct fill angles on a set of nine materials,
including the most common base materials (PLA, PETG,
TPU, and PA) and composite materials (woodPLA, stone-
PLA, thermalTPU, PACF, and PAGF). This resulted in the
examination of a total of 81 3T samples.

The results show an isotropic elastic modulus and CTE
for the 3D-printed structures of base materials and or-
thotropic for composite materials. For composite materials
the elastic modulus was found to be highest and CTE was
found to be lowest in the direction of material decomposition
(1st principal axis). Conversely, in the direction of layers
(3rd principal axis), the elastic modulus was found to be
lowest and the CTE was found to be highest. For structures
with alternating infill, the elastic modulus and CTE were
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found to be between those of the 1st and 2nd principal
axes. Additionally, the elastic modulus was observed to
decrease linearly with temperature, with a significant drop
for materials that exhibit a glass transition.

The damping ratio was found to be isotropic for all the
studied materials. Structures of materials below 𝑇𝑔 have
similar damping ratio at room temperature, which increases
with temperature to a maximum at 𝑇𝑔 . The materials in
rubbery state (TPU and thermalTPU) have a higher damping
ratio, showing minimal temperature dependence.

The glass-transition temperature was determined for the
PETG, PLA, woodPLA, and stonePLA materials. Added
inclusions showed no impact on the glass-transition temper-
ature of materials with a PLA matrix.

Data availability
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ings cannot be shared at this time due to technical limita-
tions.
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Appendix
A. Sample Volume

The volume of the 3T sample is obtained from the linear
dimensions shown in Fig 2. Firstly, the volume of beams is
calculated for a sample with 𝑛 beams:

𝑉beams = 2
𝑛
∑

𝑖
𝑤 𝑡𝐿𝑖. (4)

Secondly, the volume of the base is calculated as:

𝑉base = 𝑏𝑤 𝑏ℎ 𝐿base, (5)

where 𝐿base is calculated as:

𝐿base = 𝑤𝑛 + 𝑔1(𝑛 − 1). (6)

Thirdly, the volume of the beams’ overlap on the base is
calculated:

𝑉overlap = 𝑤 (𝑏𝑤 − 𝑔2) 𝑡 𝑛. (7)

Finally, the volume of the sample is calculated:

𝑉 = 𝑉beams + 𝑉base + 𝑉overlap. (8)

B. Stress Distribution in the First Mode
Shape of a Cantilever Beam
The first natural frequency is associated with the first

mode shape. For lateral vibration of a cantilever beam, the
first mode shape is defined as [68]:

𝑊1(𝑥) = 𝐶1
[

sin(𝛽1𝑥) − sinh(𝛽1𝑥) − 𝛼1(cos(𝛽1𝑥) − cosh(𝛽1𝑥))
]

,

(9)

where 𝐶1 represents a first modal shape amplitude, 𝛽1 rep-
resents the constant of the 1st natural frequency defined as
𝛽1 = 1.875104∕𝑙, 𝑙 represents a beam length, and 𝛼1 is
defined as:

𝛼1 =
sin 𝛽1𝑙 + sinh 𝛽1𝑙
cos 𝛽1𝑙 + cosh 𝛽1𝑙

. (10)

Assuming the Euler–Bernoulli theory, the relationship
between the bending moment and the curvature can be
expressed as follows [71]:

𝑀 = 𝐸 𝐼 d2𝑊
d𝑥2

, (11)

where 𝐸 is the elastic modulus, 𝐼 is the area moment of
inertia and𝑀 is the bending moment. The stress distribution
over the cross-sectional area of a beam is given by the flexure
formula [71]:

𝜎 = 𝑀 𝑧
𝐼

, (12)

where 𝑧 represents the distance from the neutral axis.
Combining the above equations, the maximum stress dis-

tribution along the beam length in the first mode shape of the
cantilever beam is obtained. Fig. 15 shows the normalized
stress as a function of the relative beam length in the first
mode shape.
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Figure 15: Normalized stress vs. the relative length of a
cantilever beam in the first mode shape.

C. Heating and Cooling Rates
Fig. 16 shows the heating rates and Fig. 17 shows the

cooling rates for all tested materials.

D. Range of Natural Frequencies for the
Calculation of the Elastic Modulus

Tab. 5 specifies the range of the measured first natural
frequencies used for the calculation of the elastic modulus.
Min 𝑓1 was reached at the highest temperature during the
experiment, and max 𝑓1 at room temperature (lowest tem-
perature).
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Table 5
Range of measured first natural frequencies used to calculate elastic moduli.

Material
Beam Length

40 mm 28 mm 20 mm
min 𝑓1 [Hz] max 𝑓1 [Hz] min 𝑓1 [Hz] max 𝑓1 [Hz] min 𝑓1 [Hz] max 𝑓1 [Hz]

PLA 88.0 281.25 281.0 563.75 679.25 1027.25
woodPLA 88.0 218.75 89.5 433.75 252.5 807.0
stonePLA 88.5 349.5 88.0 675.75 109.25 1212.75
PETG 88.0 208.25 88.5 431.0 409.25 815.5
TPU 30.0 59.25 30.0 125.0 58.0 215.75
thermalTPU 30.0 79.75 30.0 154.75 67.75 282.0
PA 49.5 291.0 84.5 992.0 151.75 1331.0
PACF 88.0 481.75 90.25 787.0 279.25 1435.25
PAGF 88.0 289.25 136.25 575.5 340.75 1050.75
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Figure 16: Heating rates.
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Figure 17: Cooling rates.
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