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Abstract—The manifold microchannel (MMC) heat sink has
been widely studied for liquid-cooling of power-dense electronic
components. Conventionally, thermal-fluid performance of an
MMC heat sink is analyzed via unit cell simulations and designed
by varying the rectangular fin and channel geometries, namely
size optimization. To further explore the performance potential
of the MMC heat sink, this paper proposes topology optimization
(TO) to design the optimal freeform fin/channel geometry to
maximize heat transfer performance while minimizing the re-
quired pumping power. The heat transfer physics in an MMC
heat sink is governed by conjugate heat transfer between an
incompressible laminar fluid and a heated conductor. The MMC
heat sink fin/channel geometry design is formulated as a material
distribution problem in a periodic unit cell. Since TO describes
the geometry non-parametrically, it facilitates innovative de-
signs through the exploration of arbitrary shapes. The physics-
governed design optimization problem is solved by mathematical
programming using design sensitivities and an iterative gradient-
based method. The thermal-fluid performance is presented for
both conventional size optimization and the proposed TO ap-
proach, considering the heat transfer performance versus the
required pumping power. It is demonstrated that the TO designed
fin/channel geometries outperform those obtained through size
optimization. Due to the shape complexity associated with the TO
designed fin/channel geometries, they are not readily suitable for
conventional manufacturing processes, e.g., machining and metal
die-casting. However, such out-of-box designs fully exploit the
flexibility offered by the latest advanced manufacturing processes,
e.g., additive manufacturing and rapid investment casting.

Index Terms—topology optimization, conjugate heat transfer,
manifold microchannel heat sink, additive manufacturing

I. INTRODUCTION

Power electronics circuits are widely used in automotive,
data center, aerospace and distributed energy or grid ap-
plications. Due to the trending demand for high efficiency,
integrated-functionality and a compact form factor, the power
density of power electronics circuits has been inevitably
increasing. As a result, the thermal management of such
power-dense systems requires higher heat dissipation while
balancing pumping power requirements. Innovative cooling
solutions have been proposed to address this challenge, e.g.,
microchannel heat sinks [1], two-phase flow with boiling [2],
and the use of nanofluid coolants [3]. This paper focuses on
manifold microchannel (MMC) heat sink technology, which
differs from a traditional microchannel heat sink by introduc-
ing an additional manifold component to navigate coolant flow
perpendicular to the microchannel structure through alternat-
ing or interleaved inlet and outlet branches. By distributing the
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Fig. 1. Exploded assembly view of a representative MMC heat sink assembly.
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Fig. 2. Coolant flow path within the manifold insert and microchannels in
a conventional MMC heat sink with straight rectangular fins. Blue colored
arrows indicate low-temperature fluid flow before it enters the microchannel
unit cells. Red colored arrows indicate heated high-temperature flow after the
fluid exits the unit cells.

coolant flow before it enters the microchannel unit cell, both
the system pressure loss (i.e., pumping power requirement) and
the temperature variation on the base plate can be significantly
reduced at the expense of some slight increase of the packag-
ing form factor due to the added manifold component. Figure 1
shows a representative MMC heat sink assembly. The coolant
flow path within the manifold insert plus microchannels is
demonstrated in Fig. 2, where blue colored and red colored
arrows, respectively, denote cold and hot coolant fluid streams.

Since the introduction of the MMC heat sink [4], extensive
investigation has been conducted regarding its computational



analysis [5], experimental validation [6] and performance
optimization [7], [8]. However, only straight rectangular fin
geometries have been studied for MMC heat sinks. This paper
applies topology optimization (TO) to further explore the
thermal-fluid performance potential of MMC heat sinks.

TO is a computational synthesis approach that explores the
optimal geometries for physics (or multiphysics) governed
systems. The geometry exploration is formulated as a ma-
terial distribution design problem. Since the concept of TO
was first proposed [9] using a homogenization method for
structural mechanics, alternative methods (e.g., SIMP [10],
[11], ESO [12], level-set [13], [14]) have been developed
and applied to various applications (e.g., fluidics [15], pho-
tonics [16], electromagnetics [17] and acoustics [18]). This
paper focuses on conjugate heat transfer TO using a density-
based method. In the density-based TO method [19], the free-
form geometry design is modeled by nodal design variables.
While continuous values (i.e., “blurry” geometry) are allowed
during the course of optimization, discrete convergence (i.e.,
“crisp” geometry) is encouraged via interpolation functions
and achieved via iterative gradient-based methods at the end
of the optimization. In the case of fin/channel geometry design,
a design value of 0 indicates solid walls, while a value
of 1 indicates fluid channels. Following pioneering work in
conjugate heat transfer TO [20], [21], the method has been
applied to the design of air-cooled heat sinks [22]–[24] and
liquid-cooled heat sinks [25]–[33]. This paper presents, for the
first time, the use of conjugate heat transfer TO for the design
of three-dimensional (3-D) MMC heat sinks, while related
works all used traditional (manifold-less) microchannel heat
sink configurations with limited 3-D attempts.

To demonstrate the thermal-fluid performance improvement,
the novel fin/channel designs obtained by TO are bench-
marked against conventional straight rectangular fin designs.
The numerical results reveal that the TO designed fin/channel
geometries outperform conventional straight rectangular fin
designs (heat dissipation capability versus pumping power
requirement). It is acknowledged that the shape complexity
associated with the TO designed fin/channel geometries is
apparently not suitable for conventional manufacturing pro-
cesses, e.g., machining and metal die-casting. However, such
out-of-box designs fully exploit the flexibility offered by latest
advanced manufacturing processes, e.g., additive manufactur-
ing and rapid investment casting.

II. METHOD

The proposed method including design variable description,
governing equations, optimization objective function plus for-
mulation, and numerical implementation are described in this
section.

A. Design Variable

In a prescribed, fixed design domain, D, a characteristic
function, χ, is defined to describe the channel domain, Ωc, to

be optimized:

χ(x) =

{
0 for ∀x ∈ D \ Ωc

1 for ∀x ∈ Ωc
, (1)

where x stands for a design point in D, and χ(x) is defined
by a scalar function, φ, and a Heaviside function, H , such
that:

χ(x) = H (φ(x)) =

{
0 for ∀x ∈ D \ Ωc

1 for ∀x ∈ Ωc
. (2)

A Helmholtz partial differential equation (PDE) filter [34],
[35] is introduced to regularize φ:

−R2
φ∇2φ̃+ φ̃ = φ, (3)

where Rφ is the filter radius. Then, the regularized nodal
design variable, γ, is defined by an additional smoothed
Heaviside function, H̃:

γ = H̃(φ̃). (4)

After the regularization, φ→ φ̃→ γ, the resulting regularized
nodal design variable, γ, is bounded between 0 and 1, where
γ = 0 indicates solid material walls and γ = 1 indicates
fluid flow channels. In a practical optimization formulation,
the original nodal design variable, φ, is bounded between −1
and 1.

B. Governing Equations

In an MMC heat sink, the heat transfer physics is governed
by conduction in a solid plus convection via a surrounding
fluid medium. Such phenomenon is often regarded as conju-
gate heat transfer.

The equilibrium equations governing the flow physics (as-
suming incompressible laminar flow in porous media) is
summarized as follows:

ρ(u · ∇)u = −∇p+∇ · (µ (∇u + (∇u)ᵀ))− µα(γ)u,

∇ · (u) = 0,
(5)

where ρ is the fluid density, u is the fluid velocity vector
(state variable), p is the pressure (state variable), µ is the
fluid dynamic viscosity, and α(γ) is the effective inverse
permeability, which is a function of the regularized design
variable, γ.

The effective inverse permeability interpolation function is
defined as follows [36]:

α (γ) = αmin + (αmax − αmin)
qα(1− γ)

qα + γ
. (6)

As γ approaches 0, α (γ) approaches αmax indicating a
low permeability quasi-solid state. As γ approaches 1, α (γ)
approaches αmin indicating a fluid state. In this expression,
qα is a tuning parameter controlling the function convexity.

The equilibrium equation governing the heat conduction and
convection physics is summarized as follows:

ρCpu · ∇T = ∇ · (k (γ)∇T )−Q, (7)



where Cp is specific heat capacity, T is the temperature (state
variable), Q is the volumetric heat generation, and k (γ) is
the effective thermal conductivity, which is a function of the
regularized design variable, γ.

The effective thermal conductivity interpolation function is
defined as follows [37]:

k (γ) =
γ (Ck(1 + qk)− 1) + 1

Ck(1 + qkγ)
, (8)

where
Ck =

kf
ks
. (9)

kf is the thermal conductivity of the assumed fluid, ks is the
thermal conductivity of the assumed solids, and qk is another
tuning parameter controlling the function convexity.

Note that for the material properties assumed in this study,
the product of ρCp on the left-hand-side of (7) is approx-
imately constant. Thus, density and specific heat are not
interpolated in this work.

C. Objective Function

A multi-objective function is defined as a weighted linear
combination of flow resistance, f1, and average temperature
at the base plate, f2, following a similar approach in [20]:

f = w1f1 + w2f2, (10)

where

f1 =

∫
D

1

2
µ
∑
i,j

(
∂ui
∂xj

+
∂uj
∂xi

)2

+ µ
∑
i

α (γ)u2
i

dΩ,

(11)
and

f2 =

∫
Γb

TdΩ. (12)

Here, w1 and w2 are weighting factors, which balance the
thermal-fluid performance of the optimized designs. By ad-
justing w1 and w2 settings, the multi-objective performance
can be explored.

D. Optimization Formulation

The overall optimization formulation is summarized as
follows:

minimize:
φ

f (γ) ,

subject to: φ ∈ [−1, 1]D,

design variable regularization,
physics equilibrium,

(13)

where φ is the nodal design variable ranging between −1
and 1. The regularization procedure, φ → γ, utilizes the
prior expressions (3) and (4). The weighted objective function,
f (γ), is provided in (10) to (12). The governing equations for
conjugate heat transfer are detailed in (5) to (9). A notable
omission in the optimization formulation is the often-used
volume fraction constraint. Here, the volume fraction of the
optimized design is naturally determined based on the choice
of weighting factors in the multi-objective function, (10).

E. Numerical Implementation

The governing equations for conjugate heat transfer physics
explained in Section II-B are solved using COMSOL commer-
cial software using a finite element method. The iterative up-
date of the design variable, φ, is performed in MATLAB using
the method of moving asymptotes [38]. The sensitivity analy-
sis follows the standard adjoint method, which is implemented
in COMSOL with automatic differentiation. The COMSOL-
MATLAB Livelink is used to communicate between the two
computing platforms. While the optimization is performed
using the porous media approach, all TO designs reported in
this paper have been post-processed with separately modeled
fluid and solid domains. Accordingly, a Boolean operation is
used to appropriately model the surface boundary between
the resulting fluid and solid domains. Such post-processing is
necessary to guarantee accurate numerical analysis by avoiding
any fluid seepage into the solid domain.

III. NUMERICAL RESULTS

This section presents a numerical case study, which com-
pares the thermal-fluid performance of MMC heat sinks using
conventional straight rectangular fins versus MMC heat sink
designs obtained using TO fin/channel geometries. The overall
cold plate assembly design follows the image presented in
Fig. 1. For simplicity here, all designs assume an identical
manifold insert component, although it is logical that the man-
ifold may eventually be merged into the overall optimization
strategy.

Material properties are summarized in Table I with copper
for the solid and 50/50 water/ethylene-glycol for the fluid.
Fluid is supplied at the inlet for the entire cold plate at
a constant flow rate of 0.25 l/min at a fixed temperature
of 338.15 K. The base plate is uniformly heated with heat
flux of 100 W/cm2. The overall fin area is prescribed as
36 mm × 36 mm. The base plate thickness is 2 mm. The
manifold insert component has 8 dividers, 4 inlets and 4
outlets. To manage the computational cost, a unit cell model
is used for the analysis and design optimization. The unit cell
length is 4.5 mm (along the rectangular fin direction). The unit
cell width is 1.8 mm (along the manifold divider direction).
As a result, the total number of unit cells is 160. Symmetry
boundary conditions are applied to all four sides of the unit
cell; refer to Fig. 3.

TABLE I
MATERIAL PROPERTIES

Property Symbol Value Unit
Fluid density ρ 1003.5 kg/m3

Fluid dynamic viscosity µ 0.00065 Pa · s
Fluid thermal conductivity kf 0.4267 W/(m · K)
Fluid specific heat capacity Cp 3662.2 J/(kg · K)
Solid thermal conductivity ks 400 W/(m · K)

A. Conventional Rectangular Fins

As a baseline, the thermal-fluid performance of MMC heat
sinks with conventional straight rectangular fins is analyzed.



Fig. 3. Unit cell design domain and boundary condition settings for TO.

The fin/channel width ratio within the unit cell is varied,
and Fig. 4 presents four sampled designs. As seen in the
steady-state temperature contours of the solid domain and
fluid streamlines, both the maximum temperature of the base
plate and the temperature at the fluid outlet decrease as the
fluid channel becomes narrower. Simultaneously, the fluid
velocity through the channel itself increases. Thus, the thermal
performance increases for narrower channels, and performance
is characterized by the average temperature difference, ∆T ,
between the base plate temperature and the fluid inlet temper-
ature. On the other hand, narrower channel designs also expe-
rience an attendant increase in pressure drop indicating inferior
fluid performance. Specifically, for the same volumetric flow
rate, higher pressure drop requires more pumping power for
any heat sink system. Detailed thermal-fluid performance of
the four sampled designs is summarized in Fig. 5.

B. TO Designed Fin/Channel Geometries

The design domain and boundary conditions again follow
Fig. 3 for the TO study. The design domain is meshed with
230640 hexahedral elements. The adopted design variable reg-
ularization scheme often guarantees the mesh independence of
the optimized results. The fluid domain minimum feature size
is governed by the filter radius Rφ. However, the feature size
is not explicitly controlled for the solid domain in the current
formulation. A more comprehensive mesh independence study
is left as future work. The unit cell dimensions are identical
to those used in Section III-A. Here, it is noted that a solid
wall of 0.5 mm thickness is prescribed in the unit cell to
guarantee the appropriate support of the insert component and
to model the periodic nature of the design. Fluid enters and
exits the unit cell vertically with prescribed fluid domains
based on the insert geometry. Thus, the TO design domain is
a 4.5 mm× 1.3 mm× 3.25 mm cuboid that allows free-form
distribution of either solid (i.e., walls) or fluid (i.e., channels).

Three TO designs with different prescribed weighting fac-
tors (w1 and w2) are presented in Fig. 6. Each design is
converged in 150 optimization iterations. One solver call (i.e.,
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Fig. 4. Unit cell analysis of conventional MMC heat sinks with straight
rectangular fins. Four designs with variable ratios of channel and wall widths
are presented. Channel widths are (a) 1.8 mm; (b) 1.0 mm; (c) 0.6 mm
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corresponding to the right color bar in all sub-figures. Colored streamlines
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Fig. 5. Thermal-fluid performance comparison between TO designed MMC
heat sinks and conventional MMC heat sinks. The thermal performance is
measured by the average temperature difference between the base plate and
inlet fluid (Y-axis). The fluid performance is measured by the pressure drop
between inlet and outlet (X-axis).

coupled laminar flow plus heat conduction and convection) is
required per optimization iteration. Non-intuitive geometries
are generated, which are otherwise extremely challenging
to obtain via an empirical design process. As the ratio of
w2/w1 increases, the optimized design favors heat transfer
performance over fluid flow performance. It is also observed
that a larger volume fraction of solid material generally leads
to better thermal performance. This is due to an increase of
the wetted surface area of the design and an increase in more



conductive solid material. However, as the volume fraction of
the solid material increases, the pressure drop also tends to
increase due to the narrowed and more tortuous flow path.
This trade-off agrees with the trend observed for conventional
MMC heat sinks with straight microchannels (Section III-A).
Detailed thermal-fluid performance of the three TO designs are
summarized in Fig. 5. For the sake of demonstration, Fig. 7
presents the entire MMC heat sink using the TO designed
fin/channel unit cell geometry of Fig. 6(b).

C. Performance Comparison

As shown in Fig. 5, the thermal-fluid performance of TO
designs outperform that for the conventional designs with
straight rectangular fins. At a given pressure drop, the TO
designs provide a lower average temperature of the base plate.
Likewise, to achieve the same cooling performance, the TO
designs require less pumping power. This result is due to an
enhanced wetted surface area, as well as, a flow path that is
more contoured to the overall u-shaped coolant flow trajectory
through the unit cell. Additionally, for the designs that have
higher heat transfer performance, the generation of additional
pin-fin-like structures further disrupts the thermal boundary
layer, thus enhancing fluid mixing and lowering the base plate
average temperature. Uniquely, these pin-fin-like features are
not only attached to the bottom wall of the design domain,
but also appear on the fin sidewalls of the design domain, as
well.

Note that the results presented in Fig. 5 only explore design
variations within a fixed unit cell size. For the case of straight
channel designs, it is further assumed that only a single
channel is allowed per unit cell, which leads to a fixed number
of channels in the heat sink. However, it is expected that as
the number of straight channels increases, the thermal-fluid
performance curve will change accordingly. Nonetheless, the
discovery that TO designs outperform straight channel designs
is likely valid for any given unit cell dimensions.

IV. CONCLUSION

This article presented a TO method for designing novel
3-D MMC heat sink fin/channel geometries. The conjugate
heat transfer governed geometry exploration problem was
formulated using a density-based TO method and solved by
gradient-based optimization. The numerical results demon-
strated that, in a prescribed unit cell domain, TO designs
outperformed conventional designs with straight rectangular
fins. The thermal performance was measured by the average
difference between the base plate temperature and the inlet
fluid temperature (i.e., inversely proportional to the heat trans-
fer coefficient with fixed heat flux). The fluid performance
was quantified using the pressure drop (i.e., proportional
to the required pumping power). Such designs may exploit
the tremendous fabrication flexibility afforded by state-of-
the-art additive manufacturing; for example, a representative
additively fabricated TO MMC heat sink design is shown in
Fig. 8. Future work follows related research [33] and includes

the experimental validation of TO MMC heat sink designs
fabricated using additive manufacturing.
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