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a b s t r a c t 

Topology optimization generates complex geometry heat sink designs having intricate features well- 

suited for fabrication by additive manufacturing. In particular, a homogenization approach to topology 

optimization creates microchannel heat sink designs wherein the material porosity distribution corre- 

sponds to microstructures of varying dimensions, thereby eliminating the need to penalize the porosi- 

ties to achieve binarized solid/liquid designs. This approach is inherently able to take into consideration 

the capabilities and limitations of available additive manufacturing processes as the types of microstruc- 

tures can be user-defined. The current study is the first to fabricate and experimentally test microchannel 

heat sink designs that are topology optimized using the homogenization approach. To this end, a multi- 

objective optimization is performed to generate a series of Pareto optimal designs that minimize pressure 

drop and thermal resistance. The effect of the grid resolution is investigated. The resulting topology op- 

timized designs are found to have different geometries and performances with different grid cell sizes 

because this impacts the physical dimensions of the microstructures. A series of pin fin arrays with dif- 

ferent grid cell sizes and fin thicknesses are fabricated using Direct Metal Laser Sintering of AlSi10Mg. The 

additively manufactured surfaces have high roughness which creates connections between pin fins with 

small gap sizes and creates tortuous flow paths. The smallest pin fin that consistently survived the fabri- 

cation process is ∼0.25 mm thick and hence series of topology optimized microchannel heat sinks with a 

0.5 mm grid cell size are additively manufactured. The pressure drop and thermal resistance of the fabri- 

cated heat sinks are experimentally characterized, and the measured results lie on the Pareto optimality 

curve predicted by the topology optimization algorithm. This work demonstrates that the homogeniza- 

tion approach to topology optimization generates high-performance microchannel heat sink designs that 

can be achieved using available additive manufacturing processes. 

© 2023 Elsevier Ltd. All rights reserved. 

1. Introduction 

Heat sinks are commonly used in the thermal management of 

electronic and electromechanical devices to provide a low-thermal- 

resistance pathway between the heat generating components and 

the cooling fluid. Factors such as coolant type, boundary condi- 

tions, material properties, and performance objectives dictate the 

optimal heat sink geometry and dimensions. There have been 

many studies on the design, optimization, and testing of heat sink 

geometries to develop high-performance thermal management so- 

lutions for a wide array of applications. However, heat sink designs 

were limited by conventional fabrication methods for which sim- 

ple geometries with better mass manufacturability were preferred 

over application-specific, optimized parts with intricate features. 

The emergence of commercial additive manufacturing (AM) pro- 
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cesses that enable the fabrication of complex structures has cre- 

ated an increased interest in the design of heat sink geometries 

having lower thermal and flow resistances by leveraging this in- 

creased design freedom. 

There have been many different heat sink designs proposed to 

improve heat dissipation performance. Some of these novel heat 

sinks are designed using engineering intuition where knowledge 

of fluid dynamics and heat transfer principles are used to pro- 

pose geometries expected to improve the hydrodynamic and ther- 

mal performance. For example, Fasano et al. [1] proposed a novel 

air-cooled ’Pitot heat sink’ design having a secondary flow path on 

top of the heat sink which connects to the main flow path be- 

tween rectangular fins through the internal openings of the fins. 

This complex flow path, made possible by AM, was fabricated us- 

ing direct metal laser sintering (DMLS) in AlSiMg and experiments 

showed up to 95% improvement in convective thermal transmit- 

tance compared to the benchmark. Kempers et al. [2] used a 

multi-metal electrodeposition AM process to design and fabricate 

https://doi.org/10.1016/j.ijheatmasstransfer.2023.124108 
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Nomenclature 

A b heat sink base area, m 

2 

c p coolant specific heat capacity, J/kg-K 

f cost cost function, - 

H fin/channel height, m 

H b base thickness, m 

k coolant thermal conductivity, W/m-K 

m weighting factor, - 

�P pressure drop, Pa 

�P exp experimentally measured pressure drop, Pa 

P̄ pressure normalization constant, Pa 

Q total heat input, W 

Q loss parasitic heat losses, W 

R thermal resistance, K/W 

R w 

weighted thermal resistance, K/W 

R̄ thermal resistance normalization constant, K/W 

R f filter radius, m 

R sh shunt resistor electrical resistance, �

R exp experimentally measured thermal resistance, K/W 

T b base temperature, K 

T exp experimentally measured base temperature, K 

t fin thickness, m 

T c coolant temperature, K 

T c,in inlet coolant temperature, K 

T heater heater temperature, K 

T max maximum base temperature, K 

T ∞ 

ambient temperature, K 

v̄ velocity, m/s 
˙ V flow rate, m 

3 /s 

V h heater voltage drop, V 

V sh shunt resistor voltage drop, V 

w f filter weight, - 

w channel width, m 

x grid cell position, m 

�x grid cell size, m 

Greek Symbols 

ε design variable, - 

εf filtered design variable, - 

λ thresholding thickness, m 

μ coolant dynamic viscosity, Pa-s 

ρ coolant density, kg/m 

3 

Acronyms 

AM additive manufacturing 

DMLS direct metal laser sintering 

MCHS microchannel heat sink 

PEI polyetherimide 

TO topology optimization 

a microchannel heat sink with integrated microjets. Their design 

showed 6 × increase in thermal conductance to pressure drop ra- 

tio compared to a baseline. Collins et al. [3] proposed a permeable 

membrane microchannel heat sink design that incorporated porous 

walls with the channel between capped at alternating the inlet and 

the outlet, forcing the coolant through the pores of the membrane 

walls. This novel design was 3D printed using DMLS in AlSi10Mg 

and showed a 17% reduction in thermal resistance and 28% reduc- 

tion in pressure drop relative to a conventional straight channel 

design at a constant pumping power. Later, Ozguc et al. [4] per- 

formed a multi-objective parameter optimization of the perme- 

able membrane microchannel heat sink design, which showed up 

to 68% lower thermal resistance at a set pressure drop compared 

to the straight channel heat sink. Kirsch and Thole [5] proposed 

wavy microchannels with interconnects and optimized the shape 

of the fins to improve the hydraulic and thermal performance of 

the heat sink. They fabricated a series of baseline and optimized 

designs using laser powder bed fusion in Inconel 718. The designs 

achieved a 6% reduction in friction factor when the pressure drop 

was minimized and a 9% increase in heat transfer when heat trans- 

fer was maximized. Numerous additional examples of AM-inspired, 

intuition-based designs can be found in the literature [ 6 , 7 , 8 , 9 ]. 

These intuition-based heat sink designs have shown perfor- 

mance enhancement, but as an alternative approach, various com- 

putational algorithms can numerically generate heat sink geome- 

tries to achieve higher performance. These algorithms excel when 

addressing complex design problems that are too difficult to solve 

using intuition alone, such as finding the best heat sink designs 

out of the endless possibilities enabled by additive manufactur- 

ing. Topology optimization (TO) is one such algorithm where mate- 

rial distribution within a design space is optimized to minimize or 

maximize a user-defined cost-function. Heat sink geometries have 

been generated using TO and shown to outperform conventional 

designs for various applications under different boundary condi- 

tions and governing flow physics. Li et al. [10] performed topology 

optimization for liquid-cooled heat sinks where the pressure drop 

was minimized and the heat exchange was maximized through a 

multi-objective optimization formulation. They investigated non- 

uniform heating conditions where the topology optimized design 

achieved an 11.7% lower maximum surface temperature compared 

to a straight fin/channel design. Dong and Liu [11] used multi- 

objective TO with three different objectives to generate air-cooled 

heat sink designs. Their design problem consisted of multiple heat 

sources and multiple coolant inlets, which would otherwise be 

challenging to solve using an intuition-based design. Alexander- 

sen et al. [12] used 3D topology optimization to design natural- 

convection-cooled heat sinks. By using a parallel computing frame- 

work for solving the governing non-linear multi-physics system of 

equations, they were able to optimize up to 30 million design vari- 

ables. Dilgen et al. [13] performed 3D TO of heat sinks with turbu- 

lent flow. Gilmore et al. [14] used 3D topology optimization to de- 

sign the microchannels in the bottom layer of a two-layer manifold 

microchannel heat sink. The optimizer created structures that re- 

duced the overall pressure drop by suppressing stagnation regions 

and limiting nozzle constrictions. Similarly, Zhou et al. [15] per- 

formed 3D, multi-objective TO of the bottom-layer microchannels 

in a manifold microchannel heat sink. The minimized cost func- 

tion was defined as the weighted summation of the flow resistance 

and the average base plate temperature. Their topology optimized 

design outperformed a size-optimized rectangular channel/fin de- 

sign along the Pareto optimality curve of the two weighted objec- 

tives. Sun et al. [16] conducted 3D topology optimization of liquid- 

cooled heat sinks using 6 million tetrahedral elements. Topology 

optimized design consisted of intricate features that routed the hot 

flow to the top and the cold flow to the bottom layer of the heat 

sink. This design showed a 10-40% lower temperature compared to 

an optimized parallel plate fin heat sink under the same pumping 

power. 

Despite their significant performance advantages, topology op- 

timized designs are often too complex in geometry to fabricate 

using conventional manufacturing approaches. Therefore, additive 

manufacturing and topology optimization have been proposed to 

be used in conjunction where high-performance parts can be de- 

signed with TO and the resulting complex geometries can be fab- 

ricated using AM. Dede et al. [17] generated topology optimized 

air-cooled heat sinks and fabricated them using additive manufac- 

turing out of AlSi12. Relative to a series of conventional designs, 

the optimized heat sink design showed a higher coefficient of per- 

formance (defined as the inverse of the product of thermal re- 

sistance and pumping power). Han et al. [18] topology optimized 
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liquid-cooled heat sinks for a design space with multiple inlets 

and outlets which showed up to 57% reduced temperature differ- 

ence within the heat sink compared to the temperature difference 

of their benchmark, a spider-web-like heat sink design; one of the 

designs was 3D printed in aluminum for experimental demonstra- 

tion. Joshi et al. [19] performed an experimental comparison of a 

topology optimized multi-pass branching microchannel heat sink 

fabricated using additive manufacturing and conventional machin- 

ing. The AM part showed a 46% increase in cooling performance at 

the cost of a 91% increase in pressure drop, which was attributed 

to the high surface roughness of AM microchannels. Lazarov et al. 

[20] used topology optimization to generate passively cooled heat 

sink designs for cooling LED lamps. A resulting design was 3D 

printed and experimental comparisons showed a 21% lower tem- 

perature rise relative to the benchmark lattice heat sink geome- 

tries. 

In commonly used topology optimization approaches, the de- 

sign variables represent the spatial porosity distribution of a fic- 

titious porous media; intermediate porosity values are penalized 

during optimization such that the final designs consist of strictly 

solid and fluid regions. Recently, Ozguc et al. [21] proposed a ho- 

mogenization approach to topology optimization where the design 

variables represent the dimensions of physical microstructures that 

make up the design space. The homogenization approach thereby 

does not require any penalization as the resulting designs con- 

sist of microstructures with spatially varying dimensions over the 

full spectrum of design variable values. Implementation of these 

microstructures using porous-media-based flow and heat transfer 

equations allows their features to be smaller than the numerical 

discretization, and hence, the homogenization approach can gen- 

erate heat sink designs with sub-grid-resolution features. This is 

especially advantageous in the multi-scale design of large liquid- 

cooled heat sinks where the optimum fin and channel sizes are 

on the order of 10s of microns within practical pressure drop 

ranges of 1-10 kPa. Additionally, the microstructure in the homog- 

enization approach can be chosen to align with the capabilities of 

the AM process that will be used for fabrication, leading to heat 

sink designs that can be 3D printed with minimal post-processing. 

Lastly, the penalization methods commonly used in TO approaches 

rely on hyperparameters that significantly affect the end design 

and must be tuned by experienced users. The homogenization ap- 

proach does not use penalization and therefore requires much less 

input from the user to generate a feasible design. These advantages 

make the homogenization approach to topology optimization well- 

suited for the design of high-performance, additively manufactured 

microchannel heat sinks. 

The homogenization approach was proposed by Ozguc et al. 

[21] . An initial demonstration showed that the topology opti- 

mized designs generated using the homogenization approach were 

able to theoretically achieve lower pressure drop and thermal re- 

sistance compared to the optimized straight channel heat sink 

at a given flow rate. The homogenization approach shows great 

promise, however, there is a need to better understand and ex- 

perimentally demonstrate the process of translating the topology 

optimized design from theory into a functioning 3D printed heat 

sink. The work presented here addressing this need will be intro- 

duced as follows: (1) the homogenization approach is first used to 

generate a series of topology optimized liquid-cooled microchan- 

nel heat sink designs using different grid resolutions, (2) heat sink 

samples are fabricated to determine the grid feature resolutions 

that are possible within the AM capabilities, (3) a non-intrusive 

post-processing approach is developed to create AM-ready designs 

based on the fabrication constraints, and lastly, (4) a series of op- 

timized heat sinks were fabricated and their performance experi- 

mentally demonstrated to lie along the predicted Pareto optimality 

curve. 

Fig. 1. (a) Schematic drawing of the 2D design space and boundary conditions used 

for topology optimization of the microchannel heat sinks, and (b) the schematic 

drawings of the user-defined microstructures used in the homogenization approach. 

2. Methodology 

2.1. Topology optimization 

The design problem is defined as the minimization of a user- 

defined cost function by optimizing the material distribution 

within a design space for a set of boundary conditions. The 2D 

design space and the boundary conditions used for topology op- 

timization are shown in Fig. 1 a, which represents a top-down view 

of where the microchannel heat sink (MCHS) would be placed. 

Flow enters with a uniform velocity through the inlet on the left 

edge and leaves from the uniform pressure outlet on the right 

edge. A uniform heat flux boundary condition is applied over a 

15 × 15 mm 

2 area centered within the design space. Semi-circular 

headers with a 4-mm radius are imposed at the inlet and the out- 

let. The optimizer is not allowed to modify the material distribu- 

tion inside the header regions, which are left completely open (no 

solid material) to provide locations for pressure measurement near 

the inlet and the outlet during experimental testing. A solid base 

thickness ( H b ) of 3 mm and a fin/channel height ( H ) of 1 mm are 

used for the current design cases, resulting in an overall MCHS 

thickness of 4 mm. The thickness of the solid base is chosen so 

that thermocouples can be easily embedded at the centers of the 

MCHS designs during experimental testing. 

A homogenization approach to topology optimization is used 

with user-defined microstructures that represent the partial densi- 

ties in topology optimization. Similar to Ozguc et al. [21] , square 

pin fins of varying thickness and gap size are used as the mi- 

crostructure. Schematic drawings of this chosen microstructure are 

shown in Fig. 1 b and the design variable is formulated as follows. 
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Table 1 

Properties of water evaluated at 30 °C [23] . 

ρ (kg/m 

3 ) μ (Pa ·s) c p (kJ/kg) k (W/(m ·K)) 

995.8 803.4 ·10 −6 4.178 0.6172 

ε i = 

�x − t i 
�x 

= 

w i 

�x 
(1) 

With this formulation, the MCHS design space is discretized 

into grid cells of size �x , where each grid consists of a single 

square pin fin of thickness t . The thickness of each fin is then mod- 

ified iteratively by the optimizer through the design variables εi of 

each cell to minimize a user-defined cost function . 

The total heat input ( Q ) does not affect the resulting TO de- 

signs because the governing energy conservation equation is lin- 

ear; temperature-rise scales linearly with heat input and thermal 

resistance stays constant. Therefore, optimization and testing of the 

designs are performed at a single heat input and are not repeated 

for different values. Total heat input of 60 W is chosen to ensure 

that the heater temperature does not rise above the melting point 

of the polyetherimide (PEI) insulating material used in the exper- 

imental facility. The heat sink material is AlSi10Mg with an as- 

sumed thermal conductivity of 160 W/m-K in the middle of the 

range provided by the supplier (130-190 W/m-K [22] ). The coolant 

is water (with the properties shown in Table 1 ) that enters the de- 

sign space at 30 °C at a flow rate ( 
·

V ) of 200 mL/min. 

Both pressure drop ( �P ) and thermal resistance ( R ) are impor- 

tant metrics for evaluating the performance of a heat sink design. 

Pressure drop is defined as the difference in the static pressure 

of the coolant between the inlet and the outlet. The thermal re- 

sistance is calculated from the maximum base temperature ( T max ) 

and the coolant inlet temperature ( T c,in ) as 

R = 

T max − T c,in 
Q 

(2) 

This thermal resistance formulation uses the maximum heat 

sink base temperature, the location of which can change during 

optimization. This leads to an ill-posed optimization problem and 

therefore a weighted thermal resistance formulation shown is in- 

stead used during topology optimization, as calculated from the 

base temperature distribution ( T b ) where higher temperatures have 

a higher impact on the resistance. 

R w 

= 

[
1 
A b 

∫ ∫ 
( T b − T c,in ) 

4 dA 

]1 / 4 

Q 

(3) 

The weighting operation was performed by using an exponent 

of 10 in our previous work [21] for which there was a small hot 

spot within the design space, which fixed the location of the peak 

temperature. A smaller value of 4 is more suitable for the large 

uniform heat flux boundary condition used in this study because 

the location of the peak temperature in the domain is expected to 

change throughout the optimization, which can lead to an ill-posed 

problem if the exponent is too high. A multi-objective optimization 

approach is used to account for the competing pressure drop and 

thermal resistance metrics. The cost function shown is taken as the 

weighted summation of these two objectives. 

f cost = m · �P − P̄ 

P̄ 
+ ( 1 − m ) · R w 

− R̄ 

R̄ 

(4) 

where the weighting coefficient ( m ) is a user-defined value be- 

tween 0 and 1. The pressure drop and thermal resistance are nor- 

malized by the normalizing constants P̄ and R̄ chosen as 2.5 kPa 

and 0.1 K/W respectively. Such normalization is common in multi- 

objective optimization problems and the values of these constants 

Fig. 2. Schematic diagram of the TO process flow. 

determine the correspondence between the weighting factor and 

the performance of an individual design; however, they do not af- 

fect the Pareto optimality curves created by a collection of designs 

generated by varying the weighting factor from 0 to 1. 

Topology optimization is an iterative process wherein the de- 

sign variables are updated at each iteration to reduce the value of 

the cost function. Fig. 2 shows a schematic diagram of the TO pro- 

cess flow. A brief description of each step is provided with relevant 

references as follows. 

1. Design Initialization: A user-defined design space with specified 

boundary conditions is discretized into square grid cells. Each 

grid cell holds a square pin fin represented by the design vari- 

able εi defined in Eq. (1 ). In this work, each design variable is 

initialized to a value of 0.90. Ozguc et al. [21] showed that dif- 

ferent initializations result in different designs, as is expected 

in topology optimization problems, but more importantly the 

performance differences between such designs are negligible. 

2. Density Filter: The designs are filtered using the density filter- 

ing scheme described by Sigmund [24] to avoid checkerboard 

patterns, which is formulated as follows. 

ε f, j = 

∑ 

w f ( x i ) ε i ∑ 

w f ( x i ) 
(5) 

w f ( x i ) = R f −
∥∥x i − x j 

∥∥ (6) 

where subscripts i and j represent the design variable index, εf is 

the filtered design variable, x is the position of a design variable, 

w f ( x i ) is the weight of a design variable on the filtering operation, 

and R f is the filter radius. A filter radius of 1.5 × �x is used which 

includes only the neighboring cells. This is found to be adequate 

to avoid checkerboard patterns without constraining the optimizer 

with a larger filter radius. 

3. Flow and Heat Transfer Model: The TO algorithm can only cre- 

ate designs that vary over the footprint and are uniform along 

the height. However, the governing “2.5D” physical models used 

in this work account for certain 3D effects, namely, heat spread- 

ing in the solid base layer and the changes in momentum, vis- 

cous shear, and energy capacity due to the presence of assumed 

velocity and temperature profiles along the height direction. 

A detailed description of the governing mass, momentum, and 
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energy equations with corrections for these 3D effects achieved 

by a height-averaging operation on the governing equations is 

given in Refs. [21] and [25] . Inherently, these are porous media 

models where source terms with effective porous media prop- 

erties such as permeability, surface area density, effective con- 

ductivity, and internal convection coefficient are used to model 

the microstructure shown in Fig. 1 b. The model formulation 

accounts for thermal non-equilibrium within each grid cell to 

solve for velocity, pressure, and temperature fields throughout 

the design domain. 

4. Sensitivity Analysis: Gradients of the cost function with respect 

to the design variables are calculated using the adjoint state 

method [26] . 

5. Design Update: The gradient information is used with the Se- 

quential Linear Programming (SLP) algorithm [27] to modify the 

MCHS design at each iteration to minimize the cost function 

defined in Eq. (4 ). 

6. Convergence: A convergence criteria can be defined to automat- 

ically end the optimization. In the current work, a fixed number 

of 200 iterations is used for all the designs generated. It was 

observed that this was sufficient for the cost function value and 

the design variables to stop changing long before the maximum 

number of iterations is reached. 

2.2. Experimental methods 

Direct metal laser sintering was used for the fabrication of the 

pin fin samples and the heat sinks. To characterize the pressure 

drop and thermal resistance of the TO designs, an experimental 

facility was constructed as shown in Fig. 3 a. Deionized water in 

the reservoir flows through air-to-liquid heat exchangers to remove 

the heat accumulated along the flow loop. A positive displacement 

gear pump is used to circulate the fluid (Micropump GC-M23.JDS.E 

pump-head with Baldor 1/3 HP, 3PH inverter duty motor). A by- 

pass line creates a direct flow path between the pump and the 

reservoir to assist in controlling the flow rate through the rest of 

the flow loop using a needle valve. The flow through the primary 

path passes through particulate and carbon filters to remove any 

possible contaminants. The flow rate to the test section is mea- 

sured using a Coriolis mass flow meter (Micro Motion CMFS010M). 

Liquid-to-liquid heat exchangers preheat the coolant to the desired 

inlet temperature of 30 °C. The secondary flow through the heat 

exchangers is a water-ethylene glycol line connected to a constant 

temperature bath (Thermo Scientific AC200) with a built-in pump. 

After passing through the test section, the outlet stream returns to 

the reservoir. 

The test section is depicted in greater detail in Fig. 3 b. It con- 

sists of a 12.5 × 12.5 mm 

2 ceramic heater positioned inside a 

PEI spacer. The heater is attached on its bottom surface to the 

spacer using an RTV silicone. A 5 × 15 × 15 mm 

3 copper block 

is placed on top of the ceramic heater with thermal grease in be- 

tween. Another layer of thermal grease connects the copper block 

with a heat sink centered on top. The heater-heat sink assembly 

is compressed using a polycarbonate block on the top and a PEI 

base plate at the bottom using four spring-loaded bolts tightened 

around the corners. The polycarbonate block contains flow features 

to route the coolant through the heat sink from the inlet and out- 

let ports. A silicone rubber sheet is placed in between the polycar- 

bonate block and the heat sink to maintain a hydraulic seal of this 

flow path. 

A differential pressure transmitter (Omega, PX2300-2DI, 0-2 PSI, 

24 V, 4-20 mA) measures the pressure drop between the two pres- 

sure taps which connect to the headers of the heat sink. The flow 

temperature is measured at the test section inlet and outlet us- 

ing T-type thermocouples. The temperature of the ceramic heater 

( T heater ) is measured using an embedded K-type thermocouple. The 

Fig. 3. (a) Schematic diagram of the flow loop facility and (b) exploded drawing of 

the test section. 

heater is powered by a DC power supply (Sorensen XG 100-8.5). 

The electrical current provided by the power supply is calculated 

by measuring the voltage drop across a shunt resistor (HA-5-50, 

Empro, 0.01 �) connected in series with the heater. The total 

power input is then calculated from the current and the voltage 

drop across the heater. A T-type thermocouple probe is inserted 

into a hole embedded into the center of the base of the heat sink 

( T exp ). Another T-type thermocouple is used to continuously moni- 

tor the ambient temperature during testing. An ice-point reference 
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(Omega TRCIII) is used as the reference junction of the T-type ther- 

mocouples which are calibrated before testing using a dry block 

calibrator (Jupiter 4852, Isotech). The temperature of the ice-point 

reference is measured using an RTD temperature sensor. Measure- 

ments are taken at 1 Hz and recorded using a data acquisition sys- 

tem (NI cDAQ-9178 with modules NI-9217, NI-9208, NI-9205, and 

NI-9214). 

All the heat sinks are tested at a flow rate of 200 mL/min en- 

tering at 30 °C, and with a total heat input of approximately 60 

W after subtracting the estimated heat losses from the insulation. 

First, a heat sink is installed into the test section shown in Fig. 3 b. 

The pump, the constant temperature bath, and the power supply 

are turned on and set to the desired operating conditions. Steady 

state conditions are achieved when the temperatures at the flow 

inlet/outlet, heat sink base, and heater have standard deviations 

of less than 0.05 K for 1 min. Pressure drop across the heat sink, 

inlet/outlet flow temperatures, heat sink base temperature, heater 

temperature, ambient temperature, flow rate, and heat input are 

recorded when a steady state is reached. An average of 60 data 

points is recorded for all measurement signals. 

The parasitic heat losses from the heater to the surrounding 

ambient are calibrated by measuring the heater temperature when 

heat is applied without the circulating coolant. For this calibration, 

the heat input is gradually increased, and the resulting steady state 

temperature of the heater is measured. The heat input is increased 

at 1 W intervals until the heater reached 145 °C. Linear regression 

is used to correlate the heat loss with respect to the temperature 

difference between the heater and the ambient. The following re- 

sulting correlation has an R 2 value of 0.999. 

Q loss = 0 . 0553 

W 

K 

· ( T heater − T ∞ 

) (7) 

where Q loss is the parasitic heat losses, T heater is the heater temper- 

ature, and T ∞ 

is the ambient temperature. The maximum heat loss 

observed during the testing of the heat sinks was 6.6% of the input 

power. Net heat into the coolant through a heat sink during testing 

is calculated by subtracting the heat loss from the total heat input. 

2.3. Data reduction 

The pressure drop of the heat sink under test is directly mea- 

sured and no calculations are performed on the measurement. The 

thermal resistance defined based on the maximum heat sink base 

temperature ( Eq. (2 )) cannot be evaluated from the experiments 

because the temperature profile is not measured. Instead, a single 

temperature measurement is taken from the center of the base of 

a heat sink ( T exp ). A testing thermal resistance ( R exp ) is instead cal- 

culated from the temperature and heater power measurements as 

follows. 

R exp = 

T exp − T c,in 
Q − Q loss 

(8) 

This testing thermal resistance is used whenever the model 

predictions are compared to experimental results, as T exp can be 

trivially extracted from the model. The error bars included in the 

experimental results are estimated with the propagation of uncer- 

tainty using the random error in the measurements and the sys- 

tematic error of the sensors provided by the manufacturers. De- 

tails on the uncertainty analysis can be found in the supplemental 

material section S1. 

3. Results 

The multi-objective cost function defined in Eq. (4 ) is the 

weighted summation of pressure drop and thermal resistance, 

Fig. 4. (a) Material distribution maps of the microchannel heat sink designs and 

plot of the cost function with increasing topology optimization iterations; design 

generated using a weighting coefficient of m = 0.835. (b) The resulting flow speed, 

pressure, flow temperature, and base temperature contour maps for the final design 

after 200 iterations. 

where the weighting coefficient (0 < m < 1) represents the impor- 

tance given to one objective over the other. Fig. 4 a shows the evo- 

lution of a MCHS design and the cost function value with the num- 

ber of iterations during optimization generated using a weighting 

coefficient of m = 0.835 and a grid size of 0.5 mm. The cost func- 

tion value appears to converge to a nearly constant value after ap- 

proximately 100 iterations. The design at iteration 100 looks very 

similar to the final design at iteration 200, however, some slight 

differences provide a minor further reduction in the cost func- 

tion. Note that the cost function value can attain a negative value 

when the thermal resistance or pressure drop is sufficiently below 

their respective normalizing constants as defined in Eq. (4 ). The 

final design consists of continuous open channels (white regions) 

that start from the inlet and the outlet and branch into multiple 

smaller channels. Inlet-side and outlet-side branches are separated 

by wide boundaries of tightly packed pin fins (dark grey regions). 

Fig. 4 b shows the resulting flow speed, pressure, flow temperature, 
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Fig. 5. Pareto optimality curves generated using three different grid cell sizes and 

material distribution maps of three designs from each curve. 

and base temperature maps for the final design. The flow speed 

is high near the inlet and the outlet but decreases gradually along 

the branches as the coolant is pushed through the pin fin array. 

There is a steep pressure gradient across the tightly packed pin 

fins separating the inlet and outlet branches, which causes a slow 

but uniform flow speed. The flow temperature map indicates that 

the majority of the heat is removed from the heat sink as the 

coolant is pushed through the tightly packed pin fins. The branch- 

ing open channels resemble a single layer manifold structure with 

the purpose of distributing the coolant along the heat sink with 

minimal flow resistance; meanwhile, the tightly packed pin fins are 

designed to remove the heat uniformly with high convective heat 

transfer performance. 

Square grid cells are used for discretization of the governing 

partial differential equations, but each grid cell also contains a sin- 

gle square pin fin as shown in Fig. 1 b. Therefore, the grid cell size 

affects the size of the pin fins; smaller grid cells will result in 

smaller pin fins. Topology optimized designs are generated using 

three different grid cell sizes of 0.25 mm, 0.5 mm, and 1 mm to 

investigate the effect on the resulting designs and performance. 

Pareto optimality curves are created for each grid resolution by 

generating a series of designs with weighting coefficients varying 

from 0 to 1. Fig. 5 shows the resulting Pareto optimality curves 

and the material distribution maps for three designs from each 

curve. Each point shown on a Pareto optimality curve is a topol- 

ogy optimized design generated using a different weighting co- 

Fig. 6. Top-down photograph of a sample print with a 0.5 mm grid cell size and 

pin fin arrays of varying thicknesses. Side-view optical microscopy images of 0.245 

mm, 0.402 mm, and 0.412 mm thick pin fin arrays are shown (in clockwise order). 

efficient. Regardless of the grid size used, larger weighting coef- 

ficients lead to higher pressure drop designs that generate more 

pin fins with tighter spacing (darker material distribution maps) 

to achieve lower thermal resistance. Conversely, smaller weight- 

ing coefficients lead to lower pressure drop designs having more 

open channels. At very low pressures, the designs have continu- 

ous flow paths that connect directly from the inlet to the outlet 

such that the coolant can bypass all the pin fins. As a result, these 

low-pressure-drop designs have greatly deteriorated thermal per- 

formance (high thermal resistance). The performance of the result- 

ing designs is affected by the grid resolution. The 1.00 mm grid 

cell size has the worst performance as it has the highest thermal 

resistance at a given pressure drop or the highest pressure drop at 

a given thermal resistance. The performance improves with reduc- 

ing grid cell size down to the smallest 0.25 mm size that has the 

best performance; however, the performance improvement has no- 

tably diminishing returns, with only a marginal improvement seen 

when reducing from 0.50 mm to 0.25 mm grid cell size. 

Even though smaller grid cell sizes improve performance, the 

fabrication capabilities of metal AM processes also need to be con- 

sidered. A series of samples with pin fins are 3D printed using grid 

cell sizes of 0.25 mm, 0.35 mm, 0.4 mm, and 0.5 mm. Each sample 

has arrays of pin fins of varying thicknesses so that the design vari- 

able range (0 ≤εi ≤1) is captured at each grid resolution. For all the 

grid resolutions, pin fins smaller than ∼0.245 mm did not survive 

the fabrication process. This resulted in smaller grid cell sizes hav- 

ing a narrower printable design variable range; for example, the 

0.5 mm grid cell size can achieve 0 ≤εi ≤0.51 and 0.35 mm grid 

cell size can only achieve 0 ≤εi ≤0.3. In general, samples with a 0.5 

mm grid cell size provided the most consistent sample-to-sample 

prints. This largest grid cell size also gives the largest 3D printable 

design variable range, albeit at the cost of reduced heat sink per- 

formance. Nevertheless, in the interest of facilitating a comparison 

between the predicted performance of the TO designs and mea- 

surements, the 0.5 mm grid cell size is chosen for the experimental 

investigation. 

Fig. 6 shows a top-down photograph of the sample print with 

0.5 mm grid cell size and side-view optical microscopy images of 

three different arrays of pin fins, each with a different fin thick- 

ness. The smallest pin fin thickness array shown in Fig. 6 is at 

the aforementioned threshold of the thickness (0.245 mm) that is 
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Fig. 7. Histogram of fin thicknesses within the topology optimized design shown in 

Fig. 4 : (a) before and (b) after post-processing. 

printed consistently sample-to-sample. Although the pin fins are 

designed to be square in their cross sections with sharp corners, 

the 3D printed fins are circular. This is attributed to the circular 

laser spot size that is on the order of the pin fin thicknesses. Addi- 

tionally, a high surface roughness (Ra ≈ 17.4 μm [4] ) can be seen 

in the microscopy images which creates connections between thick 

pin fins with small channels. This is expected to create a more 

tortuous flow path that will improve convective heat transfer per- 

formance at the cost of increased pressure drop compared to the 

model predictions that assume smooth, separate pin fins. Despite 

differences compared to the fin geometry that is modeled during 

optimization, the homogenization approach is not specific to a sin- 

gle geometry and the model of the microstructure can be adjusted 

to match the geometry and properties associated with any avail- 

able fabrication process. 

The minimum printable fin thickness associated with the pro- 

cess used in this work is 0.245 mm. Therefore, the resulting topol- 

ogy optimized designs are post-processed to remove the pin fins 

thinner than 0.245 mm before fabrication, and the model is re-run 

on the post-processed designs to ensure minimal effect on the per- 

formance. Fig. 7 a shows a histogram of all fin thicknesses within 

the topology optimized heat sink design shown in Fig. 4 , exclud- 

ing the open channels ( t = 0). A simple post-processing step has 

been developed to make the designs fabricable and conserve op- 

timal performance. A thresholding thickness ( λ) is defined where 

any pin fins thinner than the threshold ( t < λ) are removed. Any 

pin fins thicker than the threshold but thinner than the fabrica- 

tion thickness limit ( λ < t < 0.245 mm) are set equal to the 0.245 

mm limit. Several values of thresholding thickness are tried and 

λ = 0.125 mm is found to result in post-processed designs with 

negligible performance deviation from the optimal. Fig. 7 b shows 

the fin thickness distribution of the design from Fig. 4 after the 

post-processing step is performed. 

All of the topology optimized designs from along the Pareto 

optimality curve for a 0.5 mm grid cell size ( Fig. 5 ) are post- 

Fig. 8. Pareto optimality curves for 0.5 mm grid cell size before and after post- 

processing with material distribution maps of three designs. 

processed using a threshold thickness of λ = 0.125 mm. Fig. 8 

shows the original Pareto optimality curve and the performance 

curve of the designs after post-processing, with material distribu- 

tion maps of several designs also shown before and after post- 

processing. Although individual points on the Pareto curve are 

slightly shifted along the curve, the performance of the Pareto op- 

timality curve is preserved. 

Ten post-processed, topology-optimized designs along the 

Pareto optimality curve are fabricated using DMLS of AlSi10Mg. 

Fig. 9 shows the material distribution map for one representative 

design ( �P = 1.107 kPa, R = 0.224 K/W) and two photographs of 

the corresponding 3D printed heat sink. A complete set of images 

of the rest of the fabricated designs is available in the supplemen- 

tal material section S2. All the printed parts look the same as the 

designs generated by the TO algorithm with minor artifacts. 

The fabricated heat sinks are tested experimentally to measure 

their pressure drop and thermal resistance. Fig. 10 shows the re- 

sulting experimental data plotted over top of the Pareto optimality 

curve from the numerical predictions. Only the designs that were 

printed and tested are shown on the numerical Pareto optimality 

curve and each experimental data point corresponds to one of the 

designs. The axes shown in Fig. 10 are the experimentally mea- 

sured pressure drop ( �P exp ) and the measured thermal resistance 

( R exp ), which are different from the pressure drop and the thermal 

resistance used in the cost function in Eq. (4 ). The measured pres- 

sure drop is the pressure difference between the exact location of 

the experimental pressure taps, which are connected to the inlet 

and outlet headers near the inlet and the outlet. Due to the place- 

ment of the pressure taps, it is possible for the measured pressure 

difference to be negative because of a local rise in pressure near 

the pressure tap downstream. The testing thermal resistance is cal- 
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Fig. 9. (a) Post-processed material distribution map of a TO design from the Pareto optimality curve for 0.5 mm grid cell size. (b) Top-down and (c) isometric photographs 

of the topology optimized, 3D printed microchannel heat sink. 

Fig. 10. Performance comparison of the numerical Pareto optimality curve gener- 

ated by the topology algorithm and the experimental results obtained from the 

testing of the 3D printed microchannel heat sink designs. 

culated from the thermocouple measurement taken at the center 

of the heat sink base was defined and discussed in Eq. (8 ). 

The first prominent observation from Fig. 10 is that the Pareto 

optimality curves formed by the numerical and experimental data 

lay on top of each other. Furthermore, there is a direct correspon- 

dence in the order of the experimental and numerical data with 

respect to thermal resistance, namely, the design predicted to have 

the lowest thermal resistance corresponds with the measurements, 

and so forth. Despite the overlap in the optimality curves, there 

are notable differences between the exact values of numerical pre- 

dictions and the experimental results (i.e., the measured perfor- 

mance is shifted along the curve compared to the predictions). This 

is generally attributed to the geometric differences between the 

modeled and printed pin fins. First, although the macroscale topol- 

ogy and arrangement of the printed fins look visually similar to the 

optimized designs, the dimensions of the pin fins do not match ex- 

actly. Furthermore, there are shape differences between the mod- 

eled square pin fins with smooth walls and the 3D printed pin 

fins which are more circular with high surface roughness. As the 

rounded edges of the printed fins would tend to lower the pres- 

sure drop whereas the high surface roughness would increase the 

pressure drop, there is not a consistent direction observed in the 

shift along the Pareto curve. Further discussion of point-to-point 

mismatch between the Pareto curves is included in the supplemen- 

tal material Section S3. Nevertheless, the TO algorithm and model 

successfully guide the designs to create Pareto-optimal 3D printed 

parts. 

4. Conclusions 

The design freedom brought by additive manufacturing can 

be leveraged by topology optimization algorithms to create high- 

performance heat sinks with intricate features. This work used a 

homogenization approach to topology optimization to design mi- 

crochannel heat sinks consisting of spatially varying 3D printing- 

friendly pin fin microstructures. A multi-objective cost function 

with the objectives of minimum pressure drop and minimum ther- 

mal resistance was used to generate a series of Pareto-optimal de- 

signs. The effect of grid cell size used for discretization of the de- 

sign space was investigated, in combination with the printing ca- 

pabilities of a commercial DMLS process, to determine a practical 

grid resolution for the 3D printed microchannel heat sinks. A set of 

ten topology optimized heat sinks along the predicted Pareto curve 

were fabricated, experimentally tested, and compared to the model 

predictions. This work demonstrates a process for considering ad- 

ditive manufacturing print feature size limits in the optimization 

process; the homogenization approach enables a direct translation 

of topology optimization results into 3D printable designs that lie 

on the Pareto front. The experimental results showed a good match 

between the numerical Pareto front and the 3D printed microchan- 

nel heat sinks with minor differences due to the geometric differ- 

ences between the 3D printed and modeled fins, and the unac- 

counted hydraulic and thermal developing effects. Additional work 

to tune the models for flow and heat transfer within additively 

manufactured microstructures will allow a direct TO-to-reality de- 

sign process for microchannel heat sinks. 
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