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A B S T R A C T

This paper presents an experimental study of topology-optimised passive heat sinks produced in a thermally-
conductive plastic using material extrusion additive manufacturing. The thermal performance of the filament
is investigated through test printing, thermal conductivity testing and scanning electron microscope imaging.
Topology optimisation is used to generate novel heat sink designs for passive cooling through natural
convection. The optimised designs are complex and are printed using soluble support materials. The measured
anisotropic thermal conductivity of the layer-by-layer additively manufactured specimens is included in the
topology optimisation process to design heat sinks specifically with the chosen filament and process in mind.
It is shown that when taking the material anisotropy into account, the topology-optimised heat sinks deliver
up to 10–20% reduction in thermal resistance compared to a reference straight-fin design.
1. Introduction

Applications for electronics cooling have evolved recently, such as
various battery-powered devices, aerospace applications and
portable/wearable mobile devices. In these applications, low weight,
ease-of-use, corrosion and chemical resistance have emerged as new
requirements for cooling solutions. Various plastic-based solutions that
are lightweight, corrosion and chemical resistant have begun to be
developed for such applications. Another requirement is a lack of
electrical conductivity. Heat sinks are designed to transfer heat away
from a heat source to another medium, usually a surrounding fluid
flow. However, their shapes can often cause significant electromagnetic
interference [1,2]. This can be a huge problem in aerospace and
telecommunication applications. Furthermore, in aerospace applica-
tions, metal heat sinks increase the risk of short circuits and, thus, fires,
requiring electrical grounding. Therefore, plastic-based solutions with
a low electrical conductivity, but relatively high thermal conductivity,
are relevant to investigate for heat sink applications. Lastly, ecologi-
cal aspects of the manufacturing process has contributed to research
into alternative materials suitable for cooling applications. Additive
manufacturing as a manufacturing method has many additional design
freedoms compared to traditional methods, allowing for more complex
structures of heat sinks. For this reason, additive manufacturing is often
used to produce complex structures that are optimised for efficient
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cooling [3,4]. However, there are also challenges in using additive
manufacturing methods. This study examines in detail how a plastic
filament is suitable for heat sinks and how structures generated using
topology optimisation can be fabricated in practice using additive
manufacturing.

1.1. Concepts and literature

1.1.1. Additive manufacturing
In recent years, there has been a growing interest in using additive

manufacturing in connection with various functional applications. In
particular, the achievement of complex structures through additive
manufacturing have encouraged the development and deployment of
a variety of functional materials. Additive manufacturing is a step
towards the next generation and revolution in the manufacturing in-
dustry. Functional materials can be found in applications such as elec-
tronics, sensors, robotics and medical devices. For cooling solutions, the
latest developments in the use of thermally-conductive plastic materials
using additive manufacturing was recently reviewed by Zhang et al.
[5].

Electronics cooling is an active area of research, and its improve-
ment and development to become more environmentally friendly has
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sparked the development of thermally-conductive plastics. As previ-
ously mentioned, corrosion resistance and low electrical conductiv-
ity is also highly relevant. Additive manufacturing methods have re-
cently been able to produce a variety of complex structures suitable
for cooling [3,4]. Simulation-based design optimisation, such as the
topology optimisation method [6], often generates complex organic
shapes that are highly performant. In order to manufacture these
structures, thermally-conductive extrudable plastics have been devel-
oped for various cooling solutions. The thermal conductivity of these
plastics has been improved by various additives, such as graphite,
metals and so on [5,7,8]. Jing et al. [9] combined solid-state shear
milling (S3M) and material extrusion technology to improve thermal
conductivity of linear low-density polyethylene (LLDPE). Graphene
nanoplatelets were used as filler to enhance thermal conductivity of
the LLDPE plastic. The fabricated parts exhibited a significantly en-
hanced cross-layer thermal conductivity up to 3.43 W/(m K) com-
pared to 0.40 W/(m K) for pure LLDPE. Guo et al. [10] fabricated
graphene and thermoplastic polyurethane (TPU) composite filaments.
Sample pieces were printed using material extrusion technology. Cross-
layer thermal conductivity of 12 W/(m K) was achieved. Timbs et al.
[11] investigated performance of straight and oblique fin heat sink
made of thermally-conductive plastic composites. The heat sinks were
additively-manufactured using Ice9 Flex (carbon filled plastic), cop-
per filled filament (polylactic acid with copper particles) and bronze
filled filament (polylactic acid with bronze particles). The carbon-filled
plastic heat sink was shown to have much superior heat dissipation
capability compared to metal-filled filament heat sinks.

1.1.2. Topology optimisation
Topology optimisation is a simulation-based design optimisation

method, which harnesses an ultimate design freedom of being able
to generate a novel concept without an a priori design [6]. The user
defines the physical problem, boundary conditions, and the design
domain within which the design is allowed to be generated. Topology
optimisation formulates the design problem as a material distribution
problem, which in the context of conjugate heat transfer becomes:
where to place solid material forming conductive members and where
to place fluid passages to transfer heat away from the solid.

Topology optimisation usually generates complex and organic de-
signs, which are not readily producible using traditional manufactur-
ing methods. Additive manufacturing has become an obvious ally of
topology optimisation given the large degree of geometric complexity
allowed by the layer-by-layer process, as well as the significant develop-
ment and democratisation over the past decade. However, the additive
manufacturing process still has its limitations, which should ideally
be taken into account in the simulations of additively-manufactured
geometries. The recent review paper on topology optimisation for
additive manufacturing by Liu et al. [12] discusses the large array of
work on the subject so far.

Due to the layer-by-layer process, inherently there will be
anisotropy present in the material properties. Two main directions
can be identified as the in-layer (or in-plane) and the cross-layer (or
through-plane), where the first is in directions within each layer and
the second is in the direction perpendicular to the layers. The effective
properties of a manufactured design will be close to the base material
in the in-layer direction, at least in the directions of the deposition
sequence. In contrast, it will be significantly lower in the cross-layer
direction due to non-perfect bonding between the layers. For heat con-
duction problems, this results in a lowered thermal conductivity in the
cross-layer direction as will be shown in Section 3.2. The importance
of the anisotropic properties on topology optimisation of load bearing
structures is discussed by Zhang et al. [13]. Previous work on including
the inherent material anisotropy in the topology optimisation process
is relatively limited, e.g.: Mirzendehdel et al. [14] incorporate an or-
thotropic material strength model to accurately capture layer adhesion
2

failures due to reduced cross-layer properties; Dapogny et al. [15] f
instead consider the orthotropic nature of the elastic properties within
discrete layers, where a lower Young’s modulus is introduced in the
normal direction to the print lines; Zhang et al. [16] present topology
optimisation for heat conduction with anisotropic thermal conductivity.
It is also possible to explicitly optimise the local material anisotropy for
various purposes, such as continuous fiber reinforcement [17] and heat
flux manipulation [18].

Topology optimisation of fluid flow and conjugate heat transfer is
now a mature, yet rapidly developing, field of research. A recent review
paper [19] showed that since 2010, 55 papers on the subject had been
published up to February 2020. Of these papers, only 7 considered
manufacture and experimental testing of the numerically-optimised
heat sinks: forced convection heat sinks using milling [20–22]; forced
convection heat sinks using metal additive manufacture [23,24]; nat-
ural convection heat sinks using metal additive manufacture [25];
natural convection heat sinks using additive manufacturing assisted
investment casting [26]. Since the review paper was published, more
publications treating manufacture and experimental testing have been
published all treating forced convection heat sinks: milling [27–29];
metal additive manufacture [30]; milling, porous foams and cylindrical
pins [31].

1.1.3. Passive cooling heat sinks
Natural convection is the phenomena of fluid flow happening not

due to external pressure or velocity sources (fans, pumps, suction, etc.),
but rather due to density variations of the fluid itself. Passive cooling
is the concept of exploiting natural convection for cooling purposes.
Here the density variations arise due to the heating of the fluid by a
heat source, causing the density to decrease and the fluid to rise due to
buoyancy differences compared to the surrounding cooler fluid. Thus,
for electronics cooling, this provides a ‘‘free’’ sources of cooling, since
the heat sources are generating waste heat, which causes hot air to rise
and drawing in cool air from the surrounding to replace it, thereby
cooling the heat source. This is the main benefit of passive cooling,
it exploits the naturally occurring air currents and cools without the
need for a fan or pump, making it entirely noiseless. However, the main
drawback is a limitation to the obtainable convection heat transfer
coefficient, which is low compared to forced convection [32].

Design of heat sinks for passive cooling is quite different than for
forced convection. Natural convection has a two-way coupling between
the fluid flow and heat transfer, where not only does the fluid flow
drive the convective heat transfer, but the arising temperature field
drives the fluid flow. This means that when maximising the natural
convection heat transfer, it inherently requires the flow resistance to
be low to allow the fluid to flow easily through it. For straight fin
heat sinks, this manifests itself in a natural lower bound on the spacing
between the fins [33]: too small spacing (and too many fins) and the
fluid cannot flow, too large spacing (and too few fins) and the heat
transfer surface area will be too low. For passive cooling of light-
emitting diode (LED) lamps, this has been observed in practice using
topology optimisation [25,34], where open and non-dense topology-
optimised heat sinks are seen to perform significantly better than dense
lattice designs. The work highlights that the common idea of ‘‘more
surface area = better heat transfer’’ is not always true, especially for
atural convection. The fact that topology-optimised heat sinks have
ignificantly lower surface area, but better cooling, shows that it is
ore about where to place and how to shape the convection surface.

.2. Contributions

This study investigates the printing properties and performance of
thermally-conductive plastic developed for additive manufacturing
sing the material extrusion method called Fused Filament Fabrication
FFF) method. Fused Filament Fabrication is most common and widely
nown AM technique. In this technique, a solid thermoplastic filament

orm material is extruded through a nozzle heated to the melting point
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Fig. 1. The reference straight-fin heat sink made of extruded aluminium. Photography
by Mari Rasku.

of the material. The printed piece is formed layer by layer according
to the 3D model using the movements of the print head and the build
plate [35]. The study has been performed through experimental tests
and scanning electron microscope (SEM) imaging. Several heat sinks
were printed from the material and compared to a correspondingly
sized reference straight-fin heat sink in both the filament and extruded
aluminium. The study restricts itself to passive cooling through nat-
ural convection, with radiant heat transfer contributions. The design
freedoms of topology optimisation and additive manufacturing is fully
exploited in the design and manufacture of heat sinks. Heat sink design
solutions for a thermally-conductive plastic material were generated
using topology optimisation taking the measured anisotropic thermal
conductivity into account based on the build direction. Designs were
also generated assuming an isotropic thermal conductivity, with the
value from both provided data sheets and measured values. The op-
timised designs are all compared to the reference straight-fin heat
sink in both the conductive filament and extruded aluminium. It is
seen that topology-optimised heat sink designs perform better than
the reference design and that taking the material anisotropy into ac-
count during topology optimisation provides a measurable difference
in performance.

2. Design problem

2.1. Reference heat sink

As a starting point for the study, a straight-fin heat sink commonly
used in cooling applications is chosen as the reference design. The
size of the heat sink and thickness of fins is selected based on the
minimum geometric detail level possible to reliably manufacture using
the material extrusion process described in Section 3.3. By printing
xperiments, the smallest reasonable feature detail that could reliably
e produced with high quality was around 2–3 mm. Therefore, there is
o guarantee that it is the best possible reference design.
The Aavid Thermalloy 637303B03000 heat sink manufactured of

xtruded aluminium is selected and is shown in Fig. 1. The outer
imensions of the heat sink are 76.1 mm × 76.1 mm × 57.15 mm. The
in width is 3 mm and 2 mm at the base and tip, respectively, and the
in spacing is 7 mm at the base. The heat sink has a 7 mm thick base
late to which the fins are joined. The thermal resistance is 1.88 ◦C∕W
3

ccording to the manufacturer [36]. a
.2. Design domain

The design domain of the topology-optimised heat sinks is based on
he same outer dimensions and base plate thickness as the reference
eat sink. The input data for the design of topology-optimised heat
inks is shown in Fig. 2. The design space (yellow) is 76 mm×76 mm×
0 mm and the fixed non-design region (green) is 76 mm × 76 mm ×
mm. The heat source is attached to the bottom surface of the heat
ink in an area of 56 mm×56 mm (grey). The power of the heat source
et to 15 W and is assumed to be uniformly distributed. The design was
one in two different directions of gravity: direction G1 corresponds
o a vertical wall installation; and G2 corresponds to a horizontal wall
nstallation.

. Additive manufacturing process

.1. Filament information

The material used in this study is called Ice9 Rigid Nylon and is
anufactured by TCpoly. The material is available in filament form
n diameters of 1.75 mm and 2.85 mm. The material is intended to
e used in material extrusion additive manufacturing. According to the
omposition stated by the manufacturer, the base plastic of the material
s PA12. The manufacturer does not provide more detailed information
n the composition of the material, such as ingredients that provide
etter thermal conductivity compared to pure polyamide plastic [37].
The manufacturer declares the thermal conductivity of the material

o be 4 W/(m K) in-layer and 1 W/(m K) cross-layer [38]. For com-
arison, the thermal conductivity of the pure PA12 plastic used as the
ase plastic of the material is about 0.3 W/(m K) [39]. The thermal
onductivity in the manufactured part is lower in the direction across
he layers than in directions within the layer. This affects the build di-
ection in which the heat sink is additively manufactured, such that the
eat is transferred away from the heat source as efficiently as possible.
t is ideal to orient the layers in directions that are perpendicular to the
eat source, rather than parallel to it.
Differences in the thermal conductivity of the printed parts are due

o the structure and properties of the material extrusion technology
uring the printing process. The filament is fed to the nozzle which
s heated to the melting point of the material. By the movement of the
ozzle or the printer bed, the molten material is extruded to form a ge-
metry as it cools. The method produces one layer at a time proceeding
n the height direction. A single layer consists of lines printed side by
ide. Ideally, both adjacent print lines within the same layer and in
djacent layers merge completely together. Ideally, the cross-section of
he print line is rectangular. However, in practice the corners of the
ectangle are rounded due to the properties of the material coming
rom the nozzle. This causes small air gaps in the structure between the
ayers and the print lines, which can clearly be seen in Fig. 3. However,
ir gaps formed during the print process can be affected by the print
ettings. By changing the print settings, the size of air gaps in the part
an be minimised which in turn has a positive effect on the final cooling
roperties of the part.

.2. Thermal conductivity testing

The study examines the thermal conductivity of Ice9 Rigid Nylon
aterial for two different printing directions. A thermal conductivity
esting apparatus meeting the ASTM C1044-98 standard [40] is pre-
ared. The thermal conductivity testing uses the one-sided guarded hot
late method with a single sample. The method is suitable for materials
ith poor to low thermal conductivity. Therefore, the guarded hot plate
ethod was chosen together with a reasonably simple implementation
s shown in Fig. 4.
For testing, specimens of dimensions 70 mm × 70 mm × 14 mm
nd 70 mm × 70 mm × 22 mm were additively-manufactured using the
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Fig. 2. Design parameters for topology-optimised heat sinks. The non-design region is the base plate of same size as for the reference heat sink and the design region is the same
size as the external dimensions of the reference heat sink fins. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
Fig. 3. Internal layer structure of additively-manufactured part made of Ice9 Rigid
Nylon material. Image is captured by scanning electron microscope (SEM) of a fracture
surface of a test specimen. The printing line width is 0.6 mm and layer height is
0.25 mm. Image by Mikpolis.

Ice9 Rigid Nylon material. As a reference, a polycarbonate sample
of dimensions 70 mm × 70 mm × 6 mm was prepared to ensure the
functionality and reproducibility of the test setup. Four samples of Ice9
Rigid Nylon were prepared in the two different thicknesses and in two
different printing directions to compare the effect of printing direction
on thermal conductivity. The thermal conductivity is calculated using:

𝑘𝑚𝑒𝑎𝑠 =
𝑡 𝑄

𝐴
(

𝑇ℎ − 𝑇𝑐
) (1)

where 𝑘𝑚𝑒𝑎𝑠 is the measured thermal conductivity of the sample, 𝑡 is
thickness of the sample, 𝑄 is heat flux through the specimen, 𝐴 is the
metered section area of the hot plate added by half of the area of air
gap between hot plate and guarded hot plate according to ASTM C177-
97 [41], 𝑇ℎ is temperature of the hot plate and 𝑇𝑐 is temperature of
he cold plate. Table 1 shows the thermal conductivity calculated from
he measurements, as well as the value reported by the manufacturer
nd found in the literature for the reference sample. Results for Ice9
igid Nylon material are calculated as average values of the calculated
hermal conductivity for the two test specimen thicknesses.
4

Table 1
Thermal conductivities of the test specimens with limit of error and thermal
conductivity reported in the literature [38,39].
Material Measured 𝑘 [W∕(m K)] Reported 𝑘 [W∕(m K)]

Ice9 rigid nylon (in-layer) 3.23 ± 0.23 4
Ice9 rigid nylon (cross-layer) 0.88 ± 0.04 1
Polycarbonate reference 0.24 ± 0.02 0.2

3.3. Printing parameters

The manufacture of the heat sinks was performed using a Mini-
factory Ultra 3D printer. The Minifactory Ultra used the FFF printing
technology, meaning that the material is in filament form. The advan-
tage of this device is the possibility of using high temperatures for the
nozzles, printing bed and for the printing chamber. The machine has
two print nozzles that can be heated to temperatures up to 470 ◦C. The
temperature of the heated glass build plate and the printing chamber
can be adjusted in a controlled manner up to 250 ◦C. A controlled
printing environment enables better and more consistent quality for the
printed parts [42]. Elevated temperatures allow the use of a very wide
range of materials including high-end plastics such as the PEEK, PEKK
and PEI plastic families [43]. As mentioned previously, the adhesion be-
tween the printing layers affects the heat transfer properties in addition
to the mechanical strength. The controlled printing environment offers
good adhesion between the printing layers, as well as largely prevent-
ing warping effects. Warping refers to the phenomenon in which the
specimen tends to pull itself off the printing bed during printing, as the
lower layers cool when progressing to the upper layers. As a result of
the cooling, the piece shrinks and tends to detach from the printer bed.
Lastly, the Minifactory Ultra also has a separate drying chamber for
the print material, which ensures that the print material is dry before
and during printing. This feature is useful when printing nylon-based
materials that are generally sensitive to ambient moisture [42].

The determination of print settings is crucial for the success of the
process. For thermally-conductive plastics, the print settings can affect
the thermal conductivity of the final specimen. It is important to try to
minimise air gaps in the part during printing. In practice, this means
adjusting the settings so that the air gaps inside the part are minimised
by the amount of material fed (flow), the width of the print lines (line
width) and the settings for filling and infill overlap. By adjusting these
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Fig. 4. Cross-section of thermal conductivity testing apparatus. The test specimen is 70 mm × 70 mm with variable thickness.
Table 2
Final printing parameter values determined by printing of test pieces.
Parameter Value

Nozzle diameter 0.5 mm
Nozzle temperature 295 ◦C
Bed temperature 60 ◦C
Chamber temperature 60 ◦C
Print speed 25 mm∕s
Flow 1.08
Line width 0.6 mm
Wall layers 1
Infill 100%
Infill overlap 30%

settings, it is possible to achieve the best possible structure with the
smallest air gaps inside the part.

The size of the nozzle must be large enough to ensure that any
material containing larger particles in the solid state during printing
can pass through the nozzle without the risk of clogging the nozzle. On
the other hand, when increasing the nozzle size, detail accuracy of the
printed part suffers. The manufacturer recommends a nozzle larger than
0.4 mm in diameter, so it was decided to use a 0.5 mm diameter nozzle.
rior to the actual printing of the heat sinks, the best possible settings
or the Ice9 Rigid Nylon material were obtained by experimenting with
ifferent test pieces and adjusting the parameters based on the results
ntil a sufficiently good result was obtained. The starting points for
he parameters were obtained from the data sheet provided by the
anufacturer [38]. For example, a nozzle temperature of 260− 290 ◦C,

a printing bed temperature of 80 − 100 ◦C and print speed of less than
30 mm∕s are recommended.

When printing the test pieces, the material was found to be challeng-
ing to print. Adhesion between the wall layers was poor due to the rapid
cooling of the material during printing. As it can be observed from the
SEM image in Fig. 3, there are a lot of air gaps between the wall layers
of the part. Therefore, it was decided to change the print settings for
the heat sink so that the pieces were printed with only one wall layer.
As a result, better contact was achieved between the internal filling
structure and the outer walls of the body from a heat transfer point of
view. The final printing parameters are summarised in Table 2.

3.4. Soluble support materials

The heat sinks designed using topology optimisation are challenging
to manufacture even using additive manufacturing. The complex details
and different cavity structures require the use of support structures
to ensure successful printing. Traditionally, FFF printers use the same
5

Fig. 5. Additively-manufactured topology-optimised heat sink with soluble support
material. Printing direction is in the positive z-direction. Photography by Mari Rasku.

material for the specimen and any support structures. If the same ma-
terial is used, problems arise in the removal of the support material for
various cavity structures and also in the vicinity of complex details, as
it may be challenging to separate the support from the actual specimen
with tools.

The Minifactory Ultra has two separate nozzles, where another
material can be used for the support structures than for the actual
part. In order to solve the issue of removing support structures, it
was decided to experiment with a water-soluble support material. After
printing, the water-soluble support material can simply be removed by
dissolving it in water. During the study, two different support materials
were tested for printing with the thermally-conductive plastic. The first
material was found to adhere poorly to the thermally-conductive ma-
terial, and as a result, the printed pieces failed continuously. However,
the second support material, which is PVA-based, was found to work
well after finding the correct printing parameters, and its adhesion and
dissolution worked well for the printed topology-optimised heat sinks.
Fig. 5 shows a topology-optimised heat sink with the soluble support
material. It can be seen that the support material is well formed and the
actual body of heat sink is of high quality despite the very challenging
structure.
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4. Topology optimisation process

4.1. Governing equations

The passive heat sinks are optimised using the steady-state incom-
pressible Navier–Stokes equations coupled to the convection–diffusion
equation through the Boussinesq approximation:

𝜌0𝑢𝑗
𝜕𝑢𝑖
𝜕𝑥𝑗

− 𝜇 𝜕
𝜕𝑥𝑗

(

𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗
𝜕𝑥𝑖

)

+
𝜕𝑝
𝜕𝑥𝑖

+𝛽0𝜌0(𝑇 − 𝑇0)𝑔𝑖 + 𝛼(𝒙) 𝑢𝑖 = 0 (2a)

𝜕𝑢𝑖
𝜕𝑥𝑖

= 0 (2b)

0𝑐𝑝𝑢𝑖
𝜕𝑇
𝜕𝑥𝑖

− 𝜕
𝜕𝑥𝑖

(

𝑘𝑖𝑗 (𝒙)
𝜕𝑇
𝜕𝑥𝑗

)

−𝑄(𝒙) = 0 (2c)

where 𝑢𝑖 is the 𝑖th component of the velocity, 𝑝 is the pressure, 𝑇 is the
temperature, 𝜌0 is the fluid density at the reference temperature 𝑇0, 𝜇
s the fluid viscosity, 𝛽0 is the fluid volumetric thermal expansion coef-
icient, 𝛼 is the Brinkman penalisation coefficient, 𝑐𝑝 is the specific heat
apacity, 𝒌 is the thermal conductivity tensor, 𝑄 is the volumetric heat
eneration, and 𝑔𝑖 is the 𝑖th component of the gravitational acceleration
ector 𝒈.
In order to use the governing equations for topology optimisation,

he following values are spatially-varying to model a solid domain, 𝛺𝑠,
mmersed in a fluid domain, 𝛺𝑓 . The Brinkman penalisation coefficient
s defined as:

(𝒙) =

{

0 if 𝒙 ∈ 𝛺𝑓

∞ if 𝒙 ∈ 𝛺𝑠
(3)

here an infinite value ensures that velocities are identically zero
nside the solid domains. The volumetric heat generation is defined as:

(𝒙) =

{

𝑄0 if 𝒙 ∈ 𝜔 ⊂ 𝛺𝑠

0 otherwise
(4)

here 𝜔 is a subset of the solid domain in which a heat generation is
mposed. The thermal conductivity tensor is defined as:

(𝒙) =

{

𝒌𝑓 if 𝒙 ∈ 𝛺𝑓

𝒌𝑠 if 𝒙 ∈ 𝛺𝑠
(5)

or the fluid, the thermal conductivity tensor is assumed to be isotropic:

𝑓 =
⎡

⎢

⎢

⎣

𝑘𝑓 0 0
0 𝑘𝑓 0
0 0 𝑘𝑓

⎤

⎥

⎥

⎦

(6)

or the solid layer-by-layer Ice9 Rigid Nylon material, the thermal
onductivity is assumed to be isotropic within the layer (in-layer il) but
ifferent across the layers (cross-layer cl), here shown as an example for
hen the layers are aligned with the 𝑥–𝑦 plane:

𝑠 =
⎡

⎢

⎢

⎣

𝑘𝑠𝑖𝑙 0 0
0 𝑘𝑠𝑖𝑙 0
0 0 𝑘𝑠𝑐𝑙

⎤

⎥

⎥

⎦

(7)

ny variations in the in-layer thermal conductivity due to filament
eposition paths are neglected.

.2. Topology optimisation formulation

In order to perform topology optimisation, the heat sink design
eeds to be parametrised. This is done by introducing a design field
hat represents the characteristic function of the solid domain:

(𝒙) =

{

0 if 𝑥 ∈ 𝛺𝑓 (8)
6

1 if 𝑥 ∈ 𝛺𝑠 e
erein a so-called ‘‘density-based’’ topology optimisation approach is
sed, where the design field is relaxed and described using a continuous
esign field 𝛾 (𝒙) ∈ [0; 1] where 0 represents fully fluid, 𝛺𝑓 , and 1
epresents fully solid, 𝛺𝑠. Using a continuous design field allows for the
se of gradient-based optimisation, which is very efficient for topology
ptimisation problems. However, it does introduce the possibility of
ntermediate design field values, which do not accurately representing
ither solid or fluid.
In order to represent an immersed solid geometry in a fluid domain,

he two spatially-varying material properties, Eqs. (3) and (5), are
oupled to the design field through interpolation functions:

𝛼(𝒙) = 𝛼max
1 − 𝛾 (𝒙)
1 + 𝑞𝛼𝛾 (𝒙)

(9a)

(𝒙) = 𝒌𝑓 +
(

𝒌𝑠 − 𝒌𝑓
) 𝛾 (𝒙)
1 + 𝑞𝑘 (1 − 𝛾 (𝒙))

(9b)

where 𝛼max is the upper limit1 of the Brinkman penalty coefficient, 𝑞𝛼 is
the penalisation factor for the Brinkman penalty coefficient, and 𝑞𝑘 is
the penalisation factor for the thermal conductivity. The penalisation
factors are necessary to push the optimiser towards clearly defined
solid–fluid designs.

4.3. Computational domain

Fig. 6 shows the computational domains for the vertical and hori-
zontal orientations. In order to reduce computational time, symmetry
is exploited: one half of the domain is simulated for the vertical orien-
tation (Fig. 6(a)); and one quarter of the domain is simulated for the
horizontal orientation (Fig. 6(b)). This explicitly enforces equivalent
symmetry of the optimised design. Colours are used to indicate the
different domains as follows: red = heat source; cyan = base plate;
dark green = design domain; grey = insulation wall; light blue = open
flow domain. The thermal energy input of 15 W is assumed evenly
distributed over the heat source (red) with dimensions 56 mm × 56 mm
× 15 mm yielding a volumetric heat source of 318.9 kW/m3. A sheet
of insulating material (grey) with the same conductivity as air, but
impermeable, is placed around the heat source to mimic the wall and
to ensure most of the heat is transferred through the heat sink. On top
of the heat source, the 7 mm base plate (cyan) is enforced as solid ma-
terial. On top of that, the design domain is placed according to Fig. 2.
The whole heat sink setup is then embedded in a computational domain
(light blue). For the vertical orientation in Fig. 6(a), the computational
domain is 250 mm tall (𝑦-direction), 200 mm wide (𝑥-direction) and
100 mm deep (𝑧-direction), which is then cut in half along the 𝑥-axis.
or the horizontal orientation in Fig. 6(b), the computational domain is
60 mm tall (𝑦-direction) and 200 mm wide (both 𝑥- and 𝑧-directions),
hich is then cut in half along the 𝑥- and 𝑧-axes.
For both orientations, the gravitational direction is set as the nega-

ive 𝑦-direction. The velocity components are set to zero inside the heat
ource (red) and insulation (grey) domains. The outer walls (except the
op surface where 𝑦 = 𝑦max) are all set to have a straight inflow in the
ormal direction with the ambient air temperature. The top surfaces
re set to have a straight outflow in the normal direction. The cut
urfaces have symmetry conditions imposed, which mean the normal
omponents of the velocity and the temperature gradient are set to zero.
The ambient air temperature is set to 20 ◦C and the properties of air

sed are listed in Table 3.

1 A non-infinite upper limit is necessary numerically. This value must be
arge enough to ensure insignificant velocities in the solid region, but small
nough to ensure numerical stability.
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Fig. 6. Computational domains for the two orientations. Colours denote the following: red = heat source; cyan = base plate; dark green = design domain; grey = insulation wall;
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Table 3
Material properties of air used for the topology optimisation process.
Material property Value

Gravitational acceleration, 𝑔 9.81 m∕s2
Thermal expansion, 𝛽 3.34 × 10−3 1/K
Kinematic viscosity, 𝜈 1.86 × 10−5 m2∕s
Mass density, 𝜌 1.2 kg∕m3

Specific heat capacity, 𝑐𝑝 1.0 × 103 J∕(kgK)
Thermal conductivity, 𝑘𝑓 2.6 × 10−2 W∕(mK)

4.4. Optimisation details

A previously-developed large-scale parallel computing framework
[34,44,45] is used to perform topology optimisation of the passive heat
inks on a high-performance computing (HPC) cluster. The topology
ptimisation process seeks to minimise the average temperature of the
eat source under a maximum constraint on the solid material usage.
he maximum volume is tuned to be approximately the same as the
eference design. The conjugate heat transfer simulation uses a regular
esh of 1 mm cubic trilinear equal-order stabilised finite elements with
lementwise constant design field. The Method of Moving Asymptotes
MMA) [46,47] is used to solve the optimisation problem. A reaction–
iffusion filter [48] is used with a constant filter radius of 2.4 mm and
constant projection strength of 8 [49], yielding a final approximate
inimum feature size of around 3 mm similar to the reference design.2
4-step continuation approach is taken to gradually change certain
arameters to avoid poor local minima and obtain well-defined design
ields:

max ∈
[

105, 105, 105, 106
]

(10a)

𝑞𝛼 ∈ [10, 10, 10, 100] (10b)

𝑞𝑘 ∈ [1, 10, 100, 1000] (10c)

2 The imposition of minimum length scale is not exact due to the use of
projection filter, but the filter has been tuned to provide approximately the
equired minimum feature size.
7

For further information on the chosen continuation approach, the
reader is referred to the previous work [34,45].

The simulations are performed on the Sophia cluster, where each
node is equipped with two AMD EPYC 7351 CPUs (32 cores total)
and 128 GB of RAM. For the vertical orientation (Fig. 6(a)), the
computational domain is discretised using 2,520,000 elements resulting
in 12,904,265 degrees-of-freedom and 72,200 design variables. The
optimisation process takes approximately 18–23 h using 10 nodes (320
cores). For the horizontal orientation (Fig. 6(b)), the computational
domain is discretised using 1,600,000 elements resulting in 8,211,805
degrees-of-freedom and 144,400 design variables. The optimisation
process takes approximately 12–18 h using 10 nodes (320 cores).

The results from the optimisation process is a voxel-based design
field, which must be converted to a surface-based geometry that can
be sliced for additive manufacturing. This is done using the Paraview
software [50], where an isovolume is extracted based on a threshold
of 𝛾 = 0.5, then triangulated and exported to an STL file. The STL files
are included as Supplementary Material to allow the reader to visually
inspect the complex three-dimensional geometries.

5. Final heat sinks

A total of seven different heat sink geometries were printed for final
experimental performance testing. Fig. 7 shows the reference heat sink
in the thermally-conductive plastic. The build direction is from bottom
to top (far to close) and each layer has the same shape. The layers are
oriented to be perpendicular to the base and the heat source, such that
the thermal conductivity is largest in the direction of the fins from base
to tip.

Fig. 8 shows the manufactured version of the 6 different topology-
ptimised designs. STL files are included as Supplementary Material,
aking it easier for the reader to investigate the intricate designs.
he first column (Figs. 8(a), 8(c) and 8(e)) are optimised for the
horizontal orientation, and the second column (Figs. 8(b), 8(d) and
8(f)) are optimised for the vertical orientation. It can clearly be seen
that the optimised designs for the two orientations are very different.
For the horizontal case, large wall-like fins are place around the outer
perimeter, with smaller pin-like fins placed in the centre. The wall-
like fins have holes along the bottom to allow fresh cold air into the
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Fig. 7. Reference heat sink 3D printed with Ice9 rigid nylon without any modifications
to original model.

centre of the heat sink. For the vertical case, a larger outer shell is
seen, resembling the frill of a triceratops. This acts as a shroud to pull
more cold air up through the heat sink to interact with the complicated
pin-like fins on the inside.

For the vertical orientation, the build direction is from bottom to top
in terms of height (in the positive 𝑦-direction of Fig. 6(a)). This makes it
such that the cross-layer direction is in the same direction as the natural
flow. This was chosen since the convective cooling will primarily be in
this direction and can compensate for the low cross-layer conductivity.
For the horizontal direction, the build direction is less sensitive due to
the symmetry, but has to be perpendicular to the base to ensure a high
in-layer thermal conductivity away from the heat source (in the 𝑥- or
𝑧-directions of Fig. 6(b)).

Figs. 8(a) and 8(b) show the printed geometries for the first
opology-optimised heat sinks, designed during the iterative process of
efining printing parameters and experimental and numerical setups.
he thermal conductivity is assumed to be isotropic and the value is
et to the in-layer value reported by the manufacturer, 4.0 W/(m K).
or these results, the optimisation process did not take into account
he 7 mm thick base plate described in Section 2.2. The base plate was
eplaced by an infinitely thin surface to which 15 W is applied.
Figs. 8(c) and 8(d) show printed geometries for the next iteration

of designs, where the 7 mm base plate has been enforced during
the optimisation process. The thermal conductivity is still assumed
isotropic, but using the measured value of 3.23 W/(m K). It can be seen
that the designs overall have the same geometries. The enforced base
plate appears to have concentrated more material around the external
boarders of the design domain, which makes sense since the base plate
helps to distribute the heat from the heat source to the entire face of
the base plate.

Figs. 8(e) and 8(f) show the printed geometries when the effective
material anisotropy is taken into account by the optimisation process.
The measured thermal conductivity is used, with 3.23 W/(m K) for
the in-layer direction and 0.88 W/(m K) for cross-layer direction. Once
again, overall the geometries are very similar to the others, but small
differences are seen. For instance, a second hole has appeared in the
shroud for the vertical design in Fig. 8(f).

6. Experimental testing

For testing the heat sinks, an experimental setup was constructed
to test the performance. Based on the results, the thermal resistance of
the heat sinks are calculated and used to compare their performance.
8

6.1. Equipment and setup

The heat sinks are attached to the heat source and the wall structure
as shown in Fig. 10. In addition to the elements shown, a 150 mm thick
polyurethane insulating plate (FinnFoam FF-PIR 150) was attached to
the back of the heat source. The insulating plate was 400 mm×400 mm
and the thermal conductivity was 0.022 W/(m K). This is to prevent
heat transfer to the environment from the back of the heat source. Due
to the large size of the insulation plate and its poor thermal conductiv-
ity, the insulation was assumed to be perfect and all thermal energy to
pass through the heat sink to be tested. In the experimental setup, the
heat source consists of power resistors mounted on an aluminium plate
and an additively-manufactured insulating housing solution. The heat
equalising aluminium plate was 56 mm×56 mm in size, corresponding
to the heat source specified in Fig. 2. The resistors are controlled by a
laboratory power supply and their power is determined by measuring
current and voltage separately with multimeters. A 200 μm thick heat
conductive graphite sheet is placed between the heat sink to be tested
and the heat source, to ensure good thermal contact between them.
The surface of the heat sink to be tested are sanded smooth with fine
sandpaper after printing to smooth out slightly uneven surfaces. The
heat source is attached to the heat sink and the wall structure with
four screws. To ensure consistent thermal contact, each of the four
screws were tightened to the same torque of 0.42 N m using an electric
screwdriver and the thermal interface material was replaced each time
a new heat sink was tested.

A K-type temperature sensor was mounted at the base of the heat
sink to measure the base temperature, 𝑇𝑏, as shown in Fig. 9. The
sensor was installed through a hole in the aluminium plate and was
trapped between the housing structure of the heat source and the
bottom plate of the heat sink with a flexible pad. There was a hole in
the thermal interface material for the sensor, so the sensor was in direct
contact with the heat sink. The ambient temperature was monitored by
a second temperature sensor. The experimental setup also included a
thermal camera and a computer to operate thermal camera and save
images.

The heat sinks are tested in two different installation directions, as
the starting point of the study is to design topology-optimised structures
for the cases of the two different installation directions. The test situa-
tion in the case of the vertical mounting direction is shown in Fig. 10.
For testing the horizontal mounting direction, the wall structure shown
in Fig. 10 is turned parallel to the table plane, supported by aluminium
profiles so that the insulating plate could also be fitted to the back of the
heat source in this situation. The reference heat sinks, i.e. the extruded
aluminium and additively-manufactured plastic straight-fin heat sinks,
are also tested in both installation directions in order to provide data
to compare the topology-optimised designs with in both cases.

6.2. Heat sink testing

The power of the heat source is kept at 15 W by adjusting the
voltage of the laboratory power supply based on the measured voltage
and current values. During the measurement, the base temperature of
the heat sink 𝑇𝑏 and the ambient temperature 𝑇𝑎 are monitored. The
measurements are continued until an equilibrium is reached, where the
temperature difference 𝑇𝑏−𝑇𝑎 no longer changes. The measured values
of the electric current, supplied voltage, and the temperature values of
the sensors, are recorded in the measurement report. Thermal camera
images are also recorded from the situation for later review. Fig. 11
is a thermal camera image of the Vert_Iso_Rep heat sink during testing.
The figure shows the heat sink surface temperature and the effect of
the natural convective plume on the back wall.

6.3. Test results

After testing the heat sinks, the thermal resistance of each heat sink
is calculated based on the measured values. The calculation of the
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Fig. 8. Topology-optimised heat sinks optimised under various assumptions: (a,b) isotropic thermal conductivity using the in-layer value reported by the manufacturer [38] and
ithout a specified base plate; (c,d) isotropic thermal conductivity using the in-layer measured value (Table 1) and with a specified base plate; (e,f) anisotropic thermal conductivity
sing the measured values (Table 1) and with a specified base plate. The naming scheme defines first the orientation, then material behaviour, then source of values. STL files
re included as Supplementary Material. Photography by Mari Rasku.
Fig. 9. Detailed cross-sectional view of the installation of a K-type temperature sensor
o measure the base temperature of the heat sink.
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thermal resistance is carried out according to:

𝑅th = 𝛥𝑇
𝑄

=
𝑇𝑏 − 𝑇𝑎
𝑈 ⋅ 𝐼

(11)

where 𝑇𝑏 is the base temperature of the heat sink, 𝑇𝑎 is the ambient
temperature, 𝑈 is voltage of the heat source and 𝐼 is current of the
heat source. The values in the measurement report used to calculate
the thermal resistances are given in Appendix A. The calculation of the
measurement error for thermal resistance is carried out using partial
derivatives:

𝛥𝑅th ≤
|

|

|

|

𝜕𝑅th
𝜕𝑇𝑏

𝛥𝑇𝑏
|

|

|

|

+
|

|

|

|

𝜕𝑅th
𝜕𝑇𝑎
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|
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(12)

where 𝛥𝑇𝑏 is the measurement error of base temperature of the heat

sink, 𝛥𝑇𝑎 is the measurement error of ambient temperature, 𝛥𝑈 is
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Fig. 10. Test arrangement for vertical installation direction. Heat sink to be tested was attached to heat source and wall structure. The horizontal mounting direction was measured
with the same equipment by turning the plate horizontally.
Fig. 11. Thermal camera image of the Vert_Iso_Rep heat sink.
Table 4
Heat sink thermal resistance, improvement in percent, volume and surface area for the
vertical mounting direction at 𝑄 = 15 W.
Heat sink Resistance

[K/W]
Improvement
[%]

Volume
[cm3]

Surface area
[cm2]

Reference - aluminium 1.84 ± 0.05 – 118.6 690.8
Reference - Ice9 4.56 ± 0.05 – 118.6 690.8
Vert_Iso_Rep 4.32 ± 0.05 5.3 128.1 359.0
Vert_Iso_Meas 4.17 ± 0.05 8.6 109.3 346.5
Vert_Aniso_Meas 4.10 ± 0.05 10.1 109.1 359.3

measurement error of voltage of the heat source and 𝛥𝐼 is measurement
error of current of the heat source.

The calculated thermal resistances are shown in Table 4 for the
ertical mounting direction and Table 5 for the horizontal mounting
irection. The tables also present the thermal resistance improvement
f each optimised heat sink compared to the reference plastic heat
10
Table 5
Heat sink thermal resistance, improvement in percent, volume and surface area for the
horizontal mounting direction at 𝑄 = 15 W.
Heat sink Resistance

[K/W]
Improvement
[%]

Volume
[cm3]

Surface area
[cm2]

Reference - aluminium 1.91 ± 0.05 – 118.6 690.8
Reference - Ice9 4.88 ± 0.06 – 118.6 690.8
Horiz_Iso_Rep 4.13 ± 0.05 15.4 128.0 394.6
Horiz_Iso_Meas 3.90 ± 0.05 20.1 108.8 409.6
Horiz_Aniso_Meas 3.95 ± 0.05 19.7 108.5 395.8

sink test result, as well as the volume and surface area of each design
computed from the STL files used for manufacture.

From Table 4, it can be seen that topology-optimised heat sinks
achieve a 5 − 10% improvement compared to the reference design in
the vertical mounting direction. The order of performance for the heat

sinks meets expectations. The first model, Vert_Iso_Rep, in which the
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base plate is not taken into account, offers a 5.3% improvement. The
improvement increases to 8.6% for the second model, Vert_Iso_Meas,
where the base plate is taken into account and the measured in-layer
thermal conductivity is used. This makes sense since the optimisation
is based on a better representation of the experimental setup. The
best performance of all is provided by the last design, Vert_Aniso_Meas,
which is optimised based on the anisotropic nature of the thermal con-
ductivity due to the manufacturing technology. A better representation
of the physical system again leads to better performance.

For the horizontal mounting direction, Table 5 shows that topology-
optimised heat sinks achieve a 15− 20% improvement compared to the
reference design. The order of performance is not quite as expected.
The second model, Horiz_Iso_Meas, uses a more accurate model and
therefore the optimised design performs better than the first model,
Horiz_Iso_Rep. However, the design optimised taking the anisotropic
thermal conductivity into account, Horiz_Aniso_Meas, performs slightly
worse that the one that assumes an isotropic conductivity, Horiz_Iso_
Meas. As will be discussed in Section 7, the most likely cause of this
anomaly is deformation of the heat sink base observed during the
measurement.

The observed performance improvements should be seen in the
light of the substantially lower surface area exhibited by all topology-
optimised designs and a comparable material volume, as listed in
Tables 4 and 5. The initial designs, Vert_Iso_Rep and Horiz_Iso_Rep, were
optimised with a larger maximum volume constraint which was not
yet tuned to the final reference design, and thus their final volume
is slightly larger than the reference. The subsequent designs were
optimised using a maximum volume constraint tuned to the reference
design, but the final design volumes are slightly lower due to numerical
reasons.3 The surface areas are seen to be as far as 41 − 48% lower
than the reference heat sink, yet they perform 5 − 20% better in terms
of thermal resistance. This clearly shows that cooling performance of
passive heat sinks are not merely driven by maximisation of surface
area. The correct placement of the surface area and the conducting
geometry is significantly more important. This is perfectly in line with
previous observations [25,34].

. Discussion

Significant effort has been put into ensuring that the effect of the
rinting process, in the comparison of the heat sinks, has been kept
o a minimum. The print settings were tuned using initial tests and
ther geometries, to ensure the best possible printing of the heat sinks.
ubsequently the same settings and a consistently controlled printing
nvironment was used. However, the print setting may not be optimal
n terms of cooling properties. This could be further improved based on
suitable thermal conductivity test as a basis for further research.
Based on the experimental measurements, topology-optimised heat

inks achieve a 5−10% improvement in the thermal resistance for
he vertical installation direction and a 15−20% improvement for
he horizontal direction. The performance improvement is less in the
ertical installation direction, mainly because the reference straight-fin
erforms very well with the fins oriented in the direction of gravity.
During testing, the base plate of the Horiz_Aniso_Meas heat sink was

bserved to significantly distort as shown in Fig. 12. The base plate
appeared planar after manufacture and before testing began. As a result
of the distortion, an air gap was formed between the contact surface of
the heat source and the heat sink despite the conductive graphite sheet
installed between the surfaces. It is clear that this had a degrading effect
on its cooling properties, clearly observed in a slightly higher thermal
resistance than expected. That heat sink was reprinted to determine

3 Due to the filtering procedure that is used to impose a minimum feature
ize, an intermediate region around the solid–fluid interface is present and
auses minor deviations of the final volume for surface extracted designs.
11
Fig. 12. Base plate of the Horiz_Aniso_Meas heat sink. Distortion of the bottom flat
surface is noticeable when compared to a straight metal plate.

whether the phenomenon was a random occurrence. The reprinted
model experienced exactly the same phenomenon. Based on this and
the fact that it was not observed for any of the other prints, it is believe
that the large distortion must be due to the structure of the heat sink,
rather than an error in the printing process. Thermal stresses during
heating of the heat sink could be causing the heat sink to bend and lose
contact. Further investigation into the cause of this phenomenon is left
as future research. Once the phenomenon is understood, the distortion
of the heat sink could potentially be minimised by taking into account
the thermal stresses in the topology optimisation process in the future.

The performance of the thermally-conductive Ice9 Rigid Nylon fila-
ment can be compared to aluminium, which is commonly used in heat
sinks, by comparing the thermal resistance of the reference heat sinks
made of both materials. Based on the measurements in the vertical
direction, the thermal resistances were determined to be 1.84 K∕W
and 4.56 K∕W. This means in theory that the aluminium heat sink
is capable of transferring 148% more thermal power at the same
temperature. In the horizontal direction, the corresponding thermal
resistance values are 1.91 K∕W and 4.88 K∕W, yielding an improvement
of 155%. It should be noted that the performance of materials cannot be
directly compared by thermal conductivity or even on the basis of the
measurements made on individual geometries. The difference between
the materials depends entirely on the application and the geometry of
the heat sink.

8. Conclusions

It can be concluded that topology optimisation can achieve im-
proved performance of passive heat sinks produced using material
extrusion of a thermally-conductive plastic filament. The best designs
obtain a 10% and 20% lower thermal resistance compared to the ref-
erence straight-fin heat sink in the vertical and horizontal installation
direction, respectively. This is achieved using measured thermal con-
ductivity values under isotropic and anisotropic assumptions. For the
vertical direction, the best performance is obtained with an anisotropic
thermal conductivity model. However, for the horizontal direction,
the design optimised using anisotropic properties exhibited significant
distortion of the base plate. The distortion causes an air gap between
the heat sink base plate and the heat source, which impairs heat
transfer.

It can also be concluded that topology-optimised passive heat sinks
can be additively manufactured using a fully controlled material ex-
trusion printing environment. The chosen printing parameters gives
good results, but can potentially be improved further with specifically

thermal performance in mind.
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Table A.6
Measurement report for the measurements used in this paper.
Specimen Voltage Current Power Base temp. Ambient temp. Temp. diff.

𝑈 [V] 𝐼 [A] 𝑄 [W] 𝑇𝑏 [◦C] 𝑇𝑎 [◦C] 𝛥𝑇 [◦C]

Reference aluminium (vertical) 16.61 0.918 15.25 48.5 20.5 28.0
Reference aluminium (horizontal) 16.61 0.918 15.25 49.6 20.5 29.1
Reference plastic (vertical) 16.41 0.919 15.08 93.8 25.0 68.8
Reference plastic (horizontal) 16.37 0.912 14.93 98.4 25.5 72.9
Vert_Iso_Rep 16.59 0.918 15.23 87.0 21.2 65.8
Horiz_Iso_Rep 16.63 0.915 15.22 85.6 22.8 62.8
Vert_Iso_Meas 16.61 0.912 15.15 83.5 20.4 63.1
Horiz_Iso_Meas 16.63 0.912 15.17 79.9 20.8 59.1
Vert_Aniso_Meas 16.60 0.916 15.21 83.1 20.7 62.4
Horiz_Aniso_Meas 16.62 0.917 15.21 83.4 23.4 60.0
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Appendix A. Measurement report

Table A.6 shows the measurement report for the experimental val-
ues used in this paper. Furthermore, the following is an example of
error calculation for ‘‘Reference aluminium (horizontal)’’:

𝛥𝑅th ≤ |0.07 × 0.35| + |−0.07 × 0.35| + |−0.1 × 0.0002| + |−2.0 × 0.0012|

≤ 0.048 ≈ 0.05 (A.1)

Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.addma.2022.103123. The supplementary
material consists of STL geometry files for the optimised geometries
shown in the manuscript.
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