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SUMMARY 

 

This dissertation presents the development of electrically-powered, lamination-

based microactuators for the realization of large arrays of high impulse and short duration 

micro-jets with potential applications in the field of micro-electro-mechanical systems 

(MEMS). Microactuators offer unique control opportunities by converting the input 

electrical or chemical energy stored in a propellant into useful mechanical energy. This 

small and precise control obtained can potentially be applied towards aerodynamic 

control and transdermal drug delivery applications. This thesis work discusses the 

feasibility of using microactuators for two such applications: Control of the motion of a 

spinning projectile by utilizing the chemically-driven microjets ejected from the 

actuators, and enhancement of the permeability properties of skin by selectively ablating 

the stratum corneum layer of skin using the physical microjets ejected from the actuators. 

This enhanced permeability of skin can later be used for the delivery of high molecular 

weight drugs for transdermal drug delivery.  

The development of electrically powered microactuators starts by fabricating an 

array of radially firing microactuators using lamination-based microfabrication 

techniques that potentially enable batch fabrication at low cost. The microactuators of 

this thesis consist of three main parts: a micro chamber in which the propellant is stored; 

two electrode structures through which electrical energy is supplied to the propellant; and 

a micro nozzle through which the propellant or released gases from the propellant are 

expanded as a jet. Once the actuators are fabricated, they are integrated with MEMS-

process-compatible propellants and optimized so as to produce instantaneous ignition of 



 xxii

the propellant. This instantaneous ignition is achieved either by making the propellant 

itself conductive, thus, passing an electric current directly through the propellant; or by 

discharging an arc across the propellant by placing it between two closely spaced 

electrodes. The first concept is demonstrated for the application of projectile 

maneuvering where energetic solid propellant is used in generating a high velocity 

gaseous jet and the second concept is demonstrated for transdermal drug delivery 

application where a rapid physical jet of a non-energetic propellant is generated.  

In the case of chemical-based microactuators, the feasibility of using conductive 

solid propellant based actuators for maneuvering a 25 mm bluff body projectile spinning 

at 600 Hz is presented. Several conductive solid propellants are developed and 

characterized for their electrical conductivity and required ignition energy. Finally, the 

propellant integrated microactuators are characterized for performance in terms of 

impulse delivered, thrust generated and duration of the jet. These experimental results are 

then compared to predicted results from simulations.  

In the case of physical based microactuators, the feasibility of using released 

physical jets from the microactuator array for transdermal drug delivery application is 

presented. Several bio-compatible and FDA-approved liquids are used as propellants and 

are characterized in terms of thrusts delivered and duration of the released jets. These 

thermo-mechanical jets are then used to expose skin locally so as to create micro conduits 

in the stratum corneum layer of skin. Both thermal effects and thermo-mechanical effects 

of the jet on exposed skin are studied. For both cases, histology of exposed skin is 

presented and its permeability to drug analog molecules is studied. 



 

1 

CHAPTER 1 

INTRODUCTION 

 

 A micro-electro-mechanical system (MEMS) is a small scale system consisting of 

both electrical and mechanical components integrated into a single device to help control 

motion of a system or to sense and obtain information from the system. Advances over 

the last decade in the areas of microelectronics and MEMS have enabled many 

possibilities in the areas of research and industry. Because of these possibilities, attention 

to developing microsystems using MEMS techniques continues to increase worldwide. 

MEMS technology and micro-engineering in general became much broader in scope, 

evolving as a multi-disciplinary field that investigates the physics and science of the sub-

millimeter scale world and the application of this understanding to develop mass 

producible devices and systems for many applications.  

 Micro-engineering includes research with respect to technologies of materials and 

processes required to make MEMS components, integration of these components into 

micro devices, and applications. Potential advances in the area of MEMS could be in 

multiple areas including materials, fabrication techniques, and new applications. Several 

applications were demonstrated for MEMS devices including but not limited to the fields 

of biomedical, aerospace and chemical engineering. In aerospace engineering, MEMS 

enables accurate control of fluidics using micro sensors and actuators. Use of MEMS 

devices have successfully been demonstrated in this area for communications, satellite 

control, automotive control and safety systems [1]. In the biomedical field, MEMS 

enables the development of medical sensors such as portable gas sensors that detect 
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airborne toxins, medical devices such as micro needles for drug delivery applications, and 

wireless pressure sensors for health monitoring. These systems benefit from the 

advantages offered by microengineering technology such as reduction in size, mass and 

input power requirements. Hence, MEMS devices offer portability, batch fabrication and 

cost effectiveness. Commercialization of such devices would not only require the 

development of the device but also integration of the device with electronics. Several 

such integrated MEMS products are currently available in the commercial market. 

Chemical sensors, acceleration and pressure transducers, ink-jet printers are a few of 

these.  

 Microfluidic actuators potentially add unique control opportunities by generating 

forces in fluidic environments and using these generated forces for fluidic actuation 

purposes [2]. Examples of microfluidic actuators include microvalves [3], micropumps 

[4] and mixers [5]. These fluidic actuators were developed and demonstrated in the 

literature with a variety of actuation methods including piezoelectric, electrostatic, 

thermal, pneumatic, electromagnetic, combustion and capillary actions [6]. A thermo-

pneumatic valve, for example, is made by inserting a resistive heater into an enclosed 

cavity behind a diaphragm. When heat is delivered to the fluid in the cavity by supplying 

electric current to the heater, the fluid expands, pushing the diaphragm out. The extended 

diaphragm can then be used to block a channel, acting as a valve. 

 Liquid microjets developed from fluidic actuators that utilize piezoelectric [7], 

pneumatic [8] and capillary actions [9] for actuation offer precise control of operation 

over small flow rates of liquids, and were demonstrated successfully in commercial 

applications such as drug delivery as sample fillers in gene chip technology, as cutting 
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tools for microsurgery, in miniature chemical analysis systems as in integrated multi-step 

micro total analysis systems (µTAS), and as ink sprayers in inkjet printers. Fluidic 

actuators utilizing electro-kinetic actuation were demonstrated for boundary layer drag 

reduction for control of aircraft. Actuators based on combustion actuation [10] offer 

much larger flow rates and generate larger forces than other types of fluidic actuators and 

were successfully demonstrated for defense based applications, energy based applications 

and for chemical processing. Some major defense-based applications of combustion 

microactuators reported in the literature are for satisfying nano satellite propulsion needs 

of microspacecraft and for microscale power generation in the area of man-portable 

power. In the energy area, these devices offer increasingly important uses such as power 

packs based on combustion rather than electro-chemistry and for extending operating 

times of electronic devices by providing the required heating or cooling. In the area of 

chemical processing, miniaturized chemical reactors could provide on-site neutralization 

of toxic chemicals thereby eliminating the need for transport and burial [11]. 

1.1 Problem Statement 

 Microjet actuators are defined as small scale actuators that utilize the energy 

stored or supplied to a propellant to produce high velocity, high temperature jets. Fluidic 

microjets offer unique control opportunities by converting the input electrical or chemical 

energy stored in the propellant into useful mechanical energy. This small and precise 

control obtained can potentially be applied to aerodynamic and transdermal drug delivery 

applications. In this thesis, we are interested in two such applications: to control the 

motion of a spinning projectile by utilizing the chemically-driven microjets ejected from 

the actuators; and to enhance the permeability property of skin by selectively ablating the 
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stratum corneum layer of skin using the physical microjets ejected from the actuators. 

This enhanced permeability of skin can later be used for the delivery of high molecular 

weight drugs for transdermal drug delivery.  

 The application of projectile maneuvering requires the delivery of large, accurate 

thrusts and aerodynamic forces from the fluidic jet. Hence, combustion based microjet 

actuators are considered for this application. A typical combustion actuator consists of a 

combustion chamber filled with gaseous, liquid, or solid chemically reactive propellant in 

contact with a heater. The heater is typically a resistive heating element such as a bridge 

wire or a pair of electrodes to which electrical energy is supplied. The heater ignites the 

propellant in the chamber, thus releasing a gaseous combustion jet. The propellant stored 

in the chamber plays a significant role in determining the performance that can be 

obtained from the actuator. Liquid propellants offer larger thrusts, but solid propellants 

offer greater simplicity in fabrication [12]. Our work mainly concentrates on conductive 

solid propellant development, its integration with the microactuator and its demonstration 

for control of thrusts generated and the timing of the combustion event. So, the goal of 

this part of the thesis is to fabricate and characterize lamination based, conductive solid 

propellant microjet actuators and to study the possibility of integrating these actuators 

into an aerodynamic control research vehicle.  

 Conductive solid propellant helps in minimizing the duration of the released 

chemical jets by causing an instantaneous ignition of fuel and thus, minimizing the 

reaction time of the propellant. It also serves to simplify device fabrication by allowing 

ignition to occur by passing current directly through the fuel sample from two MEMS 

fabricated electrodes as opposed to relying on the transfer of heat from external or 
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embedded igniters [13]. In this case, the heat dissipated by the resistance of the fuel itself 

causes ignition. DiBiaso et al. [13, 14] have demonstrated that the addition of at least 

20% by volume of conductive dopant enables conventional composite propellants to 

become conductive with minimal reduction in the burn rate of the fuel.  

 The work performed in this thesis is an extension to the above mentioned work 

and further efforts are made to develop more conductive propellants that are suitable to 

be implemented into the microactuators. In this regard, three points will be demonstrated. 

First, solid propellants and conductive dopants that are suitable for the application are 

studied and propellant processing techniques suitable for micro-scale applications are 

developed. Second, laser micromachining and lamination techniques are used to produce 

batch-fabricated fluidic actuators that withstand harsh environments. Third, testing 

methods are developed to study the performance of the actuator in terms of thrust 

delivered, duration of the jet and total impulse delivered by the jet. The actuators are 

designed to optimize the performance by varying the solid propellant or geometry of the 

microactuator. Finally, the actuator performance is validated for maneuvering the path of 

a 25 mm diameter projectile spinning at 600 Hz. With the demonstration of these three 

points, the following fundamental advances in MEMS technology are achieved:  

• New MEMS processing techniques for robust actuators. 

• Solid propellant selection criteria for millimeter-scale solid propellant actuators. 

• New concept for ignition of solid propellants. 

• Expanding the existing performance range of MEMS based solid propellant 

combustors. 

• Demonstrate precise time control of conductive solid propellant actuators with 
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respect to ignition delay times and durations. 

• Develop characterization techniques for MEMS based solid propellant actuators. 

 The second part of this thesis focuses on developing physical-based 

microactuators for transdermal drug delivery applications. The application of transdermal 

drug delivery requires the permeability of skin to be increased for the delivery of high 

molecular weight drugs. Several skin permeability enhancements techniques have already 

been reported in the literature [15]. In this work, a new physical enhancement technique 

is developed by means of applying the physical microjets released from the actuators 

onto the skin. The physical based microactuators deliver rapid jets with small and 

accurate thrusts and impulse levels. These rapid jets when exposed onto skin should 

selectively ablate the top layer of skin, stratum corneum, by thermal and mechanical 

means with minimal to no damage to the underlying layers. The physical microjet 

actuators consist of a chamber filled with liquid propellant placed between two 

electrodes. When sufficient electrical energy is supplied to the closely spaced electrodes, 

an arc is discharged between electrodes building up temperature and pressure within the 

system. This causes a phase change of the propellant and the high pressured propellant 

exits the chamber in the form of a fluidic jet, through a nozzle. 

 The thermo-mechanical properties of the released jet are studied and its effect on 

enhancing the permeability of skin is demonstrated. The treated skin surface is studied 

using skin histology experiments. From a conceptual point of view, three approaches to 

skin ablation are demonstrated using the same microactuators. First, the skin is directly 

exposed to the released jet from the microactuator as shown in Figure 1(a) and the effect 

of thermo-mechanical ablation is demonstrated. Next, isolated parts of skin are exposed 
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to the released jet as shown in Figure 1(b) and the localized effects of thermo-mechanical 

ablation are studied. Finally, the skin is indirectly exposed to the jet using a masking 

system that isolates the thermal and mechanical effects of the jet as shown in Figure 1(c) 

and the effect of thermal ablation is studied. All the above concepts are demonstrated 

using the same microactuators.  

 From the microactuator device point of view, three points will be demonstrated. 

First, the device concept is validated by batch fabricating fluidic microactuators using 

laser micromachining and lamination techniques. Second, the performance of the jet is 

characterized in terms of duration and thrusts delivered for various propellants. Third, the 

post exposure permeability and histology of the skin are studied. The actuators are 

designed to optimize the performance by varying the propellants used and geometry of 

the microactuator. With the demonstration of these points, the following fundamental 

advances in the area of transdermal drug delivery are achieved:  

• Thermal and mechanical based permeability enhancement concepts for 

transdermal drug delivery are demonstrated. 

• An array of devices that are batch fabricated using MEMS process compatible 

techniques are developed. 

• Fluidic jets of several biocompatible liquids are released from the actuators and 

their use for permeability enhancement of skin is demonstrated. 

• The possibility of achieving extremely fast ablation times using these fluidic jets 

allow for minimizing the pain associated with skin permeability. 

• Flexibility of exposed skin’s area and depth is achievable by controlling the jet’s 

magnitude to meet the requirements for the delivery of a specific drug. 
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• Allows for selective ablation of skin by utilizing masking patterns. 

• Can be used as a pretreatment technique which can be integrated with many other 

drug delivery approaches. 

 

 

  

  Figure 1: Exposure of skin to a physical microjet 
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 1.2 Objectives and Overview 

 The body of this thesis is divided into six sections. Chapter 2 reviews existing 

literature for both chemical and physical based microjet actuators. For chemical based 

microjet actuators, solid propellants are reviewed in general and among these, the best 

suitable propellants for the microactuator development are short listed based on a set of 

selection criteria. Industry standard propellant powder processing is reviewed to establish 

techniques for small scale, lab based powder processing that offers reliable performance 

from the solid propellants. Many of the existing propellant ignition concepts are 

examined and the need for a new ignition concept is explained. Some of the existing solid 

propellant microactuators are reviewed in detail and the performance achieved by these 

actuators is reported. For physical based microactuators, as the main application of 

interest in this research is transdermal drug delivery, the anatomy of skin and its 

mechanical properties are reviewed. Several existing skin permeability enhancement 

techniques and their limitations are presented. The goal of this chapter is to highlight the 

advantages and limitations of the existing techniques and provide ground work for 

optimizing the performance of our devices according to the requirements of the 

application.  

 Chapter 3 details the actuator fabrication process. The same fabrication 

techniques are used in the fabrication of both chemical and physical microactuators. This 

chapter reviews the laser micromachining and adhesive lamination techniques used for 

fabrication in detail and then presents equipment and detailed fabrication sequences 

involved in the fabrication of the microactuators. 
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 Chapter 4 details the methods and experimental apparatus used for the 

characterization of microactuators. Chapter 5 presents the results of characterization 

experiments for both chemical and physical microactuators. For chemical microjet 

actuators, the released jets are characterized for the amount of delivered thrust, impulse 

and duration and whether they meet the performance requirements for maneuvering a 

projectile is discussed. For physical microjet actuators, the released jets are characterized 

in a similar fashion and are applied for transdermal drug delivery application. The treated 

skin is characterized to study its permeability to drug analog molecules. The purpose of 

these chapters is to verify the operation of the microactuator arrays and their possible use 

towards specific applications. Finally, Chapter 6 discusses the established solutions and 

possible future work in these areas.  
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Chemical based Microactuators 

 Chemical based actuators utilize the chemical energy stored in a propellant to 

produce thermo-mechanical forces that could be used for mechanical actuation. They 

operate on the principle of producing thrusts by escaping hot gases generated by 

propellant combustion though a nozzle. A chemical actuator consists of a combustion 

chamber, a nozzle and an ignition source. A gaseous, liquid or solid propellant is filled in 

the chamber and is ignited using an ignition source. When sufficient energy is supplied to 

the propellant from the ignition source, combustion takes place releasing high 

temperature, low molecular weight product molecules. Thrust is generated when these 

product gases are exhausted through a nozzle into the surrounding environment. 

 Advances in microsystem fabrication technology have enabled miniaturization of 

these chemical actuators to the point that they can be usefully deployed for 

micropropulsion. The motivation for miniaturizing chemical actuators is the potential for 

gains in performance/size ratio and the possibility of increased integration. Also, the 

impulse precision producible by nano and micro thrusters cannot be achieved with 

conventional propulsion systems. Among the propulsion systems under investigation for 

miniaturization of chemical actuators are cold gas thruster, subliming solid thruster, solid 

propellant thruster, vaporizing liquid thruster, micro ion thruster and pulsed plasma 

thruster [16].  

 Chemical based actuators are broadly classified based on the type of propellant 

used into solid, hybrid and liquid propellant actuators. Compared to solid propellants, 
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liquid propellants offer higher specific impulse [17] but they require complex fluid flow 

and storage systems and suffer from problems such as density, fluid flow behavior and 

combustion instability. Solid propellants on the other hand, require much simpler storage 

and handling systems with no moving parts, thus reducing fabrication times and allowing 

for increased fabrication yields [12]. Solid propellants can be stored for longer periods 

before firing and require negligible pre-firing preparations. However, solid propellant 

actuators are one shot devices that lack restart ability. This limitation can be overcome by 

utilizing MEMS techniques for fabricating an array of multiple actuators. The technology 

of solid propellant and MEMS based actuators has widely been developed because of the 

areas of spacecraft and military. Solid propellants have been used in these areas for many 

applications requiring high thrusts such as in rockets for space travel and for attitude 

control systems in satellites [12, 18].  

 Over the last decade, solid propellants have been the first choice for the 

development of combustion based microactuators for use in smaller control vehicles 

which require less thrust levels from the propellant [19]. The same solid propellant based 

technology is used in our research to generate thrusts that are required to maintain control 

authority of smaller projectile. By reducing the size of actuators, control electronics and 

power supply, a complete control system can be fit into a projectile smaller than a soda 

can. Since the proposed microactuators have similar chemistry, components and designs 

as that of a solid propellant actuator, we begin our literature review with solid 

propellants, their current applications in microactuator technology and finally, determine 

the feasibility of using solid propellant microactuators for projectile maneuvering 

application.  
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 The goal of this literature review is to establish the feasibility of fabricating 

chemical microjet actuators that are capable of generating tens of Newtons of thrust with 

millisecond-scale rise and fall times. Solid propellants suitable for our application are 

surveyed and existing industrial based powder processing techniques are looked at to 

achieve repeatable performance. Finally, a review of current research in solid propellant 

microactuators is presented: Among these, Digital micropropulsion [20], Micropyros [21] 

and Gas generating actuators [19, 22] are looked at in detail to study their fabrication 

techniques, performance and testing of MEMS based microactuators. A review of the 

fabrication and processing techniques used to make solid fuel microactuators is presented 

in this chapter with the detailed fabrication of microactuators.  

2.1.1 Solid Propellant 

 Solid propellant forms an integral component of the proposed microactuator. It is 

the main source of chemical energy that is required to increase system pressure and 

convert pressure to mechanical actuation. Solid propellants are mixtures of fuel and 

oxidizer that are cast, hardened and stored in a combustion chamber until ignition. Upon 

ignition, a chemical reaction takes place between the fuel and oxidizer components of the 

propellant producing high temperature, low molecular weight gases. When these gases 

are made to flow through a constriction, such as a nozzle, the velocity of exhaust gases 

increases producing thrust. The use of solid propellant allows for the overall 

simplification of device fabrication, thereby eliminating the need for complex handling 

and storage systems such as microvalves and micropumps [17, 23]. It requires a fairly 

simple actuator system to operate and to produce good performance. It can be stored for 

long periods before firing and requires negligible pre-firing preparation. Hence, solid 
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propellant selection becomes a prime and important factor while optimizing the 

microactuator for its performance. This selection of a solid propellant depends on several 

of the following factors:  

• The propellant must be able to achieve desired performance for an application. 

• It must be easily available. 

• The hazards associated with propellant processing must be minimal. 

• It must be processible for both small scale and large scale operations with 

minimal powder processing requirements.  

• It must have the desired ballistic properties. 

• It must have satisfactory mechanical and thermal properties. 

• It must be capable of withstanding harsh environmental conditions. 

• It must be sensitive to electrical ignition. 

 Safety and availability of propellant are extremely important when choosing a 

propellant for microactuator application because most chemicals that meet the 

performance requirements are potentially lethal or government regulated. The propellant 

must be shock insensitive and friction insensitive as the actuator must be able to operate 

and survive in harsh environments. Since the main focus of this research is on electrical 

based actuation, the propellant must be sensitive to electrical ignition. Powder processing 

requirements must be minimal to achieve uniform and repeatable combustion rate from a 

propellant.  

 The performance characteristics such as combustion rate and specific impulse of 

the propellant play a significant role in determining the mechanical performance 

achievable by the microactuator. The combustion temperature and the reaction rate of the 
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propellant affect the performance of the actuator. The solid propellant must possess a low 

combustion temperature to speed up the combustion process and to minimize thermal 

crosstalk between adjacent microactuators when one or more actuators are fabricated on 

the same substrate. This minimization of crosstalk is essential to avoid inadvertent 

ignition of nearby devices and to achieve better control over jet production. Also, a lower 

combustion temperature allows for reaction controllability, which is necessary to ensure 

that the jet of released gases from the actuator is fired in the appropriate direction at the 

appropriate time. The reaction rate of the propellant affects the burn time of the 

propellant and the thrusts delivered thus, controlling the total impulse that can be 

delivered by the actuator.  

 Propellant performance is typically measured in terms of specific impulse and 

linear burn rate. Specific impulse is defined as the impulse delivered per unit weight of 

the propellant [23]. Solid propellants, when used in large scale thrusters are reported to 

achieve specific impulses of about 150 to 250 s [12, 24] and when used in small scale 

thrusters are reported to achieve specific impulses of 10 to 15 s. The linear burn rate of a 

propellant is defined as the regression rate of a combustion surface. Vieille and Piobert 

investigated combustion rate characteristics of propellants in the early 19th century [12] 

and reported that the propellant burn rate is proportional to the pressure at the combustion 

surface to some exponent according to: 

    r = aP
n       (1) 

In this equation, ‘r’ is the linear burn rate of solid propellant which is proportional to 

pressure at the combustion surface ‘P’ to some exponent ‘n’ and ‘a’ is the constant of 

proportionality. Both ‘a’ and ‘n’ depend on a particular propellant chemistry.  
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 Solid propellants are broadly classified into two categories: double base 

propellants and composite propellants. Double base propellants typically consist of a 

colloidal gel of two nitric esters: nitrocellulose and nitroglycerine. Composite propellants 

typically consist of a mixture of separate ingredients, some of which are oxygen rich and 

serve as oxidants, and others are oxygen deficient and serve as fuels.  

2.1.1.1 Double Base Propellants 

 A double base propellant consists of a homogeneous mixture of oxidizer and fuel 

components chemically linked together in a single mixture. The first double base 

propellant was developed in the form of smokeless gun powder by Vieille in 1886 [12] 

and has widely been used in ammunition since then. Smokeless gunpowder is made from 

a mixture of nitroglycerine and nitrocellulose with a typical mixture ratio of 1.24 with 

optional additives such as 10% diethylphthalate (DEP) added for stability [24]. This 

mixture has a solid density of 1.55 g/cc and achieves a maximum specific impulse of 240 

s at 10 MPa pressure with an adiabatic flame temperature of 2690˚K. The pressure 

exponent, ‘n’, reported for basic double base (DB) propellants is 0.62 across a range of 

mixtures, and the linear burn rates reported are approximately 0.7 mm/s at 2 atm, 2.2 

mm/s at 10 atm and 9 mm/s at 100 atm [24]. Double base propellants offer repeatable 

performance because of the possibility of controlling oxidizer and fuel compositions 

precisely [12]. Also, the performance of this fuel mixture can easily be varied by varying 

the ratio of nitrocellulose (NC) and nitroglycerine (NG) or by adding any additives to the 

mixture.  

 Nevertheless, there are certain limitations associated with using double base 

propellants in microactuators. They typically require very high temperatures to react. For 
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example, smokeless gun powder reacts at above 2500˚C. Because nitrocellulose is 

difficult to shape, often plasticizers such as tri-methylolethane trinitrate are added to the 

fuel mixture to be able to cast the propellant into a desired shape. They are often obtained 

commercially in a preset shape with specific composition or in the form of small pellets. 

Double base propellants are somewhat insensitive to hot wire ignition [25] and are 

difficult to detonate even when confined. Hence, often, a separate explosive charge is 

used along with the propellant to initiate the ignition process. Though, double base (DB) 

propellants are safe to handle with low risk of accidental misfires, there are certain health 

hazards associated with them. Exposure to a double base (DB) propellant may cause 

irritation of nose, mouth, lungs and skin or might result in a drop in blood pressure 

because of the presence of nitroglycerine.  

2.1.1.2 Composite Propellants 

 A composite propellant consists of a heterogeneous mixture of oxidizer and fuel 

components generally held together in a matrix using a binder [12, 24, 26]. The oxidizer 

component provides the necessary oxygen that is required for sustaining combustion 

reaction and is often the most important ingredient of the fuel mixture that controls 

combustion rate and performance of the fuel. In most composite propellants, oxidizer 

accounts for about 50-90% of weight of the whole mixture. Depending on the 

components and fuel composition used in the propellant mixture, composite propellants 

offer a wide range of performance in terms of burn rates and specific impulse. Hence, the 

performance, safety and availability of these fuels can easily be altered to meet the 

specific requirements at hand. Most composite propellants though, are less hazardous to 

manufacture and to handle than double base propellants, they require significant amount 
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of powder processing and preparation before being used. However, on microscales this 

can be taken to our advantage, as this provides us with an option of processing the fuel in 

lab allowing for finer control of propellant properties which is paramount for our 

application [22].  

 A composite propellant is typically manufactured by mixing a crystalline oxidizer 

with a viscous binder. The binder and oxidizer components are mechanically mixed 

together, cast and molded into a combustion chamber using a crosslinking agent. The 

mechanical mixing offers good contact between oxidizer particles and binder. The 

crosslinking agent helps in hardening the mixture in a desired shape. The most common 

oxidizers include perchlorates, chlorates and nitrates such as ammonium perchlorate and 

potassium nitrate and their properties are reported in Table 1. During combustion, the 

oxidizer component decomposes producing volatile oxidizing species which then mix 

with fuel component in a gas phase. The binder component in the propellant mixture is 

generally an organic, hydrocarbon chain that sometimes acts as a fuel source for 

combustion. Some of the commonly used binders in composite propellants are HTPB, 

CTPB, PU, PVC and PBAN. Upon ignition of the propellant, the binder pyrolyzes 

forming volatile fuel fragments that mix with the oxidizing species in gas phase.  

 The burn rate of composite propellants can often be improved by adding additives 

to the mixture. Most common additives reported in literature are metal fuels such as 

aluminum and magnesium. These metal fuels help in increasing the combustion reaction 

rate of composite propellant by increasing the heat generated within the fuel. A typical 

example of a composite propellant is a mixture of ammonium perchlorate and HTPB in a 

weight ratio of 86:14 [24]. For large scale combustion systems, this mixture has a specific 
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impulse of 250 s with an adiabatic flame temperature of 2890˚K. Performance of this 

mixture can further be increased by altering fuel composition, by adding additive 

components or by changing the particle size in the mixture. Among different solid 

propellants, as composite propellants are more suitable for our microactuator application, 

we look at several common composite propellant ingredients in detail in the following 

section.  

 The choice of a composite propellant ingredient for our research is highly dictated 

by the performance goals required from the propellant and the ease of availability of all 

the individual ingredients of the propellant. As composite propellants mainly require 

processibility on lab scale, all the ingredients should be readily available to be purchased 

in bulk quantities. Hence, the choice of right propellant, development of suitable 

processing techniques that could be workable with small quantities of fuel mixing and 

understanding how the propellant chemistries would affect performance enables for 

obtaining accurate and maximum performance from the solid propellant.  

 As composite propellants may often contain as much as 90% oxidizer, the 

characteristics of oxidant can therefore have a considerable influence on propellant 

properties [27]. Oxidizers that are used in this research include potassium chlorate, 

potassium perchlorate and ammonium perchlorate. The properties of these oxidizers are 

studied to understand the feasibility of using these fuels for microactuator application. 

For obtaining maximum performance from the microactuator, both uses and limitations 

of these propellants need to be considered. The safety of using these chemicals is 

surveyed and reported in Table 2. 
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  Table 1: Properties of solid propellant components [28, 29, 30] 

Ingredient Oxygen 
Balance % 

∆Hf [kJ/mol] Tu [ºK] Ρ [g/cc] 

Oxidizer 

KClO3 40 -391 688 2.32 

KClO4 46 -430 883 2.52 

NH4ClO4 34 -295 513 1.95 

Binder 
GAP -132 0.957 553 1.30 

Nitrocellulose -28.7 -2.61  1.67 

   

 

 

 Table 2: Survey of health and detonation risks of solid propellant formulations 

Propellant 
Ingredient 

MSDS Health Lethal Dose Detonation 

GAP 3 N/A Confined 

KClO3 3 1870 mg/kg Unconfined 

KClO4 2 N/A Confined 

NH4ClO4 2 N/A Confined 

  

 

 

Potassium Chlorate: Potassium chlorate is commonly used in pyrotechnic formulations 

such as safety matches, primers and flashes [27, 31]. Potassium chlorate combustions are 

often characterized by rapid burn rates, low ignition temperature and low temperature 

combustion propagation [27]. Potassium chlorate is obtained as a white powder with a 

density of 2.32 g/cc. It has a decomposition temperature of 673˚K with a heat of 

formation of -91 kJ/mol and a heat of decomposition of 50.7 kJ/mol [28]. Upon 

decomposition, KClO3 releases oxygen and potassium chloride according to the equation 

[27]:  
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    2 KClO3 � 2 KCl + 3 O2     (2) 

 Potassium chlorate (KClO3) is well suited for our application from a performance 

point of view. The rapid decomposition of KClO3 is a benefit to be used in applications 

that require short impulse durations. Potassium chlorate is promising for the application 

of microactuators because it can be mixed into formulations that are sensitive to electrical 

ignition, react at low temperatures and burn very rapidly. This is useful for applications 

requiring faster force rise times that may be unattainable with other propellants or for use 

as a primary explosive with propellants that are difficult to ignite. Also, because of its 

low reaction temperature, it can easily be ignited with a low energy ignition source which 

is one of the prime factors while designing our actuators. This would require less input 

energy needed from the electrical circuit, thus helping in reducing the overall physical 

size of the circuit.  

 However, potassium chlorate is less safe to work with than other oxidizers 

because of its high thermal and mechanical sensitivity. It is often prone to accidental 

detonation due to shock, impact, friction and heat [27, 32]. This sensitivity increases 

further in presence of fuel components such as sulfur or sulfides. Specifically, potassium 

chlorate-sulfur chemistries and potassium chlorate-sulfide chemistries react at 

approximately 480˚K. This property is useful for micro scale applications with large 

surface area to volume ratios because increased heat loss to the combustion chamber 

walls will reduce the temperature at the combustion surface. For comparison of the low-

temperature combustion performance, the temperature required to sustain propagation, 

Tsit, of a stoichiometric KClO3: sulfur mixture is approximately 480˚K, whereas the Tsit of 

black-powder is 1008˚K according to Henkin-McGill ignition data [33].  
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 With respect to safety, potassium chlorate is toxic when ingested, with a toxicity 

of rat oral 1870 mg/kg. It is a strong irritant to eyes, lungs, nose and skin possibly causing 

chemical burns. Precautions must be taken to mitigate the risks of personal injury in order 

to take advantage of the benefits of potassium chlorate. Appropriate ventilation and 

personal protection are required while handling potassium chlorate [32]. The safety of 

using potassium chlorate as an oxidizer is a liability for microactuator application. 

However, its sensitivity may be reduced by coating the propellant particles with viscous 

binders. 

 

Potassium Perchlorate: Potassium perchlorate is a much safer oxidizer than potassium 

chlorate and is widely used in applications of solid propellant rockets [12] and as a 

primary initiator [26]. It is an extremely versatile oxidizer that can easily be modified to 

achieve a broader range of burn rates. Potassium perchlorate is a white powder that can 

be obtained in several particle size ranges as small as 100s of microns. It is hygroscopic 

in nature with a density of 2.53 g/cc and contains about 46% oxygen by weight.  The heat 

of formation of KClO4 is -430.1 kJ/mol and the decomposition temperature is 853˚K. 

Upon decomposition, KClO4 releases oxygen according to the following equations [34]: 

                               KClO4    �         KClO3 + 0.5 O2                     (rate determining)     (3) 

                               KClO3    �         0.75 KClO4 + 0.25 KCl                         (rapid)      (4) 

 Potassium perchlorate produces a dense smoke when combusted as the product, 

KCl, condenses. The KCl products of combustion are heavy, reducing the impulse of 

propellants that use potassium perchlorate. The increased decomposition temperature of 

potassium perchlorate compared to potassium chlorate [34], suggests that more ignition 
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energy will be required to ignite potassium perchlorate formulations, but the increased 

oxygen content of potassium perchlorate will require less oxidizer, leaving room for more 

fuel in mixtures that use this oxidizer.  

 Many applications for KClO4 are reported in the literature ranging from rocket 

propellants [12], airbag formulations, squibs [27], and electric matches [26]. A wide 

range of burn rates are reported for perchlorate based mixtures with specific impulse 

ranging between 165 and 210 s [34] demonstrating that these propellants could be 

tailored to decompose in a timely manner. The performance of perchlorate based 

propellants can further be improved by adding dopants and fuel components. It has been 

demonstrated in [34], that KClO4 mixtures can be ignited using hot-wire ignition to 

obtain rapid burn rates by dissolving potassium perchlorate in aqueous solution along 

with cyano-metal complex fuels such as potassium ferricyanide or potassium 

cobaltocyanide [34, 35]. Other mixtures of potassium perchlorate have been 

demonstrated to be safe in everyday operation such as in automobile airbags where it is 

used along with sodium azide for rapid gas generation.  

 As potassium perchlorate is hygroscopic in nature, i.e., it attracts moisture, 

controlled powder processing required for use of potassium perchlorate increases the 

difficulty with producing reliable performance. Processing of perchlorate based fuels 

require additional steps such as grinding, sorting and drying to control the particle size 

and moisture content in the fuel. However, the advantages of using potassium perchlorate 

in a composite propellant includes safety to the user, availability of the material, 

demonstrated sensitivity to electrical ignition, high burn rates, and specific impulse of 
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optimized mixtures. Potassium perchlorate is reported as a skin, eye and lung irritant and 

hence, requires proper ventilation and personal protection during its handling [36].  

 

Ammonium Perchlorate: Ammonium perchlorate (NH4ClO4) is one of the most widely 

used oxidizers in solid composite propellants. One main application of ammonium 

perchlorate is in solid rocket propellant formulations. Ammonium perchlorate is obtained 

as a white crystalline powder that is stable at room temperature. It has a density of 1.95 

g/cc and contains 54.5% by weight of oxygen. The heat of formation of NH4ClO4 is -295 

kJ/mol. The thermal decomposition of ammonium perchlorate is more complex and has 

been reported by Dode and by Birchumshaw and Newman [37]. The decomposition of 

ammonium perchlorate starts in the neighborhood of 200˚C and is still slow enough to 

measure at 490˚C. At temperatures below 300˚C the major products of decomposition are 

indicated by the equation [38]:  

                         4 NH4ClO4   �   2 Cl2+ 3 O2 + 8 H2O + 2 N2O  (5) 

At temperatures above 350˚C, the following equation is more representative of the 

products: 

   2 NH4ClO4    �  4 H2O + Cl2 + O2 + 2 NO   (6) 

 Compared to potassium perchlorate, ammonium perchlorate reacts slower, reacts 

at a lower combustion temperature and requires significant shock to detonate making it 

much safer to handle than any of the previously discussed oxidizers. Though ammonium 

perchlorate offers the benefit of increased safety, its slow burn rate and high sensitivity to 

impurities makes it difficult to be used for applications requiring precise time control 

from the fuel mixture. Typical specific impulse of ammonium perchlorate based fuels 
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range from 175 to 250 s [12]. Because of its hygroscopic nature, it requires additional 

processing techniques like grinding, sorting and drying in order to control particle size 

and moisture content within the fuel.  

 On a small scale, ammonium perchlorate is mixed with binders such as hydroxyl-

terminated poly-butadiene (HTPB) to achieve higher impulse and burn rates. HTPB not 

only acts as a fuel component but it also acts as a binder. Alternatively, ammonium 

perchlorate is mixed with glycidyl azide polymer (GAP), which is an energetic polymer 

to achieve higher specific impulse. Additional metal fuels such as aluminum, increases 

the specific impulse of the fuel mixture and additives such as ferric oxide or titanium 

dioxide are used to finely control the burn rate of these solid propellants. The wide use of 

ammonium perchlorate in large scale solid rocket motor industry demonstrates that it is 

safe to process on large scales, exhibits reliable performance when properly processed 

and can be used in formulations where maximum impulse is desired from a solid 

propellant.  

 Ammonium perchlorate based fuels offer more safety and availability when 

compared to other mentioned oxidizers. It has also been demonstrated as being sensitive 

to electrical ignition on small scales. No toxicology data is reported for ammonium 

perchlorate, but it is listed as a skin, eye, and lung irritant, requiring proper ventilation 

and personal protection during its handling [39].  

 

Glycidyl Azide Polymer: One azide of interest for small scale gas generation 

applications is glycidyl azide polymer (GAP). GAP is a homogeneous polymer propellant 

that requires no propellant processing and could single handedly function as an oxidizer 
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or a fuel component. GAP (C3H5ON3) is a liquid at room temperature, in a prepolymer 

form. It is polymerized to form a copolymer by reacting the terminal -OH groups with 

hexamethylene diisocyanate and crosslinked with tri-methylolpropane [24]. Because it is 

a liquid that can be hardened with the addition of a curing agent, it could readily be 

dispensed into combustion chambers, eliminating the need for presses and molds to form 

solid propellant grains. Cross-linked GAP has an adiabatic flame temperature of 1370˚K 

at 5 MPa. The linear burn rate of GAP is 10 mm/s at 5 MPa with a reported specific 

impulse of 150 s [24]. It has a pressure exponent of 0.44. With respect to safety, GAP is 

reported to be a skin, eye and lung irritant but no lethal doses are reported [40]. GAP is a 

mass fire hazard when unconfined and an explosive hazard when confined or when 

shocked [40]. It is generally available from specialty chemical suppliers in diluted form 

with 60% solvent by weight. 

2.1.2 Powder Processing 

 Composite propellant offers a good choice for obtaining wide range of 

performance characteristics from a propellant fuel. It can easily be processed to obtain 

good performance by altering the composition of each ingredient in the propellant and by 

using proper processing techniques. Processing of the propellant is the most important 

step that is required in order to achieve consistent burn rates, consistent particle sizes and 

consistent specific impulse from the propellant [41]. Raw material processing proves to 

be an important factor in not only achieving high burn rates and impulse from the 

propellant, but also in maintaining the consistency between batches of mixed propellant 

formulations. In this section, we try to survey the standard practices that are followed in 

industry while producing solid composite propellants. These practices help in achieving 
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uniform fuel compositions which result in obtaining consistent performance from the 

propellant.  

 The different unit operations used for processing industrial based solid propellant 

are shown in the flow chart mentioned in Figure 2 [34, 22]. These unit operations help in 

creating a void free propellant mixture and control the amount of moisture absorption in 

dry powders. The common unit operations involved in powder processing include 

grinding, classifying, drying, mixing, casting, curing and finishing. Following are the 

steps used in industrial preparation of solid propellants: 

1. Grind individual ingredients separately. 

2. Sort all the ingredients by size. 

3. Dry all the separated ingredients. 

4. Mix ingredients using a viscous binder. 

5. Cast uncured propellant into combustion chambers. 

6. Cure the propellant in the chamber. 
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  Figure 2: Industrial solid propellant processing flow chart [34, 22] 
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 It is reported in [41] that the particle size strongly affects the burn rate of the 

propellant. Also, variations in propellant particle size affect the loading density of the 

propellant. Hence, the first two steps of processing i.e., grinding and sorting play a prime 

role in powder processing. They enable repeatable performance of the fuel by ensuring 

that the powder particle size is consistent. Grinding increases the active area of propellant 

grain which helps in increasing the burn rate of propellant. The reduced particle size also 

increases the low-pressure burn rate of solid propellant [41].  

 Equipments such as micro pulverizer and ball mills are generally used for 

grinding [27]. A micro pulverizer is an impact mill suitable for size reduction of a wide 

range of solids. It consists of a high speed rotor revolving inside a grinding chamber with 

hammers pivoted into a series of rotor disks. The particles of feed entering the grinding 

zone are sucked into the chamber and are subjected to a grinding force due to the high 

speed hammers. Based on the speed of rotation, the type of hammers and screens 

employed, different grades of fineness could be achieved. The rate of feed also plays an 

important role in determining the final mesh size of the powder. Ball mills are also used 

for grinding purposes, but it is considered more time consuming and dangerous than 

pulverizers.  

 After grinding and sorting, the next step in powder processing is drying of sorted 

ingredients. As most of the components used in composite propellants are hygroscopic in 

nature, they absorb moisture at room temperature. This moisture has a drastic effect on 

the performance of the propellant because then, more combustion energy is wasted in 

heating up inert materials. The standard procedure for processing inorganic oxidizers is to 

grind and dry no more than two days before use and then dry again [27].  



 30 

 The next step in propellant processing is mixing of the dried ingredients. The goal 

of mixing is to produce a uniform and void free solid dispersion of solid particles in a 

binder. Presence of voids and instabilities in mixing ratios of propellants ultimately result 

in instabilities in combustion. Often, a de-aeration step is performed to minimize the 

voids in the mixture. A screw conveyor is generally used for mixing purposes.  

 The filling and casting processes are used to set the propellant into its final, usable 

form [41]. As all the ingredients are held together during this operation, extreme care 

must be taken to avoid accidental misfires. Any small mechanical force such as static, 

friction or shock might lead to accidental ignition of the mixed propellant. Industrial 

standard for casting is to press the propellant and let it granulate in a desired shape. 

2.1.3 Propellant Ignition Sources 

 Ignition of solid propellants is a series of complex processes. The production of 

ignition energy from an ignition source, the transfer of energy to the propellant grain, 

decomposition of propellant to yield gaseous intermediates and finally, exothermic 

reaction of these intermediates to provide feedback of energy to the propellant surface are 

all involved. The concept of ignition and the design of a good ignition source that can 

supply the required ignition energy play a significant role in the overall fabrication of the 

actuators [22].  

 In this section, we discuss the different electrical based ignition mechanisms that 

are currently used in the ignition of solid propellants and which could be applied for 

micro scale fuel ignition. Then, we propose a new electrical based ignition concept that is 

used in this research work. Electrical based ignition adds energy electrically to the 

propellant. The most common electrical based ignition of solid propellant is by resistive 
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ignition of fuel. An electrically conductive material such as an igniter or a bridge wire is 

placed in contact with the propellant. When an external electrical energy is supplied to 

the igniter, the temperature of the igniter element increases and heats the propellant 

grains in contact with it [22]. Once the decomposition temperature of the fuel is reached, 

it combusts. The material used for fabricating the igniter and the physical dimensions of 

the igniter play a significant role in this type of ignition.  

 The second type of electrical based ignition is electro-thermal ignition. An 

electro-thermal arc jet system consists of an anode and a cathode between which the 

propellant is placed [38]. When sufficient electrical energy is supplied to the system, an 

electric arc is passed through the propellant. The propellant gas is energized and is 

allowed to expand through an aerodynamic nozzle and generate thrust. However, this 

ignition concept is highly limited by the size of the system as the electrical energy 

required would strongly depend on the distance between the electrodes. For large scale 

systems, the voltage required for ignition would be several 1000s of volts which makes 

this highly impractical on these size scales. However, at small scales, this concept could 

be practical. The very high temperatures in the arc chamber plus electrode erosion are 

concerns that need to be addressed with this type of ignition.  

 Another type of electro-thermal device is a “resisto jet” which operates by passing 

a gas through a resistively heated coil. Electrostatic ignition is another type of ignition 

which uses a heated cathode filament to generate a copious supply of electrons. A voltage 

is applied between the engine chamber walls (the anode) and the cathode. A propellant 

vapor such as mercury or cesium is introduced into the chamber, whereupon the gas 

molecules are bombarded by the electrons which are trying to reach the walls. The ions 
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produced by the bombardment of atoms by electrons, are then extracted from the plasma 

by an electric field set up between a set of parallel electrodes downstream from the gas. 

Electrons are then added to the accelerated beam to keep the gas electrically neutral [38].  

 In our research, we propose a new concept of electro-thermal ignition where 

electrical current is directly passed through an energetic propellant by making the 

propellant itself conductive. This is achieved by adding conductive dopants to the 

propellant [42, 13, 14]. The conductive propellant is then placed between two electrodes 

and a direct current is supplied to the propellant. When sufficient electrical energy is 

supplied to the conductive fuel, the temperature of the fuel increases until the fuel reaches 

its decomposition temperature. The heat dissipated by the resistance of the fuel itself 

causes ignition and the released gases are then expanded though a nozzle to generate 

thrust. With this concept, as the entire fuel residing between the electrodes is conductive, 

heat transfer from one propellant grain to another is almost instantaneous, thus making 

the ignition process of the fuel rapid. However, with this concept, propellant ignition 

becomes strongly dependant on the resistance of the fuel and the energy supplied from 

the electrical energy source [42].  

2.1.4 Solid Propellant Microactuators 

 The previous sections covered the types of propellants and types of ignition 

mechanisms that are compatible for developing chemical based microactuators. With the 

advances in MEMS based fabrication techniques, several solid propellant based 

microactuators are developed and reported in the literature [20, 21, 22, 42, 43, 44]. These 

microactuators are developed for specific applications such as attitude control of small 

scale spacecrafts and as one time flight, millimeter scale rockets in order to maximize 
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thrust capabilities. 

 This section looks in detail at some of the solid propellant based microactuators 

reported in the literature, their basic concept of ignition, fabrication techniques used, the 

obtained performance and the specific applications for which they are developed. Some 

of the microactuators that are investigated in detail in this literature review are the solid 

propellant microactuators developed by a group in Caltech [20] for kilogram-scale 

satellite station keeping applications, microthrusters developed under the name of 

Micropyros at LAAS CNRS in Toulouse [21] and finally, Gas generating actuators 

developed in our group (MSMA) for projectile steering applications [22].  

 All the microactuators mentioned in the literature have a common basic 

configuration, i.e., they are generally made as a three-layer configuration: a micro 

machined combustion chamber in which the solid propellant is stored, an ignition means 

such as a hot wire or an igniter and a nozzle attached to the chamber. Ignition occurs 

when sufficient electrical energy is supplied to the propellant using an igniter by means 

of resistive heating. The solid propellant combusts and the gases released during 

combustion then travel though the length of the nozzle to deliver desired thrusts and 

impulse. These microactuators form the basis for our research work as they validate the 

feasibility of using solid propellants to generate forces on microscale. Both advantages 

and limitations of these microactuators are discussed in this section and the need for a 

new ignition concept is mentioned. 

2.1.4.1 Digital Micropropulsion 

 Digital micropropulsion actuators [20, 45] are developed in a collaboration 

between the California Institute of Technology, TRW space and technology group, and 
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Aerospace Corporation. These actuators are developed for applications of micro 

spacecraft such as high accuracy station keeping and attitude control of small satellites. 

This research work focused at developing propulsion systems that deliver extremely 

small and accurate impulse bits, on the order of 10-4 to 10-6 N-s. 

 These actuators are made using MEMS technologies as a three-layer sandwich 

configuration consisting of a top silicon wafer containing burstable diaphragms, a middle 

glass layer containing propellant chambers, and a bottom silicon wafer containing 

initiators. The chamber is filled with a combustible propellant that can be ignited to form 

high pressure, high temperature fluid. Once the pressure inside the chamber exceeds the 

burst pressure of the diaphragm, the diaphragm ruptures, and an impulse is delivered as a 

fluidic jet is expelled from the plenum. The top layer consisting of an array of thin square 

diaphragms is patterned using a <100> silicon wafer which is anisotropically etched 

using KOH solution to a certain thickness followed by the deposition of 0.5 µm thick 

silicon nitride. The middle layer consists of an array of through-holes in 1.5 mm thick 

glass with varying diameter holes. The bottom layer contains a matching array of poly 

silicon micro-resistors fabricated on top of a 3 µm SiO2 insulating layer. The fabrication 

assembly process starts by bonding the bottom two layers using cyano-acrylate, then the 

chambers are filled with lead styphnate propellant and the top layer is then bonded again 

using cyano-acrylate to complete the process. As the bottom layer of these actuators is 

fabricated using standard CMOS processes, control electronics are incorporated into this 

layer. Using this fabrication process, a completed chip with an array of microactuators is 

demonstrated.  

 The performance of these actuators is measured in terms of impulse, time of 
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propulsion and average forces delivered. The test stand used for this purpose consists of a 

pendulum stand, a laser interferometer to measure the displacement history of the 

ballistic pendulum, an eddy current damper to rapidly restore the pendulum to quiescence 

after each test, and a wireless infra-red data link to communicate with the thrust-initiation 

electronics. A high speed camera records the combustion event at 40,500 frames per 

second and a video records the combustion time of the event. When the resistance of the 

polysilicon igniter is 210 Ω and when a voltage of 100 V is applied for 50 µs, the lead 

styphnate propellant occupying a volume of 0.29 mm3 delivered 10-4 Ns of impulse and 

100 watts of power. The duration of the thrust is measured to be 1 ms. However, by 

performing some thermo-chemistry calculations, they observed that not all the propellant 

was consumed during combustion, and in fact, only 10% of the propellant residing in the 

chamber was used to produce thrust.  

 These actuators successfully demonstrate the use of solid propellant 

microactuators for generating chemical jets that deliver impulse with millisecond 

duration times. However, several issues need to be addressed before these actuators could 

be used for the projectile maneuvering application mentioned in Section 5.1.6. First of 

all, the combustion durations of these actuators are well over the 0.4 ms control time 

allotted to control a projectile spinning at 600 Hz. In the time scales mentioned, the 

ignition delay times are not accounted for and these times must be addressed with the 

ignition electronics. The impulse delivered by these actuators is much smaller than 

required, but this can easily be addressed by increasing the volume of the propellant used. 

The microactuators mentioned in this research are made out of silicon. Though the 

fabrication techniques used allow for easy integration with electronics, silicon is brittle 
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and highly susceptible to fracture under high loads. It might not survive under the high-g 

launch that is common during projectile maneuvering, as discussed in Section 5.1.6. For 

the application of a high-g load launch of a projectile, more robust materials and solid 

propellants that could withstand high shock are needed.  

2.1.4.2 Micropyros 

 The solid propellant microactuators developed under the name “Micropyros” by 

the group LAAS-CNRS in collaboration with CNES offered highly accurate impulses for 

space applications such as station keeping, orbital control and other mechanical 

operations like panel deployment and spacecraft separation [21]. This group published 

many papers in this area and is one of the major contributors for the developments taking 

place in the solid propellant microspacecraft area. They developed a design concept, 

several fabrication techniques for making the microactuators and tested the actuators for 

their performance. They also developed modeling techniques to predict the behavior of 

the actuators and to optimize the devices to satisfy specific application needs. This 

literature offers a complete study for the microactuator design and presents a predictive 

model for unsteady state gas flow inside the microthruster and subsonic flow of released 

jet through a nozzle. 

 Literature on micropyros is first presented in 1998 [46, 47] and future work is 

updated in [16, 49, 50]. Like digital micropropulsion actuators, MEMS-based fabrication 

techniques are used for fabricating micropyros. They have the same concept of ignition as 

digital actuators, where a polysilicon igniter is used as a resistive heating element to 

ignite fuel. The microthrusters are made as a configuration of three parts: the first part 

consists of an array of silicon micromachined igniters where a polysilicon resistor is 



 37 

deposited onto a very thin dielectric membrane. This igniter section consists of patterned 

heaters and also functions as exhaust holes for combustion gases. Igniters are fabricated 

by depositing polysilicon using LPCVD on a (100) silicon wafer, and patterned using 

RIE plasma. The electrical pads and supply lines are patterned in gold using a liftoff 

technique followed by anisotropic etching of silicon. The second part consists of an array 

of propulsion tanks that are fabricated in materials like quartz, ceramic, alumina or a 

thick silicon substrate. The use of ceramic or quartz is advantageous when compared to 

silicon because they allow for minimization of thermal losses though the walls because of 

their relatively low thermal conductivity. The third layer consists of an array of nozzles 

added on top of the structure. Glycidyl azide polymer (GAP) is used as the choice of 

propellant in these actuators. In their early devices, GAP mixture is procured as a thick 

film before deposition. However, in their advanced research, more efficient propellant 

handling and filling processes are developed. The viscous propellant is injected into the 

chamber using vacuum injection to obtain cavity-free propellant. A masking layer on top 

of the substrate is used to control the areas affected by the propellant flow. Once the 

chambers are filled with propellant, it is allowed to cure at temperatures that make the 

propellant solid. Once the propellant is cured, epoxy is used to seal the bases of the 

combustion chambers. One significant difference between the digital propulsion actuators 

and micropyros is the diverging nozzles used in the latter to exhaust the combustion 

products. Also, the igniter position is altered to study its effect on ignition. So, these 

actuators have more control variables in terms of device parameters than the digital 

propulsion devices. Efforts are also made in this research work to use ammonium 

perchlorate (AP) based composite solid propellants that are more insensitive to shock.  
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 The initial results of testing showed the electrical parameters required for ignition, 

times associated with ignition, temperature profile and energy requirements of the 

microactuator. When a polysilicon igniter is used, power inputs of 52 mW are measured 

for a 290˚C igniter [47]. This showed a major improvement with respect to input power 

when compared to the input power required by digital micropropulsion actuators. For 

polysilicon igniters with dimensions of 2 mm x 0.1 mm, ignition occurred when an input 

power of 0.5 to 7.5 mW/m2, which corresponds to 0.1 to 1.5 W, is supplied. This 

variation is because of the location of the igniter and how well the igniter is placed in 

contact with the propellant. They have also studied the effect of conduction and 

convection losses when the initiator comes in contact with a dielectric membrane, air and 

with fuel. The heat losses from the microheater are accounted at 75% at 400˚C when it 

comes in contact with air. When air is replaced with GAP fuel mixture and the igniter is 

completely submerged in the fuel, the heat transfer from the igniter is limited to the fuel 

and any losses in input energy are minimized as all the input energy is used to heat the 

propellant.  The delay times associated with ignition are measured to be dependent on 

the input power. For example, for the same igniter properties, an ignition delay of about 1 

s is observed when the input power is 100 mW and is reduced to 11 ms when the input 

power is increased to 1.5 W. Though these ignition delays are much larger than the ones 

proposed by digital micropropulsion devices, they would be allowable for our application 

as long as they can be addressed and programmed using the control electronics and the 

jitter associated with the delay times from device to device is less than the 0.4 ms 

actuation time that is required for controlling the maneuvering of a 25 mm projectile. The 

effect of varying the igniter area on the ignition process is also studied. As the ratio of 
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igniter to substrate area is increased, the steady state temperature decreased for a constant 

input power. This decrease is explained by increased convection effects from larger area 

igniters. These experiments highlighted the tradeoffs necessary with respect to the igniter 

design.  

 The effect of chamber geometry, nozzle geometry and solid propellant 

composition is studied using a transient heat transfer model [48, 49]. Initial studies 

computed the time and one-dimensional spatial evolution of gas flow through a nozzle 

[48]. The flow of gases is simulated in three separate regions: chamber, throat and nozzle 

and as two time periods: steady and unsteady. Several valid assumptions are made during 

modeling. Combustion products are assumed to be single phase, ideal gases with uniform 

temperature, pressure and density. Chamber walls are assumed to be adiabatic so that the 

heat losses from the system are minimal. Finally, the flow of gases through the nozzle is 

assumed to be subsonic and inviscid. The unsteady state time period increased with an 

increase in the diverging length of the nozzle. The unsteady state chamber pressures and 

mass flow through the nozzle values are twice that of steady state values. It is observed 

that chamber to throat area ratios in excess of 10 produced supersonic exhaust velocities 

in the diverging section of the nozzle and with an increase in chamber to throat area ratios 

the thrusts delivered increases. The expansion behavior of released gases is studied for 

GAP propellants for various divergence angles and lengths of the nozzle. Using these 

simulations, steady state thrusts delivered are measured to be between 5 mN and 75 mN. 

 The next modeling done [49] is focused at developing a simple and predictive 

compact model that could be adapted to several microthruster conditions. This is based 

on a one-dimensional, lumped parameter approach that adapted similar assumptions as 
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the previous model, except this model allowed for isentropic and supersonic nozzle flow 

of released gases and accounted for heat losses from the chamber walls. The model 

studies the unsteady state behavior of pressure, temperature, gas density, exhaust velocity 

and mass flow and predicts the effect of heat losses, thrusts generated and impulse 

delivered from these devices. In the absence of any heat losses from the combustion 

chamber, the adiabatic combustion temperature is calculated to be 2000˚K at 0.15 s, 

chamber pressure remained constant at 5 bar and a thrust of 3 mN is delivered. In the 

presence of heat losses, the adiabatic combustion temperature is slightly less than 2000˚K 

at 0.15 s which eventually dropped to about 1650˚K. The chamber pressure also 

decreased by about 7% and the thrust delivered is measured to be 2.6 mN. The optimum 

impulse is measured to be 1.39 mNs at a nozzle exit to throat area ratio of 1.3. Then, 

efforts are made to study the effect of nozzle length on performance and it is reported that 

the nozzle diverging length is not significant at these microcombustor scales when the 

released jet is exhausted into atmosphere. The model is then applied to the 

microcombustor geometry developed by Rossi et al., [12] and the predicted performance 

values are obtained. For a chamber to throat area of 60, the chamber pressure reached 5 

bar and thrust of 4.8 mN is delivered in a time scale of 180 ms and remained constant for 

250 ms. Impulse delivered at these ratios is measured to be 1.2 mNs. When the chamber 

to throat area is reduced to 16, the chamber pressures reached 1.6 bars in 200 ms. The 

thrust achieved is 1.7 mN at 200 ms and remained constant for 350 ms. The steady state 

portion of combustion delivered an impulse of 0.6 mNs. Next, efforts are made to 

experimentally measure the performance of the devices and validate the results obtained 

from the previous predictive model. A thrust stand is put together for measuring the 
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thrusts delivered in 0.3 to 30 mN range [50]. A thruster chamber with 4 mm in diameter 

is filled with propellant and the thrust delivered is measured to be 0.5 mN for 7 s [48].  

 The micropyros discussed so far demonstrated that solid propellant 

microactuators can successfully be fabricated to operate at much lower power inputs and 

may be feasible to be used for projectile maneuvering applications. However, the delay 

times associated with ignition by means of an igniter still needs to be addressed. These 

actuators also demonstrated the use of less sensitive composite solid propellants that 

withstand shock detonation than lead styphnate used by digital micropropulsion devices 

and this proves to be valuable information while choosing the propellant for our high g-

launch applications. However, like digital micropropulsion actuators these thrusters use 

silicon based materials and fabrication techniques for device manufacturing. This does 

not lend itself to high-g load environments such as munitions launch and needs to be 

addressed in our research.  

2.1.4.3 Gas Generation Actuators 

 The above mentioned actuators formed the basis for the research performed in our 

group, Micro Sensors and Micro Actuators (MSMA) at Georgia Tech. Previous work of 

our group focused on developing solid propellant microactuators for the specific 

applications of gas generation and projectile maneuvering [13, 14, 19, 22, 42]. For this 

work, the research done by above mentioned groups proved as a stepping stone in 

designing the research goals and further attempts are made to address several of the 

issues mentioned in the last two sections. English [22] worked towards developing gas 

generation microactuators using fabrication techniques other than conventional MEMS 

fabrication techniques and materials that are more thermally and mechanically stable than 
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silicon. The preliminary research done in this direction is presented in [19] where large 

arrays of high power, short duration microactuators are realized and implemented for the 

flight control and course correction of a 40 mm diameter gun-launched projectile.  

 Gas generation actuators are conceptually similar to previously mentioned 

micropyros in that solid fuel is ignited using a resistive heating element as an ignition 

source, combusted within a combustion chamber and the released gases are then 

exhausted through a nozzle. However, unlike the previously developed microactuators, 

GGAs are designed to operate in atmospheric conditions and can take advantage of flow-

control techniques in which the generated gas can interact with embedded flow 

surrounding the moving projectile to produce larger forces [22]. The GGAs are tested on 

a gun launched projectile platform with a spin rate of 60 Hz. Robust materials and new 

fabrication techniques are used in the fabrication of GGAs. Design of the igniters is 

optimized so as to create a larger combustion front, thereby generating larger forces in 

shorter times. This research work focused towards developing combustors with simpler 

fabrication techniques, using robust materials that can withstand 10g-launching loads, 

ability to fabricate an array of single shot disposable actuators that operate at low input 

ignition power and that generate rapid rise and fall force times with less than 4 ms total 

burn time. They demonstrated the fabrication of an array of 16 combustors aligned 

radially in a 30 mm inner diameter disk using laser micromachining and laser fabrication 

techniques each with a volume of 3.3 mm3. Testing has shown that a combustor chamber 

with a volume of 3.3 mm3 filled with polymeric GAP fuel produced impulses of 1 +/- 

0.22 N-ms and a peak force of 250 mN. The ignition delay times are measured to be 4.3 

+/- 0.3 ms and the combustion duration is measured to be 3.7 +/- 1 ms. Even though the 
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impulse delivered from these devices is much less than the required impulse for steering a 

smaller projectile, in further testing, it is shown that the impulse can easily be amplified 

by increasing the chamber volume and changing the propellant [22]. The ignition delay 

times are successfully accounted for with the control electronics so that the only times 

associated with the actuators are the combustion times and duration of the jets. A portable 

electrical setup is successfully demonstrated so as to deliver 250 mJ required for ignition. 

These actuators are reported to successfully meet the requirements for a 50 mm projectile 

in terms of the impulse delivered, thrusts generated and the duration of the jets. Even 

though there is a large improvement with respect to decreasing the burn times when 

compared to the microactuators discussed in the previous sections, the times obtained are 

not yet sufficient to be used for the application of spinning a smaller projectile at 600 Hz.  

 The work reported in this thesis is an extension to the GGA work performed in 

our lab previously. All the above mentioned microactuators helped us in identifying the 

probable limitations or issues that we might face while developing chemical based 

microactuators and utilizing them for a specific application. Hence, efforts are made to 

improvise on the solid propellant microactuators so that they can successfully be used for 

spinning a smaller projectile at 600 Hz. As mentioned in Section 5.1.6, for this case, the 

overall burn times need to be less than 0.4 ms and to achieve these time scales, a new 

ignition concept of instantaneous fuel ignition is proposed. The same fabrication 

techniques mentioned in GGA fabrication are utilized in this work for fabricating 

conductive fuel microactuators. The same basic fuel ingredients used in GGAs are used 

in this research, but the fuel ingredients and compositions are modified to meet the 

requirements at hand.  
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2.2 Physical based Microactuators 

 In this work, we present a microjet-based approach to skin ablation that generates 

micron-scale holes localized to the stratum corneum to increase skin permeability to drug 

molecules by some order of magnitude. This approach involves using thermal and 

mechanical ablation concepts individually and as a combination to achieve superior 

results. By using thermo-mechanical microjets that are generated from the microactuator, 

we are able to contact the skin for just microseconds and in that way, effectively localize 

effects to the stratum corneum [51]. This thermo-mechanical ablation method is carried 

out by accelerating a microfluidic jet of vapor, and possibly liquid, from an array of 

microchambers with nozzles. These microactuators utilize the concept of electro-thermal 

ignition for micro-jet generation. An electro-thermal arc jet system consists of an anode 

and a cathode between which the propellant is placed. A microjet of the propellant is 

ejected when an arc is driven electrically across the propellant positioned between the 

two electrodes within the chamber. Formulations are water based and use FDA approved 

excipients. The microactuator device is characterized in terms of duration and thrusts 

delivered by the jet for various propellants.  

 Thermo-mechanical based ablation focuses on exposing skin’s surface directly to 

the released jet. Hence, both temperature and velocity of the jet contributes towards 

creating micro-pores in skin. Thermal based ablation focuses on exposing skin surface to 

the jet indirectly using a masking system that helps in isolating the thermal and 

mechanical effects of the jet. The mask allows for using only the temperature of the jet 

for treating skin. For both concepts, the achieved permeability of skin is measured and 

compared to a control. The treated skin surface is studied using skin histology 
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experiments.  

2.2.1 Transdermal Drug Delivery 

 From the beginning of drug delivery research, constant efforts are being made to 

find ways to enhance drug absorption into the body to improve efficiency of treatment 

and to reduce the toxicities associated with therapy. Common sites of drug administration 

include the eye, skin, nasal cavity, mouth, intestines and other parentheral routes such as 

intravenous, intramuscular, intraperitoneal and subcutaneous [52]. Each site or route of 

application presents biological barriers to the delivery of drugs. These barriers function in 

a physical, chemical, biological or combinatorial fashion [52, 53] depending on the 

specific mode and site of application of a given drug delivery system. In general, 

biological barriers are site specific and depend on the histological organization of the 

specific site. 

 Among the different biological barriers, the potential of using skin as a drug 

delivery path has attracted significant interest in the recent years. Even though skin is 

viewed as an impermeable barrier that offers protection against the entry of foreign 

agents into the body, intact skin can be used as a port for topical or continuous and 

systematic drug delivery. For topical drug delivery, skin is the prime target site for 

medication and for systematic drug delivery, skin is just used as a route of administration 

for delivery of drug via transdermal patches. The main advantage of using transdermal 

patches is that the drug can directly be entered into the body undistorted without having 

to pass through the body’s various defense systems. It also circumvents other issues like 

enzymatic degradation, poor intestinal absorption and first-pass liver effects associated 

with oral drug delivery and the pain and inconvenience associated with intravenous 
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injections. 

 Transdermal drug delivery also readily lends itself to sustained or modulated 

delivery from a passive or active patch, in contrast to conventional methods that deliver a 

large, discrete bolus. However, transdermal drug delivery has its own limitations mainly 

because, the stratum corneum layer of skin, which is responsible for skin’s 

impermeability, is well known for its function as a protective barrier [54]. It prevents the 

diffusion of potentially toxic chemicals from the external environment into the body as 

well as the loss of physiologically essential substances from the body. Generally, the 

stratum corneum layer is only permeable to small and lipophilic molecules limiting 

transdermal delivery to a small group of drugs that share a narrow set of common 

characteristics. Successful transdermal drugs so far, are low molecular weight (< 500 

Da), have an octanol-water partition coefficient much greater than one, require low doses 

and cause little or no skin irritation. Thus, in order to expand the range of molecules that 

could be delivered via transdermal delivery, several enhancement techniques are 

developed. These enhancement techniques not only reduce the resistance of skin to drug 

delivery, but they also control the reversibility and safety associated with drug delivery. 

Several enhancement techniques are looked at in detail and reported in [15, 55]. 

2.2.1.1 Skin Anatomy 

 As mentioned in Section 2.2.1, as skin’s main barrier properties arise because of 

its physical structure, we look at the detailed skin’s anatomy in this section. For drug 

delivery through skin via transdermal patches, the extent of delivery is limited by the 

dense tissue and the size of drug molecules. The enhancement techniques developed for 

transdermal drug delivery often make the delivery process independent of the size of the 
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drug molecule. Nevertheless, skin’s barrier properties still pose a challenge; less from a 

chemical perspective, but instead from a mechanical perspective. This section details the 

overview of skin anatomy, its mechanical and thermal properties that are relevant for 

drug delivery enhancement.  

 The skin is the largest organ of the human body. It forms a continuous external 

surface of the body which varies in thickness, color and presence of glands at different 

regions. Despite these variations, all types of skin have the same basic structure. It is 

composed of an outer epidermis, an inner dermis and an underlying subdermal tissue. 

The epidermis comprises of several physiologically active epidermal tissues and the 

physiologically inactive stratum corneum [52]. The epidermis is approximately 50-150 

µm thick and consists largely of constantly renewing, outward moving cells called 

keratinocytes in the physically active tissue. Other cell types in the epidermis include 

melanocytes, Merkel cells and Langerhans cells. The entire epidermis is avascular and is 

supported by the underlying dermis. The outermost layer of the epidermis is the stratum 

corneum, a 10-20 µm thick layer of densely packed, dead, flattened, and metabolically 

inactive, cornified cells. As most of the epidermal mass is concentrated in the stratum 

corneum, it forms the principal barrier to the penetration of drugs [56]. This stratum 

corneum barrier layer is packed with hexagonal cells providing a large surface area with 

least mass. The intercellular spaces of stratum corneum are filled with multiple, broad 

lamellae whose lipids are composed of ceramides, cholesterol and free fatty acids in 

approximately equal proportions. The morphology of these lipids plays an important role 

in the barrier functions provided by the stratum corneum. A basement membrane 

separates the epidermis and dermis layers. The dermis represents the bulk of skin and is 
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composed of loose connective tissue and contains collagen and elastin fibers that provide 

tensile strength and elasticity to skin. This fibrous network is highly vascular and 

contains many sense receptors. 

2.2.1.2 Mechanical Properties of Skin 

 Human skin is a non-homogeneous, anisotropic and a non-linear visco-elastic 

material which is subjected to a pre-stress in-vivo [57]. The mechanical and structural 

properties of skin vary significantly with age, skin type, from site to site and between 

individuals. Hence, it becomes extremely difficult to generalize the properties of skin. In 

most literature reports, while studying for mechanical properties of skin, the contribution 

of the epidermis layer is neglected. The biomechanical properties determined from testing 

whole skin are mainly due to dermis collagen [58].  However, the influence of epidermis 

on the overall mechanical properties of skin is reported in some literature like [59].  

 A common method for evaluating a material’s physical properties under the 

application of a load is to measure stress as a function of strain. Stress is defined as the 

force per unit area upon which the force is acting. Strain is defined as the ratio of change 

in length induced by the stress to the original length. When the whole skin is considered, 

its mechanical response is considered to be nonlinear even though the elastin and 

collagen fibres are considered linearly elastic [58]. The nonlinearity in the stress-strain 

dependency of skin seems to arise from the non-uniformity of the structure and the 

collagen fibres in the dermis. 

 Collagen fibers are the major constituent of dermis layer of skin and form an 

irregular network of intervened fibers that run almost parallel to the skin surface [59]. 

Collagen is characterized by high tensile strength of 1.5-3.5 MPa, low extensibility and 
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high stiffness with a Young’s modulus of approximately 0.1 GPa to 1 GPa in the linear 

region. Elastin fibers are the second main component of the dermis with a fiber width of 

0.5-8 µm. These fibers are less stiff than collagen and show reversible strain of more than 

100%. The mechanical properties of the stratum corneum layer are different from bulk 

skin’s properties. These properties are reported to be highly influenced by the 

environmental conditions that they are exposed to such as relative humidity and 

temperature. Several groups investigated the effect of moisture on the tensile properties 

of stratum corneum. An overview of this data is given in [60]. Despite the difficulties in 

obtaining information on the mechanical behavior of skin, constant efforts are being 

made in this direction to obtain data both by experiments and modeling.  

 Several insertion and penetration studies in skin are reported in the literature. 

Davis [61] measured and predicted the force levels necessary to insert microneedles into 

the skin and correlated the obtained force with the geometry of the microneedle. The 

measurement of insertion force is made by a force-displacement testing station. Once 

prepared, a single microneedle is advanced to, began deflecting and finally punctures the 

skin on the hand of a human subject. The insertion event is identified by a sudden 

decrease in resistance of an electrical circuit formed in the skin between the microneedle 

and a counter electrode. During this movement, the force necessary to translate the needle 

is measured using a force transducer. The force required to press the needle against the 

skin increased with needle displacement, then showed a discontinuity upon insertion into 

the skin, and finally increased further when pressed deeper into the skin. It is observed 

that the insertion force into human skin varies linearly with the interfacial area of the 

needle and is independent of the needle wall thickness. The obtained force of insertion 
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ranged from 0.08 to 3.04 N, all of which could easily be applied by hand. By equating the 

applied work to insert the needle with the work needed to pierce the tissue, the puncture 

toughness necessary to penetrate skin is determined to be Gp = 30.1±0.6 kJ/m2.  

 Shergold and Fleck studied the formation of cracks in human skin [62, 63]. The 

penetration mechanism in skin is found to be dependant on the penetrator tip geometry. 

The penetration pressure needed for a flat-tipped geometry is found to be much larger 

than that of a sharp-tipped geometry of the same diameter. The penetration of the 

penetrator into a soft tissue indicated cracking of the tissue followed by reversible 

deformation when the penetrator is removed. Based on the direction in which cracking 

occurs, the crack formation mechanism is divided into two modes. When the crack is 

generated as a result of tensile stress perpendicular to the crack plane, it is called mode-1 

crack. This tends to be the most commonly observed cracking mechanism. If it is 

generated as a result of shear stress acting parallel to the crack plane, it is called mode-2 

crack. The fracture toughness measured for mode-1 crack is 1.7±0.6 kJ/m2 and for mode-

2 crack is 26.9±2.7 kJ/m2.  

 The above data is significant for our research since it provides an understanding 

on the extent of forces needed in order to create conduits in skin. If we can deliver similar 

amount of forces in a rapid time scale by our physical enhancement technique, micro 

conduits can be created in skin with minimal discomfort to the patient and drug 

molecules can easily be delivered through skin via transdermal drug delivery techniques 

such as transdermal patches. 

2.2.2 Skin Permeability Enhancement Techniques 

 The number of drugs that can be currently delivered by transdermal means is 
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highly limited by the strong barrier properties of stratum corneum layer of skin and the 

physico-chemical properties of drugs that make them impermeable to travel across this 

barrier layer of skin. The permeation enhancement techniques must be able to address 

this issue of facilitating the transport of drug across the skin into blood circulation to 

achieve a desired therapeutic effect. For transdermal delivery, the goal of enhancers is to 

maximize the flux through skin into the systematic circulation and simultaneously 

minimize the retention and metabolism of the drug in the skin in contrast to topical 

delivery which requires minimum flux and maximum retention within the skin [52]. 

Nevertheless, in both cases, drug must be able to penetrate across the stratum corneum 

layer of skin.  

 The methods of enhancing drug transport across the biological skin barrier can be 

broadly divided into physical and chemical means. Regardless of the means of 

enhancement used, the common goal of permeability enhancement is to reduce the 

threshold of biological barriers and the primary concern is the safety of the patient. 

Enhancers can increase drug diffusivity in the stratum corneum either by dissolving the 

skin lipids or by denaturing skin proteins [52]. With the enhancement of skin 

permeability, transdermal delivery of proteins, DNA, vaccines and several other 

conventional drugs which are submicron in size is made possible. The permeability 

enhancement techniques create pathways for drug delivery by three ways: polar, non 

polar and polar/non polar. The enhancers create a polar pathway by causing protein 

conformational change or solvent swelling. For a non polar pathway, the rigidity of the 

lipid structure is altered and the crystalline pathway is fluidized. 

2.2.2.1 Chemical Approaches 
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 A good penetration enhancer should facilitate the drug permeation across the skin 

in a predictable manner without disrupting skin barrier property irreversibly. It should 

reduce the diffusion barrier of stratum corneum layer without damaging the underlying 

viable cells [52]. Several solvents, surfactants and other compounds are tested in this 

regard to improve permeability of skin to drugs. Some of these chemical penetration 

enhancers including ethanol, propylene glycol, tween, oleic acid and azone are reported 

to enhance drug transport by altering the barrier properties of the stratum corneum [64]. 

However, to have a significant penetration enhancing effect, the amount of chemical that 

is needed might cause skin irritation and might become potentially toxic. The chemical 

enhancer should be pharmacologically inert, non toxic, non-irritating and must be 

compatible with most drugs to be used successfully. Although, chemical enhancers have 

limited skin enhancing capabilities, they can be combined with other enhancing 

techniques such as iontophoresis [15] to improve effectiveness. In most cases, these 

enhancers are used in combination with conventional transdermal patches.  

2.2.2.2 Physical Approaches 

2.2.2.2.1 Electrical based Approaches 

Iontophoresis: Iontophoresis [15] refers to the process of delivery of charged ions and 

drug molecules across the skin by means of an electric field. It uses a mild electric 

current to increase the migration of drug molecules through skin. Drug migration process 

begins when two electrodes are placed on skin and a small voltage is supplied to the 

electrodes. The drug molecule begins to migrate across the skin and will be absorbed by 

the capillaries systematically. Depending on the polarity on the electrode, similarly 

charged ions can be introduced into the skin. By adjusting the current, the drug delivery 
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process and dosage can be tailored to meet the needs of individual patients. Iontophoresis 

is most suitable for the delivery of water soluble drugs because of electro-osmosis. Both 

charged and uncharged species can be delivered using this phenomenon. This technique 

is particularly suitable for the delivery of peptides and small proteins. The flux of small 

molecules below 1000u is typically 20-50 mg/day where as molecules above 5000u 

generally has a flux of less than 1mg/day [65]. However, this drug delivery mechanism 

depends on several factors such as current density, the duration of application, drug 

concentration and the pH of the solution. The transport of the drug is generally increased 

with an increase in current applied and the concentration of the drug up to a certain level. 

Iontophoresis is however, not suitable for the delivery of large molecular weight drugs 

with MW > 10 kDa and water insoluble drugs. It is also not suitable for the delivery of 

peptides with an isoelectric point within the pH range of skin [15].  

 

Electroporation: Electroporation [15] is another electrical enhancement technique that 

involves the application of high voltage electric pulses of very short durations to enhance 

skin permeability and making it reversibly permeable to drug molecules. Electroporation 

can be used to deliver large molecules such as peptides, polysaccharides and genes across 

the skin in a controllable manner. The rate of transport is controlled by the voltage used, 

duration, rate and number of pulses applied. However, electroporation requires very high 

voltages for effective drug delivery and the safety of the process becomes an issue. It also 

affects the morphology of skin and creates tiny pores in the stratum corneum transiently.  

 

Sonophoresis: Sonophoresis or Phonophoresis [15] uses acoustic energy to make skin 
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permeable using ultrasonic waves. When sound with frequency beyond 20 kHz is applied 

to the skin, the skin structure is affected or convection is induced resulting in thermal, 

chemical or mechanical alterations in skin that drives the drug across the skin. A contact 

media like a gel is used to transmit ultrasound energy to the skin. Ultrasonic energy can 

permeabilize skin through its heating, radiation pressure, cavitation and acoustic effects. 

Low frequency sonophoresis is proved to interact with the superficial skin tissue and 

increase transdermal transport by orders of magnitude. The effectiveness of low-

frequency ultrasound to enhance drug transport can further be increased by the addition 

of a surfactant. Administration of many different drugs such as insulin, heparin and 

vaccine has been demonstrated to be feasible with low frequency sonophoresis. Water 

soluble permeants, as well as several fairly large macromolecules have been reported to 

be successfully delivered by the acoustic energy generated by the ultrasound.  

 The above mentioned chemical and physical enhancement techniques disrupt the 

stratum corneum layer of skin on a nanometer scale. However, they have had limited 

clinical impact. This is, in large part, because the improvement obtained in transdermal 

transport is still not sufficient for many drugs under clinically acceptable conditions. 

Recent research in transdermal delivery suggests that the approach to disrupting skin on 

nanometer scale may be too mild. Micron-scale skin disruption should make skin much 

more permeable, yet still be safe and well tolerated by patients. Given that almost all 

conventional drugs, DNA and vaccines are submicron in size, creating holes of micro 

dimensions in the stratum corneum should permit delivery of a broad range of 

compounds. Yet, micron-scale disruption is unlikely to have significant safety or 

cosmetic concerns. The skin barrier is routinely breached during common experiences of 
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minor abrasion, shaving, dry skin and hypodermic injection, yet infection rarely occurs. 

This is because the skin is designed to prevent entry of pathogens, even in the presence of 

minor stratum corneum defects. This observation leads to the hypothesis that micron-

scale disruption of stratum corneum can dramatically increase skin permeability to a 

broad variety of compounds without significant safety concerns. Prompted by this idea, a 

number of methods including thermal ablation [66], jet injection [67] and microneedles 

[68] have been developed to disrupt stratum corneum on the microscale.  

2.2.2.2.2 Thermal based Approaches 

 Thermal ablation [66] of skin has been studied by a few investigators and has 

demonstrated some promise. The thermal ablation process involves the application of 

thermal energy to the skin. This thermal energy is generated either by using heating 

filaments or an array of electrodes that generate Joule heating by passing a short, high 

current electric pulse. This energy is supplied by means of resistive elements onto 

microscopic sites on skin. This approach involves rapid heating of the skin surface to 

thermally ablate micro-sized regions of stratum corneum. At each site, due to resistive 

heating, a micropore is created by flash vaporization of stratum corneum cells. A drug is 

then delivered through these pores by aligning a drug patch over these formed pores. 

These micropores can stay open for several days if the area is occluded but will seal off 

quickly once the patch is removed. If the thermal pulse to which the skin is exposed is 

short enough, then a steep thermal gradient across the stratum corneum can be obtained, 

so that deeper viable tissues are not heated. In this way, the ablation is targeted to the 

stratum corneum alone so that living cells and nerves found deeper in the skin are not 

affected. This concept of thermal microporation is used by a passport system developed 
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by Altea Therapeutics Corporation. It consists of a drug patch that is attached to an array 

of metallic filaments. The arrays are activated using an applicator to form aqueous 

channels in the outer layer of skin. Reported increase in drug permeability for a 

microporated skin is about 100-fold when compared to untreated skin [69].  

2.2.2.2.3 Mechanical based Approaches 

 Jet Injectors: Jet injectors are hand held devices that deliver liquid medication or 

vaccine through a nozzle orifice in the form of a high pressure, high speed narrow stream 

that penetrates the skin [67].  Depending on the mechanical properties of the fluid stream, 

the drug can be delivered to different depths such as intradermal, subcutaneous or 

intramuscular tissue. The nozzle part of the jet injector device is held against the desired 

part of skin to be treated and the drug is released by using a trigger on the device. Jet 

injectors can be fabricated as multi-use devices or single use devices. Multi-use devices 

deliver the vaccine through the same fluid stream and nozzle for multiple doses. These 

devices allow for high work load and for the delivery of vaccine for up to 1000 subjects 

per hour. However, they suffer from issues like contamination by bodily fluids. 

 The single-use devices proved to be much safer than multi-use jet injectors as 

they use disposable cartridges of the vaccine. The drug fluid stream is delivered within a 

disposable vaccine cartridge and nozzle, with a new cartridge and nozzle for each patient, 

thus eliminating the risk of cross contamination between injections. Several single jet 

injectors such as Bioject, Injex, Lecrajet and J-Tip are commercially available. Bioject 

and Injex are used to deliver several drugs in a variety of healthcare settings. Lecrajet is 

designed for ergonomics and speed of delivery, with the capability to deliver more than 

600 vaccine doses per hour. 
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Microneedles: Microneedles [68] is a promising technology that uses miniaturized 

needles to penetrate skin. This represents a newer technology that has received attention 

as a means to mechanically create conduits across the stratum corneum for minimally 

invasive delivery. Microneedles are fabricated as an array of pointed projections that can 

create micro pathways in skin for systematic delivery of drugs. Microneedles are 

fabricated with varying dimensions with the length of the needles ranging any where 

from 25 µm to 1000 µm. Shorter microneedles do not reach the nerve-rich regions of the 

deeper parts of skin and hence, the stimulus caused by microneedle insertion is weak and 

perceived as painless [70].  

 A number of studies focusing on the fabrication techniques, materials and 

geometry of microneedles are reported in the literature. Microneedles are generally batch 

fabricated using techniques borrowed from the microelectronics industry. This allows for 

fabrication of extremely small feature sizes with high precision and good reproducibility 

in a cost effective manner. Both solid and hollow microneedles are reported in the 

literature. These microneedles when used along with transdermal patches proved to 

increase skin permeability and offer all the desirable properties from a transdermal patch, 

i.e. continuous release, ease-of-use and painlessness. This not only allows for the 

administration of larger molecules across skin but also allows for achieving an efficient 

and patient-friendly drug administration system requiring minimal medical training or 

help from health care professionals. Several companies are currently working towards 

developing FDA approved microneedles for commercial drug delivery. 

 All of the above mentioned thermal and mechanical enhancement methods have 

demonstrated success in delivering drugs into the skin, but nonetheless have limitations. 
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Notably, the thermal methods require “long” heating times of many milliseconds that 

have caused lasting damage to the skin with cosmetic effects that remain visible for many 

days. Jet injection is notably unreliable in the hands of patients (as opposed to clinical 

personnel), cause pain and cause deep tissue damage in the form of bruising. 

Microneedles similarly cannot be localized to the stratum corneum, are invasive and 

penetrate much deeper into the skin. This provides motivation to assess the efficacy of 

microjet actuators as an alternative approach to the creation of small holes in the 

epidermis for drug delivery. 
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CHAPTER 3 

FABRICATION PROCESS DEVELOPMENT 

  

 The combustion microactuators mentioned in the literature provide a basic 

concept for the fabrication of our conductive propellant based microjet actuators. The 

actuators mentioned in the literature are fabricated as a three layer configuration 

consisting of a chamber, a nozzle and an igniter. The individual components of the 

actuator are fabricated using conventional MEMS based fabrication techniques such as 

lithography and etching. The combustion chamber and nozzle are generally fabricated as 

two separate components in silicon or ceramic substrates and the igniter is patterned in a 

polysilicon deposited layer. The fuel that is housed in the combustion chamber is then 

ignited by resistive heating when sufficient electrical energy is supplied to the igniter. 

Though these actuators offer desired performance, they suffer from limited material 

selection and limited geometric complexity. For example, silicon, which is the 

predominantly used material in MEMS fabrication is brittle, has less impact resistance 

and tends to fracture along its <111> plane with little or no elongation. Also, as silicon 

has high thermal conductivity, it results in thermal losses from the actuator during the 

combustion process, thus resulting in poorer performance. These thermal losses become 

more prominent at small size scales because of the increased surface area to volume 

ratios. The performance of these actuators is also strongly dependent on the material and 

the dimensions of the igniter used. 

 Hence, in the fabrication of conductive fuel microactuators, fabrication techniques 

that address some of these issues are used. Microjet actuators that produce large forces in 
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extremely small time scales i.e., in the microseconds range, find applications such as in 

steering an axi-symmetric bluff body projectile for aerodynamic applications or in 

transdermal drug delivery where extremely short duration, high force jets can be used to 

pretreat skin and remove stratum corneum layer selectively for later delivery of high 

molecular weight drugs. Fabrication techniques that enable the fabrication of meso-scale 

sized devices are given importance in this research work. The mesoscopic size feature of 

the jet actuator offers a good compromise between larger conventional combustion 

systems and micro-scaled combustion systems and tends to satisfy several important 

functions where a premium is placed on mobility, compactness or specific point 

application. The meso-scale characteristic size feature of the device provides the benefits 

of high rates of heat and mass transfer, moderate surface to volume ratios which reduces 

thermal losses than the micro scale devices, and the opportunity to operate in various 

environments. Though these actuators are meso-scale in size, the internal mechanism of 

these devices still relies on much smaller, embedded micro structures for their 

functioning. Hence, these actuators offer rapid response, compact design and enable 

fabrication in large volumes resulting in substantial cost reduction for each device.  

 The materials that are chosen in the fabrication of jet actuators must possess high 

mechanical and thermal strengths so as to withstand high mechanical and thermal shocks 

that the device might experience during its application. For example, as mentioned in 

Section 5.1.6, during the launch of a flight vehicle, the device would experience high-g 

loads up to 10,000 g for tens of milliseconds. Hence, the materials that are used in 

actuator fabrication for this application should be able to withstand such high g-loads 

without any mechanical failure. Hence, the fabrication techniques used must allow the 
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use of robust materials such as high strength plastics and metals. As the solid propellant 

microactuators are one shot devices that lack restart ability, the fabrication techniques 

used must enable for batch fabrication of multiple actuators on same substrate to produce 

multiple jets from an array. The neighboring devices in an array should be isolated from 

each other to prevent any accidental misfires. This feature may call for low thermal 

conductive materials for making the chambers or for large gap between adjacent devices 

to prevent any coupled thermal effects or small gap between electrodes to obtain good 

performance at low power inputs. Finally, the fabrication techniques used must enable 

“vertical” fabrication to realize high aspect ratio features and must be able to offer 

geometrical accuracy at low cost in order to compare with macroscale device 

performance.  

 In order to address all these issues, fabrication techniques such as laser 

micromachining and adhesive lamination are used in the manufacture of our jet actuators. 

Laser micromachining is a low cost alternative to lithographic fabrication for patterning 

substrates to achieve high aspect ratio structures. Also, it offers design flexibility and the 

ability to work with wider variety of materials such as prefabricated alloys, polymers and 

ceramics. Lamination technology is often used in electronics packaging to protect silicon 

devices from harsh environments. Fabricating devices using laser micromachining and 

adhesive lamination techniques consolidates the fabrication and packaging steps, saving 

time and producing robust actuators that could be used in harsh environments and 

resulting in higher performance compared to existing actuators. Laser micromachining 

patterns layers of lamina, Section 3.2 and adhesive lamination bonds layers of patterned 

lamina together, Section 3.1. The following sections present the advantages and 
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limitations of each fabrication technique and their detailed use in the manufacture of 

microjet actuators.  

3.1 Lamination 

 Microlamination is a process of forming a single block of material by combining 

individual webs of materials such as metals, polymers or ceramic materials in order to 

form a unified microsystem with required features. Microlamination is a good fabrication 

choice for several MEMS systems as in most cases, the use of a single web of material 

may not satisfy all the properties demanded. It is therefore of benefit to be able to 

combine properties of several and differing materials in order to achieve desired 

performance. The process of lamination starts by surface machining individual laminae 

with patterns containing the desired structures. The laminae are often thin sheets of base 

material having desirable mechanical and thermal properties that are important for the 

functioning of the final device. These individual laminae are then bonded together to 

form the final device. Three types of lamination techniques are commonly used for 

bonding the laminae together: adhesive lamination, diffusion lamination and fusion 

lamination [71]. In this work, we mainly concentrate on adhesive lamination technique 

for bonding different layers that make the microjet actuators. 

3.1.1 Adhesive Lamination 

 Adhesive lamination is a technique that is compatible with a wide range of 

materials and requires an adhesive binder between layers to mechanically bind the 

individual laminae. Adhesive lamination is the preferred technique for our lamination 

purpose as it complements MEMS fabrication procedures without sacrificing typical 

attributes of MEMS devices such as batch fabrication, layered deposition and selective 
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material patterning. It also facilitates inter-bonding of materials such as polymers to 

metals at low cost and high volume. Adhesive bonding is also generally appropriate when 

there are large areas to join, when fatigue strength is a concern or when adhesives can 

provide increased manufacturing productivity. But, it also has many limitations. First, 

reduced feature sizes less than hundreds of microns, become increasingly difficult to 

obtain because of uneven adhesive overflow. Second, during the alignment of layers 

using alignment pins, the accurate alignment of features in different layers is limited by 

mechanical machining. Finally, adhesive lamination is constrained by commercial 

material availability. Most over-the-counter metal foils are limited to 12.5 µm thickness, 

and anything less than that has to be specially ordered which makes the fabrication 

process expensive.  

 In spite of these limitations, adhesive lamination based techniques are well suited 

for mesoscale device fabrication. Figure 3 shows the typical adhesive lamination process 

[35]. An adhesive is applied between two laminae placed under a press, and a force is 

applied to a movable platen of the press. The platen temperature ‘Th’, is set at or above 

the curing temperature of the adhesive. The adhesive curing rate depends on this 

temperature. A vacuum pump may be used to remove trapped air to ensure a void free, 

consistent adhesive layer. The adhesive used during lamination process should enable for 

even distribution of stresses over the whole area of contact. It should also minimize the 

stress concentrations at the edges of the laminated area. For the fabrication of jet 

actuators, a high bond strength and minimal overflow of the adhesive is desired. The 

quality of the adhesive joint is quantified by the bond strength at the adhesive interface. 

This bond strength determines the loading that can be applied to the adhesive joint. 
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External loads when applied to the joint generally produce non uniform stress 

distributions at the joint [72]. These local stress concentrations which may be many times 

the average stress are often unrealized, and may determine the actual force that the joint 

will sustain. Since, fracture initiates when and where local stress exceeds local strength, 

stress concentrations have a large influence on the breaking strength of a joint. 

 

 

  

  Figure 3: Features of adhesive lamination process 

  

  

 The strength of an adhesive bond is generally measured by a parameter called 

peel strength, ‘ψ’. Peel strength is the average load per unit width of bond line required to 

separate bonded materials where the angle of separation is 180 degrees. A practical 

adhesive bond for jet actuators should be strong enough to withstand high combustion 

pressures and confine overflow of adhesive to acceptable regions of the device. In jet 
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actuators, the adhesive between individual laminae experiences perpendicular loading 

when generated gases increase pressure in the combustion chamber. This increased 

pressure creates forces on the unbounded sections of the laminae, perpendicular to the 

adhesive layer creating a bending moment due to the displacement of the pressure force 

and the adhesive bonding force. The maximum pressure that the material can withstand 

can be related to the size of the combustion chamber represented by length ‘lc’ and width 

‘wc’ of the chamber and the peel strength ‘ψ’ as [22]: 

                                             (7) 

 Also, in most cases after adhesion, as the adhered laminae will be stiffened by a 

clamp, high strength adhesives were chosen without noting adhesive stiffness. Practical 

square-profile combustion chambers tested range from 2 x 2 mm2 to 6 x 6 mm2. In these 

size ranges, the maximum allowable pressures based on peel strength data range were 

measured and reported by English [22] to be between 0.5 and 21 MPa for various 

adhesives. These tests demonstrate the feasibility of using lamination in conjunction with 

MEMS processing because thin layers of material may be laminated without damaging 

the mm-scale features of the device. Also, as will be seen in Section 5.1.2, the typical 

idealized pressures generated within a combustion chamber during combustion process 

falls in this range, further supporting the use of these materials in the fabrication of jet 

actuators. 

3.1.1.1 Adhesive Selection 

 In the process of choosing the correct adhesive and developing an optimized 

bonding process, there are several critical decisions that need to be made. The adhesive 
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selection, for example, may influence the processing conditions that are required and the 

joint design that is necessary [73]. Therefore, the adhesive selection must be made by 

concurrently considering all of the parameters involved in the bonding process. Table 3 is 

a list of considerations that must be examined in order to make the appropriate adhesive 

choice for the application. All the factors listed are necessary when considering an 

adhesive.  

 The adhesive selection process begins with a general knowledge of the materials 

to be bonded. Generally, a major consideration in selecting an adhesive is the type of 

substrates that must be held together. This sometimes offers an indication of the nature of 

the surface to which the adhesive will bond. A general rule of selection of proper 

adhesive is to choose an adhesive that will wet the substrate [73]. Adhesive systems must 

be chemically compatible with the substrate or have a modulus similar to the modulus of 

the substrate being bonded [71, 72]. The substrate material should not inhibit the curing 

process of the adhesive and the adhesive should not adversely react with the substrate. 

When cured, the adhesive should have a modulus and thermal expansion coefficient 

similar to the substrate or else have toughness to accommodate stresses caused by 

thermal movements. 

 Along with the type and nature of the materials to be bonded, the surface 

preparation that they may require is also a major factor in determining which adhesive to 

use. Adhesives and substrates should also have similar chemical resistance properties. 

Physical properties such as surface energy and surface roughness are also important in 

achieving a strong bond. For good adhesion, the surface energy of the adhesive must be 

lower than that of the substrate. The increased surface area of roughened surfaces 
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enhances bonding for many materials, like glasses, ceramics and metals. 

 The polymer substrates tested in microjet actuators include mylar, acrylic and 

thermoset epoxy. An acrylic adhesive is used with acrylic substrate; a pressure sensitive 

adhesive is preapplied to mylar and the thermoset epoxy bonds to itself when heated. It 

was made sure that the individual adhesives used with the laminae did not exhibit adverse 

side effects. The peel strength values for the adhesives tested were obtained from the 

manufacturer’s technical data sheet and this data is included in Table 4. Additional 

adhesive overflow data were reported by English in [22] and included here in Table 5.  
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 Table 3: Considerations to be made while choosing appropriate adhesive [73] 

Consideration Importance 

Properties of 
substrate 

Adhesive must wet the substrate surface. It must have lower 
surface energy than the substrate. This can be achieved by either 
modifying the adhesive or subjecting the substrate to a surface 

treatment 

Joint design and 
load 

Most adhesives are better when the joint is designed so that they 
are under shear. Peel and cleavage stresses are notoriously harsh 
on adhesives. Toughness and flexibility are required when peel, 

impact or thermal shock forces will be present.  

Service 
environments 

Certain polymeric systems withstand certain environments better 
than others. However, multiple environments may provide 
unexpected problems. All adhesives should be tested in the 

service environment.  

Properties of 
adhesive 

Often the elastic modulus will give an indication of the 
adhesive’s value in certain applications. Tough, flexible 

adhesives are better in peel, impact, thermal shock and when 
substrates of differing thermal expansion must be bonded. 

Brittle, rigid adhesives generally have better heat and chemical 
resistance, tensile strength and creep resistance. 

Application 
methods 

The availability of production resources must be considered. 
Such parameters will determine the best form (film, paste, etc.) 

required from the adhesive 

Assembly needs 
and rate of cure 

Many adhesives will require fixtures ad jigs until the adhesive 
cures to a handling strength. The cost of such resources will 

often determine how much set or cure time can be acceptable. 
Some adhesives provide fast production. 

Vendor selection Reliability, price, willingness to meet demand and offer technical 
assistance, and training are all-important characteristics in 

selecting a vendor. It is likely that several vendors are available 
to supply the needed adhesive. 

Testing Standard tests are suitable for comparing the relative 
characteristics of different adhesives, but they do little in 

determining the performance or longevity of the joint in actual 
service. Prototype testing under selected environmental 

conditions is generally required to insure an efficient product. 
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   Table 4: Lamination adhesives tested 

Adhesive 
Manufacturer/Product 

Adhesive Type Viscosity [cps] Peel strength 
Material [N/m] 

3M/Super 77 [74] Spray synthetic 
elastomer 

200-5000 Aluminum 
700-875 

ISOLA/FR406 [75] Prepeg epoxy Fiberglass 
thermoset matrix 

Flexural strength 
503 MPa 

Flexcon [76] 
Densil1078K 

Silicone pressure 
sensitive adhesive 

Prelaminated 
cured adhesive 

Stainless steel 
682 

3M/DPS810 [77] 2 part acrylic 
epoxy 

Part A: 95,000 to 
100,000 

Part B: 90000 to 
95000 

Etched Aluminum 
4027 

3M/DPS460 [78] 2 part epoxy Part A: 150,000 to 
275,000 

Part B: 8000-
14000 to 14000 

Etched Aluminum 
8750-10500 

 

 

 

    

   Table 5: Adhesive overflow testing [22]    

Adhesive 
brand 
name 

Laminae Adhesive 
thickness 

[µm] 

Press 
force 

per bond 
area 

[kPa] 

Press 
temperature 

[K] 

Cure 
time 
[min] 

Overflow 
[µm] 

Super77 Acrylic 60 2780 294 30 130 

Densil10 Mylar 10 2780 294 10 0 

DP810NS Acrylic 80 2780 338 20 350 

DP460NS Acrylic 110 2780 338 20 170 
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3.2 Laser Micromachining 

 This chapter details the use of high power lasers in the fabrication of microjet 

actuator devices. For the lamination process to have utility, a machining method which 

not only is capable of patterning structures within the laminae is needed, but also is 

versatile, easy to use, and should be capable of rapid machining of a wide range of 

materials. Though MEMS research to date, is widely dominated by lithography and etch 

based fabrication techniques, these techniques are highly restricted with the materials that 

can be used (notably silicon, silicon dioxide, silicon nitride and few metals), whereas, 

MEMS in general calls for much broader selection. Laser micromachining answers this 

issue by offering the ability to use much broader base materials, including polymers and 

other functional materials. It is also an alternate patterning technique to lithographic 

machining that is applied in MEMS field for the direct fabrication of devices. Some 

examples of laser based fabrication include laser micromachining of polymer masters for 

subsequent replication and laser assisted deposition and etching [79].  

 Unlike lithography based machining, laser machining is a direct write patterning 

tool, avoiding the costly and time consuming process of generating photolithographic 

masks. It is a one step alternative to chemical etching process which avoids over or under 

etching due to unoptimized exposure that is generally possible with wet etchants and 

offers selective material removal. Also, as no solvent chemicals are required with laser 

machining, it reduces waste handling costs and avoids environmental hazards associated 

with chemical etchants. Several MEMS devices such as hollow microneedles [68], 

microchannels [80] and stents [81] fabricated using this technique are reported in the 

literature. 
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 Though laser micromachining for lamina patterning is a serial process, it offers 

following advantages over electrochemical machining when combined with lamination 

techniques [79].  

• It allows for wide selection of materials to suit a particular application. Materials 

such as metal, polymer or ceramic with specific and tailored properties can be 

laminated together. 

• Versatility in pattern design and aspect ratio. Specific laser machining design can 

be created on a computer and transferred to a numerically controlled laser in 

relatively few steps. High aspect ratio structures can easily be produced just by 

stacking more laminae. 

• Quick progression from design to final device. 

• Minimum feature size that could be made is well suited for mesoscopic devices. 

Feature sizes as small as 10 µm can be generated depending on laser and material 

parameters.  

• Both small and large features can be produced using the same equipment. 

• Little shape warpage during assembly and bonding.  

• Full system integration into a single block of material can be achieved. 

 Laser micromachining which is defined as “the direct etching of solids by pulsed 

laser radiation” relies on the process of ablation. The lasing medium in a laser can be gas, 

solid, liquid, or in the case of semiconductor lasers - electrons. Gas and solid state lasers 

are practical for most industrial machining applications. Two types of lasers are used in 

our research work. A gas CO2 laser is used to pattern polymers and plastics and a solid 

state IR laser is used for patterning metal layers. Laser properties such as wavelength, 
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spot size and power of these lasers are mentioned in Table 6. The laser patterning process 

starts when a laser beam is transmitted from the laser at a certain wavelength and energy 

through a lasing system onto the target material. The target material absorbs, transmits 

and reflects the incident radiation. The energy beam of the laser generally has a Gaussian 

profile with a peak energy density at the center of the profile. Hence, the laser removes 

material faster at the center of the beam than at the edges.  

 The absorption of laser energy at the surface of the solid results in the ablation of 

target material. The percentage of radiation absorbed by the target material is dependant 

on the materials absorptivity at the wavelength of the incident radiation. The choice of 

laser, its wavelength, power, and the choice of material i.e., its absorptivity and melting 

temperature determines the patterning rate for many processes. Selective patterning of 

materials is allowed by controlling these parameters. For example, by choosing the 

correct processing conditions for a metal-polymer substrate, metal layer can be patterned 

selectively without causing any damage to the underlying polymer layer. Also, as the 

laser beam produced from the laser is monochromatic, directional and coherent, laser 

ablation process is directional with the material ablated in the direction of the laser. This 

directional nature of laser machining eliminates severe problems in metal foil patterning.  

 

 

   Table 6: Laser machining equipment 

Laser Type Wavelength 
[µm] 

Power [W] Spot size [µm] 

Resonetics Nd:YLF 1.047 15 40 

New Hermes CO2 10 30 150 
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3.2.1 Common Lasers Used in Industry 

CO2 laser: The CO2 laser used in the manufacture of microjet actuators is the most 

common and inexpensive laser used in industry. A CO2 laser uses a gas mixture of CO2, 

N2 and He. The CO2 molecules constitute the active lasing medium, the N2 gas serves as 

an energy transfer mechanism and the He atoms enhance the population inversion by 

depopulating the lower energy states. It offers a wide range of power output capabilities 

with high efficiency and long penetration depths. This machining is a thermal process 

where the beam performs its cutting and drilling functions by overloading the target 

surface thermally. The CO2 laser shown in Figure 4 is used for current machining and has 

a peak power of 60 W and a wavelength of 10.6 µm which can easily be absorbed by 

materials like acrylic, mylar, FR406 and most polymers. It enables selective patterning of 

polymers in the presence of metal because metals are highly reflective at 10 µm 

wavelength. During machining process, the stage of CO2 is fixed, and the laser position is 

computer controlled. The minimum resolution of the beam diameter of the CO2 laser is 

150 µm which fixes the minimum width of the machining parts to 200 µm. CO2 laser 

offers two cutting modes: a vector cut mode and a raster cut mode. The vector cut mode 

allows for cutting through the material completely and the raster cut mode allows for 

partial depth ablation in some materials at 1200 dpi. 
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   Figure 4: New Hermes 60 W CO2 laser 
 

 

Solid state laser: A solid state laser is constructed by doping a rare earth element or 

metallic element into a variety of host materials. The most common host materials are 

Y3A15O12 (YAG), LiYF4 (YLF) and amorphous glass. Nd:YAG and Nd:YLF lasers are 

the most commonly used solid state lasers in the machining industry. Nd:YAG lasers 

have a wavelength of 1.064 µm and Nd:YLF has a wavelength of 1.047 µm. A Nd:YLF 

laser with a peak power of 15 W and a wavelength of 1.047 µm is used for patterning 

electrode layers in microjet actuators. As this wavelength is readily absorbed by most 

metals, several metals can be considered for electrode patterning. This laser can pattern 

metal layers up to a thickness of 2 mm. The Nd:YLF laser wavelength is poorly absorbed 

by polymers because infrared radiation is transmitted through many polymers, and the 

energy density of the laser is too low to efficiently pattern polymers. Therefore, the 

Nd:YLF can be used to selectively pattern metal laminated to polymer substrates. The 

stage of the IR laser is computer controlled, and the beam size limits the minimum width 
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of the patterned metal to 100 µm. Figure 5 shows the computer controlled stage and the 

focus head of the IR laser that are used for patterning of metal layers. 

 

 

   

  Figure 5: Resonetics 15 W Nd:YLF laser 

 

 

3.3 Fabrication Sequence 

 Sections 3.1 and 3.2 reviewed approaches used in fabricating lamination based 

microjet actuators. First, individual actuators are developed and tested for their 

performance. Once individual actuators are optimized from a performance perspective, 

they are batch fabricated in arrays to meet the requirements and be applied towards the 

final application. Detailed fabrication sequence is depicted for two types of actuator 

arrays. These actuator arrays are broadly classified into two dimensional and three 

dimensional actuators. These actuator types mainly differ in terms of their electrode 
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design and fabrication. The fabrication sequence also describes the procedures and 

materials used to generate various parts of the actuator. In addition to these fabrication 

sequences, another fabrication sequence is presented in Appendix A. The actuators 

presented in Appendix A demonstrate fabrication of three dimensional microactuators by 

integrating laser micromachining techniques with photolithography and chemical wet 

etching techniques. This thesis just describes the fabrication sequence for such three 

dimensional devices and leaves their testing for future work.  

3.3.1 Two-Dimensional Electrode based Radial Array Structures 

 The fabrication concept of the actuator is depicted in Figure 6. The actuator is 

fabricated as a five layer configuration: a chamber layer, in which the propellant is stored, 

two electrode layers placed on either side of the propellant and two backing layers placed 

on top and bottom of the electrode layers to seal the chambers and to provide the desired 

structural integrity. Laser micromachining is used to pattern these different layers and 

adhesive lamination is then used to bind all the layers together and form a unified device. 

For making the chamber and the backing layers, materials which are mechanically strong 

enough to withstand both the internal and external pressures the actuator experiences 

during its operation are desired. They must also have good thermal insulating properties 

in order to minimize any thermal losses to the chamber sidewalls during actuation. For 

this purpose, thermally insulating plastic materials with high mechanical strength are 

investigated. Similarly, the materials chosen for the electrode layers must possess good 

electrical conductivity in order to supply electrical energy to the conductive propellant 

without any losses. For this purpose, metals such as brass and titanium are investigated. 

The same fabrication concept is utilized for making both chemical based and physical 
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based actuators and the assembly works for both conductive propellants that could be 

ignited by the discharge of direct currents and for non-conductive propellants that could 

be ignited by arc-discharge across two closely spaced electrodes. Both individual and 

multiple actuators can be fabricated on the same substrate using this concept. The 

actuator design could also be easily modified to release the propellant jet either from the 

side or from the top of the actuator as desired by the application. For firing the actuators 

from the side, the nozzle is integrated into the chamber layer as shown in Figure 6 and for 

firing the actuators from the top, the nozzle is micromachined in the top electrode and 

backing layers. 

 

 

  Figure 6: Fabrication concept of the microactuators 

 

 

3.3.1.1 Chemical based Microactuators 

 Chemical microjet actuators are fabricated using laminated layers of plastics such 
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as mylar and acrylic and metal foils such as brass. Mylar and acrylic materials provide 

the mechanical strength and thermal insulation required from the chamber and backing 

layers during the actuation process and brass offers the desired electrical conductivity for 

the electrode layers. Figure 7 depicts the detailed fabrication sequence of making 

multiple actuators on a single substrate using laser micromachining and adhesive 

lamination techniques. Fabrication of multiple, one-shot devices enables the generation of 

multiple jets from the same structure. These actuators are fabricated so as to release jets 

in a radial direction from the disk. Radially firing multi-actuator disks are required for the 

application discussed in Section 5.1.6.  

 The fabrication procedure starts by laser patterning individual polymer films with 

a CO2 laser to form base layers and chamber layers. The base layers are used to seal the 

chamber and provide mechanical strength to the structure. Individual chamber layers are 

stacked to form a hollow chamber and to achieve the desired height of the combustion 

chamber. For this purpose, either 250 µm thick individual mylar layers or 1.5 mm thick 

acrylic layers are used. The nozzle part is integrated into the chamber layer during laser 

patterning as shown in Step 1. The mylar layers are patterned with a 30 W laser at a 

speed of 50% and 4 passes. The thicker acrylic layers are patterned at a speed of 80% and 

5 passes. Occasionally, refocusing of the laser needs to be done between passes. In Step 

2, a 50 µm thick brass metal foil is laminated to the bottom and top backing substrates 

and patterned using a Nd:YLF laser to form the top and bottom electrodes and contact 

pads respectively. The laser parameters used for patterning brass electrode include 15 W 

laser power, 1047 nm wavelength, 2 mm/s speed and 2 passes. The lamination process is 

discussed in detail in Section 3.1. In Step 3, the combustion chamber layer is laminated 
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on to the bottom electrode. These chambers are then filled with conductive propellant in 

Step 4. Propellants with low viscosity are piped through a syringe to fill the chamber and 

solid conductive propellants are dispensed into the combustion chamber and 

mechanically pressed down using a spatula so that the propellant touches the electrodes 

uniformly. When possible, acetone is added to the dry solid propellant mixture to 

enhance the flow of the propellant into the chamber so that a uniform blob of propellant 

is formed. Excess propellant is then wiped from the chamber surface using a q-tip. Once 

the propellant is filled into all the chambers in the panel, it is allowed to dry in a dry box 

at 7% relative humidity at 21˚C until the fuel cures. Finally, in Step 5 the top electrode 

layer is laminated to seal the combustion chamber. Figure 8 shows a panel of 

microactuators fabricated using this standard fabrication sequence. The picture shows 

actuators fabricated till Step 3 in Figure 7 before filling the chambers with propellant and 

their final sealing. Each panel fabricated consists of 9 disks with 8 or 16 actuators in each 

disk.  
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Figure 7: Fabrication sequence of two-dimensional electrode based radial array 
microactuators 
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   Figure 8: Array of chemical microactuators 

 

3.3.1.2 Physical based Microactuators 

 For the purpose of demonstrating the use of physical microjet actuators for the 

application of transdermal drug delivery, two dimensional based electrode array 

structures mentioned in the above section are used. These radially firing actuators are 

fabricated using laser micromachining and lamination techniques. The actuator 

fabrication sequence is depicted in Figure 7. An array of actuators is fabricated using 

laminated layers of mylar, acrylic and metal foils such as brass or titanium. The 

fabrication procedure starts by laser patterning individual polymer films with CO2 laser to 

form backing and chamber layers. The backing layers are patterned from 1.5 mm thick 

acrylic sheets and the chamber layer is patterned in 250 µm thick mylar sheet. The metal 

sheets used for patterning electrode layers are then laminated to the bottom and top 

backing layers and patterned using an IR laser. Different materials such as brass, nickel 

and titanium with varying thicknesses in the range of 25-50 µm are tested as electrode 
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materials. These materials are chosen based on the fact that they can easily be laser 

machined, obtained at low cost and are robust enough to withstand high internal and 

external forces. The chamber layer is then laminated onto the bottom electrode and filled 

with desired propellant, typically an aqueous solution containing a drug model, salt and 

optional gelling agent. The length and area of the chamber sets the total volume of the 

device while the thickness of the chamber sets the distance between electrodes. In these 

devices, both nozzle and chamber are patterned in the same substrate. The nozzle is 

positioned in such a way that the released jet fires radially from the actuator. 

Microactuator array is then sealed using the top electrode and backing layer. Figure 9 

shows a panel of microactuators fabricated using this fabrication technique. Each panel 

consists of about 16 disks with two actuator devices in each disk. The propellant used in 

these microactuators is varied to study the effect of released jet on the permeability 

achieved in skin.  

 As physical microjet actuators mainly rely on the concept of arc generation, the 

distance between electrodes plays an important role in controlling the amount of input 

energy needed for pressure generation. The optimum gap between electrodes is chosen so 

as to minimize the energy required for arc generation by as much as possible. Based on 

this, the distance between electrodes is fixed at 250 µm and the chamber volume is varied 

from 1-8 µL of drug solution, respectively. The nozzle diameter is varied between 50 and 

400 µm in order to vary jet velocity. 
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   Figure 9: Array of physical microactuators 
 

 

3.3.2 Three-Dimensional Electrode based Radial Array Structures 

 As will be shown in Chapter 5, in the conductive fuel based microactuators, the 

distance between electrodes plays an important role in optimizing the device electrical 

resistance and the input power consumed for device operation. In the above mentioned 

two dimensional microactuators, the distance between electrodes is fixed by the chamber 

layer thickness. Hence in most cases, the minimum electrode distance is dependant on the 

thickness of the commercially produced thin polymer films. When a 250 µm thick mylar 

layer is used as chamber layer, the distance between electrodes is 250 µm and when 2.5 

mm thick acrylic layer is used as chamber layer, the electrode distance is 2.5 mm. In 

order to make the distance between electrodes independent of the chamber layer 

thickness, three dimensional electrode array devices have been developed. For this 

purpose, each electrode is fabricated as a multi-fingered structure and the gap between 
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fingers can easily be varied by controlling the laser parameters. The fabrication sequence 

for such a three dimensional microactuator array is depicted in Figure 10. Based on the 

laser machining limitations, the minimum distance between electrode fingers is limited to 

70 µm and the maximum thickness of the electrodes to 125 µm. Using this technique 

chambers with volume range of 1-5 mm3 are fabricated. The fuel is packed into the space 

between electrode fingers. To further increase fuel volume, additional chamber layer is 

attached on top of the electrode layer as shown in Figure 10. This thesis just describes the 

development of such three dimensional microactuators and leaves their testing for future 

work. 

 This concludes the description of the techniques used to fabricate microjet 

actuators. The fabrication procedures presented in this chapter offer MEMS based 

approaches to produce millimeter scale jet actuator devices that are robust enough to be 

used in harsh environments. Lamination based fabrication technique when combined with 

laser micromachining technique allows for batch fabrication of large number of jet 

actuators at low cost. Finally, through selective material selection for the chamber and the 

electrodes layers, reliable and rapid ignition of the propellant can be achieved. The 

microjets released from the lamination based actuators offer a simple solution to generate 

large, rapid forces that could potentially be applied towards various applications that 

require rapid response from the jets. 
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Figure 10: Fabrication sequence of three-dimensional electrode based radial array 
microactuators 
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CHAPTER 4 

TEST METHODS 

4.1 Chemical based Microactuators 

 This chapter provides detailed information on the testing methods and apparatus 

used to characterize electrically powered, lamination based microjet actuators. Chemical 

based microactuators are fabricated as discussed in Section 3.3.1.1 and integrated with 

conductive solid propellant. Detailed information on the development of conductive 

energetic propellants is discussed in this chapter. The developed conductive propellant is 

then tested for its electrical conductivity to ensure repeatability of the ignition process. 

The electrical circuit developed for the ignition of the conductive propellant is 

characterized for the required ignition power and ignition energy. The conductive 

propellant based microactuator is then tested for the amount of gas generated during the 

combustion process. Finally, the performance delivered by the actuator is measured using 

a force measuring setup and an impulse measuring ballistic pendulum setup. 

4.1.1 Propellant Processing 

 As stated in the literature review, energetic solid propellant selection is very 

important to the performance of a microjet actuator. Solid based fuels, though they offer 

less performance in traditional applications than liquid fuels, are easier to handle and 

require only simple fuel systems where both the oxidizer and the fuel components of the 

propellant can be mixed and stored together until the time of ignition. Solid propellants 

are broadly classified into homogeneous, heterogeneous and composite propellants. 

Among these, composite propellants are best suited for use in microactuators as they 
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offer a wide range of specific impulse and burn rates which can easily be achieved by 

tailoring the energetics of each individual fuel component. However, composite 

propellants require time consuming powder processing to ensure good and repeatable 

performance. On small scales, this general limitation of composite propellants can be 

taken to our advantage as it provides us with an option of processing the fuel in lab 

allowing for finer control of propellant properties. 

 Several composite propellant ingredients including oxidizing agents, fuel 

components, polymeric binders and conductive dopants are surveyed in our research for 

their feasibility to be used in microjet actuators and these ingredients are reported in 

Table 7. Among these, the most important component in a composite propellant is the 

oxidizer as it provides the necessary oxygen that is required for the combustion reaction. 

The oxidizing agents surveyed in this research include ammonium perchlorate, potassium 

perchlorate and potassium chlorate. Another integral component of composite propellants 

is the fuel component. The fuel ingredients surveyed include potassium ferricyanide and 

antimony trisulfide. The binder components surveyed are nitrocellulose, glycidyl azide 

polymer and acetone. The conductive dopants tested include carbon black and graphite 

powder.  

 All the propellant ingredients used in the microactuator development are generally 

bought in 2-5 lb quantities from chemical suppliers. Among these, the oxidizing agents, 

nitrocellulose binder and potassium ferricyanide are obtained from Firefox Enterprises. 

The typical particle size range of the obtained oxidizing agents is in 90-400 µm range. 

Nano size carbon black and micro size graphite powders are obtained from Asbury 

chemicals. The reported particle size of carbon black is 29 nm and graphite is 5-10 µm. 
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Both carbon black and graphite were reported to be conductive by the supplier with an 

electrical resistivity of 0.34 Ω-cm and 0.08 Ω-cm respectively. GAP is obtained from 

Mach 1, Inc as a diluted mixture of 40% by volume polymer and 60% by volume of ethyl 

acetate. While using GAP during experiments, the ethyl acetate in the solution is allowed 

to evaporate before use. 

 

  Table 7: List of ingredients for composite conductive propellants  
 

Type Typical Wt% Chemical Name 

Oxidizer 0-70 Ammonium Perchlorate 

  Potassium Perchlorate 

  Potassium Chlorate 

Binder 0-15 Glycidyl Azide Polymer 

  Nitrocellulose 

  Acetone 

Fuel 0-30 Potassium Ferricyanide 

  Antimony Trisulfide 

Conductive dopants 2-20 Graphite 

  Carbon Black 

 

  

 The literature review section provided some possible energetic propellant 

formulations using these fuel ingredients. Based on this information, solid propellant 

formulations that offer good performance at small size scales are developed in our lab 

and described in this section. The performance reported for these fuels in the literature is 

based on large scale applications. However, the same performance is not expected to be 
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achieved from small scale fuel systems. This is because the small scale fuel systems 

suffer from higher thermal losses when compared to large scale systems as they expose a 

greater percentage of released hot gases to the low temperature side walls. The side walls 

have detrimental effects on the combustion reaction. First, low temperature walls remove 

heat from the product gas, reducing the ability of the gases to produce a high temperature 

jet. Next, reactants that contact the side walls lose momentum and have less chance to 

collide with other reactants thus reducing the chance of reaction propagation. In addition, 

at small size scales, the surface area to volume ratio of the combustor chamber increases, 

resulting in higher thermal losses associated with close chamber side walls.  

 While preparing the conductive energetic propellants on small scales, proper 

methods for mixing and processing of conductive solid propellants are surveyed. As 

small quantities of propellant mixtures are prepared in multiple batches during testing, it 

is extremely important to minimize any batch to batch variations in order to achieve 

uniform performance. This means that the following variables in the propellant mixture 

should be well controlled [27]: 

• Compositions of each fuel component 

• Conductive additives 

• Particle size of ingredients 

• Loading method and pressure 

• Mix homogeneity 

• Moisture or humidity during mixing and loading 

• Propellant surface contact with electrode material 

 Of these items, the composition of the oxidizer, fuel and other components is 
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generally maintained by carefully weighing each component to maintain uniformity in 

the ratio of ingredients. A digital scale (Mettler AE200 digital balance) with precision of 

0.1 mg is used to measure propellant ingredients. The particle size of the propellant grain 

affects the burn rate, where propellants with finer particles typically burn faster than 

propellants with larger grain sizes [27]. Hence, to control particle size, a ball mill and 

sieve are used to grind and sort the powders. Good loading method and high loading 

pressures maximize the final packing density of solid propellant in the combustion 

chamber and this in turn increases the burn rate of propellant. The mix homogeneity of 

the propellant mixture affects how consistently the conductivity of the propellant can be 

reproduced and how consistently the propellant burns throughout the propellant volume. 

Solvents are used to reduce the viscosity of the fuels to improve wetting and mobility of 

ingredients. Finally, moisture content in the fuel can adversely affect the performance of 

solid propellant. Humidity can introduce inert water into the propellant and combustion 

energy is wasted in heating this inert material, reducing the performance of the 

propellant. Hence, the moisture content in the fuel is controlled through the use of oven 

drying and dessicants.  

 Selection of the right propellant for microactuator development is also affected by 

the following factors. First, laboratory equipment needs to be available to allow safe 

handling and storage of the propellant ingredients. Second, the propellant ingredients 

must readily be available. Third, large scale performance data demonstrated a wide range 

of fuels that could be used in microjet actuators to obtain the desired range of specific 

impulse and burn rate values. Other selection criteria like shock sensitivity are neglected 

in some cases in order to increase specific impulse or burn rate. The powder processing 
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techniques developed for conductive solid propellant processing are based on industrial 

processes presented in Section 2.1.2. The individual solid propellant ingredients used in 

chemical microjet actuators are stored as received in sealed plastic bags. Before being 

used, small quantities of individual materials are removed from the shipping container, 

ground, sorted and then stored in one of the two desiccant dryers with relative humidity < 

8%. The purpose of storing the ingredients in a desiccant is not to remove all the 

moisture, but to maintain consistent moisture content from batch to batch. Two desiccant 

jars are used, one for oxidizer and one for fuel components. Figure 11 shows all the 

processing steps used during solid propellant processing. Steps 2 and 3 in Figure 11 show 

grinding and sorting of individual propellant ingredients. A ball mill is used in Step 2 for 

grinding because a micropulverizer is not available. The nylon ball mill is charged with 

3/8” diameter cylindrical alumina pellets, and then filled with 176 g of oxidizer. The mill 

is operated at 120 rpm to create a consistent cascading action of the alumina pellets 

within the ball mill. An automatic sieve shaker is used in Step 3 to speed the sorting 

action within the sieves. The 3” sieves are of the following sizes: 500 µm, 212 µm, 90 

µm, 53 µm and 27 µm. Potassium perchlorate, ammonium perchlorate, and potassium 

ferricyanide are ground and sorted using these techniques. Each ingredient requires its 

own ball mill and set of sieves to prevent cross contamination. Potassium chlorate is used 

as received because it is sensitive to shock and accidental ignition.  

 Steps 4 and 5 in the solid propellant preparation process are drying and mixing 

respectively. To force moisture removal from hygroscopic powders, a vacuum oven as 

shown in Figure 11 is used. A vacuum bake is conducted below the powder 

decomposition temperature and held until the moisture content is satisfactorily removed. 
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During this step, the mass of the propellant before and after baking is recorded to 

determine the amount of moisture removed. This drying step is performed at 473˚K for 4 

hours. When the powders are dried and sorted, they are ready for mixing. When mixing 

propellants, Step 5, the following procedures are used. First, powders are weighed 

separately in 20 mL beakers using a Mettler AE200 digital balance. Then, a binding agent 

is added to the oxidant and stirred until uniform. Individual additives are then added and 

stirred using a stirring rod until the mixture is uniform. With most binders, plasticizers or 

solvents are added to reduce the working viscosity of the mixture and improve the solids 

loading in the binder. Adding acetone or nitrocellulose lacquer is an example of this.  

 Conductive chemical propellants thus made are directly cast from mixture into the 

combustion chamber by hand pressing into the combustion chambers. Solvents such as 

acetone are added not only to reduce the propellant viscosity and increase handling 

safety, but it also ensures forming uniform and good contact of propellant with the 

electrodes. The solvent allows the propellant to flow easily when being filled in the 

chamber. The solvent evaporates after casting leaving the propellant mixture in the 

combustion chamber. Reducing the viscosity of the mixture with solvents eliminates 

voids in the propellant. The cast propellant is allowed to cure for 12 hours at room 

temperature and 7% relative humidity. Once cured, excess propellant is wiped from the 

arrays to prepare the surface for lamination of the top electrode layer. Once cured and 

bonded, an array of jet actuators are assembled and are ready for testing. 
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   Figure 11: Propellant powder process flowchart    
 

 

 The first step in testing the conductive fuel microactuators is to look for the 

conductivity of the propellant. Several conductive solid propellant mixtures used for this 

purpose are reported in Table 8. Among these mixtures, not all the mixtures were proved 

to be conductive enough to be ignited using electrode discharge of currents. Hence, only 

a few of these mixtures are finalized to be integrated into the microactuators. For each of 

these finalized fuel mixtures, several weight ratios of each fuel component are tested to 

determine the optimum composition of the fuel for good conductivity, minimum ignition 

requirements and high burn rate. These fuel mixtures and their optimum compositions are 

reported in Table 9. The optimum composition of each fuel mixture is used for the final 

characterization of the microjet actuators. 

 

Raw material: 
e.g. KClO4 

Grinding: 
57 mm dia ball mill, ½” 
ceramic grinding media, 

120 rpm 

Sorting: 
Vibratory Sieve Shaker 

Drying: 
Vacuum Oven 

 200˚C 12 hours  

Hand mixing: 
1 to 2 g batches 

Filling and Curing: 
12 hrs, 21˚C, 7% RH 
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Table 8: Propellant mixtures prepared in lab and tested for fuel conductivity 

Mix 

No 

Oxidizer Binder Fuel 

 

Additives Conductive 

additive powder 

1 NH4ClO4 GAP -  Graphite 

2 NH4ClO4 GAP -  Carbon/Graphite 

3 NH4ClO4 GAP -  Carbon 

4 - GAP -  Carbon 

5 - GAP -  Carbon/Graphite 

6 - GAP -  Graphite 

7 KClO3 - Sb2S3 Acetone Carbon black 

8 KClO4 Nitrocellulose K3[Fe(CN)6] Acetone Carbon black 

9 KClO4 Nitrocellulose K3[Fe(CN)6] Acetone Carbon/Graphite 

 

 

 

Table 9: Sample weight ratios for the finalized solid propellant formulations 

Mix 

No 

Oxidizer Wt 

Ratio 

Binder Wt 

Ratio 

Fuel 

 

Wt 

Ratio 

Conductive 

additive 

Wt 

Ratio 

1 KClO3 6 - - Sb2S3 1 Carbon  0.5 

2 KClO4 3 Nitrocellulose 0.75 K3[Fe(CN)6] 1 Carbon  0.5 

3 - - GAP  0.8 - - Carbon 0.2 

4 NH4ClO4 1 GAP  1 - - Carbon 0.2 
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 Among the finalized propellant formulations mentioned in Table 9, Mix 1 is a 

pyrotechnic noise making propellant known to detonate at atmospheric pressures and 

ignite easily with electrical ignition. Because mixtures of potassium chlorate and sulfur 

fuel are susceptible to accidental detonation, the potassium chlorate is used as received.  

Mix 1 is prepared as follows: 

1. Combine 1 g KClO3 to some acetone 

2. Stir to coat KClO3 

3. Add 0.17 g Sb2S3 

4. Add 0.08 g of nano size carbon black powder.  

5. Stir ingredients by adding small amount of acetone to ease mixing with a stirring 

rod 

6. Fill actuators immediately by pressing the mixture into the chamber 

7. Let the mixture dry in the chamber for 12 hours before sealing the chambers with 

the top electrode and top backing layers 

 Mix 2 is obtained from the literature and is reported to have very fast burn rates, 

but no stoichiometry was reported. The ratio of potassium ferricyanide and binder is 

varied in the mixture to achieve the desired performance. The mixture used for final 

testing is prepared as follows: 

1. Combine 1 g KClO4 to 0.25 g of Nitrocellulose lacquer 

2. Stir to coat KClO4 

3. Add 0.33 g of K3[Fe(CN)6] 

4. Add 0.16 g of carbon black 

5. Stir ingredients by adding small amounts of acetone to ease mixing 
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6. Fill actuators immediately 

7.  Let the mixture dry in the chamber for 12 hours before sealing the chambers 

 Mix 3 is conductive glycidyl azide polymer (GAP) mixture. Because GAP is 

reported in literature as an energetic binder, no other fuel or binder is added to it. GAP 

propellant is mixed with carbon black and then filled into the combustion chambers. The 

final propellant, Mix 4, is comparable to propellants cited in the development of the 

micropyros and smartdust. This propellant is chosen for comparison to existing 

microthruster technology.  

 Mix 4 is prepared as follows: 

1. Combine 1 g NH4ClO4 to 1 g GAP 

2. Add 0.2 g carbon black 

3. Fill chambers immediately 

 

4.1.2 Fuel Conductivity Measuring Setup 

 For conductivity measurements, chambers as shown in Figure 12 are filled with 

the conductive propellant to be tested. Electrodes are inserted on either side of the 

chamber and the resistance of the fuel is measured using a multimeter. The resistivity of 

the conductive propellant is calculated using Ohm’s law as:  

     ρ = RA/L      (8) 

Where ‘A’ is the area of the combustion chamber and ‘L’ is the distance between 

electrodes.  The conductivity of propellant is then calculated by: 

     σ = 1/ ρ      (9) 

 Several fuel compositions mentioned in Table 8 were tested for conductivity by 
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varying the composition of the fuel ingredients and conductive dopants. 

 

 

 

                       

 Figure 12: Microchamber used for conductivity measurements 

 

 

4.1.3 Gas Generation Measuring Setup 

 In order to measure the amount of gas released from the microjet actuator during 

combustion event, a gas generation setup is utilized. The quantity of gas released during 

actuation is measured in terms of number of moles or volume of the released gas. The 

measuring setup consists of a closed and sealed vessel that measures pressure at constant 

volume. In general, the pressure inside a closed chamber is dependant on the volume of 

the chamber, mass of propellant, temperature and the rate of combustion [82]. But, when 

the released gases are allowed to cool for sufficient period of time, the effect of 

temperature and rate of combustion can be neglected. 

 The apparatus used for measuring the amount of gas released is shown in Figure 

13. The apparatus consists of a cylindrical closed sealed vessel and a diaphragm-style 

25 µm  Brass 
electrodes 

250 µm  
mylar 
chamber 
layer  

+
V 
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pressure transducer. The vessel is made from stainless steel and can be divided into three 

parts for easy installation of the actuator inside the vessel. The pressure transducer is 

attached to the top part of the vessel using standard tube fittings and electrical feed 

throughs are provided at the bottom part of the vessel. The microactuator is placed within 

the vessel and the electrodes are connected to the electrical setup using electrical feed 

through connections. These feed through connections allow for the initiation of the 

propellant actuation. Once the actuator is placed within the vessel, the top and bottom 

parts of the vessel are sealed using a copper gasket, a butyl rubber gasket and six 5/16″, 

grade 8 hex bolts to make the chamber air tight. The volume of this closed vessel is 23 

cm3. The sensitivity of the measurement can further be increased by decreasing the free 

volume available within the closed vessel. This is done by inserting an aluminum insert 

within the vessel. The volume occupied by this aluminum insert is 12 cm3, thus reducing 

the overall free volume available for the gases released to 11 cm3. The mass of the fuel 

consumed during actuation is measured by measuring the weight of the actuator before 

and after the actuation process. The pressure within the chamber is recorded before, 

during and after the combustion process. The amount of gas produced is calculated based 

on an ideal gas equation of state:  

      (10) 

The moles of gas produced are determined by obtaining the pressure difference within the 

vessel. The volume of gases released is then calculated by converting the moles of gas 

released during combustion using:  
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         (11) 

 

 

 

 

 Figure 13: Pressure bomb used for measuring amount of gas released 
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4.1.3.1 Pressure Sensor Calibration 

 The pressure transducer used during the testing procedure is an omega PX180-

O30GV3 stainless steel diaphragm transducer. The sensor has the capacity to measure 

from 0 to 2 atm gauge pressure, with an output range of 0 to 100 mV and rated accuracy 

of 0.3%. The sensor is initially calibrated using compressed air. The sensor scale is 

measured to be 0.021 atm/mV and the results of the calibration are shown in Figure 14.  

The pressure data is then recorded by connecting the transducer to a 12 bit data 

acquisition box for an input range of 1 V. Hence, the voltage resolution is 0.49 mV and 

the pressure resolution is 0.99 kPa. These measurements are made for single combustion 

chambers and the chamber pressures are recorded after the gases are cooled completely. 

As the thermal mass of the vessel is large, the gases released have cooled within hundreds 

of milliseconds. The recorded chamber pressures are then converted into volumes of gas 

at 298ºK and 1 atm using ideal law. 

  

   Figure 14: Pressure bomb calibration [22]  
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4.1.4 Force and Burn Time Measuring Setup 

 Much of the measuring setup is described in [22], and the treatment that follows is 

taken in large part from that reference. The burn rate characteristics of conductive fuel 

microjet actuators include impulse delivered, thrusts generated, ignition delay time and 

impulse durations. These parameters are important in determining the actuator 

performance as they are critical in maintaining the control authority of the actuator arrays 

when implemented in an application. Total impulse acts as a yardstick in measuring the 

total effect of the released jet from the actuator and is defined as the time integral of 

thrust delivered over the burn duration. Burn duration must be controlled to set an 

actuator pulse frequency, e.g., for a spinning projectile. Ignition delay time, defined as 

the time taken from the application of input energy to the fuel to the beginning of 

combustion process must be well controlled so that the combustor fires in a control 

direction, making actuator reproducibility an important manufacturing constraint.  

 A force stand is a classic testing method used to determine the burn characteristics 

of large scale actuators. A fixed force sensing setup is used to measure the burn 

characteristics of the actuator for a given fuel composition, device geometry and nozzle 

design. Unlike large scale actuators where the magnitude of thrust generated is much 

greater than the sensitivity of the measuring system, microactuators suffer from 

extremely fast rise times and short burn times which lead to large vibrations of the force 

measuring system. These system vibrations make it extremely difficult to differentiate the 

actual force released from the actuator from the additional forces sensed by the sensor 

due to the vibrations imparted from the system. Hence, measuring burn characteristics of 

the microactuators is not as straight forward as measuring the burn characteristics of large 
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scale actuators.  

 The force sensing setup that is needed for measuring burn characteristics of a 

small scale actuator must be able to reduce the effect of external vibrations without 

greatly sacrificing the time resolution of the system. This is achieved by reducing the 

overall mass of the force sensor setup and by using damping materials. The force sensing 

setup as shown in Figure 15 includes a piezoelectric ring type force sensor securely 

mounted to a small and heavy metal block which in turn is mounted on a uniform leveled 

table with a solid heavy platform on top to reduce damping. An adapter connects the 

actuator mounting assembly to the force sensor assembly. This adapter is provided with a 

damper to reduce vibrations in the sensor.  

 The sensor used for measuring burn characteristics is a ring type piezoelectric 

force sensor with a model # 9144A21 obtained from Kistler Instruments Corp. The sensor 

contains two quartz elements sensitive to shear force in one direction. The force to be 

measured is transmitted by stiction to the quartz elements and these produce an electrical 

charge directly proportional to the force applied. The force sensor is connected to a 

charge amplifier using a bnc connector so as to convert the charge signal obtained form 

the sensor into a proportional voltage that could be acquired later. The charge amplifier 

used along with the Kistler sensor is a Kistler model # 5010. This amplifier is a versatile, 

line powered, dual mode amplifier that works either in a charge mode or a voltage mode. 

In charge mode, this unit converts the input charge signal such as a Kistler sensor signal 

into proportional controlled voltage. The long time constant mode on the amplifier 

permits measurement of short duration static and quasi-static events. The scale and the 

sensitivity settings are designed to provide a direct readout in volts per mechanical unit to 
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be measured, thus eliminating mathematical manipulations. The sting and the base plate 

surrounding the sensor are held together by a 5/8” grade 8 bolt with a preload tightening 

torque of 23 Nm. A rotating turret assembly is machined to hold and properly align the 

actuator arrays during testing. The turret is connected to the sting and held in place using 

two #6 cap screws. The actuator is fired radially through slits in the turret and the force 

released is transferred to the sensor.  

 Figure 16 is a flow chart of the force data acquisition system. The force sensor 

senses the force released and produces an electric charge proportional to the force. A 

charge amplifier is used to convert this electric charge to proportional voltage. The signal 

from the charge amplifier is fed into a data acquisition system, stored and recorded on a 

computer as force vs. time. The voltage equivalent signal from the charge amplifier is fed 

to a National Instruments BNC 2090 junction box and then to a 12-bit data acquisition 

box from National Instruments MIO-16E. This data is recorded on an AMD650 desktop 

PC using labview software. Figure 17 shows a sample result of the acquired force data 

and burn characteristics are determined from this data. The thin vibrating line represents 

actual data acquired from force sensor using data acquisition system. A 20-point moving 

window average is plotted along with the actual force data. This force data is then 

integrated to obtain the calculated impulse of the actuator.  
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    Figure 15: Force sensor setup  
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   Figure 16: Force sensor data acquisition 
 

 

             

   Figure 17: Force sensor output result           
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4.1.4.1 Force Sensor Calibration 

 Before using the force sensor for determining the burn characteristics, it needs to 

be calibrated. This is done using static weights. The sensing setup consist an inner rod, an 

outer ring and a urethane damper. The sensor is secured along the inner rod using a grade 

8, 5.8” bolt and the actuator mounting assembly is attached to the outer ring. A 200 gm 

weight is hung from the sensor in the positive force direction. Using this weight the 

sensor sensitivity is adjusted to measure the corresponding 2 N force. A series of 

dynamic calibration measurements were made to measure the burn times to less than 2 

ms and minimize the errors in calculating impulse values while using a damper. These 

measurements help in comparing calculated impulses from a known input impulse. The 

input impulse is supplied by dropping a ball of known weight onto the actuator mounting 

assembly from a fixed distance and recording the force using the force sensor. The 

measurements were repeated for three different weights of 0.1 g, 1 g, and 7.5 g being 

dropped from a distance of 27 mm. The force recorded is integrated to obtain impulse 

generated. In order to reduce high frequency vibrations that occur due to metal to metal 

collision, a thin layer of clay is pressed to the impact zone of the mounting assembly. 

Addition of this clay layer is critical because any elastic collisions between the ball and 

the mounting assembly would make the impulse calculated to be higher than the actual 

impulse. This layer of clay not only helps in causing an inelastic collision between the 

ball and the mounting assembly but it effectively reduces the rebound velocity of the ball 

to zero.  

The momentum at impact is obtained from: 

         (12) 
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This is equal to the impulse at impact by: 

         (13) 

 Figure 18 shows results obtained from calibration tests for three different balls of 

mass 0.1,1 and 7.5 g each dropped from a distance of 27 mm onto the sensor. The 

momentum at impact is calculated using Equation 12 to be 0.0727, 0.7275 and 5.556 

mNs respectively. The actual impulse calculated from the sensor is 0.08, 0.81 and 5.71 

mNs respectively. With an error percentage of 10%, 11.4% and 2.8%, these results show 

a good agreement between theoretical and measured impulses. The small variation 

between the measured and input impulses can still be explained by several factors such as 

a numerical integration error or due to a slight elastic collision between the dropped ball 

and the mounting setup. Nevertheless, this experiment confirms that the actuator impulse 

measured using a force sensor is reasonable.  

 

    

   Figure 18: Force sensor impulse calibration 
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4.1.5 Impulse Measuring Setup 

 In order to measure the impulse generated from microjet actuators, the above 

mentioned force sensing setup is used. However, this measuring setup suffers from the 

disadvantage of obtaining impulse from time resolution of the force profile, which is 

subjected to errors because of external vibrations caused by the system. Several other 

impulse measuring setups such as pendulum style force measuring system are reported in 

the literature [43, 44]. This approach is ideal for measuring impulse delivered from small 

scale actuators as it is highly sensitive to extremely small impulse variations without any 

vibration errors. For our testing purposes we developed a ballistic pendulum setup and 

compared the impulse obtained from these measurements to the impulse obtained from 

the force sensing measurements. This comparison helps in optimizing the actuator 

performance as this setup is more sensitive for measuring low impulse delivered by the 

actuators than the force sensor setup.  

 A ballistic pendulum is a classic method for determining the velocity of a 

projectile. A typical ballistic pendulum consists of a mass attached to one end of a pivot 

arm, with the arm and mass free to rotate, as shown in Figure 19. In a perfectly inelastic 

collision, a bullet is fired into the stationary pendulum, which captures the bullet and 

absorbs its energy. This accelerates the mass, generating kinetic energy. The stationary 

pendulum now moves with a new velocity just after collision. Because of this collision, 

the center of gravity of the pendulum and the ball is raised from the initial equilibrium 

position of the pendulum to a height above that position. As the height increases, a 

potential energy due to gravity builds up. As the property of conservation of energy 

requires that the total energy of the system be conserved, the velocity comes to zero at 
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some maximum elevation change. The potential energy of the mass at the maximum 

elevation change is equal to the maximum velocity at the bottom of the pendulum arc, so 

elevation change can be related to the momentum of the pendulum. As the momentum 

and the total impulse are equal, the total impulse applied to the mass is calculated based 

on the vertical displacement of the mass. The detailed calculations for obtaining the total 

impulse are shown in this section.  

 

 

    

   Figure 19: A typical ballistic pendulum setup [83]  

 

 

 The ballistic pendulum setup that is used for measuring impulse from microjet 

actuator is shown in Figure 20(c). Two 32 AWG copper wires (0.2032 mm) are used to 

form a 43.4 cm pendulum arm. The individual wires are tightened around nylon bolts that 

are used to adjust the length of each wire, setting the total length of the pendulum wire. 

The nylon bolts are fixed at 53 cm apart, so that the length of each support wire is 50.8 
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cm. The pendulum mass is suspended inside an enclosure to reduce the effects of airflow 

in the room on the movement of the mass and the position of the vibrometer is adjusted 

so as to focus on the center of the pendulum mass. The mass that is used to form the 

pendulum was stereo-lithographed using epoxy in the shape of a sphere with inputs to 

provide electrical connections to the actuator as shown in Figure 20(b). Two #2-56 

threaded cap screws are used to create mechanical contact between the electrodes and the 

pendulum wires. An additional cap screw is used to clamp the actuator firmly to the 

epoxy ball. A single actuator as shown in Figure 20(a) is used for testing in the ballistic 

pendulum. This single actuator represents each actuator in the array used during the final 

application.   

 

 

 

   Figure 20: Pendulum experimental apparatus 
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 The data acquisition system used for impulse measurements is shown in Figure 

21, and is described in detail in the next several sections. The data acquisition setup 

consists of a pulse generator, a power circuit, a data acquisition board, a desktop PC with 

labview software and a vibrometer. A pulse generator is used to supply a square, 5 V DC 

pulse to a mosfet in the power circuit. A high voltage is supplied to the pendulum wires 

from the high voltage power supply using the power circuit. This power circuit conducts 

current through the pendulum wires to the actuator embedded within the mass at the end 

of the pendulum. The conductivity of the fuel placed between the electrodes initiates the 

actuation process because of joule heating. Once the actuator fires, the reaction force 

from the actuator swings the pendulum arm. The length of pendulum arm when initially 

at rest is 43.4 cm. After actuation, the pendulum arm swings and the maximum vertical 

displacement, ∆z at time t = ∆t, is measured. A laser vibrometer, which is a Polytec OFV 

3001 Vibrometer Controller with OFV303 Sensor Head, is used to measure the horizontal 

position of the mass. A +/- 10V signal is conducted through a National Instruments BNC 

2090 junction box to a National Instruments DAQ MIO-16E data acquisition board from 

where the data is recorded on a AMD650 desktop PC using labview software.  The data 

record included the pulse signal, the voltage across the combustor and pendulum wires, 

the voltage across the mosfet in the power circuit, and the displacement signal from the 

laser vibrometer. Figure 22 shows sample data gathered from the ballistic pendulum for 

conductive propellant filled actuator.  
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   Figure 21: Pendulum measurement flowchart 

 

 

 

   

  Figure 22: Vibrometer output from pendulum setup  
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4.1.5.1 Impulse Calculations 

 The impulse generated by the actuator is measured using the signal obtained from 

the laser vibrometer. The laser vibrometer measures the horizontal position of the 

swinging mass as an equivalent voltage signal. As the pendulum arm is pivoted, the 

angle, Ф, formed by the pendulum arm with the vertical at the fixed end can be obtained 

from the horizontal displacement, ∆x, and the length of the pendulum, Lpen, as: 

         (14) 

The horizontal position measured from the vibrometer is typically less than 20 mm. 

Hence, for small angles, Ф= tan(Ф) and the vertical displacement of the mass is 

calculated to be: 

        (15) 

Because of this displacement of the pendulum ball, the center of gravity of the pendulum 

and the ball is raised from its initial equilibrium position to a height above that position. 

As the height increases, a potential energy due to gravity builds up. As the property of 

conservation of energy requires that the total energy of the system be conserved, the 

velocity comes to zero at some maximum elevation change. The potential energy of the 

mass at the maximum elevation change is equal to the maximum velocity at the bottom of 

the pendulum arc, so elevation change can be related to the momentum of the pendulum 

by:  

         (16) 

This net change in momentum of the pendulum is equal to the impulse applied to the 



 114 

pendulum. Substituting Newton’s law into the definition of impulse yields: 

       (17) 

The specific impulse is then obtained based on the total impulse measured by the ballistic 

pendulum. The mass of the fuel burnt is measured by weighing the actuator before and 

after the combustion process using a microbalance. The specific impulse is then obtained 

by dividing the total impulse with the mass of the fuel burnt using the equation: 

                               (18) 

4.1.6 Ignition Electronics Setup 

 The process of electro-thermal ignition of conductive solid propellant is a series 

of complex processes. It starts by the production of electrical energy from an ignition 

source. When sufficient electrical energy is supplied from the ignition source to the 

conductive propellant as shown in Figure 23, the temperature of the propellant increases 

until its decomposition temperature is reached. In this figure, for time t < 0, no current 

flows through the conductive fuel as the switch between power supply and actuator is 

open. At t = 0, the switch is closed, resulting in an electrical path between the power 

supply and conductive fuel. The ideal electrical characteristics for such a system will be 

as shown in Figure 24. As constant voltage is supplied from the power supply, the 

voltage across the actuator remains constant. With the supply of electrical current, the 

temperature of the fuel increases with time. As the fuel resistance is dependent on 

temperature, the conductivity of the fuel decreases with time resulting in a decrease in 
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flow of current through the propellant. Once the fuel reaches its decomposition 

temperature, it ignites at time ‘tignition’, releasing combustion gases. After time ‘tignition’, as 

no more conductive fuel is present in the actuator, the circuit breaks and the current at the 

actuator finally drops to zero. Ignition power, which is defined as the power consumed in 

actuator ignition is a characteristic of the electrical circuit that varies with time between 

the onset of application of ignition energy and the onset of ignition itself as shown in 

Figure 24. 

    

   Figure 23: Ignition source schematic 
  

   

 Figure 24: Ideal ignition characteristics expected for conductive fuel actuator 
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 However, the above mentioned electrical characteristics are expected for an ideal 

case, where all the energy supplied from the power supply is supplied to the actuator 

without any losses. In reality, there are several losses associated with the components 

used in the electrical circuit. For example, when a capacitor alone is used to supply 

electrical energy to the actuator, a constant voltage cannot be supplied to the actuator, 

instead, the voltage gradually drops as the capacitor is discharged and the fuel resistance 

is increased. If the capacitor is allowed to recharge after ignition, the voltage sharply rises 

back to the original value. At the onset of ignition, the current falls sharply as shown in 

Figure 25 since the vaporizing fuel no longer provides a conductive path.  

 

 

 

      

Figure 25: Typical voltage and current data obtained with a capacitor as ignition source 
 

 

  

tignition 
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 Repeatable power output and secure electrical connections are extremely 

significant while choosing the supply electronics. It helps in minimizing the ignition 

delay time variations that might be attributable to electronics, thus enabling precise time 

control of actuator initiation. Also, the faster the supply of electrical energy from the 

ignition source, the lesser would be the delay time of ignition. In addition, for all the 

components used in the power circuit, portable alternatives should be available so that the 

power circuit can be replicated in a portable form without any significant losses to be 

integrated into a portable application. 

  For the purpose of testing these microactuators, two circuits are developed. The 

first power circuit is developed for lab scale testing purposes and it makes use of larger 

electrical components available. This circuit is used during the characterization of the 

microactuators in our laboratory. Hence, this is discussed in detail in this section. The 

second circuit developed is a portable alternative to the first, so that it can be integrated 

with the actuators for portable applications. It supplies the same power ratings as the first 

but utilizes smaller electrical components. Though we have characterized the portable 

circuit, as it is not used during lab scale testing, it is not detailed in this section but 

instead discussed in Appendix B.  

4.1.6.1 Equipment and Setup 

 The lab scale testing power supply presented in Figure 26 is used to heat the 

conductive propellant placed between two electrodes via joule heating using capacitive 

discharge. The main components of the circuit include a high voltage DC power supply, a 

capacitor, a mosfet and a pulse generator. Other minor components include a toggle 

switch, a push button, a mosfet driver and voltage dividers. A capacitor with ratings of 
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560 µF capacitance and 250 V maximum voltage is connected in parallel with a high 

voltage power supply with a maximum operating voltage of 1200 V (Kiethley 

Instruments). The capacitor is used to store the required electrical energy and later 

supplement it to the actuator via pulse delivery through a mosfet switch. An external 

pulse generator is used to activate the mosfet. The power mosfet (International Rectifier 

IRG4P254) has maximum ratings of 250 V and 55 A. As the required gate voltage for 

this mosfet is high, it is used along with a compatible mosfet driver so as to reduce the 

requirements for the gate voltage drive signal to 5 V. A toggle switch is used in the 

circuit to connect and disconnect the power supply when required in order to charge the 

capacitor. Three 23 kΩ resistors placed in parallel are connected in series with the high 

voltage power supply so as to make the capacitor the load of choice during the discharge 

of voltage. Two voltage divider circuits are placed on either side of the actuator to 

measure the voltage drop across the combustor and across the mosfet. A voltage divider 

is obtained by connecting two resistors in parallel. The voltage drop obtained across the 

mosfet is used to calculate current through the mosfet according to the technical data 

sheet supplied from the manufacturer. The obtained voltage is recorded using a 12-bit, 

data acquisition board (National Instruments DAQ MIO-16E) with a junction box 

(National Instruments BNC-2090). Labview software is used to record voltage and 

current data on an AMD650 Desktop PC. The sensing signal is sampled at 120 kHz to 

maximize sampling of the force sensor. The maximum input voltage to the data 

acquisition board is +/-10V. Once the ignition process is over, the high voltage power 

supply is disconnected and any remaining energy in the capacitor is discharged using a 

push button. Figure 27 shows the actual power circuit setup used during testing.   
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  Figure 26: Power supply schematic used for testing  

 

 

 

    

   Figure 27: Power supply used during testing 
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 From the voltage data obtained from this sensing setup, ignition characteristics 

such as ignition power and ignition energy are calculated as follows:  

Ignition Power: The ignition power is calculated based on the recorded voltages from 

the high voltage divider and the mosfet voltage divider see Figure 26. Both voltage 

dividers scaled the actual voltage so that it could be captured on the data acquisition 

system described in Section 4.1.6.1. According to the manufacturer’s technical data sheet, 

the drain current, Ic, could be related to mosfet’s drain-to-source voltage for each gate 

voltage. Based on this information, the drain current is calculated accordingly using 

voltage values measured at the mosfet. The proportionality constant between the drain 

current and the mosfet voltage is obtained to be 9 when a gate voltage of 7.5 V is used. 

The pulse power ‘Wc’, then is simply the current times the voltage, where the uncertainty 

increases as the voltage across the fuel decreases. To summarize: 

        (19) 

    Ic = 9 Vlow      (20) 

    Wc = ∆Vc * Ic      (21) 

Ignition Time: Reviewing Figure 26, the combustor is placed on the high voltage side of 

the power mosfet. When the mosfet is activated, the mosfet drain voltage is pulled near 

ground, allowing current to flow through the actuator and mosfet. As mentioned 

previously, the current flowing through the fuel causes joule heating of the conductive 

fuel. At an appropriate temperature, the actuator then ignites, breaking the circuit. The 

ignition event is marked by a drop in current through the mosfet. The optimum pulse 

width for the ignition process is chosen based on this ignition time, so that the ignition 

happens within the duration of the applied pulse.  
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Ignition Energy: The ignition energy is calculated by numerical integration (trapezoid 

rule) of the discretely calculated electrical power. The sampling rate of the data 

acquisition board was 120 kHz. The ignition energy is calculated until the time ignition is 

observed. Figure 28 shows the result trend of the power and ignition energy for a 

standard combustion event. The electrical power dissipated in the conductive fuel 

dropped as the capacitor is discharged. Numerical integration of power was performed by 

the following approximation: 

       (22) 

 

 

      

             

  Figure 28: Typical electrical power and energy data obtained 
  

tignition 
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4.1.6.2 Actuator Electrical Packaging Issues 

 The electrical interface between the ignition electronics and the microjet actuator 

must be carefully considered. In order to transfer electrical energy from the electrodes to 

the propellant, the electrode material chosen should have good electrical and thermal 

conductive properties. The use of ideal electrode materials is not always practical if they 

are difficult to connect to control electronics. The cost savings of batch fabrication will 

be lost if excessive time and money are required to establish electrical connections. As 

mentioned earlier, one of the limitations of lamination technology is the increased 

difficulty in establishing electrical connections to control electronics.  

 Hence, we focused on proposing a solution to this limitation where good electrical 

contacts could be achieved by soldering on to the electrode material or by using 

conductive epoxy to join the control electronics with the electrode material. For these 

reasons, brass material is chosen as the choice for electrode material. Brass is an alloy of 

copper and zinc with a melting point of about 930˚C and a density of 8400 kg/m3. It has 

an electrical resistivity of 20e-9 Ωm and can easily be soldered onto printed wiring boards 

without significant surface preparation. Figure 29 shows a jet actuator array that utilizes 

soldering technique to connect brass electrode to external wiring for electrical 

connections. Laser patterned solder tabs were made in the electrode array and buswires 

are passed through these tabs patterned on each electrode. These tabs effectively make 

the actuator a surface mount device. The buswires can then easily be passed through a 

printed wiring board and soldered to contact points on the printed wiring board. Also, the 

buswire can be passed through multiple arrays, allowing the arrays to be stacked during 

the final application. Alternately, conductive epoxy could be used to join brass to external 



 123 

wiring. Conductive epoxy connects the buswires to the electrode tabs patterned in brass. 

Conductive epoxy connections easily facilitate stacks of actuators, but are somewhat 

expensive.  

 The contact resistance of soldering joint is much less than the conductive epoxy 

joint. However, care must be taken while soldering as the fuel gets heated because of the 

heat transferred from the electrode material to the fuel. This might lead to accidental 

misfiring of the actuators causing a safety issue. This issue could be eliminated by using 

conductive epoxy. Though the conductive epoxy connections have some contact 

resistance associated with it, as this resistance is much smaller than the resistance of the 

propellant, conductive epoxy connections can be feasible in our laminated microactuator 

systems. 

 

    

    

Figure 29: Microactuator array with connection wires attached using soldering technique 
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 This chapter provided the detailed information on conductive propellant 

processing and several testing methods and apparatus used during the characterization of 

chemical based microactuators. A force sensing setup is used to measure the thrusts 

delivered by the microactuators and a ballistic pendulum setup is used to measure the 

impulse delivered by the actuators. Finally, an ignition electronics setup is presented in 

Section 4.1.6 to supply the required electrical energy to the conductive propellant. The 

ignition circuit is characterized to obtain the ignition power and energy required by the 

actuators to sustain combustion. 

4.2 Physical based Microactuators 

 The physical based microactuators operate on the principle of electro-thermal arc 

generation. The actuator consists of a microchamber filled with liquid propellant placed 

between two electrodes. When sufficient electrical energy is supplied to these closely 

spaced electrodes, an arc is discharged between electrodes building up temperature and 

pressure within the system. This causes a phase change of the propellant within the 

chamber and the high pressured propellant exits the chamber in the form of a fluidic jet, 

through a nozzle. The released jet is characterized for thrusts delivered and its duration 

using a force sensing setup and ignition electronics setup. Finally, the released jet is used 

to create micro conduits in skin by placing skin in the path of the jet. The treated skin is 

then tested for its permeability using permeability testing setup and histology 

examination setup. 

4.2.1 Force and Burn Time Measuring Setup 

 For characterizing the microjets for released thrust and durations, the same force 

sensing setup described in Section 4.1.4 is used. This setup consists of a piezoelectric 
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ring type force sensor securely mounted and calibrated. The obtained signal from the 

force sensor is converted to proportional charge or voltage using a charge amplifier. This 

electric signal is then fed into a data acquisition system, stored and recorded on a 

computer as force vs. time. Figure 30 shows a sample result of the acquired force vs. time 

data from a physical jet actuator and the released jet characteristics are determined from 

this data. 

 

 

 
 Figure 30: Force and Impulse obtained from physical microjet actuators 
 

 

 

4.2.2 Ignition Electronics Setup 

 The ignition electronics circuit used to supply the necessary electric current to the 

microactuator is discussed in Section 4.1.6. Repeatable power output is required from the 

supply electronics to obtain good reproducibility in microjet generation both in terms of 
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force delivered and the duration of the released jet. The power supply presented in Figure 

26 is used to heat the propellant placed between two electrodes via arc generation using 

capacitive discharge. Ignition power, time and energy are calculated according to 

equations mentioned in Section 4.1.6.  

4.2.3 Permeability Testing Setup 

 For performing skin characterization experiments, heat stripped human epidermis 

is used to verify the creation of micro pores when exposed to microjets. First, heat 

stripped human epidermis is prepared for transdermal permeability and histology 

experiments. For this purpose, sections of human skin are obtained from autopsy (Emory 

University of Medicine Body Donor Program, Atlanta, GA) and plastic surgery 

procedures. The skin is stored at -80˚C (FZU-13; Thermotron Industries, Holland, MI) 

until use. Both whole skin and just the epidermis layers are used for testing purposes. 

Before separating the epidermis from the dermis using a heat stripping technique, the skin 

is removed from the freezer and allowed to thaw completely for 3-4 hours.  

 A heat stripping method is used to separate the epidermis from dermis [84]. Once 

the skin is thawed, fat is removed from the dermis by scraping it with a scalpel handle 

(AliMed Inc., Dedham, MA). The skin is then submerged in a 60 ˚C water bath for 2 

minutes. After removing the skin from the water bath, it is gently dried with paper wipes 

(Kimwipes EX-L; Kimberly-Clark Corp., Roswell, GA). The epidermis is then slowly 

and gently peeled off the dermis using the curved edge of a spatula. The epidermis will 

spread out on the water surface with the viable epidermis side down due to the 

hydrophilic nature of the viable epidermis [85].  

 To expose the skin barrier to the released jet, the skin sample is held against the 
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mask using a q-tip. Once the skin is exposed, the skin layer is removed and is prepared 

for permeability testing. A blue hydrophobic dye (Trypan blue solution (0.4 %), Sigma 

Chemical Corp.) is applied on the epidermis. After 10 minutes the blue dye is removed 

and the stratum corneum is patted dry with a wipe. The under side of epidermis is viewed 

by light microscopy (Olympus SZX12; Melville, NY) to determine if the dye goes across 

the skin.  

4.2.3.1 Quantitative Drug Permeability Measuring Setup 

 Once the epidermis is pierced by thermo-mechanical ablation, pieces of exposed 

epidermis are loaded into Franz diffusion chambers to measure permeability. Franz 

diffusion is a standard model used to measure the delivery rate of drug through 

membrane in transdermal drug delivery research [86]. A Franz diffusion chamber 

(Vertical diffusion cell – Franz cell; Permegear, Hellertown, PA) is shown in Figure 31. 

The upper compartment is the donor compartment and it contains a solution of drug 

molecules to be delivered across the epidermis into the receptor compartment below. 

Both the compartments are greased to prevent leakage when the chamber is assembled.  

 The epidermis is exposed to the jet before hydrating because the Young’s 

modulus of stratum corneum depends on hydration [87]. The epidermis is placed on ten 

layers of tissue paper or on top of dermis. Pieces of epidermis and support mesh (300 µm 

polypropylene woven screen cloth; Small Parts, Inc) are loaded into the diffusion 

chambers and both compartments are then filled with phosphate buffer saline (PBA; 

Sigma Chemical Corp.). The donor compartments are sealed and then the loaded 

chambers are stored for 2 hours at 32 ˚C to hydrate the skin. These chambers are placed 

on the multi-water-immersible stirrer in a 32˚C water bath (Immersible multi-stirrer, Cole 
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Parmer; Vernon Hills, Illinois). The donor compartment is in contact with the stratum 

corneum side of the skin. The lower compartment is the receptor compartment and it 

contains 5 ml of well-stirred phosphate buffered saline. It is in contact with the underside 

of the viable epidermis. Calcein is used for model drug. The PBS solution in the donor 

compartment is replaced with a calcein solution with 1 mM concentration. We assume 

that steady state of concentration in a receptor compartment achieves within an hour. 

After 3 hours, a portion of the receptor solution is sampled. Calcein intensity in receptor 

is analyzed using a spectrofluorometer (QM-1; Photon Technology International, South 

Brunswick, NJ) and calcein concentration is interpreted from a calibration curve made by 

the prepared drug solution with the known value of the concentration. The epidermis is 

removed and placed on a glass slide. The size of holes the micro jets make is then 

inspected under a fluorescent microscope (IX-7, Olympus) to calculate flow flux of mode 

through epidermis. Other drug analog molecules such as sulforhodamine were also tested 

for permeability. Sulforhodamine B (Molecular Probes, Eugene, OR) is used as a low 

molecular weight drug analog and Texas red BSA (Molecular Probes, Eugene, OR) is 

used as a high molecular weight drug analog. The concentrations of sulforhodamine B 

and Texas red BSA in the donor solution are 1 mM and 0.01 mM respectively. 
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  Figure 31: Quantitative skin permeability measuring equipment 

 

 

4.2.4 Histological Skin Examination 

 Histology is the study of the microscopic anatomy of cells and tissues. It is 

performed for examining the exposed skin tissue under a light microscope to visualize the 

drug diffusion through the pores created by the micro thermal ablation system. For our 

histological examination, full thickness porcine cadaver skin without subcutaneous fat 

layer and human epidermis skin are chosen. After the skin is exposed to the microjets 

with approval from the Georgia Tech IACUC, the skin is placed in the Franz cell and 

exposed to the drug from the donor solution until the drug diffuses through the 

micropores developed. After the determined application time: 1, 6 and 12 hours, skin 

samples were prepared for histology by placing them in a cryomold, immersed in O.C.T 

compound (Tissue-Tek, Sakura Finetechnical, Tokyo, Japan) and freezing them using 

liquid nitrogen. Thin tissue sections of about 20 µm thick were prepared using a cryostat 

(Cryo-Star HM 560 MV, Microm, Walldorf, Germany) maintained at -23˚C. Each cryo-
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sectioned sample is H&E stained. H&E staining is the most common staining method in 

histology. This staining method involves the application of a basic dye hematoxylin, 

which colors basophilic structures with blue-purple hue and alcohol based acidic eosin Y, 

which colors eosinophilic structures bright pink. Hematoxylin staining when paired with 

eosin stains cytoplasm and collagen fibres pink and stains the nucleus blue. Stained 

samples were then collected on microscope slides (Micro-frost VWR) and later analyzed 

by microscopy (E600 Microscope/Image system, Nikon, Kawasaki, Japan). 
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CHAPTER 5 

RESULTS 

5.1 Chemical based Microactuators 

 

 As stated in Chapter 3, the design of microjet actuators is constrained by 

fabrication limitations imposed by the chosen processes. The equipment and materials 

used for the manufacture of the actuators limited the physical geometries that could be 

producible, and tests were performed to determine the range of these limitations. The 

laser micromachining techniques used to pattern different layers of the actuator limited 

the size features of each individual component of the actuator. The laser patterning of 

mylar sheets demonstrated line widths of 200 µm as the minimum feature size allowable 

by laser patterning for chamber and nozzle layers. The laser patterning of electrode 

material limits the maximum thickness of the electrodes to 125 µm and minimum widths 

to 150 µm. For electrode thicknesses of 50 µm and widths of 150 µm or greater, laser 

patterning of brass electrodes demonstrated fabrication yields as high as 99%. Also, 

commercial material availability determined the minimum thickness of each layer, 

thereby affecting the overall size of the microactuator chambers. These fabrication 

limitations are summarized and listed below: 

1. Minimum combustor feature size: 200 µm 

2. Minimum chamber thickness: 250 µm 

3. Maximum electrode thickness: 125 µm 

4. Minimum electrode width: 150 µm 

5. Minimum gap between electrodes: 250 µm  
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6. Maximum gap between electrodes: 2.5 mm  

 Based on these constraints, the microactuators are designed to have chamber 

volumes in the 1-25 mm3 range. These actuators are then integrated with conductive solid 

propellants and tested for their performance. Several propellant mixtures mentioned in 

Table 8 are tested for fuel conductivity and ignition requirements. For each fuel mixture, 

its conductivity is measured and its ignition requirements are reported. The performance 

of the propellant integrated microactuators is then predicted using modeling and the 

results obtained from modeling are used to optimize the design of the microactuator. The 

fabricated microactuators are then tested to achieve large total impulse and short jet 

durations. The effects of chamber volume, nozzle dimensions, propellant mixture 

composition and input electrical energy on the performance of the actuator are reported. 

Finally, the feasibility of utilizing these microactuator arrays for maneuvering the path of 

a small projectile is discussed.  

 

5.1.1 Fuel Conductivity Results 

 In order to validate and demonstrate the concept of rapid ignition of chemical 

propellants by Joule heating, the nonconductive solid propellant must be made 

conductive. This is achieved by adding micro or nano size conductive dopant particles to 

the nonconductive fuel mixtures. The conductivity of this prepared propellant mixture 

plays a significant role in designing the power supply and in achieving the optimum 

system performance. This impact of fuel conductivity on designing the power supply and 

in achieving the optimum performance is discussed in detail later in Section 5.1.3. 

Propellant formulations of various compositions are prepared for conductivity 
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measurements and are listed in Table 8 under Section 4.1.1. The conductivity of these 

mixtures is then measured using the test setup described in Section 4.1.2. 

 Table 10 summarizes the results obtained from conductivity measurements for 

various fuel compositions. The fuel compositions are mentioned as weight ratios. For 

example, in Table 10 Fuel 1 consists of 1 part by weight of NH4ClO4, 1 part by weight of 

GAP, and 0.5 part by weight of carbon black. Initial attempts to make propellant 

conductive are performed with GAP based fuels. Micro size graphite particles are added 

to GAP and ammonium perchlorate in varying proportions as described in Section 4.1.1 

and the conductivity of the mixture is measured. When graphite with a weight ratio of 0.5 

(i.e., the ratio of weight of graphite to weight of main fuel component) is added to the 

mixture, GAP fuel became conductive with a conductivity of 1e-4 Ω-1cm-1. When the 

amount of graphite in the mixture is doubled i.e. when it is increased to a weight ratio of 

1, the conductivity of the mixture increased further to 3e-4 Ω-1cm-1. These preliminary 

results indicated that polymeric, energetic fuels can infact be made conductive by adding 

solid conductive dopant particles. However, these mixtures are still not sufficiently 

conductive to be ignited with low input electrical energies. Any further attempts to make 

the fuels conductive by increasing the amount of graphite particles in the mixture reduced 

the energetic nature of the propellant and increased the difficulties associated with fuel 

processibility.  

 Next, attempts were made to replace 20% by weight of graphite in the same 

propellant mixture with nano size carbon black particles. The nano size carbon black is 

reported to be less conductive than the graphite particles by the supplier. However, the 

low density of nano size carbon black helps in increasing the number of dopant particles 
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that could be added in the same fuel volume for the same mass. With the addition of 

carbon black, the conductivity for the mixture increased by about 100 times when 

compared to the conductive mixtures containing just graphite. The conductivity for this 

mixture is measured to be 0.02 Ω-1cm-1. This increase in conductivity could be explained 

by the fact that the nano size carbon particles occupy the small spaces between the larger 

particles, thus acting as bridges and forming a good conductive path between the larger 

graphite particles. With further testing, we realized that the energetic propellants could be 

made conductive by adding just the nano size carbon black particles. Hence, during the 

testing of all other solid propellants, nano size carbon black was used as the conductive 

media. Potassium perchlorate based fuels and chlorate based fuels are tested with carbon 

black in different proportions to measure the fuel conductivity. For perchlorate based 

fuel, when the binder weight ratio is fixed at 0.75, the conductivity of the propellant 

increased from 0.17 Ω-1cm-1 to 0.55 Ω-1cm-1 with an increase in carbon black weight ratio 

from 0.5 to 1. A decrease in binder composition from 0.75 to 0.25 did not seem to 

significantly change the conductivity of the fuel mixture. For this fuel mixture a 

conductivity of 0.12 Ω-1cm-1 is measured. Similar testing was repeated for chlorate based 

fuels with carbon black as the conductive media. When the weight ratio of carbon black 

in this mixture increased from 0.5 to 1, the conductivity of the fuel increased from 0.1 Ω-

1cm-1 to 0.25 Ω-1cm-1. 

 Based on the above results from conductivity measurements, among the different 

dopants, nano size carbon black is finalized to be used as the conductive media for all 

further testing. Adding carbon black as conductive dopant not only helped in achieving 

the desired conductivity for the fuel mixture at low weight ratios, but it also did not 
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drastically affect the energetic nature of the propellant. To study the effect of varying the 

amount of conductive dopant in the fuel mixture on fuel conductivity, potassium 

perchlorate based fuels and chlorate based fuels are made conductive by adding different 

ratios of carbon black and the conductivity of the mixtures is measured. The variation of 

fuel conductivity with the amount of carbon black in the mixture for perchlorate and 

chlorate based fuels is reported in Figures 32 and 33 respectively. For both of these 

measurements, the volume of fuel used was 15 mm3 and the electrode spacing was 1.5 

mm. As the amount of carbon black in the fuel increased, the conductivity of the fuel 

increased until a percolation limit is reached. However, the trend obtained for the 

conductivity dependency on amount of conductive dopant is different for potassium 

perchlorate based fuels and chlorate based fuels. This might be because of the different 

consistency of the fuel mixtures because of variation in the binder component added to 

both the fuels. For perchlorate based fuels, a rubbery nitrocellulose was added to the 

mixture and for chlorate based fuels, acetone was added as the binder. Depending on the 

consistency and energetic nature of the fuel, it is observed that addition of 2-20% and 

0.5-2% by weight of carbon black to perchlorate based fuels and chlorate based fuels 

respectively made the fuels conductive enough to cause ignition without sacrificing their 

performance. The amount of conductive dopant needed for the ignition of chlorate based 

fuel is significantly less when compared to perchlorate based fuels because the potassium 

chlorate-antimony trisulfide fuel mixture has a much lower decomposition temperature 

than the potassium perchlorate-potassium ferricyanide based fuel. 

 For several of these fuel mixtures, the variation of fuel resistance with the 

physical dimensions of the propellant mixture is further investigated. The effect of 
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varying the fuel area and thickness on its resistance are studied. The dependency of fuel 

resistance on chamber area is measured for three conductive GAP based fuel 

compositions and compared in Figure 34. For all the three compositions, it was observed 

that with an increase in the area of the chamber, the resistance of the conductive 

propellant decreased following Ohm’s law. When the area of the fuel is kept constant, the 

resistance of the fuel mixture decreased with an increase in weight ratio of graphite from 

0.5 to 1. When some of this graphite is replaced by nano size carbon black particles the 

resistance decreased further. Next, attempts were made to study the effect of fuel 

thickness on resistance of the fuel. The fuel thickness is varied by varying the distance 

between the electrodes. These results are reported in Figure 35. For the same fuel 

composition, the conductive fuel obeys Ohm’s law and its resistance decreased with an 

increase in area of the chamber and a decrease in fuel thickness or gap between the 

electrodes. 

 

Figure 32: Variation of potassium perchlorate based fuel conductivity with the amount of 
conductive material 



 137 

Table 10: Conductivity data for several composite propellant mixtures tested in lab  
 

Fuel component  

In wt ratio 

Fuel 1 

 

Fuel 2  

 

Fuel 3 

 

Fuel 4  

 

Fuel 5  

 

Fuel 6 

 

Fuel 7 

 

Fuel 8  

 

Fuel 9 

 

KClO3        6 6 

KClO4     3 3 3   

NH4ClO4 1 1  1      

Sb2S3        1 1 

K3[Fe(CN)6]     1 1 1   

Nitrocellulose     0.75 0.75 0.25   

GAP 1 1 1 1      

Carbon black   0.2 0.2 0.5 1 0.5 0.5 1 

Graphite 0.5 1 0.8 0.8      

Conductivity 

(Ω-1 cm-1) 

1e-4 3e-4 0.03 0.02 0.17 0.55 0.12 0.1 0.25 

 
Figure 33: Variation of potassium chlorate based fuel conductivity with the amount of 
conductive material 
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Figure 34: Variation of fuel resistance with conductive dopant and area of the fuel 
mixture 
 

 

  

Figure 35: Variation of fuel resistance with gap between electrodes and area of the 
combustion chamber for Fuel 2 
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5.1.2 Actuator Modeling and Design 

 This section discusses the predicted behavior of combustion based microactuators 

based on simulations. The results obtained from simulations can not only be used to study 

the behavior of individual microactuators but they can also be used as a guideline while 

fabricating the microactuators to predict their performance dependency on several input 

parameters. An exhaust nozzle model similar to large scale chemical rockets is developed 

to study the behavior of impulse and discharge times delivered by microactuators with 

various input parameters. However, unlike large scale actuators, additional assumptions 

need to be made to account for the small size of the microactuators. In addition to this 

combustion model, an ignition model based on electro-thermal interactions between the 

electrodes and conductive propellant is developed to study the behavior of delay times of 

ignition. The solutions from the ignition and combustion models provide the resulted 

design criteria for the development of optimized microjet actuators. 

5.1.2.1 Ignition Delay Time Simulations 

 Ignition delay time is defined as the time between the initial, transient period 

when a stimulus such as current, is applied to the propellant and the time when the 

combustion process actually begins. This time must be minimized to reduce the overall 

duration of the released jets. The delay times associated with conductive propellant 

ignition are predicted using electro-thermal interactions between the electrodes and the 

conductive dopant particles using COMSOL software. COMSOL is a multiphysics 

software that allows for combining various interaction modes by defining coupled PDE’s 

so as to define the system at hand accurately. To define our system, we used a predefined 

multiphysics joule heating application mode which combines a conductive media DC 
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application and heat transfer by conduction application modes to study the electrical and 

thermal behavior of the conductive propellant. Using these two modes, a fully interactive 

system of two coupled PDE’s with two different variables: ‘V’ for electric potential and 

‘T ’ for temperature are defined.  

 The conductive material heats up when an electric current passes through it due to 

electrical resistance. The potential distribution in the conductive media occurs almost 

instantly, but because unsteady heat transfer is a transient phenomenon, the full 

multiphysics model uses a transient analysis. In the heat transfer mode, resistive heating 

appears as a heat source. There is also a coupled effect working in the opposite direction: 

the material’s electrical resistance varies with temperature, increasing as the material 

heats up. In the conductive media DC application mode, the electric potential ‘V’ is the 

solution variable. The generated resistive heat ‘Q’ is proportional to the square of the 

magnitude of the electric current density ‘J’: 

     
2

Q J∝      (23) 

 Current density, in turn is proportional to the electric field, which equals to the 

negative of the gradient of the potential ‘V’. The coefficient of proportionality is the 

electrical resistivity
1

ρ
σ

= , which is also the reciprocal of the temperature dependant 

electrical conductivity σ = σ(T). Combining these facts gives the fully coupled relation: 
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 The resistive heating source term is defined as ‘Q_dc’ in heat transfer application 

mode when using the joule heating predefined multiphysics coupling. The electrical 

conductivity is also a temperature dependant variable. Over a range of temperatures, the 
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electrical conductivity is a function of temperature according to: 
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 Where ‘T’ is the dependant variable for temperature from the heat transfer application 

mode. The values for 0ρ  (resistivity at reference temperature), α  (temperature 

coefficient), and T0 (reference temperature) are assigned to match our modeling situation. 

The resistivity of the fuel mixture was obtained from experiments. For predicting the 

behavior of ignition delay time with fuel dimensions, one particular resistivity value 

based on the carbon black composition is used during experiments. For studying these 

effects, a resistivity value of 0.022 Ωm for Fuel 6 is used. For studying the conductive 

dopant composition effects, the resistivity of the fuel mixture is varied according to the 

values obtained from experiments for three fuel mixtures (Fuel 5, 6 and 7). The 

temperature coefficient value is obtained to be -5.6 e-4 /K for carbon black from the 

literature. To combine the heat transfer effects, the following heat transfer equation is 

solved along with the conduction application mode. 

    ( )
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∂
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The parameters of this equation are the density ‘ρ’, heat capacity ‘Cp’, thermal 

conductivity ‘k’, the temperature ‘T’, and an externally generated heat source ‘Q’ term. 

 Modeling using COMSOL software consists of the following major steps: 

1. Defining the application modes. 

2. Defining options and settings for the model. 

3. Defining the geometry of the system. 

4. Setting the physics for the system. 
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5. Generating a mesh. 

6. Computing for the solution. 

7. Post processing and visualization. 

 For applying the appropriate boundary conditions, a voltage of 70 V is supplied to 

one boundary of the supply electrode and the other electrode is kept at ground. The initial 

potential distribution across the conductive fuel and electrodes is written as a function of 

position. A distributed electrical resistance is applied across the electrodes and the 

propellant. Similarly initial and boundary thermal conditions are defined for both 

electrodes and the propellant. All the boundaries are initially kept at room temperature. 

The model is simulated using the default courser mesh in COMSOL for a time frame of 1 

ms with a time interval of 0.01 ms and absolute tolerance of 0.001. The coarser mesh 

utilized for our simulations has a maximum scaling size factor of 5 with an element 

growth rate of 2. The obtained variation of temperature with time and position across the 

fuel between electrodes is presented in Figure 36. The fuel temperature increased with an 

increase in time for which the electrical energy is supplied to the propellant. However, 

from the simulation result we observed a sharp rise and drop in temperature at the edges 

of the conductive propellant. This effect could either be real effect in the system because 

of unusual variations in voltage distribution across the propellant or it could be a visual 

effect due to the mesh size variation across the system during the simulation. If it is due 

to the voltage distribution this effect needs to be further investigated. Otherwise, it could 

be safely ignored. In order to check this, we observed the voltage distribution within the 

system. Figure 37 shows this distribution across the length of the propellant between 

electrodes. We did not observe any unusual variations in the voltage distribution. Hence, 
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it was concluded that these peak effects can safely be ignored.  

 The ignition time delays are then determined by measuring the time it takes for 

the propellant system to reach the decomposition temperature of energetic propellant. The 

decomposition temperature of the KClO4 mixture is obtained from the literature [88] 

where Massey studied the effects of heating a KClO4 mixture with a Nichrome igniter. 

The above modeling is repeated for all the chamber geometries used in experiments with 

a fuel resistivity of 0.022 Ωm. Both the gap between electrodes and the area of the 

chamber is varied to study the effect of these parameters on ignition delay times. Also the 

input DC voltage supplied to the electrodes is varied to study its effect on delay times. 

The time taken to reach the decomposition temperature is noted for each individual 

simulation and all are plotted together in Figure 38. The volume of the chamber and the 

electrodes distance are varied in simulations by replicating the exact length and width of 

the electrodes and the conductive propellant as per experiments. A voltage of 70 V is 

supplied for these simulations. In general, it was observed that the ignition delay times 

decreased with a decrease in the electrodes distance and an increase in fuel volumes. As 

the distance between electrodes increased from 1.5 mm to 2.0 mm, the ignition delay 

times increased from 0.68 ms to 1.16 ms for an input voltage of 70 V and a combustion 

chamber volume of 15 mm3. As the distance between electrodes is further increased to 

2.5 mm, the delay time increased further to 2.54 ms. When the distance between the 

electrodes is fixed, the obtained ignition delay times decreased with an increase in 

chamber volume.  

 Ignition delay time variation is then plotted for different input voltages supplied. 

It was observed that as the input voltage supplied to the electrodes increased, the ignition 
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delay time reduced. From Figure 39, it can be seen that as the voltage increased from 60 

V to 100 V, the delay times reduced from 0.6 ms to 0.2 ms. These results suggest that by 

controlling the input variables and the physical dimensions of the actuator, conductive 

solid propellant microactuators can easily be altered to meet the requirements for several 

applications. Next, efforts were made to study the effect of fuel conductivity on the delay 

times. For this purpose, three fuel resistivities were chosen based on the conductivities of 

Fuel 5, 6 and 7 and the distance between electrodes is fixed at 1.375 mm. The resistivities 

of each of these fuel compositions and the ignition delay times obtained for each case are 

reported in Table 11. It was observed that with in increase in fuel resistivity, the ignition 

delay times increased. 

 The obtained ignition delay time dependency on fuel dimensions, resistivity and 

the input voltage supplied can further be explained by analyzing the electrical circuit 

associated with conductive fuel ignition. To predict the ignition behavior of the 

microactuator and to estimate the dependency of energy consumed by the conductive 

propellant on fuel resistance and Thevenin resistance of the power circuit, we consider a 

simple circuit as shown in Figure 40. When a voltage of ‘Vt’ is supplied from the power 

circuit having a Thevenin resistance of ‘Rth’ to a microactuator having a fuel resistance 

‘Rf’, the current flow ‘if’ through the propellant can be calculated using the equation: 

    t

f

th f

V
i

R R
=

+
       (27) 

Then, voltage across the actuator is its resistance times the current flow. 
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V i R

R R
= =
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     (28) 

The amount of power consumed is calculated using: 
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The amount of energy consumed by the actuator is then calculated according to: 
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 From this equation, the dependency of energy consumed on fuel resistance can be 

predicted. The energy consumed by the actuator is zero when the fuel resistance is zero 

and it gradually increases until the fuel resistance becomes equal to the Thevenin 

resistance of the circuit. If the fuel resistance is increased further, the energy consumed 

decreases. If the resistance of the fuel is significantly larger than the Thevenin resistance 

of the circuit, then the energy consumed can be approximated to: 

     
2

t

f

V
E t

R
≈      (31) 

 The energy consumed by the actuator is directly proportional to the square of the 

voltage supplied and inversely proportional to the fuel resistance. As we increase the fuel 

thickness or decrease the fuel area, the resistance of the fuel increases according to 

Ohm’s law. With an increase in fuel resistance, the energy consumed by the actuator 

decreases. Hence, it takes longer to consume the required amount of energy to start the 

ignition process. As the voltage supplied from the power supply increases, the amount of 

energy consumed by the conductive propellant increases resulting in a decrease in the 

delay time.  

 The dependency of ignition delay time on voltage can also be explained by 

looking at the heat generated because of resistive heating. The heat generated ‘Q’ because 
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of resistive heating is proportional to the square of the magnitude of electric density ‘J’, 

which in turn is proportional to the negative gradient of the potential ‘V’. Combing these 

facts give the following relation between the heat generated and the voltage across the 

actuator:  

    
2 21

Q J Vσ
σ

= = ∇      (32) 

As the voltage drop across the propellant increases, the heat generated within the system 

increases resulting in a reduction in the ignition delay times.  

 

 

  

Figure 36: Estimation of temperature variation with time across the gap between 
electrodes 
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Figure 37: Voltage distribution across the conductive propellant placed between 
electrodes 
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Figure 38: Predicted variation of ignition delay time with chamber volume and gap 
between electrodes 
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Figure 39: Predicted variation of ignition delay time with voltage applied across the 
electrodes 

 
 
 

    

 Figure 40: Simple electrical circuit with Thevenin resistance 
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Table 11: Predicted ignition delay times for three fuel compositions prepared in lab 
  

Fuel type Fuel Resistivity (Ωm) Ignition delay time (ms) 

Fuel 6 0.0182 0.8 

Fuel 5 0.0588 1.9 

Fuel 7 0.0833 3.1 

 
 

 

5.1.2.2 Impulse and Discharge Time Simulations 

 Once the ignition process begins, the conductive propellant grains act as large, 

short duration heat sources throughout the propellant. Further, the ignition process occurs 

at multiple locations at the same time, thus making the combustion process very fast. 

Under these conditions, a model is developed with the assumption that the combustion 

and gas generation occurs on a short time scale in comparison to the time the released 

gases take to travel through the length of the nozzle. Hence, a nozzle-vented pressurized 

tank model is used for measuring the discharge time and impulse delivered by the 

released jet of gases. In this model, the reaction is assumed to be completed within the 

residence time of fuel in the chamber and the exhaust products are assumed well-mixed. 

The assumptions made in the development of this model are: 

1. Ideal gas    PV nRT=      (33) 

2. Adiabatic, isentropic compressible flow through nozzle 

    1 1 2 2P P
γ γρ ρ− −=         (34) 

3. Constant values of specific heat 
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4. Negligible expansion and frictional losses in the nozzle 

5. Choked flow at the nozzle throat at some critical pressure 

6. Negligible nozzle erosion 

 The modeling is done as two parts: First, the simple flow of the combustion gases 

from the pressurized tank is studied and then, a detailed study of flow of gases through a 

divergent nozzle is performed. The schematic of this gas expansion behavior is shown in 

Figure 41. 

 

Figure 41: Schematic of flow of gases from a combustion chamber and a diverging 
nozzle 
 

 As the flow of released gases from the chamber is assumed to be frictionless and 

adiabatic, the flow behavior of gases can be described by an isentropic, reversible and 

unsteady state mechanical energy balance. This means that the entropy change is zero. 

The total enthalpy ‘h0’ is defined by [89]:  2

0 / 2h h v= +     (35) 

For relatively small openings, this unsteady flow behavior can be approximated to a 

quasi-steady state behavior and the system can be described using Bernoulli equation: 
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Gas flow 
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The conservation of energy for an isentropic flow process between any sections 1 and 2 

shows that the decrease in enthalpy has to be equal to the increase in the kinetic energy: 

   2 2

1 2 2 1 1 2

1
( ) ( )

2
p

h h v v c T T− = − = −     (37) 

For ideal gases, the enthalpy is equal to the product of the specific heat and the absolute 

temperature. The principle of conservation of matter in a steady-flow process is 

expressed by equating the mass flow 
.

m at any section x to the flow at section y:   

     ( / ) 0d vA V =      (38) 

When integrated, this gives a constant mass flow at any cross section x and y [89]. 

   
. . .

x y x x x y y ym m m A v V A v V= = = =     (39) 

For an isentropic flow process, the following equations hold between any points x and y: 

  1 1( ) ( )x y x y y xT T p p V V
γ γ γ− −= =  where 

p v
c cγ =         (40)  

 The nozzle is considered as a diverging section with its throat area at the side of 

the combustion chamber. The diverging section of the nozzle helps in expanding the 

combustion gases and accelerates the exhaust gases by increasing the exhaust velocity in 

supersonic flows and reducing the exhaust pressures to near atmospheric conditions. This 

allows for the conversion of internal energy of the gases into kinetic energy thus 

generating additional thrusts. The nozzle throat area, length and its divergence half angle 

determine the shape of the nozzle. All these parameters impact the gas expansion process 

into ambient air and as a result impact the exhaust thrust levels. The nozzle throat area A* 

controls the discharge time of the released gases. The area of a two-dimensional nozzle as 

a function of its axial position is defined by the following equation: 

     *( ) 2 (tan ),0
c

A x A xd x Lφ= + ≤ ≤     (41) 
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The flow of released gases through the nozzle throat is assumed to be compressible, ideal 

gas, adiabatic and to have a velocity of Mach 1 for a local nozzle temperature. Typically, 

the exhaust gases will reach sonic conditions at the throat of the nozzle, where speed of 

sound is given by: 

    *
a RTγ=       (42) 

Writing Equation 37 for the nozzle inlet and exit and combining with Equation 40 yields 

the exit velocity of gases [89]: 

   

1

2 2
1

1

u e

e

c

R T p
u

M p

γ

γγ

γ

− 
     = −      −       

    (43) 

The flow of gases can be computed from the continuity equation, the isentropic relations 

and the nozzle gas velocity (Equations 39, 40 and 43) between any section in the nozzle 

and the chamber or nozzle inlet section as [89]:  
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    (44) 

The thrust generated from the momentum transfer of gases along the nozzle length ‘x’ is 

then obtained from: 

    
.

( )
e x a x

F mu P P A= + −      (45) 

The pressure ratio of the nozzle throat to the chamber is given by [89]:   

    
* 1P 2

1
c

P

γ

γ

γ

− 
=  

+ 
       (46) 

For a given mass flow rate, the local pressure versus cross-sectional area in the nozzle is 

given by the equation [89]:  
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   (47) 

The discharge time of released gases is then obtained by equating the discharge rate at the 

nozzle inlet from Equation 47 to the discharge rate from the chamber using the following 

equation and integrating for time:    

    
. d

m V
dt

ρ
= −                      (48) 

Setting Equation 44 equal to Equation 47 for mass flow rate yields the pressure profile 

vs. x , distance in the streamwise direction along the length of the nozzle. The normalized 

pressure ratio is then obtained by dividing the local pressure at the specific position in the 

nozzle with the combustion chamber pressure. The pressure ratio gives a measure of the 

expansion of the combustion products. With the pressure and area known at a streamwise 

position ‘x’ along the nozzle, the thrust for a given nozzle geometry at some combustion 

temperature and pressure may be calculated for x=Lnozzle according to Equation 45.  

 The above mentioned equations are solved using Matlab to obtain thrust and 

pressure ratios and the results obtained are reported here. The code used in Matlab is 

shown in Appendix C. An ideal nozzle expands combustion products to exhaust 

conditions. However in reality, a nozzle experiences frictional losses at the nozzle 

boundaries and releases gases by under-expansion or over-expansion to atmospheric 

pressure. Low divergence angled nozzles increase frictional losses and larger angles 

cause flow separation at the nozzle wall. The optimum divergence half angle for large 

scale rockets is reported to be between 12˚ and 17˚ [16]. Hence, in our simulations the 

effect of varying the nozzle divergence angle in this range for small scale nozzles is 
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studied. These results are reported in Figures 42 and 43. It is observed that varying the 

divergence half angle of the nozzle from 13˚ to 17˚ has little effect on varying the 

performance of the nozzle. Increasing the divergence half angle slightly reduced the local 

pressure ratio and increased the thrusts generated. The variation of local pressure ratios 

with divergence angle is slightly more pronounced at increased nozzle lengths. When the 

exit pressure of the released gases is equal to atmospheric pressure, the diverging part of 

the nozzle has a more profound effect for values of 1.5
e t

A A < and this effect is shown in 

Figure 44. This agrees with some of the results reported in the literature for micronozzles. 

This idealized analysis of the jet behavior with nozzle dimensions suggests that the 

nozzle angle is insignificant for the microactuator size scales.    

 The effect of varying the nozzle length on local pressure ratio and thrusts 

generated are presented in Figures 42, 43, 45 and 46. Choosing the right length of the 

nozzle is important in obtaining optimum thrust levels. If the nozzle is made too short, 

the gas flow cannot expand fully and the steady state cannot be reached. In general, 

increasing the nozzle length expands the combustion gases and increases their exit 

velocity thereby, resulting in increased thrusts. However, with an increase in length, the 

thrust and pressure ratio become less sensitive to nozzle length because less internal 

energy is available to be converted into kinetic energy. This behavior is confirmed from 

our modeling where increasing the nozzle lengths increased the thrusts delivered and 

decreased the local pressure ratio. For small nozzles i.e. 
nozzle

L < 0.5 mm, varying nozzle 

length has more profound effect on thrust than varying the divergence angle. In Figure 

42, increasing nozzle length from 1 mm to 2 mm for a 15˚ nozzle increased the thrusts 

generated by 5%. Decreasing the length from 1 mm to 0.5 mm for a 15˚ nozzle decreased 
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the thrusts generated by 5.5%. Increasing the nozzle length from 1 mm to 2 mm for a 15˚ 

nozzle reduced the local pressure ratio by 50% from 0.050 to 0.025. Decreasing the 

nozzle length from 1 mm to 0.5 mm increased the local pressure ratio by 92% from 0.050 

to 0.095. 

 The effect of nozzle throat area on local pressure ratio and thrusts delivered are 

presented in Figures 44, 45 and 46. Varying throat area of the nozzle has a more profound 

effect on varying the performance than varying nozzle length. The combustion 

temperature for this simulation is assumed to be 1800˚K and the chamber pressure is 

assumed to be 50 MPa. Figure 45 shows the effect of varying the nozzle throat area 

across the length of the nozzle on delivered thrusts. For a nozzle length of 0.5 mm, as the 

throat area is increased from 1 mm2 to 1.5 mm2, the thrusts delivered increased by 42% 

from 57 N to 81 N. For a constant throat area of 1 mm2, as the nozzle length is increased 

from 0.5 mm to 1 mm, the thrusts delivered increased by 9% from 57 N to 62 N.  Figure 

46 shows the effect of varying the nozzle throat area across the length of the nozzle on 

pressure ratio. For a nozzle length of 0.5 mm, as the throat area is increased from 1 mm2 

to 1.5 mm2, the pressure ratio delivered increased by 22% from 0.18 to 0.22. For a 

constant throat area of 1 mm2, as the nozzle length is increased from 0.5 mm to 1 mm, 

pressure ratio decreased by 39% from 0.18 to 0.11. For constant combustion chamber 

pressures and temperatures, the thrust can be magnified by increasing the throat area. 

Equation 45 shows how thrust delivered increases with increasing mass flow rate, and 

with increasing local pressure, P(x), at the nozzle exit area, Ax. 

   



 156 

   

0

10

20

30

40

50

60

70

80

0 0.5 1 1.5 2 2.5
Nozzle Length (mm)

T
h
ru

st
 (
N

) θ =15°

θ=13°

θ=17°

 

Figure 42: Predicted effect of nozzle length and divergence angle on released thrust 

 

 

 

Figure 43: Predicted effect of nozzle length and divergence angle on pressure ratio 
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Figure 44: Predicted effect of nozzle entrance and exit dimensions on released thrust 
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Figure 45: Predicted effect of nozzle throat area and length on released thrust 
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Figure 46: Predicted effect of nozzle throat area and length on pressure ratio 
  

 

 

 Figures 47 and 48 show the dependency obtained for the discharge time of 

released gases on nozzle throat area and chamber volume. The discharge time decreased 

with an increase in throat area of the nozzle and increased with an increase in chamber 

volume. Increasing the throat area from 0.1 mm2 to 0.5 mm2 for a 15 mm3 volume 

chamber decreased the discharge time from 3.4 ms to 0.4 ms. Similarly, for the same 

throat area of the nozzle, the effect of varying the chamber volume on discharge time is 

shown in Figure 48. The discharge time of gases could be reduced by reducing the 

chamber volume. From these results, it was observed that increasing the throat area of the 

nozzle from 0.1 mm2 to 0.5 mm2 has larger effect on reducing the discharge time when 

compared to decreasing the chamber volume. This behavior can be explained by the fact 
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that as the throat area of the nozzle increases, the amount of released gases that can flow 

at the same time from the combustion chamber increases. So, for the same amount of gas 

generated, it takes less time to release all the generated gases. 

 

 

       

 Figure 47: Predicted effect of nozzle throat area on discharge time 

V=5,10,15,20 
mm3 
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 Figure 48: Predicted effect of chamber volume on discharge time 

  

 

 The impulse delivered by the microactuator is then obtained by integrating the 

thrusts delivered over discharge time according to the following equation: 

    I Fdt= ∫        (49) 

Figures 49 and 50 show the predicted variation of impulse with the combustion chamber 

volume and pressure respectively. With an increase in chamber volume and pressure, the 

impulse delivered by the jet increases.  

The specific impulse, which is an intrinsic measure of the efficiency of the propellant and 

propulsion system, can then be obtained by dividing the total impulse with the weight of 

propellant burnt according to equation: 

                          tot

sp

p c

I
I

V gρ
=       (50) 
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 Figure 49: Predicted variation of impulse delivered with chamber volume 

  

   

 Figure 50: Predicted variation of impulse delivered with chamber pressure 
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5.1.2.2.1 Nozzle Design 

 The above analysis shows the predicted behavior of a microactuator with an ideal 

nozzle. The results obtained from modeling suggest that the nozzle throat area should be 

maximized to reduce the discharge times and to increase the thrusts delivered. As the 

throat area of the nozzle is increased, the exhaust rate of released gases increases thereby 

reducing the discharge time for the same volume of gases. However, Figure 47 shows 

that increasing the nozzle throat area beyond an optimum value does not improve the 

performance much. Further, for a chosen nozzle area, propellants with small burn rate 

constants may not meet the performance requirements for both duration and total 

impulse. In addition, assumption of an ideal nozzle neglects any frictional losses from the 

nozzle side walls. In reality, the heat losses from the nozzle are more pronounced and the 

gaseous stream loses momentum due to its interaction with the nozzle side walls. First, 

low-temperature walls remove heat from the product gas, reducing the ability of the gas 

to do useful work. Next, reactants that contact the side walls lose momentum and have 

less chance to collide with other reactants. This reduces the overall conversion rate of the 

reactants to products. Increased surface-to-volume ratios of the microactuators will 

increase the rate of these two effects and reduce their performance compared to an 

idealized prediction.  

 Hence, during the fabrication of the nozzle for our experiments, the nozzle design 

will require some iteration to obtain optimum results. The optimum nozzle length is 

chosen based on both good performance from modeling results and based on the 

structural integrity that is needed during the operation of the actuator. The size constraints 

of our actuator system limits the length that the nozzle can have to 2 mm. Area of the 
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nozzle is limited by the area and thickness of the chamber. For our experiments, the 

largest possible throat area is chosen so that best performance could be achieved from 

them based on ideal compressible flow concepts presented.  

5.1.2.2.2 Combustion Chamber Design 

 The design of a combustion chamber is completely based on the performance 

parameters desired for an application. Choosing the right design for the combustion 

chamber depends on several of these design criteria: the solid propellant used, the volume 

of the combustion chamber and the area of the nozzle throat. All these factors affect the 

overall performance of the actuator. The combustion and nozzle theories discussed in 

Section 5.1.2.2 predict idealized effects of these design parameters on the total 

performance of the actuator. However, these theories do not take into account the thermal 

losses that might be resulting because of heat transfer to side walls and by convection. 

This section explains the design changes made in the actual design of the actuators to 

meet the performance goals set by a specific application. The choice of a solid propellant 

strongly affects the performance that can be delivered by the microactuators. Propellants 

with low combustion temperatures help in minimizing the ignition delay times associated 

with combustion. Fast burning propellants allow for use of larger nozzles, which helps in 

reducing frictional losses in the nozzle. However, fast burning propellants also over 

pressurize the combustion chamber, causing delamination of chamber layers and 

unwanted leakage. This would require careful choice of robust materials that could 

withstand high pressures in fabricating the chambers. Choosing a more energetic 

propellant or by increasing the solid propellant density will increase the energy density of 

the fuel within the same volume chamber, thereby increasing the total available impulse 
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for a given volume. The performance of the propellants is generally compared using the 

quantity, specific impulse. Specific impulse is defined as the amount of impulse produced 

per unit weight of the propellant. Hence, while choosing a propellant for our chemical jet 

actuators, several factors such as its energetics and density needs to be taken into account. 

Reported values for Isp of solid based propellants in large scale rockets is between 150 

and 250 s. Reported values for small scale solid propellants is around 15 s. This decrease 

in the specific impulse values is attributed to the increased inefficiencies and thermal 

losses associated with small scale combustors. It was reported in the literature [22], that 

the convective heat losses from the chamber sidewalls do not have a significant effect on 

the total impulse delivered by the jet. However, any inefficiencies in various stages of 

combustion reduce the impulse that can be delivered by the jet, and the effect of such 

inefficiencies become more prominent as the size scale of the actuators is reduced 

because of larger available surface to volume ratios. 

 The volume of the combustion chamber controls the discharge time and impulse 

delivered by the released gases. Our modeling results show that the discharge time and 

the impulse delivered increases with an increase in chamber volume. Hence, an optimum 

chamber volume must be chosen so as to increase the total impulse delivered by the jet 

and at the same time minimize the duration of the jet. As the required impulse increases, 

the volume of the chamber can be increased for the same propellant to achieve more 

impulse. By varying the chamber volume, the distance between the electrodes changes, 

thus, affecting the conductivity of fuel. The delay times associated with the actuator 

ignition are highly dependant on the distance between electrodes. Hence, choosing the 

optimum dimensions for the chambers is an iterative process. If the volume of the 
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chambers is increased by increasing the thickness of the chambers, it ultimately decreases 

the conductivity of the fuel thereby needing more input energy to achieve the same 

impulse and delay time values. Once data is recorded from the first design, variables such 

as electrode distance and chamber volume are altered to achieve a set impulse level. Then 

the electrode distance and nozzle parameters are optimized to achieve the desired ignition 

delay times and durations. Our modeling results also help by acting as an optimization 

and predictive tool in studying how these various design parameters interact and affect 

the final performance of the released jet. 

5.1.3 Ignition Power Supply Characterization 

 The electrical characteristics of the power circuit used during the ignition of 

conductive propellant play a significant role in controlling the performance of the 

microactuator. The bench scale testing circuit used during the testing of microactuators is 

mentioned in Section 4.1.6. This circuit must be characterized for the input ignition 

energy which is defined as the minimum energy required from the power circuit by the 

conductive propellant to cause ignition and also for the energy consumed by the 

propellant during combustion process. The electrical control system variables include the 

material of conductive dopants, composition of dopants, the dimensions of the chambers, 

the distance between electrodes and the input power characteristics. 

 Figures 51 and 52 show the typical voltage, current and energy data consumed by 

the conductive fuel during ignition process. Voltage data is obtained by directly 

measuring the voltage across the actuator electrodes using a voltage divider circuit. The 

current data is obtained by measuring the voltage across the mosfet and from mosfet 

characterization as discussed in Section 4.1.6.1. The energy consumed during ignition is 
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then calculated according to Equation 22. Testing for power characterization using 

capacitive discharge of direct currents showed that both input voltage and capacitance of 

the discharge capacitor play a significant role in controlling the ignition process. From 

experiments, it was observed that carbon black based conductive fuels required at least 37 

V and a discharge capacitor capacitance of 100 µF to start the ignition process. As the 

input voltage and discharge capacitor capacitance is decreased, the delay times associated 

with the ignition process increased. Even though the fuel ignited at 37 V, to minimize 

ignition delay time jitter and to obtain reproducibility in the results, a voltage of 70 V is 

supplied from a 560 µF capacitor during all the characterization experiments. These 

electrical parameters correspond to an input energy of 1.4 J. For a constant input energy 

supplied, the ignition energy consumed during ignition process increased as the 

conductivity of solid fuel increased. The reason for this behavior is explained in detail in 

Section 5.1.2.1. 

 Figure 51 shows the typical voltage and current data obtained across the actuator 

electrodes during ignition process. For this graph, the input voltage supplied to the 

actuator from the discharge capacitor is 70 V DC. Two electrodes are placed on either 

side of the conductive fuel at a distance of 1.5 mm and the electrodes are patterned in 50 

µm thick brass sheet. For 70 V DC supplied, the initial voltage in the fuel started at 70 V 

and fell to 63 V in 1.56 ms. It should be noted that the voltage did not drop from 70 V all 

the way to 0 V, but instead it dropped to just 63 V. This small drop in voltage is enough 

for the ignition of conductive fuel. During the ignition process, the resistance across the 

fuel is not constant but is a function of temperature within the chamber. Once ignition 

begins and the temperature within the chamber reaches the decomposition temperature of 
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the fuel, combustion occurs. The current dropped from 2.18 A to 1.58 A in 1.56 ms. The 

obtained current and voltage data are then used to estimate the amount of energy 

consumed. Figure 52 shows the typical graph for the amount of energy consumed during 

the ignition process. Though an input energy of 1.4 J is supplied from the power circuit, 

the actual energy consumed by the conductive fuel is about 0.23 J. 

 

 Figure 51: Voltage and current data obtained during ignition process 
 

 

 Figure 52: Energy consumed from the electrical setup during ignition process 
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 As explained in Section 5.1.2.1, the energy consumed by the microactuator is 

dependant on fuel conductivity. To study this dependency, the amount of conductive 

dopant in the fuel is varied and the results are presented for two fuels. As the amount of 

conductive dopant in the fuel increased, the conductivity of the propellant increased and 

the energy consumed by the actuator increased. Figures 53 and 54 show this dependency 

for perchlorate and chlorate based fuels respectively. The average value and the standard 

deviation for each data point are obtained from 8 trials. As the resistance of the 

conductive fuel is significantly larger than the Thevenin resistance of the electrical circuit 

used for ignition, the energy consumed by the propellant increased with a decrease in fuel 

resistance or an increase in fuel conductivity according to Equation 31. 

 

 

 

Figure 53: Dependency of energy consumed and fuel conductivity on the amount of 
conductive material for potassium chlorate based fuel 
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Figure 54: Dependency of energy consumed and fuel conductivity on the amount of 
conductive material for potassium perchlorate based fuel 
 

 

 Efforts are then made to study the effect of input electrical energy on ignition 

delay times. Figure 55 shows the dependency of ignition delay times on the energy input 

from the capacitor for two fuel compositions. Two different perchlorate based fuels are 

tested for this purpose. These fuels mainly differ in the amount of binder component 

added to the fuel. For all the results presented in this section, the same experiments are 

repeated for multiple actuators to obtain the average value and standard deviation for the 

obtained result. For testing for ignition delay times, 8 actuators are tested for each case 

and the error bar is calculated based on the standard deviation of the obtained values from 

the average. It is observed that the ignition delay time decreased with an increase in the 

input energy from the power supply. The effect of chamber geometry and the distance 
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between electrodes on ignition delay times is then studied for potassium perchlorate and 

potassium chlorate based fuels. For this purpose, one specific composition is considered 

for each fuel. The compositions of the perchlorate based fuel and chlorate based fuel 

considered for this testing are:  

  ( )( )4 3 6
3 : : 0.75 : 0.5KClO K Fe CN NitroCellulose carbonblack     and 

    3 2 36 : : 0.5KClO Sb S carbonblack  

 Figure 56 shows the dependency of ignition delay time of conductive perchlorate 

based fuel on chamber volume for three different electrode distances. In general, ignition 

delay time decreased with an increase in chamber volume and with a decrease in 

electrodes distance. For a constant volume of 15 mm3, as the distance between electrodes 

is decreased from 2.5 mm to 1.5 mm, the delay times decreased by 74% from 2.9 ms to 

0.75 ms. This dependency can be explained by the concept described in Section 5.1.2.1. 

The results obtained from these experiments are then compared to the results obtained 

from modeling done using COMSOL multiphysics software. The distance between 

electrodes, chamber volume and the input voltage are varied in simulations to match the 

experimental conditions. Figure 57 shows this comparison of delay time variation with 

chamber volume for a constant electrode distance of 1.5 mm and an input voltage of 70 V 

from experiments and modeling for perchlorate based fuels. In this graph, the squares 

show the experimental values obtained and the triangle values are the results obtained 

from COMSOL modeling. During experiments, 12 actuators are tested for each case to 

determine the average delay times and the error bar associated with it. An empirical 

equation is then made to fit the experimental results and the result is plotted as a solid 

line. Figures 58 and 59 show the comparison of delay time variation with chamber 



 171 

volume for perchlorate based fuels when the distance between electrodes is 2 and 2.5 mm 

respectively. All these results show a good comparison between results obtained from 

experiments and from modeling.  

 The same experiments are then repeated for potassium chlorate based fuels and 

the delay time dependency on chamber volume is reported in Figure 60. For this plot, the 

distance between electrodes is fixed at 1.5 mm and a voltage of 70 V is supplied from a 

560 µF capacitor. For each fuel volume, 8 trials were performed to obtain the average 

delay time and its standard deviation. As expected the ignition times decreased with an 

increase in chamber volume. The maximum volume of the chamber used for this testing 

is 15 mm3. Above this volume, the actuator layers broke off during combustion because 

of the buildup of high pressures within the actuator. As the chamber volume increased 

from 5mm3 to 15 mm3, the ignition delay times decreased by 42% from 1.08 ms to 0.62 

ms. 

 

Figure 55: Variation of ignition delay time with input electrical energy for Fuel 5 and 
Fuel 7 
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Figure 56: Dependency of ignition delay times for Fuel 5 on chamber volume and gap 
between electrodes 
 

 

 

Figure 57: Dependency of ignition delay time on chamber volume for Fuel 5 when the 
distance between electrodes is 1.5 mm 
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Figure 58: Dependency of ignition delay time on chamber volume for Fuel 5 when the 
distance between electrodes is 2 mm 
 

 

 

 

Figure 59: Dependency of ignition delay time on chamber volume for Fuel 5 when the 
distance between electrodes is 2.5 mm 
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Figure 60: Dependency of ignition delay time on chamber volume for Fuel 8 when the 
distance between electrodes is 1.5 mm 
 

 

5.1.4 Actuator Performance 

5.1.4.1 Propellant Geometry and Composition Effects 

 The type of propellant and propellant composition used in microactuator plays a 

significant role in achieving the desired range of performance from the actuator. Also, as 

we deal with an array of such batch fabricated microactuators and try to achieve the same 

performance from each actuator, the consistency in propellant loading from device to 

device plays a significant role in minimizing the performance variations from one 

actuator to the other. Many solid fuels with varying propellant compositions are tested 

and among these, the optimum composition of oxidizer, fuel and conductive dopant 

components are finalized for each fuel type. The optimum composition of each fuel is 
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defined as the one which delivers maximum impulse from the fuel in least amount of 

time with good reproducibility. Three types of propellants are tested in this research 

work.  

• GAP and ammonium perchlorate based fuels 

• Potassium perchlorate (KClO4) based fuels 

• Potassium chlorate (KClO3) based fuels 

 The type of propellant and the oxidizer-fuel ratio in each propellant affects the 

propellant density which in turn affects the loading density of propellant into the 

combustion chamber. This dependency of loading densities on fuel mixture ratio were 

reported in [22] for nonconductive composite propellants and it was demonstrated that 

GAP and composite propellants were in fact suited for integration into chemical jet 

actuator fabrication process. The loading density of the propellant is measured by 

dividing the mass of propellant burnt by the volume occupied by the propellant. In order 

to minimize the inconsistencies while preparing the propellant mixtures, all the 

components of the propellant are weighed using a micro balance with 0.01 mg resolution. 

The weight measurement of each component of the propellant should be accurate so that 

there is minimum deviation between different batches of propellant. Also, in order to 

minimize any variations during fuel filling process, acetone is added to the fuel mixture 

as described in Section 4.1.1 so as to facilitate easy mixing and for uniform casting of 

fuel into chambers. 

 The performance of the microactuators is measured in terms of specific impulse, 

impulse delivered and burn durations. Specific impulse offers a good measure for the 

energetics of the propellant and gives a good comparison between different fuels. It is an 
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intrinsic property of a propellant that is independent of the fuel volume. Specific impulse 

is calculated as the total impulse measured divided by the weight of propellant burned. 

Specific impulse is calculated for each fuel composition by measuring the total impulse 

delivered using a force stand as described in Section 4.1.4 or using a ballistic pendulum 

setup described in Section 4.1.5. The specific impulse values obtained from an optimum 

composition for each fuel type are reported in Table 12. Among all the fuels tested, 

chlorate based fuels offered the maximum specific impulse and GAP based fuels offered 

the least amount of specific impulse.  

 Efforts are then made to study the effect of adding conductive dopants to the fuel 

mixture on its performance. For this purpose, the specific impulse obtained from 

perchlorate based fuels between its conductive mixture and nonconductive mixture are 

compared. For nonconductive propellants, the performance results were presented in the 

literature [22] and these results are used here for comparison purposes. We compared the 

specific impulse of conductive perchlorate based propellant with nonconductive 

perchlorate based propellant and the results are reported in Figure 61. For nonconductive 

propellants, it was reported that the specific impulse delivered by the fuel can be varied 

by varying the amount of binder added to the fuel. The specific impulse for non 

conductive perchlorate based fuels range from 13 to 44.3 s with a standard deviation 

ranging from 15% to 33% of the mean value depending on the amount of binder in the 

fuel. In general, specific impulse delivered by the nonconductive propellant decreased 

with an increase in binder concentration. As can be seen from Figure 61, with the 

addition of conductive dopants, the specific impulse obtained from the propellant is still 

in a comparable range to that of the nonconductive propellant. The specific impulse 
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obtained from the conductive propellant is in the range of 25 to 40 s and it increased 

when the volume increased from 5 to 10 mm3 and decreased when the volume increased 

further from 10 to 20 mm3. These results agree with the trend obtained for nonconductive 

propellant mixtures. For the same volume of the fuel, the conductive fuel offered less 

impulse and burned faster. This decrease in impulse delivered could be explained by the 

fact that the actual energetics of the propellant is reduced when conductive dopant 

particles are added to the fuel occupying same volume. The faster burn times are 

expected for conductive propellants because of the ignition of the entire fuel at the same 

time. The experimentally obtained specific impulse of perchlorate based fuel is then 

compared to the result obtained from theory according to Equation 50. To estimate the 

theoretically obtained specific impulse, a combustion chamber temperature of 1800˚K 

and pressure of 20 MPa are used. Figure 62 compares the experimental values with 

theoretical results for different chamber volumes. The experimentally obtained specific 

impulse values falls in an acceptable range with the theoretically obtained results. 

 

Table 12: Specific impulse delivered by several propellant formulations 
 

Propellant Formulation (Wt Ratio) Isp (s) 

GAP : CB (1:1)  15 

NH4ClO4: GAP:CB (1:1:0.2)   21 

KClO4:K3[Fe(CN)6] : Nitrocellulose: CB (3:1:0.75:0.5) 36 

KClO3: Sb2S3: CB (8:1:0.5) 55 
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Figure 61: Comparison of specific impulse delivered by conductive and nonconductive 
potassium perchlorate based fuels 
 
    

 

 

Figure 62: Comparison of experimentally obtained specific impulse values with 
theoretically obtained values for several combustion chamber volumes 
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 The effect of fuel composition on actuator performance is then studied. In 

changing the fuel composition the percentage of oxidizer, binder and conductive dopants 

are varied independently to observe the effect of each component on the total impulse 

delivered from the microactuators. First, perchlorate based fuels are tested for this 

purpose. The variation of total impulse delivered from conductive perchlorate based 

propellant with the amount of conductive dopant in the fuel is shown in Figure 63. For 

this testing, the volume of the chambers and the distance between electrodes is kept 

constant at 15 mm3 and 1.5 mm respectively and for each case 8 trials were performed. A 

voltage of 70 V is supplied from a 560 µF capacitor. As the amount of carbon black in the 

fuel increased, the total impulse delivered by the actuator decreased. The impulse 

delivered by the conductive propellant decreased by 54% from 11 mNs to 5 mNs as the 

amount of conductive material in the fuel increased from 5% to 15% by weight. This 

decrease in delivered impulse can be explained by the fact that with an increase in the 

amount of conductive material, the actual chemical energetics of the fuel with in the same 

volume decreases. Also, with more dopant material, the actual stoichiometry of the 

mixture is varied affecting the total combustion energy available from the fuel. 

 The effect of varying the binder composition on the performance of conductive 

propellant is then studied for perchlorate based fuels. The percentage of nitrocellulose 

binder is varied in the fuel mixture as ( )( )4 3 6
3 : : : 0.5KClO K Fe CN xNClaquer CB . 

Changing the binder composition affects the available combustion energy in the 

propellant by changing the stoichiometry of the fuel mixture. The variation of impulse 

delivered with binder composition is shown in Figure 64. For a chamber volume of 15 

mm3, the impulse delivered by perchlorate based fuel in the absence of binder is 
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approximately 5 mNs. When 5% nitrocellulose binder is added to the propellant, the 

impulse delivered by the fuel increased to around 12 mNs. When the binder composition 

is increased further, the impulse delivered by the fuel decreased. When 15% binder is 

added to the fuel, the impulse delivered decreased to about 8 mNs. These results suggest 

that perchlorate based fuels offer a maximum impulse when the binder concentration in 

the fuel is between 0 to 15%. Hence, an optimum composition of 5% nitrocellulose 

binder is added to perchlorate based fuels during all our further testing.  

 

 

Figure 63: Variation of total impulse delivered with the amount of conductive material 
present in potassium perchlorate based fuel 
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Figure 64: Experimental dependency of total impulse delivered with binder 
concentration for potassium perchlorate based fuels 
  

 

 The effect of varying the geometry of the chamber on impulse delivered is 

presented in Figure 65. The geometry of the chamber is varied in terms of chamber 

volume and the distance between electrodes. For all compositions and electrode 

distances, the impulse delivered by conductive perchlorate based propellant increased 

with an increase in chamber volume. At small volumes, the reduced impulse could be 

explained by the fact that the total combustion energy available is small at small size 

scales and also the thermal losses from the combustion chamber walls become more 

prominent. For perchlorate based fuels, when the electrode distance is fixed at 1.5 mm, 

the impulse delivered by the fuel reduced from an average value of 5.8 mNs to 1.9 mNs 

when the chamber volume is reduced from 15 mm3 to 5 mm3. The average value of 

impulse is obtained from 8 trials for each geometry. The variation of impulse with the 

gap between electrodes is also studied and compared in Figure 65.  
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 The experimental results obtained are then compared to the theoretical results 

obtained from nozzle theory in Section 5.1.2.2 and plotted in Figure 66. In this figure, the 

squares represent the experimental values obtained and the solid line represents the 

theoretical data obtained for the same chamber volumes. For a chamber volume of 15 

mm3, the average impulse delivered from 8 trials during experiments is 5.74 mNs with a 

standard deviation of 0.9 and the theoretical impulse delivered is 5.55 mNs. This shows a 

good comparison between the experimentally and theoretically obtained impulse values 

for conductive perchlorate fuel filled microactuators. 

 

 

 

Figure 65: Experimental dependency of total impulse delivered with chamber volume for 
potassium perchlorate based fuels 
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Figure 66: Comparison of experimental and theoretically obtained total impulse for 
potassium perchlorate based fuels 
 

 The same experiments are then repeated for chlorate based fuels. The effect of 

varying the composition of conductive material in the fuel is presented in Figures 67 and 

68. For these experiments a voltage of 70 V is supplied. Figure 67 shows the effect of 

varying the composition of conductive dopant on the impulse delivered by the propellant. 

For each composition, 6 trials were performed to determine the average and standard 

deviation of the impulse. Similar to perchlorate based fuels, the impulse delivered by the 

propellant decreased with an increase in dopant composition. The effect of varying the 

chamber volume on the impulse delivered by chlorate based fuel is then studied. For this 

purpose, two fuel compositions are tested and the results from 6 trials for each case are 

presented in Figure 68. As the volume of the propellant increased, the impulse delivered 

by the propellant increased suggesting that the chamber volume can easily be scaled to 

meet the specific application requirements. 
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Figure 67: Variation of total impulse delivered with fuel composition for potassium 
chlorate based fuels 

 

Figure 68: Experimental dependency of total impulse delivered with chamber volume for 
potassium chlorate based fuels 
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5.1.4.2 Nozzle Geometry Effects 

 The nozzle component in a microactuator plays an important role in controlling 

the duration of the released jet from the actuator. The nozzle part of the actuator not only 

helps to direct the jet of exhaust gases in a desired direction so as to generate directional 

forces, but it also helps in increasing the burn rate of solid propellants by restricting the 

gas flow from the combustion chamber. Restricting the gas flow results in an increase in 

chamber pressure thereby, resulting in faster combustion. Optimum nozzle design also 

helps in expanding and accelerating the released gases, increasing the total impulse 

delivered by the microactuator. Hence, nozzle design is studied to observe the effect of 

nozzle physical dimensions on impulse duration of the released jet. The nozzle 

parameters used during actuator performance testing are determined based on the results 

that are obtained from modeling of nozzle theory described in Section 5.1.2.2.  The final 

nozzle design is optimized to generate large forces in extremely short durations.  

 The effect of nozzle throat area on the duration of the jet is observed and reported 

for perchlorate based conductive fuels. Figure 69 shows the effect of nozzle throat area 

on the discharge time of perchlorate based fuels for different volume chambers. Each 

experiment is repeated with 8 microactuators to obtain an average duration and standard 

deviation from the average. The experimentally obtained durations are then compared 

with the results obtained from simulations. In this figure, the squares and diamonds 

represent the experimentally obtained values for two different throat areas (At) and solid 

lines represent the result obtained from modeling. As the throat area of the nozzle is 

increased, the discharge time of released gases decreased for a constant volume of fuel. 

This trend could be explained by the fact that, as the throat area of the nozzle is 
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increased, more amounts of released gases can flow through it at the same time and so, 

require less amount of time to release equal amount of gases than nozzles with small 

throat areas. 

  

Figure 69: Effect of nozzle throat area on discharge times for perchlorate based fuels 

 

 

 Efforts are then made to see if the actuator chamber dimensions or electrodes 

distance has any effect on the duration of the released jet. Ideally, for the same fuel 

composition and volume, the distance between electrodes should not have any affect on 

duration as we are assuming that once ignition begins, duration of the released jet is a 

function of amount of gas produced and the nozzle dimensions. As can be seen from 

Figure 70, no specific trend is observed for the variation of durations with the distance 

between electrodes. This confirms our concept of rapid combustion of fuel and it also 

confirms our hypothesis that the only times associated with combustion is the amount of 

time it takes for the released gases to travel through the length of the nozzle.  
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Figure 70: Effect of gap between electrodes on discharge times of the jet 

 

  

 Finally, a high speed video camera is used to record the combustion event and 

capture the released jet from the microactuator. When the combustion event is captured at 

100,000 frames per second, it was observed that combustion of the conductive propellant 

happened in one time frame. Figures 71 shows a high speed image of the released jet for 

perchlorate based fuel with aluminum additives and Figure 72 shows a high speed image 

of the released jet from GAP based fuels with carbon black additives.  
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Figure 71: High speed video capture of perchlorate - aluminum fuel jet 
 
 
 
 

   

Figure 72: High speed video capture of GAP - carbon black jet 

 

5.1.4.3 Solid Propellant Gas Generation 

 The amount of gas generated from the microactuator is measured in terms of 

volume of gas released per unit volume of propellant (Vgas/Vfuel). This performance 
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parameter is chosen because it enables us to compare between different fuels and fuel 

compositions. The amount of gas generated from the microactuator is measured for the 

following two conductive fuel mixtures: 

• GAP based fuel (Fuel 3) 

• Potassium perchlorate and potassium ferricyanide based fuel (Fuel 5) 

 The amount of gas released for these fuel mixtures is measured using the 

equipment and setup described in Section 4.1.3. A pressure vessel is used to record the 

change in pressures associated with the gas release. During measurement, the product 

gases are permitted to cool to room temperature before the final average pressure is 

recorded using a pressure transducer so that water vapor in the product gas stream is 

condensed before the pressure is recorded. Figure 73 shows the typical pressure curve 

obtained from the pressure transducer. The pressure data obtained from pressure 

transducer is converted to absolute pressure and then converted to moles of gas released 

according to Equation 10 by assuming an ideal gas behavior of the released gases. The 

moles of gas produced from the fuel is converted into volume of gas using ideal gas law 

at a temperature of 273˚K and pressure of 1 atm. This volume is then divided by the 

actuator fuel volume to yield the amount of gas released per unit volume of solid 

propellant. Propellant volume is obtained by dividing the weight of propellant consumed 

during combustion with its density. In order to measure the weight of propellant 

consumed, the weight of the actuator before and after combustion is measured using a 

microbalance. Though we have tested many fuel compositions for each propellant, during 

characterization of the amount of gas generated, we selected a specific composition that 

generated high impulse and short duration jets. Table 13 shows the compositions of each 
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propellant tested and the amount of gas released for each formulation. The volume of gas 

released for perchlorate based fuels and GAP based fuels are measured as a function of 

fuel volume and presented in Figures 74 and 75 respectively. For perchlorate based fuels, 

as the chamber volume increased, the amount of gas generated from the propellant 

increased. As GAP was reported in literature as a gas generating propellant, the actuator 

volumes tested for GAP mixtures are smaller than the volumes used for perchlorate based 

fuels. Even in small volumes, the amount of gas generated from GAP based fuels is 

higher when compared to perchlorate based fuels.  However, as the testing of GAP based 

fuels is performed with just two fuel volumes, the dependency of gas released with fuel 

volume could not be concluded. 

 The ratio of Vgas/Vfuel obtained for GAP based propellants and potassium 

perchlorate based propellants are then plotted in Figure 76 as a function of chamber 

volume. For perchlorate based fuels, the volume of gas released per volume of fuel is 

measured to be between 100 and 200. The fuel volumes tested for this purpose range 

from 5- 20 mm3. For GAP based fuels, the volume of gas released per volume of fuel, 

Vgas/Vfuel, is measured to be between 250 and 450. The microactuators filled with GAP 

formulations have a volume of 5 -10 mm3. 
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 Figure 73: Pressure signal received from pressure transducer 
 
 

 

 

Figure 74: Amount of gas released for Fuel 5 as a function of fuel volume 
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Figure 75: Amount of gas released for Fuel 3 as a function of fuel volume 
 

 

 

Figure 76: Comparison of gas generation results for GAP based propellant (Fuel 3) and 
potassium perchlorate based propellant (Fuel 5) 
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Table 13: Amount of gas generated for Perchlorate and GAP based fuels 

Propellant formulation Experimental Gas 
produced [ccair/ccf] 

Exp/Theoretical Gas 
produced 

3:1:0.75:0.5 
KClO4:K3[Fe(CN)6]:Nitrocellulose:CB 

137 0.25 

1:0.2 
GAP:CB 

314 0.15 

  

  

 Efforts were then made to compare the experimentally obtained fuel volumes with 

the theoretically estimated results. For estimating the theoretical amount of gas released 

for perchlorate based fuels, the chemical reaction between potassium perchlorate and 

cellulose is considered. Equation 51 represents the theoretical reaction of potassium 

perchlorate and cellulose for cellulose mole fractions, ‘ξ ’ between 0 and 1/3 [22]. 

Cellulose is used as an analog to the nitrocellulose that we used as the binder component. 

For room temperature product gases, the theoretical amount of gas produced from this 

reaction is 2 moles per mole of potassium perchlorate. Based on this ratio, the amount of 

gas generated theoretically from the same volume of fuel used in experiments is 

measured. Similarly, Equation 52 represents the theoretical decomposition of GAP. GAP 

decomposition produces 4.7 moles of gas per mole of fuel. 

 ( )4 6 10 5 ( ) 2 ( ) 2 25 6 2 1 3s lKClO C H O KCl H O CO Oξ ξ ξ ξ+ → + + + −   (51) 

3.3 5.6 1.12 2.63 2 ( ) 4 2 2 ( )2 2.63 4.12 1.92 0.51 4.36 0.22
s l

C H O N N C CO CH H H O→ + + + + +   (52) 

 The experimental amount of gas released for perchlorate based fuels is measured 

to be 20-27% of the theoretically estimated gas production. Similarly, for GAP based 

fuels the experimental amount of gas released is 20-24% of the theoretically estimated 

gas production. These results were reported in Table 13. The decrease in experimental to 
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theoretical released gas for conductive perchlorate and GAP based fuels can be explained 

by the fact that the conductive material in the fuel is not accounted for in theoretical 

estimations. Because of these additive dopants, the actual volume of the energetic 

propellant is less than the estimated value used during theoretical calculations. At small 

volumes, additional heat losses because of quenching effects also could have contributed 

for reduced conversion of reactants to product gases. The amount of gas generated from 

conductive perchlorate based fuel is then compared to the amount obtained from 

nonconductive fuel as reported in [22]. For nonconductive perchlorate based fuels, the 

amount of gas released was reported to be 31-37% of the theoretically estimated gas 

production [22]. In spite of reduced conversion of GAP fuel into gaseous moles, GAP 

based fuels generated more amount of gases than the perchlorate based fuels. For the 

same chamber volumes, GAP based fuels released almost double the amount of gas when 

compared to perchlorate based fuels. These experiments demonstrate that GAP is a 

superior gas generating propellant than potassium perchlorate based propellants and 

hence, would be a good choice to be used in the microactuators when the actuators are 

intended to be used for applications like air bag deployment. 

5.1.5 Microactuator Feasibility for Projectile Maneuvering 

 As the performance required from the microactuators varies from application to 

application, knowing the exact requirements of a specific application is critical in 

checking the feasibility of using microactuators towards that application. One such 

application that we are interested in is to maneuver the path of a 25 mm gun launched 

projectile using chemical microactuators. This section discusses the specific requirements 

that are needed from microactuators for this application and whether the developed 
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microactuators meet those requirements. 

5.1.5.1 Application Requirements 

 For using microactuators for projectile maneuvering, the physical dimensions of 

the projectile and its spin rate control the overall performance desired from the actuator. 

In this thesis, we focus on a 25 mm diameter cylindrical projectile operating at a spin rate 

of 600 Hz. In order to maneuver its path, multiple actuators need to be fabricated on a 

single substrate as an array so as to release chemical jets radially from the body of the 

projectile. Also, for this purpose, all the control actuators and the control electronics need 

to be housed within the projectile. As the projectile has a cylindrical shape, an axis of 

revolution is defined along the length of the cylinder. The goal of using this test vehicle is 

to demonstrate a divert greater than the dispersion of uncontrolled rounds. For example, a 

10% diversion pattern for the projectile requires at least 1 meter of lateral divert for 100 

meters of flight. The total flight time for 100 meters was calculated based on the 

projectile spin rate to be 0.14 seconds. Volumetric constraints of the projectile limit the 

overall size of the actuators that can be housed within the projectile. The following list 

summarizes the limitations imposed on the actuators to facilitate integration into the 

flight vehicle [22]: 

• Launch shock of the vehicle: 10,000 g 

• Target divert: 1 m lateral divert per 100 m of flight 

• Projectile spin rate: 600 Hz 

• Control period: 0.14 s 

 The spin rate and control period of the test vehicle determines the timing 

constraints needed from the released jets. A spin rate of 600 Hz means that the projectile 
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makes one revolution every 1.67 ms. If the projectile is divided axisymmetrically into 

four quadrants, the impulse delivery of each individual actuator is limited to 0.416 ms. 

Hence, in order to deliver impulse in the desired direction, the time scale for each 

actuator needs to be controlled to within +/- 0.208 ms to ensure that the actuator releases 

jets in the appropriate direction. 

 Flight stability requires the use of multiple low impulse jets rather than a single 

large impulse jet. Making an array of multiple actuators also requires additional material 

to separate the combustion chambers and to provide contact pads for electronics. This 

limits the total number of actuators that can be made on a single array and controls the 

number of actuators to be fired per revolution. An arbitrary 10% dispersion in unguided 

projectiles determines the impulse goals for individual actuators. A simplified estimate of 

the divert is made by neglecting the aerodynamic and gyroscopic effects of the projectile. 

This estimate assumed that the discrete impulse bit causes a discrete change in 

momentum. Specifically, the y-velocity increased by an amount of total impulse divided 

by the projectile mass whenever an actuator is fired. The set of equations for the x and y 

positions at discrete time ‘i’ are: 
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  (53), (54) and (55) 

 If the mass of the projectile is assumed to be 150 grams and if there are a total of 

32 actuators, the solution to this system for impulses of 1, 2.07, 5.45 and 10 mNs is 

plotted in Figure 77. The minimum calculated impulse to achieve a divert of 1 m within 

100 m is calculated to be 5.55 mNs. The following list summarizes the estimated 
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performance requirements for the actuators based on above calculations: 

1. Maximum volume of each actuator: 25 mm3 

2. Minimum actuator impulse: 5.55 mNs 

3. Maximum duration of the jet: 0.416 ms 

4. Maximum ignition delay variation: +/- 0.208 ms 

             

Figure 77: Impulse based displacement of 150 g projectile with x-velocity of 70 m/s and 
32 actuator impulse bits in the y-direction 
 

5.1.5.2 Actuator Performance 

 The above section details the requirements that are needed from the microactuator 

for the application of maneuvering the path of a 25 mm projectile. Chemical based 

microactuators that utilize perchlorate based and chlorate based conductive fuels are 

tested for this purpose. The impulse and the durations delivered by the microactuators are 

measured for both perchlorate based and chlorate based conductive fuels for varying 
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amounts of binder and fuel compositions. For testing perchlorate based conductive fuels, 

a chamber volume of 15 mm3 is chosen. The distance between electrodes is fixed at 1.5 

mm and an input voltage of 70 V is supplied from a 560 µF capacitor and a high voltage 

power supply. Figures 78 and 79 show the performance results in terms of Impulse 

delivered vs. Duration for perchlorate based fuels with differing amounts of binder and 

conductive dopants. When the binder weight ratio in the fuel is fixed at 0.25, the 

performance of the actuators decreased with an increase in amount of conductive material 

in the fuel as shown in Figure 78. For a fuel with 3.4% by weight of carbon black, an 

average impulse of 14.44 mNs is delivered by the actuator in a burn time average of 0.12 

ms with a standard deviation of 0.1 ms. As the amount of conductive material increased 

from 3.4% to 5.5% by weight, the average impulse delivered decreased to 10.91 mNs and 

the average duration increased to 0.18 ms with a standard deviation of 0.07 ms. With 

further increase in conductive material to 9% by weight, the impulse delivered by the jet 

dropped to 5.94 mNs and the average duration increased to 0.3 ms with a standard 

deviation of 0.1 ms. Next, the amount of binder material in the perchlorate fuel is 

increased and its effect on impulse and duration of the jet is studied. For the same amount 

of conductive material in the fuel, when the binder composition is increased, the impulse 

delivered by the jet did not change much. However, the durations have almost doubled. 

When the weight % of carbon black is 9%, the average duration time for 0.25 ratio of 

binder is 0.3 ms with a standard deviation of 0.1 ms. When the binder composition is 

changed to 0.75 ratio, the average duration obtained is 0.57 ms with a standard deviation 

of 0.13 ms. The impulse delivered by the actuator decreased with an increase in the 

amount of conductive material in the fuel. The performance delivered by perchlorate 
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based fuel with 0.25 wt ratio of nitrocellulose binder and 3.4% by weight of conductive 

material meets the performance requirements to be used in a 25 mm projectile 

maneuvering application.   

 

Figure 78: Actuator performance: 15 mm3 combustion chamber with perchlorate based 
fuel with 0.25 x by weight of binder composition and varying conductive material 
composition 
 

 
Figure 79: Actuator performance: 15 mm3 combustion chamber with perchlorate based 
fuel with 0.75 x by weight of binder composition and varying conductive material 
composition 
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 The same experiments are then repeated for chlorate based fuels to check for its 

feasibility to be used in the final application. The fuel composition used for this testing 

purpose is 3 2 36 : :KClO Sb S xCB . As the amount of carbon black in the fuel increased, the 

impulse delivered by the microactuator decreased and the duration increased. Three fuel 

compositions were tested for this purpose and the results are shown in Figure 80. When a 

carbon black fuel ratio of 3.4% by weight is used along with nonconductive chlorate 

based fuel, an impulse of 9.77 mNs is delivered in a duration of 0.18 ms with a standard 

deviation of 0.04 ms. When the carbon black composition is increased to 6.7% by weight, 

the impulse released decreased to 8.29 mNs and the average duration of the jet increased 

to 0.2 ms with a standard deviation of 0.06 ms. The performance delivered by chlorate 

based fuel with 9% by weight of conductive material meets the performance requirements 

to be used in a 25 mm projectile maneuvering application. The above results show that 

the performance obtained from the microactuators can easily be altered by changing the 

fuel composition, actuator geometry and input energy parameters to meet the 

requirements for many applications.  
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Figure 80: Actuator performance: 15 mm3 combustion chamber with chlorate based fuels 
with varying compositions 
    
  

5.2 Physical based Microactuators 

 This section presents the results obtained from the characterization of physical jet 

microactuators  that operate on the principle of arc-generation. When sufficient electrical 

energy is supplied to a physical propellant (as opposed to chemical) placed between two 

closely spaced electrodes in a microchamber, an arc is generated within the system 

causing a rise in the temperature and pressure of the system. This rise in temperature and 

pressure causes a phase change of the propellant resulting in the high pressured 

propellant to exit the chamber in the form a fluidic jet through a nozzle. The 

microactuators are characterized for the required electrical energy, force generated and 

duration. Finally, the released jets are used to perform skin ablation experiments and the 

extent of skin permeation achieved is measured. 

5.2.1 Actuator Characterization 
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 The microactuators which are fabricated using laser micromachining and 

lamination techniques as described in Section 3.3.1.2 are characterized for device 

performance. The equipment and materials used for the manufacture of the actuators 

limited the physical geometries that are possible and these limitations are summarized in 

Section 5.1. As the concept of arc-generation relies strongly on the distance between 

electrodes and the input power supplied, the actuation process is optimized to minimize 

these parameters. The smaller the gap between electrodes, the smaller is the required 

input electrical energy for arc-generation. As the minimum distance possible between the 

electrodes using the above fabrication techniques is 250 µm, this distance is used while 

characterizing the actuators for the input power requirements. Finally, the actuators 

should be able to deliver consistent performance to be used in a final application. The 

type of propellant used and the geometry of the microactuator both contribute 

significantly towards achieving consistent performance from the actuator.  

 For testing the microactuators, a power circuit as discussed in Section 4.1.6 is 

used to supply electrical energy to the electrodes. The power circuit is characterized to 

study the required electrical input characteristics to create an arc when the distance 

between the electrodes is fixed at 250 µm. Figure 81 shows the typical voltage, current 

and energy consumed by the actuator during arc-discharge process. Voltage data is 

obtained by measuring the voltage across the actuator electrodes using a voltage divider 

circuit. The current data is then obtained by measuring the voltage across the mosfet and 

from mosfet characterization as discussed in Section 4.1.6.1. The energy consumed 

during the arc generation process is then calculated according to Equation 22. It was 

observed that a voltage of at least 147 V is needed from a 560 µF capacitor to generate an 
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arc across two electrodes placed 250 µm apart. From Figure 81, it can be seen that the 

input voltage immediately drops from about 140V to 95 V within less than 0.1 ms 

suggesting that the arc-generation process is extremely rapid. This small drop in voltage 

is enough for the generation of an arc across 250 µm spaced electrodes.  

 

 

Figure 81: Power characteristics consumed from the power supply during the arc 
generation process 

 

5.2.1.1 Mechanical Characterization 

 Once the input power requirements are known, the physical microactuators are 

characterized for duration and force for several physical propellants using the test setup 

discussed in Section 4.1.4. Figure 82 shows the average forces delivered by different 

propellants occupying a chamber volume of 1 mm3 when the distance between electrodes 

is fixed at 250 µm and a voltage of 147 V is supplied to the electrodes from a 560 µF 
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capacitor. In order to compare the forces delivered by several propellants, a control is 

prepared by using an empty chamber filled with air. The average force delivered for the 

control is about 0.34 N. The chambers are then filled with solutions of deionized water, 

ethanol mixed with salt solution in different proportions, and salt solutions. The average 

force delivered when the chambers are filled with deionized water is 0.84 N with a 

standard deviation of ± 0.32 N. Salt water based ethanol formulations are then prepared 

in several compositions to study the effect of adding salt to the solution. Because ethanol 

is a volatile solvent that would evaporate quickly during storage, it is mixed with 1-4% 

hydroxyl-propyl-methyl cellulose (HPMC), which served as a thickening or gelling 

agent. Ethanol gel with increased concentration of salt solution showed an increase in 

delivered forces. When the salt concentration in ethanol solution is 0.1%, the generated 

forces increased to 1.19 N with a standard deviation of ± 0.08 N. When the salt 

concentration is increased further to 0.3%, the forces delivered increased to 1.5 ± 0.27 N. 

When 100% salt solution is used, the force generated increased to 2.4 N with a standard 

deviation of ± 0.37 N. This increase in generated force magnitude with addition of salt to 

the solution can be explained by the increase in conductivity of the propellant solution 

with addition of salt. Table 14 summarizes the different formulations tested and the 

forces obtained. 
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Table 14: Amount of forces generated by several propellants 

Formulation Average 

Force (N) 

Standard 

deviation 

Air 0.34  

Deionized water 0.84 0.32 

10% water, 90% ethanol, 0.1% NaCl, 2% HPMC 1.19 0.08 

30% water, 70% ethanol, 1.5% NaCl, 2% HPMC 1.5 0.27 

Salt solution 2.4 0.37 

 

 

 

 

     

Figure 82: Force data obtained for several propellants occupying a chamber volume of 1 
mm3 
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The duration of the jet is then measured from the force data and also by imaging 

the released jet using high-speed microscopic photography. Figure 83 shows an image of 

the jet emitted from the microdevice upon activation. Both these measurements indicated 

that the arcing and microjet ejection occurred on a time scale of 100 µs. 

 

     

Figure 83: High speed imaging of released jet from physical microactuator  

 

From the previous testing, as we saw an increase in the generated force with the 

addition of salt particles, we hypothesized that adding conductive particles to the 

propellant might increase the conductivity of the propellant and hence, might result in 

reducing the input power required to generate the arc and increase the force delivered. 

Hence, the effect of adding solid micro particles to the propellant is studied by adding 

nano size gold particles. As expected, ethanol gel with gold particles showed higher 

forces and the force generated increased with an increase in gold particle concentration. 

The force generated by this jet is observed to be in the range of 2-10 N depending on the 

composition used. This increase in generated forces could be attributed to the microsize 
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particles which act as projectiles jetting out from the microdevice.  

5.2.1.2 Thermal Characterization 

 In order to characterize the thermal ablation of skin, knowing the temperature of 

the released jet is critical. Hence, efforts are made to estimate the maximum temperature 

which the propellant can reach within the chamber based on the input electrical energy 

supplied to the propellant. From the voltage and current characteristics measured during 

the ignition process, the total input energy required to cause arc ablation is estimated. For 

these calculations, water is used as the propellant medium. If all the electrical energy 

supplied to the electrodes is used to heat the water medium, the rise in temperature of 

water can be calculated by considering the specific heat of water, heat of vaporization of 

water into steam and the specific heat of steam according to Equation 56. Based on these 

calculations, the maximum temperature that water propellant can reach within the 

microchamber is estimated to be 1095˚C. The detailed calculations for obtaining the 

temperature are shown below: 

 ( ) ( )
p water vaporization p steam

E mC t m H mC t= ∆ + ∆ + ∆     (56) 

Specific heat of water: 4.186 J/gºC 

Specific heat of steam at 1 bar and 100 ºC: 2.04 J/gºC 

Heat of vaporization of water (∆Hvaporization): 2255 kJ/kg 

   m = ρ*V = 10-3 g 

The amount of energy consumed = 4.6 J 

� 4.6 = (10-3)(4.186)(100-25) + (10-3)(2.04)(T-100) + 10-3(2255) 

� T ≈ 1095 ˚C 
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5.2.2 Skin Characterization 

 The characterized microactuator is then used to study its feasibility for use in 

improving skin’s permeability for later delivery of drugs. In order to increase skin’s 

permeability, the stratum corneum layer of skin must be selectively removed without 

causing any damage to the underlying layers of skin. The skin is exposed to the jet 

released from the microactuator both directly and indirectly to study the effects of 

thermal and mechanical effects of jet on skin ablation. 

5.2.2.1 Thermo-Mechanical Exposure of Skin 

 To study the thermo-mechanical effects of jet on skin, the microactuator is 

activated by placing it in contact with human or porcine cadaver skin. Figure 84 shows 

one such skin surface which is exposed to an ethanol microjet. The exposed skin is then 

imaged and its permeability to a drug analog molecule is studied. For initial experiments, 

shaved porcine cadaver skin is used for exposure. The skin is held in the path of the jet 

using a q-tip as the skin might move because of the force from the released jet.  Figure 85 

shows the same exposed skin that is stained with trypan blue using a protocol mentioned 

in Section 4.2.3 at a magnification of 90x. The small area in skin which is exposed to the 

jet becomes blue which is a representative of an increase in permeability to the drug. 

   

Figure 84: Microscopic image of skin surface exposed to an ethanol microjet 
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Figure 85: Microscopic image of trypan blue stained skin surface exposed to the jet 
  

 

 The treated area is then histologically examined by cryo-sectioning and H&E 

staining according to the protocol described in Section 4.2.4. From Figure 86 it can be 

seen that the stratum corneum layer of the skin is completely removed in the exposed 

area with some damage to the underlying epidermis layer. When an ethanol propellant 

containing gold microparticles is used as a jet, confocal imaging of the affected skin after 

cryo-sectioning showed penetration of gold particles into stratum corneum layer fully as 

shown in Figure 87. These histology results showed promising results with minimal 

damage to the skin tissue when compared to the damage caused by long term thermal 

treatment. However, when the skin is directly exposed to the thermo-mechanical jet from 

the actuator, the ablation effects were not just limited to the stratum corneum layer. 

Histological examination of skin showed that the underlying viable epidermis layer was 

partially ablated too.  
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Figure 86: Histologically examined skin surface exposed to an ethanol jet 

 

 

    

Figure 87: Histologically examined skin surface exposed to an ethanol jet containing 
gold nano particles 
 

 

 From the previous testings we saw that when the skin is directly exposed to the jet 

released from the actuator, the size of ablation site is significantly large and the effects of 

ablation were observed at much deeper thickness in skin than the thickness of stratum 
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corneum layer. To minimize the size of the ablation site and to obtain localized effects, 

further testing is done with the skin being exposed to the jet through a mask consisting of 

circular holes as shown in Figure 88. For initial localized testing, a PDMS mask is used 

to control the size of the skin ablation and effectively guide the removal of stratum 

corneum in a highly localized manner. Corresponding to a 100 x 100 µm size mask, the 

holes generated in the skin measured approximately 100 µm in size. The size of these 

ablation sites could be changed by simply changing the size of the masking holes in the 

microdevice. Histological examination of exposed skin through a mask showed highly 

selective removal of stratum corneum as shown in Figure 89. Figure 89(a) shows as 

enface image of ablated skin at three adjacent locations. Figure 89(b) shows a histological 

cross section of skin ablation at two adjacent sites from a different skin sample. Figure 

89(c) shows a further magnified view of one of these ablation sites. Figure 89(d) shows a 

still greater magnification of the edge of an ablation site from another skin sample. These 

representative images showed highly localized ablation that completely removed the 

stratum corneum which is critically important for increasing skin permeability, but does 

not appear to damage the viable epidermis.  

   

Figure 88: Patterned mask used for localizing the effects of thermo-mechanical jet 
exposure on skin 
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   (a)                                                       (b) 

 

  (c)                  (d) 

Figure 89: Histological examination of locally exposed porcine skin 
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 From the above histology results, it can be seen that the stratum corneum layer of 

skin is efficiently removed. This observed efficient removal should increase skin 

permeability to drug molecules. Hence, permeability measurements of exposed skin to a 

drug analog molecule are performed as described in Section 4.2.3. Figure 90 shows 

permeability measurements made for delivery of calcein across treated human cadaver 

skin. For untreated skin, this permeability is just 10-5 cm/h, because calcein is a relatively 

large (623 Da), hydrophilic compound. After arc ablation of the skin with water, the 

permeability increased by 1000 fold to a value of 10-2 cm/h. This large increase in skin 

permeability is highly significant for drug delivery applications. Arc ablation with 

ethanol-saline formulation also increased skin permeability, but to a lesser extent. Arc 

ablation with an empty (i.e., air-filled) micro-chamber also increased skin permeability, 

but only by a factor of 10. Arc ablation with water ejected from the microchamber was 

probably more effective because it more efficiently transferred heat (and momentum) to 

the tissue as compared to air.  

 Additional formulations of propellants were tested and skin permeability is 

compared. As shown in Figure 91, the use of (i) ethanol with gold microparticles, (ii) 

ethanol-saline with salt microparticles, (iii) ethanol with gold microparticles placed on 

the skin surface and (iv) ethanol-saline (without microparticles) all increased skin 

permeability by 100-1000 fold. We hypothesized that such microparticles could be 

important because they (i) could increase the conductivity of the microjet formulation 

and/or (ii) could act as projectiles jetted at the skin. However, statistical testing showed 

no significant difference between these four formulations, given the large error bars. 

Comparing the data in Figure 91 with the data in Figure 90 suggests that the exact 
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formulation of the jet may not be critical to increasing skin permeability; such that water, 

ethanol and ethanol-saline all dramatically increased skin permeability. Moreover, the 

presence of gold or salt microparticles did not have a significant effect. Efforts were then 

made to correlate the permeability data to the force generated by the microjets. Figure 92 

shows the data obtained for the reaction force of the microjet plotted against the increase 

in skin permeability for a series of experiments carried out using a saline solution as the 

propellant.  

 

 

   

Figure 90: Permeability results obtained in jet exposed human cadaver skin for several 
propellants 
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Figure 91: Permeability results obtained in jet exposed human cadaver skin for several 
propellants containing solid microparticles 

 

  

Figure 92: Dependency of permeability obtained with reaction force obtained from the 
jet 
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5.2.2.2 Thermal Exposure of Skin 

 From the previous results, it was shown that a thermo-mechanical jet successfully 

creates micron size pores in the stratum corneum layer of skin and increases the skin’s 

permeability with minimal damage to the underlying skin tissue. But, from the previous 

results, it is not clear how much of this increase in skin’s permeability is due to thermal 

effects or due to the mechanical effects of the jet. Hence, in this section, efforts were 

made to isolate the thermal and mechanical effects of the jet and study the effect of 

thermal jet on exposed skin surface. For this purpose, the temperature of the released jet 

needs to be measured. A temperature indicator, liquid crystal paper is used to measure the 

temperature of the jet. However, if the thermal indicator paper is placed in the direct path 

of the jet, it is damaged because of the mechanical force from the jet. Hence, the indicator 

paper is placed beneath a 25 µm thick titanium or tungsten mask. Using this approach, 

the temperature on the underside of the mask is measured to be at least 290˚C. However, 

given the very short duration of the thermal pulse, there should be a steep temperature 

gradient across the mask. Hence, in order to estimate the temperature of the jet that 

impacts the top side of mask, thermal calculations based on transient analysis of heat 

conduction are performed across the mask using COMSOL modeling. From these 

simulations, the temperature of the released jet from the actuator is predicted to be at least 

1000˚C. As tungsten is more thermally conductive than titanium, in order to reduce the 

temperature gradient across the mask, a 25 µm thick tungsten mask is used for all further 

testing. Tungsten metal is not only strong enough to withstand any damage caused by the 

mechanical force of the jet but it is also highly thermally conductive so that the thermal 

losses associated with the masking layer are minimal.  
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5.2.2.2.1 Temperature Profile of Skin 

 Next, in order to estimate the depth to which the skin is ablated, the temperature 

across the skin surface is calculated using computer simulations and the results are 

presented in Figures 93, 94 and 95. This temperature estimation is important to study the 

extent of depths to which the skin is ablated. The simulations were performed for two 

cases: (a) when the skin is directly exposed to the jet and (b) when the skin is indirectly 

exposed to the jet using an external mask. For the first case, as we estimated that the jet 

temperature is around 1000˚C, we used this temperature as the temperature at the surface 

of skin. The skin is modeled as a structure consisting of both epidermis and dermis layers 

and the physical properties for each layer are obtained from the literature and presented 

here in Table 15 [90]. The simulations were carried out using transient thermal analysis 

mode in COMSOL 3.3 and the resulted temperature gradient for different times of 

exposure and various skin depths were plotted in Figure 93. From this graph, it can be 

seen that the smaller the exposure time, the higher is the thermal gradient across the skin. 

As the jet exposure time is typically in 100-300 µs range, we are interested in looking at 

this time scale of exposure. When the skin is exposed to a surface temperature of 1000˚C 

for 100 µs, it can be seen that the stratum corneum layer which is the top 20 µm reaches a 

very high temperature i.e about 600˚K. The next layer of skin which is the viable 

epidermis is also affected at these time scales of exposure. From these simulations, we 

observed that when the skin is directly exposed to the jet even for a short time i.e less 

than 100 µs, it is very hard to limit the effects just to the stratum corneum. Hence, in 

order to limit these effects, we must reduce the temperature of exposure of skin. This 

temperature reduction can be achieved experimentally by an indirect exposure of skin 
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using an external mask. These indirect exposure temperature simulations are done for two 

cases. For the first case, we used a 25 µm thick titanium film as the external mask and the 

results are presented in Figure 94. When the temperature at the titanium top surface is 

fixed at 1273˚K, the exposure times show that the skin needs to be exposed for at least 

500 µs for the stratum corneum layer to ablate. When the time of exposure increased to 

10 ms, the temperature rose to 796˚K. If the skin is further exposed for a time of 100 ms, 

the temperature at 20 µm depth of skin is 1011˚K. However, on the time scale of interest, 

i.e., 100 - 300 µs range, the skin is hardly affected. Hence, titanium is not a good choice 

for the metal mask because of the steep temperature gradient across the material. Further 

simulations are then performed to study the effects of using 25 µm thick tungsten film as 

an external mask. For this case, the temperature profile is presented in Figure 95. For the 

time scale of interest, i.e, 100 - 300 µs range, it can be seen that only the stratum corneum 

is exposed with minimal effects to the deeper layers of skin. So, in order to limit the 

ablation effects to just the stratum corneum layer which is about 20 µm thick, a 25 µm 

thick tungsten film can be used. If the time of exposure is increased from 100 µs to 1 ms, 

the temperature at 20 µm depth of stratum corneum increased from 309˚K to 346˚K. 

When the time of exposure increased to 10 ms, the temperature rose to 811˚K at a skin 

depth of 20 µm. If the skin is further exposed for a time of 100 ms, the temperature at 20 

µm depth of skin is 1054˚K. These results give us an idea on what the exposure times 

need to be in order to selectively ablate the stratum corneum and they can also be used to 

optimize our testing by controlling propellant volumes, exposure times and the exposed 

jet temperature in order to control the pore size formed in skin. 
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Table 15: Properties of skin used in thermal simulations [90] 
 

Property Symbol Units Epidermis 

Values 

Dermis 

Value 

Specific Heat Cp J/Kg*˚C 3580 3300 

Thermal conductivity k W/m*˚C 0.21 0.4 

Initial surface temperature T 

 

˚C 32 

 

32 

Density ρ Kg/m3 1200 1200 

Thickness t M 80e-6 2e-3 

 

 

 

  

Figure 93: Temperature profile obtained in skin from simulations for a direct exposure to 
a thermo-mechanical jet 
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Figure 94: Temperature profile obtained in skin from simulations for an indirect 
exposure to a thermo-mechanical jet using a 25 µm thick titanium mask 
 
 

 

Figure 95: Temperature profile obtained in skin from simulations for an indirect 
exposure to a thermo-mechanical jet using a 25 µm thick tungsten mask 
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 For studying the thermal effects, a solid mask is placed in the path of the jet in 

direct contact with the skin’s surface. For this purpose, a 25 µm thick tungsten layer is 

used as the mask. Figure 96 shows porcine skin surface before and after the ablation 

process. Figure 96(a) shows the surface of untreated skin (control) and Figure 96(b) 

shows the same skin surface after it is thermally exposed. 

 

 

Figure 96: Picture of skin before and after exposure to a thermal jet 
 
 
 
  

 The exposed skin is then tested for its permeability to a model drug, 

sulforhodamine. Figure 97 shows the same skin sample after the delivery of 

sulforhodamine for 12 hours. Comparing to the control sample, the skin surface around 

the ablated site showed the radially decreasing intensity of purple staining by 

sulforhodamine, implying the diffusion of the drug into skin. The extent of this drug 

diffusion into the skin is then identified with the histological examination of the skin 

sample as shown in Figure 98.         
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Figure 97: Skin shown in Figure 96 after treating with sulforhodamine drug to study its 
permeability 
 

  

 

 

Figure 98: Histological examination of skin shown in Figure 97 
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 While the histology of control sample showed no diffusion of hydrophilic 

sulforhodamine, the brightfield and fluorescent images of the ablated sample show a 

gradient in sulforhodamine delivery from the ablated top to the deeper tissue and 

fluorescence due to the diffused sulforhodamine, respectively. Figure 98 shows a cross 

section of the stained skin sample which had intact stratum corneum and which lost 

stratum corneum after thermal exposure, without damage to the underlying epidermis.  

 Next, efforts were made to localize the thermal effects to micro regions on skin. 

So, a double mask is placed in the path of the jet in contact with skin’s surface. The mask 

is made of two layers, first of which is a solid layer made out of 25 µm thick tungsten 

sheet and the second layer is made out of 25 µm thick titanium layer consisting of an 

array 100 µm size circular holes as shown in Figure 88. The solid mask layer is used to 

eliminate the mechanical effects of the jet and the patterned mask with localized windows 

enables for controlled heat ablation. This localization of skin ablation can control the 

permeability rate of drug by controlling the area of exposed skin irrespective of jet’s 

dimensions. Figure 99(a) shows an ablated skin sample that is subjected to localized 

thermal exposure. The ablated skin sample is treated with sulforhodamine for 12 hours to 

study the permeability to a drug analog. The same skin sample is then histologically 

examined to study the extent of permeability and the effective removal of stratum 

corneum as shown in Figure 99(b). 

 

   



 224 

   

Figure 99: Locally ablated skin surface exposed to a thermal jet   
  

  

 This concludes the results section for the physical based microactuators. Physical 

based microactuators are successfully characterized and applied to improve skin’s 

permeability. Both thermal and mechanical effects of the jet on skin were studied to 

determine the dominant effects. It was observed that the thermal effects of the jet alone 

are sufficient to create microconduits in skin without causing any permanent damage to 

the skin. The effected skin is characterized to study the thermal and mechanical effects of 

the jet exposure and the extent of drug permeability is measured. 
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CHAPTER 6 

CONCLUSIONS 

 

 Throughout the course of this study, the development of the electrically powered 

chemical and physical microactuators was discussed. First, the concept of operation of 

the microactuator is mentioned and validated. Next, laser micromachining and lamination 

techniques were used to batch fabricate robust devices on a single substrate. Fabrication 

of actuators from robust materials improves MEMS reliability in harsh environment 

based applications. It also eliminates the need for additional packaging steps to ensure 

protection of the device from environment which significantly reduces the fabrication 

costs. Use of lamination fabrication while making microactuators demonstrates that 

material selection can be expanded to meet the specific conditions put forth by an 

application. For example, while making the chemical actuators, the materials utilized for 

fabricating the chambers should be able to withstand high chemical reaction 

temperatures, typically several thousand degree Celsius without compromising on the 

structural integrity. Materials such as acrylic, which melts at 130˚C, can still be used for 

such as application provided the residence time and heat transfer from combustion to the 

chamber walls are minimized. While making physical actuators, the materials used for 

actuator fabrication should not react with the liquid propellants stored inside. Hence, 

materials with suitable chemical properties should be chosen. Lamination fabrication also 

allows for easy transition of the lab based fabrication techniques to more industrial based 

mass manufacturing techniques such as printed circuit board processing.  
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 The microactuator development demonstrated tools and techniques to control the 

actuation process and generate rapid response from the microactuators. A power circuit 

that supplies the required input energy for the actuation process is developed and used for 

actuator characterization. During actuator characterization, the control parameters that are 

looked for are the ignition delay times, thrusts delivered, impulse delivered and impulse 

durations. The actuators were optimized to meet the requirements of a specific 

application. The chemical based microactuators were optimized to produce rapid jets that 

offer large forces in extremely short durations and their feasibility to be integrated into a 

25 mm bluff body projectile to maneuver its path while spinning at 600 Hz is discussed. 

The physical based microactuators were optimized to produce low impulse, rapid jets to 

be used for selectively ablating the stratum corneum layer of skin to increase skin’s 

permeability to high molecular weight drugs. Recommendations for future work for both 

the actuators are presented in this chapter. 

6.1 Chemical Based Microactuators 

 The solid propellant microthrusters mentioned in the literature demonstrated that 

large fluidic forces can be achieved from millimeter scale batch fabricated combustion 

chambers. The forces achieved from these devices are much higher than any other fluidic 

microactuators. However, the time scale of generation of these forces is not given 

importance. This is because most of these microactuators were intended to be used for 

station keeping applications for kg-scale satellites where time control of the force output 

is not necessary. The gas generation actuators reported in the literature focused at this 

issue in greater detail and developed actuators that generated large forces in small time 

scales, typically in milliseconds. These actuators were successfully demonstrated for use 
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in maneuvering a 50 mm diameter projectile’s path while rotating at a spin rate of 60 Hz. 

However, in these actuators, the solid propellant is ignited by supplying the required 

electrical input energy through a micromachined igniter and the delay times associated 

with transfer of energy from igniter to the propellant grain are significant and were 

compensated with the control electronics connected to the microactuator. The time scales 

achieved by these actuators are still not sufficient to be used for maneuvering a 25 mm 

projectile spinning at 600 Hz.  

 The work presented in this thesis is an extension to the GGA work, where we 

have tried to minimize the impulse durations further by proposing a concept of rapid and 

uniform ignition of the propellant. This rapid ignition is achieved by making the 

propellant conductive by adding micro or nano size conductive dopant particles to the 

propellant and igniting it by means of electrode discharge of direct currents. The actuator 

development process continued with alternate propellants, conductive dopants, power 

supply configuration and actuator geometry to shape the impulse curve as desired. 

 The development of conductive propellant microactuators satisfied several 

objectives. First, batch fabrication of microactuators utilizing laser micromachining and 

adhesive lamination techniques was demonstrated for mm-scale devices. Next, solid 

propellant selection criteria were established with focus on safety, performance and 

performance reliability. Efforts were then made to make the propellant conductive by 

adding conductive dopant particles such as nano size carbon black without sacrificing the 

performance of the propellant. Then, an electro-thermal model that describes the ignition 

of conductive fuel with electrode discharge was developed to predict the effect of process 

variation on the performance variation. This model determined the input power, the 
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distance between electrodes and fuel conductivity that are necessary to minimize the 

ignition delay times. It also explained how the energy consumed by the conductive 

propellant can be varied by varying the fuel resistance. Next, a combustion model used in 

large scale rocket design is adapted to microactuator system to predict the effect of 

actuator physical parameters on its performance variation. This model predicted the 

optimum chamber dimensions, nozzle dimensions and fuel energetics for use in 

microactuator assembly to generate rapid forces and short durations. Then, the actuators 

are fabricated and characterized. Characterization techniques to determine total impulse, 

impulse delays and burn time were presented. Microactuators that offer a range of 

impulse and burn times were demonstrated through appropriate propellant selection and 

actuator design. Timing control of impulse duration and ignition delays were also 

reported. The specific requirements for the application of maneuvering the path of a 25 

mm projectile spinning at 600 Hz were then presented and the feasibility of achieving the 

desired performance from our conductive propellant based microactuators was discussed. 

However, the actuators were not implemented in a real time application. We recommend 

this for future work where microactuator arrays compatible to the application need to be 

fabricated and integrated into a test vehicle. Any improvements desired from the 

actuators can be made by improving the fabrication approaches and propellant loading 

techniques to ensure uniform and consistent behavior from the actuators. With respect to 

fabrication, structural failure of the actuators was observed when the chamber pressures 

were too high. Further research into materials and bonding techniques applicable for 

actuator fabrication could improve the structural integrity of the devices. With respect to 

propellant loading, currently, conductive propellants were pressed down into the 
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chambers by hand to achieve complete loading and good contact with the electrodes. The 

loading techniques could be improved further to ensure uniformity from device to device. 

A bulk loading process such as doctor-blading or prefabricated solid propellant pellets 

would ensure consistent mass loading of the propellant into combustion chambers. In this 

thesis, we have just focused on the application of projectile maneuvering. However, the 

developed chemical actuators could be used in several other applications such as in air 

bag deployment which requires rapid gas generation or in microspacecraft applications 

that require small but accurate forces from the actuators. With little optimization, our 

chemical actuators can easily be altered to meet the specific requirements at hand. 

6.2 Physical Based Microactuators 

 The physical based microactuators discussed in this dissertation operate on the 

principle of arc generation across two closely spaced electrodes. Though ignition of the 

propellant by means of arc discharge is a fairly established concept, its implementation in 

large scale actuators is highly limited as the input power required to generate an arc in 

such systems would be extremely high and in most cases, practically unattainable. 

However, this concept could easily be adapted at small size scales because, then the input 

power required would be much smaller and can easily be supplied from a portable power 

circuit. When the propellant is placed in the path of the generated arc in a closed and 

thermally insulating chamber, the energy generated from the arc is transferred to the 

propellant and rises the temperature and pressure within the system. This causes a phase 

change of the propellant and the high pressured propellant exits the chamber through a 

nozzle in the form of a jet. This concept of arc generation and jet release from the 

physical microactuators was demonstrated and characterized for the input power 
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requirements, force delivered and duration of the jet. An array of multiple actuators were 

fabricated using laser micromachining and adhesive lamination techniques. The actuator 

development process is verified for several propellants and actuator geometry to achieve 

small and rapid jets from the actuator. The temperature rise within the chamber is 

estimated from temperature simulations.  

 The actuators were then applied for transdermal drug delivery application. 

Exposure of skin to the jet delivered from the microactuator can be classified as an 

enhancement technique that can be combined with a drug delivery system to increase the 

permeability of drugs through skin. Hence, skin’s barrier properties were looked at in 

detail and the required mechanical forces from the jet to puncture skin were discussed. 

Some of the currently existing skin permeation enhancement techniques were discussed 

and their limitations were presented. The permeability achieved in skin when it is 

exposed to the released jet from the actuator was studied and compared to a control. For 

this purpose, the thermal and mechanical effects of the jet were isolated to study their 

effect on skin independently and as combined and the extent of skin permeation achieved 

was compared. The treated skin was then tested for the delivery of drug analog molecules 

to study the extent of permeation. The rise in temperature in exposed skin as a function of 

skin’s depth was simulated for several exposure times to estimate the extent of damage in 

skin’s surface. These temperature simulations give us an idea of the durations required 

from the microactuator to achieve the desired ablation in skin with minimal damage and 

inconvenience to the patient.  

 Most of the work done in this thesis on physical microactuators is focused at 

developing a concept, validating the concept and finally, implementing it for a specific 
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application. However, more work needs to be done with respect to the optimization of the 

microactuators. This work includes more research into the materials and fabrication 

techniques utilized for the fabrication of the microactuators. More FDA approved and 

compatible solutions need to be tested for their use in transdermal drug delivery 

application. Also, the physical based microactuators developed in this research work 

were fabricated as radially firing devices. However, the application of the actuators for 

transdermal drug delivery would be more feasible if the actuators deliver the jet from top 

like any conventional patch device. So, for future work, we recommend that the 

microactuators be fabricated in a more conventional patch like form and if possible, be 

integrated along with a drug delivering device, so as to develop a complete system that 

can not only increase skin’s permeability but also allows for the delivery of the drug from 

the same system. 
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APPENDIX A 

THREE DIMENSIONAL MICROACTUATORS BASED ON 

LITHOGRAPHY AND LASER MICROMACHINING 

 

 This section describes the fabrication sequence of three dimensional 

microactuators fabricated using lithography based and laser micromachining techniques. 

This fabrication technique utilizes the concept of geometrically dispersed multiple 

igniters within the volume of a microactuator to increase the response times of 

conductive propellants. Integrating laser micromachining and lithography techniques 

allows for reducing the feature size of the microactuator components without sacrificing 

the overall volume of the microactuators. A 10x10 array of igniters were formed in the 

form of high aspect ratio pillars that minimized resistance through the conductive fuel. 

Each pillar has a diameter of 100 µm and a height of 500 µm with center to center 

distance of 280 µm. As shown in Figure 100, pillar structure SU8 is patterned on a glass 

substrate. A uniform seed layer is then deposited. The seed layer is then patterned using 

laser micromachining to isolate the adjacent electrodes. For laser machining, an excimer 

laser is used. Addition metal is then electroplated on top of the isolated electrodes. SU8 

structure is later separated from the glass substrate. Actuators fabricated using this 

technique is presented in Figure 101. 
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Figure 100: Multi pillared microactuator fabrication schematic 
 

 

     

Figure 101: Multi pillared three dimensional structure 
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APPENDIX B 

POWER CIRCUIT FOR PORTABLE APPLICATIONS 

 

 For adapting the microactuators for use in a final application, a portable circuit 

that can supply the desired power input must be developed. In the case of projectile 

maneuvering, all the control actuators and the control electronics should be fit into the 

body of the projectile. In this section, a portable boost converter power circuit that meets 

the physical requirements to be placed within a small projectile body is reported. The 

schematic of the developed portable power circuit is shown in Figure 102. This power 

supply can be used to heat the conductive propellant placed between two electrodes via 

joule heating using capacitive discharge. The main components of the circuit include 

batteries, a charging capacitor, an inductor, a discharge capacitor, a diode, a mosfet and a 

pulse generator. Other minor components include a switch, a mosfet driver and voltage 

dividers.  

 

 

  

Figure 102: Portable power circuit schematic for use in a small scale projectile 
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 A voltage of 11 V is supplied from a bank of charging capacitor and 3 

rechargeable batteries each with a voltage of 4 V connected in series. The batteries and 

the capacitor act as power source replacing the high voltage power supply used in the 

bench scale circuitry for the purpose of supplying the required energy capacity. The 

capacitor is added in parallel with the battery supply so as to slow the discharge rate of 

the batteries and at the same time supply the pulse current. It has a capacitance of 10 mF. 

The batteries are still required to charge the capacitor at least once every few seconds. As 

the mosfet switch is turned on using the pulse generator, an inductor with an inductance 

of 2.2 µL acts as a temporary storage element where energy is stored incrementally from 

the supply bank. As the required gate voltage for the mosfet is high, it is used along with 

a compatible mosfet driver so as to reduce the requirements for the gate voltage drive 

signal to 5 V. When the mosfet switch is turned off, this energy and additional energy 

from the input is transferred to the output capacitor with ratings of 100 µF capacitance 

and 250 V of maximum voltage by means of a diode switch where it is stored until the 

discharge time. This energy is then supplied to the actuator at the desired time using a 

power switch. Though this circuit is not tested in the final application, it is characterized 

in lab and also by using pspice modeling to determine the final voltage obtained from the 

circuit.  
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APPENDIX C 

NUMERICAL SIMULATIONS BASED ON NOZZLE THEORY 

 

 The following code is written in Matlab to solve for the thrust, impulse and 

duration of the microactuators using combustion and nozzle theory. Exact syntax may 

have been changed to facilitate typesetting.  

Nozzle Theory 

At=1.0355e-6; 

%for At =.1e-6:.01e-6:3e-6;  

Ae = At*2; 

%Ae = 4.99e-6; 

%At =2.46975e-6;  

%Ae = 4.99e-6; 

k=1.46; 

Mt =1; % Mach# at throat 

Pe =1.013e5; 

Rg = 8.314; 

R = Rg*1000/29; 

M=29; 

Me=2.254; 

%for vol = 1e-9:.1e-9:25e-9 

vol =15e-9; 

Tc=2100; % Chamber Temperature 
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for Pc0 = 1e6:.1e6:50e6 

%Pc0 =15e6; % chamber pressure 

Vc0 = R*Tc/Pc0; % Chamber Specific Volume 

Pc = Pe*(1+(k-1)*(Me^2)/2)^(k/(k-1)); % nozzle entrance Pressure  

Vc = R*Tc/Pc; %nozzle entrance specific volume 

Tt = 2*Tc/(k+1); % Throat Temperature 

ut= sqrt(2*k*R*Tc/(k+1)); % Throat Velocity 

Pt = Pc*((2/(k+1))^(k/(k-1))) ;% Throat pressure 

Vt = Vc*(((k+1)/2)^(1/(k-1))) ;% Throat Specific Volume 

ue = sqrt(2*k*R*Tc*(1-(Pe/Pc)^((k-1)/k))/(k-1)); % exit Velocity 

Ve = Vc*(Pc/Pe)^(1/k); % Exit Specific Volume 

Te = Tc*((Pe/Pc)^((k-1)/k)); % Exit Temperature 

mfr = Pc0*At*k*sqrt(((2/(k+1))^((k+1)/(k-1))/k/R/Tc)) 

force =mfr*ue 

PR = Pe/Pc 

const = sqrt(2*Pc*(k/(k-1))*(((Pe/Pc)^(2/k))-((Pe/Pc)^((k+1)/k)))); 

%for vol = 2e-9:.1e-9:20e-9 

t = 1000*2*vol*(((1/Vc0)^(1/2))-((1/Vc)^(1/2)))/At/const 

I = force*t*1e-3; 

ImNs= I*1e3 

Isp = I/(9.8*1300*vol) 

%rate = 0.4* ((Pc0*1e-6)^0.5) %mm/ms/Mpa^n 
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 plot(Pc0*1e-6,Isp,'*') 

  xlabel('Chamber Pressure (MPa)') 

 ylabel('Specific Impulse (s)') 

  hold on 

  end 
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