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Abstract 

Moore’s law describes the development capabilities in electronics manufacturing. 

Although his estimation held for decades, at present, the doubling of components every two years 

seems to be approaching a halt. The assessment was based on the miniaturization of transistors to 

create space for more. Miniaturization led to higher component density, decreased cost, lowered 

power consumption, and compactness. However, it also came with high current density, increased 

Joule heating, and reduced critical charge. One of the limiting factors is the heat generated from 

such devices, which is heavily discussed in International Roadmap for Devices and Systems 

(IRDS) and International Technology Roadmap for Semiconductors (ITRS). Both the roadmaps 

have called for appropriate solutions and proposed heterogeneous integration of System in Package 

(SiP) to be one approach to help solve the problem. The proposal has also led to the formation of 

the Heterogeneous Integration Roadmap (HIR), which has proposed different solutions for 

developing the semiconductor industry. ITRS defines “Heterogeneous Integration refers to the 

integration of separately manufactured components into a higher-level assembly (System in 

Package – SiP) that, in the aggregate, provides enhanced functionality and improved operating 

characteristics.” One of the possibilities would be the use of additive manufacturing for the 

heterogeneous integration of assistive devices, for which this field has been heavily explored 

recently. In this dissertation, metal additive manufacturing, and mostly metal microfabrication, has 

been researched to study the possibilities of heterogeneous integration. This dissertation will 

present the metal additive microfabricated SiPs demonstrated by quad flat no-lead (QFN) packages 

with an integrated microfluidic and pin-fin thermal management system for semiconductor 

devices. This metal additive microfabrication for microsystems is also compared with the 

conventional cleanroom processes.  
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Chapter 1: Introduction  

1.1.Hotspots Generation in Semiconductor Devices 

The semiconductor industry has been keeping up with the demand for high-performance 

electronic devices to process and handle the ever-increasing data [1], [2] by incorporating a large 

number of smaller components on a single chip [3], [4]. An increase in component density without 

increasing the overall footprint of a chip is made possible by the proportional decrease in the gate 

length of each component and then the crowding of the integrated circuit (IC) with these smaller 

components [5]. Moore’s law guided this approach of cramming more components onto a single 

integrated circuit [6]. Another trend seen in the power electronics field is the use of wide-bandgap 

devices to increase power efficiency [7], [8]. The mentioned miniaturization and use of wide-

bandgap devices have led to increased current and power density and Joule heating, resulting in 

localized hotspot generation on the channels [9]–[15].  

 

Figure 1.1: Average and hotspot power density as predicted by HIR (Reproduced from: 

Heterogeneous Integration Roadmap- Chapter 20 [16])   
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As per the thermal demand envelopes in Fig. 1.1 elucidated from the HIR, the hotspot 

power density is more than four times the average power density [16]. This localized hotspot on 

the active region then gets conducted to the junction, increasing the device junction temperature 

as well as the whole chip resulting in the overall increase in the IC temperature [17] as shown in 

Fig. 1.2. The increased hotspot degrades the performance, reliability, and lifetime of the electronic 

devices [18]. 

 

Figure 1.2: Generation of hotspot on channel (bright red) due to higher hotspot power density and 

spread of heat towards the junction in semiconductor devices: a demonstration. 

   

1.2.Effect of Hotspots in Semiconductor Devices 

Hotspots in semiconductors are one of the various challenges faced by today’s 

semiconductor industry. The increase in the temperature of the IC affects its performance as the 

concentration of electrons and holes in silicon increases with temperature. This alteration due to 

the temperature increase affects the reliability of the device. A study by NXP Semiconductors Inc. 

on the temperature dependency of their P-N Junction diodes’ forward voltage would be an exciting 

finding to demonstrate this point. The study showed that the forward voltage keeps decreasing 

with temperature, as shown in Fig. 1.3[19]. Upon extrapolation of the forward voltage, it reaches 

0 volts at a temperature of 318.81°C, and this is a very much attainable temperature based on the 

increasing hotspot power densities demonstrated in Fig. 1.1. A similar relation between 

temperature and base-emitter junction voltage can be expected for Bipolar Junction Transistors 

(BJT). As the gate-source threshold voltage also decreases with the increase in temperature, effects 
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similar to the P-N junction diode can be deduced for metal-oxide-semiconductor field-effect-

transistors (MOSFET). This phenomenon invites an even bigger problem: a high temperature 

resulting from a localized hotspot might result in a small voltage at the respective junctions for 

diodes, BJT, and MOSFET to turn on the devices even when they are supposed to be off. The 

undesirable “on” state again increases the junction temperature, further decreasing the switching 

voltage, and continues as a vicious cycle until the devices endure permanent damage.  

 

Figure 1.3: Diode forward voltage as a function of operating channel temperature from the NXP 

white paper [19] and the extrapolation of the data indicating the temperature at which 

the forward voltage reaches 0 volts. 

As discussed previously, the increased hotspots degrade the IC’s reliability. At present such 

degradation is avoided by, most of the time, operating the devices under their nominal operating 

limits [20]. In other words, ICs today operate below their thermal limit rather than their electronic 

limit; the latter is often much higher than the formal one. This difference in the theoretical 
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operating power and the present operating power limited by the thermal limit is demonstrated in 

Fig. 1.4., obtained from a talk by Defense Advanced Research Project Agency (DARPA) 

scientists, where the power amplifiers, at present, are operated almost ten times below their 

electronic limit due to the thermal bottleneck [21], [22]. This inability to operate devices at their 

electronic limits not only degrades the device’s performance but also undermines several decades 

of endless research from around the world for the improvement of electronic devices.  

 

Figure 1.4: Thermal bottleneck as the limit for the operation of GaAs and GaN power amplifiers 

as discussed by DARPA scientist. 

Another effect of hotspot is the degradation of overall functional lifetime of the device. 

Researchers have predicted that with every 10°C rise in the operating temperature, the overall 

lifetime of an electronics device decreases by half following an approximation like Arrhenius 

equation generalization used in chemistry for chemical reaction rates dependency on temperature 

[23]. There are also some criticisms for this logic [24] but a simple example for a case of a power 
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amplifier (Qorvo QPD0030) seconds that the Arrhenius equation generalization might give the 

basic idea of temperature dependency on the Median Time to Failure (MTTF) of a power amplifier. 

As demonstrated in Fig. 1.5., derived from the datasheet of the mentioned power amplifier.  

 

Figure 1.5: Median Time to Failure (MTTF) in hours at different operating temperatures (220°C 

to 280°C) for QPD0030 power amplifier as obtained from the manufacturer’s 

datasheet [25]. 

Fig. 1.5., shows a part of the plot of MTTF vs Channel Operating Temperature of the 

mentioned power amplifier. The temperature range in the x-axis is the actual temperature range 

for the operation of the device as per the datasheet. It is clear from the plot that the for every 10°C 

rise in temperature the MTTF value is decreasing by two times, for example, the MTTF for the 

device operating at the channel temperature of 230°C is around 10.8E6 hours, and it decreases to 

around 5.2E6 hours if the channel temperature is increased to 240°C, implying the decrease of 

MTTF by two times for a 10°C rise in temperature. Similarly, for the channel temperature of 250°C 
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(another 10°C rise), the MTTF decreases to around 2.6E6, which is also two times decrease as 

compared to the MTTF for 240°C. 

The discussions in the previous paragraphs shed light onto the need for proper thermal 

management of electronic devices for the improvement of performance, reliability, and improved 

lifetime of the devices. As the present electronic industry is determined to move towards 

heterogeneous integration of a number of devices onto a single SiP, embedded thermal 

management will be required for individual devices to avoid the confinement of heterogeneously 

integrating only to the low power chips [26]. Introduction of advanced semiconductor cooling 

technologies is a must for the advancements of electronic devices to avoid the thermal bottleneck 

faced by present devices. Semiconductor cooling can be performed via three different modes. 

Conduction of the transfer of heat energy between stationary molecules without the involvement 

of the actual movements of the bodies. Compared to other modes of heat transfers, this method is 

a relatively slower process. Convection heat transfer takes place by movement of fluids (air or 

liquid) and is a faster and more efficient process of heat removal compared to conduction. 

Radiation involves removal of heat in the form of electromagnetic waves but is weak below 400°C. 

 

Figure 1.6: Cartoon demonstrating a fully packaged IC and different levels where thermal 

management can be added. 
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1.3.Semiconductor Cooling: Present State of Practice 

There are various levels of thermal management for electronics in practice. The cartoon in 

Fig. 1.6., displays a general demonstration of a fully packaged IC with die on the die pad of a 

package, connected to the leads via wire bonding inside a molded package. Conventional 

packages, with die pad and leads are created from metal plates by stamping or etching and have 

no other functionalities except for holding the die (die pad) and connecting the die to the external 

via wire bonding with the leads. To prevent the die and bonds from environment, the die and 

package combination is covered with epoxy forming the molded package. The current state of 

practice also includes additional external systems like heat exchangers, fans, cold plates, etc. for 

heat removal. Fig. 1.6., also demonstrates the different location or levels where thermal 

management can be added. 

 

1.3.1. System-Level Thermal Management 

The current state-of-practice for semiconductor cooling is the use of macroscopic scale 

heat sinks which move heat away from IC quickly and eliminate it using cooling mechanism like 

fans as seen in Fig. 1.7., (top). Cooling fins are sometimes placed in direct contact with the 

packaged high power density semiconductor devices and heat removal is obtained by air flow into 

the fins as seen in Fig. 1.7., (bottom). These types of cooling systems are quite common ones seen 

in the majority of the devices, from computers and laptops to vehicle parts. They are low cost and 

easily available due to their established fabrication. However, due to several interfaces, and 

conduction being the main mode of heat transfer mode in these system-level coolants, they are 

slow and possess higher thermal resistance. Their cm-scale sizes also make them consume a large 

space and hence sub-optimal. 
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Figure 1.7: System-Level Thermal Management comprising of thermally conductive copper heat 

exchangers and fans (top) and fin array placed in direct contact with package. 

 

1.3.2. Die-Level Thermal Management 

Microfabrication of microfluidic channels on the backend of a semiconductor die with 

electronic components on the front side was first demonstrated by Tuckerman and Pease in 1981 

[27]. The work formed the basis of Die-Level Thermal Management of semiconductor devices and 

a lot of works have been done at this level as well. Apart from microchannel, Chou et.al, also 

initiated the idea of using micro pin-fin for cooling in 1999 [28]. The rationale for using 

microfluidic structure is because these structures when supplied with water or fluid flow increase 

the ratio of total fluid volume by total wetted area consequently increasing the overall convective 

heat transfer coefficient [29], [30]. Researchers have etched, mostly Deep Reactive Ion Etching 

(DRIE), at the backend of the semiconductor die to introduce direct convective cooling 

microfluidic channels [31]–[33] or micro pin-fins [34], [35]. These microfluidic structures are then 

covered by attaching to another silicon or glass as shown in Fig. 1.8. With introduction of direct 
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convective cooling very close to the heat source (electronic components at the front end) make 

these cooling systems efficient and compact on top of reduction of thermal resistance bypassing 

the thermal resistance of several interface materials used in System-Level Thermal Management 

setups. However, they also come with higher cost and complicates the already complex IC 

fabrication with addition of backend processes. The electronic components on the front end are 

also strained during the microfabrication of the microfluidic channels. The complexity and 

additional strains might be the reason for Die-Level Thermal Management appears to always be 

limited to academic research and has not seen commercial mass fabrication. However, studies in 

this level have opened pathways for the third level discussed in this dissertation. 

 

Figure 1.8: Die-Level Thermal Management comprising of silicon die with components at frontend 

and itched microfluidic structures at the backend covered with glass or another 

silicon. 

 

1.3.3. Package-Level Thermal Management 

The third location or level where the cooling systems can be added would be at the package-

level. However, this level of thermal management integration is mostly neglected. The state-of-

practice for packages is limited to creating housing for the die as die pad, connection from die to 

the leads and to the external, and epoxy molding to prevent the die from the external environment. 

The die pad if extended and microfluidic structures as in the die-level cooling systems if fabricated 

onto the die pad, the hence formed package-level thermal management systems would be closely 

as efficient as the die-level cooling systems. This level can be designed to lie between the die-level 
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and system-level. Cooling at this level can bypass the thermal resistance imposed by interface 

materials in the system-level without complicating the IC fabrication as suffered by the die-level. 

Like die-level, this level also employs efficient direct convective cooling. For this dissertation a 

normal lead frame package was taken, and microfluidic cooling was added to improve its thermal 

management performance as demonstrated in Fig. 1.9.  

 

  Figure 1.9: Conventional lead frame package for semiconductor die (left) and addition of 

microfluidic pin-fin on the die pad for improvement of its thermal management 

performance. 

 

1.4.Microfluidic Cooling in Packages: The Why and How? 

It might have been clear from the previous sub-sections that this dissertation is based on 

the package-level thermal management of semiconductor devices. However, the rationale for the 

mentioned microfluidic channels and pin-fins is derived from the heat transfer study of those 

structures. The convective heat transfer coefficient due to a fluid flowing through a tube is given 

by equation 1.1 [36].  

ℎ𝑐 =
𝑁𝑢 ×  𝑘

𝐷ℎ
 

Equation 1.1 
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Figure 1.10: Theoretical values for the heat transfer coefficient (hc) with respect to the hydraulic 

diameter (Dh in the range of 1μm to 1000μm) for microchannel for air and water as 

the fluid flow 

As seen in the equation, the heat transfer coefficient (hc) due to the flowing fluid in the tube 

depends on parameters like Nusselt Number (Nu) pertaining to the flow, thermal conductivity of 

the flowing fluid (kc), and the hydraulic diameter (Dh). Nusselt Number is the ratio of convective 

to conductive heat transfer across the boundary of the fluid flow and is predicted to be almost 

constant for laminar flow [37], the type of flow predicted to be dominant in microchannel [38]. In 

simple words, the Nusselt Number of a fluid flow tells if the flowing fluid is transferring heat by 

conduction or convection. If the change in thermal conductivity of the flowing fluid (kc) is assumed 

to be minimal for small changes in temperature, then the only parameter hc depends inversely on 

will be the hydraulic diameter (Dh). As we go on decreasing the value of Dh, the value of hc keeps 

increasing as long as the condition for continuum, thermodynamic equilibrium, no-velocity slip, 

and no-temperature jump condition are met [39]. For micro-meter sized Dh , in the range of 1 to 
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1000μm (for which all the conditions mentioned in the previous lines are met), hc would be in the 

103 to 106 W/m2 as seen in Fig.1.10., range which is a huge enhancement in the heat transfer 

coefficient. This huge improvement of hc is the reason for using microfluidic channel in this work. 

Another procedure to enhance the convective heat transfer coefficient is to decrease the 

ratio of the total volume (Vfluid) of coolant flowing and the total wetted surface area (Afluid) as the 

expression for hydraulic diameter (Dh) is as shown in equation 1.2 [40].  

 

𝐷ℎ =
4 ∗ 𝑉𝑓𝑙𝑢𝑖𝑑

𝐴𝑓𝑙𝑢𝑖𝑑
 

Equation 1.2 

 

Figure 1.11: Theoretical values for the heat transfer coefficient (hc) with respect to the diameter of 

the micro pin-fin (Dpins in the range of 1μm to 1000μm) for air and water as the fluid 

flow. 
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As per equation 1.2., if a square flow area is considered, it would be possible to decrease 

the total fluid flowing through it and at the same time increase the total wetted area by introducing 

structures like pins in the flow regions. In other words, formation of pins on the flow region will 

decrease the hydraulic diameter and increase the heat transfer coefficient (hc) as per equation 1.1. 

Fig.1.11., shows the hc values derived from equations 1.1 and 1.2 for a 1cm-by-1cm fluid flow 

region for different diameters of pins on the x-axis. As seen in the figure, decreasing the diameter 

of the pins to micrometer level, at the same time making space for more and more pins can improve 

hc to a greater extent. This improvement can be taken into consideration for the use of microfluidic 

pin-fins for thermal management. 

As discussed in the previous sections, microfluidic structures like microchannel and micro 

pin-fins are excellent options for cooling and can be used for electronic cooling. When it comes to 

analysis of physics of liquid flow in microfluidic structures, it has not been well known [39], [41]. 

However, many studies have demonstrated the thermal efficiency enhancement introduced due to 

presence of microfluidic structures. One study acknowledges the enhancement due to onset of thin 

water film formation, and its evaporation resulting into higher heat transfer in two phase cooling 

[42]. Similar enhancement in heat transfer can be imagined for single phase cooling. A review on 

single phase cooling deduces that the flow compression in microfluidic causes surface friction 

leading to turbulence and higher heat transfer [43]. Addition of flow disturbing structures like 

micro-pin fins has been deemed to induce bubble formation and better mixing of fluid enhancing 

the heat transfer [44].  Hence, turbulence and fluid mixing in microfluidic structures might be the 

main reason for the enhancement of heat transfer coefficient in this domain. In conclusion, 

microfluidic structures like micro pin-fins and microchannels can enhance cooling. This 

dissertation considers the fact mentioned and employs metal additive microfabrication of lead 

frame packages with microchannel or micro pin-fin and studies the heat transfer efficacy of such 

packages. The rationale for using metal additive microfabrication for fabrication of these 

microfluidic structures for electronics cooling, which otherwise is fabricated on silicon via etching 
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in cleanroom, is because of the excellent features of metal additive manufacturing like rapid 

prototyping and testing of such packages, flexibility of design, low cost for prototyping, lower 

material waste, etc. Here onwards, metal additive microfabrication and characterization of lead 

frame packages with microfluidic cooling for implementation of package-level thermal 

management will be extensively presented. 

 

Aim and Research Objective 

This Ph.D. dissertation deals with the exploration of DMLS/μMLS for the microfabrication 

and characterization of electronic packaging devices. DMLS/μMLS works by selectively sintering 

precursor fine metal powder in a layer-by-layer fashion based on the slices of the 3D CAD file fed 

to the printing system. It is hypothesized that these printed metal parts will have some changes in 

their physical and mechanical properties compared to the bulk metal parts due to the introduction 

of microstructures by the print process. This proposal intends to study such deviation on a few of 

those properties like resistivity, thermal conductivity, and surface roughness associated with the 

final product, which is a semiconductor packaging device with embedded microfluidic thermal 

management. The degree of effects of such deviation on the final packaging device performance 

will also be studied. Finally, the thermal management and electrical performance of such packages 

will be determined, along with the determination of the optimized design. This work will try to 

develop package or SiP-level thermal management as proposed by the thermal technology work 

group for HIR. As the mentioned level of thermal management is proposed but a complete 

package-level thermal management solution is lacking till date, this work might be one of the firsts 

in this domain.  In a condensed form, the major research objective would be to answer the 

following research question associated with metal additively microfabricated packaging devices 

printed using DMLS or μMLS: 
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• Is it possible to create a complete package-level thermal management solution with 

lead frame as a proof of concept as proposed by HIP? 

• How will the thermal management system in this fairly new package domain 

perform compared to state-of-the-art devices? 

• What would be the best design for the optimized thermal management of these 

kinds of systems?  

• Is it possible to use metal additive microfabrication to produce these package-level 

solutions to decrease the strain on chip manufacturing? 

• What are the dimensional differences between the CAD file and as printed parts of 

the metal packages created using the technology of interest? 

• What are the changes in physical and functional characters of printed parts 

compared to the bulk material? How does the study of the microstructure of the 

printed parts correlate to changes in electrical resistivity, thermal conductivity, the 

strength of the material, and surface roughness of the parts and possibly the effects 

of them on the thermal management and electrical performance of the overall 

electronic packaging device? 

• How similar are the functionalities of printed systems compared to multiphysics 

simulations and similar parts created using conventional cleanroom processes? 

 

Organization of Dissertation 

Chapter 2 provides the background on the rationale for using additive manufacturing and 

its comparative study with cleanroom processes. Chapter 3 provides a brief introduction of some 
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additive manufacturing technologies with a focus on DMLS. Chapters 4 and 5 report the 

preliminary works of this dissertation with Chapter 5 introducing the major work. Chapter 6 

discusses the final optimization and results with Chapter 7 concluding the dissertation with the 

findings and possible future works.  
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Chapter 2: Background  

2.1.Literature Review: Technologies for Thermal Management in Electronics 

The thermal management of electronics commonly utilizes heat sinks in the form of fans 

and conductive metal plates [45]. This cooling mechanism involving the final air-cooling systems 

is very commonly seen in a lot of devices. However, the long conduction path [46] and today’s 

chip hotspot power density exceeding the cooling capacity of these heatsinks [47]  has caused an 

increase in the size of heat sinks which negates the whole purpose of component miniaturization 

[48]. Highly conductive substrate materials like gas-derived graphite fibers [49] have been 

proposed for passive and quick heat transfer but introduce intermediate thermal resistance. The 

present increases in chip hotspot density have called for the need for liquid cooling. 

The history of liquid cooling of electronics is attributed to Tuckerman and Pease, who 

designed the first microfluidic cooling systems on the back end of the die [27]. Since then, a lot of 

work has been done around the liquid cooling of electronic devices using several technologies. 

Forced convective cooling of the semiconductor by direct flow of coolant parallel to the back side 

of the die using a liquid injection port was proposed [50], but this imposed greater pressure on the 

solder. One solution for this could be the flow of coolant inside a cold plate that is in direct contact 

with the die [51], but this introduces high heat resistance between the die and the cold plate. 

Immersion cooling, where the whole IC is immersed into the coolant [52], appears promising, but 

the dielectric coolants used in these methods possess poor thermophysical properties. There are 

several other methods of cooling electronics with liquid coolants, like spray cooling, jet 

impingement cooling, droplet electrowetting cooling, etc. [53]. Still, all these excellent cooling 

technologies come with their disadvantages in one form or another. Out of all these options, 
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microfluidic cooling is considered a superior one in terms of its compact size and higher heat 

transfer capability [53].  

The large number of published works in literature indicates the popularity of microfluidic 

cooling. Many researchers have employed microfluidic cooling at the back end of a die to impart 

direct cooling of the device comprising the die-level thermal management [27], [32], [33], [54]–

[57]. It should be noted that by die-level thermal management, it means the die itself is directly 

exposed to the coolant. Works on creating microfluidics in a metal plate closed on all sides except 

the inlet and outlet are categorized as cold plates [58], [59]. The introduction of microfluidic 

structures on the back side of the die and its complications have already been discussed in the 

previous chapter. These cooling systems, although highly efficient and compact, are expensive and 

complicated to fabricate. This issue can be solved by leaving the electronics fabrication in the 

cleanroom and assigning new fabrication domain like additive manufacturing for thermal 

management system fabrication and then heterogeneously integrating both.  

Additive Manufacturing, initially developed to produce larger parts, has now been 

employed for micro-scale device fabrication [60]. The tools for additive manufacturing have been 

updated to produce smaller parts and can also be used for microfabrication of more minor features 

like microchannel and micro pin-fins. Collins et al. have developed a microchannel cold plate 

using metal additive microfabrication to study the possibility of this new manufacturing domain 

[61]. A Microsystem in the form of an electrostatic MEMS switch has been fabricated using micro 

laser sintering with a feature size of around 40μm [60]. Microelectrode arrays in the diameter range 

of 260μm are one more example of how small a micro laser sintering can print [62], forming the 

foundation for the micro pin-fin fabrication. The flexibility of design and fabrication of direct 
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metal laser sintering has been thoroughly explored by Shamvedi et al. [63] by fabricating different 

shapes of heatsinks. Hence, there is a prospect of using metal additive manufacturing for 

microfluidic cooling systems design, which is explored in this work. 

 

2.2.Why Additive Manufacturing? 

Additive Manufacturing (AM), commonly known as three-dimensional (3D) printing, 

previously referred to as rapid prototyping, is a process by which a 3D structure is created by 

fusing materials in a layer-by-layer fashion directly from computer-aided design (CAD). AM is 

considered a noble technology introduced by today’s industrial developments [64]. It has been 

named one of the disruptive technologies to bring about a revolution in the present industrial era 

[65]. For the same reasons, this technology has found many applications in the fields of 

manufacturing [66]–[70], construction industries [71]–[74], biomedical materials, devices, and 

implants [75]–[79], electronic devices [80]–[82], micro-electromechanical systems (MEMS) [60], 

[83], [84], sensors [85]–[87], and many more. The popularity of 3D printing is increasing due to 

its ease of use, low cost, versatility, low waste products, minimal to no use of hazardous chemicals, 

and the possibility of its integration into semiconductor fabrication [88]–[93]. Other features, like 

print structure and parameter optimization, lower power consumption, reusability of materials, and 

production scalability, have encouraged its use in low-volume prototype fabrication [93]. The 

capability of additive manufacturing technologies that can use diverse raw materials, from metals 

to insulators, including semiconductors, has inspired industries, national labs, and researchers for 

its further developments, optimization, incorporation into education, and standardization [94]–

[99]. One of the most attractive features of additive manufacturing is its ability to fabricate 
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products directly from CAD files. One can easily set the custom dimensions, load the printer with 

the desired material, start it, and obtain the manufactured product with the same or almost the same 

dimension as the design. This fabrication flexibility has gathered much attention in modern 

manufacturing [100]. Further details about the advantages, available technologies, and 

applications of AM will be discussed in upcoming chapters focusing on metal additive 

manufacturing. 

 

Figure 2.1: Typical manufacturing steps for Additive Manufacturing Technologies 

 

2.3.Additive Manufacturing Basics 

Additive Manufacturing comprises a group of manufacturing technologies that have the 

capability of manufacturing components a component in a layer-by-layer fashion until the desired 

component is built. The component is built directly from a CAD file after appropriate slicing of 

the design itself. The CAD files can be drafted using various CAD software like Onshape, 

SolidWorks, AutoCAD, TinkerCAD, and many more. The slicing of layers can be done using 

software like Ultimate Cura, Netfabb, Magic, and others. In other words, one can create a 

computer-based customized design and instruct the 3D printer to directly print the component. 

This feature encompasses a lot of flexibility and customization capability which has been widely 

explored to create a lot of components for different applications like construction, manufacturing, 

electronic devices, sensors, transducers, MEMS devices, and many more. Fig. 2.1., shows the 
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process flow of a typical Additive Manufacturing technology showing it’s versatile and 

customizability capability. 

The above-mentioned features of customizability, versatility, ease of use, and flexibility 

have garnered a lot of attention towards 3D printed components fabrication and characterization. 

A lot of researchers have been focusing on the use of additively manufactured parts. Fig. 2.2., 

shows the publication trends data when the keywords Additive Manufacturing, 3D Printing, and 

Metal Additive Manufacturing were searched in Clarivate Web of Science™. The almost 

exponential growth in the number of publications each year certainly shows the amount of work 

that has been ongoing in the field of additive manufacturing. 

 

Figure 2.2: Publication trends for AM, 3D printing, and Metal AM from 2010 to 2022. 
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2.4.Additive vs Subtractive Fabrication of Electronic Devices 

Additive manufacturing has been advocated by several researchers as a process capable of 

competing with and/or complementing conventional manufacturing [101]–[104]. The 

conventional process for electronics manufacturing follows successive additive and subtractive 

processes like deposition, photolithography, masking, etching, and many other complicated, time-

consuming, as well as expensive processes inside an expensive clean room with a controlled 

environment [104]–[107]. AM, however, has the capability of fabricating similar devices 

bypassing most of the aforementioned processes. This flexibility creates hopes of further 

development of the technology to achieve its expected heights. 

The use of 3D printing has been explored mostly for biomedical devices and implants 

fabrication [108]–[111]. However, several works have been done in the field of MEMS devices 

[60], RF antennas and waveguides [112], antennas [87], and more. This being said, the technology 

might soon develop to fabricate realistic electronic devices as this process requires lesser steps for 

manufacturing compared to traditional clean rooms as demonstrated by Fig. 2.3. The figure shows 

the steps in cross-section required to just fabricate a three electrode MEMS device (discussed in 

detail in Chapter 4) using additive manufacturing (in light green background) compared to a 

conventional clean room process (in light blue background) and the final product from additive 

manufacturing. As demonstrated by Fig. 2.3., conventional process comprises of a lot of redundant 

processes. 

 

2.5.Advantages of Additive Manufacturing over Cleanroom Processes 

As demonstrated by Fig. 2.3, conventional process of fabricating a simple three electrode 

switch has to go through a lot of steps starting form metal deposition on the substrate, to photoresist 
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coating and baking, photolithography using a mask to cure photoresist only at the region of interest 

(ROI), removal of uncured photoresist, etching to remove metal from all other regions except for 

the ROI, and a final step of dissolving the remaining photoresist. All these processes are tedious, 

need trained manpower, used chemicals, and needs to be performed inside an expensive to manage 

clean room.  

 

Figure 2.3: Complexity of additive manufacturing vs. conventional clean room process and final 

product from additive manufacturing (bottom left).  
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On top of that the machines involved for carrying out the processes are huge and very 

expensive. However, as can been seen for the additive manufacturing process, only single step of 

printing the metal parts onto the substrate is required which is straightforward. Also, the release of 

the devices is not mentioned for both cases but, use of wire Electrical Discharge Machining (EDM) 

would be easily used for AM whereas wet processes are required for clean room process. Just from 

the example above one can imagine the various advantages of AM over Conventional clean room 

process. The following are some of the advantages of AM over clean room process. 

2.5.1. Flexibility in design: 

As the components are built as per the CAD file in additive manufacturing processes, there 

is flexibility in geometry, and it makes it easier to create complex geometries which might not be 

possible with a conventional clean room process [113]. As the requirement might be different for 

different scenarios, the possibility of customization of the component in additive manufacturing 

makes it a cheaper alternative to conventional subtractive processes that require the change of 

masks for different devices [114]–[116]. Compared to expensive silicon substrates used in 

subtractive processes, the use of various inexpensive and flexible substrates like plastic [117]–

[120], paper [121]–[125], glass [126]–[128], fabrics [129]–[132], metals [133]–[136], and more. 

These features of AM not only reduce the cost but also create flexible devices.  

2.5.2. Cost reduction: 

From the non-requirement of costly setups to expensive and huge clean room space with a 

controlled environment, AM has the advantage of lower cost compared to conventional subtractive 

manufacturing. The limited or reuse of raw materials also plays a major role in cost reduction in 

AM processes [137], [138]. Conventional subtractive processes are mostly based on a silicon 
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substrate which is expensive compared to cheaper substrates used for AM [139]. Minimized post-

processing steps [140], lower energy usage due to the reduction of high energy-consuming 

equipment [141], and smaller volume of a controlled environment to be controlled are some of the 

other advantages of cost reduction for AM compared to conventional clean room processes [142]. 

Overall effects of all these lead to cost reduction in the additive manufacturing process. 

2.5.3. Waste Reduction: 

The process of additive manufacturing follows the selective placing of desired material at 

the ROI whereas the subtractive process starts with the deposition or implantation of bulk material 

and selective removal of unwanted material from outside of the ROI. During this process, much 

of the unwanted material is dissolved or removed using wet or dry processes comprising the 

etching processes [143]. The byproduct obtained from etching in the subtractive process is a 

compound of the desired material which is washed away and barely used [144], [145]. This causes 

a huge waste of raw material compared to AM where a very low amount of raw material waste 

and most of the time can be reused [146]–[148]. Not only are the raw materials wasted in the 

conventional subtractive process but there are other reagents and chemicals increasing the amount 

of waste. This is however not the case with additive manufacturing. 

2.5.4. Cheaper prototype development: 

The initial step of additive manufacturing is the 3D model design of the ultimate product. 

This has the advantage of the possibility of computer-based simulation of the final product even 

before the fabrication [149]–[151]. One can simulate the CAD design, make necessary changes to 

the model, and then fabricate the device to characterize it [152]. As the build time of a small sample 
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is faster, low-volume and cheaper prototype development in a small time is an advantage of 

additive manufacturing compared to traditional processes [153]. 

2.5.5. Smaller setup space: 

The cleanrooms generally require a large space for set-up with a lot of equipment from 

oxidation chambers, several hoods for chemical processing, etching setups, ion implantation 

systems, deposition setups, packaging setups to sophisticated air conditioning systems, most of the 

time separate lithography room with the optical system and photoresist coater, and sometimes a 

separate air shower room. All these huge setups require plenty of space and with it comes their 

critical management. However, a 3D printer can take up to a maximum of a few thousand cubic 

meters of space.   

2.5.6. Dimensional accuracy: 

In an additive manufacturing process, a component is fabricated based on the dimension of 

the 3D model created on a CAD file. Except for the tolerance and resolution of the printing a 3D 

printer should be able to impart accurate dimensions to a component. The dimensional errors for 

various 3D printers have been found to be statistically insignificant in several studies [154]–[156]. 

Additive manufacturing could be considered superior in dimensional accuracy due to the absence 

of over and under-etching of desired materials. 

2.5.7. Reduced or no use of hazardous chemicals: 

In additive manufacturing, the components are directly fabricated on a build plate with or 

without support structures. They are designed such that their removal is as easy as hand-picking 

to Wire EDM cutting. During and after the process, the use of harmful chemicals is reduced or 
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avoided. The raw materials used might have some hazard to health, but they are confined to a small 

space and direct exposure is reduced using Personal Protective Equipment (PPE). PPEs are also 

used for clean room processes, but they do produce harmful chemicals from intermediate processes 

like unused photoresists, dissolved chemicals, acids, and more which require proper disposal 

considering their impact on the environment [157]. 

2.6.Challenges in additive manufacturing 

Although, additive manufacturing has a huge prospect, it is not spared by the various 

challenges it faces [158]–[161]. The initial setup cost of a high-end 3D printer is high and also has 

a larger lead time. 3D printers have also been criticized for their limitation in fabricating large 

components and the number of raw materials available. The repeatability and consistency of 

printed parts are questioned by many. The large build time, lower resolution, and lower throughput 

are also some of the issues with additive manufacturing. The mechanical properties of printed parts 

are also most of the time altered due to the introduction of microstructures into parts leading to 

anisotropy. The absence of a proper standard for AM processes has also rendered lower industrial 

acceptance of the process. However, all these challenges require more research and work and can 

be overcome by collective approaches. 

2.7.Future of additive manufacturing 

Additive manufacturing has been considered an emerging technology with a lot of future 

prospects in various fields [162]–[167]. Developments and research works are ongoing in the fields 

of aerospace [168]–[170], space applications [171], [172], biomedical devices [173]–[177], bio-

implants [178], [179], MEMS devices [60], [180]–[184], electronic devices [185]–[188], 

heterogeneous integration [189]–[191], and more. Major works are being done in the fields of 
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micro devices manufacturing for sensors, transducers, electronic devices, and packaging devices 

in the field of semiconductor industries. If all the challenges faced by present technologies are 

properly addressed, this technology has been considered to not only be a complement to present 

semiconductor manufacturing but also a competition to the same.  
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Chapter 3: Additive Manufacturing Technologies 

Although the main focus additive manufacturing technology for this research is the Direct 

Metal Laser Sintering (DMLS), in this chapter few available 3D printing technologies are 

discussed in brief leading to the detailed discussion of the DMLS process.  

3.1.Fused Deposition Modeling 

Fused Deposition Modeling (FDM) works on the principle of melting and extruding a 

thermoplastic filament through a nozzle [192]. The thermoplastic material is melted and deposited 

onto the build platform in layers that match the CAD model. It then cools and solidifies. The end 

result is a sturdy 3D construction. Some of the thermoplastics commonly used as precursors 

include polyamide (PA), polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), and 

polycarbonate (PC) [193]. While this method has the advantage of low material cost, the tradeoff 

is a compromise in both resolution and speed.  

The setup for FDM consists of one or multiple nozzles, a build platform, material filaments, 

a heater, driver wheels for the nozzles, a supporting structure, and a platform motion system. 

Thermoplastic material is used in the form of thin filament. The filament is directed towards the 

nozzle, which would be pre-heated employing a heater present at that location. The heater melts 

the filament and releases it through the nozzle tip into finer molten filament. The molten material 

is fused and cooled on the surface of fabrication platform forming a 2D layer replicating the CAD 

model. The platform is lowered, or the nozzle is raised to allow the printing of another 2D layer 

on top of the previous one. The process is repeated till the final 3D prototype is completely 

fabricated. This is the most common type of 3D printer used. FDM has been used for the work to 

create test setups fabrications which will be discussed further in Chapter 5. 
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3.2.Direct Ink Writing 

Direct Ink Writing (DIW) is a versatile technology that utilizes various types of inks, 

including ceramics, plastics, tissues, hydrogels, and more. [194], [195]. The printing nozzle of 

DIW is capable of extruding and depositing a highly viscous liquid form of ink onto the surface of 

fabrication. Various parameters like nozzle size, viscosity of ink, speed of deposition, etc. can be 

adjusted as per the requirement. In many cases, post-processing procedures such as heating, 

sintering, UV curing, and drying are necessary for achieving mechanical strength in this process. 

[196].  

The process involves directing the material ink to the heater-nozzle setup where it is melted 

to a desired viscous molten state. The nozzle then excludes the material directly onto the 

fabrication platform as per the CAD model of the desired shape. The controlled deposition of 

highly viscous molten ink onto the fabrication platform allows it to retain the desired shape. 

Various materials such as ceramics, plastics, foods, tissues, and hydrogels can be printed using 

this technology. The one drawback of this process is that the material created requires additional 

post-fabrication processes to harden it. 

3.3.Photocuring 

This process involves laying multiple layers of photosensitive liquid polymer resins in a 

sequential manner. Each layer is then treated with ultraviolet (UV) light of a specific intensity for 

a set amount of time based on the desired outcome [197]. Stereo lithography apparatus (SLA) and 

digital light processing (DLP) are two types of photocuring technologies [198]. In an SLA setup, 

a tank in filled with the liquid resin. This resin forms two dimensional (2D) layers on the platform 

surface as per the CAD model. Each layer is cured using UV light and the steps are repeated until 
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the desired 3D structure is formed [199]. DLP technology utilizes an extra digital mirror device to 

serve as a dynamic mask during exposure. While this technology can create precise structures, the 

limitation of using a single material for the entire process may be inhibiting its potential.  

3.4.Laminated Object Manufacturing  

In Laminated Object Manufacturing (LOM), the raw material consists of layers of 

laminated sheet material. [199]. According to the requirements, layers are cut using lasers or knives 

and stacked on top of each other. This process involves cutting one layer and stacking a new layer 

on top of the previous layer repeatedly until the desired structure is achieved. The layered sheets 

are bonded together through the application of heat and pressure by a roller. The sheet of the 

desired material is placed on the build plate of the printer. The sheet is then cut into desired 2D 

layer, and another sheet is added on top of it, ultimately forming the designed 3D structure. The 

scanner system uses the sliced 3D CAD file to instruct the laser to make cuts on the sheet metal in 

order to obtain the required shape of the sheet. Another sheet metal is placed on top of the first 

one, cut to the desired shape then the hot rod rolls over to create adhesion between layers. 

3.5.Selective Laser Sintering (SLS) and Selective Laser Melting (SLM) 

SLS uses powdered metals, metal alloys, plastics, ceramics, polymers, and waxes to 

fabricate a device [200]. In this method, the desired powdered material is laid on the fabrication 

surface. 2D layers of the desired pattern are melted and fused based on the CAD model. The 

fabrication surface is lowered, and another layer of powdered material is laid on top of the first 

layer, melted, and fused to the first layer [201]. The process is repeated until the final 3D structure 

is formed. In SLS the powder and the layers are consolidated using thermal energy of the focused 

laser beam [202] or by polymeric binding [203]. The binding in SLS might be solid state, 

chemically induced, partially melted, or fully melted [204].  
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A typical SLS consists of parts like scanning system, high power laser source, build 

chamber with build plate, powder bed with powdered material, a re-coater blade, setups for 

creating inert chamber for the build chamber and powder bed, and heating and cooling setups. The 

powdered material from the powder bed is moved to the build plate with the help of the re-coater 

blade depositing a thin (based on powder size) layer of powder material onto the build plate. The 

scanner system controls and instructs the laser to fuse together a desired 2D shape which is also 

fused to the build plate. The build plate then descends with the help of a fabrication piston to make 

room for the second layer. This second layer is then created similarly to the first. This process is 

repeated until the desired 3D structure with fused layers is built which is also fused to the build 

plate. The SLM works on similar principle but varies based on the consolidation process of the 

powder and layers [204]. The latter is the derivation of SLS where the material is completely 

melted. Based on whether the particles are bonded together directly or using an intermediate 

material/step to form the solid, SLS can be Direct SLS or Indirect SLS.  

3.5.1. SLS types based on the bonding processes of materials. 

Based on how the powdered raw materials are consolidated among each other and among 

different layers in an SLS process, there are two different approaches to this additive 

manufacturing technology. They are indirect SLS and direct SLS approaches and will be discussed 

further. 

3.5.1.1.Indirect SLS approach 

This process employs the use of sacrificial polymer binder along with the desired powdered 

raw material [205]. The raw material might be ceramic or metallic powder which are coated with 

a polymer and mixed with polymer binders. The laser energy provides enough temperature to 

develop bonds between polymer particles. These bonds cause the raw material power to be held 



33 

on place creating a solid structure without any actual bonds between them. This overall solid 

structure consisting of unbound and loose raw material powder held together by polymeric bonding 

is called a green part [205]–[207]. As the raw material particles are loosely held together and not 

actually bound, the solid structure is fragile and porous. The green part is heated in a furnace for 

post-processing which not only binds the raw material particles together but also melts away the 

polymer binder used in the first place creating the final solid product [208]. A process known as 

infiltration might also be used where a low melting powder metal infills the gaps between different 

particles which is then melted to create a final dense solid [209]. However, this is a very 

complicated process lacking dimensional accuracy, time consuming, requiring post processing, 

and producing a composite product.   

3.5.1.2.Direct SLS approach 

This approach does not use polymeric bonding material rather, uses focused high-power 

laser beam to consolidate materials and layers [210]–[212]. Based on the temperature and bonding 

types Direct SLS might employ solid-state sintering, liquid-state sintering, or selective laser 

melting [213]. 

Solid-State Sintering 

As a result of laser energy, particles' surface energy decreases due to higher temperature, 

creating a solid bond between them. The temperature of bonding lies somewhere between the half 

of the melting temperature to the melting temperature of the material. In order to increase the 

density of the powder and increase the contact between different particles, it is necessary to pack 

the powder tightly before bonding. Despite packaging, the end product would be porous compared 

to the products obtained from Liquid-Phase Sintering and Selective Laser Melting. This process is 
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also inferior to others due to the large amount of time it requires and the heavy post-processing 

needs.  

Liquid-Phase Sintering 

This process employs a binder material to sinter a main structural material. Binder has a 

lower melting point compared to the main material. The incident laser is set to increase the 

temperature to the melting point of binder and melts it is. The molten binder then increases the 

solubility of un-melted main material to it via its capillary action. As powdered main material 

particles are bound by the bender, one can expect the spaces between powder particles are filled 

by the binder creating a very dense end product. Although, this process produces dense parts with 

good strength, the use of different material as binder will result into a composite metal instead of 

the material of interest. 

Selective Laser Melting 

Selective Laser Melting (SLM) is considered to be the superior of the other two methods. 

This process employs a complete selective melting and fusing of particles together without using 

any binder compared to Liquid- Phase as well as a dense part comparted Solid-State Sintering 

processes. This is one of the processes widely used for metal additive manufacturing. Although 

SLM requires high laser power compared to the other two, it does produce a part that requires 

lesser post-processing steps, dense and rigid, and pure. Compared to other AM technology, this is 

a faster process as the laser beam takes very little to melt and fuse particles.  

There are various other types of 3D printers like Photopolymer Jetting (Polyjet), Binder 

Jetting (3DP), Electron Beam Melting (EBM), Nanoparticle Jetting (NPJ) to name some with their 

own advantages in various field but will not be discussed here. 
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3.6.Direct Laser Metal Sintering 

Direct Metal Laser Sintering (DMLS) will be the major Additive Manufacturing 

technology to be explored in this research. DMLS is a powder bed system of metal additive 

manufacturing where the metal powder is spread across a build area, exposed to laser energy to 

sinter the powder to desired shape and repeated to create a solid 3D component [214]. DMLS is 

an advanced SLS process in which raw metal powder are directly bound together using a laser 

beam to produce high density metal component [215]. The major difference between metal SLM 

and DMLS is that, in the former the metal powder is completely melted and fused together while 

in the later the metal powder is heated to a temperature below melting point to allow physical and 

chemical reactions like partial melting and diffusion to cause metal powder particle to fuse together 

[202].  

 

Figure 3.1: DMLS process flow; transfer of metal powder layer from powder bed to build plate 

(left), exposure and sintering of desired section of layer (middle), and final part on 

build plate after several left and middle steps (right). 

The basic working principle of a DMLS system is the successive feeding, deposition, and 

sintering of metallic powder to form a solid 3D part. High-energy laser sources are used to deposit 

metallic layers on top of each other to build a final functional part. The process is carried out in an 
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inert environment to prevent the oxidation of the powder. Fig. 3.1., illustrates a basic working 

principle of a DMLS process. The powder from the powder bed is transported and raked upon the 

build plate by a roller or a re-coater blade. High energy laser sinters the first layer controlled, as 

per the sliced CAD file fusing only the desired region and leaving the rest of the powder un-

sintered. Some of the un-sintered powder is deposited into the waste bin which can be filtered and 

reused later while some remain near the build layer and sometimes act as a support for overhands 

in the print part. The roller or re-coater blade then moves back to the previous location, the powder 

bed is raised by a layer, while the build plate is lowered by the same amount. The roller then 

transports and deposits a new layer of fresh powder onto the first layer. The laser beam again using 

the instructions from the sliced CAD file fuses together a new layer on top of the previous one. 

The same process repeats in a loop until the whole structure as per the CAD file is sintered to form 

a solid 3D part. 
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Chapter 4: Electrostatic switch as a MEMS Device 

In this chapter, the possibility of using microscale DMLS is studied with the design, 

simulation, fabrication, and characterization of a MEMS electrostatic switch. A journal paper titled 

“Dielectric Transfer Process for 3D Printed Metal Microsystems” has already been published in 

the “Journal of Microelectromechanical Systems”. One more paper titled “Additive Batch 

Microfabrication of 3D Metal Electrostatic Switches Towards 3D Printed Metal MEMS’ has been 

published by “Hilton Head 2022 Workshop”. 

This work deals with the design, simulation, batch microfabrication, dielectric transfer, and 

characterization of 3D printed metal electrostatic micro switch.  Micro Laser Sintering (MLS), a 

precision form of DMLS for microstructure fabrication, was employed to batch fabricate the 

switches. This work marks the initial milestone toward the direct fabrication of metal 

microsystems via additive manufacturing technology which might open up new doors toward the 

low-cost fabrication of prototypes and low-volume systems which was otherwise fabricated using 

expensive conventional cleanroom processes on a silicon substrate using processes like surface 

micromachining and bulk micromachining. This work presents the additive micro-fabrication of a 

single-piece metal system comprising electrodes with sacrificial metal frames bypassing the 

conventional cleanroom processes. 

4.1.Literature Survey 

MEMS devices have been considered to be an integral part of today’s electronic devices 

[216]–[221]. These devices are however mostly fabricated following conventional cleanroom 

processes on a silicon substrate using methods like surface micromachining and bulk 

micromachining [222]–[232]. High-end and expensive processes like deposition, lithography, 

etching and a lot of other physical and chemical processes are used to fabricate MEMS devices 
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[233]. These microfabricated MEMS devices will then be integrated into electronic systems as 

sensors, transducers, RF devices, etc. The wide range of applications of MEMS components has 

led researchers to focus on lower costs, faster processing speeds, and streamlined production 

processes. Additive manufacturing, a process that can directly fabricate components from design 

files fits all the features mentioned [234]. Initially designed for purely mechanical components, 

3D printing, or additive manufacturing, has great potential for the fabrication of electronics, 

transducers [62], and sensors [235], [236]. The use of additive manufacturing techniques also 

permits the fabrication of metal devices, such as electrostatic switches, whose plasticity and 

conductivity are superior compared to their silicon counterparts fabricated by conventional 

cleanroom processes [62]. A newly developed metal 3D printing procedure, micro laser sintering 

(MLS), has made it possible to fabricate parts with a resolution of 15μm [237] out of metal powder 

[238]. MLS has also been found to have superior dimensional consistency and improved surface 

roughness over other additive tools [239]. Considering all these features, many researchers have 

dived into the study of metal microsystems fabrication, presenting a broader area of metal MEMS 

exploring the mechanical and electrical superiority of these metal parts compared to Silicon, using 

MLS [62], [240]–[246].  However, most of the works are dedicated to the review of MLS or the 

use of MLS for some molds. Based on the literature review done up to the writing of this 

dissertation, we can claim that this work is the first of its kind that uses the MLS process to 

microfabricate complete two/three electrodes 3D MEMS devices in the form of electrostatic 

switches.  

The devices fabricated by this process are electrically non-isolated one-piece metal 

components. The process of MLS also fabricates the components as a single metal piece fused to 

the build plate. Therefore, there is a need for post-processing to release the device from the build 

plate, transfer the device onto a dielectric substrate, isolate the electrodes, and create proper 

electrical connections to test the device. The release of fabricated devices is straightforward with 

technologies like grinding and wire EDM (used in this work). However, this work additionally 
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presents the aligned and unconstrained transfer of the metal system onto a substrate to electrically 

isolate the electrodes for testing. This work takes cues from a similar transfer process demonstrated 

by researchers in the field of MEMS devices [247].  

 

Figure 1.1: CAD Designs of the Microswitch: Optimized design with two electrodes (A and B) 

front view (top left) with sacrificial metal support in red, isometric view (top right) 

with attachment surfaces to the substrate in green, previous three electrodes (A, B, 

and C) design (bottom). 
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This dielectric transfer demonstrated here is a simple, inexpensive, and easily performed 

process compared to the likes of the focused ion beam (FBI) with complex and vibratory steps 

[248], and other processes like wedging method [249], polyvinyl alcohol (PVA) method [250], 

and Evalcite method [251] all of which rely on wet chemical steps later-on requiring post-

processing steps like a supercritical release. The transfer process described here is based on 

viscoelastic stamps which do not require wet chemistry, avoiding contamination of the 

freestanding structure as it will be free from capillary forces. 

4.2.Design 

Two different designs of the switches were analyzed in this work. The CAD design of the 

first switch with its top view (left) and 3D bottom view (right) is shown in the bottom half of Fig. 

4.1, with a scale. As demonstrated in the figure, the single-piece MEMS switch has 3 electrodes 

(marked A, B, and C), a freely suspended cantilever beam as a part of electrode A, and sacrificial 

metal support (in red color) holding all the components together. The bottom of the electrodes for 

both switches are extended by 200 microns compared to the bottom of the cantilever beam as 

shown in Fig. 4.1., (top right and bottom right) with the points of contact to the substrate marked 

in green. This setup allows the cantilever beam to freely suspend with a clearance of 200 microns 

from the surface of the substrate.  

The CAD design of the latest modified switch with its top view (right) and the 3D bottom 

view (right) is shown in the top half of Fig. 4.1. In this modified design, electrodes B and C are 

merged into one electrode (named B), the thickness of cantilever beam (a) is reduced compared to 

the first design, and the gap (X) between the cantilever beam and electrode B is also reduced, and 

the sacrificial support is extended (to allow easy severing later). The detailed reason for all the 

changes will be explained at the end of this section.  
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Figure 4.2: Illustration of electrostatic actuation of cantilever beam with electrostatic force (Fe) 

involved in the actuation due to the application of voltage. The initial gap (X) 

between the beam and the ground electrode changes to X0 after voltage application. 

Fig. 4.2., illustrates the working of an electrostatic cantilever beam with the normal (brown) 

and actuated (pale) states of the beam. The area of the application of electrostatic forces 

(highlighted blue) is ‘A’. ‘X’ is the initial gap between cantilever beam and ground electrode (grey) 

while ‘X0’ is the gap between the same two components after the application of an electrostatic 

force ‘Fe’ due to a voltage (V) applied on the positive electrode [248]–[250]. 

When the positive electrode (electrode A for our switches) with the cantilever beam is 

connected to a positive supply voltage and the ground electrode (electrode C for the first and B for 

the second switch) is grounded, the free-standing cantilever beam experience an electrostatic force 

due to applied voltage. This causes it to actuate towards the ground electrode due to the 

electrostatic force of attraction between unlike charges. This changes the gap between the tip of 

the cantilever beam and ground electrode to decrease compared to its initial gap ‘X’. If ‘X0’ is the 

new gap between the cantilever beam and the ground electrode after actuation and at equilibrium, 

the following equations will be obtained from the equilibrium analysis [251]–[253]. Equation 4.1 

and 4.2 gives the values of spring constant (km) and pull-in voltage (Vpullin) respectively. 

km =
Ea3b

4L3
     

Equation 4.1 
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Vpullin = √
8kmX3

27ε0A
 

Equation 4.2 

Where, ‘E’ Young’s Modulus of the material. ‘a’, and ‘b’ are the thickness and width of 

the cantilever beam. ‘L’ is the free length of the beam. The permittivity of the vacuum is given 

by ε0. Substituting (1) to (2), we get the final equation as: 

Vpullin = √
2Ea3bX3

27ε0AL3
 

Equation 4.3 

From equation 4.3 and the dimensions of the first switch, the pull-in voltage comes out to 

be 21 to 15 kVolts for a 100 microns thick cantilever beam with gaps of 100 to 40 microns 

fabricated using the previous MLS printer (DMP50GP). This creates a lot of problems to operate 

the switch as such an actuation voltage is impractical, not possible in a normal lab setting, and also 

causes the dielectric breakdown of air between the beam and the ground electrode as per Paschen’s 

Law [254]–[256]. Hence, the second switch was redesigned considering the various factors that 

affect the pull-in voltage and also the improved aspect ratio of the presently enhanced MLS printer 

(DMP64). 

From equation 4.4 it becomes clear that Vpullin depends on various constants and 

dimensions. Young’s Modulus (E) is a constant for a given material and the other quantities, the 

Vpullin depends on are given below: 

 

Vpullin  α   
Ea3/2X3/2√b

L3/2√A
 

Equation 4.4 
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Vpullin depends on the thickness of the cantilever beam ‘a’. The present value can be reduced 

to 40μm based on the resolution of DMP64. However, the first switch cantilever beam has a 

thickness of 100μm, which is already very thin. Decreasing this value to less than 40μm, might 

not be printed properly by the MLS printer.  

Vpullin depends on the square root of the width of the beam ‘b’. The first switch has a beam 

width of 0.6 mm it can be reduced to half that value without violating the feature size. This will 

also decrease the area of the electrostatically separated plates. However, the effect of change in the 

area can be altered in the next point. 

Vpullin depends on the product of beam length ‘L’ and the square root of area ‘A’. They are 

interdependent as a change of one causes the change of another. A decrease of ‘b’ to half has 

already caused the decrease in the area but it should be increased for the desired performance. To 

achieve that, we have considered the service of the unused electrode B in Fig. 4.1. The unused 

electrode can be fused with the ground electrode to increase the area of the electrostatically 

separated plates. The fusion of electrodes B and C results in the increase of area by 0.450 mm2. 

This has led to the new design as illustrated by the top left (top view) and top right (3D bottom 

view) of Fig 4.1. The new switch is proposed to reduce the actuation voltage by a huge factor and 

will be discussed further in the next section. The new design, as shown in the top two sections of 

Fig. 4.1., has two electrodes: electrode A (which has the cantilever beam) and electrode B. Again, 

as seen in the top right image of Fig 4.1, the bottom of the electrodes A and B are extended by 200 

microns compared to the bottom of the cantilever beam. The contact points to the substrate are 

marked in green. This setup again allows the cantilever beam to freely suspend with a clearance 

of 200 microns from the surface of the substrate. Electrode A acts as a positive electrode while 

electrode B acts as a ground electrode. 
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 Table 4.1: Calculated and Simulated Pull-in Voltages values for switches with different gaps. 

 

 

Gap in μm 

Pull-in Voltage (in kVolts) for first 

switch (100μm Beam width) Bronze 

Pull-in Voltage (in kVolts) for new 

switch (40μm Beam width) 17 -4PH 

Calculated Simulated Calculated Simulated 

100 39.97 40.65 14.69 14.87 

60 18.56 18.90 6.83 6.91 

50 14.13 14.26 5.19 5.24 

40 10.11 10.31 3.72 3.77 

30 6.57 6.76 2.41 2.47 

20 3.57 3.66 1.31 1.34 

15 2.32 2.37 0.853 0.870 

10 1.26 1.29 0.465 0.473 

5 0.447 0.458 0.164 0.167 

 

4.3.Simulation 

The simulation was carried out on Ansys 2021 R1. The model was designed as per Fig. 4.1. 

Upon application of voltage to the electrodes it was possible to visualize actuation at different 

magnitudes of the voltage. Table 4.1 displays the pull-in voltage values obtained from the 

simulation for the present switch and the newer one with respect to the calculated values. As the 
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new switches were to be fabricated using 17-4PH Stainless steel, the simulation and Table 4.1 also 

take into account the change in Young’s Modulus. 

 

Figure 4.3: Graphical illustration of MLS Process flow with a released array of microswitches in 

the inset. 

 

4.4.Fabrication 

The first switch was batch microfabricated using a DMP50GP MLS 3D printer (from 3D 

Microprint GmbH, Germany). This printer used <10μm metal powder as raw material and had 

high-precision optics both of which enabled high aspect ratio and fine component features. Each 

layer was 5μm thick and sintered using a laser with a spot size of 30μm at 40W CW power in an 

argon environment. The powder used was Bronze (90% Cu – 10%Sn) powder (D90 6μm) which 

was procured from Dongguan Hyper Powder Technology Co. Ltd. 
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The new switch was also batch microfabricated but using a newer version DMP64 MLS 

3D printer (from 3D Microprint GmbH, Germany). The printed has a superior optics system 

leading to improved aspect ratio and resolution of the built part. This printer was employed to 

investigate the minimum possible feature size for the printed part as it has a resolution of <15μm. 

17-4PH Stainless Steel powder was used as the raw material.  

The fabrication process is illustrated in Fig. 4.3. At first, the device is designed and drafted 

in CAD software. The 3D model thus created is then processed using a laser manufacturing plan 

using software like AutoFab, Renishaw plc., and Netfabb to generate a laser path for the printer. 

Metal powder is filtered successively using vibratory mesh sieves of different sizes in an argon 

environment to remove contaminants. Filtered metal powder is then fed to the 3D printer, and the 

manufacturing plan is loaded. The system is then activated to initiate fabrication onto a pre-loaded 

and pre-heated stainless steel build plate. The first layer of 5μm thick powder is spread across the 

build plate by a recoater, which then gets melted and fused via laser beam as per the path generated 

by the manufacturing plan software. The first layer also gets fused to the hot build plate due to the 

laser energy. The build plate is then lowered by 5μm, the powder bed is raised by the same height, 

and a new layer of metal powder is spread across by the recoater. The laser again acts on the new 

layer as per the design and fuses together the powder layer and also the new layer to the first layer. 

These processes repeat until the final 3D solid structure is built. Once the fabrication is completed, 

the build plate starts cooling down and once it reaches the room temperature, the devices fused 

onto the build plate can be removed from the printer. Most of the unused powder can be brushed 

or vacuumed off and filtered for future reuse. The build plate with the part is then rinsed in an 

ultrasonic bath for 30 minutes to remove any powder particles remaining. After this, wire EDM is 

employed to release devices from the build plate. The full process flow is illustrated in Fig. 4.3., 

with the released batch fabricated switches in the inset. The switches are then individually, 

separated to be transferred onto a dielectric substrate. 
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Figure 4.4: Dielectric Transfer of microswitch onto the substrate (left) involving scotch tape mask 

application (b) in clean glass slide (a), application of two-part epoxy into the 

unmasked area (c) and placement of microswitch (d), mechanical stabilization of the 

switch with PMMA glue (e) to remove sacrificial metal support to electrically isolate 

electrodes (f), different stages of the transfer of switch illustrated by cartoons in (d), 

(e), and (f) respectively demonstrated by (g), (h) and (i). 

 

4.5.Dielectric Transfer 

In this work, a simple, inexpensive, and easily performed dielectric transfer of each 

individual switch is detailed. The switches are small in size, and the electrodes are held together 

in place by the sacrificial metal frame. In other words, the switches are not electrically isolated 
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and is not ready for further connections. Hence, this work proposes the transfer of one-piece 

switches onto a dielectric substrate, electrical isolation of the electrodes, and final realization of a 

MEMS device. This process could also be used for other metal printed microsystem isolation. The 

process illustration (left) and the intermediate stages of switches (right) are shown in is shown in 

Fig. 4.4. 

The first step would be the cleaning of the substrate (here, a soda-lime glass slide) and the 

MEMS device, which will be repeated after each and every step. The cleaning was carried out 

using isopropyl alcohol and water and dried using lab-grade cleaning paper. A 50μm thick 

polyamide tape is applied on the glass surface and a cut a little larger than the bottom area of the 

device was made onto it creating a mask as shown in the second step of the illustration. 2-part 

epoxy is then carefully applied to the opening and properly leveled to a 50μm thick layer using a 

doctor blade with polyamide tape as a reference which is shown in the third step of the illustration. 

Thereafter, the clean MEMS switches are placed anchor down as illustrated in step 4 and shown 

in Fig. 4.4., (top right). As the cantilever beam is designed to be located 50μm higher than the base 

of the switch, it will remain free-standing while the rest of the switch will be attached to the 

substrate by the epoxy. The setup is then left to cure in ambient condition for 24 hours. 

The next step would be to cut off the sacrificial metal support frame for electric isolation. 

However, as the switches are very small, extra mechanical support is required so that the electrodes 

and beam do not move out of position during the isolation process. For this, polymethyl 

methacrylate (PMMA) glue is used to encapsulate the whole switch (shown in the 5th step and 

middle right in Fig. 4.4.,) and let cure for 10-12 hours again in ambient conditions resulting in 

mechanical support for the device. This step is optional depending on the microsystem to be 

transferred and the use of PMMA glue because of its solubility with easily available acetone. In 

the next step, the sacrificial metal support frame is carefully severed and the whole setup is drooped 

carefully into an acetone bath to dissolve away the PMMA glue. This step will not only dissolve 
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the glue but also clean away any debris left on the device while cutting off the sacrificial metal 

frame. The final product will be clean and electrically isolated electrodes on a dielectric substrate 

attached with epoxy glue (shown in the last step of the illustration and bottom right of Fig. 4.4.,). 

Although the epoxy glue does not dissolve in acetone but is rendered soft, hence it is best practice 

to let the final setup cure for 10-12 hours before making electrical connections. Further cleaning 

with water and isopropyl alcohol could be done after this step. This process will be useful in 

affixing similar microsystems for electrical isolation. After the appropriate time lead wires could 

be connected to each electrode using conductive glue and soldering produces heat that can burn 

the epoxy glue holding the electrodes to the substrate. 

 

Figure 4.5: Test setup for the electrostatic characterization of the MEMS Switch. 
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4.6.Characterization and Results 

The MEMS switches transferred onto the substrates were probed electrically on a 

Micromanipulator probe station and demonstrated by Fig. 4.5. The electrode with cantilever beam 

(positive electrode) was connected to the positive terminal of the power supply and the ground 

electrode was connected to the negative supply. Multiple devices were tested using a high voltage 

power supply (PS350, Stanford Research). However, as the gaps were bigger such that dielectric 

breakdown occurred before the pull-in voltage was reached. This, however, demonstrated the 

electrical isolation of the components was achieved. This was verified as per the occurrence if 

breakdown voltages almost matched the expected based on the measured dimensions and 

Paschen’s law. Thus, the experimental setup used to determine the pull-in voltage led to an arc 

formation between the isolated positive and ground electrodes before the pull-in was reached. 

This breakdown is explained by Paschen’s law, which is a mathematical expression for the 

relationship between the breakdown voltage between the electrodes and the product of pressure 

and the gap between them [254]. The switches built to this date have a minimum gap of 10μm, 

implying that the breakdown calculations will not deviate from Paschen’s law [255].  Equations 

4.5 and 4.6 will give the breakdown voltages (VBD), where A and B are constant, P is the pressure, 

X0 is the initial gap between the cantilever beam and the fixed ground electrode, γ is the secondary 

ionization coefficient, and k is obtained by Townsend equation 4.6 and the calculation is tabulated 

in Table 4.2 if the medium is air, the values of A and B are also given by Table 4.2. Fig. 4.6., gives 

the simulated pull-in voltage values of the first and second switches with respect to gap and 

corresponding breakdown voltages. 

 

𝑉𝐵𝐷 =
𝐵 ∗ 𝑃𝑋0

(𝑙𝑛(𝑃𝑋0) + 𝑘)
     

Equation 4.5 
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𝑘 = ln [
A

ln (1 +
1
γ)

]   

Equation 4.6 

Table 4.2: Values of A, B (in air) and k for different products of P and X0 [206]. 

Gap 

Medium 

PX0 

(kPA-cm) 

k A 

(ionization/kPa-cm) 

B 

(V/kPa-cm) 

 

Air 

0.0133-0.2 2.0583 x (PX0)
-0.1724  

112.50 

 

2737.50 0.2-100 3.5134x (PX0)
-0.0599 

100-1400 4.6295 

 

 

Figure 4.6: Pull-in voltage vs gap and Paschen’s breakdown voltages for the gaps for the MEMS 

switches in this study. 
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Chapter 5: System-in-Package with Embedded Thermal Management 

In this chapter, microfabricated packages featuring microfluidic pin-fin and microchannel 

for thermal management of semiconductor devices are presented. A presentation on "Additive 

Microfabrication of System in Package for Heterogeneous Integration with Semiconductor Dies" 

was given at the Electronic Material Conference (EMC) 2022 in Columbus, OH. A full journal 

paper with material characteristics has been published in the Journal of Electronic Materials. A 

paper titled "Metal Additive Microfabrication for Integrated Thermal Management in Power 

Applications" has been published by "Power MEMS 2022" in Salt Lake City, UT. Another paper 

titled "Metal Additively Microfabricated SiPs with Embedded Microfluidic Cooling for 

Heterogeneous Integration with SoCs" has also been published by "2023 Electronic Components 

and Technology Conference" in Orlando, Florida. 

 

Figure 5.1: CAD Designs of packaging devices (top left: original package, top right: Package with 

fins, bottom left: package with microchannel, and bottom right: fins with inlet and 

outlets [250] 
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This work study investigates the use of metal additive microfabrication of system in 

package (SiP) with embedded heat sinks for thermal management and leadframe with multiple 

pads for QFN packaging. This will allow the heterogeneous integration of SiP and System-on-

Chip (SoC). The work also opens up doors to the new fabrication and integration of metal 

microsystems using DMLS to be used as complementing processes to semiconductor 

manufacturing and packaging. The SiPs were fabricated using 316L stainless steel powder as a 

raw material and employing a relatively less expensive DMLS system. The affordability of metal 

additive manufacturing systems is expected to drive research on their potential for use in 

heterogeneous integration within the semiconductor industry. 

 

Figure 5.2: ANSYS Thermo-Electric Simulation for conventional package (left), Computational 

Fluid Dynamics (CFD) simulation for package with micro-pin fins (middle) and the 

one with serpentine microchannel (right) with water flow where microfluidic water 

flow decreased the average surface temperature to around 28°C from around 45°C 

for the conventional package. 

 

5.1.Literature Survey 

The semiconductor industry has addressed the need for high-performance electronic 

devices to process increasing data [1], [2] by adding more miniaturized components onto a single 

chip [3], [4]. In the same way, wide-bandgap devices have been utilized to enhance the power 

efficiency of power electronics [7], [8]. Both of these trends have been increasing the power 
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density of the chip, leading to the localized hotspots generation in the channel of the chip [11], 

[12], [14], [15], [257]. The Heterogeneous Integration Roadmap has predicted that the hotspot 

power density of chips will rise to 900 W/cm2 by the end of 2023 and has also provided the cooling 

regimes for the different heat fluxes of the hotspots [16]. Today's semiconductor industry requires 

heterogeneous integration for System-on-Chip with SiP, including embedded thermal management 

systems. The 2012 International Technology Roadmap for Semiconductors (ITRS) stressed the 

significance of integrating system-on-chip (SoC) and system-in-package (SiP) [258] and the 

Heterogeneous Integration Roadmap (HIR) seconds ITRS [16]. Due to a lack of embedded thermal 

management, current heterogeneous integration is only feasible for low-power dies.  

Individual high-power chips typically require large heat sinks and fans for thermal 

management [259]. These Conventional cooling systems/heat sinks for chips include a conductive 

interface, heat exchangers for quicker thermal energy transport, and thermal energy-releasing 

systems such as high-speed fans. This can be termed as system-level thermal management. Most 

devices, from Raspberry Pi to computers and vehicle parts, use this level of thermal management 

that employs forced air cooling for heat dissipation. Thermal management systems at the system-

level are commercially successful due to their established fabrication methods and lower cost. 

However, as most heat transport occurs by conduction, except for the final stage with several 

interfaces in this level. This results in higher contact thermal resistance, decreasing thermal 

management efficacy [260]. Their large size also makes them sub-optimal. Cooling systems can 

be microfabricated onto the back of semiconductor dies, allowing for die-level integration with 

electronic components on the front, as demonstrated in literature [33], [55], [56], [261]–[263]. 

Microchannel or Pin-fin heat sinks have been created on the back side of the die to cool down 

hotspots created at the front of it, and this could be termed die-level thermal management. 

However, integrating at this level adds complexity to the chip manufacturing process, which is 

already intricate.  
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There is a third location where the cooling system could be integrated: the packaging level. 

This method of thermal management at the package level is believed to be more compact and 

efficient in transferring heat compared to the conventional system-level method. It is also nearly 

as effective as die-level thermal management in terms of heat transfer efficiency, without adding 

to the cost or complexity of IC fabrication. In this dissertation, we present an additively 

microfabricated SiP that addresses the thermal management issue, with a performance and size 

comparable to die-level integration, without adding complexity to chip fabrication. Additionally, 

it has a significantly smaller size compared to sub-optimal system-level heat sinks. DMLS is used 

due to its outstanding customization capabilities [62], as the parts are directly fabricated from a 

CAD file. DMLS has been considered superior to its plastic or resin-based counterparts in certain 

applications requiring conductive parts with better accuracy and strength [112]. All these features 

of customizability to conductivity and strength make DMLS process a viable option for designing 

SiPs with functionalities like heat sinks and connectivity. The use of this process to design heat 

sinks has been studied [63] but without integration. One of the grand challenges of the International 

Roadmap for Devices and Systems (IRDS) is 3D packaging and heat extraction for the die [238], 

[264]. This work showcases various QFN lead frames, some of which include cooling systems and 

others that do not. The conventional lead frame design with only the pads serves as a comparison 

reference for the other three systems. The QFN lead frames in this work come in three variations: 

one with a microchannel, inlet, and outlet for fluid flow; one with arrays of fins below the die 

location; and one with fins as well as an additional inlet and outlet for optional fluid flow. Fig. 

5.1., shows the CAD isometric views of all four proposed package systems. Each package system 

can hold a 1cm-by-1cm semiconductor die for testing purposes. The microchannels are square-

shaped channels that measure 500μm in width and 800μm in depth, while the fins have a diameter 

of 1000μm. Affordability comes with the trade-off of resolution and the present in-house system 

can faithfully produce the mentioned dimensions with compatible features for the channels and 

fins.  
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5.2.Design 

The first step in bringing the packages to life is creating a CAD design and simulating it. 

The CAD model for the packages were designed in Onshape. Four unique designs were first 

realized and are demonstrated in Fig. 5.1. The first design of the package as shown in Fig.5.1., (top 

left) is based on a conventional lead frame package with a die holder and 20 leads or pads for die 

connectivity. The pads and die holder are designed on a support plate so that the parts will be 

fabricated and held in place, which can be ground off later, isolating the pads and die holder for 

electrical isolation. The die holder in the second design in Fig. 5.1., (top right) has been modified 

to feature an array of 25 micro pin-fins, each with a diameter of 1000μm, but without flow inlet 

and outlet. The other design as in Fig.5.1., (bottom right) is a version of the former one with flow 

inlet and outlet. The design shown in Fig.5.1., (bottom left) features a modified die holder with a 

serpentine microchannel measuring 500μm in width and 800μm in depth, as well as flow inlet and 

outlet. These four designs are the initial designs fabricated and evaluated in this work. It is worth 

noting that the microfluidic structures are open at the top end, where the die will be placed. This 

open-on-top arrangement supports direct convective cooling and bypasses thermal resistance 

between the silicon die, package, and thermal interface material (TIM) by allowing direct contact 

with the backside of the die on the holder, which will not be the case if the microfluidic structures 

are designed as closed structures at the top. 

Each design was simulated to study thermal management performance before the 

fabrication of the package. ANYSY 2019 Thermal-Electric and Computational Fluid Dynamics 

(CFD) analysis system was used to simulate the thermal management properties of the packages. 

Fig. 5.2., shows the results for the ANSYS simulation where the average surface temperature was 

reduced to around 28°C for packages with micro pin-fins and with microfluidic channels with 

water flow of around 120ml/min compared to conventional package at 45°C. 
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5.3.Fabrication 

The initial step of fabrication involved the processing of the CAD design discussed in the 

previous subsection. The CAD design was sliced using the slicing software Netfabb ™. The slicing 

software then created a laser path for the fabrication which was fed to the Xact Metal XM200C™ 

3D printer pre-loaded with 316L Stainless Steel powder. The fabrication proceeds as soon as the 

printer starts, and the process is like Fig. 4.3. The microfabrication process involves melting and 

fusing multiple layers of 30μm powder together until the final 3D part is built according to a CAD 

file. The part gets fused to the built plate as well. EDM wire cutting or grinding can be employed 

to detach the parts from the build plate after the creation of support structures. In this work due to 

larger sizes of devices, each single packages are supported on a 1mm thin metal plate to hold the 

pads and die holder in place and have tapered wedges 4mm tall on the bottom, which will be the 

easy base fused on build plate to be removed using grinding tools for electrical isolation of pads 

and die holder.  

 

Figure 5.3: Microfabricated packaging devices in same order as Figure 7.1. Conventional Package 

(top left), package with micro fins (top right with only micro fins, bottom right with 

fins, inlet, and outlet), package with microchannel (bottom left). 
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The individual packaging devices are shown in Fig. 5.3. On each part, 1cm by 1cm 

semiconductor dies will be carefully placed. Wire bonding will be used to connect the via to the 

leadframe pads. The inlets and outlets, if present, will be extended and the cooling liquid supply 

will be connected. The entire system will then be covered with epoxy and left to cure. The final 

step will be to grind off the back end of to remove support metal plate on the bottom of the 

packaging parts, as shown in Fig. 5.4. Currently, the only cooling systems added to the SiP are 

microchannel with inlet and outlet, fins, and fins with inlet and outlet. As future work, radiation 

shielding, and other microsystems could be incorporated.  

 

Figure 5.4: Proposed post processing steps for final package include die placement, wire bonding, 

and epoxy curing (top). The sacrificial support structure in green will be ground off 

after epoxy curing to electrically isolate leads and package to finally create a surface-

mount package as demonstrated in the bottom (left and right). 
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5.4.Material Characterization 

A thorough analysis was conducted on the characteristics of the as-built parts and 

additional samples. In order to understand how the fabrication process aligned the powder 

particles, a close examination of the microstructures was carried out. While micro-voids were 

present, no micro-cracks were observed during the analysis. The optical micrographs of a printed 

package without post-processing were carefully analyzed and the results are shown in Fig. 5.5. 

Some voids are circled in red, which were in the range of powder particle diameter. If these voids 

accumulate and create a leakage path, it can affect coolant flow. However, no such leakage was 

observed during the testing. The use of smaller powder or post-processing steps may be helpful in 

solving the problem of micro-voids and extra melted powder. The overall microstructures were 

dense enough to allow further processing. Extra melted powder sticking around the pad is also 

visible, which might form an electrical leakage path. Again, this could be solved using finer 

powder or employing post-processing steps. However, for this design, each pad is spaced much 

apart from the other compared to the powder size, and further processing is possible. 

 

Figure 5.5: Optical micrographs of as printed package obtained at the regions indicated by the 

central image showing micro-voids introduced by DMLS process. 
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The surface roughness of fabricated devices has been determined using the Bruker 

DektakXT stylus profiler on multiple samples pre-post-processing. The top surface of the 

fabricated devices was scanned to around 7500μm to study the presence of bumps and valleys. A 

comprehensive profilometry analysis of three samples is presented in Fig. 5.6. The scan direction 

and profiler utilized have been illustrated in the bottom right corner of the figure, while the top 

left, top right, and bottom left correspond to the three samples that have been examined.  The 

average surface roughness falls within one powder size range, but the maximum surface roughness 

is twice the size of the powder. This may adversely affect wire bonding performance and thermal 

transport at the interfaces. However, these issues can be resolved by post-processing like polishing 

or using finer powders thereby enhancing the functional performance of the fabricated devices.  

 

Figure 5.6: Profilometric graph for the analysis of as build package surface roughness. Sample 

with scan line (bottom middle) and Bruker DektakXT stylus profiler (bottom right) 

used for the analysis. 

The samples with fins and microchannels were also analyzed for their dimensional 

accuracy. Fig.5.7., shows the 3D surface profile of the package with micro pin-fin (top) and 

microchannel (bottom) on the left and Scanning Electron Microscope (SEM) micrograph of the 
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samples on the right with the same setup as the former. Upon examining the SEM analysis, the 

average diameter of the fin is found to be 1046±52μm, which is a slight deviation from the 1000μm 

diameter present in the CAD file. Similarly, the SEM microchannel width is determined to be 

506.83±36μm, whereas the CAD file indicates 500μm. The margin of error is relatively small, and 

it could be attributed to the cumulative effects of print resolution, powder diameter variability, and 

manual measurement error. The 3D surface profile further demonstrates the consistency in 

dimensions across the samples. The DMLS process used here showcases superior dimensional 

accuracy. It is possible that even greater dimensional accuracy could be achieved through the 

optimization of resolution and print parameters with finer powder. Overall, the results of this 

analysis demonstrate the value of utilizing DMLS technology for the creation of highly precise 

and accurate parts. 

 

Figure 5.7: 3D depth profile of pin-fin package (top left), microchannel (bottom left). SEM 

micrograph of pin-fin (top right) and microchannel (bottom right). 
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Figure 5.8: Resistivity of 100 samples, along with 316L stainless steel bulk metal resistivity and 

mean sample resistivity with the diameter () ranges of the samples. 

The determination of the resistivity of the printed material was conducted through the 

fabrication and four-wire resistance measurement of one hundred cylindrical rods. These rods were 

made using the DMLS process and 316L stainless steel powder, which is also utilized in SiP 

fabrication. The rods had varying diameters, ranging from 1mm to 3mm, and lengths ranging from 

6mm to 15mm, with increments of 1mm. The resistance values of these samples were measured 

using the Keithley 2450 SourceMeter® and a four-wire (Kelvin) technique along the entire length 

of each sample. The four-wire resistance measurement technique involves passing a 1A current 

through the Force Hi probe, which is connected to one end of the sample. The circuit is then 

completed by connecting the other end of the sample to the Force Lo probe. The voltage drop 

across the sample ends will be measured by the Sense Hi and Lo probes. This method allows for 

precise measurements by eliminating any potential errors caused by the resistance of the 

connecting wires. The Keithley SourceMeter automatically determines the ratio of voltage and 
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current to display the value of the resistance for the sample. The material's resistivity is calculated 

using the resistance, length, and diameter of each sample using the laws of resistance. This reading 

will be of importance as it relates to the resistance value of the lead between the vias and the pads 

on the PCB. The lower the resistance, the better the electrical connectivity with the vias, which in 

turn ensures a seamless flow of current without any loss. Fig. 5.8, displays the resistivity 

measurements of one hundred samples, including the mean sample resistivity and the bulk metal 

resistivity from literature [265], [266]. All the values are considered at room temperature. The 

mean sample resistivity value of the samples was determined to be 74.94μΩ-cm ±0.39, which is 

approximately 1 μΩ-cm higher than expected bulk metal resistivity.  

 

5.5.Experiment and Results 

A preliminary study was conducted to demonstrate the movement of fluid within packages 

that incorporated both channels and fins. The flow of water, with added food coloring to enhance 

visibility, in the microfluidic structures is shown in Fig. 5.9., (top left: microchannel with coolant, 

bottom left: channeled fins with coolant) with a 1cm-by-1cm glass glued on top of the die holder 

for individual package. These two devices along with the conventional package and the one with 

only fins (all of them with 1 cm-by-1cm glass cover) had their respective glass cover heated with 

a hot-gun to a temperature of 40ºC and allowed to cool down to ambient temperature.  

For similar environmental conditions, based on the thermal images obtained, it was 

observed that the packaging devices equipped with fins and coolant flow exhibited a higher rate 

of cooling compared to the conventional package. This indicates that the incorporation of these 

features has a significant impact on the cooling performance of the package. The packaging device 

with only fins and no cooling water is the last to reach the ambient temperature. This is 

demonstrated by the thermal images in Fig. 5.9., (right). The cooling delay in the later type of 

package can be well explained through the basic concept of heat transfer. As the conventional 
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device and the one with only fins and no flow could lose heat just by conductive heat transfer to 

the heat sink, the package, which was solely composed of fins without any flow, underwent an 

extended period of cooling. This is likely due to the decreased conductive interface, compared to 

the conventional package that resulted from the presence of fins, which reduces the rate of heat 

transfer. The microchannel on the other hand, although had stagnant water as coolant, its 

convective cooling capability is greater than that of stagnant air and was the second one to cool 

faster. As the cooling system with fins and stagnant coolant, can transfer heat via conductive and 

stagnant water convective cooling with larger surface area, it cooled the faster. 

 

Figure 5.9: Microchannel (top left) filled with coolant, finned heatsink filled with coolant (bottom 

left), and Heat map for all four devices (right) left to cool down in ambient 

environment after heating the glass slide on top of each device to 40ºC (a-f). The 

devices were set up in a similar fashion to Fig. 5.3. 

Another experiment was performed, where the glass slides were placed on top of various 

samples and were heated using a heater. The slides were then allowed to cool naturally under 
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ambient conditions as shown in Fig.5.10 (right). A thermal camera was used to record the average 

temperature, while a stopwatch was used to note the time taken for each sample to cool down. The 

results, as shown in Fig. 5.10 (left), demonstrate the impact of air and water flow on the cooling 

process. The package with pin-fins and water flow was found to have the shortest cooling time to 

reach ambient temperature, taking only 3.3 minutes. The microchannel package with the same 

flow rate followed closely behind, taking 4.2 minutes to cool down. In comparison, the pin-fin and 

microchannel packages with similar air flow rates took significantly longer to cool down, with 

times of 10.6 minutes and 13.9 minutes, respectively. The original package and the package with 

pin-fins but no flow took even longer to cool down, with times of 25.5 minutes and 32 minutes, 

respectively. These findings demonstrate the ability of these packaging devices to achieve effective 

cooling, even with higher flow rates of air. 

 

Fig. 5.10: Experimental set for transient thermal performance analysis of the packages: Original 

sample (top right), samples with coolant flow (bottom right). Transient thermal 

performance of different samples illustrating the time taken to cool down to ambient 

while heated to 48⁰C and let to cool down to ambient temperature. 

A third experiment was conducted to analyze the steady-state thermal performance of each 

package. The top surface of the glass slides was exposed to a heat flux of 4.5W generated by a 

cartridge heater, with flow turned on for flow-capable devices. A set of four NTC temperature 
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sensors recorded the temperature of four points on the top surface of the glass slide. Two more 

temperature sensors recorded the temperature of the inlet and outlet coolant. The data from sensors 

were read using a microcontroller calibrated using the manufacturer data for the thermistor. The 

entire setup is illustrated in Fig. 5.11., (left). The steady-state surface temperature and thermal 

resistances are shown in Fig. 5.11., (right), with measured thermal resistances of 2.02C/W (pins) 

and 2.20C/W (channel) for a flow rate of 84ml/min compared to 5.25C/W for the original 

package.  

 

Figure 5.11: Experimental set for steady state thermal performance analysis of the packages: 

Experimental setup (right) with cartridge heater (P=4.5W) and temperature sensor 

with full data acquisition system. Steady state thermal performance of different 

samples illustrating the final average surface temperature and thermal resistance of 

each sample when subjected to same heat flux. 

Further increase in the water flow rate, there was a significant decrease in thermal 

resistance to about 1.57°C/W and a reduction in the average surface temperature to approximately 

27.5°C, as depicted in Fig. 5.12. When comparing micro pin-fin to microchannel, it was found that 

the former outperformed the latter in terms of flow rate and thermal performance at a similar pump 

power. 

 However, it was observed that thermal performance did not improve significantly beyond 

a flow rate of approximately 40 ml/min in both cases. Thus, there is a need for further optimization, 
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which will be discussed in Chapter 6. The optimized microchannel includes new wavy structures 

to improve hydrodynamics for better thermal performance. On the other hand, in the case of micro 

pin-fin, the diameter of each pin is decreased to allow number of pins, ultimately increasing the 

convection surface area for better thermal performance. Additionally, changing the shape to 

ovate/teardrop enhances hydrodynamic performance. The wavy microchannel is around 500 μm 

wide and 800 μm deep, whereas the tear-drop shaped micro pin-fins are 2500 μm in circumference 

and 800 μm high. The detailed design, fabrication, and the rationale for the optimization along 

with the reduction in the thermal resistance and final surface temperature, which will be inspected 

and discussed in the next chapter. 

 

Figure 5.12: Mean surface temperature and thermal resistance for micro pin-fin heat sink for 

different water flow rates (left) and mean surface temperature and thermal resistance 

for microchannel heat sink for different water flow rates (left)  

 

5.6.Discussions 

Initial tests have revealed that when it comes to cooling, pin-fin followed by microchannel 

SiPs paired with water flow is a highly effective method. In comparison to traditional packages, 

these heat sinks have a significantly greater cooling rate. However, the thermal performance of 

these SiPs is contingent on several factors, including the size of the pin-fin and microchannel, their 
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number, and the flow rate. It's worth noting that if water isn't a feasible coolant, air-cooling heat 

sinks can be applied to SiPs. That being said, for high-performance devices and power electronics, 

water cooling systems are a more viable solution. The following chapter will provide an in-depth 

exploration of all these topics, including the heterogeneous integration of these SiPs with dies to 

additively microfabricate low-cost SiPs with improved electrical and thermal performance. 

The thermal performance of various heat sinks used in previous studies has been 

summarized in Table 5.1. Die-level thermal management systems have been found to exhibit lower 

ranges of thermal resistances. Two-phase cooling has been advocated for its superior thermal 

performance; however, it is not within the scope of this study. Hydraulic diameter and flow rate are 

other parameters that affect thermal performance. This study presents systems with larger hydraulic 

diameters compared to those listed in Table 5.1. It is important to note that this work utilizes soda-

lime glass instead of silicon, resulting in a higher overall thermal resistance due to the lower thermal 

conductivity of soda-lime glass. Despite this, package-level thermal management performs 

similarly to die-level thermal management, but there is still room for improvement. 
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Table. 5. 1. Comparison of present work with various works in literature with their fabrication processes, hydraulic diameter (Dh) if the 

work relates to microfluidic channel or Pin-fin diameter (Dp) if the work relates to micro pin-fin (also indicated with (P) in 

front of values, flow rates and corresponding thermal resistances (Rθ), the coolant used, and the mode indicating if phase 

change phenomenon was utilized or not. 

Work by Fabrication Dh or Dp (μm) Flow rate (ml/min) Rθ (⁰C/W) Coolant Mode 

Agostini et al. [54] Silicon back-side etch 

(Die-level) 

122 490 0.013 R-236fa Two-phase 

Tuckerman and 

Pease[27] 

Silicon back-side etch 

(Die-level) 

92 516 0.1 Water Single-phase 

Sarvey et al.[267] Silicon back-side etch 

(Die-level) 

(P) 30 100 0.33 Water Single-phase 

van Erp et al.[56] Silicon back-side etch 

(Die-level) 

166.7 60 0.43 Water Single-phase 

Kong et al.[58] Precision machining on 

copper 

(P) 400 66 0.53 Water Two-phase 

Liu et al.[58] Fabrication on a copper 

block 

(P) 445 953.75 0.88 Water Single-Phase 

Peles et al.[57] Silicon back-side etch 

(Die-level) 

(P) 100 3.2 ~5 Water Single Phase 

This work (1) Package-level 615.38 84 1.59 Water Single-Phase 

This work (2) Package level (P)1000 84 1.57 Water Single Phase 
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Chapter 6: Optimization of Microfluidics and Silicon Integration to SiPs 

Chapter 5 discussed the requirements of die-level thermal management for electronics. The 

chapter also provided a complete solution in the form of straight serpentine microfluidic channel 

(SSMFC) and circular pin-fins (CPF) on the die holder, open towards the back of the die for direct 

convective cooling of the semiconductor die placed on the die holder. The SSMFC and CPF 

microfluidic structure performed well when tested with the glass slide and it was possible to reduce 

the thermal resistance of the whole package to around 2.02 W/°C for package with CPF, which is 

a good enhancement compared to the conventional package (5.25W/°C) as per the graph ion 

Fig.5.11., and Table 5.1. If the graph is analyzed properly, it seems like the thermal resistance 

decreases considerably till the flow rate is increased to around 40 ml/min for both SSMFC and 

CPF, implying the reciprocal relation between the flow rate and thermal resistance. However, 

contrary to the popular belief [268], a big jump in flow rate from 40 to 150 ml/min, the decrease 

in the thermal resistance is very minimal. There are two reasons that might explain this anomaly.  

 
Figure. 6.1. ANSYS CFD simulation of water flow in SSMFC (bottom left) and CPF (bottom 

right) illustration the flow behavior/ hydrodynamic nature. Enlarged sections 

showing the regions showing decrease in water contact area due to poor 

hydrodynamic nature of SSMFC (top left circle) and CPF (top right circle). 
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One of the reasons, of course, being the hydraulic diameter as the heat transfer coefficient 

increases with decreasing hydraulic diameter. In this work hydraulic diameter for the microchannel 

is limited by the DMLS resolution and, the microchannel in this work has been designed 

considering the lowest possible resolution. Hence in the case of microchannel, the hydraulic 

diameter cannot decreased any more unless the DMLS resolution is decreased. However, in the 

case of micro pin-fin (with the diameter of 1000μm), it can still be decreased. 

Another reason is the hydrodynamic inefficiency of the SSMFC and CPF which causes 

improper flow of water in the microfluidic regions as shown in Fig.6.1. Due to the improper flow 

of fluid leading to the decrease in the total surface area of fluid contact with the back side of the 

die, ultimately decreasing the hydraulic diameter compared to what is expected. There is room for 

the improvement of both the microfluidic structure to enhance the hydrodynamic nature of the 

flowing water and will be discussed in upcoming subsections. 

 

6.1. Optimization of Microfluidic Structures 

In this section the optimization of both microfluidic microchannel and microfluidic micro 

pin-fins will be discussed. To improve the hydrodynamic flow in the microfluidic channel, the 

serpentine straight design (SSMFC) as discussed in previous chapter has been upgraded to the 

serpentine wavy design (SWMFC). [269]–[271]. One more orientation of channel namely Parallel 

Straight Microfluidic Channel (PSMFC) will also be studied in the subsection. Similarly, in 

comparison to the previous chapter, the circular pin-fin (CPF) is optimized to a teardrop/ovate 

micro pin-fin based on literature and on hydrodynamics [272], [273]. The size of the microchannel 

feature remains the same according to the printer resolution, only the shape is adjusted to impart 

hydrodynamics. Fig. 6.2., shows all the three CAD models of the packages with microfluidic 

channels contained in this. However, in addition to enhancement of the hydrodynamic nature of 
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the teardrop pin-fin (TDPF), the reduction in the diameter for pin-fins also allows for more pins to 

be placed within the same volume increasing the hydraulic diameter. Another design, namely the 

Square Pin Fin (SPF) has also been incorporated in this study of optimization. Fig. 6.3., illustrates 

all the three designs studied in the optimization of the microfluidic pin-fins. 

6.1.1. Hydrodynamic Optimization of Microfluidic Channel 

The hydrodynamic optimization of microfluidic channel comes from the fact that there is 

just the possibility of optimizing the shape of the microchannel as the size is already limited by 

the DMLS resolution. In this work three different hydrodynamic shapes are compared for their 

flow rate and thermal management efficiency. Three shapes are straight serpentine microfluidic 

channel (SSMFC), parallel straight microfluidic channel (PSMFC), and serpentine wavy 

microfluidic microchannel (SWMFC) with their respective CAD models (from left to right) on 

Fig.6.2., (top) and the fabricated packages on Fig.6.2., (bottom). The dimensions of all the 

microchannels are unaltered and are 500μm wide and 800μm deep. As in the previous chapter, the 

microchannels are left open towards the top to impart direct convective cooling of the back surface 

of the die.  

Although, the dimension of the channel in the SWMFC is unaltered and is the same as the 

others, some modifications are added to impart better hydrodynamic nature of the channel. The 

modification comes in the form of change of straight edge of the SSMFC to wavy edge following 

a sine wave with an amplitude of 125μm as illustrated in the detailed design illustration in Fig.6.3. 

The introduction of the equal and opposite wavy edges to the channel leaves the total wide of the 

SWMFC the same as the SSMFC, which is 500μm. The introduction of wavy channel is dictated 

from literature where the design is considered hydrodynamically more efficient compared to the 

straight edged channels [269]. The PSMFC however has the same channel dimension with straight 
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edges but the 9 parallel microchannel extended from the input to the output instead of a single 

serial serpentine channel. The fluid flow and thermal management performance of these 

modifications will be compared and studied in subsection 6.2. 

 
Figure 6.2. CAD models of packages with different shapes of microchannel (top) viz SSMFC, 

PSMFC, and SWMFC (from left to right respectively), and the fabricated packages 

with different shapes (bottom) following the same order as the top. 

 

6.1.2. Hydrodynamic and Hydraulic Optimization of Microfluidic Pin-Fins 

The hydrodynamic and hydraulic optimization of the microfluidic pin-fin comes from the 

fact that there is a possibility of optimizing both the shape and the size of the pin-fins. In this work 

three different hydrodynamic shapes are compared for their flow rate and thermal management 

efficiency. Three shapes are circular pin-fins (CPF), square pin-fins (SPF), and Teardrop pin-fins 

(TDPF) with their respective CAD models (from left to right) on Fig.6.4., (top) and the fabricated 
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packages on Fig.6.4., (bottom). As in the previous chapter, the microfluidic regions are left open 

towards the top to impart direct convective cooling of the back surface of the die. 

 

Figure 6.3. Detailed CAD models of packages with SWMFC (left) and TDPF (right). The inset 

gives the dimension of the channel and the amplitude of the wavy edge as well as the 

design dimension of the teardrop pin. 

The dimension of each of the 25 circular pin-fins in the CPF is 1000μm as discussed in the 

previous chapter. The square pin- fins are designed to study the difference in the hydrodynamic 

nature of these structures compared to the CPF. Each of the 25 pin-fins in SPF are 800μm-by-

800μm in size which is comparable to a 1000μm circular shape. The modification in the shape and 

the number of pin-fins in TDPF comes in the form of change of circular shape of the pins to a more 

hydrodynamic shape of the pin as illustrated in the detailed design illustration in Fig.6.3. The 

decrease in the size of the pin-fins is possible in this case, due to printer resolution, making room 

for a greater number of the pins (48 in TDPF compared to 25 in CPF and SPF). The introduction 

of tear-drop shape is borrowed from airfoil structure of planes and is dictated from literature where 

the design is considered hydrodynamically more efficient compared to the circular of square pins 

[274]. The fluid flow and thermal management performance of these modifications will be studied 

and compared in subsection 6.2. 
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Figure 6.4. CAD models of packages with different shapes of microfluidic pin-fins (top) viz CPF, 

SPF, and TDPF (from left to right respectively), and the fabricated packages with 

different shapes (bottom) following the same order as the top. 

6.2. Comparative Study of Optimized Structures with silicon integration 

The comparative study in this subsection is done with the same experimental test-setup and 

data analysis methods as described in Chapter 5, subsection 5.5. In this study, the glass slides used 

in the previous chapter are replaced by the 1cm-by-1cm silicon die to create real life scenario of 

operation of these packages. As mentioned in the discussion section of Chapter 5, the introduction 

silicon die will certainly decrease the overall thermal resistance of the package as silicon has lower 

thermal resistance compared to glass. The comparative study of flow rates and thermal resistance 

of all the packages discussed previously is performed and is discussed in detail in the upcoming 

sections. 

𝑅𝜃 =
∆𝑇

𝑞
=

𝑇𝑠𝑎𝑣𝑔 − 𝑇∞

𝑞
 

Equation 6.1 
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6.2.1. Optimization Study for Microfluidic Channels (MFCs) 

All the packages with different microfluidic channel structures were subjected to the 

thermal resistance test using the same setup demonstrated in Fig.5.11. Flow rate of water flow for 

different pump power were also determined for each package by recording the time it took for 

50ml (measured at the outlet using a volumetric tube. The thermal resistance (Rθ) was also 

determined for each packages using equation 6.1., where ΔT is the rise in temperature with respect 

to the ambient temperature (T∞) and q is the power of the heater. The average surface temperature 

(Tsavg) was the average of four temperatures measured by the four thermistors from the setup. 

 
Figure 6.5. Plot of flow rate vs pump power for SSMFC, PSMFC, and SWMFC showing the 

superior performance of SWMFC compared to the rest. 

Fig. 6.5., is a plot for the flow rate of water vs pump power required for packages with 

different designs of microfluidic channels. As seen in the figure, the flow rates for the PSMFC are 

the lowest with respect to the pump power compared to the rest till the pump power of around 6W 
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is reached. After that pump power, the flow rate for the SSMFC does not increase as do the other 

two. This is due to the fact that for the PSMFC, at lower flow rates, the water chooses straighter 

path with lower flow resistance and barely flow through the outer parallel channels with greater 

flow resistance reducing the total flow rates at lower pump power [275], [276]. As the pump power 

goes up, all the channels will be used for flow increasing the total flow rate compared to the 

SSMFC. However, for the SWMFC the flow rates with respect to pump power are the best (118.8 

ml/min being the highest flow rate possible for the pump used) out of the three because the wavy 

channels have better hydrodynamic features as compared to the two rest. 

 

Figure 6.6. Plot of thermal resistance vs pump power for SSMFC, PSMFC, and SWMFC showing 

the superior performance of SWMFC compared to the rest. 

The thermal resistance for different pump power or flow rates also tells a similar story. As 

the flow rate, the thermal resistances for different channels shapes follow similar fate as illustrated 
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in Fig. 6.6. For lower pump power implying lower flow rates, the thermal efficacy of the PSMFC 

is the lowest till the pump power of around 6W. However, for the SWMFC, the thermal resistance 

is the lowest (1.22°C/W being the lowest thermal resistance for the highest flow rate possible for 

SWMFC) compared to the rest. This leads to the fact that introduction of hydrodynamically 

suitable microfluidic channel imparts better heat transfer efficacy.  

6.2.1. Optimization Study for Microfluidic Pin-Fins (MPFs) 

Similar analysis as in the MFCs has also been done in the case of MPFs. The flow rate vs 

pump power as well as the thermal resistance vs pump power has been studied for CPF, SPF, and 

TDPF. Once again, the packages are integrated with 1cm-by-1cm silicon dies. The flow rates and 

thermal resistance with respect to the pump power were also calculated like the previous section.   

 

Figure 6.7. Plot of flow rate vs pump power for CPF, SPF, and TDPF showing the superior 

performance of TDPF compared to the rest. 
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Fig. 6.7., is a plot for the flow rate of water vs pump power required for packages with 

different designs of microfluidic pin-fins. As seen in the figure, the flow rates for the CPF are the 

lowest with respect to the pump power compared to the rest. The flow rate of water for SPF looks 

a little improved compared to the CPF. This also means, the square pins (with the orientation in 

this work) are better hydrodynamically compared to circular pins. However, for the TDPF the flow 

rates with respect to pump power are the best (155.2 ml/min being the highest flow rate possible 

for the pump used) out of the three because the tear-drop shape has better hydrodynamic features 

as compared to the two rest. 

 
Figure 6.8. Plot of thermal resistance vs pump power for SSMFC, PSMFC, and SWMFC showing 

the superior performance of SWMFC compared to the rest. 

The thermal resistance for different pump power or flow rates also tells a similar story. As 

the flow rate, the thermal resistances for different pin shapes follow similar fate as illustrated in 

Fig. 6.8. For lower pump power implying lower flow rates, the thermal efficacy of the SPF is a 

little lower than CPF till the pump power of around 6W is reached. After 6W, the thermal 
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resistance of SPF package goes close to (but lower than) the TDPF. However, for the TDPF, the 

thermal resistance is the lowest compared to the rest (0.90°C/W being the lowest thermal resistance 

for the highest flow rate possible for TDPF). This again leads to the fact that introduction of 

hydrodynamically suitable microfluidic channel imparts better heat transfer efficacy.  

To obtain an understanding of the maximum heat flux that can be removed by one of the 

packages in this work, the TDPF package, it was simulated on ANSYS CFD for different heat 

fluxes and flow rates. Fig. 6.9. illustrates the heat flux removal capability for the mentioned 

package. For an integrated circuit chip to operate without much degradation, at temperatures below 

90°C, the TDFP packages presented in this work can take in up to a maximum of 191.1W/cm2 of 

heat flux.  

 

Figure 6.9. Average Silicon Temperature vs Heat flux from the hotspot obtained from simulation 

for different flow rates of water showing the maximum heat flux the package can 

handle before the maximum silicon temperature reaches 90°C, the temperature at 

which most of the electronics start operating differently than intended. 
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Simulations were also performed by changing the package materials for the tear-drop Pin 

fin package. Copper, Stainless steel, and glass with thermal conductivities of 397.7, 16.7, and 0.8 

W/ K-m respectively were employed in simulation along with the state-of-practice conventional 

copper-based packages without microfluidic cooling to analyze the effects of materials used for 

this work. ANSYS CFD simulation for all these materials showed that the heat transfer efficacy 

of the microfluidic packages in this work has been reduced significantly compared to conventional 

lead frame packages as seen by the steady state average die temperature demonstrated in Fig. 6.10. 

At lower heat fluxes all the materials behaved similarly in terms of heat transfer efficiency but at 

higher heat fluxes the higher conductivity microfluidic package, made of copper, performed better.  

 

Figure 6.10. Simulated Average Silicon Temperature vs heat flux applied on the Silicon for a 

TDPF package realized out of different materials as indicated on the legend for a 

water flow rate of 150ml/min. 
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6.3. Comparative Study of Optimized Structures with State-of-the-art 

The dissertation thoroughly examines and contrasts the proposed thermal management 

system with state-of-the-art alternatives. Specifically, Table 6.1., presents a detailed comparison 

of the proposed system with die-level thermal management systems featured in the literature with 

respect to the hydraulic diameter of a microchannel or diameter of the pin-fin, flow rates, type of 

fluid, phase of the coolant, and finally the thermal resistance of the thermal management system.  

 

Figure 6.11. Comparative study of different levels of thermal management clearly showing the 

prospect of package-level thermal management being the one that can be an advanced 

replacement for the system-level without the cost and complexities that comes with 

the die-level thermal management solutions. 
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Notably, the majority of die-level thermal management systems have utilized hydraulic or 

pin-fin diameters that are considerably smaller [27], [54]–[57] than those implemented in the 

proposed work. Furthermore, advanced flow pumps are frequently deployed in studies that utilize 

higher flow rates [27], [54], [58]. Some works have also incorporated a complex mode of two-

phase cooling that has resulted in a higher heat transfer efficacy [54], [58]. In light of these 

advanced features, the proposed work has introduced a package-level thermal management system 

that is nearly equivalent to die-level thermal management systems [58], [59]. In addition, Fig. 

6.11., provides a detailed comparison of the proposed package-level thermal management system 

with die-level systems in table 6.1, as well as several system-level thermal management devices. 

The figure demonstrates that, for comparable dimensions of microfluidic structures, flow rates, 

and mode of flow, the package-level thermal management system is almost on par with die-level 

thermal management systems and significantly superior to conventional system-level thermal 

management setups. 
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Table. 6. 1. Comparison of optimized work with various works in literature with their fabrication processes, hydraulic diameter (Dh) if 

the work relates to microfluidic channel or Pin-fin diameter (Dp) if the work relates to micro pin-fin (also indicated with 

(P) in front of values, flow rates and corresponding thermal resistances (Rθ), the coolant used, and the mode indicating if 

phase change phenomenon was utilized or not. 

Work by Fabrication Dh or Dp (μm) Flow rate (ml/min) Rθ (⁰C/W) Coolant Mode 

Agostini et al. 

[54] 

Silicon back-side etch 

(Die-level) 

122 490 0.013 R-236fa Two-phase 

Tuckerman and 

Pease[27] 

Silicon back-side etch 

(Die-level) 

92 516 0.1 Water Single-phase 

Sarvey et 

al.[267] 

Silicon back-side etch 

(Die-level) 

(P) 30 100 0.33 Water Single-phase 

van Erp et al.[56] Silicon back-side etch 

(Die-level) 

166.7 60 0.43 Water Single-phase 

Kong et al.[58] Precision machining on 

copper 

(P) 400 66 0.53 Water Two-phase 

Liu et al.[58] Fabrication on a copper 

block 

(P) 445 953.75 0.88 Water Single-Phase 

Peles et al.[57] Silicon back-side etch 

(Die-level) 

(P) 100 3.2 ~5 Water Single Phase 

This work (1) Package-level 615.38 118.8 1.22 Water Single-Phase 

This work (2) Package level (P)1000 155 0.90 Water Single Phase 
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Chapter 7: Conclusion  

7.1.Package-Level Thermal Management 

This study demonstrates the potential of utilizing metal additive manufacturing for creating 

electronic packages with thermal management. These packages are designed as modifications of 

current packages made by stamping or etching, making them compatible with existing processing 

methods. The package can be customized with the desired number of leads for connection to the 

die. Microfluidic structures can be added beneath the die location to introduce embedded package-

level thermal management. The effectiveness of these cooling structures depends on several 

parameters, such as hydraulic diameter, hydrodynamic features, flow rates, and coolant phases. By 

properly considering these design parameters, competent package-level thermal management can 

be introduced to electronic packages. 

In conclusion, the concept of additive microfabrication of System in Package (SiP) with 

embedded thermal management of semiconductor dies has emerged as a promising solution for 

package-level integration with System on Chip (SoC). These SiPs have been designed to be smaller 

in size and offer lower thermal resistance as compared to the currently available system-level heat 

sinks. Additionally, they perform at a level that is comparable to die-level thermal management 

systems but without the high cost and complexity that is often associated with the latter. This 

innovative technology has the potential to revolutionize the field of semiconductor packaging by 

offering a more efficient and cost-effective solution for thermal management. 
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Figure 7.1. Comparative study of all the six different packages with different microfluidic 

structures indicated by the abbreviated texts besides each data point with respect to 

the total fluid contact area with the backend of the die. 

 

7.2.Comparison of different microfluidic structures 

The dissertation focuses on two main microfluidic structures: microfluidic microchannels 

and micro pin-fins, along with their optimized designs. Based on the preceding chapter's findings, 

it has been determined that the different variations of micro pin-fins have proven to be superior 

when compared to their microchannel counterparts. The apparent reason for this is the convective 

heat transfer contact area. This is well illustrated in Fig. 7.1., where the total convective heat 

transfer contact area of microchannel structures is about half that of the micro pin-fin packages. 

Due to the limitation of printer resolution, the design of microfluidic microchannel structures had 
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to be adjusted to avoid channel fusion by reducing the area of fluid contact. If similar hydraulic 

diameter and fluid contact area can be realized, these two structures might perform in an almost 

similar manner. As seen in Fig. 7.1., the package with hydrodynamically optimized microfluidic 

channel performed a lot better thermally compared to the other microchannel structures and would 

be similar in heat efficacy to the microfluidic pin-fins if similar coolant contact area could be 

designed. However, from this study, it can be concluded that for a certain resolution of the laser 

light used in the metal microfabrication, the micro pin-fins designs are more optimized and 

perform better compared to the microchannel. 

 

7.3.Contributions of this work 

This work presents one of the initial works done in the field of package-level thermal 

management. A complete SiP with embedded thermal management has been proposed in this 

work. This work made it possible to reduce the thermal resistance of a complete die and package 

combination from 5.25°C/W for a conventional package to 0.9°C/W for an optimized tear-drop 

pin fin microfluidic package. An overall of around 83% decrease in thermal resistance was seen 

between a conventional and TDPF package with water as flowing fluid. Different optimized 

structures were also studied in this dissertation. It has been determined that there are two forms of 

optimization possible for this kind of microfluidic device, hydrodynamic and hydraulic. The 

hydrodynamic optimization of microfluidic channels from serpentine straight to serpentine wavy 

increased the flow rate by around 11% consequently decreasing the thermal resistance by 13% for 

the same pump power. The hydraulic as well as hydrodynamic optimization of the micro pin fin 

package from circular pin fin to tear-drop pin fin increased the flow rate by 5% hence decreasing 
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the thermal resistance by 11%. The optimized microfluidic pin-fin package had a thermal 

resistance, which was around 26% lower than the optimized microfluidic channel. In summary, 

the introduction of microfluidic cooling structures was demonstrated in this dissertation. The 

introduction of thermal management in the packaging domain will open new avenues for the 

development of the packaging industries. The use of metal additive microfabrication addresses the 

HIR's call for heterogeneously integrated SoCs and SiPs. Also, the use of metal additive 

microfabrication reduces the strains in chip manufacturing in terms of microfluidic cooling 

systems designs as performed in die-level thermal management. This cutting-edge technology has 

the potential to transform the field of packaging industries, as it offers a superior solution that can 

effectively eliminate the drawbacks of as well as eradicate the use of suboptimal system-level 

thermal management techniques which take up most of the space of our present devices like 

computers and laptops. Nevertheless, this work can also serve as a foundation for optimizing 

microfluidic structures in thermal management at the die-level. With proper design and fabrication 

parameter optimization, and with the higher customization possibilities with additive 

manufacturing, this technology can be a complementary or competitive fabrication technology to 

the cleanroom processes. 

7.4.Possible Future Work 

The present study is a pioneering work in the domain of packaging and thermal 

management. It highlights the introduction of thermal management in the packaging field, which 

is a crucial aspect of modern-day electronics. The study holds great potential for further research 

and development. One of the areas that require optimization is the resolution of the printer used in 

the study. By decreasing the laser spot size, the printer can fabricate smaller microchannels and 

micro pin-fins, which would result in a reduction of the hydraulic diameter. This, in turn, would 
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improve the thermal management effectiveness of the packages. The use of finer metal powder as 

a precursor powder would also help enhance the resolution of the microfluidic structures. In 

addition to this, adaptive design of optimized microfluidic structures beneath the expected hotspots 

could further enhance the thermal management of the packages. This approach could ensure that 

the heat generated at hotspots is efficiently dissipated, thus preventing the overheating of the 

electronic components. Moreover, these metal packages could also serve as a shield against 

different types of radiation, such as beta radiation and heavy ion radiation. This aspect makes them 

highly valuable for use in space and other high radiation environments. Overall, this work lays a 

strong foundation for future research and development in the domain of packaging and thermal 

management. The findings of this study could be crucial in the development of more efficient and 

reliable electronic systems in the future. 

 

 

 

 

 

 

 

 



90 

References 

[1] S. Patel, D. Chauhan, and S. Gupta, “An Overview of Non Orthogonal Multiple Access for 

Future Radio Communication,” in 2021 International Conference on Intelligent 

Technologies (CONIT), 2021, pp. 1–3. doi: 10.1109/CONIT51480.2021.9498336. 

[2] C. Lipps, S. Baradie, M. Noushinfar, J. Herbst, A. Weinand, and H. D. Schotten, “Towards 

the Sixth Generation (6G) Wireless Systems: Thoughts on Physical Layer Security,” in 

Mobile Communication - Technologies and Applications; 25th ITG-Symposium, 2021, pp. 

1–6. [Online]. Available: https://ieeexplore.ieee.org/abstract/document/9657177 

[3] B. A. Nayfeh and K. Olukotun, “A single-chip multiprocessor,” Computer (Long Beach 

Calif), vol. 30, no. 9, pp. 79–85, 1997, doi: 10.1109/2.612253. 

[4] L. A. Coldren et al., “High Performance InP-Based Photonic ICs—A Tutorial,” Journal of 

Lightwave Technology, vol. 29, no. 4, pp. 554–570, 2011, doi: 10.1109/JLT.2010.2100807. 

[5] R. Chau, B. Doyle, S. Datta, J. Kavalieros, and K. Zhang, “Integrated nanoelectronics for 

the future,” Nat Mater, vol. 6, no. 11, pp. 810–812, 2007, doi: 10.1038/nmat2014. 

[6] G. E. Moore, “Cramming more components onto integrated circuits, Reprinted from 

Electronics, volume 38, number 8, April 19, 1965, pp.114 ff.,” IEEE Solid-State Circuits 

Society Newsletter, vol. 11, no. 3, pp. 33–35, 2006, doi: 10.1109/N-SSC.2006.4785860. 

[7] H. Ohashi, I. Omura, S. Matsumoto, Y. Sato, H. Tadano, and I. Ishii, “Power Electronics 

Innovation with Next Generation Advanced Power Devices,” IEICE TRANSACTIONS on 

Communications, vol. E87-B, no. 12, pp. 3422–3429, 2004, [Online]. Available: 

https://search.ieice.org/bin/summary.php?id=e87-

b_12_3422&category=B&year=2004&lang=E&abst= 

[8] M. Mahesh, K. Vinoth Kumar, M. Abebe, L. Udayakumar, and M. Mathankumar, “A 

review on enabling technologies for high power density power electronic applications,” 

Mater Today Proc, vol. 46, pp. 3888–3892, 2021, doi: 10.1016/j.matpr.2021.02.340. 

[9] K. Shenai, R. S. Scott, and B. J. Baliga, “Optimum semiconductors for high-power 

electronics,” IEEE Trans Electron Devices, vol. 36, no. 9, pp. 1811–1823, 1989, doi: 

10.1109/16.34247. 

[10] K. Fushinobu, A. Majumdar, and K. Hijikata, “Heat Generation and Transport in Submicron 

Semiconductor Devices,” J Heat Transfer, vol. 117, no. 1, pp. 25–31, Feb. 1995, doi: 

10.1115/1.2822317. 



91 

[11] R. Mahajan, C. Chiu, and G. Chrysler, “Cooling a Microprocessor Chip,” Proceedings of 

the IEEE, vol. 94, no. 8, pp. 1476–1486, 2006, doi: 10.1109/JPROC.2006.879800. 

[12] D. Park et al., “MIRA: A Multi-layered On-Chip Interconnect Router Architecture,” in 2008 

International Symposium on Computer Architecture, 2008, pp. 251–261. doi: 

10.1109/ISCA.2008.13. 

[13] Z. Wang et al., “Two-dimensional wide band-gap nitride semiconductor GaN and AlN 

materials: properties, fabrication and applications,” J Mater Chem C Mater, vol. 9, no. 48, 

pp. 17201–17232, 2021, doi: 10.1039/D1TC04022G. 

[14] T. Fouet, S. Dario, T. Sakuraba, H. Suncksen, and J.-F. de Palma, “Passive components 

facing wideband gap devices’ new thermal and electrical challenges,” in 2022 International 

Power Electronics Conference (IPEC-Himeji 2022- ECCE Asia), 2022, pp. 1164–1170. doi: 

10.23919/IPEC-Himeji2022-ECCE53331.2022.9806903. 

[15] C. DiMarino, B. Albano, B. Wang, and Y. Zhang, “(Invited) Considerations and Strategies 

for High-Temperature Ultra-Wide Bandgap Gallium Oxide Power Modules,” ECS Meeting 

Abstracts, vol. MA2022-01, no. 31, p. 1320, 2022, doi: 10.1149/MA2022-

01311320mtgabs. 

[16] P. Wesling, “Heterogeneous Integration Roadmap, 2021 Version,” 2021. [Online]. 

Available: http://eps.ieee.org/hir 

[17] P. K. Schelling, L. Shi, and K. E. Goodson, “Managing heat for electronics,” Materials 

Today, vol. 8, no. 6, 2005, doi: 10.1016/S1369-7021(05)70935-4. 

[18] T. Brahim and A. Jemni, “CFD analysis of hotspots copper metal foam flat heat pipe for 

electronic cooling applications,” International Journal of Thermal Sciences, vol. 159, 2021, 

doi: 10.1016/j.ijthermalsci.2020.106583. 

[19] Freescale Semiconductor, “Basin Principles of Thermal Analysis for Semiconductor 

Systems.” Jun. 16, 2008. 

[20] W. Wondrak, “Physical limits and lifetime limitations of semiconductor devices at high 

temperatures,” Microelectronics Reliability, vol. 39, no. 6, pp. 1113–1120, 1999, doi: 

https://doi.org/10.1016/S0026-2714(99)00158-4. 

[21] DARPA, “Cranking the Power on Radar Capabilities.” https://www.darpa.mil/news-

events/2022-11-23 (accessed Jul. 02, 2023). 

[22] M. Tadjer and T. Anderson, Thermal Management of Gallium Nitride Electronics. 

Woodhead Publishing, 2022. 



92 

[23] R. Wilcoxon, “Does a 10°C Increase in Temperature Really Reduce the Life of Electronics 

by Half ?,” Electronics Cooling, Aug. 18, 2017. 

[24] E. B. Hakim, “Reliability prediction: is Arrhenius erroneous?,” Solid State Technology, vol. 

33, no. 8, p. 57, 1990. [Online]. Available: 

https://link.gale.com/apps/doc/A9364187/AONE?u=txshracd2603&sid=googleScholar&x

id=570c814b 

[25] Inc. Qorvo, “QPD0030 Data Sheet,” 2019. [Online]. Available: www.qorvo.com 

[26] S. Zhang et al., “Challenges and recent prospectives of 3D heterogeneous integration,” e-

Prime - Advances in Electrical Engineering, Electronics and Energy, vol. 2, p. 100052, 

2022, doi: https://doi.org/10.1016/j.prime.2022.100052. 

[27] D. B. Tuckerman and R. F. W. Pease, “High-performance heat sinking for VLSI,” IEEE 

Electron Device Letters, vol. 2, no. 5, pp. 126–129, 1981, doi: 10.1109/EDL.1981.25367. 

[28] F.-C. Chou, J. R. Lukes, and C.-L. Tien, “Heat Transfer Enhancement by Fins in the 

Microscale Regime,” J Heat Transfer, vol. 121, no. 4, pp. 972–977, Nov. 1999, doi: 

10.1115/1.2826088. 

[29] A. K. Henning, “Microfluidic MEMS,” IEEE Aerospace Conference Proceedings, vol. 1, 

pp. 471–486, 1998, doi: 10.1109/AERO.1998.686945. 

[30] L. Jieh Yang, S.-W. Kang Lung Jieh Yang, and S.-W. Kang, “Microfluidic system of 

microchannels with onsite sensors by silicon bulk micromachining,” 

https://doi.org/10.1117/12.359345, vol. 3877, no. 19, pp. 267–272, Aug. 1999, doi: 

10.1117/12.359345. 

[31] C. R. King, D. Sekar, M. S. Bakir, B. Dang, J. Pikarsky, and J. D. Meindl, “3D stacking of 

chips with electrical and microfluidic I/O interconnects,” in 2008 58th Electronic 

Components and Technology Conference, 2008, pp. 1–7. doi: 

10.1109/ECTC.2008.4549941. 

[32] Y. Zhao et al., “Heavily-Doped Bulk Silicon Sidewall Electrodes Embedded between Free-

Hanging Microfluidic Channels by Modified Surface Channel Technology,” 

Micromachines (Basel), vol. 11, no. 6, 2020, doi: 10.3390/mi11060561. 

[33] B. Dang, M. S. Bakir, D. C. Sekar, C. R. King, and J. D. Meindl, “Integrated Microfluidic 

Cooling and Interconnects for 2D and 3D Chips,” IEEE Transactions on Advanced 

Packaging, vol. 33, no. 1, pp. 79–87, 2010, doi: 10.1109/TADVP.2009.2035999. 



93 

[34] A. Rezazad Bari, M. Zabetian Targhi, and M. M. Heyhat, “A numerical study on thermo-

hydraulic performance of micro pin-fin heat sink using hybrid pin-fins arrangement for 

electronic cooling devices,” Int J Numer Methods Heat Fluid Flow, vol. 33, no. 7, pp. 2478–

2508, Jan. 2023, doi: 10.1108/HFF-10-2022-0608. 

[35] G. V Kewalramani, G. Hedau, S. K. Saha, and A. Agrawal, “Study of laminar single phase 

frictional factor and Nusselt number in In-line micro pin-fin heat sink for electronic cooling 

applications,” Int J Heat Mass Transf, vol. 138, pp. 796–808, 2019, doi: 

https://doi.org/10.1016/j.ijheatmasstransfer.2019.04.118. 

[36] W. M. Rohsenow, J. P. Hartnett, and Y. I. Cho, “Handbook of Heat Transfer,” 

AccessEngineering  McGraw-Hill Education - Access Engineering. 1998. [Online]. 

Available: https://www.accessengineeringlibrary.com/content/book/9780070535558 

[37] M. Spiga and G. L. Morini, “Nusselt numbers in laminar flow for H2 boundary conditions,” 

Int J Heat Mass Transf, vol. 39, no. 6, pp. 1165–1174, 1996, doi: 

https://doi.org/10.1016/0017-9310(95)00205-7. 

[38] C. P. Tso and S. P. Mahulikar, “The role of the Brinkman number in analysing flow 

transitions in microchannels,” Int J Heat Mass Transf, vol. 42, no. 10, pp. 1813–1833, 1999, 

doi: https://doi.org/10.1016/S0017-9310(98)00276-2. 

[39] L. M. Jiji, “Convection in Microchannels,” in Heat Convection, L. M. Jiji, Ed., Berlin, 

Heidelberg: Springer, 2006, pp. 343–411. doi: 10.1007/978-3-540-30694-8_9. 

[40] F. Wang, J. Zhang, and S. Wang, “Investigation on flow and heat transfer characteristics in 

rectangular channel with drop-shaped pin fins,” Propulsion and Power Research, vol. 1, no. 

1, pp. 64–70, Dec. 2012, doi: 10.1016/j.jppr.2012.10.003. 

[41] B. Yuan, Y. Zhang, L. Liu, and J. Wei, “Heat transfer enhancement on micro-pin-finned 

surfaces under high-frequency reciprocating flow,” Appl Therm Eng, vol. 175, p. 115378, 

Jul. 2020, doi: 10.1016/J.APPLTHERMALENG.2020.115378. 

[42] J. Wei, J. Zhao, M. Yuan, and Y. Xue, “Boiling heat transfer enhancement by using micro-

pin-finned surface for electronics cooling,” Microgravity Sci Technol, vol. 21, no. SUPPL. 

1, pp. 159–173, Aug. 2009, doi: 10.1007/S12217-009-9137-5/METRICS. 

[43] Z. Y. Guo and Z. X. Li, “Size effect on microscale single-phase flow and heat transfer,” Int 

J Heat Mass Transf, vol. 46, no. 1, pp. 149–159, Jan. 2003, doi: 10.1016/S0017-

9310(02)00209-0. 

[44] Y. M. Lie, J. H. Ke, W. R. Chang, T. C. Cheng, and T. F. Lin, “Saturated flow boiling heat 

transfer and associated bubble characteristics of FC-72 on a heated micro-pin-finned silicon 



94 

chip,” Int J Heat Mass Transf, vol. 50, no. 19–20, pp. 3862–3876, Sep. 2007, doi: 

10.1016/J.IJHEATMASSTRANSFER.2007.02.010. 

[45] A. Bar-Cohen, J. J. Maurer, and J. G. Felbinger, “Darpa’s intra/interchip enhanced cooling 

(icecool) program,” in 2013 International Conference on Compound Semiconductor 

Manufacturing Technology, CS MANTECH 2013, 2013. 

[46] J. H. Lau and T. G. Yue, “Thermal management of 3D IC integration with TSV (Through 

silicon via),” Proceedings - Electronic Components and Technology Conference, pp. 624–

640, 2009, doi: 10.1109/ECTC.2009.5074080. 

[47] M. S. Bakir et al., “3D heterogeneous integrated systems: Liquid cooling, power delivery, 

and implementation,” Proceedings of the Custom Integrated Circuits Conference, pp. 663–

670, 2008, doi: 10.1109/CICC.2008.4672173. 

[48] M. S. Bakir, B. Dang, and J. D. Meindl, “Revolutionary NanoSilicon Ancillary 

Technologies for Ultimate-Performance Gigascale Systems,” Proceedings of the IEEE 2007 

Custom Integrated Circuits Conference, CICC 2007, pp. 421–428, 2007, doi: 

10.1109/CICC.2007.4405766. 

[49] B. A. Banks and J. R. Gaier, “Semiconductor cooling apparatus,” May 1992, [Online]. 

Available: https://patents.google.com/patent/US5224030A/en 

[50] S. Kieda, T. Nakajima, H. Kuwahara, and M. Sato, “Semiconductor cooling device,” Sep. 

1989. 

[51] M. Mahalingam, “Thermal Management in Semiconductor Device Packaging,” 

Proceedings of the IEEE, vol. 73, no. 9, pp. 1396–1404, 1985, doi: 

10.1109/PROC.1985.13300. 

[52] S. M. You, T. W. Simon, and A. Bar-Cohen, “A technique for enhancing boiling heat 

transfer with application to cooling of electronic equipment,” pp. 66–73, 1992, doi: 

10.1109/ITHERM.1992.187742. 

[53] Z. Zhang, X. Wang, and Y. Yan, “A review of the state-of-the-art in electronic cooling,” e-

Prime - Advances in Electrical Engineering, Electronics and Energy, vol. 1, p. 100009, Jan. 

2021, doi: 10.1016/J.PRIME.2021.100009. 

[54] B. Agostini, J. R. Thome, M. Fabbri, and B. Michel, “High Heat Flux Two-Phase Cooling 

in Silicon Multimicrochannels,” IEEE Transactions on Components and Packaging 

Technologies, vol. 31, pp. 691–701, 2008. 



95 

[55] T. E. Sarvey, Y. Zhang, Y. Zhang, H. Oh, and M. S. Bakir, “Thermal and electrical effects 

of staggered micropin-fin dimensions for cooling of 3D microsystems,” in Fourteenth 

Intersociety Conference on Thermal and Thermomechanical Phenomena in Electronic 

Systems (ITherm), 2014, pp. 205–212. doi: 10.1109/ITHERM.2014.6892283. 

[56] R. van Erp, R. Soleimanzadeh, L. Nela, G. Kampitsis, and E. Matioli, “Co-designing 

electronics with microfluidics for more sustainable cooling,” Nature, vol. 585, no. 7824, pp. 

211–216, 2020, doi: 10.1038/s41586-020-2666-1. 

[57] Y. Peles, A. Koşar, C. Mishra, C.-J. Kuo, and B. Schneider, “Forced convective heat transfer 

across a pin fin micro heat sink,” Int J Heat Mass Transf, vol. 48, no. 17, pp. 3615–3627, 

2005, doi: https://doi.org/10.1016/j.ijheatmasstransfer.2005.03.017. 

[58] L. Kong, Z. Liu, L. Jia, M. Lv, and Y. Liu, “Experimental study on flow and heat transfer 

characteristics at onset of nucleate boiling in micro pin fin heat sinks,” Exp Therm Fluid 

Sci, vol. 115, p. 109946, 2020, doi: https://doi.org/10.1016/j.expthermflusci.2019.109946. 

[59] M. Liu, D. Liu, S. Xu, and Y. Chen, “Experimental study on liquid flow and heat transfer 

in micro square pin fin heat sink,” Int J Heat Mass Transf, vol. 54, no. 25, pp. 5602–5611, 

2011, doi: https://doi.org/10.1016/j.ijheatmasstransfer.2011.07.013. 

[60] B. Lohani, S. D. Hossain, and R. C. Roberts, “Dielectric Transfer Process for 3D Printed 

Metal Microsystems,” Journal of Microelectromechanical Systems, vol. 29, no. 5, pp. 972–

977, 2020, doi: 10.1109/JMEMS.2020.3005090. 

[61] I. L. Collins, J. A. Weibel, L. Pan, and S. V Garimella, “Experimental Characterization of 

a Microchannel Heat Sink Made by Additive Manufacturing,” in 2018 17th IEEE 

Intersociety Conference on Thermal and Thermomechanical Phenomena in Electronic 

Systems (ITherm), 2018, pp. 171–177. doi: 10.1109/ITHERM.2018.8419588. 

[62] R. C. Roberts and N. C. Tien, “3D printed stainless steel microelectrode arrays,” in 2017 

19th International Conference on Solid-State Sensors, Actuators and Microsystems 

(TRANSDUCERS), 2017, pp. 1233–1236. doi: 10.1109/TRANSDUCERS.2017.7994278. 

[63] D. Shamvedi, O. McCarthy, E. O’Donoghue, C. Danilenkoff, P. O’Leary, and R. 

Raghavendra, “3D Metal printed heat sinks with longitudinally varying lattice structure 

sizes using direct metal laser sintering,” Virtual Phys Prototyp, vol. 13, pp. 301–310, 2018. 

[64] Y. Bozkurt and E. Karayel, “3D printing technology; methods, biomedical applications, 

future opportunities and trends,” Journal of Materials Research and Technology, vol. 14, 

pp. 1430–1450, 2021, doi: 10.1016/j.jmrt.2021.07.050. 



96 

[65] T.-M. Choi, S. Kumar, X. Yue, and H.-L. Chan, “Disruptive Technologies and Operations 

Management in the Industry 4.0 Era and Beyond,” Prod Oper Manag, vol. 31, no. 1, pp. 9–

31, 2022, doi: 10.1111/poms.13622. 

[66] K. Nasr Esfahani, M. D. Zandi, J. A. Travieso-Rodriguez, M. Graells, and M. Pérez-Moya, 

“Manufacturing and Application of 3D Printed Photo Fenton Reactors for Wastewater 

Treatment,” Int J Environ Res Public Health, vol. 18, no. 9, p. 4885, 2021, doi: 

10.3390/ijerph18094885. 

[67] D. Klimyuk, M. Serezhkin, and A. Plokhikh, “Application of 3D printing in sheet metal 

forming,” Mater Today Proc, vol. 38, pp. 1579–1583, 2021, doi: 

10.1016/j.matpr.2020.08.155. 

[68] S. Dai et al., “Stability of steel slag as fine aggregate and its application in 3D printing 

materials,” Constr Build Mater, vol. 299, p. 123938, 2021, doi: 

10.1016/j.conbuildmat.2021.123938. 

[69] D. Zhang, X. Liu, and J. Qiu, “3D printing of glass by additive manufacturing techniques: 

a review,” Frontiers of Optoelectronics, vol. 14, no. 3, pp. 263–277, 2021, doi: 

10.1007/s12200-020-1009-z. 

[70] C. M. Thakar, S. S. Parkhe, A. Jain, K. Phasinam, G. Murugesan, and R. J. M. Ventayen, 

“3d Printing: Basic principles and applications,” Mater Today Proc, vol. 51, pp. 842–849, 

2022, doi: 10.1016/j.matpr.2021.06.272. 

[71] J. Xiao et al., “Large-scale 3D printing concrete technology: Current status and future 

opportunities,” Cem Concr Compos, vol. 122, p. 104115, 2021, doi: 

https://doi.org/10.1016/j.cemconcomp.2021.104115. 

[72] P. Bedarf, A. Dutto, M. Zanini, and B. Dillenburger, “Foam 3D printing for construction: 

A review of applications, materials, and processes,” Autom Constr, vol. 130, p. 103861, 

2021, doi: 10.1016/j.autcon.2021.103861. 

[73] S. Pessoa, A. S. Guimarães, S. S. Lucas, and N. Simões, “3D printing in the construction 

industry - A systematic review of the thermal performance in buildings,” Renewable and 

Sustainable Energy Reviews, vol. 141, p. 110794, 2021, doi: 10.1016/j.rser.2021.110794. 

[74] S. J. Schuldt, J. A. Jagoda, A. J. Hoisington, and J. D. Delorit, “A systematic review and 

analysis of the viability of 3D-printed construction in remote environments,” Autom Constr, 

vol. 125, p. 103642, 2021, doi: 10.1016/j.autcon.2021.103642. 



97 

[75] Y. Zhu et al., “3D printing biomimetic materials and structures for biomedical 

applications,” Biodes Manuf, vol. 4, no. 2, pp. 405–428, 2021, doi: 10.1007/s42242-020-

00117-0. 

[76] A. Bandyopadhyay, S. Ghosh, A. R. Boccaccini, and S. Bose, “3D printing of biomedical 

materials and devices,” J Mater Res, vol. 36, no. 19, pp. 3713–3724, 2021, doi: 

10.1557/s43578-021-00407-y. 

[77] S. R. Dabbagh, M. R. Sarabi, R. Rahbarghazi, E. Sokullu, A. K. Yetisen, and S. Tasoglu, 

“3D-printed microneedles in biomedical applications,” iScience, vol. 24, no. 1, p. 102012, 

2021, doi: 10.1016/j.isci.2020.102012. 

[78] M. Zare, E. R. Ghomi, P. D. Venkatraman, and S. Ramakrishna, “Silicone-based 

biomaterials for biomedical applications: Antimicrobial strategies and 3D printing 

technologies,” J Appl Polym Sci, vol. 138, no. 38, p. 50969, 2021, doi: 

https://doi.org/10.1002/app.50969. 

[79] A. Bandyopadhyay, S. Bose, and R. Narayan, “Translation of 3D printed materials for 

medical applications,” MRS Bull, 2022, doi: 10.1557/s43577-021-00258-2. 

[80] G. L. Goh, H. Zhang, T. H. Chong, and W. Y. Yeong, “3D Printing of Multilayered and 

Multimaterial Electronics: A Review,” Adv Electron Mater, vol. 7, no. 10, p. 2100445, 

2021, doi: https://doi.org/10.1002/aelm.202100445. 

[81] J. Muñoz, E. Redondo, and M. Pumera, “Chiral 3D-printed Bioelectrodes,” Adv Funct 

Mater, vol. 31, no. 16, p. 2010608, 2021, doi: 10.1002/adfm.202010608. 

[82] Y. Guo et al., “Degradable and Fully Recyclable Dynamic Thermoset Elastomer for 3D-

Printed Wearable Electronics,” Adv Funct Mater, vol. 31, no. 9, p. 2009799, 2021, doi: 

10.1002/adfm.202009799. 

[83] A. M. Kamat, Y. Pei, B. Jayawardhana, and A. G. P. Kottapalli, “Biomimetic Soft Polymer 

Microstructures and Piezoresistive Graphene MEMS Sensors Using Sacrificial Metal 3D 

Printing,” ACS Appl Mater Interfaces, vol. 13, no. 1, pp. 1094–1104, 2021, doi: 

10.1021/acsami.0c21295. 

[84] T. Wenzel and R. Rettig, “Design of MEMS microphone protective membranes for 

continuous outdoor applications,” Applied Acoustics, vol. 183, p. 108304, 2021, doi: 

10.1016/j.apacoust.2021.108304. 

[85] H. Liu et al., “3D Printed Flexible Strain Sensors: From Printing to Devices and Signals,” 

Advanced Materials, vol. 33, no. 8, p. 2004782, 2021, doi: 10.1002/adma.202004782. 



98 

[86] G. Chaloeipote, R. Prathumwan, K. Subannajui, A. Wisitsoraat, and C. Wongchoosuk, “3D 

printed CuO semiconducting gas sensor for ammonia detection at room temperature,” Mater 

Sci Semicond Process, vol. 123, p. 105546, 2021, doi: 10.1016/j.mssp.2020.105546. 

[87] S. Dobir Hossain, A. Arif, B. Lohani, and R. C. Roberts, “Flexible EGaIn Liquid Metal 

Microstrip Patch Antenna Based Pressure Sensor,” in 2021 IEEE Sensors, 2021, pp. 1–4. 

doi: 10.1109/SENSORS47087.2021.9639625. 

[88] D. Tomić, D. Davidović, T. Šubić, J. Mesarić, and K. Skala, “Improving 3D printing of 

garments by using HPC Cloud,” in 2020 43rd International Convention on Information, 

Communication and Electronic Technology (MIPRO), 2020, pp. 233–236. doi: 

10.23919/MIPRO48935.2020.9245130. 

[89] R. Colella et al., “Fully 3D-Printed RFID Tags based on Printable Metallic Filament: 

Performance Comparison with other Fabrication Techniques,” in 2019 IEEE-APS Topical 

Conference on Antennas and Propagation in Wireless Communications (APWC), 2019, pp. 

253–257. doi: 10.1109/APWC.2019.8870405. 

[90] H. Tamimi, F. Abuamara, and O. Al-Baik, “Utilization of 3D Printing Technology: A Case 

Study of UAE,” in 2021 8th International Conference on Computing for Sustainable Global 

Development (INDIACom), 2021, pp. 426–429. doi: 

10.1109/INDIACom51348.2021.00076. 

[91] R. Lees, H. Sanders, M. D. Cooke, C. Balocco, and A. J. Gallant, “Chemical Smoothing as 

a Method to Manufacture High Quality 3D Printed Optical Components,” in 2020 45th 

International Conference on Infrared, Millimeter, and Terahertz Waves (IRMMW-THz), 

2020, pp. 1–2. doi: 10.1109/IRMMW-THz46771.2020.9370555. 

[92] R. Kamali-Sarvestani, E. Nielson, and P. Weber, “Sustainability in printed circuit board 

manufacturing decreasing waste using additive technology,” in 2015 IEEE Conference on 

Technologies for Sustainability (SusTech), 2015, pp. 67–72. doi: 

10.1109/SusTech.2015.7314324. 

[93] L. Hao, D. Raymond, G. Strano, and S. Dadbakhsh, “Enhancing the sustainability of 

additive manufacturing,” in 5th International Conference on Responsive Manufacturing - 

Green Manufacturing (ICRM 2010), 2010, pp. 390–395. doi: 10.1049/cp.2010.0462. 

[94] P. C. Joshi et al., “Direct digital additive manufacturing technologies: Path towards hybrid 

integration,” in 2012 Future of Instrumentation International Workshop (FIIW) 

Proceedings, 2012, pp. 1–4. doi: 10.1109/FIIW.2012.6378353. 



99 

[95] S. Junk, “Work in Progress: Design Education for Additive Manufacturing using RC Race 

Car Models,” in 2020 IEEE Global Engineering Education Conference (EDUCON), 2020, 

pp. 1–4. doi: 10.1109/EDUCON45650.2020.9125111. 

[96] T. Huang, S. Wang, and K. He, “Quality control for fused deposition modeling based 

additive manufacturing: Current research and future trends,” in 2015 First International 

Conference on Reliability Systems Engineering (ICRSE), 2015, pp. 1–6. doi: 

10.1109/ICRSE.2015.7366500. 

[97] A. García-Domínguez, J. Claver, A. M. Camacho, and M. A. Sebastián, “Analysis of 

General and Specific Standardization Developments in Additive Manufacturing From a 

Materials and Technological Approach,” IEEE Access, vol. 8, pp. 125056–125075, 2020, 

doi: 10.1109/ACCESS.2020.3005021. 

[98] M. Khan and M. J. Yoga, “Governing policies amp; strategy for 3D Printing/additive 

manufacturing,” in 2015 International Conference on Pervasive Computing (ICPC), 2015, 

pp. 1–4. doi: 10.1109/PERVASIVE.2015.7087195. 

[99] S. Junk, “New Approach in Design Education for Additive Manufacturing using RC Race 

Car Models,” in 2021 World Engineering Education Forum/Global Engineering Deans 

Council (WEEF/GEDC), 2021, pp. 76–81. doi: 

10.1109/WEEF/GEDC53299.2021.9657413. 

[100] I. Gibson, “Ask Not What Additive Manufacturing Can Do For You...,” University of Texas 

at Austin, 2012. doi: 10.26153/tsw/15335. 

[101] T. Pereira, J. v Kennedy, and J. Potgieter, “A comparison of traditional manufacturing vs 

additive manufacturing, the best method for the job,” Procedia Manuf, vol. 30, pp. 11–18, 

2019, doi: 10.1016/j.promfg.2019.02.003. 

[102] B. Lu, H. Lan, and H. Liu, “Additive manufacturing frontier: 3D printing electronics,” 

Opto-Electronic Advances, vol. 1, no. 1, p. 170004, 2018, doi: 10.29026/oea.2018.170004. 

[103] A. Muguruza et al., “Development of a multi-material additive manufacturing process for 

electronic devices,” Procedia Manuf, vol. 13, pp. 746–753, 2017, doi: 

10.1016/j.promfg.2017.09.180. 

[104] C. Chen et al., “Additive Manufacturing of Piezoelectric Materials,” Adv Funct Mater, vol. 

30, no. 52, p. 2005141, 2020, doi: https://doi.org/10.1002/adfm.202005141. 

[105] “Introduction to Conventional Electronics Manufacturing and 3D Printing of Electronics,” 

in 3D Printing and Additive Manufacturing of Electronics, in World Scientific Series in 3D 



100 

Printing, vol. Volume 3. WORLD SCIENTIFIC, 2020, pp. 1–29. [Online]. Available: 

https://www.worldscientific.com/doi/abs/10.1142/9789811218361_0001 

[106] A. D. Valentine et al., “Hybrid 3D Printing of Soft Electronics,” Advanced Materials, vol. 

29, no. 40, p. 1703817, 2017, doi: 10.1002/adma.201703817. 

[107] R. Hensleigh et al., “Charge-programmed three-dimensional printing for multi-material 

electronic devices,” Nat Electron, vol. 3, no. 4, pp. 216–224, 2020, doi: 10.1038/s41928-

020-0391-2. 

[108] J. Banks, “Adding Value in Additive Manufacturing : Researchers in the United Kingdom 

and Europe Look to 3D Printing for Customization,” IEEE Pulse, vol. 4, no. 6, pp. 22–26, 

2013, doi: 10.1109/MPUL.2013.2279617. 

[109] S. Bose, S. F. Robertson, and A. Bandyopadhyay, “Surface modification of biomaterials 

and biomedical devices using additive manufacturing,” Acta Biomater, vol. 66, pp. 6–22, 

2018, doi: 10.1016/j.actbio.2017.11.003. 

[110] L. E. Murr, “Metallurgy principles applied to powder bed fusion 3D printing/additive 

manufacturing of personalized and optimized metal and alloy biomedical implants: an 

overview,” Journal of Materials Research and Technology, vol. 9, no. 1, pp. 1087–1103, 

2020, doi: https://doi.org/10.1016/j.jmrt.2019.12.015. 

[111] M. Mehrpouya, H. Vahabi, M. Barletta, P. Laheurte, and V. Langlois, “Additive 

manufacturing of polyhydroxyalkanoates (PHAs) biopolymers: Materials, printing 

techniques, and applications,” Materials Science and Engineering: C, vol. 127, p. 112216, 

2021, doi: https://doi.org/10.1016/j.msec.2021.112216. 

[112] M. Salek et al., “90 GHz Micro Laser Sintered Filter: Reproducibility and Quality 

Assessment,” in 2019 49th European Microwave Conference (EuMC), 2019, pp. 296–299. 

doi: 10.23919/EuMC.2019.8910867. 

[113] M. Nematollahi, A. Jahadakbar, M. J. Mahtabi, and M. Elahinia, “12 - Additive 

manufacturing (AM),” in Metals for Biomedical Devices (Second Edition), M. Niinomi, 

Ed., in Woodhead Publishing Series in Biomaterials. Woodhead Publishing, 2019, pp. 331–

353. [Online]. Available: 

https://www.sciencedirect.com/science/article/pii/B9780081026663000122 

[114] L. Bai et al., “Additive Manufacturing of Customized Metallic Orthopedic Implants: 

Materials, Structures, and Surface Modifications,” Metals (Basel), vol. 9, no. 9, 2019, doi: 

10.3390/met9091004. 



101 

[115] J. Li, Y. Wang, P. Wang, J. He, H. Liu, and G. Xiang, “Rapid Production of Customized 

3D Electronics Via Hybrid Additive Manufacturing Technology,” in 2019 IEEE 69th 

Electronic Components and Technology Conference (ECTC), 2019, pp. 135–140. doi: 

10.1109/ECTC.2019.00028. 

[116] J. Li et al., “Selectively Metalizable Stereolithography Resin for Three-Dimensional DC 

and High-Frequency Electronics via Hybrid Additive Manufacturing,” ACS Appl Mater 

Interfaces, vol. 13, no. 19, pp. 22891–22901, 2021, doi: 10.1021/acsami.1c01199. 

[117] J. Li, Y. Wang, G. Xiang, H. Liu, and J. He, “Hybrid Additive Manufacturing Method for 

Selective Plating of Freeform Circuitry on 3D Printed Plastic Structure,” Adv Mater 

Technol, vol. 4, no. 2, p. 1800529, 2019, doi: 10.1002/admt.201800529. 

[118] Y. Pang et al., “Additive Manufacturing of Batteries,” Adv Funct Mater, vol. 30, no. 1, p. 

1906244, 2020, doi: 10.1002/adfm.201906244. 

[119] Y. L. Chan, O. Diegel, and X. Xu, “A machined substrate hybrid additive manufacturing 

strategy for injection moulding inserts,” The International Journal of Advanced 

Manufacturing Technology, vol. 112, no. 1, pp. 577–588, 2021, doi: 10.1007/s00170-020-

06366-8. 

[120] T. Le et al., “A novel strain sensor based on 3D printing technology and 3D antenna design,” 

in 2015 IEEE 65th Electronic Components and Technology Conference (ECTC), 2015, pp. 

981–986. doi: 10.1109/ECTC.2015.7159714. 

[121] D. Zhang et al., “Fabrication of highly conductive graphene flexible circuits by 3D 

printing,” Synth Met, vol. 217, pp. 79–86, 2016, doi: 10.1016/j.synthmet.2016.03.014. 

[122] J. Orangi, F. Hamade, V. A. Davis, and M. Beidaghi, “3D Printing of Additive-Free 2D 

Ti3C2Tx (MXene) Ink for Fabrication of Micro-Supercapacitors with Ultra-High Energy 

Densities,” ACS Nano, vol. 14, no. 1, pp. 640–650, 2020, doi: 10.1021/acsnano.9b07325. 

[123] D. Hua et al., “3D printing of shape changing composites for constructing flexible paper-

based photothermal bilayer actuators,” J. Mater. Chem. C, vol. 6, no. 8, pp. 2123–2131, 

2018, doi: 10.1039/C7TC05710E. 

[124] S. B. Puneeth and S. Goel, “Novel 3D Printed Microfluidic Paper-Based Analytical Device 

With Integrated Screen-Printed Electrodes for Automated Viscosity Measurements,” IEEE 

Trans Electron Devices, vol. 66, no. 7, pp. 3196–3201, 2019, doi: 

10.1109/TED.2019.2913851. 

[125] C. Mariotti, F. Alimenti, L. Roselli, and M. M. Tentzeris, “High-Performance RF Devices 

and Components on Flexible Cellulose Substrate by Vertically Integrated Additive 



102 

Manufacturing Technologies,” IEEE Trans Microw Theory Tech, vol. 65, no. 1, pp. 62–71, 

2017, doi: 10.1109/TMTT.2016.2615934. 

[126] X. Zhu et al., “Fabrication of High-Performance Silver Mesh for Transparent Glass Heaters 

via Electric-Field-Driven Microscale 3D Printing and UV-Assisted Microtransfer,” 

Advanced Materials, vol. 31, no. 32, p. 1902479, 2019, doi: 10.1002/adma.201902479. 

[127] L. Siebert et al., “3D-Printed Chemiresistive Sensor Array on Nanowire CuO/Cu2O/Cu 

Heterojunction Nets,” ACS Appl Mater Interfaces, vol. 11, no. 28, pp. 25508–25515, 2019, 

doi: 10.1021/acsami.9b04385. 

[128] E. Sowade, M. Polomoshnov, A. Willert, and R. R. Baumann, “Toward 3D-Printed 

Electronics: Inkjet-Printed Vertical Metal Wire Interconnects and Screen-Printed 

Batteries,” Adv Eng Mater, vol. 21, no. 10, p. 1900568, 2019, doi: 

10.1002/adem.201900568. 

[129] M. Ramadan and R. Dahle, “Characterization of 3-D Printed Flexible Heterogeneous 

Substrate Designs for Wearable Antennas,” IEEE Trans Antennas Propag, vol. 67, no. 5, 

pp. 2896–2903, 2019, doi: 10.1109/TAP.2019.2896762. 

[130] S. Zhang, Y. Liu, J. Hao, G. G. Wallace, S. Beirne, and J. Chen, “3D-Printed Wearable 

Electrochemical Energy Devices,” Adv Funct Mater, vol. 32, no. 3, p. 2103092, 2022, doi: 

10.1002/adfm.202103092. 

[131] S. Chakraborty and M. C. Biswas, “3D printing technology of polymer-fiber composites in 

textile and fashion industry: A potential roadmap of concept to consumer,” Compos Struct, 

vol. 248, p. 112562, 2020, doi: https://doi.org/10.1016/j.compstruct.2020.112562. 

[132] M. Zhang et al., “Printable Smart Pattern for Multifunctional Energy-Management E-

Textile,” Matter, vol. 1, no. 1, pp. 168–179, 2019, doi: 10.1016/j.matt.2019.02.003. 

[133] J. Muñoz and M. Pumera, “Accounts in 3D-Printed Electrochemical Sensors: Towards 

Monitoring of Environmental Pollutants,” ChemElectroChem, vol. 7, no. 16, pp. 3404–

3413, 2020, doi: 10.1002/celc.202000601. 

[134] E. Hossain Bhuiyan, S. Moreno, C. Wang, and M. Minary-Jolandan, “Interconnect 

Fabrication by Electroless Plating on 3D-Printed Electroplated Patterns,” ACS Appl Mater 

Interfaces, vol. 13, 2021, doi: 10.1021/acsami.1c01890. 

[135] S. Verma, C.-K. Yang, C.-H. Lin, and J. Y. Jeng, “Additive manufacturing of lattice 

structures for high strength mechanical interlocking of metal and resin during injection 

molding,” Addit Manuf, vol. 49, p. 102463, 2022, doi: 

https://doi.org/10.1016/j.addma.2021.102463. 



103 

[136] A. v. Müller et al., “Additive manufacturing of pure tungsten by means of selective laser 

beam melting with substrate preheating temperatures up to 1000 ∘C,” Nuclear Materials 

and Energy, vol. 19, pp. 184–188, 2019, doi: 10.1016/j.nme.2019.02.034. 

[137] M. Kunovjanek and G. Reiner, “How will the diffusion of additive manufacturing impact 

the raw material supply chain process?,” Int J Prod Res, vol. 58, no. 5, pp. 1540–1554, 

2020, doi: 10.1080/00207543.2019.1661537. 

[138] D. S. Thomas and S. W. Gilbert, “Costs and Cost Effectiveness of Additive Manufacturing,” 

National Institute of Standards and Technology, 2014. [Online]. Available: 

https://nvlpubs.nist.gov/nistpubs/SpecialPublications/NIST.SP.1176.pdf 

[139] R. Hajare, V. Reddy, and R. Srikanth, “MEMS based sensors – A comprehensive review of 

commonly used fabrication techniques,” Mater Today Proc, vol. 49, pp. 720–730, 2022, 

doi: 10.1016/j.matpr.2021.05.223. 

[140] N. Kretzschmar, S. Chekurov, M. Salmi, and J. Tuomi, “Evaluating the Readiness Level of 

Additively Manufactured Digital Spare Parts: An Industrial Perspective,” Applied Sciences, 

vol. 8, no. 10, 2018, doi: 10.3390/app8101837. 

[141] U. M. Dilberoglu, B. Gharehpapagh, U. Yaman, and M. Dolen, “The Role of Additive 

Manufacturing in the Era of Industry 4.0,” Procedia Manuf, vol. 11, pp. 545–554, 2017, 

doi: 10.1016/j.promfg.2017.07.148. 

[142] A. Vafadar, F. Guzzomi, A. Rassau, and K. Hayward, “Advances in Metal Additive 

Manufacturing: A Review of Common Processes, Industrial Applications, and Current 

Challenges,” Applied Sciences, vol. 11, no. 3, p. 1213, 2021, doi: 10.3390/app11031213. 

[143] J. D. Plummer, M. D. Deal, and P. B. Griffin, “Silicon VLSI Technology Fundamentals, 

Practice and Modeling,” p. 44, 2000, [Online]. Available: 

https://books.google.com/books?id=TsmmAQAACAAJ&source=gbs_book_other_versio

ns 

[144] L. Mendicino, Environmental Issues in the Electronics and Semiconductor Industries: 

Proceedings of the Second International Symposium, Illustrated., vol. 99. The 

Electrochemical Society, 1999, 1999. Accessed: Dec. 30, 2022. [Online]. Available: 

https://books.google.com/books?id=wr3xUNcPn20C&dq=Environmental+Issues+in+the+

Electronics+and+Semiconductor+Industries:+Proceedings+of+the+Second+International+

Symposium.&lr=&source=gbs_navlinks_s 



104 

[145] C.-W. Cheng, K.-T. Shiu, N. Li, S.-J. Han, L. Shi, and D. K. Sadana, “Epitaxial lift-off 

process for gallium arsenide substrate reuse and flexible electronics,” Nat Commun, vol. 4, 

no. 1, p. 1577, 2013, doi: 10.1038/ncomms2583. 

[146] L. di Pace et al., “DEMO radioactive wastes: Decarburization, recycling and reuse by 

additive manufacturing,” Fusion Engineering and Design, vol. 168, p. 112439, 2021, doi: 

10.1016/j.fusengdes.2021.112439. 

[147] F. del Re et al., “Statistical approach for assessing the effect of powder reuse on the final 

quality of AlSi10Mg parts produced by laser powder bed fusion additive manufacturing,” 

The International Journal of Advanced Manufacturing Technology, vol. 97, no. 5, pp. 2231–

2240, 2018, doi: 10.1007/s00170-018-2090-y. 

[148] B. Sartin et al., “316L Powder Reuse for Metal Additive Manufacturing,” University of 

Texas at Austin, 2017. [Online]. Available: 

https://repositories.lib.utexas.edu/handle/2152/89828 

[149] S. Bettermann, F. Kandelhard, H.-U. Moritz, and W. Pauer, “Digital and lean development 

method for 3D-printed reactors based on CAD modeling and CFD simulation,” Chemical 

Engineering Research and Design, vol. 152, pp. 71–84, 2019, doi: 

10.1016/j.cherd.2019.09.024. 

[150] S. Oh et al., “Virtual Simulation of Autotransplantation Using 3-dimensional Printing 

Prototyping Model and Computer-assisted Design Program,” J Endod, vol. 44, no. 12, pp. 

1883–1888, 2018, doi: 10.1016/j.joen.2018.08.010. 

[151] N. Sahai, K. K. Saxena, and M. Gogoi, “Modelling and simulation for fabrication of 3D 

printed polymeric porous tissue scaffolds,” Advances in Materials and Processing 

Technologies, vol. 6, no. 3, pp. 530–539, 2020, doi: 10.1080/2374068X.2020.1728643. 

[152] G. Marchiori et al., “Design of a novel procedure for the optimization of the mechanical 

performances of 3D printed scaffolds for bone tissue engineering combining CAD, Taguchi 

method and FEA,” Med Eng Phys, vol. 69, pp. 92–99, 2019, doi: 

10.1016/j.medengphy.2019.04.009. 

[153] D. Mathias, C. Snider, B. Hicks, and C. Ranscombe, “Accelerating product prototyping 

through hybrid methods: Coupling 3D printing and LEGO,” Des Stud, vol. 62, pp. 68–99, 

2019, doi: https://doi.org/10.1016/j.destud.2019.04.003. 

[154] B. Msallem, N. Sharma, S. Cao, F. S. Halbeisen, H.-F. Zeilhofer, and F. M. Thieringer, 

“Evaluation of the Dimensional Accuracy of 3D-Printed Anatomical Mandibular Models 



105 

Using FFF, SLA, SLS, MJ, and BJ Printing Technology,” J Clin Med, vol. 9, no. 3, p. 817, 

2020, doi: 10.3390/jcm9030817. 

[155] M. S. Alsoufi and A. E. Elsayed, “Surface Roughness Quality and Dimensional Accuracy—

A Comprehensive Analysis of 100% Infill Printed Parts Fabricated by a Personal/Desktop 

Cost-Effective FDM 3D Printer,” Materials Sciences and Applications, vol. 09, no. 01, p. 

11, 2018, doi: 10.4236/msa.2018.91002. 

[156] M. Xia, B. Nematollahi, and J. Sanjayan, “Printability, accuracy and strength of geopolymer 

made using powder-based 3D printing for construction applications,” Autom Constr, vol. 

101, pp. 179–189, 2019, doi: 10.1016/j.autcon.2019.01.013. 

[157] E. Brunvand, D. Kline, and A. K. Jones, “Dark Silicon Considered Harmful: A Case for 

Truly Green Computing,” in 2018 Ninth International Green and Sustainable Computing 

Conference (IGSC), 2018, pp. 1–8. doi: 10.1109/IGCC.2018.8752110. 

[158] N. Guo and M. C. Leu, “Additive manufacturing: technology, applications and research 

needs,” Frontiers of Mechanical Engineering, vol. 8, no. 3, pp. 215–243, 2013, doi: 

10.1007/s11465-013-0248-8. 

[159] S. Guessasma, W. Zhang, J. Zhu, S. Belhabib, and H. Nouri, “Challenges of additive 

manufacturing technologies from an optimisation perspective,” International Journal for 

Simulation and Multidisciplinary Design Optimization, vol. 6, p. A9, 2015, doi: 

10.1051/smdo/2016001. 

[160] Mohd. Javaid and A. Haleem, “Current status and challenges of Additive manufacturing in 

orthopaedics: An overview,” J Clin Orthop Trauma, vol. 10, no. 2, pp. 380–386, 2019, doi: 

https://doi.org/10.1016/j.jcot.2018.05.008. 

[161] T. D. Ngo, A. Kashani, G. Imbalzano, K. T. Q. Nguyen, and D. Hui, “Additive 

manufacturing (3D printing): A review of materials, methods, applications and challenges,” 

Compos B Eng, vol. 143, pp. 172–196, 2018, doi: 10.1016/j.compositesb.2018.02.012. 

[162] E. Rezvani Ghomi, F. Khosravi, R. E. Neisiany, S. Singh, and S. Ramakrishna, “Future of 

additive manufacturing in healthcare,” Curr Opin Biomed Eng, vol. 17, p. 100255, 2021, 

doi: 10.1016/j.cobme.2020.100255. 

[163] K. R. Ryan, M. P. Down, and C. E. Banks, “Future of additive manufacturing: Overview of 

4D and 3D printed smart and advanced materials and their applications,” Chemical 

Engineering Journal, vol. 403, p. 126162, 2021, doi: 10.1016/j.cej.2020.126162. 



106 

[164] G. Prashar and H. Vasudev, “A comprehensive review on sustainable cold spray additive 

manufacturing: State of the art, challenges and future challenges,” J Clean Prod, vol. 310, 

p. 127606, 2021, doi: https://doi.org/10.1016/j.jclepro.2021.127606. 

[165] R. V. Pazhamannil and P. Govindan, “Current state and future scope of additive 

manufacturing technologies via vat photopolymerization,” Mater Today Proc, vol. 43, pp. 

130–136, 2021. 

[166] C. Zhang, Y. Li, W. Kang, X. Liu, and Q. Wang, “Current advances and future perspectives 

of additive manufacturing for functional polymeric materials and devices,” SusMat, vol. 1, 

no. 1, pp. 127–147, 2021, doi: https://doi.org/10.1002/sus2.11. 

[167] T. Ghimire, A. Joshi, S. Sen, C. Kapruan, U. Chadha, and S. K. Selvaraj, “Blockchain in 

additive manufacturing processes: Recent trends & its future possibilities,” Mater Today 

Proc, vol. 50, pp. 2170–2180, 2022, doi: https://doi.org/10.1016/j.matpr.2021.09.444. 

[168] B. Blakey-Milner et al., “Metal additive manufacturing in aerospace: A review,” Mater Des, 

vol. 209, p. 110008, 2021, doi: 10.1016/j.matdes.2021.110008. 

[169] S. C. Altıparmak and B. Xiao, “A market assessment of additive manufacturing potential 

for the aerospace industry,” J Manuf Process, vol. 68, pp. 728–738, 2021, doi: 

10.1016/j.jmapro.2021.05.072. 

[170] V. Mohanavel, K. S. Ashraff Ali, K. Ranganathan, J. Allen Jeffrey, M. M. Ravikumar, and 

S. Rajkumar, “The roles and applications of additive manufacturing in the aerospace and 

automobile sector,” Mater Today Proc, vol. 47, pp. 405–409, 2021, doi: 

10.1016/j.matpr.2021.04.596. 

[171] S. Sirci, E. Menargues, and M. Billod, “Space-qualified Additive Manufacturing and its 

Application to Active Antenna Harmonic Filters,” in 2021 IEEE MTT-S International 

Microwave Filter Workshop (IMFW), 2021, pp. 239–242. doi: 

10.1109/IMFW49589.2021.9642306. 

[172] A. Bhatia and A. K. Sehgal, “Additive manufacturing materials, methods and applications: 

A review,” Mater Today Proc, 2021, doi: https://doi.org/10.1016/j.matpr.2021.04.379. 

[173] S. Jhunjhunwala Sanchit and Kapil, “Rapid Manufacturing of Biomedical Devices: Process 

Alternatives, Selection and Planning,” in Advanced Micro- and Nano-manufacturing 

Technologies: Applications in Biochemical and Biomedical Engineering, P. Joshi 

Shrikrishna Nandkishor and Chandra, Ed., Singapore: Springer Singapore, 2022, pp. 77–

104. doi: 10.1007/978-981-16-3645-5_4. 



107 

[174] C. Dilibal, B. L. Davis, and C. Chakraborty, “Generative Design Methodology for Internet 

of Medical Things (IoMT)-based Wearable Biomedical Devices,” in 2021 3rd International 

Congress on Human-Computer Interaction, Optimization and Robotic Applications 

(HORA), 2021, pp. 1–4. doi: 10.1109/HORA52670.2021.9461370. 

[175] M. Vaezi and S. Yang, “Extrusion-based additive manufacturing of PEEK for biomedical 

applications,” Virtual Phys Prototyp, vol. 10, no. 3, pp. 123–135, 2015, doi: 

10.1080/17452759.2015.1097053. 

[176] D. Puppi and F. Chiellini, “Biodegradable Polymers for Biomedical Additive 

Manufacturing,” Appl Mater Today, vol. 20, p. 100700, 2020, doi: 

10.1016/j.apmt.2020.100700. 

[177] J. A. R. Linares-Alvelais, J. O. Figueroa-Cavazos, C. Chuck-Hernandez, H. R. Siller, C. A. 

Rodríguez, and J. I. Martínez-López, “Hydrostatic High-Pressure Post-Processing of 

Specimens Fabricated by DLP, SLA, and FDM: An Alternative for the Sterilization of 

Polymer-Based Biomedical Devices,” Materials, vol. 11, no. 12, 2018, doi: 

10.3390/ma11122540. 

[178] T. C. Dzogbewu and W. B. du Preez, “Additive Manufacturing of Titanium-Based Implants 

with Metal-Based Antimicrobial Agents,” Metals (Basel), vol. 11, no. 3, p. 453, 2021, doi: 

10.3390/met11030453. 

[179] H. Attar, M. J. Bermingham, S. Ehtemam-Haghighi, A. Dehghan-Manshadi, D. Kent, and 

M. S. Dargusch, “Evaluation of the mechanical and wear properties of titanium produced 

by three different additive manufacturing methods for biomedical application,” Materials 

Science and Engineering: A, vol. 760, pp. 339–345, 2019, doi: 10.1016/j.msea.2019.06.024. 

[180] S. Kumar, P. Bhushan, M. Pandey, and S. Bhattacharya, “Additive manufacturing as an 

emerging technology for fabrication of microelectromechanical systems (MEMS),” Journal 

of Micromanufacturing, vol. 2, no. 2, pp. 175–197, 2019, doi: 10.1177/2516598419843688. 

[181] E. Cesewski et al., “Additive manufacturing of three-dimensional (3D) microfluidic-based 

microelectromechanical systems (MEMS) for acoustofluidic applications,” Lab Chip, vol. 

18, no. 14, pp. 2087–2098, 2018, doi: 10.1039/C8LC00427G. 

[182] G. D. Liu, C. H. Wang, Z. L. Jia, and K. X. Wang, “An Integrative 3D printing method for 

rapid additive manufacturing of a capacitive force sensor,” Journal of Micromechanics and 

Microengineering, vol. 31, no. 6, p. 065005, 2021, doi: 10.1088/1361-6439/abf843. 



108 

[183] H. Hassanin, G. Sheikholeslami, P. Sareh, and R. B. Ishaq, “Microadditive Manufacturing 

Technologies of 3D Microelectromechanical Systems,” Adv Eng Mater, vol. 23, no. 12, p. 

2100422, 2021, doi: https://doi.org/10.1002/adem.202100422. 

[184] G. de Pasquale, “Additive Manufacturing of Micro-Electro-Mechanical Systems (MEMS),” 

Micromachines (Basel), vol. 12, no. 11, p. 1374, 2021, doi: 10.3390/mi12111374. 

[185] D. Han and H. Lee, “Recent advances in multi-material additive manufacturing: methods 

and applications,” Curr Opin Chem Eng, vol. 28, pp. 158–166, 2020, doi: 

https://doi.org/10.1016/j.coche.2020.03.004. 

[186] R. Singh, H. Singh, I. Farina, F. Colangelo, and F. Fraternali, “On the additive 

manufacturing of an energy storage device from recycled material,” Compos B Eng, vol. 

156, pp. 259–265, 2019, doi: 10.1016/j.compositesb.2018.08.080. 

[187] S. Zhu et al., “Clean surface additive manufacturing of aramid paper-based electrically 

heated devices for medical therapy application,” Surfaces and Interfaces, vol. 29, p. 101689, 

2022, doi: 10.1016/j.surfin.2021.101689. 

[188] D. J. Roach, C. M. Hamel, C. K. Dunn, M. v Johnson, X. Kuang, and H. J. Qi, “The m4 3D 

printer: A multi-material multi-method additive manufacturing platform for future 3D 

printed structures,” Addit Manuf, vol. 29, p. 100819, 2019, doi: 

10.1016/j.addma.2019.100819. 

[189] M. G. Kisic, A. Z. Stefanov, M. D. Lukovic, O. S. Aleksic, M. S. Damnjanovic, and L. D. 

Zivanov, “Heterogenous Integrated Displacement Sensor with Grooved Ferrite,” in 2021 

IEEE International Magnetic Conference (INTERMAG), 2021, pp. 1–5. doi: 

10.1109/INTERMAG42984.2021.9579733. 

[190] J. Huang, H. O. T. Ware, R. Hai, G. Shao, and C. Sun, “Conformal Geometry and 

Multimaterial Additive Manufacturing through Freeform Transformation of Building 

Layers,” Advanced Materials, vol. 33, no. 11, p. 2005672, 2021, doi: 

https://doi.org/10.1002/adma.202005672. 

[191] M. T. Craton, X. Konstantinou, J. D. Albrecht, P. Chahal, and J. Papapolymerou, “Additive 

Manufacturing of a W-Band System-on-Package,” IEEE Trans Microw Theory Tech, vol. 

69, no. 9, pp. 4191–4198, 2021, doi: 10.1109/TMTT.2021.3076066. 

[192] S. S. Crump, “Apparatus and method for creating three-dimensional objects,” 1992 

[Online]. Available: https://patents.google.com/patent/US5121329A/en 

[193] Y. Xu et al., “The Boom in 3D-Printed Sensor Technology,” Sensors 2017, Vol. 17, Page 

1166, vol. 17, no. 5, p. 1166, May 2017, doi: 10.3390/S17051166. 



109 

[194] U. G. K. Wegst, H. Bai, E. Saiz, A. P. Tomsia, and R. O. Ritchie, “Bioinspired structural 

materials,” Nature Materials 2014 14:1, vol. 14, no. 1, pp. 23–36, Oct. 2014, doi: 

10.1038/nmat4089. 

[195] C. Zhu et al., “Highly compressible 3D periodic graphene aerogel microlattices,” Nature 

Communications 2015 6:1, vol. 6, no. 1, pp. 1–8, Apr. 2015, doi: 10.1038/ncomms7962. 

[196] J. A. Lewis, “Direct Ink Writing of 3D Functional Materials,” Adv Funct Mater, vol. 16, no. 

17, pp. 2193–2204, Nov. 2006, doi: 10.1002/ADFM.200600434. 

[197] X. Mu et al., “Porous polymeric materials by 3D printing of photocurable resin,” Mater 

Horiz, vol. 4, no. 3, pp. 442–449, May 2017, doi: 10.1039/C7MH00084G. 

[198] R. Bogue, “3D printing: The dawn of a new era in manufacturing?,” Assembly Automation, 

vol. 33, no. 4, pp. 307–311, Sep. 2013, doi: 10.1108/AA-06-2013-055/FULL/PDF. 

[199] B. C. Gross, J. L. Erkal, S. Y. Lockwood, C. Chen, and D. M. Spence, “Evaluation of 3D 

printing and its potential impact on biotechnology and the chemical sciences,” Anal Chem, 

vol. 86, no. 7, pp. 3240–3253, Apr. 2014, doi: 

10.1021/AC403397R/ASSET/IMAGES/LARGE/AC-2013-03397R_0009.JPEG. 

[200] J. Natarajan, Advances in Additive Manufacturing Processes. Bentham Science Publishers, 

2021. [Online]. Available: https://books.google.com/books?id=QZRUEAAAQBAJ 

[201] H. Ghariblu and S. Rahmati, “A new machine for layer manufacturing of metal parts,” 2012 

8th International Symposium on Mechatronics and its Applications, ISMA 2012, 2012, doi: 

10.1109/ISMA.2012.6215185. 

[202] J. P. Kruth, P. Mercelis, J. Van Vaerenbergh, L. Froyen, and M. Rombouts, “Binding 

mechanisms in selective laser sintering and selective laser melting,” Rapid Prototyp J, vol. 

11, no. 1, pp. 26–36, 2005, doi: 10.1108/13552540510573365/FULL/PDF. 

[203] K. Shahzad, J. Deckers, J. P. Kruth, and J. Vleugels, “Additive manufacturing of alumina 

parts by indirect selective laser sintering and post processing,” J Mater Process Technol, 

vol. 213, no. 9, pp. 1484–1494, Sep. 2013, doi: 10.1016/J.JMATPROTEC.2013.03.014. 

[204] C. Y. Yap et al., “Review of selective laser melting: Materials and applications,” Appl Phys 

Rev, vol. 2, no. 4, Dec. 2015, doi: 10.1063/1.4935926/123739. 

[205] J. H. Liu, Y. S. Shi, Z. L. Lu, Y. Xu, K. H. Chen, and S. H. Huang, “Manufacturing metal 

parts via indirect SLS of composite elemental powders,” Materials Science and 

Engineering: A, vol. 444, no. 1–2, pp. 146–152, Jan. 2007, doi: 

10.1016/J.MSEA.2006.08.070. 



110 

[206] J. Natarajan, M. Cheepu, and C.-H. Yang, “Advances in Additive Manufacturing 

Processes,” p. 247, Accessed: Jul. 05, 2023. [Online]. Available: 

https://www.perlego.com/book/3149805/advances-in-additive-manufacturing-processes-

pdf 

[207] M. M.Dewidar, J.-K. LIM, and K.W.Dalgarno, “A Comparison between Direct and Indirect 

Laser Sintering of Metals,” Journal of Materials Sciences and Technology, vol. 24, no. 02, 

p. 227, Mar. 2008, Accessed: Jul. 05, 2023. [Online]. Available: https://www.jmst.org/EN/ 

[208] K. Shahzad, J. Deckers, Z. Zhang, J. P. Kruth, and J. Vleugels, “Additive manufacturing of 

zirconia parts by indirect selective laser sintering,” J Eur Ceram Soc, vol. 34, no. 1, pp. 81–

89, Jan. 2014, doi: 10.1016/J.JEURCERAMSOC.2013.07.023. 

[209] K. Alayavalli and D. L. Bourell, “Fabrication of modified graphite bipolar plates by indirect 

selective laser sintering (SLS) for direct methanol fuel cells,” Rapid Prototyp J, vol. 16, no. 

4, pp. 268–274, Jan. 2010, doi: 10.1108/13552541011049289/FULL/PDF. 

[210] C. M. Taylor, T. H. C. Childs, and C. Hauser, “Morphology of Direct SLS-Processed 

Stainless Steel Layers,” 2002, doi: 10.26153/TSW/4529. 

[211] M. Agarwala, D. Bourell, J. Beaman, H. Marcus, and J. Barlow, “Direct selective laser 

sintering of metals,” Rapid Prototyp J, vol. 1, no. 1, pp. 26–36, 1995, doi: 

10.1108/13552549510078113/FULL/PDF. 

[212] S. Das, “Physical Aspects of Process Control in Selective Laser Sintering of Metals,” Adv 

Eng Mater, vol. 5, no. 10, pp. 701–711, 2003, doi: 10.1002/adem.200310099. 

[213] X. Zhang and Y. Liao, “A phase-field model for solid-state selective laser sintering of 

metallic materials,” Powder Technol, vol. 339, pp. 677–685, Nov. 2018, doi: 

10.1016/J.POWTEC.2018.08.025. 

[214] W. E. Frazier, “Metal additive manufacturing: A review,” J Mater Eng Perform, vol. 23, 

no. 6, pp. 1917–1928, Apr. 2014, doi: 10.1007/S11665-014-0958-Z/FIGURES/9. 

[215] M. Shellabear and O. Nyrhilae, “DMLS - DEVELOPMENT HISTORY AND STATE OF 

THE ART,” 2004. 

[216] K. Rahim and A. Mian, “A Review on Laser Processing in Electronic and MEMS 

Packaging,” J Electron Packag, vol. 139, no. 3, 2017, doi: 10.1115/1.4036239. 

[217] O. Ulkir, “Design and fabrication of an electrothermal MEMS micro-actuator with 3D 

printing technology,” Mater Res Express, vol. 7, no. 7, p. 75015, Jul. 2020, doi: 

10.1088/2053-1591/aba8e3. 



111 

[218] M. Shoaib, N. H. Hamid, A. F. Malik, N. B. Zain Ali, and M. Tariq Jan, “A Review on Key 

Issues and Challenges in Devices Level MEMS Testing,” J Sens, vol. 2016, p. e1639805, 

2016, doi: 10.1155/2016/1639805. 

[219] J. Bryzek, “Impact of MEMS technology on society,” Sens Actuators A Phys, vol. 56, no. 

1, pp. 1–9, 1996, doi: 10.1016/0924-4247(96)01284-8. 

[220] A. C. Richards Grayson, R. Scheidt Shawgo, Y. Li, and M. J. Cima, “Electronic MEMS for 

triggered delivery,” Adv Drug Deliv Rev, vol. 56, no. 2, pp. 173–184, 2004, doi: 

10.1016/j.addr.2003.07.012. 

[221] Y. Lee, Y. Cheng, and R. Ramadoss, Mems Packaging. World Scientific, 2018. [Online]. 

Available: https://books.google.com/books?id=QYRIDwAAQBAJ 

[222] M. Tilli, M. Paulasto-Krockel, M. Petzold, H. Theuss, T. Motooka, and V. Lindroos, 

Handbook of Silicon Based MEMS Materials and Technologies. Elsevier, 2020. [Online]. 

Available: https://books.google.com/books?id=_77dDwAAQBAJ 

[223] C.-M. Ho and Y.-C. Tai, “Micro-Electro-Mechanical-Systems (mems) and Fluid Flows,” 

Annu Rev Fluid Mech, vol. 30, no. 1, pp. 579–612, 1998, doi: 

10.1146/annurev.fluid.30.1.579. 

[224] S. M. Sze, Y. Li, and K. K. Ng, Physics of Semiconductor Devices. John Wiley & Sons, 

2021. [Online]. Available: https://books.google.com/books?id=svYkEAAAQBAJ 

[225] S. D. Senturia, Microsystem Design. Springer Science & Business Media, 2007. [Online]. 

Available: https://books.google.com/books?id=UY3wBwAAQBAJ 

[226] G. T. A. Kovacs, Micromachined Transducers Sourcebook. McGraw-Hill, 1998. [Online]. 

Available: https://books.google.com/books?id=AW2LAAAACAAJ 

[227] R. T. Howe, “Surface micromachining for microsensors and microactuators,” Journal of 

Vacuum Science & Technology B: Microelectronics Processing and Phenomena, vol. 6, no. 

6, pp. 1809–1813, 1988, doi: 10.1116/1.584158. 

[228] G. T. A. Kovacs, K. Petersen, and M. Albin, “Peer Reviewed: Silicon Micromachining: 

Sensors to Systems,” Anal Chem, vol. 68, no. 13, pp. 407A-412A, 1996, doi: 

10.1021/ac961977i. 

[229] K. N. Bhat, “Micromachining for Microelectromechanical Systems,” Defence Science 

Journal; New Delhi, vol. 48, no. 1, p. 5, 1998, [Online]. Available: 

https://search.proquest.com/docview/1415385800/abstract/EDA1732EDBBE4005PQ/1 



112 

[230] S. Lee, S. Park, and D.-I. Cho, “The surface/bulk micromachining (SBM) process: a new 

method for fabricating released MEMS in single crystal silicon,” Journal of 

Microelectromechanical Systems, vol. 8, no. 4, pp. 409–416, 1999, doi: 10.1109/84.809055. 

[231] Chr. Burrer and J. Esteve, “A novel resonant silicon accelerometer in bulk-micromachining 

technology,” Sens Actuators A Phys, vol. 46, no. 1, pp. 185–189, 1995, doi: 10.1016/0924-

4247(94)00887-N. 

[232] M. Hoffmann and E. Voges, “Bulk silicon micromachining for MEMS in optical 

communication systems,” Journal of Micromechanics and Microengineering, vol. 12, no. 

4, pp. 349–360, 2002, doi: 10.1088/0960-1317/12/4/301. 

[233] M. J. Madou, Manufacturing Techniques for Microfabrication and Nanotechnology. CRC 

Press, 2011. [Online]. Available: https://books.google.com/books?id=JUPOBQAAQBAJ 

[234] T. Blachowicz and A. Ehrmann, “3D Printed MEMS Technology—Recent Developments 

and Applications,” Micromachines (Basel), vol. 11, no. 4, 2020, doi: 10.3390/mi11040434. 

[235] B. R. Liyarita, A. Ambrosi, and M. Pumera, “3D-printed Electrodes for Sensing of 

Biologically Active Molecules,” Electroanalysis, vol. 30, no. 7, pp. 1319–1326, 2018, doi: 

https://doi.org/10.1002/elan.201700828. 

[236] M. S. Mannoor et al., “3D Printed Bionic Ears,” Nano Lett, vol. 13, no. 6, pp. 2634–2639, 

2013, doi: 10.1021/nl4007744. 

[237] T. Skaik et al., “A 3-D Printed 300 GHz Waveguide Cavity Filter by Micro Laser 

Sintering,” IEEE Trans Terahertz Sci Technol, vol. 12, no. 3, pp. 274–281, 2022, doi: 

10.1109/TTHZ.2022.3147042. 

[238] P. Regenfuß, R. Ebert, and H. Exner, “Laser Micro Sintering – a Versatile Instrument for 

the Generation of Microparts,” Laser Technik Journal, vol. 4, no. 1, pp. 26–31, 2007, doi: 

https://doi.org/10.1002/latj.200790139. 

[239] V. Fiorese et al., “Evaluation of Micro Laser Sintering Metal 3D-Printing Technology for 

the Development of Waveguide Passive Devices up to 325 GHz,” in 2020 IEEE/MTT-S 

International Microwave Symposium (IMS), 2020, pp. 1168–1171. doi: 

10.1109/IMS30576.2020.9224102. 

[240] J. Chen, J. Yang, and T. Zuo, “Micro Fabrication with Selective Laser Micro Sintering,” in 

2006 1st IEEE International Conference on Nano/Micro Engineered and Molecular 

Systems, 2006, pp. 426–429. doi: 10.1109/NEMS.2006.334791. 



113 

[241] B. Nagarajan, Z. Hu, X. Song, W. Zhai, and J. Wei, “Development of Micro Selective Laser 

Melting: The State of the Art and Future Perspectives,” Engineering, vol. 5, no. 4, pp. 702–

720, 2019, doi: 10.1016/j.eng.2019.07.002. 

[242] N. Zhang, J. Liu, H. Zhang, N. J. Kent, D. Diamond, and M. D. Gilchrist, “3D Printing of 

Metallic Microstructured Mould Using Selective Laser Melting for Injection Moulding of 

Plastic Microfluidic Devices,” Micromachines (Basel), vol. 10, no. 9, p. 595, 2019, doi: 

10.3390/mi10090595. 

[243] C. M. Didier, A. Kundu, and S. Rajaraman, “Facile, Packaging Substrate-Agnostic, 

Microfabrication and Assembly of Scalable 3D Metal Microelectrode Arrays for in Vitro 

Organ-on-a-Chip and Cellular Disease Modeling,” in 2019 20th International Conference 

on Solid-State Sensors, Actuators and Microsystems Eurosensors XXXIII (TRANSDUCERS 

EUROSENSORS XXXIII), 2019, pp. 1686–1689. doi: 

10.1109/TRANSDUCERS.2019.8808364. 

[244] A. Kundu, A. Rozman, and S. Rajaraman, “Development of a 3D Printed, Self-Insulated, 

High-Throughput 3D Microelectrode Array (HT-3DMEA),” Journal of 

Microelectromechanical Systems, vol. 29, no. 5, pp. 1091–1093, 2020, doi: 

10.1109/JMEMS.2020.3003644. 

[245] C. M. Didier, A. Kundu, and S. Rajaraman, “Rapid Makerspace Microfabrication and 

Characterization of 3D Microelectrode Arrays (3D MEAs) for Organ-on-a-Chip Models,” 

Journal of Microelectromechanical Systems, vol. 30, no. 6, pp. 853–863, 2021, doi: 

10.1109/JMEMS.2021.3110163. 

[246] Y. Huang, H. Li, J. Sun, Y. Zhai, H. Li, and T. Xu, “Powder Filling and Sintering of 3D In-

chip Solenoid Coils with High Aspect Ratio Structure,” Micromachines (Basel), vol. 11, no. 

3, p. 328, 2020, doi: 10.3390/mi11030328. 

[247] A. E. Hess, D. M. Sabens, H. B. Martin, and C. A. Zorman, “Polycrystalline Diamond-on-

Polymer Electrode Arrays Fabricated Using a Polymer-Based Transfer Process,” 

Electrochemical and Solid State Letters, vol. 13, no. 11, p. J129, 2010, doi: 

10.1149/1.3479691. 

[248] L. A. Rocha, E. Cretu, and R. F. Wolffenbuttel, “Full characterisation of pull-in in single-

sided clamped beams,” Sens Actuators A Phys, vol. 110, no. 1, pp. 301–309, 2004, doi: 

https://doi.org/10.1016/j.sna.2003.09.023. 

[249] V. Shrivastava, N. R. Aluru, and S. Mukherjee, “Numerical analysis of 3D electrostatics of 

deformable conductors using a Lagrangian approach,” Eng Anal Bound Elem, vol. 28, no. 

6, pp. 583–591, 2004, doi: https://doi.org/10.1016/j.enganabound.2003.08.004. 



114 

[250] M. I. Younis, E. M. Abdel-Rahman, and A. Nayfeh, “A reduced-order model for electrically 

actuated microbeam-based MEMS,” Journal of Microelectromechanical Systems, vol. 12, 

no. 5, pp. 672–680, 2003, doi: 10.1109/JMEMS.2003.818069. 

[251] G. M. Rebeiz, RF MEMS: Theory, Design, and Technology. John Wiley & Sons, 2004. 

[Online]. Available: https://books.google.com/books?id=A7728XHtmzAC 

[252] M.-S. Kim, J.-H. Choi, J.-H. Kim, and Y.-K. Park, “Accurate determination of spring 

constant of atomic force microscope cantilevers and comparison with other methods,” 

Measurement, vol. 43, no. 4, pp. 520–526, 2010, doi: 

https://doi.org/10.1016/j.measurement.2009.12.020. 

[253] M. A. Poggi, A. W. McFarland, J. S. Colton, and L. A. Bottomley, “A Method for 

Calculating the Spring Constant of Atomic Force Microscopy Cantilevers with a 

Nonrectangular Cross Section,” Anal Chem, vol. 77, no. 4, pp. 1192–1195, Feb. 2005, doi: 

10.1021/ac048828h. 

[254] F. Paschen, “Ueber die zum Funkenübergang in Luft, Wasserstoff und Kohlensäure bei 

verschiedenen Drucken erforderliche Potentialdifferenz,” Ann Phys, vol. 273, pp. 69–96, 

1889, doi: 10.1002/andp.18892730505. 

[255] D. B. Go and A. Venkattraman, “Microscale gas breakdown: ion-enhanced field emission 

and the modified Paschen’s curve,” J Phys D Appl Phys, vol. 47, no. 50, p. 503001, 2014, 

doi: 10.1088/0022-3727/47/50/503001. 

[256] E. Husain and R. S. Nema, “Analysis of Paschen Curves for air, N2 and SF6 Using the 

Townsend Breakdown Equation,” IEEE Transactions on Electrical Insulation, vol. EI-17, 

no. 4, pp. 350–353, 1982, doi: 10.1109/TEI.1982.298506. 

[257] Z. Wang et al., “Two-dimensional wide band-gap nitride semiconductor GaN and AlN 

materials: properties, fabrication and applications,” J Mater Chem C Mater, vol. 9, no. 48, 

pp. 17201–17232, 2021, doi: 10.1039/D1TC04022G. 

[258] B. Hoefflinger, “ITRS: The International Technology Roadmap for Semiconductors,” in 

Chips 2020: A Guide to the Future of Nanoelectronics, B. Hoefflinger, Ed., Berlin, 

Heidelberg: Springer Berlin Heidelberg, 2012, pp. 161–174. doi: 10.1007/978-3-642-

23096-7_7. 

[259] Yaman. M. Manaserh et al., “Degradation of Fan Performance in Cooling Electronics: 

Experimental Investigation and Evaluating Numerical Techniques,” Int J Heat Mass Transf, 

vol. 174, p. 121291, 2021, doi: https://doi.org/10.1016/j.ijheatmasstransfer.2021.121291. 



115 

[260] R. Wu, T. Hong, Q. Cheng, H. Zou, Y. Fan, and X. Luo, “Thermal modeling and 

comparative analysis of jet impingement liquid cooling for high power electronics,” Int J 

Heat Mass Transf, vol. 137, pp. 42–51, 2019, doi: 

10.1016/j.ijheatmasstransfer.2019.03.112. 

[261] S. Wang, Y. Yin, C. Hu, and P. Rezai, “3D Integrated Circuit Cooling with Microfluidics,” 

Micromachines (Basel), vol. 9, no. 6, p. 287, 2018, doi: 10.3390/mi9060287. 

[262] D. Sekar et al., “A 3D-IC Technology with Integrated Microchannel Cooling,” in 2008 

International Interconnect Technology Conference, 2008, pp. 13–15. doi: 

10.1109/IITC.2008.4546911. 

[263] R. van Erp, G. Kampitsis, L. Nela, R. S. Ardebili, and E. Matioli, “Embedded Microchannel 

Cooling for High Power-Density GaN-on-Si Power Integrated Circuits,” in InterSociety 

Conference on Thermal and Thermomechanical Phenomena in Electronic Systems, 

ITHERM, 2020. doi: 10.1109/ITherm45881.2020.9190356. 

[264] “The International Roadmap for Devices and Systems: A Beacon for the Electronics 

Industry,” Computer (Long Beach Calif), vol. 55, no. 8, p. 4, 2022, doi: 

10.1109/MC.2022.3174253. 

[265] E. Kaschnitz, H. Kaschnitz, T. Schleutker, A. Gülhan, and B. Bonvoisin, “Electrical 

resistivity measured by millisecond pulse-heating in comparison to thermal conductivity of 

the stainless steel AISI 316L at elevated temperature,” High Temp High Press, vol. 46, no. 

4/5, pp. 353–365, 2017, [Online]. Available: 

https://utep.idm.oclc.org/login?url=https://search.ebscohost.com/login.aspx?direct=true&d

b=a9h&AN=124758412&site=eds-live&scope=site 

[266] C. Ogunlesi, C. Ogunlesi, and A. Hamilton, “The effect of process parameter variation on 

the emissivity and resistivity of 316L stainless steel manufactured by Selective Laser 

Melting,” 2022. [Online]. Available: https://eprints.soton.ac.uk/467728/ 

[267] T. E. Sarvey, Y. Zhang, Y. Zhang, H. Oh, and M. S. Bakir, “Thermal and electrical effects 

of staggered micropin-fin dimensions for cooling of 3D microsystems,” in Fourteenth 

Intersociety Conference on Thermal and Thermomechanical Phenomena in Electronic 

Systems (ITherm), 2014, pp. 205–212. doi: 10.1109/ITHERM.2014.6892283. 

[268] A. Qamar et al., “Effect of surfactants on the convective heat transfer and pressure drop 

characteristics of ZnO/DIW nanofluids: An experimental study,” Case Studies in Thermal 

Engineering, vol. 42, p. 102716, Feb. 2023, doi: 10.1016/J.CSITE.2023.102716. 



116 

[269] Z. Parlak, “Optimal design of wavy microchannel and comparison of heat transfer 

characteristics with zigzag and straight geometries,” Heat and Mass Transfer, vol. 54, no. 

11, pp. 3317–3328, Nov. 2018, doi: 10.1007/s00231-018-2375-6. 

[270] B. Parizad Benam, A. K. Sadaghiani, V. Yağcı, M. Parlak, K. Sefiane, and A. Koşar, 

“Review on high heat flux flow boiling of refrigerants and water for electronics cooling,” 

Int J Heat Mass Transf, vol. 180, p. 121787, 2021, doi: 

10.1016/j.ijheatmasstransfer.2021.121787. 

[271] N. Ghorbani, M. Z. Targhi, M. M. Heyhat, and Y. Alihosseini, “Investigation of wavy 

microchannel ability on electronic devices cooling with the case study of choosing the most 

efficient microchannel pattern,” Sci Rep, vol. 12, no. 1, p. 5882, Apr. 2022, doi: 

10.1038/s41598-022-09859-6. 

[272] J. Cohen and D. L. Bourell, “Development of Novel Tapered Pin Fin Geometries for 

Additive Manufacturing of Compact Heat Exchangers”. 

[273] W. Jin, J. Wu, N. Jia, J. Lei, W. Ji, and G. Xie, “Effect of shape and distribution of pin-fins 

on the flow and heat transfer characteristics in the rectangular cooling channel,” 

International Journal of Thermal Sciences, vol. 161, p. 106758, Mar. 2021, doi: 

10.1016/j.ijthermalsci.2020.106758. 

[274] A. Abdoli, G. Jimenez, and G. S. Dulikravich, “Thermo-fluid analysis of micro pin-fin array 

cooling configurations for high heat fluxes with a hot spot,” International Journal of 

Thermal Sciences, vol. 90, 2015, doi: 10.1016/j.ijthermalsci.2014.12.021. 

[275] G. H. Keulegan and K. Hilding Beij, “PRESSURE LOSSES FOR FLUID FLOW IN 

CURVED PIPES,” 1937. [Online]. Available: nvlpubs.nist.gov 

[276] “Streamline flow through curved pipes,” Proceedings of the Royal Society of London. Series 

A, Containing Papers of a Mathematical and Physical Character, vol. 123, no. 792, pp. 

645–663, Apr. 1929, doi: 10.1098/RSPA.1929.0089. 

  

 

 

 



117 

Appendix 

Publications: 

1. (J) Metal Additive Microfabrication of System-in-Package with embedded microfluidic 

thermal management for Heterogeneous Integration with Semiconductor Dies (Published 

by the Journal of Electronic Materials-2022) 

 

2. (J) Dielectric Transfer Process for 3D Printed Metal Microsystems (Published by Journal 

of Microelectromechanical  Systems-2020) 

 

3. (C) Metal Additively Microfabricated SiPs with Embedded Microfluidic Cooling Towards 

Heterogeneous Integration with SoCs (Published by the 73rd Electronic Components and 

Technology Conference (ECTC)-2023) 

 

4. (C) Metal Additive Microfabricated Microfluidic Packages for Integrated Thermal 

Management In Power Application (Published on 21st International Conference on Micro 

and Nanotechnology for Power Generation and Energy Conversion Application 

(PowerMEMS)- 2022) 

 



118 

5. (C) Additive Microfabrication of System in Package for Heterogeneous Integration with 

Semiconductor Dies (Presented at The 64th MRS Electronic Materials Conference 

(EMC)-2022) 

 

6. (C) Additive Batch Microfabrication of 3D Metal Electrostatic Switched Towards 3D 

Printed Metal MEMS (Published at the Hilton Head: Solid-State Sensor, Actuator and 

Microsystems Workshop (Hilton Head)-2022) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



119 

Vita 

Bhushan Lohani completed his Bachelor of Technology in Electronic and Communication 

Engineering from Jawaharlal Nehru Technology University in 2014. He completed his Master of 

Science in Electrical and Electronic Engineering from The University of Texas at Tyler in 2018. 

He joined The University of Texas at El Paso in the Fall of 2019.  

Bhushan has worked as an Electrical Maintenance Engineer at the Upper Madi 

Hydropower Company Limited during the period of 2015 till the end of 2016. He then started as 

a Teaching Assistant, conducting labs and lectures for several courses like Linear System Analysis, 

Real-Time Systems, Digital Communications, Microprocessors, Electronics I and II, Electric 

Circuits and Introduction to Electrical and Computer Engineering. During the period from 2021 to 

2023 he was assigned as the Assistant Instructor for the course of Introduction to Electrical and 

Computer Engineering teaching basic concepts to freshmen engineering students.  

Contact Information: blohani@miners.utep.edu 

   

 


	Metal Additive Microfabrication Of Semiconductor Packages With Inbuilt Thermal Management System
	Recommended Citation

	ThesisAndDissertationDocumentTemplate

