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Thermomechanical Topology
Optimization of Three-
Dimensional Heat Guiding
Structures for Electronics
Packaging
Heterogeneous and complex electronic packages may require unique thermomechanical
structures to provide optimal heat guiding. In particular, when a heat source and a heat
sink are not aligned and do not allow a direct path, conventional thermal management
methods providing uniform heat dissipation may not be appropriate. Here we present a
topology optimization method to find thermally conductive and mechanically stable struc-
tures for optimal heat guiding under various heat source-sink arrangements. To exploit
the capabilities, we consider complex heat guiding scenarios and three-dimensional (3D)
serpentine structures to carry the heat with corner angles ranging from 30 deg to 90 deg.
While the thermal objective function is defined to minimize the temperature gradient, the
mechanical objective function is defined to maximize the stiffness with a volume con-
straint. Our simulations show that the optimized structures can have a thermal resistance
of less than 32% and stiffness greater than 43% compared to reference structures with no
topology optimization at an identical volume fraction. The significant difference in ther-
mal resistance is attributed to a thermally dead volume near the sharp corners. As a
proof-of-concept experiment, we have created 3D heat guiding structures using a selec-
tive laser melting technique and characterized their thermal properties using an infrared
thermography technique. The experiment shows the thermal resistance of the thermally
optimized structure is 29% less than that of the reference structure. These results present
the unique capabilities of topology optimization and 3D manufacturing in enabling opti-
mal heat guiding for heterogeneous systems and advancing the state-of-the-art in elec-
tronics packaging. [DOI: 10.1115/1.4053948]

1 Introduction

Enhancing computing capabilities at the device and die levels
while increasing the speed, efficiency, and reliability of electron-
ics makes thermal management ever more challenging. Conven-
tional cooling solutions based on higher thermal conductivity
materials or heat exchangers dissipate the heat from a source to a
sink only in a unidirectional manner, and they cannot guide the
heat flow when the heat source and heat sink are unaligned. The
earlier studies on guiding the heat flux have investigated the con-
cept via ballistic phonon transport in holey silicon [1], through sil-
icon via integrated thermoelectric cooling [2], thermal cloaks
[3–5], and copper-PDMS based thermal shifters [6]. However, the
existing macroscale approaches for thermal management in elec-
tronic packaging still rely on creating thermally conductive chan-
nels from a heat source to the heat sink using the through-hole
vias [7], creating a cavity in the printed circuit board, and using
high thermal conductivity inlays [8]. Compared to two-

dimensional (2D) packaging scenarios, investigations on thermal
management strategies for three-dimensional (3D) packages are
still limited. For instance, common methods for resolving the ther-
mal challenges in 3D ICs are restricted to floor plan optimization,
reducing heat sink thermal resistance, lowering the power con-
sumption of the chip, and applying thermal vias [9]. These con-
ventional solutions are effective when a heat-generating
component is aligned with a heat sink (Fig. 1(a)). However, with
a limited routing space in a 3D package, alternative solutions may
be required for optimizing the thermal routing of unaligned heat
source and heat sink components (Fig. 1(b)). Therefore, novel
heat guiding structures are required for acquiring optimal routing
of heat flow under nonuniform power distribution to achieve the
desired thermal objectives.

Capabilities of heat guiding structures to control the heat flux
effectively [4,6,10–12] and to guide the heat in unaligned configu-
rations of heat source and heat sink can lead to optimal solutions
for complex packaging scenarios [13,14]. For example, 3D meta-
material solutions for heat guiding structures can potentially pro-
tect components with different temperature limits while
effectively dissipating the heat to address the demand for high
integration density [15,16]. There have been fundamental studies
on the possibility of developing thermal heat guiding structures
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and manipulating heat flows in 3D structures [5]. Dede et al.
established optimized 3D heat routing structures for power elec-
tronics gate drive printed circuit board (PCB) thermal manage-
ment [17]. While most of these designs accommodated thermal
management challenges in electronic packaging, further investiga-
tion is still required for the thermomechanical performance of the
heat guiding structures in macroscale power semiconductor devi-
ces. The introduction of the topology optimization technique cre-
ated a world of possibilities for the optimal design of heat guiding
structures under desired objectives. Existing studies have exten-
sively investigated topology optimization with mechanical bound-
ary conditions for maximizing the mechanical stiffness [18–24]
and with thermal boundary conditions for maximizing the temper-
ature diffusivity. Iga et al. considered thermal conduction and
convection boundary loading in the topology optimization of
structural designs [25]. Zhang et al. developed a numerical model
of topology optimization for isotropic and anisotropic structures
to achieve the least dissipation of heat transport potential capacity
[26]. Lundgaard et al. presented a density based topology optimi-
zation method for thermal energy systems by coupling fluid and
heat transfer models [27]. Zhou et al. applied a design-dependent
convection in conjunction with conduction topology optimization
for industrial applications [28]. There are several topology optimi-
zation examples for designing metamaterials in electronic systems
such as topology optimization of an actively cooled system inte-
gration into downhole electronics [29], thermal-composite design
optimization for thermal management of PCB electronics [13],
design of a power semiconductor module using topology optimi-
zation for efficient cooling [30], topology optimization for effec-
tive heat removal in 3D packages [31], and experimental
demonstration of a topology optimized heat sink for a tablet [32].
However, further investigations for coupled thermomechanical
constraints are still required for electronic packaging applications.

For combining the objectives of maximizing the mechanical
stiffness while minimizing the temperature gradient, thermome-
chanical topology optimization can be employed [33]. Dede [34]
performed thermomechanical topology optimization to decrease
component weight and increase gravimetric power density in the
thermal bracket of a magnetic inductor. Takezawa et al. [35]
investigated thermomechanical topology optimization in arbitrary
2D shapes considering the thermal expansion effect, and Zhu
et al. [36] studied the temperature-constrained topology optimiza-
tion for thermoelastic structures under a design-dependent temper-
ature field. However, thermomechanical topology optimization in
earlier studies has been mostly focused on using multiple materi-
als [37,38], confined to 2D domains [39–43], or challenging to
manufacture [44].

In this study, we developed a finite element method (FEM)
based on thermomechanical topology optimization for designing
novel 3D homogenous heat guiding structures with optimized
thermal and mechanical properties under 50% volume fraction
constraint. Figure 1(c) demonstrates developing thermomechani-
cally optimized heat guiding structures for an unaligned configu-
ration of a heat source and a heat sink. Using thermal,
mechanical, and thermomechanical objective functions results in
unique topologies that satisfy the applied boundary conditions. A
minimum dimension of 30 lm constraint has been applied to our
design space for securing the manufacturability of 3D metallic
thermomechanically optimized heat guiding structures via SLM
125 HL metal printer.

2 Topology Optimization of Three-Dimensional

Heat-Guiding Structures

2.1 Density-Based Topology Optimization Algorithm
Development. Topology optimization-based finite element meth-
ods have been explored in the past to enable heat flow control in
arbitrary (e.g., noncircular or nonspherical) geometries [45,46]
and bifunctional cloaking [47]. In this paper, we utilized the 2D

thermal conductivity design approach proposed by Dede [46] for
heat flux shielding and expanded the approach to a 3D design
space domain. The heat flux shielding is a suitable choice for min-
imizing the magnitude of the temperature gradient and heat flow
within a selected region of a system. This approach allows us to
achieve the optimized topology for a given volume fraction while
minimizing thermal compliance. For mechanical optimization, a
density model with regularization via the Helmholtz equation was
used [48]. The optimization function that we solve in this study is
as follows:

min J qð Þ ¼ xJm þ 1� xð ÞJh

s:t gj ¼

X

e2ej

�eqe

X

e2ej

�e

� ��j � 0 j ¼ 1;…; Nc

e ¼ 1;…; Ne

Jm ¼ uTKu

Jh ¼ hTj h

(1)

where the objective function JðqÞ is defined in terms of mechani-
cal Jm and thermal Jh objectives, where 0 � x � 1 is the weight
factor, and x ¼ 0:5 was used for our calculations. gj; j ¼
1;…; Nc is the Jth volume constraint to subregions of the design
domain (ej) [49]. �e and qe are the area and density of element e,
respectively; and �j is the upper limit for the volume constraint j.
We use the equilibrium equation for the steady-state linear elastic
deformation for defining the mechanical objective function—

Fig. 1 (a) Heat transfer path in a conventional packaging sce-
nario where heat-generating component and heat sink are
aligned. In this case, components with different temperature
tolerances can easily be impacted if positioned in the heat
transfer path. (b) Heat transfer path in a nonconventional pack-
aging scenario where a heat sink may not be aligned with a heat
source. In the presence of several components with different
temperature tolerances in the system, novel heat guiding struc-
tures with zigzag or S shape designs would be favorable for
optimal routing of the heat flow from the heat source to the heat
sink. These heat guiding structures may create an efficient heat
transfer path while minimizing the thermal crosstalk with the
components of different temperature tolerances. (c) Thermome-
chanical optimization process for complex packaging scenar-
ios. The thermal boundary conditions include a heat flux (q00)
on the heat source side while fixing the temperature on the heat
sink side (Tsink). The mechanical boundary conditions include a
force applied on the heat sink side and a fixed end on the heat
source side.
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Jm—where K and u are the stiffness matrix and displacement vec-
tor, respectively. In addition, we consider steady-state conduction in a
3D domain as the thermal objective function—Jh—where j is the ther-
mal conductivity matrix, and h is the nodal temperature vector.

Sufficient penalization of the intermediate densities—qe—by
the interpolation function is required for the convergence of the
solution. Solid isotropic material with penalization (SIMP)
approach has been implemented in COMSOL for the topology opti-
mization of 3D heat guiding structures. The penalization factor
(pÞ can be set to values greater than 1 for penalizing the intermedi-
ate densities [29]; we used the value of p ¼ 3 for thermal,
mechanical, and thermomechanical topology optimization simula-
tions [48]. To utilize gradient-based optimization techniques, the
problem is solved by allowing intermediate values of 0 � qe � 1
for the design parameter to exist. The design parameters are
bounded from below with qmin with the value of 0.001; therefore
0 < qmin � qe � 1 and we can derive the penalized density (qp)
as below:

qp ¼ qmin þ 1� qminð Þqp
e (2)

We initialize the optimization process by providing an initial
design space and utilize the material properties of SLM manufac-
tured SS316 L for the calculations with Young’s modulus of
� 150 (GPa) [50] and thermal conductivity of �15 (Wm�1K�1)
[51]. Evaluating the sensitivity of the overall objective function
with respect to the control variable qe can be rephrased as calcu-
lating the derivative of the objective function ð @J

@qe
Þ which can be

derived from the sensitivity analysis summarized as below [52]:

@J

@qe

¼ �pqp�1
e 1� qminð Þ x Jm þ 1� xð ÞJhð Þ (3)

Based on the sensitivity input, the SIMP optimization approach
updates the design regarding the Method of Moving Asymptotes
(MMA) [53], which was initially developed for structural optimi-
zation of mechanical loads.

2.2 Thermomechanical Topology Optimization of Heat
Guiding Structures. Defining an effective thermal path design is
crucial for transferring the excessive heat to the heat sink, protect-
ing the components with different thermal tolerances from hot sur-
roundings, and preventing heat leakage. However, the limited
available space between the heat source and the heat sink makes
this task challenging. Moreover, the package should be designed
such that the stress in any component does not exceed the permis-
sible extent of that material and can withstand the thermomechan-
ical cyclic loading imposed during the system operation. Knowing
that the maximum volume fraction of the utilized metal in the
PCB board of packaging structures is about 50%, we used this
number as a limiting design parameter. Hence, we solved the
density-based topology optimization problem for 3D heat guiding
structures with an objective volume fraction of 50%. Figure 2
demonstrates a series of investigated designs for possible 3D heat
guiding structures where the thermal path from the heat source to
the heat sink deviates from conventional packaging scenarios. The
initial structures have been chosen to demonstrate the impact of
varying distances from the heat source to the heat sink in noncon-
ventional thermal management cases. With the additive manufac-
turing capability, multiple reference structure choices were
available for evaluating the performance of the optimized heat
guiding structures. Here, two reference structure designs with an
identical topology of the initial structure but with a 50% volume
fraction were studied. The solid reference structure mimics its ini-
tial structure but with 50% of the cross-sectional area. The infill
reference structure has an identical geometry as the initial struc-
ture but with a rectilinear-infill pattern that represents 50% poros-
ity. The rectilinear-infill pattern was chosen due to its common

usage in additive manufacturing [54–56] and its opportunities for
complex numerical studies.

The initial design domains with 100% volume fraction provide
the smallest thermal resistance for the heat transfer. Therefore, we
normalize the thermal resistance of both the optimized topology
and the reference structures to the thermal resistance of their ini-
tial structure. The topology optimization algorithm creates a path
between the heat source and the heat sink with the smallest ther-
mal resistance while preserving the requirements of the density-
based objective function. A lower thermally resistive path guaran-
tees a lower maximum temperature at the heat source.

By combining thermal and mechanical requirements, we used
Comsol’s optimization module and the Globally Convergent of
the Method of Moving Asymptotes (GCMMA) [57] as the optimi-
zation method with thermal and mechanical boundary conditions.
The method of moving asymptotes was chosen for two main rea-
sons. First, the method was proven to work very well on a large
variety of topology optimization problems [58]. Second, the
method is very popular for parallel computations because of the
separable nature of approximations. The thermal boundary condi-
tions consist of applying a heat flux with a representative value of
250 Wcm�2 [59] on the heat source side and a constant tempera-
ture of 27 �C on the heat sink side. The mechanical boundary con-
ditions include a 100 N compression force on the heat sink side
(conversion of the maximum stress around through-silicon vias on
the device layer [60]) and a fixed end on the heat source side. At
each structure, the boundary conditions are applied to a small win-
dow of 2 mm� 2 mm placed at the beam ends. The boundary con-
ditions for the investigated design domains were applied to an
initial structure with a 100% volume fraction (Figs. 2(a)–2(e)).

2.3 Thermomechanical Optimization Results. Thermal,
mechanical, and thermomechanical topology optimization results
are shown in Figs. 2(a)–2(e) for the investigated designs. The
solid reference structure of each design for Figs. 2(a)–2(d) mimics
the initial structure but with 2 mm thickness in the y-direction. For
Fig. 2(e), W and D values in the solid reference structure were
reduced to 10.6 mm, and other parameters remained as demon-
strated in the initial structure to reach 50% volume fraction in the
reference structure. The infill reference structure has the same
thickness as the initial structure in the y-direction (D), but the
implemented porosity is responsible for creating the 50% volume
fraction. By applying the thermal boundary conditions demon-
strated for each design in Figs. 2(a)–2(e) and examining the tem-
perature gradient across the structure, the thermal resistance for
each of the designs was calculated using Rstructure ¼ DT

q . For evalu-
ating the thermal performance of each design, thermal resistance
was also calculated in their corresponding reference structures.
Table 1 summarizes the normalized thermal resistance
(Rstructure=Rinitial) for both thermal and thermomechanical optimi-
zation results of each investigated design at which Rinitial is the
thermal resistance of the initial structure. The initial structures
have the largest cross-sectional area (smallest thermal resistance)
when compared to the optimized and the reference structures;
therefore, normalizing the thermal resistance values of the opti-
mized and reference structures to the thermal resistance of the ini-
tial structure results in values greater than 1. Since the functions
that were applied to the optimization process do not result in the
same topology, the thermomechanically optimized structures have
inherent tradeoffs in both thermal and mechanical performances.
This tradeoff is demonstrated as a higher normalized thermal
resistance in thermomechanically optimized structures when com-
pared to the thermally optimized structures for all the studied
designs. As simulation results demonstrate, the normalized ther-
mal resistance ratios of the infill reference structures are �50%
greater in all designs except for the serpentine design (e) with a
�33% increase when compared to the solid reference structures.
This increase in thermal resistance is due to a smaller cross-
sectional area of the infill reference structure—2.6 mm2 in designs
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(a)–(d) and 86.8 mm2 in the serpentine design (e)—compared to
the solid reference structure—4 mm2 in designs (a)–(d) and
112.4 mm2 in the serpentine design (e). The solid reference struc-
ture is selected for future comparisons in this study.

The optimization process results in a heat guiding structure
with maximum stiffness of 6.08 (N/m) in design (e), while its
solid reference counterpart showed a stiffness of 4.24 (N/m). By
normalizing the stiffness values to the stiffness of the initial struc-
ture of design (e) (8.95 (N/m), the optimized heat guiding struc-
ture demonstrates a 43% improvement in the normalized stiffness.
Using this optimization process, various electronic packaging
designs with numerous constraints can be studied.

3 Manufacturing and Characterization of Three-

Dimensional Heat-Guiding Structures

To experimentally validate the concept of heat guiding for
packaging applications and characterize their thermal properties,
the heat guiding structure of design (e) was benchmarked for man-
ufacturing using a selective laser melting (SLM) technique. Dur-
ing the 3D manufacturing process, the structures were fabricated
corresponding to their input CAD files by selectively melting and
consolidating thin layers of SS316 L metal powder using a scanner
laser beam. The process parameters were optimized via a broad
sweep of experiments at many parameter sets, which is a common
procedure for fabricating porosity-free samples [61,62]. The

structures were printed at 400 W laser power, 230 mm/s scan
speed, 60 lm hatch spacing, and 30 lm layer thickness. Figure 3
demonstrates SS316 L 3D printed samples based on the design
(e). As demonstrated in Fig. 2(e), the dimensions of this design
with 15 mm width and 30 mm height were slightly larger than
designs (a–d). The reason behind this selection was the bottom-up
manufacturability of the structures. Mechanical supports were
implemented within the structural gaps for the 3D printing process
that were later removed manually. A reference characterization
sample was fabricated for characterizing the intrinsic thermal
properties of the 3D printed SS316 L (Fig. 3(a)). Figure 3(b) dem-
onstrates the fabricated initial structure followed by its corre-
sponding solid reference structure with 50% volume fraction (Fig.
3(c)) and the topology optimized heat guiding structure (Fig. 3(d))
after postprocessing.

The postprocessed samples were coated with a high emissivity
coating spray (RUST-OLEUM high heat primer) and were ther-
mally characterized using the infrared thermography method [63].
The samples were placed in a JANIS VPF-800 vacuum chamber
in a vacuum level below 10�5 Torr (high vacuum range). The sur-
face emissivity of the applied coating was calibrated as
0.810 6 0.013. The estimated error in the calibrated emissivity
results in temperature reading with 6 0.5 �C inaccuracy. Using
the calibrated emissivity value, the thermal conductivity of
the reference characterization sample was measured as
14.18 6 1.13 Wm�1K�1 through utilizing the infrared

Fig. 2 Boundary conditions and the resultant thermal, mechanical, and thermomechanical topology optimization on the fol-
lowing designs. (a) Initial structure with parameters of €5 30, L 5 10 mm, W 5 5 mm, t 5 2 mm, and D 5 4 mm. (b) Initial struc-
ture with parameters of €5 45, L 5 10 mm, W 5 7 mm, t 5 2 mm, and D 5 4 mm. (c) Initial structure with parameters of €5 60,
L 5 10 mm, W 5 12 mm, t 5 2 mm, and D 5 4 mm. (d) Initial structure with parameters of L 5 10 mm, W 5 10 mm, t 5 2 mm, and
D 5 4 mm. e) Initial structure with parameters of L1 5 30 mm, L2 5 12 mm, W 5 15 mm, t1 5 4 mm, t2 5 2.5 mm, and D 5 15 mm.
The solid reference structures for designs (a)–(d) have identical dimensions as their representing initial structures but 2 mm
thickness in the y-direction. The solid reference structure for design (e) has identical dimensions as its initial structure but
with W/�2 5 D/�2 5 10.6 mm. The infill reference structure for all designs (a)–(e) is identical to their initial design but with a rec-
tilinear infill pattern that creates a 50% volume fraction.
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thermography methodology discussed in Farzinazar et al. [63].
This value is in good agreement with previously reported thermal
conductivity values for additively manufactured stainless steel
316 L (SS316L) samples [51]. Iceberg Thermal DRIFTIce 0.5 mm
thermal pad with thermal conductivity of 13 Wm�1K�1 (provided
by the vendor) was used as the Thermal Interface Material (TIM)
between the fabricated samples and the heat source/heat sink.

A constant heat flux of 5.1 Wcm�2 was applied to both refer-
ence design and optimized heat guiding structures which have a
similar volume fraction of 50%. A reference quartz disk with
known thermal conductivity of 1.38 Wm�1K�1, a diameter of
25 mm, and a thickness of 6.33 mm was used for calibrating the
incoming heat flux from the heater (Fig. 4(a)). The actual experi-
mental setup was oriented such that the heater was placed on the
top and the heat sink at the bottom. However, since in most pack-
aging scenarios the heat sink is placed on top of the package, the
experimental setup image was flipped (Fig. 4(a)) for a direct com-
parison with a practical application design. The IR images show
the temperature contour across the samples and the quartz disk as
a result of the applied heat flux (Fig. 4(c)). The measurement of
incoming heat flux and temperature gradient in both samples
resulted in thermal resistance of 171.1 6 12.8 KW�1 and
121.1 6 9.3 KW�1 in the reference and optimized heat guiding
structures, respectively.

As demonstrated in Fig. 4(c), the maximum temperature in the
reference structure is 71.3 6 0.8 �C whereas, in the optimized heat
guiding structure with a similar volume fraction, this value
reaches 61.1 6 0.6 �C. Numerical simulations with the measured
heat flux value of 5.1 Wcm�2 and a constant temperature of 33 �C
in the copper anchored heat sink was performed for both reference
and the optimized heat guiding structures (Fig. 4(b)). The thermal
contact resistance is a crucial parameter for determining the maxi-
mum and minimum temperatures across the fabricated samples.

We characterized the thermal contact resistance on the sample/
TIM interfaces on the heat source and the heat sink sides using the
calibrated heat flux values and the temperature gradient across the
sample/TIM interface. On the heat sink side, the values were
1.5 6 0.3� 10�4 km2/W and 1.3 6 0.2� 10�4 km2/W in the refer-
ence and the optimized structure, , respectively. On the heat
source side, the thermal contact resistance was estimated as
2.8 6 0.6� 10�4 km2/W and 2.6 6 0.5� 10�4 km2/W in the refer-
ence and the optimized structure, , respectively. The thermal con-
tact resistances are smaller on the heat sink side. The main reasons
are (1) a higher apparent contact pressure (due to the weight of the
system) and (2) a smoother surface quality (due to better polishing).
On the heat sink interface, the corresponding estimated thermal
contact resistances were used in the simulations. On the heat source
side, the contact resistance values were adjusted in the simulation
using a parametric study to 2.6� 10�4 km2/W in the reference
structure and 2.2� 10�4 km2/W in the optimized structure for meet-
ing the measured maximum temperature values. The difference
between the estimated average thermal contact resistance values
and the simulation results can be attributed to the uncertainties in
temperature measurement, heat flux calibration, and the resolution
of the Infrared camera—25 lm/pixel—for thermal interface investi-
gations. It is worth mentioning that the reported thermal contact
values are consistent with the thermal contact resistance values of
elastomer-like gap pads reported in the literature [64].

4 Discussion

Advanced 2.5D and 3D packages could suffer from nontrivial
thermal management challenges such as thermal crosstalk and
high hot spot heat fluxes that are in the order of 1 kWcm�2. The
associated packaging structures may benefit from novel capabil-
ities to guide heat in unaligned configurations of heat source and

Table 1 Comparison between the normalized thermal resistance (Rstructure=Rinitial) of the optimized topology structure
and the reference structures of the studied heat guides shown in Fig. 2

Design Thermally optimized structure Thermomechanically optimized structure Solid reference structure Infill reference structure

a 1.31 1.43 1.89 2.85
b 1.34 1.49 1.87 2.83
c 1.63 1.78 1.93 2.99
d 1.55 1.82 1.94 2.89
e 1.29 1.37 2.01 2.67

Fig. 3 Demonstration of the design (e) 3D printed steel structures after postprocessing and emissivity coat-
ing. (a) A reference characterization sample was fabricated for characterizing the properties of additively
manufactured steel along with (b) the initial structure (m 5 100%), (c) the reference structure with 50% volume
of the initial structure (m 5 50%), and (d) the optimized heat guiding structure (m 5 50%).
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heat sink through topology optimization. As demonstrated in
Table 1, the thermomechanical topology optimization of heat
guiding structures results in a degradation in performance as a
tradeoff for solving for mechanical objective function in conjunc-
tion with the thermal objective function. However, both thermal
topology optimization and thermomechanical topology optimiza-
tion result in structures with a smaller normalized thermal resist-
ance (lower average temperature) compared to their reference
structure counterpart at an identical volume fraction. Lower ther-
mal resistance in the topology optimized structures has been con-
firmed by our experimental and numerical investigations on the
design (e) heat guiding structure. On average, the optimized heat
guiding structure demonstrated a 50 KW�1 smaller thermal resist-
ance compared to its reference structure counterpart. This differ-
ence in thermal resistance can be translated into a 180 �C higher
temperature in the reference structure when the heat flux varies
from 10 to 100 Wcm�2. In addition to the thermal-mechanical co-
optimization, future research and development in multidiscipli-
nary optimization may provide joint efforts to improve thermal
management techniques at multiple levels. The optimized com-
plex heat guiding designs can be achieved through 3D printing
techniques, which require more studies to improve their process
flow, compatibility, and scalability. Moreover, investigations on
the implementation methods are also needed to address the chip
integration and to provide package-level solutions.

5 Summary and Conclusions

Recent advancements in electronic packaging require custom-
ized thermal management solutions to enable guiding the exces-
sive heat in unaligned configurations of heat source and heat sink
along with satisfying the mechanical requirements. We presented
a density-based topology optimization method to find thermally
conductive and mechanically stable structures for optimal heat
guiding in nonconventional packaging scenarios. We investigated
serpentine designs with different effective lengths from a heat
source to a heat sink that is potentially suited for guiding the heat
from the system level hotspot to the heat sink while securing the
possible adjacent components with different temperature

tolerances. Using density-based thermomechanical topology opti-
mization and assuming 50% volume fraction constraint, we fabri-
cated a prototype of the thermally optimized heat guiding
structure—design (e). Our experimental results demonstrated 29%
lower thermal resistance compared to its reference counterpart
with an identical volume fraction. This finding suggests that
topology-optimized heat guiding structures can control the heat
flux and can provide a higher thermal performance compared to
their reference structure counterparts at an identical volume frac-
tion constraint. Future electronic packaging may benefit from the
combined efforts across the advanced optimization process and
manufacturing techniques for optimal thermal management solu-
tions. Consequently, the resultant heat guiding structures from
topology optimization and 3D manufacturing can potentially be
used as a stepping stone toward thermal computing.
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Nomenclature

f ¼ load vector
K ¼ stiffness matrix
p ¼ penalization factor
q€¼ heat flux
u ¼ displacement vector
h ¼ nodal temperature vector
j ¼ thermal conductivity matrix
� ¼ volume fraction
q ¼ density

Fig. 4 (a) Demonstration of the IR thermography experimental setup for the reference structure (top) and the opti-
mized heat guiding structure (bottom). (b) Numerical analysis of the reference sample (top) and the optimized heat
guiding structure (bottom) with the measured boundary conditions of heat flux of 5.1 Wcm22 on the top and a
constant temperature of 33 �C in the copper sample holder. The inset figures represent the direction of heat
flow using the red arrows. While the reference structure restrictions cause the heat flux concentration in the
narrow regions, the optimized heat guiding structure has an optimized distribution of material to prevent the
concentration of heat flux. c) IR images demonstrating the temperature contour in the reference structure (top)
and the optimized heat guiding structure (bottom). The scale bar in inset images represents 5 mm.
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x ¼ weight factor
� ¼ design domain
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