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ABSTRACT
Radio-frequency (RF) welding offers a promising, energy-efficient alternative to conventional steam-chest molding (SCM) for
processing thermoplastic bead foams. This study presents a coupled electro-thermal and mechanical simulation model to
predict the welding behavior and mechanical performance of expanded thermoplastic polyurethane (ETPU) bead foams. The
model, implemented in COMSOL Multiphysics, incorporates temperature-dependent dielectric and mechanical properties. The
electro-thermal simulation predicts spatial temperature distributions during RF welding and is validated by process-integrated
temperaturemeasurements andmeasured RF-generator power. These local temperatures are used to predict fusion quality at bead
interfaces for subsequent mechanical simulation of tensile tests. The predicted stress distribution, crack formation, and failure
behavior show good agreement with experimental results obtained via digital image correlation. The model reveals that surface
cooling effects limit welding quality and mechanical strength despite sufficient core temperatures. The validated framework
enables virtual process optimization and serves as a digital twin for predictive design of RF-welded foam parts. Future studies will
extend the approach to other thermoplastic bead foams and integrate improved material models to enhance simulation accuracy.

1 Introduction

Bead foams are a class of thermoplastic cellular materials
composed of pre-expanded polymeric particles that are subse-
quently fused into complex three-dimensional structures [1].
Their unique processing method, which separates the foam-
ing and molding steps, enables precise control over density,
mechanical properties, and final part geometry for various
applications. The production of bead foams typically follows
two approaches: directly expanded beads, such as expanded
polypropylene (EPP), where the foaming is simultaneous with
the granulation, and expandable bead foams, such as expanded

polystyrene (EPS), which are impregnated with blowing agents
to allow controlled expansion at a later stage [2]. This flexibil-
ity reduces transport volume and enables on-demand density
adjustment at the processing site. Bead foams offer low density,
fine cell morphology, and excellent impact resistance, mak-
ing them ideal for lightweight structural components, thermal
insulation, and energy-absorbing applications. Classic exam-
ples include EPS in packaging and construction and EPP
in automotive crash elements. More recently, expanded ther-
moplastic polyurethane (ETPU) has gained attention for its
exceptional elastic recovery behavior, finding applications in
high-performance sports equipment [2–4]. To fully exploit these
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advantages, bead foams require efficient welding techniques to
bond the individual particles into a three-dimensional structure
[5]. While steam-chest molding currently is the dominant pro-
cess for industry, alternative more energy-efficient methods are
being explored to enhance process control and sustainability
[6].

Among these processes, radio-frequency (RF) welding shows
the greatest potential for large-scale processing of bead foams.
Patented in 2017 by Kurtz GmbH, the process utilizes dielectric
heating of the polymer through interaction with an oscillating
electromagnetic field [7]. Unlike steam-chest molding, which
relies on external heat transfer by the steam, RF welding
enables volumetric heating of the polymer, reducing energy
losses and providing direct process feedback. The RF welding
setup consists of two electrodes connected to a high-frequency
generator operating at 27.12 MHz [8]. The mold, typically made
from insulating polymers like polytetrafluoroethylene (PTFE),
prevents electrical short circuits while ensuring mechanical
stability and defining the final part geometry [9]. Heating is
governed by the material’s dielectric properties, making the
process inherently dependent on material composition and
phase transitions [10]. However, challenges arise from inho-
mogeneous heating, particularly due to heat dissipation at
the surface into the mold. To optimize welding quality, pre-
cise simulation-based electrode design and process control are
necessary.

Complex physical problems with highly non-linear material
properties, like within the RF process, cannot be solved ana-
lytically to receive the exact solutions, but require numerical
methods in order to obtain high quality approximations [11, 12].
Amongst these approaches, the finite element method (FEM) is
applicable to arbitrary problems in a wide field of natural and
engineering science with no restrictions to geometry and non-
linear model equations [13]. The fundamental base of FEM is the
discretization of the continuum volume into individual elements.
These elements are defined by their nodes, possessing specific
degrees of freedom for which the respective field variable is
calculated through the solving process [14]. The accuracy of such
numerical method is dependent on the element size, which is
especially crucial in areaswith high gradients of the field variable,
e.g. around notches for structural simulations [13]. With rising
computational powers over recent years, the complexity of these
models can be increased in order to replicate the real process with
high precision.

The simulation of the RF process and structural properties
of the final bead foam samples is therefore a complex multi-
physical approach with a stepwise coupled electro-thermal and
mechanical problem to be solved.

The electromagnetic field solution is based on the Maxwell
Equation (1), which are solved for the electromagnetic field
strength E⃗ in a dynamic system [15, 16]. It is therefore deter-
mined by the wave number of the free space 𝑘0, the relative
permeability 𝜇𝑟, and the relative permittivity 𝜀∗𝑟 . Losses due to
the interaction of the electromagnetic field with the material
are converted as volumetric sources of heat. The resulting tem-
perature distribution across the model are therefore solved by
the governing Equation (2) with the density of the material 𝜌,

specific heat capacity 𝐶𝑝, and the thermal conductivity 𝑘 [17].

∇⃗ × (𝜇−1
𝑟 ∇⃗ × E⃗) − 𝑘20𝜀

∗
𝑟 𝐸⃗ = 0 (1)

𝜌𝐶𝑝
𝜕𝑇
𝜕𝑡

−∇ × (𝑘∇𝑇) − 𝑄 = 0 (2)

Both parts of the simulation are solved in an iterative approach,
so each model is based on the results of the others solved
equations in a closed cycle until the convergence criteria are
satisfied. Additionally, multiple material properties show a sig-
nificant dependency on temperature throughout the process with
direct influence on the resulting local bead fusion. Within this
study, additional data from previous publications in combination
with complementing measurements are used to create material
models, which are used for simulation. The results of the electro-
thermal and mechanical simulation are validated versus the real
RF process and the mechanical testing of the samples under
tensile load to analyze the welding quality between the individual
beads. The paper provides new insights into the RF process and
presents a holistic simulation model to improve the process and
accelerate the adaptation of the technology to newmaterial types.
Thus, the study paves the way for increased sustainability in the
production of lightweight parts made of bead foams.

2 Experimental Section

2.1 Material and Methods

As bead foam material, the commercially available ETPU grade
Infinergy 32–100 U10 by BASF SE (Ludwigshafen, Germany) was
used.

The beads show an average density of 183 kg/m3 at an average
equivalent diameter of 7.46mm. The geometric analysis was done
by a CAMSIZER ONLINE from the Microtrac Retsch GmbH
(Haan, Germany).

For the electro-thermal simulation, the analysis of the dielectric
properties versus temperature was performed with the RF I-V
method with a E4991A RF impedance analyzer from Keysight
Technologies, Inc. (Santa Rose, USA). More information about
the detailed setup can be found in a previous study [10].

The heat capacity of the base polymer was analyzed by dynamic
differential calorimetry (DSC) against a defined sapphire sample
with known properties and an empty aluminum crucible. The
measurement was performed from 20 up to 200◦C with 20 K
steps. The measurements were carried out with a Q 1000 by TA
Instruments, Inc. (New Castle, USA).

Thermal conductivity of the foam material was measured at five
temperatures between 20 and 85◦C. This analysis was conducted
by a HFM 446 Small from Erich NETZSCH B.V. & Co. Holding
KG (Selb, Germany). A linear trend (R2 = 0.9996) was used to
extrapolate to higher temperatures.

In regard to the mechanical simulation, the properties of the
foam volume inside the beads was assumed to be homogeneous

2 of 12 Macromolecular Theory and Simulations, 2025

 15213919, 2025, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

ats.202500075 by U
niversitaet B

ayreuth, W
iley O

nline L
ibrary on [31/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



on a macroscopic scale. Reference samples of the same beads
were welded via steam chest molding with optimized process
parameters at a comparable density to ensure sufficient welding
strength leading to predominant intra-bead failure. Thus, tensile
tests of these samples provide the necessary input for tensile
modulus, tensile strength, and Poisson’s ratio of the bead volume.
For the first two values, the reduction in cross-sectional area
was taken into account to obtain true stress within the material.
The adhesion of the bead was defined by a layered model.
The temperature-dependent adhesion strength was used from
a previous study up to a temperature of 140◦C [18]. Complete
healing of the interface is expected upon full melting of the
crystalline regions followed by crystallization. At temperatures
above 170◦C, complete melting is assumed, which results in full
healing of the interface. Consequently, themechanical strength of
thewelded volume reaches the level of the polymer bulkmaterial.
The increase in strength between 140 and 170◦C was directly
correlated with the proportion of melted crystallites. For a quan-
titative analysis, the increase in strength was linearly correlated
with the integral of the melting enthalpy over temperature.

2.2 Radio-FrequencyWelding

The welding of the bead foams was conducted by a Wave
Foamer C from the manufacturer Kurtz GmbH & Co. KG
(Kreuzwertheim, Germany). The setup can be investigated into
detail in a previous study [19]. The power consumption of the
generator, responsible for the applied oscillating voltage at the
active electrode, was tracked. The temperature during welding
and the subsequent cooling step was measured by a special
fiberoptic sensor, due to interactions of the electromagnetic field
with conductive materials. The sensor itself has an external
diameter of 0.98 mm and is covered by an additional PTFE
protective sleeve (outer diameter of 1.78 mm) for facilitated
removal afterwards. The sensor was fixed with a small tape for
positioning in the center of the plates. The actual position was
always checked after the welding trials. Before manual filling of
the mold, the beads had a temperature of 27◦C and the mold was
always preheated to 40◦C in order to keep a constant starting
temperatures. A stabilization time of 200 s was set to ensure
sufficient cooling of the parts before demolding. The density of
the final part was kept constant at 276 kg/m3 (equals 25 vol.-%
polymer) and controlled by weight before each welding trial. In
order to prevent electrical arcing, the voltage increasewas set over
2 s for all trials.

2.3 Mechanical Characterization

The mechanical properties under tension are analyzed both for
the steam-chest molding (SCM) reference plates as well as for
the specimens produced via the RF process. For both variations,
standardized test samples (DIN EN ISO 1798, geometry type 1A)
were precisely cut out via a high-pressure water jet system. A
minimum of 15 mm distance of the specimen to the edges of
the welded plates was ensured in order to avoid edge effects.
The test samples were conditioned at 23◦C and 50 % relative
humidity for at least 24 h prior to measurement. Testing of the
samples was initiated with a 5 N pre-force and at a deformation-
rate of 500 mm/min. Digital image correlation (DIC) was utilized

to obtain local deformations within the area of constant cross-
section, looking from the side on the previously cut flat surface
(Figure 1).

A speckle pattern was applied beforehand manually by a spray
can with black paint, increasing visibility for the DIC system.
The frame rate of 10 Hz ensures a continuous analysis of the
deformation up to the failure of the sample. During testing
deformationwas tracked via a digital strain gaugewith a length of
40 mm placed within the linear middle section of the specimens
and correlated with the stress obtained from the load cell and the
cross sectional area. DIC was also utilized to measure Poisson’s
ratio over the elongation for the SCM reference plates.

3 Model Development

Predicting the mechanical properties of a bead foam welded by
RF technology takes a simulation model, which can combine
different physics [20]. COMSOL Multiphysics (Version 6.3) by
COMSOL Inc. (Burlington, USA) offers the opportunity to use
and combine a wide range of physical models. Therefore, the
software is widely used in academia and industry for complex
multiphysical problems. The approach is split into two parts.
In the first one, the heating during the welding process and
subsequent cooling is simulated by coupling a thermal with an
electrical module with the electromagnetic heating multiphysics.
This proceeding ensures that for each step the electric field can
be transferred into heat sources to calculate the initial local
temperatures and material properties before the next step. The
maximum temperature reached is subsequently used to set a local
fusion strength for the bead interfaces, before the tensile test can
be performed virtually in the second part of the simulation.

3.1 Electro-Thermal Study

The initial electro-thermal simulation is performed separately
with the entire geometry of the foam part, mold, electrodes and
temperature sensor.As can be seen inFigure 2a, a symmetry plane
through the sensor was used, dividing the geometry in half, to
minimize computational time without compromising on result
quality.

The geometrically simple model was built within COMSOL and
dimensions were set according to the real geometries. The foam
plate has a size of 200×200 mm2 with a height of 10 mm. It is
enclosed by a PTFE mold with a thickness of 20 mm to the upper
and 10 mm to the lower electrodes and has a width of 40 mm
around the foam part. Both electrodes are made of aluminum
with a thickness of 5 mm, whereas the upper represents the
active electrode where the oscillating voltage is applied and
the lower one with ground potential applied. The voltage curve
over time is obtained from the RF machine during testing and
directly implemented into the simulation. The fiber optic sensor
is modelled as a PTFE tube with a diameter of 1.78 mm and
has a gallium arsenide core close to the tip to represent the real
sensor as good as possible based on own optical analysis. As
boundary conditions, an electrical and thermal isolation was set
on the border of the geometry. The beads and mold had a starting
temperature of 27 and 40◦C, respectively.

Macromolecular Theory and Simulations, 2025 3 of 12
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FIGURE 1 Sideview on the tensile specimen during testing from the side by camera (a) and overlayed strain profile obtained by DIC (b).

FIGURE 2 Geometry model setup with electrodes (grey), mold (white), sensor (blue) and foam part (yellow) including the symmetry plane used
(blue) (a) and meshed geometry (b).

Since adequate meshing is essential for high quality numerical
results, a mesh refinement study was conducted initially. In
order to limit computational time a locally adapted mesh was
used as can be seen in Figure 2b. In areas with smaller feature
sizes (sensor) and high importance (foam part) the mesh was
specifically refined to obtain accurate results. In order to avoid
local distortions from a non-uniform mesh, the element size
within the foam part was set between 2 and 3mm. Thus, resulting
in a total number of 283 296 individual elements. The simulation
was performed for a time frame of 100 s after the voltage was
applied, so the initial cooling after welding can be observed as
well.

Finally, the material model must be set up, including all rel-
evant parameters partially with temperature dependency. As
mentioned above, the main properties of the bead foams were
analyzed in previous studies or in preparation. For the PTFE,
aluminum and gallium arsenide, the properties were primarily
adopted from build in material models within COMSOL and
complemented with individual properties from data sheets.

As the simulation type a frequency-transient study was utilized
to incorporate both the dependency on the oscillating voltage and

heating over the process time. An implicit time-dependent solver
type based on the BDFmethodwas chosenwith amaximum time
step of 0.5 s. To overcome themultiphysical problem, a segregated
solver approach was used splitting the electrical and thermal part
into individual subproblems to be solved once at a time. The
relative tolerance for the iterations was set at a value of 0.01.

3.2 Mechanical Study

The mechanical properties of bead foams are highly dependent
on the intricate interplay between the internal foam structure and
the adhesion between the individual interfaces [21, 22]. Therefore,
the foam part was statistically divided into individual segments
based on the size distribution and shape obtained from analysis of
the real material. The open source software Neper Version 6.10.1
was used for the tessellation of the volume as can be seen in
Figure 3a.

For subsequent tensile testing, a type 1A specimen is cut out
of the plate, representing the later geometry for the mechanical
evaluation (Figure 3b). The resulting temperatures cannot be
transferred from the previous study of the full mold assembly
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FIGURE 3 Bead foam plate after tessellation into individual beads (a), the cut-out tensile specimen (b) and the entire model for the initial electro-
thermal simulation (c).

due to the different geometries. Therefore, a separate electro-
thermal study must be completed prior to the mechanical one.
The selected setup is shown in Figure 3c and consists of the same
arrangement of two electrodes, the mold and the bead foam part
in the middle. To simplify the geometry, the cut out sections close
to the middle part of the tensile bar were filled again to create a
rectangular sample. All material models, boundary and starting
conditions, and applied loads (voltage) are the same. Since only
a small inner section of the whole assembly is considered to save
computational resources by neglecting edge effects, thermal and
electrical isolation is set as a boundary condition around the
edges. The mesh size was reduced after an initial study to 1.3
– 2.0 mm, which is especially important for mechanical studies
with crack development [23]. Besides the tessellation, the bead
foam part in this first step is modelled as a continuous volume.

For themechanical simulation, only the tensile specimen geome-
try is considered. The temperature-dependent adhesion between
the beads is implemented by a thin layer model between the
individual bead volumes. The strength of that layer is defined
by the local temperature reached during the welding simulation
and translated into strength by the temperature-dependent adhe-
sion, as described before. The mechanical parameters (strain-
dependent modulus and Poisson’s ratio as well as ultimate tensile
strength) for the bead volume are measured at the SCM plates,
which showed predominant intra-bead failure. Both phases are
simulated as linear elastic material and with an active damage
model. The virtual tensile test was performed by fixing one side
of the specimen and setting an increasing displacement on the
other side up to 75 mm to ensure a failure. A stationary study type
with an increasing deformation parameter was used to simulate
the elongation of the sample.

4 Results and Discussion

4.1 Electro-Thermal Simulation and
Experimental Validation

As described previously, the multiphysical electro-thermal simu-
lation is divided into two separate subproblems being solved for
each time step individually. For both parts, the respective field
variable is calculated for each time step and can be visualized. In
Figure 4, the irregular distribution of the electrical field strength
can be seen between the electrodes.

This distortion is attributed to multiple overlaying effects based
on geometrical aspects and differences in material properties

[24, 25]. Therefore, the electrical field strength varies locally
from the calculated 2.83 × 105 𝑉∕𝑚 for a homogeneously filled
capacitor in both directions. First, the geometric setup of mold
and foam can be roughly estimated by a simple equivalent circuit
with capacitors in series and parallel. Thus, areas with lower
permittivity cause an increased voltage-drop and therefore a
higher field strength, which can be seen in the distribution after
5 s. In this stage of the process, the still cold foam part has a lower
permittivity compared to the surrounding PTFEmold. Therefore,
the voltage drop in the central area is significantly shifted to the
foam part resulting in an increased field strength. A second effect
can be seen at the edge of the part on the left and right side.
Here, the difference in dielectric properties leads to a distortion
of the field toward the mold and thus a reduced strength in the
foam part close to the edge. With increasing process time, the
dielectric heating leads to an increase in temperature of the foam
part (Figure 5).

With higher temperatures, the permittivity of the foam part
approaches that of the mold material. Thus, the electric field
strength distribution appears more homogeneous across the
assembly. Close to the surface, the inertmold leads to a significant
cooling of the foam part. This can be seen both in the temperature
distribution and has a direct effect on the field strength in this
area. Despite showing constant volumetric heating in the foam,
the contact to the mold therefore results in a colder surface
compared to the center of the part, which represents one of the
biggest challenges for the RF process. Another interesting area
is the fiber-optic sensor in Figure 5. Due to its inert nature and
higher thermal mass compared to the surrounding foam, it stays
significantly colder during the welding process and lags behind.
This fact must be considered in the evaluation of the measured
temperature data.

In order to test the accuracy of the simulation model, power
curves over time can be compared, representing a direct process-
feedback based on the changing permittivity of the foammaterial
throughout the welding process. In Figure 6, the data from the
real measurements, as obtained from the RF device, is compared
to the simulation data at 6 and 8 kV with varying welding times
at maximum voltage.

As expected, the simulated curves are perfectly overlapping until
the voltage is cut off at the end of each trials. The overall
trend shows good agreement to the real measurements with an
initial peak in power slightly after the voltage curves reaches
their desired maximum value after around 4 s followed by a
steep decline toward the end. This is perfectly in line with the
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FIGURE 4 Cross section of the simulationmodelwith electric field strength after 5 s (a) and 30 s (b) for the simulated trial at thewelding parameters
of 8 kV for 35 s.

FIGURE 5 Cross section of the simulation model with temperature distribution after 5 s (a) and 30 s (b) for the simulated trial at the welding
parameters of 8 kV for 35 s.

FIGURE 6 Power curves over fusion time from real trials and simulation at a voltage of 6 kV (a) and 8 kV (b).
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FIGURE 7 Temperature distribution across the height (0 mm equals center of the 10 mm foam plate) from 0 to 100 s in 5 s steps for the simulated
trial at 8 kV 35 s.

temperature-dependency of the imaginary part of the complex
permittivity, as discussed previously. During the real measure-
ments, jumps within the power curves are visible toward the
later stages, which may not be attributed to actual changes in
the material. This is probably caused by fluctuations in internal
data recording or changes in the generator or the control system.
Deviations to the simulated curves to later times can therefore
be partially explained. Overall the simulation agrees well with
real measurements, especially in the earlier stages close to the
maximum power input. Since the power curves depend on the
average properties of the entire setup, local effects cannot be
resolved.

For the final goal of a homogeneous welding quality across the
foam beads within the entire part, the temperature distribution is
the key factor. In comparison to a punctual measurement of the
temperature in the real trials, the virtual representation allows a
consistent analysis throughout the volume. In order to visualize
both the distribution of temperature across the plate thickness
and inside the mold as well as the changes during the welding
time, a temperature profile at individual time steps is presented
in Figure 7.

In the beginning at 0 s, the initial starting temperatures of 40◦C
in the mold and 27◦C for the foam beads can be observed. At the
interface, the meshing leads to individual nodes being influenced
by both starting temperatures. Therefore no distinct step is
evident, thus resulting in a transition between the two areas.
Over time, the volumetric heat input into the foam results in an
increase in the temperature profile, reaching its maximum at 35 s.
Again, the inhomogeneity between the hot core and the colder
surface can be seen. Due to its higher thermal mass, the mold
only heats up slightly to a maximum of 90◦C on the surface. For a
continuous production process the change in mold temperature
must be investigated further since deviations between the cycles
will lead to differences in part quality. For a safe demolding of the
part without damage, a limited temperature must be reached to
ensure a sufficient mechanical stability of the foam part. These
two factors will significantly determine the cycle time of the
RF process and can be predicted or optimized by the digital
twin.

For improved comparability with the real measurements, the
time-dependent temperature curves at different positions as well
as the simulated and real sensor can be observed in Figure 8.

First, the power input from Figure 6 can be translated into
heating rates, which can be seen at the curves close to the
center of the foam plate at 0 mm distance. Closer to the surface
of the part, the cold mold significantly influences the heating,
thus resulting in lower temperatures. Second, the data obtained
from the real fiber-optic sensor shows a significant lag behind
the simulated temperature by reaching its maximum approx.
10 s later for this parameter set. By modelling the sensor in
numerical simulation, the behavior can be produced precisely
showing the same trend over time. In combinationwith the power
curves, these results indicates the conformity of the presented
simulation model. Besides the overall curve, the maximum
temperature reached represents the key parameter for a high
quality bead welding without damage of the cellular structure. By
comparing themaximum temperatures reached for the simulated
and real sensor at varying welding parameters in Figure 9, a good
agreement is observed.

Additionally, the significant difference between the temperature
measured by the sensor with the simulated actual foam tem-
perature can reach up to 20 K. This underlines the importance
of a validated simulation not only for predictive reasons, but
also in order to get a deeper knowledge of the material process
interactions, especially for the highly temperature-dependent
welding phase.

4.2 Mechanical Simulation and Experimental
Validation

The electro-thermal simulation provides the basis for the subse-
quent mechanical simulation. Both parts are connected via the
temperature-dependent welding strength, which is locally set for
the bead interfaces. The virtual samples were tested under tensile
deformation until failure. As can be seen in Figure 10 on the left
side, without external deformation the sample shows no stress.

Macromolecular Theory and Simulations, 2025 7 of 12
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FIGURE 8 Temperature development over time for the real and simulated sensor as well as for the simulation at different positions in relation to
the center directly in the foam at 6 kV 30 s.

FIGURE 9 Comparison of the temperature peak for all trials obtained from the real sensor and from the simulation at the virtual sensor and
directly in the center of the foam.

FIGURE 10 Graphical representation of the virtual tensile test at different stages of deformation until failure of a sample welded at 6 kV for 30 s.

Due to the increased elongation of the sample, mechanical stress
is induced. At minor deformations, the first surface cracks are
visible originating from insufficient welding between the beads
in these areas. These cracks hinder the transfer of forces in
the outer areas, resulting in reduced stress. This influences the

cross-section effective for load transfer of the welded samples
and therefore impacts the measured mechanical properties. At a
certain point of deformation, the stress, especially in the notches
due to the surface cracks, is too high. As a result, the rest
of the sample fails through the bead volume. After failure, no
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FIGURE 11 Comparison of the lateral view of tensile samples welded at 6 kV for 30 and 60 s in reality and simulation at a similar deformation.

FIGURE 12 Comparison of the stress-strain curve of the real and simulated tensile tests for samples welded at 8 kV including the SCM reference.

physical connection between the two parts is present, thus stress
is relieved.

The results from the mechanical simulation can be validated on
an optical comparison with the real tests. In Figure 11, the side
view on the tensile sample at similar deformation is shown.

Based on the inhomogeneity in temperature due to the cold
mold, the beads in proximity to the surface don’t reach a
sufficient temperature for welding. This results in pronounced
crack formation for the sample at 30 s of welding time. Increasing
the welding time to 60 s, higher temperatures are reached toward
the surface of the foam part, leading to enhanced welding quality
and reduced cracks. The build-up simulation can nicely represent
the real observations for both processing parameters. At 30 s
the outer foam beads show a significant spring back effect
during the opening of the mold. This geometric changes of the
tensile samples, which will influence the resulting mechanical
properties, cannot the predicted with the current simulation
model.

Additionally, the classical stress-strain curve can be compared
with the real tests and their virtual representation (Figure 12).

The results show a significant influence of the previous welding
parameters on the behavior of the samples, with increasing
strength and maximum strain for longer welding times. At
low strains, the curves match the real measurements nicely.
Especially for higher welding times and therefore increased
maximum temperatures, the real strain-curves flatten. This can
be explained by a change in the material properties due to
partial melting of the core areas, which has been confirmed by
thermal analysis of the melting behavior from the inside of the
welded plates. Because of this change in material properties due
to changes in crystalline structure and cellular morphology, the
stiffness of the material is highly reduced leading to significantly
higher strain at break. An adjusted material model would be
necessary in order to take these process-dependent material
changes into account. Compared to the SCM reference, which
was used as input for the mechanical properties of the foam
volume inside the beads, the simulated curve for the RF samples
show lower stress at failure. This phenomena can be attributed to
the crack initiation in the surface and therefor reduced effective
cross-sectional area. The comparison of the resulting tensile
strength from the real and simulated samples including the SCM
reference also underpins the good conformity of the simulation
(Figure 13).

Macromolecular Theory and Simulations, 2025 9 of 12
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FIGURE 13 Tensile strength of the simulated and real samples for varying RF parameters and SCM reference.

FIGURE 14 Comparison of the stress-strain curves of the virtual tensile tests from the RF process and at a homogeneous temperature for welding.

Only at the lowest welding times per voltage, which resulted in
stable plate in reality, the digital twin overestimated the tensile
strength. This effect can be explained by the previously described
geometric changes due to the spring-back effect close to the
surface, resulting in more significant cracks and a homogeneous
surface structure. For both voltages at the intermediate welding
times, the predicted tensile strength by the simulation is within
an error of less than 13 %. A further reduction in welding time to
20 s and 10 s, respectively, shows a significant drop in mechanical
properties underlying the good representation of the behavior by
the simulation.

To further test the capabilities of the numerical model, the
mechanical simulation was tested in predicting performance
of samples welded at homogeneous temperatures representing
conditions close to SCM. In Figure 14 the simulated stress
curves at different homogeneous temperatures are compared to
experimental values of RF welded samples.

Due to the homogenous welding quality across the thickness, no
premature crack initiation occurs. Therefore, the curve remains
consistent until the overall stress within the sample causes com-

plete failure of the specimen. At temperatures of 140◦C and above
the welding strength between the beads is sufficient enough to
not limit the overall mechanical performance of the sample. At
these welding temperatures the weakest link is the maximum
strength of the foam volume inside the beads. The significant
influence of the crack initiation in the surface compared to the
overall welding in the inside of the plates can be observed by
comparing these results to themaximum temperatures reached in
the core in Figure 9. At 120◦C of homogeneous welding, similar
tensile strength can be obtained than with the highest welding
times with RF, which showed significantly higher temperatures
in the core. The surface is therefore crucial for the mechanical
properties of samples produced via RF technology. Overall these
results show the good agreement between the simulation model
and real tests.

5 Conclusions

In this study, a coupled electro-thermal and mechanical sim-
ulation approach was developed and validated to predict the
welding quality and mechanical performance of expanded
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thermoplastic polyurethane (ETPU) bead foams processed by
radio-frequency (RF) welding. The multiphysics model incor-
porates temperature-dependent material properties and enables
a spatially resolved prediction of the temperature field and
resulting inter-bead adhesion within the foam structure. The
electro-thermal model accurately reflects the spatial evolution
of temperature during the RF process and demonstrates strong
agreement with experimentally measured power and temper-
ature data. The observed deviations of the measured sensor
values were successfully explained by the thermal inertia of the
optical fiber sensor, which was also replicated in the simula-
tion with less than 8 K deviation. The mechanical simulation,
based on a tessellated representation of the bead structure
and locally defined interface strength, effectively captures the
stress distribution, crack initiation, and ultimate failure of RF-
welded tensile specimens. The model shows good agreement
with experimental tensile test results across different welding
parameters and accurately predicts the influence of inhomo-
geneous temperature distributions on mechanical performance.
Especially for intermediate welding times, which resulted in
the highest quality plates, the numerically predicted tensile
strength was within a deviation of 13 %. Furthermore, the
simulation reveals that welding quality, especially near the
surface region, is critical for the mechanical integrity of the
final part and cannot be deduced solely from core tempera-
ture data. The developed digital twin thus provides a powerful
tool for understanding and optimizing the RF welding process
of bead foams. It enables predictive adjustments of process
parameters and supports the design of energy-efficient and
high-performance lightweight components. This work lays the
foundation for future studies on process scaling, cycle time
optimization, and integration into closed-loop control systems
for sustainable industrial application of RF welding technology.
For the future extension of the approach, a transfer to other
materials with higher welding temperatures or lower polarity,
where further additives must be used, will need to be conducted.
Additionally, the mechanical study shows significant changes of
the bead volume properties due to overheating, which should
be investigated more deeply and implemented into the material
model.
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