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The elastocaloric effect offers a promising alternative to conventional
compressor-based heating and cooling systems. This technology leverages
solid-state phase transformations with high energy densities, eliminating the
need for environmentally harmful refrigerants. As a result, elastocaloric systems
can be developed for both heating and cooling applications that are sustainable,
highly efficient, and scalable. In this study, the first elastocaloric “mini-
fridge” operating under tensile load is developed, using air as heat transfer
medium. This system is based on the world’s first continuously operating air-
to-air elastocaloric machine demonstrator. The primary focus of this study
is to investigate the transition from a generic technology demonstrator to
an application-oriented system. A simulation tool enables investigation and
optimization of various machine parameters such as material dimensions, load
profiles, and latent heats for the intended application. The application targeted
in this study is a “mini-fridge” designed to cool a standard 0.25 L beverage can.
Shapememory alloy wire bundles are subjected to loading and unloading cycles
by a patented energy converter. To effectively harness the latent heat released
during phase transformation, the air must be optimally directed over the wire
bundles. The cooling process is achieved by continuously circulating air around
the bundles, progressively cooling a volume. The simulation tool is employed to
determine the optimal geometric and process parameters for this system. The
study aims to develop the first continuously operating elastocaloric “mini-fridge”
with an internal cooling volume. To validate the entire setup, the inner chamber
is equipped with temperature sensors to monitor the cooling performance.
These sensors are strategically placed along the axis of rotation to measure
the temperature as air enters and exits the chamber. The initial measurements
achieved a temperature difference of approximately 3.5 K within the cooling
chamber versus a simulated value 8.7 K, which did not include all possible losses
present in the system. The simulation suggests a system COP at steady state of
5.8, which must be experimentally verified in future work.
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1 Introduction

Elastocaloric materials, which exhibit significant temperature
changes (up to 23 K, depending on thematerial (Qian et al., 2016a)),
represent a transformative approach to cooling technologies. These
materials undergo a solid-state phase transformation driven by
mechanical stress, eliminating the need for volatile refrigerants to
cool gases or fluids. This first-order transformation yields high
latent heats (up to 30 J/g) (Frenzel et al., 2015) and material
COPs (Wieczorek et al., 2017), making elastocaloric technology a
sustainable and efficient alternative to traditionalmethods.Themost
extensively researched and promising elastocaloric materials today
are alloys based on nickel and titanium (NiTi). These materials
are widely available on Earth, with significant reserves distributed
across North America, Australia, Scandinavia, and Malaysia. (BGR,
2025; BGR, 2014). Besides elastocalorics (application of mechanical
stress), other caloric effects have been observed in certain materials
(Fähler et al., 2012; Mañosa et al., 2013; Moya et al., 2014). These
include the magnetocaloric effect (application of a magnetic field)
(Tishin and Spichkin, 2016; Smith et al., 2012; Kitanovski et al.,
2015; Zimm et al., 1998), electrocaloric effect (application of
an electric field) (Defay et al., 2013; Le Goupil et al., 2014)
and the barocaloric effect (application of hydrostatic pressure)
(Mañosa et al., 2010; cf. Tušek et al., 2015).

But unlike these competing technologies elastocaloric materials
do not rely on critical or costly rare-earth elements. In response
to a rising demand for eco-friendly technologies, elastocaloric
materials have garnered significant attention, with both the U.S.
Department of Energy and the European Commission identifying
them as the most promising alternatives to vapor-compression
systems (Goetzler et al., 2014). Conventional cooling methods, such
as vapor-compression refrigeration, rely on chemical refrigerants
with high global warming potential (GWP). These systems not only
consume significant energy but also contribute to environmental
degradation, as highlighted in the Intergovernmental Panel on
Climate Change (IPCC) report. According to the report, carbon
dioxide contributes 0.7 K to global warming, while greenhouse
gases, including coolants, account for a collective warming of
1.5 K IPCC (2021). The refrigerants used in current cooling
systems exacerbate this issue, both through direct emissions and
through leakage during the cooling process. The rising global
temperatures and rapid urbanization have led to a surge in demand
for cooling technologies, with the International Energy Agency
(IEA) projecting that over 5.6 billion air conditioning systems will
be in use by 2050 (Peters, 2018). Elastocaloric materials offer a
compelling solution by providing an efficient cooling effect without
harmful refrigerants, thereby mitigating energy consumption
and environmental impact. This paper explores the fundamental
principles, potential applications, and challenges associated with
elastocaloric materials in various domains, particularly focusing
on their integration into thermal management and refrigeration
technologies. Subsequently, the development process of an
elastocaloric “can cooler” will be presented, demonstrating the
practical application and potential of this innovative technology.

The development of the first technological demonstrator as a
cooling system has been carried out by the research group Takeuchi
et al. in 2012 (Saylor, 2012). Since then, various system concepts
and architectures for elastocaloric cooling and heating have been

developed and implemented in demonstration devices (Kirsch et al.,
2018a). In 2016Qian et al. has presented the first compression-based
system using water as heat transfer medium (Qian et al., 2016b),
also Tusek et al. has shared the work over the first regenerative
tensile-loaded elastocaloric system (Tušek et al., 2016).The approach
with thin metal foils was introduced by Ossmer et al. (2016a). Two
systems were exhibited in 2018. On the one hand by Bruederlin
et al. the approach with thinmetal foils (Bruederlin et al., 2018), and
on the other hand the first demonstrator for continuously cooling
by Kirsch et al. (2018b). Three years later in 2021 the Fraunhofer
(Bartholomé) has introduced their “Active Elastocaloric Heatpipe”
(AEH) (Bachmann et al., 2021; Ianniciello et al., 2022). In 2023
the University of Naples presented two concepts, the first Italian
rotary demonstrator device for air conditioning (Borzacchiello et al.,
2023; Cirillo et al., 2024), and the loading-through-bending concept
(Cirillo et al., 2023) Additionally, a system was developed that uses
two strategically arranged Helix NiTi wires, which are cyclically
loaded and unloaded (Li et al., 2023). In 2024, a system was
presented that utilizes NiTi ribbons subjected to bending and
unbending to cool an airflow (Cheng et al., 2024). Furthermore, a
prototype was developed that employs SMA film-based materials
(Xu et al., 2024). In 2025, a continuously operating air-to-air cooler
using tensile loading was developed (Hou et al., 2024).

Recently however, three generic compression-loaded
regenerative elastocaloric prototype devices with promising
performance and fatigue-resistant operation (enabled by
compression loading) have been introduced by research groups
from the University of Ljubljana, the University of Maryland, and
the Hong Kong University of Science and Technology (Ahčin et al.,
2022; Zhou et al., 2023; Qian et al., 2023). The last development
in 2025 is a system with specialized pipes (Zhang et al., 2025).
Both loading modes involve certain compromises, such as the
limited strain achievable in tension and the restricted geometry
of elastocaloric materials in compression (Ahčin and Tušek, 2023).

The previously mentioned systems that operate under tensile
loading do not possess a cooling volume directly cooled by the wires
through an airflow. A more detailed analysis focuses on the world’s
first continuously operating air-to-air demonstrator based on the
elastocaloric effect, developed in 2018 by Susanne-Marie Kirsch and
Felix Welsch at Saarland University. This pioneering demonstrator
demonstrates that air can be directly cooled using elastocaloric
principles, thereby eliminating the need for a separate coolant or
heat transfer medium. This demonstrator as technology reference
will be referred to as “ECDemo” in this paper. By implementing
a rotating design, continuous operation is achieved, while a fixed
cam creates two distinct channels–one hot and one cold. The NiTi
material is subjected to mechanical loading and unloading through
a patented cam track (Kirsch et al., 2016). The performance of
the demonstrator can be predicted using a simulation tool, which
was also developed at Saarland University (Welsch et al., 2018).
The primary focus during the development of the demonstrator
was to showcase the elastocaloric effect in a machine demonstrator
device. Additionally, the device functions as a test bench, allowing
for comprehensive measurements to evaluate the potential of
elastocaloric technology beyond its demonstrative role.

The air-to-air demonstrator, depicted in Figure 1, serves as both
a measurement setup and a proof of concept. This section provides a
brief overviewof its design and function.The core of the system is the
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patented cam track, which plays a pivotal role in the demonstrator’s
operation. To effectively capture and utilize the latent heat released
during the process, a channel extends along the entire length of the
cam track, fully covering the bundles. For the demonstrator, the
channel height is specifically designed to allow the bundles to rotate
around the cam’s diameter. This minimizes the volume of air heated
by the wires, enhancing efficiency. The duct’s design is modular,
enabling easy adjustments and facilitating a range of measurements
with minimal effort.

The channel’s outer shell is constructed from Plexiglas to allow
visual observation of the rotation and the loading and unloading
processes of the bundles within the channel. In this setup, the latent
heat generated by the elastocaloric effect is supplied by elastocaloric
sub-elements, with the capacity to house up to 24 of these elements.
Each sub-element can bundle as many as 30 NiTi wires, each
with a diameter of 200 µm. A critical aspect of the design is that
the wires experience only linear loading. Rotational movement is
transferred through rollers, which are constrained to translational
motion by linear guide rails, while the cam track absorbs the
resulting torsional forces. This mechanism enables the sub-elements
to undergo controlled loading and unloading. To ensure optimal
distribution of the latent heat, the bundles are arranged equidistantly
along the diameter. However, the focus on the demonstrator and its
measurement setup imposes certain limitations, which are explored
in detail in the following chapter.

2 Use case definition

The current air-to-air system functions as a demonstrator. To
increase performance, the available latent heat must be enhanced,
which corresponds to increasing the amount of material. In the
existing design, the number of bundles within the machine can
only be increased by enlarging the diameter, provided that the
spacing between the bundles remains constant. However, this
additional volume cannot be fully utilized, as it accommodates the
powertrain (see Figure 1). It is therefore essential to find a way to
make this otherwise unused space functional through established
principles. Innovative product development often follows two main
approaches: technology push and market pull (Boyer and Kokosy,
2022; Dixon, 2001). Since elastocaloric technology represents a new
advancement in cooling systems, the development methodology
favors the technology push approach. This involves identifying
applications where the technology provides clear advantages to
users.While this approach carries some risk due to uncertainmarket
demand, the potential benefits and competitive edge can outweigh it.
Given the current performance of the system, it is particularly suited
for mobile applications, such as cooling beverages or refrigeration
of medicine. Many devices in these sectors rely on the Peltier effect,
which offers lightweight and quiet operation.However, the efficiency
of Peltier-based systems is relatively low (RS, 2025). In contrast, the
NiTi material used in elastocaloric systems exhibits a high material
coefficient of performance (COP) (up to 20 (Wieczorek et al.,
2017)), enabling the development of efficient cooling solutions.
COP (material) measures the cooling or heating efficiency. It is the
ratio of useful cooling or heating energy (latent heat (∆ H) to the
energy consumed (required work input (W)) (Qian et al., 2016a;

Wieczorek et al., 2017; Ossmer et al., 2014). Traditional compressor-
based cooling systems offer better efficiency than Peltier-based
systems but are also limited in efficiency since they have been
optimized over decades and utilize refrigerants with high global
warming potential (GWP), contributing to environmental harm.
Solid-state-based elastocaloric systems, with their high material
COP, present an eco-friendly and efficient alternative to replace
conventional products while meeting customer demands.

A can cooler has been identified as a viable use case for
application-driven demonstration purposes. The beverage cooling
system must be compact, ideally with a cubic shape to facilitate
handling. The overall size should not exceed a 400 mm cube.
The previously unused volume serves as the cooling chamber,
designed to ensure continuous circulation of cold air over the
wires and throughout the chamber. This continuous airflow
enhances the cooling effect. Weight is another critical factor in
mobile applications. Through the optimization of forces and the
selection of lightweight materials, the illustrative and compact
can cooler use-case system is developed by integrating several
interconnected subsystems. The development process is elaborated
in the following chapter.

3 Use cases development: ECCube

The demonstrator depicted in Figure 1 serves as the foundation
for the development of the new can cooler, referred to as
the ECCube. By defining the use case through the technology
push approach, the goal is to minimize the limitations of the
existing system, while maximizing the advantages of elastocaloric
technology within the ECCube. The progression from the first
continuously operating air-to-air elastocaloric demonstrator to a
fully functional prototype can be outlined in two fundamental steps:

• system simulation
• system design and fabrication

The machine’s architecture consists of three interconnected
subsystems that interact with one another. A black box
representation of these subsystems and their interactions
is presented in Figure 2, serving as the foundation for the
development process.

The elastocaloric subsystems are NiTi wire bundles, which
consist of thermomechanical elements made from NiTi in wire
form, with a diameter of 200 µm. These wires provide the latent
heat necessary for the cooling process. Bundling thin wires offers a
significant advantage due to the improved surface-to-volume ratio,
resulting in more efficient heat transfer.

The use of tensile loading in elastocaloric materials offers
advantages such as reduced energy consumption and simplified
system design. However, tensile loading promotes crack growth,
which reduces the material’s lifetime. To address this issue,
several measures can enhance long-term stability: reducing
maximum strain levels minimizes material fatigue (Michaelis,
2020); pre-straining and cycling at plateau strain increases
durability (Tušek et al., 2018); modifying material composition,
such as adding copper to nickel-titanium alloys (Ossmer et al.,
2016b), improves fatigue resistance; optimizing manufacturing
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FIGURE 1
(A) First continuous working air to air elastocaloric demonstrator (Saarland University) (B) Schematic representation of the mode of operation (C)
Schematic sectional view (Kirsch et al., 2018a; Welsch et al., 2018).
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FIGURE 2
Black box representation of the ECCube.

processes, like sputtering thin films, enhances microstructure and
homogeneity (Bechtold et al., 2012); and surface treatments reduce
crack initiation and propagation (Tušek et al., 2018). Additionally,
elastocaloric systems can be designed for periodic maintenance,
allowing for the replacement or repair of degraded components to
extend operational lifespan. The bundle principle used, allows for
quick replacement of the 12 installed bundles with prefabricated
and pre-trained bundles after the material’s lifespan, enabling
simple maintenance. These measures are essential for developing
sustainable elastocaloric cooling systems with improved reliability
and durability.

These EC subsystem elements are manufactured through
a winding process, as described in (Kirsch et al., 2023) and
subsequently undergo a training phase.

The material undergoes 50 cycles of loading at a rate of 4 ×
10−3 s−1 at 8% strain and is unloaded to a limit of 100 N at 4 ×
10−4 s-1, each followed by a holding phase of 10 s. The limit serves
to ensure that the bundle remains under slight tension throughout
the training process. This training process ensures a more uniform
transformation from austenite to martensite along the length of the
bundle (Louia et al., 2023). Additionally, the remanent elongation
that typically occurs during the first 50 cycles can be offset by
adjusting the winding length. This allows the material to operate
at the correct operating point, optimizing its performance and
longevity. Additionally, the bundles undergo two final unloading
cycles at a strain rate of 1 × 10–4 s−1 to a minimum force of
15 N, enabling direct measurement of the remanent strain, after
unloading to 15 N, as shown in Figure 3, which is for this material
a strain of around 0.5%. Reducing the load to this minimal force
allows for unloading and thus determining the remanent strain
without sagging. This represents the operational case in the EC-
Cube. The bundles are thus standardized and produced at 99.5% of
the target length. This enables the utilization of the full stroke of the
cam track. For effective cooling, a significant temperature change
during loading and unloading is desired. This can be enhanced by
increasing the strain, as detailed in (Schmidt, 2017).However, higher
elongation also requires greater applied force, necessitating a balance
between strain and practical force application.

The optimal strain for this system is capped at 6%.
Further studies (Michaelis, 2020) indicate that utilizing internal
hysteresis increases the heat absorbed by thematerial. Consequently,
operating the material with an elongation between 2% and 6%
is recommended for the ECCube. Thus, the region in which the
bundles are subjected to load is similar to the one in which they
were trained.

FIGURE 3
Stress-strain curve of the training process for a NiTi bundle of 30 wires
with a diameter of 200 µm and a length of 150 mm. 50 cycles: loading
at a rate of 4 × 10−3 s−1; unloading at a rate of 4 × 10−3 s−1; 10 s
holding; 2 cycles: loading at a rate of 4 × 10−3 s−1; unloading at a rate
of 1 × 10−4 s−1.

The ability to fine-tune the operating point must be factored
into the mechanical design. To harness the latent heat generated,
it must be transferred through a fluid channel—forming the
second subsystem of Figure 2—allowing efficient heat transport.
The system’s efficiency hinges on recovering this latent heat from
the thermomechanical elements through an energy conversion
mechanism, which necessitates a drive system. These two additional
subsystems, the fluid channel and the energy conversion system
(including the drive), are explored in the following chapters.
Based on the use case, the objective is to cool a standardized
can with a diameter of 52 mm and a height of 134 mm. To
maximize the temperature change, the cooling chamber volume
is minimized, thereby enhancing the cooling unit’s efficiency and
reducing overall weight.

3.1 EC-system simulation

Before the ECCube is developed, a simulation tool developed by
Felix Welsch (Welsch et al., 2018) is utilized to calculate the thermal
and mechanical characteristics of an elastocaloric (EC) system.
This tool is based on free energy models for shape memory alloys
(SMA) and coupled with thermodynamic heat transfer. The system-
level simulation tool integrates the mechanical drive kinematics,
thermal values with fluid transport and multiple SMA wire models.
Through input parameters such as the loading function of the cam
track, rotation frequency, SMA arrangement, and flow rate, the
torque, temperatures, and thus the mechanical and thermal power
can be determined for all configurations. Detailed descriptions and
data can be found in (Welsch et al., 2018). The model allows for
the identification of all key parameters in an EC-system. Factors
such as machine diameter, bundle length, rotation frequency, and
fluid flow rate directly influence the system’s performance. The
model employs NiTi wires with a 200 µm diameter, the same
material and dimension intended for use in the ECCube. The
bundles, designed to mimic real-world counterparts, consist of
30 wires each. Thermodynamics and fluid dynamic principles
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FIGURE 4
Parameter study: (A) mechanical and thermal power (B) temperature output with different rotation frequency and fluid flowrate (Ehl et al., 2024).

dictate that airflow and bundle rotation direction significantly
affect heat exchange between the wires and air, impacting both
adiabatic temperature change and the energy required to circulate
air around thewires. Two configurations are considered: co-flow and
counterflow.

• Co-flow: Airflow direction matches the rotation direction of
the bundles, resulting in lower relative velocities and reduced
energy input for air movement.

• Counterflow: Airflow direction opposes the rotation of the
bundles, increasing relative velocities, enhancing heat transfer,
and theoretically boosting thermal output. However, this setup
demands greater energy to drive airflow.

To optimize efficiency, the co-flow principle is applied in
the warm channel, where minimizing energy consumption is
prioritized since thermal output from this channel is considered
waste heat. Conversely, the counterflow principle is implemented
in the cold channel, maximizing useful cooling performance. These
considerations are integrated into the simulation, with airflow

parameters adjusted accordingly. Results are shown in Figure 4 and
discussed in detail in (Ehl et al., 2024).

A balance between thermal output andmechanical energy input
is achieved at a bundle rotation frequency of 0.5 Hz, ensuring low
force levels, in line with design requirements. At an airflow rate of
200 L/min, the simulated EC-system can generate 34.8 Wof thermal
power and achieve a temperature differential of 8.7 K from cold inlet
and outlet (see Figure 1C). This results in a COP of 5.8.

The simulation results presented in Table 1 represent the best-
case scenarios with a counterflow configuration. However, the
electrical power required to generate the airflow is not included in
this calculation. This is highly dependent on the fans used and the
specific channel geometries, which must first be determined for the
CanCooler. Besides this, it is important to note that the simulation
model does not take potential bypass flows into account, as the
specific factors causing bypassing in the Can-Cooler have not yet
been identified. Cam geometry design must account for expansion
rates, as addressed in (Schmidt et al., 2016). A cam diameter of
150 mm is necessary to house the can and arrange 12 bundles around
it, ensuring evenly distributed spacing along the cam’s perimeter.
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TABLE 1 Material data, system data and system output of the ECCube.

Material data System data

• Wire austenite length:150 mm
• Wire diameter: 200 µm
• Number of bundles: 12
• Wires per bundle: 30
• Mass of SMA material: 10.7 g

• Rotation frequency: 0.5 Hz
• Fluid flow rate: 200 L/min
• Strain (range): 4% (1%–5%)

System output

• Thermal power (Ptℎ): 34.8 W
• Mechanical power (Pmech): 6 W
• COP (Ptℎ/Pmech): 5.8
• Stationary temperature delta cold IN-OUT (∆T): 8.7 K
• Force peak per bundle: 650 N

The final system specifications are summarized in the following
categories shown in Table 1.

• material data
• system data
• system output

The volume to be cooled, excluding the channel in which the
bundlesmove, is approximately 0.75 L. It is important to note that no
thermal load was applied within the chamber during the simulation.
Consequently, the theoretical simulated volumetric cooling density
could reach 464 W m–3.

3.2 EC-system development

As shown in Figure 2, the development of the ECCube requires
the design of both a fluid system and a mechanical concept.
This chapter focuses on the development of these two systems,
incorporating the results from the simulation into the process.

The dominant heat transfer mechanism in the case of the
CanCooler is forced convection caused by moving air. The heat
released to the air during cooling can be determined using Newton’s
law of cooling, as described by Equation 1:

̇qW = α∗ (T−T∞) (1)

where ̇qW is the heat transfer rate, α is the heat transfer
coefficient, T is the surface temperature, T∞ is the ambient air
temperature (Langeheinecke et al., 2013).

The heat transfer can be enhanced by increasing the temperature
difference, such as raising the wire temperature, and ensuring
continuous heat removal to a heat sink within the chamber.The heat
transfer coefficient (α) depends on geometry, flow conditions, and
material properties (Langeheinecke et al., 2013). Using similarity
theory, the heat transfer coefficient can be determined through the
Nusselt number relationship, as outlined in Equation 2:

α = Nu∗ λ/L (2)

whereNu is the Nusselt number, λ is the thermal conductivity of the
fluid, and L is a characteristic length (Langeheinecke et al., 2013).

The thermal conductivity of the fluid, flow velocity, and specific
heat capacity significantly influence heat transfer. A comparison of
thermal conductivities shows that using helium increases thermal
conductivity approximately 7 times compared to air, while hydrogen
achieves similar results (Schweizer, 2025b). Using water increases
thermal conductivity by a factor of 23 (Schweizer, 2025a). Alcohols
like ethanol show an increase of about 6.7 times compared to
air (Schweizer, 2025a). Additionally, adding nanoparticles to water
can significantly enhance thermal conductivity. For instance, a
concentration of less than 0.12% CU nanoparticles in water doubles
its thermal conductivity (Abbasi, 2019).

The arrangement of the wires in the air channel significantly
influences heat transfer. As shown in (Welsch et al., 2023), altering
the angles within the bundle leads to an increase in the heat transfer
coefficient of the bundle. All these findings are incorporated into the
development process of the CanCooler.

3.2.1 Fluid channel design
The system, as outlined in the “Use cases development: ECCube”

chapter, is designed to cool a standard can. In contrast to the
existing demonstrator system, the cold side will feature continuous
air circulation, while warm exhaust air will be vented.

The CanCooler operates with air as the cooling medium despite
the significantly higher heat capacities of liquids or other gases. This
choice is due to two main reasons. First, the can is intended to be
cooled directly by the air passing over the wires, which simplifies
the cooling process and avoids additional intermediate cooling steps.
Second, sealing systems for liquids or gases like helium are far more
complex compared to air-based systems, as they require preventing
any leakage into the surrounding environment. This complexity
increases both design and maintenance efforts. Additionally, using
particles in the cooling medium would further complicate the
fluid management system, requiring more advanced designs and
increased construction effort. Air cooling, therefore, offers a simpler
and more practical solution for the CanCooler system.

The duct requirements are as follows:

• Low overflow–minimize air leakage between hot and cold
channel to maintain efficiency.

• Optimal airflow around the wires–ensure effective airflow
around the wires to maximize heat exchange.

• Cooling chamber

◦ Ensure optimal airflow around the can.
◦ Enable continuous air circulation within the chamber.

• Efficient heat dissipation–facilitate effective heat removal from
the warm side.

• Low fan back pressure–allow the use of standard fans,
commonly applied in the IT sector.

The final point ensures compatibility with proven fan
technology. CFD (Computational Fluid Dynamics) simulations
(Comsol©) indicate that in ducts of the same height, maximum
pressures of 20 Pa (≈2 mmH2O) occur at the narrowest point. As
a result, only standard 40 × 40 mm fans can meet the required
200 L/min airflowTheArtic Fan “S4028-6k” has been selected due to
its favorable performance across a broad pressure range. Theoretical
considerations from thermodynamics and fluid mechanics guide
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FIGURE 5
2D representation of the ECCube’s air channel.

the development of new hot and cold side air ducts, tailored to
the fan specifications. Simulation data indicates that the bundles
rotate within a d = 150 mm diameter. To allow the bundle clamps
to rotate within the channel and to minimize the cooling volume,
the channel height is set to 9.5 mm. Based on the optimal rotational
speed of 0.5 Hz determined by the simulation, with a bundle length
of 150 mmand a strain rate of (X) for adiabatic behavior (Louia et al.,
2023),the loading and unloading zone of the cam is set to 30° (dark
gray area in Figure 5) at 5% elongation.

To optimize efficiency, the counterflow principle will be applied
to the cold side channel, while co-flow is used for the hot channel.
In a 2D view, two fans are positioned within the chamber plane to
ensure optimal air circulation around the can.

The design concept of the inner tube is depicted in Figure 5.
An internal chamber with a diameter of approximately 145 mm is
available, which must accommodate the can and two fans. The CI
fan (Cold In) draws air past the wires into the chamber, directing
it to flow around the can. The CO fan (Cold Out) extracts the
air from the chamber and re-accelerates it before it interacts with
the wires. In Figure 5, arrows illustrate the direction of airflow.

The fans in both channels operating under the push-pull
principle to achieve greater air velocities within the ducts.
The FDM 3D printing process is particularly suitable for
manufacturing this complex structure. The internal geometry
of the 3D print inherently provides a degree of insulation
for the chamber, enhancing thermal performance. The used
material is PETG with a thermal conductivity of 0.2 W m−1 K−1

(König GmbH Kunststoffprodukte, 2025). Figure 5 also illustrates
the outer air duct, which is designed to channel warm air. This duct
functions according to the co-flow principle alongside the wires.
The outer duct must also fulfill the requirement of housing the
EC system and guiding air out of the enclosure. As with the inner
duct, a 2D representation is first considered. The HI fan (Hot In) is
employed to draw in ambient air. To achieve optimal air acceleration,
the supply duct is adapted to a cross-section width of 9.5 mm. This
narrowing adheres to flow theory rules for gradual constriction,
with a maximum angle of α ≤ 8° to avoid edge separation and
ensure uninterrupted airflow.

FIGURE 6
Hot channel inlet: 4 × Artic Fan S4028-6k stacked and
temperature sensors.

The fan is positioned to align the airflowwith the duct direction.
The airflow catches the bundles directly behind the cam, allowing
effective cooling, indicated by the red dashed line in Figure 5. The
HO fan (Hot Out) does not have a duct construction before it,
allowing unrestricted outflow and preventing backflow into the
narrow cold-side duct.

This arrangement is supported by the fan drawing air outward,
and its edge is configured to ensure air circulates around the full
holding phase of the cam, maximizing heat exchange, as also shown
by a red dashed line. Externally, the duct walls are oriented to direct
airflow efficiently towards the duct. The airflow vectors depicted
in Figure 5 show parallel alignment with the duct’s vectors. The
vectors of the HI and CO fans, although pointing in opposite
directions, have similar magnitudes, theoretically canceling each
other out and reducing overflow. Complete prevention of overflow
is not possible due to the non-hermetic connections of the ducts
and the rotating wires. To ensure homogeneous airflow around
the entire length of the bundles, four fans are stacked vertically,
as illustrated in Figure 6. These fans are PWM-controllable,
allowing for theoretical individual speed adjustments along the
stack for optimized control. Temperature sensors are essential
for both validation and control purposes. Their arrangement is
illustrated in Figure 6. This configuration enables the generation of
a temperature profile across the cross-section of the chambers. A
detailed explanation of the temperature measurement methodology
and the sensor arrangement is provided in the chapter 4.1.

3.2.2 Mechanical concept
The mechanical concept consists of the energy conversion unit

and the associated drive system. This unit must also be assembled
in a basic framework. The development of the drive system and the
framework is described in more detail in the following chapters.

3.2.2.1 Energy conversion system and EC-Unit
The drive system consists of the energy conversion unit and

the associated drive concept. For this prototype, a material mix is
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employed, combining plastics produced through FDM 3D printing
and metals, with the choice of materials dictated by the mechanical
loads. Due to the design of the previously developed inner air duct, a
centrally located powertrain is not feasible. Consequently, the drive
system must be relocated to the outer periphery.

A belt drive is selected as the driving mechanism, offering the
following advantages:

• Transmission capability via gear wheels.
• Synchronous driving of both ends of the bundles, which is

essential since the bundles are not torsional rigid.
• Synchronization is achieved using a coupling rod that drives

both belts.

Following the determination of the drive type, the loading and
unloading mechanism for the bundles is designed, along with the
energy conversion system. Key parameters from the simulation and
the patented cam approach are summarized as follows:

• Maximal peak load on structure during mechanical loading per
bundle: 650 N.

• Number of bundles: 12.
• Cam specifications: 30-degree cam with a 9 mm stroke.

The cam is responsible for the continuous rotational loading and
unloading of the bundles.

The bundles, as shown in Table 1, are composed of 30 wires
with a diameter of 200 µm each. As explained earlier, a larger
surface-to-volume ratio leads to higher heat transfer coefficients. A
smaller wire diameter would enable this; however, to accommodate
the same amount of material in the system, more bundles would
need to be included, which would increase the overall size of the
system. Therefore, a diameter of 200 µm is considered a suitable
choice. Changing the angle of the bundles involves significant effort
to ensure that the construction operates flawlessly in continuous
operation. For this reason, this measure will not be implemented
during the first development stage.

Due to the cam’s shape, the rollers attached to the guide rails
exert forces in both the Y and X directions. Consequently, the
brackets for the linear guidesmust be designed to absorb these lateral
forces in the X direction. The 12 guide rails (Figure 7 (7,7a-e)) are
symmetrically mounted on a polygon with 12 corners (Figure 8;
(10)). Given the constrained spatial conditions, the guide carriages
are minimized in size to optimize the available space. This guide rail
system, driven by the belt drive (Figure 7 (2 and 6)), incorporates a
gear wheel firmly (Figure 8; (12))) connected to the polygon. This
configuration is referred to as the loading unit, as shown in Figure 7.
The proposed drive system ensures efficient, synchronized motion
of the bundles while accommodating the spatial and mechanical
constraints of the design.

The gear wheel (Figure 8 (12)) and the polygon (Figure 8 (10))
are manufactured using ABS through a 3D printing process, which
allows for precision and flexibility. To ensure the polygon can
absorb lateral forces in the X-direction, it is reinforced with an
inner ring (Figure 8 (9)). This inner ring is made of aluminum, a
material chosen for its low production cost and sufficient strength
to stabilize the overall assembly.The entire unit, comprising the gear
wheel, polygon, and inner ring, is centrally mounted below the cam

(Figure 8 (13)) to ensure precise alignment and efficient operation.
A sectional view of the loading unit, as shown in Figure 8, illustrates
the integration of these components and their alignment with the
cam mechanism. The rollers (Figure 8 (7a)) are designed to move
smoothly along the cam track (Figure 8 (8)), The opposite end of
the assembly, referred to as the counter bearing, is also reinforced to
absorb the tensile forces in the Y-direction. The counter bearing is
rotationally supported by 12 rollers (Figure 8 (5)).

For axial stabilization, three rollers (Figure 8 (7)) are evenly
spaced around the circumference.

The load-bearing components of the counter bearing are
constructed from metal. Meanwhile, the guide polygon (Figure 8;
(4)), are manufactured from ABS plastic. Additionally, a plastic
gear wheel (Figure 8 (1)) is affixed to this unit to drive the belt
mechanism, as illustrated in Figure 7. The sectional view in Figure 8
reveals a gap between the bundles and the counter plate (Figure 8
(6)). This gap facilitates the adjustment of the operating point
described earlier. The belt drive system, along with the coupling
axle, is shown in Figure 7 (4). A belt tensioning unit (Figure 7
(1)) is integrated to maintain proper belt tension. The two-stage
belt (Figure 7 (2 and 6)) transmission achieves a transmission ratio
of approximately 11, enabling the use of a single motor (Figure 7
(5)) with a torque of around 3 Nm. To ensure operational safety, a
safety cover (Figure 7 (3)) is incorporated into the design.This cover
protects the access opening to the cooling chamber from the rotating
components. This feature enhances safety while maintaining the
functional integrity of the system.

3.2.2.2 Basic framework
The basic framework is designed to securely fix the cam, allowing

the rollers of the loadingunit tomove smoothlyover it.The framework
is constructed from three steel plates, as illustrated by the outer
structure of the prototype core in Figure 9. The top plate (Figure 9
(3)) supports the counter bearing (Figure 9 (1)), provides a smooth
surface for the12 rollers (Figure 8 (5)) to travelon. Same is for theouter
shell and the guide arms (Figure 9 (2)).Themiddle plate (Figure 9 (6))
holds the patented cam track (Figure 8 (8)). Stabilization is achieved
through threaded rods encased in steel tubes (Figure 9 (4)), which
connect these plates. Between the cam mounting plate and the base
plate (Figure 9 (8)), the loading unit (Figure 9 (7)) is inserted. The
base plate incorporates a shaft, which centers the loading unit via
bearings within the cam, enabling smooth rotational motion. This
relationship is further detailed in Figure 8.The base plate is connected
to the other two plates using the threaded rods, Furthermore, the
base plate serves as themounting point for securing the demonstrator
within its housing. This robust design ensures mechanical stability
and smooth operation, fulfilling both the structural and functional
requirements of the system.

3.3 First prototype realization

The realization of the first prototype of the ECCube can
be seen in Figure 10. The framework and the energy conversion unit
including the drive are mounted in a housing made of aluminum
profiles, which are encased in Plexiglas.The system can be controlled
by a tablet connected via bluetooth. A display provides insight into
the temperature status in the chamber.
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FIGURE 7
CAD-model of the loading unit and the drive system.

FIGURE 8
CAD-model in sectional view of the loading unit and counter bearing.

4 Use case verification

Once the ECCube has been assembled, its functionality is
verified, including the ability to control the rotational speed
of the bundles and fan speeds (volume flow) during operation
based on temperature data. This capability will enable rapid

cooling of the chamber upon system startup, followed by efficient
machine operation maintaining the target temperature. The
implementation of the control system is not part of this paper
and will only become relevant for future applications. To achieve
this, a measurement setup incorporating 24 temperature sensors
is realized. These sensors provide precise thermal data, facilitating

Frontiers in Materials 10 frontiersin.org

https://doi.org/10.3389/fmats.2025.1563997
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org


Ehl et al. 10.3389/fmats.2025.1563997

FIGURE 9
CAD-model of the basic framework including the counter bearing and
the loading unit.

FIGURE 10
First prototype realization of the ECCube.

real-time adjustments to the system’s operating parameters. Details
of this setup and the resulting performance is discussed in the
following chapters.

4.1 Configuration of the test setup

The measurement setup for the ECCube is realized with
an ESP32 microcontroller, which allows data acquisition during

operation to enable temperature-dependent feedback control. The
DS18B20 series temperature sensors from Dallas Semiconductor are
application (Semiconductor, 2025). These sensors are specifically
designed for direct evaluationwithmicrocontrollers and provide the
following key features:

• Accuracy: ±0.5°C within a range of −10°C to +85°C.
• Resolution: 12-bit, providing a precision of ±0.0625°C.
• “OneWire” Evaluation: Enables simplified cabling, allowing

multiple sensors to connect to a single data line. Each sensor
is equipped with a unique ID, ensuring proper differentiation
between sensors.

The “OneWire” protocol significantly reduces cabling
complexity. By using a single data line for multiple sensors, this
setup achieves a streamlined and efficient configuration. The
DS18B20 sensor datasheet does not specify a required orientation
for installation. To minimize the influence on airflow, the sensors
are aligned with their rounded sides facing the flow direction.
This arrangement reduces aerodynamic disruption while ensuring
accurate temperature readings. Figure 6 demonstrates the sensor
arrangement along the axis of rotation. A total of six measurement
points is implemented, each positioned at the same vertical
height, as illustrated in Figure 11. The sensors are identified with
green squares in Figure 11 to indicate their placement. The warm
side measurement points are strategically placed to capture key
temperature changes within the system. The first measurement
point is located upstream of the HI, where the ambient temperature
is recorded. This provides a baseline for assessing thermal changes
as the air moves through the warm duct.

The second measurement point is positioned downstream of the
wires but still within the warm duct. Here, the sensor measures
the temperature of the air after it has been heated by the wires. Its
placement ensures the sensor remains unaffected by the rotating
bundles, which could cause damage. The third measurement point
is located downstream of the HO. At this location, the sensor
records the total heat absorbed by the air within the warm duct.
This measurement serves as an indicator of the system’s thermal
efficiency. The temperature recorded at the HO exit point should be
higher than the temperature before the HI. If this is not observed, it
suggests temperature exchange between the warm and cold ducts,
either due to warm air escaping into the cold duct or cold air
infiltrating the warm duct. However, the current measurement
approach does not differentiate between these two scenarios.

To optimize the measurement of the cold chamber, sensors are
placed at both the inlets and outlets. The temperature difference
between these points provides insight into the amount of heat
transferred to the air within the chamber. Specifically, the difference
between the outlet and inlet temperatures indicates the extent of heat
absorbed from the air by the wires during the holding phase. To
analyze the temperature distribution around the can, a specialized
“measuring can” has been developed. This can is equipped with four
sensors mounted externally at the same height as other measuring
points in the chamber. The can is designed to rotate in 12-
degree increments, allowing for a detailed mapping of temperature
variations within the chamber at multiple angular positions. This is
a simple gear system that can bemanually adjusted and secured with
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FIGURE 11
(A) 2D representation measuring points (B) Picture of the
measuring setup.

a screw. Includes the designations for each measuring point, which
will serve as the standard nomenclature in subsequent section.

The complete setup is shown in Figure 11B. The storage of the
measurement data for this study is realized using a Python script.
The ESP32 microcontroller requires 5,000 ms to read data from the
24 sensors and transfer it via the serial port, resulting in a sampling
rate of 0.2 Hz. During operation, the ESP32 processes the data to
control the rotation frequency and fan speed directly. The fans are
controlled individually using PWM signals generated by the ESP32.

4.2 Experimental results

For the initial verification of the ECCube’s functionality, four
measurement series are conducted (see Table 2). By leveraging the
ability to control the fans individually, the outer fans Figure 6 (1)
and (4) are operated at a reduced speed compared to the inner fans.
This adjustment results in a slower airflow on the outer regions,
minimizing the leakage of air through areas that remain unsealed
due to the rotating components within the system. The distinction
between the middle and outer fans is illustrated in Figure 6.

TABLE 2 Experimental parameters overview.

Experiment # Duty cycle PWM
signal fan channel

Rotation
frequency (Hz)

B and C A and D

1 1 0.5 0.5

2 1 1 0.5

3 0.5 0.25 0.5

4 0.5 0.5 0.5

The experimental data for this verification is summarized in the
following table:

In all experiments, the rotation frequency and the PWM of the
fans remain unchanged. The selected rotation frequency of 0.5 Hz,
in combination with the installed cam, allows adiabatic loading and
unloading of the wires. By varying the duty cycle of the PWM signal
for the fans, an optimal configuration of volume flow to rotation
frequency is determined, allowing the wires to exchange their entire
heat with the medium. The measured start temperature at the HI
is 295.15 K. For each measurement, this can be considered as the
ambient and system temperature.

In evaluating the temperature results, the sensor nomenclature
is based on the labeling presented in Figure 6. Sensor number 1
corresponds to the sensor located at the top of the air channel,
while sensor number 4 represents the sensor positioned at the
bottom of the channel. The orientation of the “measuring can”
follows the configuration depicted in Figure 11. The temperature
values are presented as differences, with each test conducted over
a duration of 600 s. While the primary focus of the evaluation is
on the cold side, a brief analysis of the warm side yields valuable
insights. Figure 12 illustrates the temperature differences between
the HOT IN and HOT OUT measurement points for all four tests.
Across all sensors, the temperature levels are observed to be similar,
indicating minimal variation along the length of the bundles. It is
evident that latent heat from the wires is effectively dissipated, with
saturation occurring uniformly across all cases at approximately
100 s. This indicates that the system reaches thermal equilibrium,
and no additional heat can be extracted from the wires beyond this
point. After the 100 s in Figure 12B, the difference is getting smaller,
which can be attributed to changes in the inlet or outlet temperature.
However, due to the laboratory’s climate control system, any increase
in the inlet temperature is negligible. Consequently, a decrease in
the outlet temperature must be responsible for this behavior. A
possible explanation is that the bundles on the cold side may not
have fully released their heat and have not yet returned to the desired
temperature. To confirm this hypothesis, further parameter sweeps
are necessary for a detailed analysis.

A notable observation is the significant variation in
saturation temperatures depending on the fan configurations.
The configuration in which all fans operate at maximum speed
demonstrates the highest level of heat dissipation. However,
determining whether this configuration is optimal for the
ECCube’s process control requires further analysis of the
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FIGURE 12
Temperature results HOT IN–OUT: (A) experiment 1 and experiment 2; (B) experiment 3 and experiment 4 (B) - Temperature results CAN: (C)
experiment 1 and experiment 2; (D) experiment 3 and experiment 4.

cooling chamber data. The analysis now shifts to the cold side,
with particular focus on the temperature values at the CAN
measurement point. Figures 12C, D presents the results of all
four tests.

A clear pattern emerges, most of the curves are closely aligned,
with larger deviations observed primarily in the first test. This
trend is consistent across other measuring points within the cold
chamber, such as those illustrated in Figure 13. A comparison of the
chamber temperatures under different fan configurations highlights
the impact of fan speed on the minimum achievable temperature.
Specifically, experiments 3 and 4, shown in Figure 12D demonstrate
that using a fan configuration with varying speeds for the middle
and outer fans results in significantly greater heat dissipation within

the chamber. Comparing experiments 2 and 4 Figures 12C, D
further reveals that higher fan speeds—and consequently, higher
air volume flow—can achieve lower temperatures within the
chamber. However, this also indicates that the balance between
fan speed and air velocity is suboptimal in experiment 4, whereas
experiment 2 demonstrates a more favorable balance. Further
testing is required to identify the optimal combination of fan
speed and air velocity for achieving the most efficient cooling
performance. Figures 13A, B illustrates the temperature differences
between theCOLDOUT andCOLD IN measuring points. Across all
tests, the temperature difference is negative, signifying heat transfer
from the wires to the air. As the tests progress, the temperature
differences approach saturation, indicating that the latent heat
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FIGURE 13
Temperature results COLD OUT–IN: (A) experiment 1 and experiment 2; (B) experiment 3 and experiment 4 - Temperature results HOT OUTin–OUT:
(C) experiment 1 and experiment 2; (D) experiment 3 and experiment 4.

of the wires has largely dissipated from the air. This statement
applies to this specific combination of flow rate and rotational
frequency.

By the conclusion of each experiment, equilibrium is
reached, where only a minimal amount of heat continues to
be released into the chamber. This behavior aligns with the
results shown in Figure 12, where the chamber temperature also
stabilizes toward the end of the experiments. The analysis of
fan combinations in Figure 12 applies similarly here. Specifically,
configurations with slower outer fans outperform others at lower
fan speeds, enhancing efficiency. These consistent results validate
the accuracy of the temperature measurements. Importantly, in
all tested fan configurations, at least 1 K of temperature delta is

consistently extracted from the wires and transferred to the air. This
confirms the effectiveness of the system in dissipating heat under
various conditions.

The HOT OUT IN and HOT OUT measuring points are
particularly relevant for analyzing the overflow within the system.
As described in the chapter 4.1 this overflow can be evaluated
by calculating the temperature differences between these points.
Figures 13C, D displays these differences for all four experiments.
The data clearly indicates that the sensors located at the upper and
lower edges of the channel show significantly greater temperature
differences compared to the other two sensors in all tests. This
suggests that the airflow dynamics at these positions contribute
to a larger temperature gradient. The observed discrepancies in
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levels among the sensors can likely be attributed to varying airflow
patterns within the duct. Despite these variations, the consistent
trend of overflow at the two outer sensors is evident. Importantly,
the temperature difference for these sensors is less than zero,
indicating that the temperature at the outer measuring points is
higher. This implies that either warm air is escaping from the system
or cold air is infiltrating, as previously hypothesized. Comparing
experiments 1 and 2 Figure 13C further demonstrates that different
fan configurations significantly affect the airflow and, consequently,
the overflow behavior. These findings highlight the importance of
optimizing fan combinations to minimize unwanted overflow and
improve system efficiency.

A closer examination of the data fromSensor 2 in Figures 13C, D
reveals differences compared to the other sensors. A possible
explanation for the reduced overflow in this section could be the
distinct airflow in this specific area, which may result from the fan
voltage settings. In both cases with the other fan voltage settings
(dotted line), there is also initially less airflow, but this changes
over the course of the measurement and aligns with the other
curves. A potential reason for this change could be a variation in
airflow caused by temperature fluctuations. Further investigations
with additional parameters are required to confirm these
explanations.

5 Conclusion and outlook

In summary, the ECCube has demonstrated the ability to
effectively cool the chamber containing the can. The unused space
within the ECDemo has now been efficiently utilized resulting in a
compact descriptive demonstrator system. Temperature differences
of approximately 3.5 K were achieved within the cooling chamber.
The expected value from the simulation of 8.7 K was not achieved.
The losses present in the system were initially not considered in the
simulation. The actual losses result from the previously described
overflow at the interfaces between the warm and cold channel
sides, as well as the imperfect sealing of the chamber and at the
moving parts within the ECCube. Additionally, the insulation of
the channel structure can be further improved. As a result, the real
outcomes can be aligned with the simulation through sealing and
insulation measures. The COP calculated using the simulation tool
is 5.8. However, with the current setup, determining the actual
COP of the ECCube is not feasible. Accurate determination of
the COP requires measurement data for the volumetric flow rate,
which necessitates enhancements to the existing test setup and
will be conducted in a next step. Using the measurement setup,
the can cooler can be efficiently operated through PWM control
and adjustments to the rotation frequency. However, the impact
of varying fan speeds along a row still requires further verification
through additional measurements. These future investigations will
help optimize the system’s cooling performance. With these results,
a control system can be implemented for the upcoming application.
Furthermeasurements are required to advance the development and
validation of the ECCube. To enhance evaluation and validation,
determining the volume flow generated by the fans is essential.
This data will enable the calculation of the thermal performance of
the system. Additionally, a parameter sweep should be conducted,
combining variations in rotation frequencywith different fan speeds.

This will allow identification of the optimal operating point for both
rapid cooling of the chamber and efficient temperaturemaintenance.
It is also necessary to examine the extent of air leakage from
the channels at the rotating sides and address this issue through
sealing measures. For prolonged operation in non-laboratory
environments, the chamber must be insulated. Developing
appropriate insulation concepts remains an outstanding task that
requires attention.
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