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Abstract—The increasing miniaturization and power 

density of modern laptops have created a growing 

demand for compact, lightweight, and efficient thermal 

management systems. Conventional metallic heat sinks 

offer high thermal conductivity but often increase 

weight, manufacturing cost, and design constraints 

within limited laptop chassis space. Additive 

manufacturing techniques, particularly Fused 

Deposition Modeling (FDM), have emerged as cost-

effective alternatives for producing customized 

polymer-based heat sinks with complex geometries. 

This review paper examines recent studies on pin-fin 

and wavy-fin heat sinks fabricated using FDM 

technology for laptop and low-power electronic cooling 

applications. The review focuses on thermal 

performance enhancement, fin geometry optimization, 

convection characteristics, perforation effects, and 

material properties influencing heat dissipation. 

Previous investigations indicate that fin geometry plays 

a critical role in reducing thermal resistance, 

improving airflow interaction, and enhancing 

temperature uniformity. Wavy-fin configurations 

improve convective heat transfer by disturbing the 

thermal boundary layer, while pin-fin structures 

promote multidirectional airflow and uniform heat 

distribution. The paper also reviews the effects of 

printing parameters, material selection, and 

experimental techniques on thermal performance. 

Existing research primarily emphasizes metallic heat 

sinks and forced-convection systems, whereas limited 

work addresses PLA-based FDM heat sinks operating 

under natural or low-velocity convection conditions. 

Research gaps related to thermal optimization and 

comparative experimental analysis are identified. The 

study highlights the potential of FDM-fabricated heat 

sinks as sustainable, lightweight, and low-cost thermal 

management solutions for modern portable computers. 

 

Index Terms—Additive Manufacturing, FDM Heat 

Sink, Laptop Cooling, Low-Profile Electronics, Pin Fin, 

PLA, Thermal Performance, Wavy Fin. 

 

I. INTRODUCTION 

 

The rapid advancement of modern electronic devices 

has led to a continuous increase in power density and 

miniaturization of components, resulting in 

significant thermal management challenges. 

Excessive heat generation adversely affects the 

reliability, efficiency, performance, and lifespan of 

electronic systems. In portable computing devices 

such as laptops, high-performance processors and 

compact packaging further increase heat generation, 

making efficient cooling systems essential for 

maintaining safe operating temperatures and ensuring 

stable operation [7]. 

Heat sinks are among the most widely used passive 

cooling devices for thermal management in electronic 

applications. They dissipate heat from heat-

generating components through conduction and 

convection mechanisms. The thermal performance of 

a heat sink is strongly influenced by its geometry, fin 

configuration, material properties, and airflow 

characteristics. Various fin structures, including plate 

fins, pin fins, perforated fins, and wavy fins, have 

been extensively investigated to improve heat 

transfer while maintaining compact dimensions and 

low manufacturing costs [1], [4], [7]. 

Among the different configurations, pin-fin heat 
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sinks have received considerable attention due to 

their large heat transfer surface area and ability to 

promote multidirectional airflow. Nilpueng et al. 

[1] demonstrated that square pin fins generate 

stronger turbulence and higher heat transfer rates than 

circular pin fins, although with an increase in 

pressure drop. Similarly, Ismail et al. [6] reported that 

staggered pin-fin arrangements provide superior 

cooling performance compared to inline 

configurations due to enhanced flow mixing and 

reduced flow separation. Optimization studies have 

further shown that fin geometry plays a crucial 

role in thermal-fluid performance, with rectangular 

pin fins exhibiting favorable heat transfer 

characteristics under specific operating conditions 

[3]. 

Perforated fin designs have emerged as an effective 

technique for improving heat sink performance. The 

presence of perforations enables airflow to pass 

through the fin body, reducing thermal boundary-

layer thickness and promoting additional fluid 

mixing. Several researchers have reported significant 

thermal improvements using perforated fin 

configurations [2], [8], [11]. Studies by Sundar et al. 

[9], Chingulpitak et al. [13], Ibrahim et al. [14], and 

Tijani et al. [15] demonstrated that perforations can 

simultaneously enhance heat transfer, reduce pressure 

drop, and decrease overall fin weight. Recent 

investigations have also identified optimized 

perforation geometries that maximize cooling 

efficiency while maintaining structural integrity [11], 

[19]. 

Wavy-fin configurations have also attracted 

significant research interest due to their ability to 

enhance convective heat transfer through increased 

turbulence and fluid mixing. Hormozi et al. [4] 

developed heat-transfer correlations for wavy plate 

fins and demonstrated that wavy geometries improve 

thermal performance with moderate pressure-drop 

penalties. Such characteristics make wavy-fin heat 

sinks attractive candidates for compact electronic 

cooling applications where enhanced heat dissipation 

is required within limited space. 

In addition to geometric modifications, 

advanced cooling enhancement techniques such as 

nanofluids have been explored to improve heat sink 

performance. Ozbalci et al. [5] reported that Al₂O₃-

H₂O nanofluids significantly increase thermal 

conductivity and cooling effectiveness in both plate-

fin and pin-fin heat sinks. Furthermore, innovative 

fin geometries such as helical and disk fins have 

been proposed to improve flow distribution and 

reduce thermal dead zones in compact heat 

exchangers [10]. 

Recent advancements in additive manufacturing, 

particularly Fused Deposition Modeling (FDM), have 

opened new possibilities for producing lightweight 

and geometrically complex heat sinks that are 

difficult to fabricate using conventional 

manufacturing methods. FDM technology offers 

advantages such as rapid prototyping, reduced 

material waste, design flexibility, and cost-effective 

production of customized thermal management 

components. These advantages make FDM a 

promising fabrication technique for low-profile 

laptop cooling applications, where both thermal 

efficiency and compactness are critical design 

requirements. 

Although extensive experimental, numerical, and 

optimization studies have been conducted on pin-fin, 

perforated-fin, and wavy-fin heat sinks, the available 

literature remains fragmented. Most investigations 

focus on individual fin geometries or specific cooling 

applications, while limited review studies provide a 

comprehensive comparison of pin-fin and wavy-fin 

heat sinks fabricated using FDM technology for low-

profile laptop cooling systems. Therefore, a 

systematic review is required to consolidate existing 

knowledge, evaluate thermal performance 

enhancement techniques, compare different fin 

configurations, and identify research gaps for future 

development. 

The objective of this review paper is to critically 

analyze recent research on the thermal performance 

and optimization of FDM-fabricated pin-fin and 

wavy-fin heat sinks for low-profile laptop cooling 

applications. The review focuses on fin geometry, 

airflow characteristics, thermal enhancement 

mechanisms, optimization approaches, and emerging 

manufacturing techniques, providing valuable 

insights for the design of efficient and lightweight 

cooling solutions for next-generation electronic 

devices. 

 

II. LITERATURE REVIEW 

 

Thermal management has become one of the most 

critical challenges in modern electronic devices due 
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to the continuous increase in power density and 

miniaturization of components. Excessive heat 

generation negatively affects system reliability, 

performance, and service life. Heat sinks are widely 

employed as passive cooling devices to dissipate heat 

from electronic components through conduction and 

convection. Among the various heat sink 

configurations, pin-fin, plate-fin, perforated-fin, and 

wavy-fin structures have received considerable 

attention because of their ability to enhance heat 

transfer while maintaining compact dimensions. 

Recent advances in additive manufacturing have 

further enabled the fabrication of lightweight and 

complex heat sink geometries that were previously 

difficult to manufacture using conventional 

techniques. This literature review discusses recent 

developments in pin-fin, perforated-fin, and wavy-fin 

heat sink technologies, focusing on their thermal 

performance, airflow characteristics, and suitability 

for compact electronic cooling applications. 

 

Kitti Nilpueng et al. [1] investigated the effect of pin 

fin configuration on the thermal performance of plate 

pin fin heat sinks. Square pins created stronger 

turbulence and improved heat transfer more than 

circular pins, although they also raised pressure drop. 

Reduced fin spacing enhanced airflow mixing and 

increased convective cooling. The study provided 

reliable correlations for predicting heat transfer and 

friction behavior in plate pin-fin heat sinks. 

 

M.B. Bhambere et al. [2] conducted a numerical 

investigation of the thermal performance of 

perforated fins for electric motor cooling. Perforated 

fins allowed airflow to pass through the fin body, 

improving cooling by reducing thermal resistance. 

Larger perforations 

increased heat transfer but reduced surface area, 

creating a design trade-off. The CFD and 

experimental validation confirmed perforation as a 

strong lightweight cooling enhancement for electric 

motors. 

 

Nawaf Hamadneh et al. [3] performed design 

optimization of pin fin geometry using the Particle 

Swarm Optimization (PSO) algorithm. The PSO 

method identified fin shapes that minimized entropy 

generation, leading to efficient thermal-fluid 

performance. Rectangular fins performed best due to 

better flow distribution and larger contact area. The 

optimal configuration depended on the Reynolds 

number, proving operating conditions strongly affect 

fin behavior. 

 

Faramarz Hormozi et al. [4] developed new 

correlations for wavy plate fin heat exchangers. The 

correlations developed accurately represented heat 

transfer and friction behavior for a range of wave 

amplitudes and lengths. Wavy fins enhanced fluid 

mixing and promoted stronger convective 

performance with moderate pressure penalties. The 

proposed models showed strong agreement with 

experimental data. 

 

Oguzhan Ozbalci et al. [5] examined the heat transfer 

performance of plate fin and pin fin heat sinks using 

an $\text{Al}_2\text{O}_3\text{-H}_2\text{O}$ 

nanofluid. Nanofluid enhanced thermal conductivity 

and produced micro-convection, significantly 

improving heat transfer. Plate fin heat sinks 

benefited more due to larger wetted surface area. 

Overall, nanofluids proved effective for improving 

electronic cooling systems. 

 

M. Ismail et al. [6] executed an experimental and 

numerical analysis of cylindrical pin-fin patterns. 

Staggered pin-fin patterns increased turbulence and 

produced higher heat transfer compared to inline 

arrangements. Circular pins consistently performed 

best by reducing flow 

separation. Results confirmed the benefit of 

optimized water-cooled pin-fin layouts for compact 

heat sinks. 

 

V. Nair et al. [7] presented a comprehensive review 

of air-cooled heat sinks. The review showed that pin 

fins and wavy fins offer strong heat transfer 

improvement for air-cooled heat sinks. Perforations 

and nanofluids further enhance cooling performance. 

The study highlighted air-cooling's continued 

relevance due to its simplicity and cost-effectiveness. 

 

H. Jia et al. [8] studied the heat transfer performance 

of miniature cross-flow heat exchangers with 

perforated fins. Perforated fins allowed fluid to 

penetrate fin surfaces, reducing boundary-layer 

formation and improving cooling efficiency. 

However, too many perforations weakened structural 
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strength. The study identified optimal perforation 

distribution for miniature fuel-cell cooling systems. 

 

S. Sundar et al. [9] conducted a performance 

investigation of a radial heat sink with a circular base 

and perforated staggered fins. Staggered and 

perforated fins improved heat transfer by promoting 

stronger flow mixing and reducing thermal resistance. 

Perforations reduced fin weight and pressure drop 

without compromising performance. The combined 

design was effective for compact radial heat sinks. 

 

M.M. Ahmadi Ashrafi et al. [10] proposed innovative 

disk and helical fin designs for minichannel heat 

sinks. Disk and helical fins improved flow 

distribution by creating swirling motion, reducing 

dead zones inside the minichannel. These designs 

provided higher heat transfer while keeping pressure 

drop manageable. Helical fins showed strong 

potential for advanced electronics cooling. 

 

F.-T. Zohora et al. [11] optimized the hydrothermal 

performance in industrial heat 

sinks with perforated pin fin designs. Optimized 

perforation patterns improved the balance between 

heat transfer and pressure drop. Perforated pins 

reduced boundary-layer thickness and increased flow 

disturbance. The study identified specific perforation 

geometries that maximize cooling efficiency in 

industrial heat sinks. 

 

M.I. Hossain et al. [12] evaluated forced convective 

heat transfer over a twisted and perforated forked pin 

fin heat sink. Twisted and perforated forked fins 

enhanced swirl flow and increased turbulence, 

leading to higher heat transfer rates. The optimum 

twist angle produced the best performance while 

avoiding excessive flow resistance. These fins are 

promising for high-heat-flux applications. 

 

S. Chingulpitak et al. [13] evaluated fluid flow and 

heat transfer characteristics of heat sinks with 

laterally perforated plate fins. Lateral perforations 

encouraged cross-flow through fins, reducing thermal 

boundary-layer resistance and enhancing cooling. 

Perforations also lowered pressure drop by easing 

airflow. Both numerical and experimental results 

confirmed significant performance gains. 

 

T.K. Ibrahim et al. [14] researched the effect of 

perforation shapes on vertical heated fins. Different 

perforation shapes changed airflow patterns and 

vortex formation, influencing both heat transfer and 

pressure drop. Some shapes increased turbulence 

more effectively, while others provided smooth flow 

with lower resistance. The study identified a shape 

that offered the best balance between cooling and 

energy efficiency. 

 

A.S. Tijani et al. [15] provided a thermal analysis of a 

perforated pin-fins heat sink under forced convection. 

Perforated pin-fins significantly improved cooling 

due to secondary flow formation and reduced 

thermal boundary-layer thickness. An optimal 

perforation diameter was identified that maximized 

heat transfer without weakening the fins. The results 

support perforated pins for forced-convection cooling 

designs. 

 

S. Lucas et al. [16] investigated cooling by the Peltier 

effect and active control systems. Peltier-based active 

cooling systems provided faster and more precise 

temperature control than passive systems. However, 

they consumed more power. Combining Peltier 

coolers with passive heat sinks offered a balanced 

solution with stable temperature control and 

improved energy efficiency. 

 

S. Lucas et al. [17] highlighted active control systems 

for thermal management. This review emphasized the 

effectiveness of Peltier devices and other active 

cooling methods for maintaining stable temperatures 

in high-power electronics. Experimental evidence 

showed that active systems respond quickly to load 

variations. Intelligent control systems were 

recommended for improving efficiency. 

 

V. Safari et al. [18] presented a comparative study on 

the thermal performance of latent heat storage tanks 

with pin, perforated, and rectangular fins. Pin and 

perforated fins accelerated melting and solidification 

by improving internal heat distribution. Rectangular 

fins were less effective because they trapped thicker 

thermal boundary layers. The study highlighted the 

importance of optimized fin geometry in thermal 

energy storage systems. 

 

M.B. Bhambere et al. [19] verified heat transfer 
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enhancement using perforated fins in electric motor 

cooling. Perforated fins created local jet flows that 

enhanced internal mixing and improved temperature 

distribution across the motor housing. Fins with 

optimized perforation size and number produced the 

best thermal performance with acceptable pressure 

drop. The study supports perforated fins as an 

efficient passive cooling method for motors. 

 

2.1 Comparative Analysis of Literature 

 

Table 1. Summary of reviewed literature on thermal 

management and fin performance configurations. 

Re

f. 

No

. 

Author & 

Year 

Fin Type Research 

Focus 

Methodolo

gy 

Major 

Findings 

[1] K. 

Nilpueng 

et al. 

(2021) 

Plate 

pin-fin 

Pin-fin 

configuratio

n 

Experiment

al study 

Square 

pins 

enhanced 

turbulence 

and heat 

transfer; 

reduced 

fin 

spacing 

improved 

convective 

cooling. 

[2] M.B. 

Bhambere 

et al. 

(2025) 

Perforate

d fins 

Electric 

motor 

cooling 

CFD and 

experiment

al 

validation 

Perforation

s reduced thermal resistance and improved  cooling 

performanc

e. 

[3] N. 

Hamadneh 

et al. 

(2013) 

Pin fins Geometry 

optimizatio

n 

PSO 

optimizatio

n 

Rectangula

r fins 

provided 

the best 

thermal-

fluid 

performan

ce. 

[4] F. 

Hormozi 

et al. 

(2024) 

Wavy 

plate fins 

Heat-

transfer 

correlation 

developme

nt 

Experiment

al analysis 

Wavy fins 

improved 

fluid 

mixing and 

convective 

heat 

transfer. 

[5] O. Ozbalci 

et al. 

(2022) 

Plate-fin 

and pin-

fin heat 

sinks 

Nanofluid 

cooling 

Experiment

al study 

Al₂O₃-H₂O 

nanofluid 

enhanced 

thermal 

conductivit

y and 

cooling 

performanc

e. 

[6] M. Ismail 

et al. 

(2024) 

Cylindric

al pin 

fins 

Pin-fin 

pattern 

optimizatio

n 

Experimen

tal and 

numerical 

analysis 

Staggered 

arrangeme

nts and 

circular 

pins 

improved 

heat 

transfer. 

[7] V. Nair 

et al. 

(2024) 

Air-

cooled 

heat 

sinks 

Review of 

heat sink 

technologie

s 

Literature 

review 

Pin fins, 

wavy fins, 

perforation

s, and 

nanofluids 

enhanced 

cooling 

performanc

e. 

[8] H. Jia et 

al. (2024) 

Perforate

d fins 

Miniature 

heat 

exchanger 

cooling 

Experiment

al study 

Optimized 

perforation 

distributio

n 

improved 

cooling 

efficiency. 

[9] S. Sundar 

et al. 

(2019) 

Radial 

perforate

d fins 

Compact 

heat sink 

design 

Experiment

al analysis 

Perforation

s reduced 

weigh and 

pressure 

drop while 

maintainin

g heat 

transfer. 

[10

] 

F.-T. 

Zohora et 

al. (2025) 

Perforate

d pin fins 

Hydrother

mal 

performanc

e 

optimizatio

n 

Numerical 

optimizatio

n 

Optimized 

perforation 

geometry 

maximized 

cooling 

efficiency 

and 

minimized 

pressure 

drop. 

[11

] 

M.I. 

Hossain et 

al. (2025) 

Twisted 

and 

perforate

d forked 

pin fins 

Forced 

convective 

heat 

transfer 

Experimen

tal and 

numerical 

study 

Twisted 

perforated 

fins 

increased 

Turbulence 

and heat 
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transfer 

significantl

y. 

[12

] 

S. 

Chingulpit

ak et al. 

(2019) 

Laterally 

perforate

d plate 

fins 

Flow and 

heat 

transfer 

characteristi

cs 

Experimen

tal and 

numerical 

analysis 

Lateral 

perforation

s enhanced 

cooling 

and 

reduced 

pressure 

drop. 

[13

] 

T.K. 

Ibrahim et 

al. (2018) 

Perforate

d vertical 

fins 

Effect of 

perforation 

shapes 

Experiment

al study 

Perforation 

shape 

strongly 

influenced 

airflow 

patterns, 

heat 

transfer, 

and 

pressure 

loss. 

 

2.2 Case Study: Additively Manufactured Heat 

Sinks for Electronics Cooling 

A significant case study related to additive-

manufactured heat sinks was conducted in 2024 on 

customized 3D-printed heat sink structures for 

electronic cooling applications. The study focused on 

topology-optimized and lattice-based heat sinks 

fabricated using FDM technology for lightweight 

thermal management systems. 

The researchers designed multiple heat sink 

geometries including lattice fins, pin fins, and curved 

fin structures using CAD software and fabricated 

them using PLA and composite polymer materials. 

Experimental analysis was performed under natural 

and forced convection conditions to evaluate thermal 

resistance, temperature distribution, and cooling 

efficiency. 

The results indicated that geometrically optimized 

structures significantly improved airflow interaction 

and reduced thermal resistance compared to 

conventional straight-fin heat sinks. Wavy and lattice 

geometries generated stronger airflow mixing and 

enhanced convective heat transfer. The study also 

reported that additive manufacturing enabled reduced 

material consumption and fabrication of highly 

complex structures that were impossible to produce 

using traditional machining techniques. 

Despite the low thermal conductivity of PLA, 

optimized fin geometry and increased surface area 

improved cooling effectiveness for low-power 

electronic applications. The case study concluded that 

FDM- fabricated heat sinks have strong potential for 

lightweight, low-cost, and customized thermal 

management systems when suitable geometry 

optimization techniques are applied. 

 

2.3 Research Gaps Identified 

Existing research on electronic heat sinks mainly 

focuses on industrial metallic materials, macro-scale 

forced convection cooling, and high-velocity 

CFD-based simulations. Although several studies 

investigate pin fins, perforated fins, and wavy-fin 

structures, limited experimental comparisons are 

available for low-profile, space-constrained PLA-

based heat sinks fabricated using FDM technology 

under the natural or restricted convection conditions 

typical of laptop chassis. 

 

Most previous investigations analyze either fin 

geometry or generic cooling enhancement techniques 

individually, while very few studies provide a 

combined experimental comparison between pin-fin 

and wavy-fin geometries under identical fabrication 

and laptop-simulated operating conditions. 

Furthermore, the influence of FDM printing 

parameters such as layer height, infill density, print 

orientation, and resulting surface roughness on the 

thermal boundaries within micro-channels remains 

insufficiently explored. 

 

Limited research is available on the thermal 

resistance, fin efficiency, and temperature uniformity 

of polymer heat sinks operating within the safe 

temperature range of PLA (below its glass transition 

temperature of approximately 60°C). Existing studies 

also lack a systematic comparative evaluation of how 

low-profile additively manufactured heat sinks 

behave under constrained, passive natural convection 

modes within portable computer housings. 

 

Additionally, there is a clear need for integrated 

studies combining experimental analysis, infrared 

thermal imaging, analytical modeling, and geometry 

optimization techniques for improving the 

performance of ultralightweight, polymer-based 

laptop heat sinks. 
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III. PROPOSED WORK 

 

To address the limitations identified in existing 

studies, a comparative thermal analysis framework 

tailored for FDM-fabricated pin-fin and wavy-fin 

laptop heat sinks is proposed. 

 

Step 1: Material Selection 

PLA is selected as the base material because of its 

lightweight property (advantageous for portable 

devices), low cost, easy printability, and dimensional 

stability. Its compatibility with FDM technology 

allows for tight tolerance prints suitable for confined 

laptop internals. 

 

Step 2: CAD Modeling and Fabrication 

Separate low-profile CAD models for pin-fin and 

wavy-fin heat sinks will be developed, adhering to 

strict laptop Z-height limits (e.g., under 10 mm). 

They will feature identical base dimensions, fin 

height, fin spacing, and overall volume. Both 

geometries will be fabricated using FDM technology 

with consistent printing parameters to minimize 

manufacturing variation. 

 

Step 3: Experimental Thermal Evaluation 

An aluminum heating plate fitted with a cartridge 

heater will be configured to simulate a laptop CPU/ 

GPU hot spot thermal load (10W–30W). High-

precision thermocouples and infrared thermal imaging 

will measure temperature distribution across the low-

profile fin array. Experiments will be conducted 

under simulated passive chassis conditions (natural 

convection) using identical heat inputs. 

 

Step 4: Thermal Performance Analysis 

Thermal resistance, fin efficiency, fin effectiveness, 

and temperature uniformity across the base plate will 

be evaluated for both geometries. Comparative 

analysis will identify which geometry provides 

superior cooling and avoids localized hotspots under 

laptop constraints. 

 

Step 5: Optimization Framework 

The proposed methodology aims to identify 

optimized fin geometry for lightweight and low-cost 

laptop cooling applications while keeping 

operating temperatures within the safe physical limits 

of PLA materials. 

 
 

IV. MATHEMATICAL MODEL 

 

To systematically evaluate the performance of the 

proposed low-profile laptop heat sinks, the following 

governing heat transfer equations are 

 

Q = hA(Ts - T∞) [1] 

 

Where: 

 

Q = Heat transfer rate (W) 

 

h = Convective heat-transfer coefficient 

2
(W/ K) 

 

2
A = Total heat dissipation surface area (m 

 

Ts = Heat sink surface temperature (°C) 

) 
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(m 

T∞ = Local ambient air temperature inside the 

laptop chassis (°C) 

 

The total thermal resistance (Rth) of the laptop heat 

sink assembly, which determines its ability to 

prevent CPU thermal throttling, is given by: 

 

Rth = (Tb - Ta) / Q [2] 

 

Where: 

 

Rth = Thermal resistance (K/W) 

 

Tb = Base plate temperature directly above the 

electronic heat source (°C) 

 

Ta = Ambient air temperature surrounding the 

laptop (°C) 

 

Q = Simulated processor heat input (W) 

 

Because polymers feature lower thermal conductivity 

than conventional metals, calculating fin efficiency 

(ηf) is critical to verify that heat travels down the 

entire length of the low-profile fin: 

 

ηf = tanh(mL) / (mL) [3] 

Where: 

ηf = Fin efficiency 

 

L = Fin length / profile height (m) 

m = Fin parameter 
-1

), defined by the 

geometry and material thermal conductivity 

(k) as: m = √(hP / 

kAc) (where P is the fin perimeter and Ac is the 

cross-sectional area). 

 

Fin effectiveness (εf), which evaluates if adding the 

FDM-printed fin structure provides an advantage 

over a bare polymer surface within the laptop, is 

represented by: 

 

εf = Qf / [hAb(Tb - T∞)] [4] 

Where: 

εf = Fin effectiveness 

Qf = Heat transfer rate of a single fin (W) 

Ab = Base cross-sectional area of the fin 

 

V. CONCLUSION 

 

This review paper analyzed existing studies related to 

pin-fin and wavy-fin heat sinks, additive 

manufacturing, natural convection cooling, and 

thermal optimization, mapping these principles 

directly onto low-profile laptop electronic 

applications. The literature indicates that fin 

geometry significantly influences thermal resistance, 

internal airflow pathing, temperature distribution, and 

cooling efficiency within confined boundaries. 

Pin-fin heat sinks provide uniform airflow 

distribution and multidirectional cooling 

performance, which aligns well with omnidirectional 

passive drafts inside electronics casings. Wavy-fin 

geometries enhance convective heat transfer through 

boundary-layer disturbance and increased surface 

area inside tight Z-height allocations. Perforated and 

staggered fin configurations further improve cooling 

effectiveness by promoting micro-turbulence and 

airflow mixing without requiring high-velocity, noisy 

cooling fans. 

The review also highlighted the growing importance 

of FDM additive manufacturing for producing 

lightweight, low-cost, and geometrically complex 

component housings using polymer materials like 

PLA. Although PLA possesses lower thermal 

conductivity compared to copper or aluminum, 

optimized geometric fin structures can provide 

effective thermal management for low-power 

processing units or storage modules operating under 

safe temperature boundaries. 

Existing literature mainly focuses on high-

conductivity metallic blocks and aggressive forced-air 

systems, leaving a research gap in comparative 

thermal analysis of FDM-fabricated PLA pin-fin and 

wavy- fin configurations working under compact 

natural convection states. The proposed experimental 

methodology and mathematical framework provide a 

systematic approach for evaluating thermal 

resistance, fin efficiency, and heat dissipation in 3D-

printed components. The study concludes that 

optimized fin geometry combined with additive 

manufacturing has strong potential for sustainable, 

ultra-lightweight, and custom thermal management in 
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compact laptop electronic systems. 
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