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Hwanju Lim, and Wonjoon Choi*

School of Mechanical Engineering, Korea University, 145 Anam-Ro, Seongbuk-Gu, Seoul, Republic
of Korea

Abstract

The continuing miniaturization and increasing power density of electronic and
optoelectronic devices have made compact, lightweight, reliable heat dissipation
challenging, particularly for boards with many discrete hotspots. Conventional finned
heat sinks reject heat in an isotropic, undirected manner; therefore, much of the fin
volume far from the active sources contributes little to convection but adds mass and
occupiesspace. In this work, we embedded a thermal-shield metastructure into the fin
field to convert a conventional sink into a heat-flux-routing device that concentrated
conductive heat flow into prescribed regions, so fins were installed only where they
are useful. Building on transformation-thermotics-inspired unit-cell thermal shifters
formed by alternating high- and low-conductivity layers, we used the thermal-shield
concept to prescribe a heat-routing fin layout, i.e., a metastructured (“meta-fin”) sink
whose fins populate only the shield-defined region of a multi-hotspot module. Using
transient three-dimensional finite-element heat-transfer simulations with prescribed
convective boundary conditions, we compared it with pin- and plate-fin baseline
sinks matched in surface area or volume and weight. The simulations showed that
the meta-fin increased the surface-utilization efficiency by >10% relative to the full-
footprint pin- and plate-fin baselines and exhibited 15%-25% higher transient heat
rejection across the comparison set, while reducing material volume and mass by
~45% relative to the full-footprint baselines. Thus, its mass-normalized transient heat
rejection was ~2x that of a conventional sink. It additionally enabled control of the
on-chip temperature landscape, producing a diagonal temperature contrast more
than 2.5x that of the conventional full-footprint designs. These improvements arise
from redesigning the fin layout rather than introducing new functional materials.
Moreover, rapid advances in additive manufacturing and 3D printing provide practical
fabrication routes for such unconventional heat-sink form factors, supporting the
future demonstration, refinement, and deployment of metastructure-based thermal
management.

Keywords: Thermal metamaterial; Thermal shield; Heat-flux control; Heat sink; Multi-
hotspot electronics cooling; Lightweight thermal management; Additive manufacturing;
3D printing

Volume 2 Issue 3 (2026)

1 doi: 10.36922/ESAM026300014


https://doi.org/10.36922/ESAM026300014
mailto:wojchoi@korea.ac.kr
https://doi.org/10.36922/ESAM026300014
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Engineering Science in
Additive Manufacturing

Heat-flux-routing meta-fin heat sinks

1. Introduction

Thermal management has become a principal constraint
on the performance, reliability, and lifetime of modern
electronic and optoelectronic systems. As devices continue
to shrink while their power density increases, the heat
generated per unit area has climbed steeply. Additionally,
the limited internal volume available for heat to escape
makes localized overheating increasingly difficult to
avoid."” Elevated junction temperatures degrade electrical
performance and accelerate failure mechanisms; further,
because the coefficients of thermal expansion (CTE) of
adjacent materials differ, these high junction temperatures
generate thermo-mechanical stresses that threaten long-
term durability.>* These problems are most acute on
contemporary circuit boards that carry multiple discrete
heat sources, such as light-emitting-diode (LED) arrays,
power electronic modules, and 2.5D/three-dimensional
(3D)-integrated packages, where neighboring components
interact thermally and produce strongly non-uniform
temperature fields."*

Finned heat sinks remain the most widely used
hardware for dissipating this heat owing to their structural
simplicity, low cost, and reliable, maintenance-free
operation.>® By extending the surface area available for
convection, fins—most commonly in the form of pins
or plates—transfer heat conducted through the base into
the surrounding air. A large body of work has sought
to push this classical concept further by geometrically
optimizing the fin shape, spacing, and arrangement’;
micro/mini-channel and jet-impingement cooling"?
and composites containing a phase change material and
metal foam.® More recently, topology optimization has
been combined with additive manufacturing, which can
roughly double the thermohydraulic conductance of a
sink relative to that of conventional rectangular fins.”®
Indeed, additive manufacturing (3D printing) has emerged
as a transformative platform for thermal-management
hardware in general, offering a geometric design freedom
that conventional subtractive fabrication cannot match.>*
Building on this freedom, additive manufacturing has
enabled lattice and triply periodic minimal-surface heat
sinks", topology-optimized microchannel and conjugate
designs'>?, machine-learning- and surrogate-based
design accelerators'*", and natural-convection heat sinks
for immersion cooling.'* Nonetheless, liquid cold plates
and minichannel sinks remain the workhorses for high-
flux electronics.'”** Despite this progress, sufficiently
dissipating heat within tight volume and weight budgets
remains a central bottleneck for compact electronics.>

Conventional optimization of fin shape, spacing, and
arrangement generally improves heat-transfer area and

convective performance while retaining an isotropically
conducting base. More advanced approaches, including
heat-path optimization and topology optimization,
can intentionally redistribute conductive material and
geometrical features to reduce thermal resistance or peak
temperature, while high-conductivity spreaders such as
engineered graphite architectures promote rapid lateral
redistribution of heat. These strategies are highly effective,
but their underlying design philosophy differs from that
adopted here. In optimization-based approaches, the
heat-flow pathway generally emerges as a consequence
of minimizing a prescribed objective function, whereas
high-conductivity spreading primarily seeks to reduce
resistance and homogenize the temperature field. By
contrast, the thermal-metastructure approach begins
with a prescribed heat-flux function: regions through
which heat should preferentially flow, as well as regions
from which heat should be diverted, are defined in
advance through anisotropic heat-flux steering. In the
present heat-sink implementation, this prescribed field
is translated into a routed fin layout so that convective
surface is placed preferentially along the thermally active
region. This distinction is particularly relevant to multi-
hotspot electronics, where maximizing heat spreading
alone may not be sufficient because thermal crosstalk and
temperature-sensitive neighboring components must also
be considered.

Thermal metamaterials provide exactly this capability.
Following the introduction of transformation thermotics
and the demonstration of shaped graded media with
an apparently negative thermal conductivity’, and
inspired by earlier successes in transformation optics
and acoustics®*, artificial thermal structures have been
engineered to steer conductive heat flux at will, realizing
cloaks, concentrators, rotators, and camouflage devices
with no natural analog.?** The field has matured rapidly
since then: comprehensive frameworks and roadmaps
have now advanced it from static cloaks, concentrators,
and rotators®” to dynamic, reconfigurable, and
convective devices®™, spanning analytically designed
complex metadevices”, the manipulation of coupled
mass and energy diffusion®, non-Fourier wave-like heat
transport®?*, convective thermal cloaks for moving
media®**, and fully 3D heat-routing architectures.’”*
Further, data-driven and machine-learning methods have
begun to automate the inverse design of such structures.”
Crucially, for engineering purposes, this body of work has
shown that heat can be guided along deterministic paths
rather than being allowed to diffuse uniformly.**

However, translating these ideas into practical
thermal hardware has been hindered by fabrication; ideal
transformation-based media require continuously graded,
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often singular, anisotropic properties that are difficult to
manufacture.* Encouragingly, rapid advances in additive
manufacturing—particularly metal and multi-material
3D printing—are steadily closing this fabrication gap;
indeed, architectures that pair a single printable metal with
engineered air gaps, such as those considered here, are
directly compatible with established additive processes.**
A productive alternative is to discretize the required heat-
flux field into assemblies of simple, easy-to-manufacture
unit cells, so-called “thermal shifters” built from two
alternating media of contrasting conductivity, whose layer
orientation bends heat flux on demand.** Our group
previously showed that the programmed reassembly of
such unit cells can realize shield, concentrator, diffuser, and
rotator functions on a single platform.* Reviews of thermal
metamaterials for electronic packaging have since argued
that precisely this type of deterministic heat guidance
could mitigate crosstalk and protect temperature-sensitive
components in high-density packages.* However, the use
of this previously established thermal-shield concept as a
design rule for selectively placing heat-sink fins, and the
resulting thermal and mass benefits relative to conventional
fin layouts, have not been quantitatively examined.

Here, we report a metastructured heat sink that
embeds the thermal-shield function directly into its
fin layout, thereby converting a conventional finned
sink into a compact heat-flux-routing device for multi-
hotspot electronics. Building on the previously established
thermal-shifter and thermal-shield framework, the present
study translates the shield-derived heat-routing pattern
into a practical design rule for heat-sink fin placement
in a multi-hotspot system. Specifically, we laid out the
fins of a heat sink for a 17-element multi-hotspot module
such that they populate only the region into which the
conductive heat flux is routed, leaving the remainder of
the base unfinned. Importantly, the heat-transfer model
represents the metastructure through its macroscopic
design consequence—the routed fin layout—rather than
by resolving the sub-cell layered anisotropy as a graded
conductivity tensor. The shield analyses in sections 2.1 and
2.2 serve to justify the fin placement. Using transient 3D
finite-element heat-transfer simulations with prescribed
convective boundary conditions, we compared this meta-
fin sink with conventional pin- and plate-fin baseline sinks
under two controlled comparisons: one matching the
surface area (the baseline sinks labeled with the suffix “_
all”) and one matching the volume and weight (the baseline
sinks labeled with the suffix “_center”); thereby, isolating
the role of the fin layout from trivial geometric effects.
We showed that the meta-fin essentially utilized its entire
fin surface for convection, raising the surface-utilization
efficiency by more than 10% and transient heat rejection

by 15%-25%, while being approximately 45% smaller
and lighter, roughly doubling the heat rejected per unit
mass. Because this gain is achieved by redesigning the fin
layout rather than introducing new functional materials,
the proposed geometry can be realized using metal
additive manufacturing or precision computer numerical
control (CNC) machining, both of which are suitable for
producing non-standard fin and void patterns. Thus, it
offers a practical route toward lightweight, crosstalk-aware
heat sinks for multi-hotspot electronics.

2. Concept and theoretical framework

2.1. Governing equations and the transformation-
thermotics background

The behavior of each configuration in this study is governed
by the heat-diffusion equation. In a solid of density p,
specific heat ¢, temperature gradient VT, and thermal-
conductivity tensor k, conservation of energy gives:

pe, oT/ot =V-(x-VT) + 4, (1)

where g is the volumetric heat-generation rate, and the
conductive heat flux obeys the anisotropic Fourier law:

q:—K-VT_ (2)

In an ordinary isotropic material, k = k - I, where k is
the scalar thermal conductivity, and I is the identity tensor.
Heat then diffuses down the local temperature gradient
and spreads outward from the source without prescribed
directional control. This is the behavior of a conventional
heat sink. The central premise of transformation thermotics
is that this isotropic diffusion can be intentionally reshaped
by spatially tailoring k. Formally, if a reference temperature
field is deformed by a coordinate transformation with the
Jacobian matrix J, the steady diffusion equation retains its
form, provided that the conductivity is mapped according
to:

k' =(J ]/ det()). (3)

To prescriptivelyreshapetheheat-fluxlines (e.g.,bending
them around a region to shield it), the conductivity x" must
generally be continuously graded, strongly anisotropic,
and sometimes singular, which is difficult to directly
manufacture.’”?** The practical solution adopted in this
study follows the unit-cell-shifter approach**; specifically,
the required anisotropy is approximated piecewise with
a small set of simple, layered, two-material cells, each
supplying a locally uniform but strongly anisotropic
conductivity. The following subsection summarizes the
relevant anisotropic heat-transfer relations and shows how
the resulting shield pattern is used to define the fin layout
in the present study.
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2.2. Heat-flux routing with layered thermal-shield
unit cells

The thermal-shield architecture used as the design
basis in this study follows the previously established
layered unit-cell approach and is composed of metal-air
thermal-shifter cells, as illustrated in Figure 1. Each cell
is a periodic stack of alternating thin layers of a high-
conductivity metal (aluminum in the present heat-sink
design; the earlier shield prototype shown in Figure 1a was
fabricated in copper) and low-conductivity air gaps with
thicknesses dh and dl, respectively, arranged at 45° from the
cell edges.” Treating the stack using the effective-medium
(homogenization) theory, the heat flowing parallel to the
layers experiences the two media as thermal resistances in
parallel, whereas the heat flowing across them faces their
resistances in series. Therefore, the limiting conductivity in
parallel is the volume-weighted arithmetic mean:

k =(k,d +kd)/(d +4d), (4)
whereas across the layers in series, it is the harmonic mean:
k =(d +d)/(d/k +d/k), (5)

where k. and k (d, and d) are the conductivities
(thicknesses) of the high- and low-conductivity layers,
respectively. These are the principal values of a diagonal
conductivity tensor k_, = diag(k, k ) expressed in the
layer-aligned frame. When the cell is rotated by an angle 0
(here 0 = 45°) relative to the heat-sink axes, the laboratory-
frame tensor x, = R(0) R(6)T acquires off-diagonal
components:

k =k, cos’0 +k  sin’, kxy = (k, — k) sinf cost. (6)

1

The off-diagonal term, k , specifically tilts the heat-flux
vector away from the temperature gradient in Equation
2, deflecting the heat that enters the cell toward the high-
conductivity layer rather than allowing it to flow straight
down the gradient. The magnitude of this deflection is
governed by the anisotropy ratio:

x=k Ik, (7)

which determines the strength of the heat-flux
steering. Accordingly, the heat-routing strength depends
on both the thermal-conductivity contrast between the
constituent materials and their relative layer dimensions.
The aluminum-air configuration adopted here provides a
very large directional conductivity contrast and therefore
represents a strong heat-routing condition suitable for
demonstrating the present design concept. The unit-cell
material combination and dimensions were selected as a
representative configuration rather than independently

optimized in this study. For the aluminum-air pairing and
45° geometry used in this study, evaluating the directional
heat transfer through a single cell yields a ratio on the
order of 10° between the easy and difficult directions, so
that the heat injected at a certain point is funneled almost
entirely along the high-conductivity direction. In this
large-x limit, the low-conductivity air gaps behave as near-
adiabatic walls, forming a closed loop of cells that act as
an effective thermal barrier enclosing the shielded region.
Simultaneously, corridors are left between the barriers
acting as preferential conduction paths that deliver heat
to the locations chosen for the fins. By tiling cells of
appropriate orientation around the source array, the heat
flux can be wrapped around a chosen region and thermally
isolated from its surroundings, i.e., the “thermal shield”
function.” Figure 1c shows the simulated results for a fin-
free shield; heat from the multi-source array is confined to
adiamond-shaped region within the plus-shaped envelope,
leaving the surrounding base near ambient temperature.
In the large-anisotropy regime (on the order of 10%)
considered here, the unit-cell orientations predominantly
determine the macroscopic spatial envelope of preferential
and suppressed heat flow, as demonstrated by the shield
pattern in Figure 1lc. The shield analysis is therefore used
to determine the thermally active region in which the fins
should be placed. The heat-sink simulations in sections 3
and 4 then model this macroscopic design consequence
with conventional aluminum fins rather than re-resolving
the layered anisotropy of each unit cell. This reduced-order
representation preserves the dominant routing feature
relevant to the present objective, such as the location and
geometry of the heat-carrying fin region, while enabling
a direct comparison of the resulting fin layout with
conventional heat sinks.

2.3. Surface-utilization efficiency and its relation to
fin theory

To compare the designs on a physically meaningful basis,
we define the efficiency that measures the degree to
which a heat sink uses its own surface for convection. The
convective power rejected by a surface element of area A at
the surface temperature T is:

Q=hA(T -T,), (8)

air

where h is the convective heat-transfer coefficient, and T’
is the ambient temperature. A given surface can dissipate
the maximum amount of heat when every point on the
surface sits at the junction (maximum) temperature T .
Therefore, we define the surface utilization efficiency as the
ratio of actual dissipation to ideal dissipation:

n=[f,[TCy) - T, 1dAJ[A (T, — T )

max air
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Figure 1. Thermal-shield concept. (a) Photograph of a fabricated fin-free thermal shield prototype (copper with air slots); (b) geometry of the 45° metal-air
unit cell of the thermal shifter; (c) simulated temperature field showing heat from the multi-source array confined to a diamond-shaped region within the
plus-shaped envelope, leaving the surroundings near ambient. This shield pattern defines where fins are placed in the meta-fin design.

where T(x,y) is the local surface temperature, and A,
is the total heat-sink surface area. By construction, ) is
dimensionless and bounded by unity. Specifically, n > 1
when the whole surface is isothermal at T__, i.e., when
no fin area is “wasted” near ambient temperature. A sink
that spreads heat into cold, distant fins has a low 1 even
when its absolute surface area is large. Thus, improving n) is
precisely the role of the thermal shield.

Notably, # differs from the classical fin efficiency n, =
tanh(m-L)/(m-L), which measures how closely a single
fin approaches operation entirely at its base temperature.
As shown in section 2.4, the fins in this study are so short
and conductive that n, = 1 individually; the quantity that
actually differs between the designs is therefore not the
efficiency of each fin but whether heat is delivered to the
fins at all. The surface-utilization efficiency n captures
this system-level effect, folding the spatial temperature
distribution into a single number. Another useful property
follows from the linearity of Equations 1 and 2: when k, A,
and the geometry are fixed, and the boundary conditions
are homogeneous in the temperature rise 6 = T — T, the
field at any fixed time scales linearly with the source power,
0 o 4. The numerator and denominator of Equation 9
then scale identically, so 1 is independent of the source
intensity, which is exactly the load-independence that will
be observed in section 4.2.

2.4. Dimensionless parameters and the transient
energy balance

Three dimensionless groups clarify why the designs differ
and justify the modeling parameters chosen in section 3.
First, the Biot number based on a fin half-thickness, Bi
= h(t/2)/k, is on the order of 10~ for the aluminum fins

considered here (h = 10 W m2 K™}, t = 2-6 mm, k = 238
W m™ K™'). Such a small Biot number means that each fin
is essentially isothermal across its cross-section. Further,
internal conduction is far faster than surface convection,
so the fins are not internally conduction-limited. Second,
the fin parameter m-L, with m = \/(hP/kAC) and the fin
height L = 10 mm, is likewise small (m-L = 0.05), giving
a single-fin efficiency n, = tanh(m-L)/(m-L) = 0.999.
Individually, every fin in each design is almost perfectly
efficient. Therefore, the performance differences discussed
below cannot originate in the fins themselves; they must
originate in the conduction path that delivers heat from
the concentrated sources to the fin field, that is, in the
base-spreading resistance, which is exactly what the routed
metastructure is designed to reduce.

Third, the transient response is characterized by a
thermal time scale T ~ (pcp V)/(hA), representing the ratio of
the heat capacity of the sink to its convective conductance.
Based on the material mass and total convecting surface
area of each configuration, the characteristic times are
approximately 361, 357, 196, 309, and 297 s for pin fin_all,
plate fin_all, meta-fin, pin fin_center, and plate fin_center,
respectively. During the transient response, the supplied
energy is partitioned between convection and sensible
storage according to the instantaneous energy balance:

Q,=Q,,, +dE/dt=hA(T ~T,) +pc V(dT /dt), (10)

where T~ denotes an appropriately averaged temperature.
Two designs that receive the same input but differ in
mass therefore reject different amounts of heat at the
same instant: the lighter sink, having the smaller storage
term pc V(dT /dt), diverts a larger share of the input
to convection. This is the physical origin of the mass
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dependence that will be discussed in section 4.3, and it is
why a transient framework is necessary: at steady state (¢
> 1), the storage term vanishes, and every design rejects its
full input, eliminating the distinction. The metastructured
sink simultaneously benefits both terms in Equation 10:
it carries less mass, thus shrinking the storage term, and it
delivers heat to a fully utilized, uniformly hot fin surface,
thus enlarging the convective term.

2.5. Heat-sink configurations

Figure 2 shows the five configurations compared in this
study. Two are conventional baseline sinks built on a plain
base with fins covering the entire footprint: a pin-fin sink
(pin fin_all, Figure 2a) and a plate-fin sink (plate fin_all,
Figure 2b), which are the most common layouts in industry
and are most frequently used as controls. The third is the
metastructured sink (meta-fin, Figure 2c), whose fins
populate only the diamond-shaped region into which
the thermal shield in Figure 1 routes the heat, and the
remaining base is left unfinned. To distinguish the effect
of the shield-derived routing pattern from the simpler
effects of concentrating fins near the heat-source region
and reducing material mass, we introduced two additional
mechanistic control sinks—pin fin_center (Figure 2d)
and plate fin_center (Figure 2e). In these configurations,
conventional isotropic pin or plate fins are placed within

a fin-bearing region comparable to that of the meta-fin,
while the surrounding base is perforated to match the
material volume and mass of the meta-fin. These controls
therefore represent a null hypothesis in which a similar
amount of conventional fin material is concentrated near
the sources without the shield-derived routing layout. The
17 heat sources are arranged in the plus-shaped pattern in
Figure 2f, which is representative of the lattice-like source
distributions found on LED and power electronic modules.

Because convective dissipation scales with the surface
area whereas the thermal-storage behavior scales with
mass, a fair comparison must control for both. We
therefore tuned the fin pitch and thickness so that the two
full-footprint baseline sinks and the meta-fin had nearly
equal surface areas (Table 1) and independently tuned the
perforation of the two center baseline sinks so that their
volume and weight matched those of the meta-fin (Table
2). As summarized in Table 1, the surface areas of pin fin_
all, plate fin_all, and meta-fin agree within ~2%. Moreover,
as summarized in Table 2, the volumes and weights of the
_center baseline sinks lie within ~1% of those of the meta-
fin. Together, these two complementary control sets reduce
the dominant surface-area and mass differences and allow
the effect of the shield-derived layout to be assessed against
conventional geometries under approximately matched
conditions.

Table 1. Footprint, fin geometry, and total surface area of the surface-area-matched configurations (pin fin_all, plate fin_all, and

meta-fin)
Model Footprint (mm x mm) Fin pitch, s (mm) Fin thickness/diameter, ¢ (mm) Surface area (m?)
Pin fin_all 163 x 163 8 6 0.13360
Plate fin_all 163 x 163 4 3 0.13318
Meta-fin 163 x 163 2 2 0.13572

Notes: The surface areas agree to within ~2%.

Table 2. Footprint, base-perforation geometry, volume, and weight of the volume- and weight-matched configurations (meta-fin,

pin fin_center, and plate fin_center)

Model Footprint (mm x mm) Hole pitch (mm) Hole size (mm) Volume (cm?) Weight (kg)
Meta-fin 163 x 163 1 1 106 0.296
Pin fin_center 163 x 163 8 5 105 0.294
Plate fin_center 163 x 163 8 2 107 0.299
Notes: The volumes and weights agree to within ~1%.
Volume 2 Issue 3 (2026) 6 doi: 10.36922/ESAM026300014
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Figure 2. Five heat-sink configurations considered in the numerical analysis: (a) pin fin_all, (b) plate fin_all, (c) meta-fin, (d) pin fin_center, and (e) plate
fin_center, together with (f) the 17-element plus-shaped heat-source layout. In the meta-fin, fins populate only the shield-routed region.

3. Numerical modeling

We evaluated the five configurations using transient
3D finite-element heat-transfer simulations (COMSOL
Multiphysics), in which the solid conduction problem was
solved under prescribed convective boundary conditions.
A transient analysis is essential because, as shown below,
the differences between the designs are governed not
only by their steady convective capacity but also by how
much of the supplied energy is temporarily stored in the
sink as the temperature field develops. Figure 3a defines
the geometry of the heat-source module and fin cross-
section, and Figure 3b shows the computational domain
and boundary conditions. Mesh independence was
verified using the representative Pin fin_all configuration,
as summarized in Table 3. Each sink has a 163 mm x 163
mm footprint, and the profile is low to suit thin electronic
enclosures. Specifically, the aluminum fin base thickness
H, is 3 mm, and the aluminum fin height H, is 10 mm.
Each of the 17 heat-source modules comprises a 1 mm x
1 mm x 0.5 mm GaN die—representative of an LED or
wide-bandgap power device**—mounted on an 8 mm x 8
mm X 1.6 mm copper substrate and bonded to the base
through a thermal interface material (TIM). The geometry

and thermophysical properties of each component are
listed in Table 4.

A uniform heat flux was applied to the heat-source
array, with the total applied heat-source power varied
in five equal steps from 5 to 25 W. All exposed heat-
sink surfaces are subjected to a prescribed convective
boundary condition with T, = 20 °C, and a uniform
surface-averaged heat-transfer coefficient of h = 10 W m™?
K~'. The model does not explicitly resolve the buoyancy-
driven airflow around individual fins; rather, the common
boundary condition is used to compare the solid-side
temperature fields and transient energy partition produced
by the different geometries. The bounding box is treated
as an open boundary, and radiative exchange is neglected
because of the low operating temperatures of the heat sinks
and power sources. The transient solution was advanced
from a uniform initial temperature of 20 °C, and the
heat-rejection results presented below were evaluated at
a common physical time of approximately t = 200 s after
application of the heat load. Using the characteristic
thermal time scales defined in Section 2.4, this corresponds
to normalized times #/7 of approximately 0.55, 0.56, 1.0,
0.65, and 0.67 for pin fin_all, plate fin_all, meta-fin, pin
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Figure 3. Multi-hotspot heat-sink geometry and computational framework. (a) Geometry of a heat-source module and the fin cross-section (base height
H,, fin height H,, fin pitch s, and fin thickness/diameter ¢). (b) Computational domain and boundary conditions: a uniform heat flux from each die and
a prescribed convective boundary condition to air at 20 °C with a uniform coefficient 4. The model does not explicitly resolve buoyancy-driven airflow

around the fins.

fin_center, and plate fin_center, respectively. Unless
otherwise noted, the transient quantities reported below
correspond to this common evaluation time. The spatial
mesh was refined until the temperature field and convected
power were insensitive to further refinement. A mesh-
convergence analysis using the representative Pin fin_all
configuration showed that further refinement beyond the
selected M3 mesh (185,132 tetrahedral elements) changed
the peak temperature by no more than 0.01K and the total
convected power by less than 0.01%; therefore, the M3
mesh was adopted for the subsequent simulations. Identical
heat loads, material properties, initial conditions, and
prescribed boundary-condition definitions were applied
to all configurations to isolate their solid-side geometric
response within this common computational framework.

The comparison is made at this common transient
evaluation time (Figure 4), when the supplied energy
remains partitioned between convective heat rejection
and sensible thermal storage. Because the governing
conduction-convection problem is linear in the
temperature rise (section 2.3), the temperature field—and
with it the rejected power—scales proportionally with the
source power; consequently, the percentage differences
between the designs reported below are independent of
the absolute temperature level. At higher loads, longer
times, or under different convection conditions, the
absolute temperatures and quantitative separation among
the designs may change. The reported comparisons should
therefore be interpreted within the prescribed boundary
conditions considered here.

4, Results and discussion

4.1. Temperature fields and fin-surface utilization

Figure 4 shows the temperature fields of the five sinks at

the common transient evaluation time and a representative
source load. Essentially, in the two full-footprint baseline
sinks (Figures 4a and 4b), heat spreads isotropically
outward from the source array; only the central fins directly
above the sources are appreciably heated, while the large
peripheral fin area remains close to ambient. Such uniform
spreading is useful for homogenizing the base temperature
but it is inefficient for convective rejection because most
of the installed fin surface operates at a small temperature
difference from the air and therefore contributes little to
heat dissipation. The metastructured sink behaves very
differently (Figure 4c): because its fins occupy only the
routed region, the heat reaches and essentially drives that
entire region to a high, nearly uniform temperature; thus,
the full fin surface participates in convection. Although
the two _center baseline sinks (Figures 4d and 4e) occupy
the same footprint as the meta-fin, they do not reproduce
this behavior. Instead, heat concentrates at the center of the
pin-fin cluster or leaks into the unfinned base of the plate-
fin case, confirming that simply restricting the fin area is
not sufficient. Meanwhile, the routed layout matched to the
heat-flux pattern produces uniform, full-surface heating.

The contrast between the designs is best understood
in terms of the resistance to thermal spreading. Heat
enters each sink through the small (8 mm x 8 mm) source
footprints and must spread laterally through the thin (3
mm) base before it can reach the fins, as established in
section 2.4; this base-spreading resistance dominates the
conduction path, not the resistance of the individual fins,
which are essentially isothermal. In the pin fin_all and plate
fin_all sinks, the heat spreads radially and isotropically;
thus, their areal density, and hence the local base-to-air
temperature difference, decays with the distance from the
sources, leaving the outer fins underused. In the meta-fin,
the routed corridors provide low-resistance conduction
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Table 3. Mesh convergence analysis for the representative Pin fin_all configuration under a 10 W heat load

Mesh level Elements (Tetrahedra) T . (K e (K) Q... (W) Q... (%) Solver time

M1 25,557 302.54 0.05 9.9952 0.001 4 min 16 sec
M2 79,160 302.58 0.01 9.9957 0.006 8 min 16 sec
M3 185,132 302.59 9.9951 15 min 33 sec
(This work) ’ ’ '

M4 425,374 302.60 0.01 9.9955 0.004 29 min 24 sec
M5 928,861 302.60 0.01 9.9946 0.005 49 min 40 sec

Notes: The total number of tetrahedral elements, peak temperature (T, ), total convected power (Q__ ), and solver time are reported for five mesh-

onv:

refinement levels. The changesin T _and Q_are calculated relative to the selected mesh level (M3).

Table 4. Geometry and thermophysical properties of the heat-sink and heat-source-module components used in the simulations

Component Footprint (mm x mm)  Thickness/Height (mm) Material k(Wm'K") p (kgm™] <, (Jkg'K™)
Fin base 163 x 163 3 (H,) Aluminum 238 2700 900
Fins — 10 (H,) Aluminum 238 2700 900
Heat source (die) 1x1 0.5 GaN 130 6150 490
Substrate 8x8 1.6 Copper 400 8960 385
TIM 8x8 0.02 — 3.5 — —

channels that carry heat across the entire finned region
before it is convected, maintaining that region at a high,
nearly uniform temperature and minimizing the effective
spreading resistance to the active surface. The _center
baseline sinks retain ordinary, isotropic base conduction;
therefore, although their fins occupy the same central
footprint, they cannot reproduce this uniform delivery.
Rather, their interior fins overheat, while the perforated
periphery contributes little. Thus, the metastructure
acts as a heat-spreading network tailored to the source
distribution, which is consistent with the role of engineered
high-conductivity routing in advanced heat-spreader
designs.*®

4.2. Surface-utilization efficiency

Figure 5 presents the efficiency n in Equation 9 as
a function of source power. As expected for a linear
conduction-convection problem, # is nearly independent
of the load for all the designs, but differs markedly between
designs. The meta-fin attains n = 0.38, exceeding those of
the pin fin_all and plate fin_all baseline sinks (n = 0.34) by
more than 10%. Those of the two _center baseline sinks fall
in between (n = 0.36-0.37), which are higher than those of
the _all sinks because their wasted peripheral surface has

been removed, but they remain below that of the meta-
fin. This ordering directly mirrors Figure 4: the # of the
meta-fin is highest because only this sink heats its entire
fin surface toward T__ . The theoretical upper limit is #
= 1, corresponding to the ideal case in which the entire
convecting surface reaches T__. The lower value obtained
here (n = 0.38) reflects the spatial temperature gradients
associated with the discrete heat sources and finite lateral
heat spreading through the base.

4.3, Dissipated power

Figure 6 shows the convective heat rejected by each sink at
a common transient instant as the source power increases
from 5 to 25 W. The rejected heat rises monotonically with
the source power for all the designs. Because the analysis is
transient, the supplied energy is partitioned at each instant
between what is convected to the air and what is stored as
sensible heat in the sink itself. The rejected heat in Figure 6
is therefore an instantaneous transient quantity rather than
the eventual steady-state balance, in which every design
would ultimately reject its full input. Under the prescribed
convective boundary condition, at the highest load, the
meta-fin rejects ~15% more heat than pin fin_all and ~25%
more heat than the other three sinks. Two mechanisms
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Figure 4. Simulated temperature fields of the five heat sinks at the common transient evaluation time: (a) pin fin_all, (b) plate fin_all, (c) meta-fin, (d) pin
fin_center, and (e) plate fin_center. Only the meta-fin drives its entire fin region to a high, nearly uniform temperature, indicating full-surface convective

utilization.

Figure 5. Surface-utilization efficiency 1 of each heat sink as a function of the heat-source power. 7 is essentially independent of the load; the meta-fin
exceeds the conventional pin fin_all and plate fin_all baseline sinks by more than 10%.

produce these improvements together. First, relative to
the heavier _all baseline sinks, the meta-fin diverts a
larger share of the supplied energy into convection rather
than warming its own larger thermal mass; therefore,
at any given instant, it rejects more heat. Second, and
more importantly, the meta-fin outperforms the mass-
matched _center baseline sinks predominantly through
heat routing. Specifically, by driving its entire fin surface

toward a high, uniform temperature, it sustains a larger
effective convective temperature difference, whereas the _
center sinks leave the surface at intermediate temperatures.
The fact that the meta-fin outperforms the volume- and
weight-matched _center designs by ~25% indicates that
the improvement is primarily an effect of routing the flux
rather than an artifact of mass.

Volume 2 Issue 3 (2026)

10

doi: 10.36922/ESAM026300014


https://doi.org/10.36922/ESAM026300014

Engineering Science in
Additive Manufacturing

Heat-flux-routing meta-fin heat sinks

Figure 6. Convective heat rejected by each heat sink at the common transient instant as a function of the heat-source power under the prescribed convective
boundary condition. The meta-fin rejects ~15% more than pin fin_all and ~25% more than the remaining designs at the highest load.

4.4.Volume and weight

Figure 7 and Tables 1 and 2 summarize the size and mass
of each sink. Because the meta-fin carries fins only over the
routed region, its volume (= 106 cm?) and weight (= 0.30
kg) are approximately 46% and 45% smaller, respectively,
than those of pin fin_all, and approximately 45% and 44%
smaller than those of plate fin_all. The two _center baseline
sinks were deliberately perforated to match the meta-fin,
and their volumes and weights indeed differ by only ~1%
(Table 2). Therefore, the performance advantage of the
meta-fin over the mass-matched pin fin_center and plate
fin_center baselines cannot be attributed to differences in
material volume or mass.

It is useful to combine the dissipation and mass results
into a single engineering figure of merit, namely, the heat
rejected per unit mass (or volume), which is significant
for portable and space-constrained systems. Under the
prescribed convective boundary condition, relative to
pin fin_all, the approximately 2.1-fold mass-normalized
transient heat-rejection advantage can be decomposed
into two contributions: the meta-fin exhibits ~15% higher
absolute transient heat rejection (a factor of ~1.15), while
its ~45% lower mass provides a mass-normalization factor
of 1/ 0.55 = 1.82. Their product gives 1.15 x 1.82 = 2.1.
Thus, the 2.1-fold value reflects the combined effects of
enhanced transient heat rejection and reduced material
mass rather than a 2.1-fold routing enhancement alone. In
other words, the metastructured layout delivers a higher
absolute performance from a sink that is nearly half the
size and weight, benefitting only from redesigning the fin
layout without changing the heat-sink material.

4.5. Deterministic heat-flux control and directional
temperature contrast

Beyond raw dissipation, the routed layout provides explicit
control over where heat is and is not allowed to flow, a
valuable capability for creating spatially differentiated
thermal zones and protecting temperature-sensitive
neighboring regions. To quantify this property, we probed
the surface temperature of each sink along three lines
through the center—the x-axis, y-axis, and diagonal—at the
probelocations shown in Figure 8a. Along the x- and y-axes
(Figure 8b and 8c), the meta-fin behaves much like the
other sinks because its fin field extends along both axes: the
temperature is highest at the center and decreases outward,
and the two _center baseline sinks run 3-4 K hotter at the
center than the other three designs. However, the diagonal
direction (Figure 8d) reveals the signature of the routed
layout. The maximum-to-minimum temperature spread
along the diagonal is only modest for the conventional
sinks (2.00 K for pin fin_all, 1.57 K for plate fin_all, 2.15 K
for pin fin_center, and 3.43 K for plate fin_center), whereas
that of the meta-fin reaches 5.26 K—more than 2.5x those
of the two full-footprint baseline sinks and ~1.5x that of
the next-highest design (plate fin_center).

This large diagonal gradient is the direct fingerprint of
heat-flux routing: the shield channels heat into the finned
region and starves the diagonal insulating gaps, producing
sharply defined hot and cold zones. In an electronic assembly,
this means that heat can be preferentially directed away
from regions containing temperature-sensitive components,
providing a degree of spatial thermal control that is difficult
to achieve with a conventional isotropically spreading sink.
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Figure 7. Weight and volume of the five heat sinks. The meta-fin is ~45% lighter and smaller than the full-footprint baseline sinks, while the _center
baseline sinks are matched to the meta-fin in volume and weight.

Figure 8. Directional surface-temperature analysis. (a) Probe locations over the 17-source array (x-axis, red; y-axis, yellow; diagonal, blue). Temperature
profiles measured along the (b) x-axis, (c) y-axis, and (d) diagonal (8 = 45°) of each heat sink, where the diagonal profile is plotted against the probe
position projected onto the x-axis. Along the diagonal, the meta-fin shows a maximum-to-minimum difference (5.26 K) substantially larger than those of
all conventional designs (1.57-3.43 K), which is the signature of deterministic heat-flux routing.
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Taken together, these results show that matching the fin
layout to a thermal-shield heat-flux pattern transforms a
heat sink from a passive isotropic spreader into an effective
heat-flux-routing device, improving both the surface-
utilization efficiency and the transient heat rejection, while
nearly halving the size and weight.

The present strategy is complementary to heat-
path optimization, topology optimization, and high-
conductivity heat-spreading approaches.”® Unlike methods
that primarily optimize thermal resistance or promote
broad heat spreading, the thermal-shield concept provides
deterministic control over both preferential heat-flow
paths and thermally suppressed regions. This capability is
particularly useful for multi-hotspot systems where heat
dissipation, thermal crosstalk, and localized temperature
constraints must be managed simultaneously. Moreover,
the metastructure-defined routing domain could be
combined with topology optimization in future designs to
further optimize the fin geometry and three-dimensional
heat-transfer pathways. Looking ahead, the non-standard
fin and void arrangement considered here can be realized
using metal additive manufacturing or precision CNC
machining, with additive manufacturing offering particular
flexibility for integrating the routed fin field and, ultimately,
the layered unit-cell shifters into a single component. For
additive-manufacturing implementation, build orientation
should be selected to minimize unsupported features and
dimensional distortion, while as-built surface roughness
and geometric deviations may alter the effective surface
area and local convective behavior relative to the idealized
geometry considered here. The use of a single metal with
engineered air gaps may nevertheless simplify material
selection and fabrication relative to multi-material
metastructures. >+

4.6. Modeling scope and outlook

Several modeling choices define the scope within which
the present conclusions hold, and they are summarized
here to clarify how the findings generalize. First, every
exposed surface is assigned the same constant, surface-
averaged heat-transfer coefficient h. In an actual heat
sink, the local coefficient varies with surface orientation,
boundary-layer development, fin spacing, and channel
confinement; therefore, the denser meta-fin geometry may
experience a greater local convective penalty than the more
widely spaced baseline designs. The present prescribed-h
model does not resolve these geometry-dependent airflow
effects. Instead, consistent with the primary objective
of this study, it provides a common external boundary
condition for isolating how the different heat-routing and
fin-layout strategies affect the solid-side thermal response

and utilization of the available convecting surface.
The adopted & = 10 W m™? K represents a prescribed
moderate convection condition rather than a flow-resolved
prediction of local natural convection. Accordingly, the
quantitative performance differences reported here apply
to this prescribed-convection framework and should not be
interpreted as universal natural-convection performance
gains. Determining the influence of geometry-dependent
local convection requires a buoyancy-coupled conjugate
heat-transfer model or corresponding experimental
measurements.

Second, the heat-rejection magnitudes are transient-
instant quantities and should be read comparatively rather
than as steady-state ratings. Third, a single multi-hotspot
layout, material combination, fin-geometry range, and
thermal-shield unit-cell configuration were considered;
therefore, the quantitative gains may vary with parameters
such as the constituent conductivity ratio, fin dimensions,
and unit-cell geometry. Nevertheless, the small Biot
number and fin parameter under the present conditions
indicate only minor internal temperature gradients within
the aluminum fins, while the large unit-cell anisotropy
ratio places the thermal shield in a strong-routing regime.
The present comparison therefore primarily isolates
the layout-level effect of routing heat into a compact,
highly utilized fin field. Finally, the present heat-sink
performance comparison is numerical. The fabricated
structure shown in Figure la is a fin-free thermal-shield
prototype demonstrating the physical realization of
the underlying heat-routing concept, whereas the five
finned heat-sink configurations in Figure 2 are numerical
designs. Accordingly, the quantitative performance
differences reported here should be interpreted within
the computational framework described above. Taken
together, these considerations delimit the quantitative
scope of the results without affecting the central, layout-
level finding that routing heat into a compact finned region

improves dissipation per unit mass and volume.

5. Conclusions

Transient 3D heat-transfer simulations showed that
matching the fin layout of a heat sink to a thermal-shield
heat-flux pattern can convert it from a passive isotropic
spreader into an effective heat-flux-routing device. The
key findings are as follows: (i) The thermal-shield concept,
derived from manufacturable unit-cell shifters comprising
a metal and simple air gaps, determines where the heat of
a multi-hotspot source array is routed, allowing fins to be
installed only where they are thermally productive. (ii)
The resulting meta-fin sink essentially heats its entire fin
surface, raising the surface-utilization efficiency by more
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than 10% over that of conventional pin- and plate-fin
sinks. (iii) It rejects 15%-25% more heat than the baseline
sinks—including baseline sinks matched in volume and
weight—indicating that the gain is primarily an effect of
this routing rather than an artifact of size or mass. (iv)
Finally, it does so while being ~45% smaller and lighter,
approximately doubling its heat rejection per unit mass
and volume. The routed layout also provides deterministic
control of the on-chip temperature landscape, producing
a diagonal temperature contrast more than 2.5x that of
the conventional full-footprint sinks. This feature provides
a means to create spatially differentiated thermal zones
within a multi-hotspot heat sink.

Because these benefits were attained by redesigning
the fin layout rather than introducing new materials or
processes, the meta-fin is directly compatible with existing
heat-sink manufacturing and offers a practical path toward
lightweight, crosstalk-aware thermal management of
multi-hotspot electronics. However, the present results
were obtained under a prescribed constant-h convective
boundary condition and at a transient operating point;
therefore, the quantitative gains should be understood
comparatively. Confirming these findings under realistic
conditions is the central task ahead. Future work will
accordingly extend the concept to buoyancy-coupled and
forced- and mixed-convection regimes and integrate it
with topology optimization and additive manufacturing
for fully 3D heat routing. In particular, the rapid progress of
metal and multi-material 3D printing”***! makes the direct
fabrication of such metastructured heat sinks—including
their layered metal-air unit cells—increasingly feasible;
we therefore anticipate that additive manufacturing will
be a key enabler for the demonstration and eventual
deployment of this new class of heat-sink form factors.
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