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ABSTRACT 

Jet injection is a drug delivery technique that removes the requirement for a needle by providing the 

liquid drug with sufficient momentum to penetrate the skin, and deliver itself into the underlying tissue. 

Currently, only injectors driven through uncontrollable means (compressed springs or gas) are capable 

of delivering volumes greater than 0.3 mL. Controllably-actuated jet injectors have the advantage of 

control over the jet speed and, therefore, the depth and volume of delivery into tissue. This thesis 

presents a novel mechanism, the compound ampoule, which mechanically separates a jet injection into 

two phases. This mechanism significantly reduces the power and energy required to perform a given 

injection and, therefore, significantly increases the volume deliverable with a controllable injector. 

Before a compound ampoule could be successfully implemented, however, an improved understanding 

of the requirements for large volume jet injection was needed. This involved the development of a 

highly controllable, large volume, benchtop injector. This device was used to perform injections that 

were observed with high speed X-ray, and to perform a large volume tissue injection study using 

samples of post-mortem porcine tissue. These investigations explored the jet speed requirements of 

large volume injection and the effects of two phase administration. The results demonstrated that 1 mL 

can be successfully delivered into tissue in two phases, and that a second phase jet speed of at least 

100 m/s is required for successful injection. In addition, the results demonstrated that the jet speed 

required for successful delivery is dependent on the injection volume. Based on what these studies 

revealed about large volume, two-phase jet injection, a compound ampoule was manufactured. This 

device demonstrated successful delivery of 1 mL into tissue samples. The success of this compound 

ampoule injector demonstrates the feasibility of the delivery of 1 mL with a clinically appropriate, voice 

coil driven jet injection device. 
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CHAPTER ONE: INTRODUCTION 

1.1. Motivation 

Jet injection is a transdermal drug delivery technique that uses the drug itself to penetrate the skin. This 

is achieved by pressurising the liquid drug and forcing it through a small orifice which forms the drug 

into a high speed jet. This jet is capable of penetrating the skin and delivering itself to the underlying 

tissue. By removing the need for a needle to penetrate the skin, jet injection avoids the associated 

issues of needle stick injury, needle misuse, and needle phobia [1].  

Commercially available jet injection devices primarily rely on the release of compressed springs or 

gasses to pressurise the liquid drug and perform the injection. While energetically efficient, these 

methods cannot control the jet speed as the injection takes place. Recently, focus in this area has 

moved to the development of controllable techniques of driving an injection, such as using voice coil 

actuators [2], [3], piezoelectric actuators [4] or pulsed lasers [5]. These techniques provide the ability to 

control the jet speed throughout the injection, and therefore precisely control outcomes such as the 

delivery depth and volume. 
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Uncontrolled (spring or gas driven) jet injectors have demonstrated the ability to deliver up to 1 mL in 

humans [6] and up to 5 mL in veterinary applications [7]. Controllable devices, however, have been able 

to achieve precise delivery only of much smaller volumes. Piezoelectric or laser based injectors have 

demonstrated delivery of up to 10 µL [2], [4], [8], while voice coil actuators have been able to deliver 

volumes up to 0.3 mL. No controllably driven device has been able to match the capability of spring or 

gas devices to deliver volumes in the millilitre range. This is important as many common injections in 

clinical practice are delivered as 1 mL doses, or larger, including some vaccines, monoclonal antibodies, 

and hormones [2], [6]. 

One of the main reasons voice coil driven injectors cannot simply be adapted for larger volumes is the 

fundamental scaling relationship between motor mass ( ) and injection volume ( ), 

    
 
    1 

The consequence of this relationship, derived by Ruddy et al 2014 [9], is that as the injectable volume is 

increased over 0.3 mL, the required motor mass becomes too large to produce a clinically appropriate 

injector. 

The aim of this work is to investigate ways of overcoming this scaling issue so that the advantages of 

controllable jet injection can be applied to larger volumes. This thesis will focus on the use of voice coil 

actuators to drive the injection of volumes of up to 1 mL. Overcoming the scaling relation described in 

Equation 1, however, is only part of the problem. Controllable jet injectors have not previously been 

capable of these larger volumes, and thus little has been established about the requirements for the 

successful injection of 1 mL or greater volumes. Therefore, this work will also focus on gaining a greater 

understanding of the effects of injection volume and jet speed, with the aim of working toward a 

clinically appropriate large volume device. 
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1.2. Thesis Outline 

Following this introductory chapter is a description of the relevant background information and 

previous work in the field of jet injection. The novel work contributing to this PhD thesis is then 

described in Chapters 3 to 7. A summary of this work and its novel contributions is then presented in a 

conclusions chapter (Chapter 8). The following is a brief outline of the work described in Chapters 3 to 

7: 

1.2.1. Chapter Three: Two-Phase Jet Injection 

This chapter begins by introducing the concepts of two-phase jet injection and a device referred to as 

“the compound ampoule”. These are both ideas that are intended to reduce the power and energy 

required to perform a given jet injection, enabling an increase in the injectable volume, a decrease in 

motor mass, and/or an increase in energy efficiency. The advantage of two-phase injection and the 

compound ampoule are analysed through the development of analytic expressions for the maximum 

power and energy expenditure during an injection. Having formally established the theoretical benefit 

of this approach, an initial prototype of the compound ampoule is constructed and tested. 

1.2.2. Chapter Four: Devices for Controllable Large Volume Jet Injection 

The testing in the previous chapter highlights the need to gain an improved understanding of the jet 

speed requirements when injecting large volumes. A controllable large volume injection device was thus 

constructed, which is capable of complex jet speed waveforms with injection volumes of 1 mL. This 

novel device allowed us to conduct experiments to establish what jet speed(s) are required to achieve 

the delivery of 1 mL and directly compare the effectiveness of single- and two-phase injection profiles. 

The design, control strategy and validation of this device are detailed in this chapter. 

1.2.3. Chapter Five: High Speed X-ray Analysis 

This chapter describes a series of injections where delivery into post mortem porcine tissue was 

recorded using a high speed X-ray video imaging system. Injections were performed over a range of jet 

speeds (120 m/s to 140 m/s) in single- and two-phase profiles. The dynamic information provided by 

the high speed X-ray videos provides significant insight into the behaviour of the jet as it interacts with 

the tissue.  



Chapter One: Introduction 

4 

 

1.2.4. Chapter Six: The Effect of Jet Speed on Large Volume Jet Injection 

In order to investigate the jet speed requirements of the delivery of 1 mL, a series of 65 1 mL injections 

were conducted into samples of post-mortem porcine tissue. These tests are performed over a range of 

jet speeds using single- and two-phase profiles to establish the required jet speed(s) for successful 

delivery, and the effectiveness of the two-phase approach, when delivering these large volumes.  

1.2.5. Chapter Seven: A Compound Ampoule for Large Volume Jet Injection 

Having established the jet speed requirements for the delivery of 1 mL in single- and two-phase profiles 

in Chapter 6, this knowledge is now applied to the design of an “optimal” compound ampoule. A new 

compound ampoule is designed and manufactured to produce jet speeds that were found to 

demonstrate success in Chapter 6. Injections performed by this compound ampoule are then compared 

to equivalent position controlled injections to establish the ability of this device to achieve injection 

success, while also reducing the power and energy required to perform the injection. 

These novel contributions, summarised in Chapter 8, provide significant insight into the effects of 

injection volume and jet speed. This improved understanding led to the successful development of a 

compound ampoule based injection device, and thus, this work provides a platform for the 

development of a clinically suitable, large volume, controllable jet injector. 

 



 

5 

 

 





7 

 

CHAPTER TWO: BACKGROUND 

This chapter will cover the necessary background material to support the chapters that follow. This 

begins with an introduction to transdermal drug delivery, and the advantages of jet injection over other 

delivery methods. A summary of the previous work in the field of jet injection is then presented 

including a discussion of various measurement methods previously used in this space. The final section 

covers the typical target tissues for jet injection and what is known about the interaction with an 

injected liquid. 

2.1. Transdermal Drug Delivery 

The outer layer of skin, the epidermis, provides an effective barrier between the body and the outside 

world. While performing a vital role in preventing unwanted chemicals and micro-organisms entering 

the body, the epidermis presents a significant challenge to the delivery of drugs [10], [11]. This is 

particularly important for those drugs which cannot be delivered orally. Transdermal drug delivery 

(delivery of drugs through the skin) requires that the permeability of the epidermis be dramatically 

increased – typically this involves the epidermis being broken [11], [12]. 
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Needle based hypodermic injection has been the gold standard for transdermal drug delivery since its 

development in the mid-19
th

 century [11]. The needle provides a quick and simple method to penetrate 

the epidermis and deliver the drug to a chosen depth. However, the need to pass a needle through the 

skin does present some issues, and therefore there is motivation to find alternative methods of 

transdermal drug delivery. 

2.1.1. The Problem with Needles 

Various techniques and regulations exist describing the best practise for the use and disposal of 

needles, principally because needles present a significant risk of accidental stick or stabbing injury. Such 

injuries become a much greater issue when a used needle is involved, as it can cause the spread of 

disease. A related, and equally harmful, issue is the deliberate reuse of needles. This primarily affects 

marginalised communities or third world countries where fresh needles are not easily available. In 1999, 

the cost inclusive of purchase, use, and iatrogenic disease associated with resterilisable and disposable 

needles was estimated at US$26.77 and US$25.29 per injection, respectively [13]. An automatic needle 

shielding device, which dramatically reduced accidental stick injury and misuse, was estimated to cost 

just US$0.80 per injection. While the World Health Organisation is making progress in this area, 

accidental needle stick injury and needle reuse were estimated to cause 1.7 million hepatitis B, 315,000 

hepatitis C, and 158,000 HIV infections in 2010 [14]. 

Another major issue associated with the use of needles is needle phobia. Needle phobia results in 

patient stress and reduced compliance. A 2002 study found that 21.7 % of people were afraid of 

injections, with 8.2 % considering their fear „unreasonable‟ [15]. It is thought that this number could be 

significantly larger, as those with extreme fear would avoid injections and may not have taken part in 

the study. 

2.1.2. Alternatives 

The drawbacks associated with the use of needles have motivated the search for alternatives to needle 

and syringe delivery. The alternative methods of transdermal drug delivery can be broadly divided into 

two groups: patch-based, and needle-free injection techniques.  

Patch-based methods enhance the permeability of a region of skin to deliver a drug over the course of 

hours or days. Various methods of increasing permeability have been employed, including ultrasound, 
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electric fields, chemical enhancers, and arrays of microneedles [12], [16]–[18]. As many of these 

techniques disturb only the outer epidermis and do not interact with nerves, they have been described 

as painless [11], [12], [17]. Many of these patch-based transdermal delivery techniques also have the 

potential to become self-administered [12]. 

Needle-free injection techniques provide the drug with the momentum required to break through the 

stratum corneum and be delivered into the underlying tissue. This has been explored in the context of 

solid (powder) and liquid drugs. The injection of powdered drug formulations is an established method 

of DNA vaccination [19]. One of the main advantages of powder based delivery is that it uses stable, 

lyophilized formulations and thus removes the need for the „cold chain‟, i.e. the refrigeration of drugs 

from the point of manufacture to use [11]. Typically this approach aims to lodge the drug particles in the 

epidermis or superficial dermis where they can elicit the greatest immune response [19], [20], and has 

therefore been used primarily with vaccines. Jet injection (needle-free liquid injection), however, 

typically targets delivery to the dermis, subcutaneous fat, or intramuscular space in a similar way to a 

needle [1], [2]. Drug delivery via jet injection is achieved by forming the liquid drug into a high speed jet 

capable of penetration through the dermal layers, and delivery into the underlying tissue. Both the 

powder and liquid approaches perform drug delivery in a matter of milliseconds [1], [2]. 

The biggest difference between the patch-based and injection methods is the timescale. In many cases 

it is undesirable, or simply not an option, for drug delivery to occur over hours or days. Additionally, the 

patch-based and powder injection methods are limited to delivery to the epidermis and superficial 

dermis. The ability to deliver as deeply as the muscle, and do so selectively, is a major advantage of 

needles, which only liquid jet injection can replicate. 
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2.2. Jet Injection 

The concept of jet injection was first reported in the 1860‟s by Béclard and Galante, who described  a 

technique they referred to as „aquapuncture‟ [1], [21]. Aquapuncture focused more on therapeutic 

injection of water rather than the injection of medicines or vaccines [1]. It wasn‟t until the 1950s that jet 

injection was revisited and applied to drug delivery [1], [22]. 

It was initially thought that because the drug itself broke the skin, there would be very little or no risk of 

transferring disease between successive patients. The early jet injection devices thus employed multi-

use nozzles, and could perform 1000 injections per hour [1]. Unfortunately, however, in the 1980s these 

multi-use jet injection devices became associated with the spread of Hepatitis B between subjects. 

Subsequent studies demonstrated that multi-use nozzle injectors were transferring sufficient blood 

(10 pL) between patients to transfer infection [1]. Because multi-use nozzles were unsuitable for human 

injection, disposable cartridges were developed. Jet injection devices were then designed so that every 

element of the device that was in contact with the patient or the drug was disposable. Disposable 

 

Figure 1 – Simplified diagram of the jet injection process. A force (F) applied to a piston results in the 

pressurisation of the liquid, which is then emitted from a small orifice at high speed into the target tissue. 
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cartridge jet injectors have since been successfully used to deliver a variety of drugs, including insulin 

[23]–[25], lidocaine [26], [27], DNA vaccines [28] and even anti-tumor interfering RNA [29]. 

2.2.1. How it Works 

As shown in Figure 1, jet injection involves pressurising the liquid drug to around 20 MPa within a 

chamber referred to as an ampoule. This ampoule typically has a single circular outlet (called the orifice) 

which is in the region of 200 µm in diameter. As the pressurised liquid is forced out of the orifice it is 

formed into a high speed jet which, when travelling greater than 120 m/s, is capable of penetrating the 

epidermis and delivering itself to the underlying tissue [1], [3]. The fluid is typically pressurised via a 

piston rigidly connected to a driving mechanism. 

2.2.2. Driving Mechanisms 

The most commonly used methods used to drive a jet injection are the release of compressed springs 

or gas [1], [11]. These approaches have been used since the early stages of jet injection, even with the 

older multi-use nozzle devices. They provide a simple and efficient way in which to store the energy 

required for a jet injection before rapidly releasing it to pressurise the fluid drug and perform the 

injection. The main issue with these methods is the lack of feedback control over the release of energy 

and, therefore, of the pressure development within the liquid drug. 

More recent research has focussed on the development of controllable methods of driving jet 

injections, such as the use of voice coil actuators [2], [3], piezoelectric actuators [4], or pulsed lasers [30], 

[31]. These methods provide the ability to control the jet speed, and therefore precisely control the 

injection volume and depth. A controllable injection device also has the scope to be applied in a much 

larger range of injection scenarios, as the same device can be used to produce a range of jet speeds 

and volumes. 

2.2.3. Jet Speed 

One way in which controllable driving mechanisms have been utilised is by administering the injection 

in two phases - a high jet speed phase to first penetrate the skin, then a lower speed phase to deliver 

the bulk of the volume [3], [4], [32]–[34]. This approach is based on the idea that a high jet speed is only 

required at the early stages of the injection as the drug penetrates the tough dermal layers, and 
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following this penetration, the jet speed can be reduced to minimise energy expenditure during the 

second phase without compromising delivery success. 

The jet speed used to penetrate the outer layers of skin has been reported to be anywhere in the range 

100 m/s to 200 m/s. [3], [4], [35]. In controlled two-phase injections, the speed following this 

penetration has previously been reduced to between 20 m/s and 60 m/s [3], [4]. Estimates of jet speed 

in these studies were either implied from Bernoulli‟s principle, based on the ampoule pressure, or from 

calculations of the flowrate through the orifice based on the measured piston position. 

A 2006 study recorded the jet speed profiles of a range of commercially available spring and gas driven 

devices [35]. This study presented a novel method of measuring jet speed where the jet was impinged 

onto a force sensor. The results demonstrated that the jet speed produced by these less controllable 

devices can oscillate greatly at the beginning of the injection, often peaking at a speed well over 

250 m/s before dropping back to less than 100 m/s within the first few milliseconds. While this kind of 

oscillation in speed may be expected to produce less repeatable injections, it could be considered to 

mimic the two-phase approach taken by controllable devices. The oscillations cause large peaks in jet 

speed which may dominate the initial penetration, while the jet speed these devices settle to following 

the initial oscillation is responsible for the delivery of the bulk of the volume. 

2.2.4. Measurement of Jet Speed 

In the previous section three different measurements of jet speed were mentioned. Each of these has its 

benefits and the separate measurements cannot always be directly quantitatively compared. Here we 

take a closer look at each method and the difference in the information that is gained: 

   Bernoulli‟s Principle 2.2.4.1.

This method is based on calculating the jet speed from the internal pressure in the ampoule based on a 

simplified form of Bernoulli‟s equation. Assuming there is only static pressure within the ampoule and, 

as the fluid passes through the orifice, this is completely transferred to dynamic pressure, the following 

equation for jet speed (  ) is derived: 

    √
  

 
   2 
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where   is the ampoule pressure and   is the density. The greatest advantages of this estimate of jet 

speed are that it is simple and it does not require knowledge of the orifice geometry. However, it does 

assume that there is no viscous energy loss, and the value for   is often difficult to accurately calculate, 

as injectors very rarely provide the means to directly measure the internal pressure. This measurement 

should be considered to represent the maximum possible jet speed that could be achieved during an 

injection. In most injection scenarios, it is likely that only the fluid at the very centre of the jet comes 

close to the value predicted by Bernoulli‟s principle. 

 Volumetric 2.2.4.2.

The mean jet speed can also be calculated based on a conservation of volume approach, using the 

measurement of piston speed. In this sense, the volume swept by the piston can be equated to the 

volume ejected from the orifice, resulting in the following equation for jet speed, 

    
     

  
   3 

where    is the velocity of the piston,    is the area of the piston, and    is the area of the orifice. The 

major advantage of this method is that it directly relates the jet speed with the piston position, which 

can be feedback controlled (in controllably driven devices). Therefore, the measurement of piston 

position and Equation 3 can provide feedback control over the jet speed. The main drawback 

associated with this method is that the conservation of volume approach relies on constant fluid density 

and ampoule dimensions. During dynamic periods of the injection, such as the start, the internal 

pressure changes greatly and the conservation of volume approach becomes much less accurate due to 

fluid compressibility and deformation of the piston and ampoule. Therefore, the volumetric jet speed 

measurement is a very good steady-state measurement of the average jet speed, but is not accurate 

during dynamic periods of the injection. 

  Jet Force 2.2.4.3.

This method estimates jet speed by measuring the force of a jet as it impinges on a force sensor. A 

measurement of speed is produced by assuming the momentum of the fluid in the direction of the jet is 

reduced to zero during the collision with the sensor. This was first proposed by Shergold et al [35] and 

uses the measured force ( ) to calculate the jet speed based on: 
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    √
 

    
   4 

This approach can provide very high bandwidth information about the jet speed. The accurate 

measurement of jet speed through the dynamic periods of the injection is the key advantage of this 

approach. The main issue with the jet force method is that it requires that the jet is uninterrupted prior 

to its interaction with the force sensor. This means that this measurement cannot be performed when 

injecting into gels or tissue samples. 

It is important to note that these three measurements will not necessarily provide the same value for    

even when measuring the same jet. This is because they are all different one dimensional 

representations of a two dimensional jet (assuming rotational symmetry). The only situation where we 

would expect these measurements to agree is if a lossless, perfect plug flow was emitted from the 

orifice.  

This thesis will primarily use the volumetric and jet force measurements. All quantifications of jet speed 

will refer to the volumetric value, unless otherwise stated, while the jet force measurement will be used 

to investigate dynamic characteristics. The relationship between these two measurements is shown in 

Figure 2. These data were produced with a 200 µm orifice (O‟Keefe Controls ZMNS-11-M3.5-SS-BN). It is 

unclear whether this relationship or proportionality constant holds for other orifice dimensions or 

 

Figure 2 – The relationship between volumetric and jet force measurements of jet speed with a 200 µm 

orifice (O‟Keefe Controls ZMNS-11-M3.5-SS-BN). 
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shapes. However, Figure 2 shows that for this orifice, which is used in experiments throughout this 

thesis, the relationship between these two estimates is quite linear over this range, and that the jet force 

measurement is consistently 122 % of the volumetric measurement. 

2.2.5. Injection Volume 

Nursing standards suggest subcutaneous injections using a needle and syringe should be performed 

for 30 seconds or longer when delivering 0.4 mL to 1.2 mL [36]. Increasing injection speed during 

needle injection can increase patient discomfort and cause bruising. Intramuscular needle and syringe 

injections can be associated with volumes of up to 5 mL, however, this is site dependent. The deltoid 

region can be used for volumes up to 2 mL, and injections of 2 mL to 5 mL should be performed into 

the ventrogluteal site [37]. A rule of thumb is that intramuscular injections should take 10 seconds per 

millilitre of drug, however, this will be dependent on the injectate [37]. For example, „Fulvestrant‟, a high 

viscosity drug, requires 2 minutes per 5 mL injection [38].  

When considering the relative volume limitations of needle versus jet injection, the major difference is 

the flow rate. As jet injection relies upon the momentum of the jet to penetrate the skin, the drug must 

be delivered at a much greater flowrate. It is not well understood how the increased flowrate of a jet 

injection will affect the maximum deliverable volume. Therefore, it is difficult to estimate, and is yet to 

be established, how the maximum volumes and flowrates defined by nursing standards for needle 

based injections relate to jet injection. 

Current commercial spring and gas driven jet injectors can deliver up to 1 mL into humans [6] and 5 mL 

into animals [7]. Controllable jet injectors, however, have delivered volumes ranging from less than 1 µL, 

with piezoelectric [4] or laser based devices [30], [31], to 0.3 mL with voice coil driven devices [2], [3]. 

While these controllable actuation mechanisms provide more accuracy with lower volumes, they do not 

scale up to the millilitre range as easily as devices driven by compressed springs or gas. Many common 

injections in clinical practice are delivered as 1 mL doses, or larger, including some vaccines, monoclonal 

antibodies, and hormones [2], [6]. The large time and financial investment required to bring a drug to 

market makes reformulation of the drug to fit a different delivery volume very undesirable. For this 

reason drug delivery devices should aim to accommodate existing drug formulations wherever possible. 

The difficulty with producing a voice coil based device to deliver larger volumes is the inherent 

relationship between motor mass ( ) and deliverable volume ( ): 
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This relationship was determined by Ruddy et al 2014 [9]. As a consequence, as the injectable volume 

increases to greater than 0.3 mL, the motor required quickly becomes too large to be feasible in a 

clinical setting. For a 1 mL injection volume the required motor mass would be in excess of 1 kg (based 

on the optimised motor design from Ruddy et al 2017 [39]). 
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2.3. Tissue 

2.3.1. Anatomy 

The target tissues for transdermal drug delivery typically comprise four layers: epidermis, dermis, 

subcutaneous fat, and muscle.  

As shown in Figure 3 [40], the outermost layer of the skin is the epidermis. The epidermis contains a 

layer of 25 to 30 dead skin cells (in thickness) referred to as the stratum corneum. It is these dead skin 

cells that make the epidermis tough and relatively impermeable [10]. The epidermis is also well 

populated with Langerhans cells, which are the main antigen presenting cells in the skin. These cells 

process antigens, or microorganisms, that manage to pass through the stratum corneum. These 

Langerhans cells are too shallow to be targeted by a needle, however, some needle-free delivery 

methods are able to target these cells and generate an improved immune response [19]. 

 

Figure 3 – Illustration of the layers of human skin adapted from [40]. The underlying muscle tissue is not 

shown. 
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The dermis sits directly beneath the epidermis and is composed of a connective tissue containing 

collagen and elastin fibres. This connective tissue provides the skin with its tensile strength and 

toughness. The dermis also contains blood vessels, nerves, glands, and hair follicles. 

Subcutaneous tissue is the layer of adipose tissue that lies directly below the dermis. This layer is 

predominantly made up of adipocytes, and its thickness can vary greatly between different regions of 

the body. The subcutaneous fat acts as a cushion and energy store and also contains larger blood 

vessels and nerves than the dermis. Subcutaneous tissue is often the target layer for transdermally 

delivered drugs, as absorption into the blood stream will take place gradually over hours following the 

injection. 

The underlying skeletal muscle is also a commonly targeted area for transdermal delivery because the 

muscle tissue is very well supplied with blood, so injected drugs will be quickly taken into circulation, 

unlike in subcutaneous tissue. In addition to an increased blood supply, the muscle is also well 

innervated. The muscle is much more anisotropic than the more superficial layers, and has very long 

muscle fibres and cells. Fluids injected through the skin will almost always penetrate the muscle 

perpendicular to the fibre direction. 

2.3.2. Permeability 

The permeability of a tissue refers to how easily a liquid (typically interstitial fluid) moves, or permeates, 

through it. In the context of large volume injection, we are primarily interested in the ability of an 

injected liquid to disperse within the subcutaneous fat and muscle. The following is a summary of what 

is known about the permeability of these two tissue layers. 

The permeability of rat abdominal muscle has been reported to be between 1.1 x10
-13

 m
4
.N

-1
.s

-1
 and 

5.9 x10
-13

 m
4
.N

-1
.s

-1
, whereas the permeability of a „subcutaneous plane‟ in a rat was found to be 

0.45 x10
-14

 m
4
.N

-1
.s

-1
 to 6.4 x10

-14
 m

4
.N

-1
.s

-1
 [41], [42]. This suggests that, at least in rats, liquid would 

more easily disperse within the muscle. 

In contrast, Guyton et al [43] found a greater value for the permeability of subcutaneous fat in dogs 

(1 x10
-13

 m
4
.N

-1
.s

-1
 to 18 x10

-13
 m

4
.N

-1
.s

-1
). This study also showed that the permeability varies nonlinearly 

with interstitial pressure, rising by orders of magnitude as the hydrostatic pressure was increased above 

atmospheric. This was supported by Comley and Fleck [44] who found an increase in permeability of 
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the subcutaneous fat occurs during injection due the formation of microcracks. These microcracks led 

to a larger permeability value (2.7 x10
-10

 m
4
.N

-1
.s

-1
) while investigating injection into porcine adipose 

tissue. 

It seems that although there is some evidence that the permeability of muscle tissue is greater than that 

of adipose tissue in a resting state, more needs to be understood about the effects of the jet on the 

permeability of muscle. The work of Guyton et al [43] tells us that this liquid-tissue interaction could be 

the dominant factor in determining the permeability of the muscle to an injected fluid, as was found in 

the subcutaneous fat where the formation of microcracks increased the permeability by two orders of 

magnitude. 

2.3.3. Skin Models 

   Gels 2.3.3.1.

As skin is opaque, transparent skin simulant gels have been used to provide a medium in which to inject 

while the destination of the injected fluid can be observed. Polyacrylamide gels have found the most 

popular use in jet injection studies [3], [31], [45]–[48], although ballistic gelatine has also been used [49]. 

These gels are typically engineered to closely match the stiffness of skin. While successfully modelling 

the stiffness, gel phantoms are unable to represent the permeability or dispersive characteristics of 

tissue. Therefore, they are only valuable for investigations relating to penetration, rather than delivery 

volume or pattern. 

 Post-mortem Tissue 2.3.3.2.

Human cadaver [50]–[52] or post mortem porcine tissue [3], [46], [49]–[51] are the most common types 

of samples used in jet injection investigations. However, mouse [22], [52], [53], rabbit [3], [58], [59], 

guinea pig [3] and calf [60] tissue has also been used. Post mortem tissue samples balance the 

simulation of in vivo conditions with the ability to provide measurement and testing conditions which 

are not possible to obtain on a live human or animal. For example, post mortem tissue samples can 

allow the volume delivered to be measured through the change in mass of the sample, or the 

visualisation of an injected dye by sectioning the sample. 

Abdominal porcine tissue is the most commonly used post mortem tissue in jet injection studies [3], 

[50]. This is because it most closely matches human skin properties, while its accessibility allows studies 
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of large numbers of injections to be conducted with relative ease. The thicknesses of the stratum 

corneum, total epidermis, and dermis have been shown to be very similar between humans and pigs 

[61]. In addition, the stiffness of abdominal porcine tissue from 3 month to 4 month old pigs 

(E=0.5 MPa) was found to be very similar to that of human abdominal tissue (0.3 MPa ± 0.09 MPa) [45]. 

Schramm and Mitragotri 2002 [50] performed a series of injections into human and porcine tissue with 

a commercially available spring powered jet injector, the Vitajet 3. This study found that there was no 

significant difference in the proportion of drug delivered when injected in vivo or ex vivo. In addition, 

no difference was found between fresh ex vivo samples and those which had been stored at -80 °C. 

There was, however, a greater volume delivered to the human tissue relative to the porcine abdominal 

tissue, with this difference even greater when porcine dorsal tissue was used. 

2.3.4. Imaging Techniques 

It is often desirable to know the location of a jet injected liquid within the tissue, because drugs are 

usually designed to be delivered to a specific layer. This information is typically established using 

excised tissue as it can be used with a wider range of measurement techniques. The following are the 

established methods for depth and shape analysis of a jet injected fluid within an excised tissue sample. 

   Dye and Section 2.3.4.1.

The most common technique is to include a marker within the injectate which is carried into the tissue 

by the jet and then indicates the location of the injected liquid within the tissue [3], [51]. This technique 

requires that the tissue be cut through the injection site to observe the destination of fluid in the cut 

plane. While this method is simple and inexpensive it provides information in only a single plane. An 

example of a sample of porcine tissue which has been injected with dye, frozen, and cut through the 

injection site is shown in Figure 4A. 

 Micro-CT 2.3.4.2.

X-ray microtomography (micro-CT) can be used to obtain a complete 3-dimensional reconstruction of 

an injected X-ray opaque contrast liquid within a tissue sample. This involves projecting X-rays through 

the sample to produce images of the injected sample from many angles, which can then be processed 

to create a 3-dimensional representation. This technique can achieve a voxel resolution of less than 

10 µm and allows intricate detail of the injectate as well as the tissue to be observed. The use of 
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micro-CT led to the observation of microcracks surrounding an injected bolus within subcutaneous fat 

[44], a detail that can only be observed at high resolution. An example slice through an injected and 

reconstructed tissue sample is shown in Figure 4B. 

The main drawback of micro-CT is the cost and time associated with performing the scan and 

reconstruction. Each scan typically takes many hours to complete. Therefore, while this technique can 

provide very high resolution, 3D information about the final destination of the liquid, it cannot provide 

real time information and is costly to include in large studies. 

 High Speed X-ray  2.3.4.3.

High speed X-ray is a technique developed by Chang et al [62], who first used it to visualise injections 

into tissue. Like micro-CT, high speed X-ray involves the injection of an X-ray opaque dye which allows 

the injection to be observed as the tissue itself is relatively transparent to X-rays. However, rather than 

obtaining high resolution images from multiple angles, high speed X-ray takes a high frame rate video 

from a single view. In this way, a high speed video of the injection can be obtained. This provides 

dynamic information about the interaction that occurs between the tissue and the jet. An example 

frame from a high speed X-ray video is shown in Figure 4C. 

The major benefit of this technique is the dynamic information it can retrieve. Rather than just 

observing the end point of the fluid, high speed X-ray allows the dispersive process to be observed. The 

disadvantage of the high frame rate is that information is only obtained from one view point and it 

cannot achieve the same resolution as micro-CT. Like micro-CT, high speed X-ray is quite an expensive 

 

Figure 4 – Example images from three jet injection imaging techniques. (A) A sample of porcine tissue 

which has been injected with blue dye, frozen and cut through the injection site. (B) Image from a 

reconstructed micro-CT scan of an injected tissue sample. The image is of a cut through the centre of the 

reconstructed sample. (C) A single frame from a high speed X-ray video taken of an injection into porcine 

tissue. 
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method relative to the dye and section approach. 

2.3.5. Contact Conditions 

The greatest difference between excised tissue samples and in vivo tissue is the boundary conditions. 

Some shrinkage occurs to excised sections of tissue as the tension and support of the surrounding 

tissue is removed. Typically, jet injection studies involve either a standoff distance between the injector 

and tissue, or the nozzle being pressed into the sample with some contact force. This contact force is 

typically kept constant between consecutive injections in order to explore the effects of injection 

properties. It is noticeable that tissue samples tend to deform much more under the same force 

compared to in vivo tissue. However, there is some evidence from Schramm and Mitragotri [50] that 

there is no significant difference in the injection outcome when delivering liquid via jet injection to in 

vivo versus ex vivo samples. While there is a need to better understand the implications of performing 

ex vivo injections with such foreign boundary conditions, ex vivo studies provide a valuable way in 

which to perform a large number of injections and measurements that are not possible on the intact 

animal. 

Similar to the largely unknown effect of injecting ex vivo tissue without in vivo boundary conditions, the 

effects of skin properties on jet injection are not fully understood. Properties such as the stiffness, 

tension and fracture toughness of the skin could all reasonably be expected to influence the outcome 

of an injection. This remains an area which requires further investigation. 
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2.4. Summary 

Needle assisted injections are capable of the delivery of up to 5 mL into certain intramuscular sites, over 

an injection time of minutes. Despite a much shorter injection time, uncontrollably driven jet injectors 

have demonstrated injection of up to 1 mL in humans. Due to their lack of control over jet speed these 

1 mL devices have not been able to establish the effect of jet speed on injection outcomes. This 

information is much better understood at volumes of less than 0.3 mL, due to the testing of injection 

devices with controlled jet speeds. A large volume, controllable injection device would not only present 

the ability to precisely control delivery depth and volume, but also lead to an improved understanding 

of the effects of jet speed and injection volume. 

The work in this thesis primarily aims improve the understanding of the effects of jet speed and volume 

through the development of a controllable large volume injection device. This would then present a 

platform for the development of a controllable injector for clinical use. Toward this goal, the following 

chapter investigates how the power and energy required for an injection relates to injection properties 

such as jet speed and volume, and how this may present a method to increase the volume deliverable 

with a controllable injector. 
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CHAPTER THREE: TWO-PHASE JET INJECTION 

3.1. Introduction 

Two-phase jet injection is a term used to describe the technique of delivering a jet injection using an 

initial phase of high jet speed to penetrate the tissue, followed by a phase of lower jet speed for the 

bulk of the delivery [2]. This approach is inspired from the observation that a high jet speed is only 

required early in an injection, as the jet penetrates through the tough dermal layers. The term is 

typically associated with controllable jet injectors as these devices can manipulate the jet speed 

throughout the injection to deliberately produce the two phases of jet speed. By reducing the jet speed 

following the initial penetration the energy expended during the injection can be significantly reduced. 

The general principle of two-phase injection was first used with uncontrolled (spring or gas driven) 

injectors. Uncontrolled injectors are associated with large oscillations in jet speed at the beginning of 

the injection as the sudden application of force excites the natural frequency of the system [35]. Most of 

these spring or gas driven devices rely on these oscillations to provide large peaks in jet speed which 

seem to aid the initial penetration into the tissue. Generating peaks in this manner naturally means 
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there will also be significant troughs in jet speed where there is very little flow, or even retrograde flow, 

through the orifice. The relatively constant jet speed following these oscillations then performs a role 

similar to that of the second-phase in a controllable device, delivering the bulk of the liquid. 

Shergold et al [35] measured the jet speed profile of a range of uncontrolled injection devices using a 

jet force measurement. Their results demonstrated that spring or gas driven devices typically generate a 

peak jet speed of between 200 m/s and 250 m/s, while the jet speed later in the injection would steady 

out to anywhere between 60 m/s and 175 m/s. The oscillations in jet speed occurring at the beginning 

of an injection typically endure for no more than 10 ms, with the individual peaks lasting less than 1 ms. 

Two-phase injection using a controllable injection device was first demonstrated with voice coil driven 

devices to deliver volumes up to 0.3 mL [63], [64]. Subsequently, a piezoelectric injector delivering 

much smaller volumes (~6 µL) was used to produce controlled two-phase jet speed profiles [4]. This 

piezoelectric injection study produced jet speeds of 200 m/s and 60 m/s in the first and second phase, 

respectively, and demonstrated that the use of a controllable device with a two-phase jet speed profile 

is capable of providing a high level of control over delivery depth and volume. Since these early studies 

the use of two-phase jet injection has continued predominantly with the use of voice-coil based 

injectors. These devices have used first phase speeds of 120 m/s to 200 m/s, with second phase speeds 

of as little as 50 m/s when injecting tissue [3], [32], [33]. Unlike uncontrollable devices, the existence of a 

high speed first phase in these devices is not also associated with large troughs in jet speed. 

Controllability of the driving mechanism allows the first phase of injection to be sustained for a more 

significant period relative to the sub-millisecond peaks that arise in uncontrolled devices. In both the 

piezoelectric and voice-coil based studies, the first phase was typically sustained for between 15 % to 

50 % of the total injection volume [3], [4]. 

There has been little investigation into the effects on injection performance of systematically changing 

the volume and speed parameters of a two-phase injection. This lack is due, in part, to the fairly recent 

development of controllable injectors capable of performing such investigations. From the existing 

information, it is noticeable that the two-phase injections performed for volumes of ~6 µL 

(piezoelectric) and up to 0.3 mL (voice coil) have used very similar jet speeds. 

The main benefit associated with two-phase injection is the reduction in energy expenditure. This is 

particularly important as large injection volumes are considered, as the energy and power requirements 
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determine the size of the components needed to perform the injection. Energy can be related to the 

size of the energy storage elements required, while the maximum power determines the motor mass. 

While it is beneficial to reduce the energy associated with an injection it is perhaps even more 

important to minimise the power, and therefore the required motor mass. 

In this chapter the benefit associated with two-phase injection is defined analytically in terms of the 

power and energy required. A novel mechanism, the compound ampoule, is proposed which 

mechanically induces a two-phase jet speed profile, potentially allowing a significant reduction to the 

maximum power required for a jet injection. Based on the theoretical advantages of a two-phase 

approach with a compound ampoule, a large volume jet injection prototype is developed and tested. 
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3.2. Energetic Analysis 

In order to define the benefit associated with two-phase injection, a definition for the required power 

and energy relative to the single-phase case should be developed. Voice coil based injection devices 

provide a promising platform for the controllable jet injection of large volumes. The following analysis is 

thus performed in the context of a voice coil driven device. This analysis assumes that no friction or 

viscous losses occur within the ampoule as the piston pressurises the fluid and forms the jet.  

3.2.1. Single-Phase 

The mechanical parameters of an injector are described in Figure 5, while the injection parameters are 

shown in Figure 6. The desired jet speed (  ) can be related to the fluid pressure through Bernoulli‟s 

principle. A simplified version of this principle is used, in which it is assumed there is purely static 

pressure ( ) within the ampoule which becomes purely dynamic as it is formed into a jet, 

   
   

 

 
   5 

where   is the density of the liquid. The pressure can then be defined by motor force and piston area,  

 
 

   
 

   
 

 
   6 

where   is the force applied by the motor and   is the piston radius. Rearranging Equation 6 leads to 

the following an expression for the piston radius, 

   √
  

    
     7 

The total deliverable volume (  ) from this injector can be defined by the piston area and stroke of the 

 

Figure 5 – Diagram of injection parameters: motor force (𝐹), piston radius (𝑟), stroke length (𝐿𝑆) and jet 

speed (𝑣𝑗). 
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motor (  ) through, 

    
    

   
    

8 

The force applied by a voice coil actuator is related to the power ( ) applied to it by the motor constant 

(  ), which is defined by, 

     √    9 

A definition for the power used during this jet injection can then be reached by substituing Equation 9 

into Equation 8 and rearranging, 

   
    

   
 

   
   

    10 

Equation 10 demonstrates that the required power is proportional to the injection volume squared and 

jet speed to the fourth power. It is, however, inversely proportional to the square of the motor 

parameters (force constant and stroke length). This indicates that a longer or stronger motor can be 

used to reduce the power required for a given injection.  

To define the energy used in performing an injection, the time taken ( ) for the injection must first be 

defined. This can be expressed in terms of the rate of fluid flow exiting the orifice, 

   
  

    
   11 

where    is the area of the orifice. Therefore, the energy used during the injection is defined by the 

product of power and time 

 

Figure 6 – Single (A) and two-phase (B) jet speed profiles. A single phase profile can be defined by just 

one speed and one volume whereas the two-phase profile is defined by two volumes and speeds. 
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Similarly to power, the energy is inversely proportional to the square of the motor parameters (force 

constant and stroke length). The dependence on injection parameters is slightly different, however, with 

the energy proportional to both the volume and speed cubed. Unlike power, the energy is dependent 

on (inversely proportional to) the orifice area. 

3.2.2. Two-Phase 

Consider now the case where the injection is performed in two phases. As shown in Figure 6 a two 

phase injection is defined by four parameters, rather than two in the single speed case. These 

parameters are the first and second phase speed (   and    respectively), and the first phase and total 

volume (   and    respectively). It is helpful, however, to instead consider these four parameters as   , 

  ,   and  , where   and   are dimensionless ratios of volume and speed defined by 
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   14 

Both   and   have a theoretical range of 0 to 1. In the case where either of these ratios is zero or one 

the injection simply becomes single-phase. Values outside of this range are either impossible or no 

longer describe an injection where jet speed decreases in the second phase. 

In this two-phase case the radius of the piston is defined similarly to Equation 7 but is set by the desired 

speed in the first phase (  ), 

   √
  

    
    15 

This leads to a total volume defined by 

    
    

   
    16 

The power is no longer constant throughout the injection as it was in the single speed case. It will 

decrease with jet speed in the second phase. But, as discussed earlier, it is the maximum power (    ) 

that is of the most interest as this determines the required motor mass. The definition of the motor 

constant (Equation 9) and Equation 17 can be used to define the first phase (maximum) power, 
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    17 

The energy is now defined by Equation 18 which is simply the sum of the energy expended in the first 

and second phase, 

               18 

   is      (Equation 17) and    can similarly be defined by simply substituting    into Equation 17. 
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Using Equation 11 definitions for    and    can be realised, 
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Substituting Equations 17, 19, 20 and 21 into Equation 18 the following definition for energy expenditure 

during a two-phase injection is reached, 

   
    

   
 

   
   

   

             22 

3.2.3. Benefit of Two-Phase Injection 

By comparing Equations 10 & 17 it is clear that the maximum power is the same for both the single and 

two-phase cases, as expected. This is assuming that      , which is fair as the same maximum jet 

speed would be required to penetrate the skin. The difference between Equation 12 and Equation 22 

demonstrates that the change in energy is completely defined by the dimensionless term         . 

Figure 7 displays the value of this term over the theoretical range (0 to 1) of   and  . 

Figure 7 is best interpreted using some example two-phase injections from the literature. Taberner et al 

[3] performed injections into gels with   and   both as low as 0.1. With these values of   and  , a two 

phase injection would expend just 10 % of the energy that a single phase injection of the same total 

volume at speed    would expend. Similarly, Stachowiak et al [4] performed injections where   and   

were as low as 0.15 and 0.1 respectively. With        and       , a voice coil driven two-phase 

injection would require just 15 % of the energy that would have been expended for an equivalent 

single-phase injection. 
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Figure 7 – The difference in energy expenditure between a single and two-phase injection. The value on 

the vertical axis (and colour bar) can be interpreted as the proportion of energy that is expended by a 

two-phase profile relative to that of a single phase injection conducted at the first phase jet speed. 
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3.3. The Compound Ampoule 

As quantified in the previous section, delivery in two-phases can result in a significant reduction in 

energy expenditure. This reduction in energy is achieved by using the controllability of the motor and 

reducing the electrical input part way through the injection. However, a two-phase profile can also be 

induced mechanically; this would potentially allow the maximum power to be reduced, while allowing 

the motor to operate at constant force and power production throughout the injection. 

We propose a mechanism, the compound ampoule, which performs a two-phase injection by changing 

the effective piston area part the way through the injection. As shown in Figure 8 [65] the compound 

ampoule involves the use of a smaller inner piston whose stroke occurs through a bore in a larger, 

outer piston. The inner piston is actuated first and, due to its small contact area with the liquid, it 

produces a phase of high pressure and jet speed. At the end of the inner piston‟s stroke the outer 

piston is engaged, increasing the effective piston area, and therefore reducing the fluid pressure and jet 

speed. 

By breaking up the injection in such a way the first phase pressure and jet speed are no longer directly 

tied to the total injection volume. The inner piston area can thus be reduced to reduce the maximum 

power required by the motor at a minimal cost to the total deliverable volume. Decreasing the required 

power allows a smaller motor to be used for the same injection. The compound ampoule could be 

considered to more efficiently use the motor, as it is designed to operate the motor at close to its 

 

Figure 8 – Schematic of the compound ampoule. A force applied from the left will first actuate the inner 

piston before engaging the outer piston. Due to the change in area this will result in a high pressure 

phase followed by a lower pressure phase. Figure reproduced from [65] © 2015 IEEE. 
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maximum power output through both phases of a two-phase injection, rather than just the first phase 

as occurs in the single piston case. While this does reduce the maximum power required it comes at the 

cost of increasing the power use in the second phase of an injection. The total energy expenditure will 

therefore depend on the relative speeds and volumes of the two phases. 

The concept of the compound ampoule has been submitted and published as a United States patent 

application [66]. 

3.3.1. Energetic Analysis 

The energetic benefit of a two-phase injection has been established and now the benefit of the 

compound ampoule will be examined. The idea with the compound ampoule is to reduce the power 

and therefore the required motor mass. To understand the extent to which the power can be reduced, 

and whether or not this comes at a cost to the total energy expenditure, analytic definitions for 

maximum power and energy expenditure will be derived. As before, this analysis assumes a voice coil 

driven injection system with no losses occurring in the ampoule. 

The relevant mechanical parameters for the compound ampoule are defined in Figure 9. Similarly to the 

derivation of Equation 7, the piston radii of the compound ampoule can be defined based on the 

desired jet speeds assuming a constant force applied across both phases, 

    √
  

    
    23 

    √
  

    
  

  
 
   24 

where    and    are the radii of the inner and outer pistons, respectively. The stroke length of the inner 

Figure 9 – Diagram detailing geometric parameters of the compound ampoule. 
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piston (  ) can then be defined by    and   , 

    
  

   
   

      
  

  
   25 

The stroke of the outer piston (  ) takes the remaining stroke of the motor (  ), 

            26 

These radii and stroke lengths define the total deliverable volume of the compound ampoule injector 

(  ), 

    
    

   
           

   27 

Using the definition of the motor constant ( Equation 9) and Equation 27 the following definition for the 

maximum power is reached, 
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The use of a compound ampoule allows      to be held constant throughout the injection. Therefore, 

using Equation 28 for      and Equations 18 and 19 for    and   , a definition for the energy expended 

during an injection by a compound ampoule can be reached, 
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As stated previously, the intended benefit of the compound ampoule is the reduction in power relative 

to the single piston, two-phase case. From the comparison of Equations 17 and 28, it is clear that the 

difference in the maximum required power is defined by the dimensionless term            . 

Figure 10 displays this term over the range of possible values for   and  . This indicates that Taberner 

et al [3] (             ) would have required just 11 % of the maximum power had a compound 

ampoule been employed for the same injections. Similarly, with                as in [4], a compound 

ampoule would reduce the required power to just 16 % of that for a single piston injector. 

The energy cost of a compound ampoule injection relative to a single piston can be realised by 

comparing Equations 22 and 29. Combinations of   and   terms once again completely define this 

difference, 
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   30 

Figure 11 shows this ratio over the full range of   and  . Given that the benefit of the compound 

ampoule lies in its power reduction, it is promising to observe that a very large portion of Figure 11 is 

one, or very close to one. This demonstrates that, for most   and  , there is no cost to the total energy 

expenditure despite reducing the maximum power. Along the     axis Equation 30 tends to infinity, 

while along the other three boundaries it is equal to one. The region to avoid could generally be 

described as low   with large  . Additionally, a region where the compound ampoule uses less energy 

than a single piston is observed. This region exists where both   and   are relatively low and    . The 

limit as   and   tend to zero is dependent on the direction of approach, if the limit is taken along the 

    line the limit is 1. This value increases when approached from an     direction and decreases 

when     ,hence, this is where the region of reduced energy consumption exists.   

 

Figure 10 – The proportion of power required by a compound ampoule relative to that required by a 

single piston for any given two-phase injection. 
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Figure 11 – Equation 23 plotted over the full range of α and β. The magnitude at each point in the plot 

indicates the energy expenditure of a compound ampoule relative to a single piston. The white area 

indicates values greater than 3, which were cropped for clarity. 
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3.3.2. Motor Mass 

The maximum required power is closely related to the motor mass for a voice coil actuator. It is not 

straightforward, however, to produce a general definition for the reduction in motor mass. This 

complexity arises because the motor mass, motor constant, stroke length, and maximum power are all 

dependent on each other and on the details of the motor design. The approach taken in some recent 

motor-design work for jet injection [9], [39] was to produce a semi-analytic description of the device 

and optimise the design for some set injection characteristics. This study found the motor mass (  , 

and power ( ) required to achieve 200 m/s, were related through         for a custom voice coil 

design with a set injection volume of 0.3 mL. 

To provide an indication of the motor mass reduction associated with the use of a compound ampoule, 

the expected mass reduction when used with the optimised motor design from [9] can be calculated. 

Figure 12 shows the predicted power versus motor mass relationship resulting from the use of a 

compound ampoule. The power was calculated based on Equation 28 with                  (these 

example values match those used by Taberner et al 2012 [3] for injection into porcine tissue). This 

relationship suggests that a compound ampoule would require a motor of less than half the mass 

(~40 %) relative to the single piston case when performing an injection of 0.3 mL with the voice coil 

design presented by [9] and injection parameters used by [3] (      and       ). 

 

Figure 12 – Plot from [9] (© 2014 IEEE ) for the relationship between power and motor mass for a voice 

coil with optimised dimensions. The predicted shift resulting from the use of a compound ampoule with 

injection values of 𝛼      and 𝛽       is plotted in red.  



Chapter Three: Two-Phase Jet Injection 

39 

 

3.3.3. Conclusions 

The compound ampoule presents an alternative method for the production of a two-phase injection. 

Rather than reducing electrical input to the motor to form two phases of jet speed the compound 

ampoule does so mechanically. This provides a significant reduction in maximum power required for a 

given injection. Figure 10 and Figure 11 define the way in which maximum power and energy, 

respectively, can be reduced by using a compound ampoule to perform the two-phase injection. 

Conveniently the benefit of both the two-phase approach and the compound ampoule can be defined 

by dimensionless ratios of volume and jet speed,   and  . This analysis is thus independent of the 

magnitude of other injection parameters. 

One aspect that this analysis does not take into account is the feasibility of implementation of any given 

design. This depends significantly on the scale of the injection parameters, so cannot be conveniently 

defined by non-dimensional terms. For example, the two-phase injections performed by Stachowiak et 

al, [4] were for volumes of 6 µL, which would present some difficulties when realizing a compound 

ampoule design – particularly the very small wall thickness required for the outer piston. 

Performing a successful injection, i.e. actually delivering the fluid into the tissue, is another aspect not 

taken into account here. This analysis would suggest that performing an injection with   and   as close 

to zero as possible is the optimal approach, however, very small values of   and   are very unlikely to 

achieve a successful injection. Values for   and   as low as 0.1, 0.1 have been tested on gels [3]. 

However, as the second phase jet speed or first phase volume are reduced, there will inevitably be a 

point where the liquid is no longer successfully delivered. 
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3.4. Large Volume, Compound Ampoule Prototypes 

The analysis in Sections 3.2 and 3.3 has shown that two-phase injection coupled with the use of a 

compound ampoule is an effective way in which to reduce the power and energy requirements of a jet 

injection. This approach reduces the requirements sufficiently that voice coil driven devices previously 

only capable of up to 0.3 mL should now be able to deliver volumes greater than 1 mL. To 

experimentally evaluate the compound ampoule, a prototype device for the delivery of 1 mL was 

developed. The aim of producing a large volume, compound ampoule prototype was first to validate 

that this mechanism does indeed produce the two-phases of jet speed as intended. Following this, the 

ability of the device to deliver the large volume of liquid (1 mL) into tissue was investigated. 

3.4.1. 1.2 mL Bench-Top Compound Ampoule Injector  

Much of the content within Sections 3.4.1 and 3.4.2 was presented at the 2015 Engineering in Medicine 

and Biology Conference (EMBC) [65]. It should be noted that Bryan Ruddy conducted the majority of 

the work in the design of the ampoule shown in Figure 13. All other design, experimentation and 

analysis was performed by James McKeage. 

The initial focus was the validation of the compound ampoule concept and the underlying assumptions 

that led to its design. For this reason, a bench-top device was constructed which included an in-line 

force transducer and a pressure transducer to help fully characterise the device. 

 

Figure 13 – Images of the CAD design for the 1.2 mL compound ampoule. Left: Cutaway view of the 

design in a completely retracted state. Right: Transition of the compound ampoule from retracted (A) to 

extended (C). B represents a point approximately half way through the injection, where the outer piston 

has been engaged and commenced the second phase. 
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   Ampoule 3.4.1.1.

A compound ampoule was developed with a total injectable volume of 1.2 mL (Figure 13). The ampoule 

had an inner piston with diameter of 3.56 mm and stroke of 10 mm, yielding a maximum first phase 

volume of 0.10 mL. The diameter of the outer piston bore was chosen as 8.34 mm (21/64 in.) for ease of 

manufacturing, resulting in a second phase volume of 1.09 mL. These dimensions were chosen to 

produce jet speeds of approximately 135 m/s and 55 m/s in the first and second phase, respectively. 

These are jet speeds which have been successful with previous injectors for the delivery of less than 

0.3 mL.  

A pressure transducer (Omega PXM600MU-700BARGV) was mounted in the end of the ampoule to 

provide a measurement of the internal fluid pressure during an injection. Fluid was delivered via a 

200 µm orifice (O‟Keefe Controls ZMNS-8-M3.5-SS-BN), located at right angles to the piston stroke so 

as to provide space for the pressure transducer. Because the cross-sectional area of the flow path 

around the transducer is always significantly larger than the orifice area; the turns in the flow were 

expected to generate minimal pressure drop. Loading was accomplished with a liquid reservoir and 

valve on top of the nozzle block (Figure 14). 

   Experimental Setup 3.4.1.2.

The performance of the compound ampoule was quantified using a system capable of monitoring the 

 

Figure 14 – The benchtop injection system. The large BEI-Kimco voice coil motor applies a force, 

generating fluid pressure within the ampoule resulting in a jet which impinges on the jet force sensor. 
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fluid pressure, actuator force, and jet force (Figure 14). In this configuration, the ampoule was driven by 

a commercially available voice coil actuator (BEI Kimco LA25-42-000A) which had a moving mass of 

540 g, motor constant of 13.79 N √W⁄ , and DC resistance of 2.4 Ω. An inline load cell (Futek LCM300, 

250 lb.) measured the force applied by the motor to the piston. The voice coil was driven via a 

servomotor drive (National Instruments MID 6752) and FPGA-based control system (National 

Instruments cRIO-9024), with coil position measured using a potentiometer (Omega LP803-1). Fluid 

pressure was measured using a diaphragm-based transducer (Omega PXM600MU-700BARGV). The jet 

force measurement of jet speed [35] was obtained by impinging the jet on a high sensitivity load cell 

(Futek LSB200, 10 lb.). All parameters were measured with a sample rate of 100 kHz. 

The jet speed was estimated through three established methods: Bernoulli‟s principle (from the pressure 

measurement), volumetric (position measurement), and jet force. Since the internal liquid pressure and 

piston speed were measured simultaneously, a novel hybrid method was also used. This was performed 

by first calculating the piston movement (   ) that was required to cause the measured change in 

pressure (  ) at each time step,  

     
   

   
   31 

where   is the volume of liquid in the ampoule,    is the area of the piston, and   is the bulk modulus 

of the liquid. The measured piston movement (  ) is then compensated by     and used to calculate 

the jet speed (  ) as per the volumetric measurement, 
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where    is the area of the orifice and    is the time step. 

   Results 3.4.1.3.

The measured performance of the bench-top compound ampoule system is shown for an input current 

of 5.1 A (nominally 110 N) in Figure 15. Two distinct phases of pressure can be seen in Figure 15A. These 

two phases match well with the relative areas of the inner and outer pistons, indicating the compound 

ampoule is operating as expected. By comparing the ratios between force and pressure in each phase 

of the injection, we find that friction in the seals only uses 4 % of the force provided by the motor 

during steady-state operation. 
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During the high pressure first phase, there is significant variation in pressure due to the low mechanical 

resonant frequency of the system, which in turn reflects the large mass of the actuator coil. There is a 

large spike in force as the inner piston reaches the end of its travel and engages with the outer piston 

(Figure 15A). This shock does not appear in the pressure data, implying that the load is taken up by the 

inertia of the outer piston and the static friction of its seals. Instead, the actuator bounces back slightly 

and the pressure decreases smoothly to its value during the second phase, only then responding to 

further ringing in piston force. 

Figure 15B shows four measurements of jet speed conducted during the 5.1 A, 0.2 s step input. All four 

display the same resonant frequency (~60 Hz) that is evident in the pressure and force data in Figure 

15A. The hybrid method appears to estimate the same offset from the jet force trace throughout the 

entire injection – unlike the volumetric trace which oscillates more significantly in the first phase. This 

indicates that the hybrid method has effectively accounted for the compliance-related error which 

occurs in the volumetric measurement. The difference between these jet speed measurements can be 

attributed to the fact that each method assumes that we are observing a perfect plug flow. Realistically, 

the jet speed would be expected to decrease significantly near the orifice walls. 

 

Figure 15 – Results from the bench-top system for a 5.1 A, 0.2 s current pulse. (A) The measured position, 

pressure and force during this current pulse. (B) Four measurements of jet speed over the 5.1 A, 0.2 s 

pulse. Figure adapted from [65] © 2015 IEEE. 
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   Conclusions 3.4.1.4.

The compound ampoule has been shown to be effective for ejecting large volumes of liquid with jet 

speed profiles considered appropriate for jet injection. The measurements of the jet speed and pressure 

reflect the relative areas of the two pistons. Additionally, the injection sequence is not disrupted by the 

sudden impact of the actuator with the large piston, following the desired speed profile even as the 

actuator bounces back slightly. 

3.4.2. 1.2 mL Hand-Held Compound Ampoule Injector 

The bench-top system successfully verified that the compound ampoule works as intended. However, 

the arrangement of this system meant it was difficult to perform injections with consistent contact 

conditions into tissue samples. A smaller, portable voice coil motor [9] was thus used to develop a 

device which could be used for injections into tissue samples.  

   Injection Device 3.4.2.1.

The same ampoule (Figure 13) used in the bench-top injection device was fitted directly to a custom 

portable voice coil motor [9] as shown in Figure 16 . This actuator had 78 g of moving mass, a coil with 

DC resistance of 11.5 Ω, and motor constant of 3.1 N √W⁄ . In this configuration, the inner piston was 

 

Figure 16 – The 1.2 mL hand-held injector. A specimen of porcine tissue can be seen awaiting injection 

with the force sensor below measuring the contact force applied to the specimen. Figure adapted from 

[65] © 2015 IEEE. 
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directly connected to the voice coil, and the fluid pressure was not monitored. The actuator was driven 

by a more powerful amplifier (2x Techron 7224, connected as a bridged series pair), the other 

instrumentation remained unchanged. 

 Methods 3.4.2.2.

Performance of the hand-held injection system was characterized by driving the motor with filtered 

voltage steps, and recording data at a 10 kHz sample rate. A first-order low-pass filter (Butterworth, 

100 Hz) was used to filter the voltage input to minimize excitation of the natural frequency of the 

system.  

This system was then used to perform nine injections of water with blue dye (0.2 % Brilliant Blue FCF, 

Queen New Zealand Pty. Ltd.) into post mortem porcine tissue. Injections were performed with voltage 

steps at 150 V (140 N), 180 V (170 N) and 210 V (200 N), with at least two injections performed at each 

voltage. The tissue was harvested from the upper torso of pigs ranging from 9 weeks to 12 weeks of 

age, in accordance with the University of Auckland Code of Ethical Conduct for the Use of Animals for 

Teaching and Research. The excised tissue was typically around 20 mm thick and included dermis, 

subcutaneous fat, and at least one muscle layer. The tissue was stored at -80 °C immediately post-

harvest and then, in preparation for injection, thawed to room temperature before being cut into 

40 mm disks. The samples were placed into rigid plastic containers and weighed immediately prior to 

injection. The injector was held against the tissue with a contact force of 7 N, with the orifice centred on 

the tissue disk. After injection any fluid remaining on the surface of the tissue was collected (via tissue 

paper) and the sample was weighed again. Following this, the sample was promptly re-frozen to -80°C. 

Once frozen, the tissue was cut in half through the injection site and photographed to characterize the 

penetration depth and dispersion. 

 Results 3.4.2.3.

Figure 17 illustrates the performance of the compound ampoule when driven by the much smaller 

custom voice coil, with a similar nominal force level as was used in Figure 15 (120 V input, yielding 

118 N). The two-phases of jet speed again reflect the relative piston areas of the compound ampoule. 

The lower moving mass of this motor increases the natural frequency of the system, allowing 

oscillations in pressure to be more easily controlled. The natural frequency of this system is 

approximately 210 Hz, significantly greater than that observed with the previous motor (60 Hz). 
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The results of nine tissue injections, at a variety of jet speeds and total volumes, are shown in Figure 18. 

The amount of fluid retained by the tissue ranged from 0.2 mL to 0.5 mL, and did not depend on the 

volume that was ejected by the injector. There also appears to be no improvement in delivery as input 

voltage increased from 150 V to 210 V. The injection depth, however, did increase with the voltage, 

Figure 17 – Results from a 120 V pulse applied across the hand-held injection setup with the jet impinged 

onto the jet force sensor. Figure adapted from [65] © 2015 IEEE. 

Figure 18 – Left: The total volume ejected from the device relative to that delivered to the porcine tissue 

samples. Right: Two tissue samples which have been injected, frozen and sectioned through the injection 

site. Blue dye was used to indicate the destination of the injected fluid. Injection 9, 210 V (top) and 

Injection 4, 180 V (bottom). Figure adapted from [65] © 2015 IEEE. 
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reaching 11 mm at 210 V. All injections at 210 V were intramuscular while all those at 150 V were 

subcutaneous. The 180 V injections were less consistent with 2/3 penetrating into the muscle. 

Two cross-sections of injected porcine tissue are shown in Figure 18. The top specimen was injected 

using a 210 V pulse (approximate volumetric jet speeds of 130 m/s and 52 m/s in the first and second 

phase, respectively). Of the total delivery volume of 1.08 mL, only 0.39 mL remained in the tissue, 

though the injection did penetrate through the subcutaneous fat and into the muscle. The bottom 

specimen was injected with a 180 V pulse (approximate volumetric jet speeds of 125 m/s and 51 m/s in 

the first and second phase, respectively). Of the total delivery volume of 0.54 mL, 0.50 mL remained in 

the tissue, entirely within the subcutaneous fat. 

 Discussion 3.4.2.4.

The inability of the tissue to absorb the full dose of liquid during the injection was surprising. This could 

possibly be due to the unusual interface between the flat surface of the instrumented ampoule. Poor 

contact pressure around the orifice may have allowed the injected fluid to escape. Alternatively, we also 

noticed significant motion of hand-held voice coil caused by the inertial reaction force at the beginning 

of the injection. The unusual configuration of our experimental compound ampoule causes this motion 

to manifest as a shear perpendicular to the injection hole, which may be sufficient to disrupt the 

continued delivery of fluid during the dispersion phase 

However, if the failure observed in the tissue injections was not due to the interface between the 

ampoule and the tissue, it may suggest something more fundamental about the jet speed required to 

deliver volumes greater than 0.3 mL. The fact that all samples received at least 0.2 mL (while the first 

phase volume was 0.1 mL) indicates that the higher speed, first phase is likely being successfully 

delivered, while the reduced speed second phase may be insufficient to complete the delivery of the full 

volume. 

3.4.3. Straight Nozzle Compound Ampoule Injector 

The main question arising from the previous study [65] was whether the inability to deliver the full 

volume into the tissue was due to the right-angled fluid path causing shear and misalignment between 

the jet and the hole formed in the tissue. If this could be ruled out it would suggest that the large 

volume, itself, was the cause of the failed injections - indicating that the jet speed required for 

successful delivery is volume dependent. 
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In order to investigate the possible effects of misalignment, the injector presented in Section 3.4.2 was 

adapted for further testing. Given that the pressure transducer had already successfully validated the 

development of pressure in two-phases within the ampoule, it was removed from this design to allow a 

conventional “forward firing” nozzle to be fitted. This nozzle formed a jet in the same direction as the 

piston movement. As shown in Figure 19A, the injector was now mounted vertically. A linear stage was 

included to provide some control over the way in which contact force was applied to the tissue samples. 

Other than the mounting arrangement and nozzle, all other aspects of the system remained identical to 

that described in Section 3.4.2. 

To further explore the potential for this mechanism to deliver the full volume, larger orifice sizes were 

also tested. This choice was made because, as established by [51], increasing orifice diameter ( ) 

increases the jet power ( ), which is defined by 

   
 

 
      

   33 

where   is the liquid density and    is the jet speed. Jet power has been shown to correlate well with 

percentage delivered and injection depth [51]. 

   Methods 3.4.3.1.

A series of 15 injections were conducted into post mortem porcine tissue, where voltage steps of 160 V 

 

Figure 19 – (A) The vertically mounted injection device including regular, in-line nozzle and rigid linear 

stage. (B) Volume delivered versus ejected volume for the 15 tissue injections over three different orifice 

sizes. 
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(145 N) were sent to the motor and the injection time was varied to change the volume ejected. This 

voltage input produced volumetric jet speeds of 120 m/s in the first phase, followed 50 m/s. Testing was 

performed using three different orifice diameters: 200 µm, 280 µm, and 400 µm. The key parameter 

being measured during this testing was the volume of liquid successfully delivered into the tissue; this 

was measured by recording the weight of the tissue sample before and after the injection. A contact 

force of approximately 0.8 N was maintained between the injector nozzle and the tissue samples during 

injection. 

 Results 3.4.3.2.

The results of these tissue injections can be seen in Figure 19B. The ejected volume refers to the total 

liquid volume ejected from the injector while the volume delivered is the volume which ended up in the 

tissue. Figure 19B shows that, as a larger volume of fluid was ejected, no more was successfully 

delivered into the tissue. The group of injections where ~0.1 mL was ejected demonstrated the best 

delivery fraction. This is due to the fact that the first ~0.1 mL is associated with the higher speed, first 

phase (120 m/s), while any volume following this is delivered at the slower, second phase speed 

(50 m/s). This suggests that 50 m/s may be insufficient to deliver this higher volume.  

All three orifice sizes demonstrate incomplete delivery when attempting volumes greater than 0.1 mL. 

Of the three, the smallest orifice (200 µm) appears to have achieved the best delivery proportions, 

despite being associated with a reduced jet power. 

 Discussion 3.4.3.3.

Similar to the results of the previous injector, we observe an inability to inject the full liquid volume into 

the tissue. This time, however, it cannot be attributed to the contact conditions as these now match 

previous, successful studies. This provides strong evidence that the reason for this failure is in fact due 

to insufficient jet speed. More specifically, this suggests the second phase jet speed is insufficient for 

continued delivery, as those injections where only the first phase was ejected (0.1 mL) were largely 

successful (≥80% delivered). These results highlight the need for an improved understanding of the jet 

speed requirements, particularly in the context of larger delivery volumes. 

We also observe that the ability to deliver the full volume may be diminished when using a larger 

orifice, despite increased orifice size being associated with a greater jet power. Jet power has previously 

been positively correlated with the volume delivered and penetration depth [51]. However, the results 
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presented here demonstrate no improvement in delivery as jet power is increased. In fact, the smallest 

orifice, 200 µm, delivered the greatest volume of fluid despite generating a reduced jet power.  
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3.5. Conclusions 

Injection in two phases presents a promising way to reduce the energy expenditure during jet injection 

with a controllable device. The energy saving is achieved by reducing the power delivered to the motor 

after the initial penetration of the jet. The energy expenditure during a two-phase injection and how 

this relates to the injection parameters has been quantified. 

A novel mechanism, the compound ampoule, was presented which mechanically produces two phases 

of jet speed. This leads to a significant reduction in the maximum power, and therefore motor mass, 

required for a given two-phase injection. The energy expenditure, as well as maximum power, can be 

reduced with the use of a compound ampoule. The extent to which the compound ampoule can reduce 

the power and energy depends on the dimensionless ratios of volume ( ) and jet speed (  ) that define 

a two-phase injection. Based on the predicted power reduction, a compound ampoule could reduce the 

mass of a 0.3 mL voice coil driven injector to 40 % of that previously required. Alternatively, this 

mechanism allows our existing voice coil actuators, previously only capable of 0.3 mL, to deliver 

volumes greater than 1 mL. 

The development of compound ampoule prototypes validated the concept of the compound ampoule 

mechanism. The prototypes were able to produce the desired two-phase jet speed profile and, despite 

measuring a spike in force at the transition between pistons, demonstrated a smooth jet speed 

transition between phases. However, these prototype devices were unable to deliver the full 1.2 mL of 

liquid. Previous two-phase injection studies have used similar jet speeds to deliver vastly different 

volumes, 0.050 mL to 0.25 mL in one study [3] and 6 µL in another [4]. It was this fact that led to the 

assumption that a volume of around 1 mL would again have similar jet speed requirements. However, it 

is now clear that this is not the case, as the prototypes developed here were designed to produce 

similar jet speeds to those successful at 6 µL and 0.25 mL yet could not deliver 1 mL. This finding 

highlights the need to improve our understanding of the requirements for successful large volume 

injection before redesigning the compound ampoule to reduce the power and energy use during such 

an injection. 
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† This chapter contains significant content from the article “A Device for Controlled Jet Injection of 

Large Volumes of Liquid” presented at the 38
th

 Annual International Conference of the IEEE Engineering in 

Medicine and Biology Society, 2016 [75] 

CHAPTER FOUR:  

DEVICES FOR CONTROLLABLE LARGE VOLUME JET INJECTION † 

4.1. Introduction 

The initial large volume injection studies performed with the compound ampoule (Chapter 3) 

highlighted the need to improve our understanding of the effect of injection volume and jet speed on 

delivery success. These studies failed to deliver the desired volume (~1 mL) while using jet speeds which 

had previously demonstrated success in delivering volumes less than 0.3 mL [3]. In particular, these 

results indicated that the jet speed employed toward the end of the injection was not great enough to 

result in continued delivery. 

The compound ampoule provides an opportunity to reduce the power and energy requirements of a 

jet injector, but this comes with some cost to the controllability of the device. While this may not be an 

issue in a commercial jet injector, there is a present need to answer some fundamental questions about 

the effect of injection volume and jet speed on two-phase injection performance. For these 
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experiments, controllability is a priority. A voice coil actuator is suitable for this purpose, as it will allow a 

wide variety of injections of a larger volume to be conducted with the use of a larger motor and/or 

power supply [9]. 

The investigations into the effects of jet speed and volume will include a high speed X-ray imaging 

study, and large volume tissue injection study. While both require a high level of control over jet speeds 

up to 140 m/s, these two investigations have slightly different requirements. The high speed X-ray study 

requires a device which can deliver volumes no greater than 0.5 mL, while also being small enough to 

fit within an existing X-ray cabinet. The large volume tissue injection study, however, requires the 

delivery of at least 1 mL. This volume (1 mL) is chosen as an initial large-volume target, as it is the upper 

limit of what has previously been injected into humans with uncontrolled jet injectors [6], and it is a 

clinically relevant volume. Many common injections in clinical practice are delivered as 1 mL doses, or 

larger, including some vaccines, monoclonal antibodies, and hormones [2], [6]. 

This chapter sets out to develop a controllable, voice coil driven, large volume jet injection device to 

perform the investigations in Chapters 5 and 6. Initially, a single device is developed in an attempt to 

satisfy the requirements of both studies, but ultimately, two separate injection systems were required. 

The design and control strategy of both these injectors are presented, measurements of coil position 

and jet force are used to validate the performance of these devices. 
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4.2. Large Volume Jet Injector – Version 1 

This section describes the development of an injection device which attempts to controllably deliver 

1 mL at jet speeds up to 140 m/s. A motor with a stroke of 25 mm is selected partly because this will 

help produce a device which is small enough to fit within an X-ray cabinet. Satisfying all these 

requirements would allow a single device to perform the injection studies described in both Chapters 5 

and 6. 

4.2.1. Motor Requirements 

A jet injection device typically needs to be able to produce a pressure of between 10 MPa and 20 MPa 

in the liquid drug in order to generate the jet speeds required for tissue penetration [2], [45]. The 

generation of this pressure relies on the combination of piston area and motor force production. The 

voice-coil driven injector presented by Taberner et al 2012 [3] used a motor which could produce forces 

up to 200 N and had a stroke of 30 mm. This design allowed injections of up to 0.3 mL to be performed 

at speeds up to 160 m/s using a piston with an area of 1x10
-5

 m
2
 [67]. By reducing the piston area, this 

same motor could have been used to deliver much larger jet speeds at the cost of injection volume, or 

 

Figure 20 – The voice coil motor used in [3] (top) compared to the BEI Kimco LA25-42 chosen for the 

controllable large volume injector prototype (bottom). 
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vice versa. 

In order to accommodate larger volumes, force production must be increased so a larger piston can be 

used and/or a longer stroke is required so the same piston area can deliver the larger volume. Force 

production can be increased by using a larger motor or increasing the power delivered to the motor. 

The option of increasing power is usually limited by the thermal and magnetic constraints of the motor. 

To accommodate a larger injection volume, the remaining options are to increase the motor constant 

or the stroke length. Both these options require a larger, heavier motor. 

The large volume injector is required to generate jet speeds in excess of 140 m/s for injection volumes 

of up to 1 mL. This requires a force in the region of 800 N to be produced, and maintained for up to 

0.5 s, assuming an injection volume of 1 mL and stroke of 25 mm. The BEI Kimco LA25-42-000A voice 

coil actuator (Figure 20) was thus chosen to drive the large volume jet injection prototype. This actuator 

has a stroke of 25 mm and motor constant of 13.79 N √W⁄ . This increased motor constant comes at the 

cost of increased motor mass [9], this motor has a total mass of almost 1 kg, around 3 times the mass of 

the motors used for 0.3 mL injection. 

4.2.2. Control 

The control strategy implemented for this motor was the same as that used for the smaller voice-coil 

driven injectors [3]. This strategy involves a combination of feedback and feedforward control. A jet 

injector presents a highly nonlinear system from which very low error is demanded over millisecond 

timescales. Under these conditions, feedback (eg PID) control alone can be unstable, but a strategy 

where a feedforward term dominates the control effort has previously been shown to be very effective 

[3]. 

The control variable in this system is the coil position, chosen because of the direct relationship 

between coil position and the volumetric jet speed. Based on the desired volumetric jet speed(s) and 

volume(s) an injection setpoint for motor position was produced that the control scheme attempted to 

follow.  

   Feedforward Control 4.2.2.1.

Feedforward control essentially predicts the control output required to achieve the desired set point. 

Feedforward control was implemented by first establishing a model of the relationship between voltage 
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and coil velocity. This relationship was determined by applying a series of constant voltage drive signals 

to the motor and measuring the resulting velocities. A potentiometer was used to provide the 

measurement of coil position. Figure 21 shows an example voltage versus coil velocity relationship 

resulting from a series of five voltage pulses applied to the motor. A third order polynomial fit to this 

data was then used to convert from the desired coil velocity to voltage in the control software. 

 Feedback Control 4.2.2.2.

Feedback control was included to make minor adjustments to motor speed to compensate for small 

disturbances to the system or deviations from the feedforward model. The feedback controller helps to 

ensure that the desired jet speed and total volume are achieved. The feedback control effort during 

injection is typically dominated by proportional control effort. Filling the injector, however, was achieved 

solely with feedback (PI) control. At the much lower coil speeds required for filling, the PI controller is 

much less prone to instability. 

 Natural frequency 4.2.2.3.

The natural frequency of a jet injection system can lead to oscillations in pressure and jet speed, 

particularly at the beginning of an injection. The near-instantaneous application of force required to 

rapidly reach the target jet speed can excite the natural frequency of the liquid-piston system, resulting 

in oscillations and overshoot in jet speed. These oscillations result in peaks in jet speed which are 

 

Figure 21 – Example plot resulting from a feedforward model calibration where voltage pulses of 

20 V to 100 V were applied to the motor and the resulting coil velocity was measured. Once established, 

this relationship is used to predict the voltage required to achieve any desired coil velocity. 
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thought to assist with fluid penetration into the tissue. For a controllable injector, however, this 

oscillation typically needs to be avoided, as it results in deviations from the desired jet speed profile. 

Taberner et al [3] prevented the excitation of the natural frequency of their jet injector by applying a 

low-pass filter to the setpoint injection profile prior to injection. This low-pass filter had a cutoff 

frequency of 50 Hz. The same approach was taken with the large volume injector presented here. In this 

system a 2
nd

 order low-pass Butterworth filter was used. The cutoff frequency was changed depending 

on the initial jet speed, but was typically 40 Hz to 100 Hz. This variation arises due to the trade-off 

between rise time and preventing jet speed overshoot. A lower cutoff frequency is required with lower 

jet speeds as it is more difficult to prevent any overshoot in jet speed, whereas, as jet speed is 

increased, this cutoff frequency can be increased to improve the rise time. 

 

Figure 22 – The large volume, controllable jet injection device. The voice coil can be seen at the top of 

the image with the ampoule below pressed against a sample of porcine tissue. Figure from [75] © 2016 

IEEE. 
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4.2.3. Injector Design 

A prototype large volume controllable injection device was constructed as shown in Figure 22. This 

device was driven by a voice coil actuator (BEI Kimco, LA25-42-000A) which had a stroke of 25 mm, 

moving mass of 540 g, motor constant of 13.79 N √W⁄ , and DC resistance of 2.4 Ω. It was rigidly 

connected to a piston which moved within a 1.3 mL cylindrical stainless steel ampoule with an inner 

diameter of 8.34 mm. The jet was emitted from the ampoule through an orifice 280 µm in diameter 

(O‟Keefe Controls ZMNS-11-M3.5-SS-BN). A potentiometer (Omega LP-803-1) provided a measurement 

of coil position. The jet force was recorded with a force transducer (Futek LSB200, 10 lb) positioned 

directly beneath the nozzle. When injections were performed into tissue samples this same force 

transducer was mounted below the sample to measure the contact force applied to the sample. The 

entire system was mounted vertically using two extruded aluminium bars to support and align the 

components. 

A field-programmable gate array (FPGA) chassis (NI-9114, National Instruments) and real-time controller 

(NI-9024) were used to control the voice coil actuator. The chassis incorporated C-Series modules that 

performed the analogue signal input (NI 9223) and output (NI 9263). A 20 kHz control loop was 

programmed within the FPGA using LabVIEW 2011. The control provided sufficient bandwidth to 

achieve position feedback control over the course of an injection (<0.5 s). A host programme was 

developed in LabVIEW 2011, and executed in Windows, allowing the user to interact with the FPGA 

programme. The drive signal for the actuator was developed within this software and amplified by a 

pair of linear power amplifiers (AE Techron 7224) connected in parallel. This amplification system was 

capable of generating outputs of up to 200 V and/or 40 A over the short periods (<0.5 s) required for 

jet injection. 

4.2.4. Methods 

   Jet Force 4.2.4.1.

To validate that the large volume injection device performed as intended, constant voltage ejection 

tests were conducted onto the jet force sensor. Current, position and jet force were all measured during 

these tests, which involved voltages of up to 100 V applied for 0.1 s. 
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 Controllability 4.2.4.2.

The controllability of the injection system was evaluated by performing a series of ejected volume 

measurements. This involved performing injections into containers, and measuring the change in 

container weight to indicate the volume ejected. The average steady state volumetric jet speed was also 

measured during these tests. Ejections were performed at two jet speeds (80 m/s and 110 m/s) and two 

total volumes (0.6 mL and 1 mL). Five injections were performed at each combination of jet speed and 

volume resulting in a total of 20 ejections. 

Controlled injections were also performed onto the jet force sensor to observe the ability of the control 

system to rise to, and maintain the desired jet speed. A measurement of the error that arises between 

the volumetric jet speed and the speed requested by the setpoint was also made during these 

injections. Due to the quantisation noise arising from numeric differentiation, the jet speeds calculated 

from the measured volume and setpoint were filtered by a 200 point digital FIR filter (low pass, 500 Hz 

cutoff) prior to producing the error measurement. 

 Tissue Injection 4.2.4.3.

To investigate the ability of this injector to successfully deliver large volumes of liquid into tissue, a 

series of injections were performed into post mortem porcine tissue. The tissue was harvested from the 

torso of pigs aged 9 weeks to 12 weeks in accordance with the University of Auckland Code of Ethical 

Conduct for the Use of Animals for Teaching and Research. A total of 16 injections were performed at 

steady state jet speeds ranging from 80 m/s to 115 m/s. The contact force applied by the injector to 

each 50 mm × 25 mm tissue sample was approximately 1 N at the time of injection. All injections 

involved the attempted delivery of between 0.85 mL and 0.9 mL of fluid. The volume delivered to the 

tissue was measured by weighing the tissue before and after the injection. Any fluid remaining on the 

surface of the tissue following the injection was removed with a piece of tissue paper before the tissue 

was re-weighed. The injected liquid contained dye (0.2 % Brilliant Blue FCF, Queen New Zealand Pty. 

Ltd.) so that the dispersion of the liquid within the tissue could be made visible after sectioning. 

4.2.5. Results 

Figure 23 shows the response of the system to a 100 V, 0.1 s constant voltage input. The position 

measurement in Figure 23A shows an initial period of acceleration as the fluid pressure increases in 

response to the force applied by the piston. Following this, the piston moves at a very steady rate 
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through the remainder of the injection as the pressure is maintained while the jet is ejected from the 

orifice. 

Two measures of jet speed, volumetric and jet force, can be determined during the injection. Figure 23B 

displays both of these measurements during the first 40 ms, demonstrating the difference between the 

peak and steady state jet speeds during an uncontrolled test. Both measurements display oscillation at 

a frequency of approximately 340 Hz at the beginning of the injection, due to the excitation of the 

systems natural frequency. The jet force measurement can be considered the more useful measure 

during these early stages of injection, as it is not influenced by the compliance within the system, unlike 

the volumetric measurement. Following the initial oscillatory period (t ≥ 30 ms) the volumetric 

measurement provides an accurate estimate of the mean flow rate through the jet, and thus the 

average jet speed. The two measurements provide similar values for the steady state speed with the 

volumetric slightly lower than that of the jet force. This slight difference arises due to the assumption, 

implicit in both measurements, that the jet is a perfect plug flow. The delay observed between the 

volumetric and jet force based measurements can be attributed primarily to the response time of the 

force sensor and its associated signal conditioning. The time of flight between the injector and this 

sensor also explains ~0.1 ms of this ~2 ms delay. 

The voltage measurement in Figure 23A demonstrates that the amplifier power supplies are beginning 

 

Figure 23 – (A) The resultant jet speed and volume traces from a 100 V step input (green) with current 

(blue), ejected volume (black) and jet speed (yellow). The jet speed is based on a jet force measurement. 

(B) The volumetric (grey) and jet force (yellow) measurements of jet speed in the first 40 ms of the 

injection. The jet speed oscillates at a frequency of ~340 Hz in both traces. Figure adapted from [75] 

© 2016 IEEE. 
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to sag toward the end of the 100 V pulse. This occurs as the capacitors within the amplifiers are 

becoming depleting and therefore cannot maintain the current demanded by the motor. This appears 

to have little effect on the jet speed in this test, but indicates that the system is insufficient to produce 

jet speeds or volumes any greater than those presented in Figure 23. 

   Control 4.2.5.1.

Table 1 summarises the results from the 20 ejected volume tests. In both cases the measured steady 

state jet speed is close to the nominal speed, and the standard deviation in the mean speed quantifies 

the high degree of repeatability. The mean ejected volume is within 1 % of the target volume in all four 

tests. The standard deviation is largest in the 80 m/s, 0.6 mL case where it is still a mere 2 µL, 

demonstrating the repeatability in the volume ejected. The ability of the injector to follow the setpoint is 

shown in Figure 24. This figure shows data from two injections (one from a 110 m/s, 1 mL injection and 

another from an 80 m/s, 0.6 mL injection) where the measured volume closely follows the setpoint.  

Table 1 – Results from 20 ejected volume tests 

Nominal Jet Speed 

(m/s) 

Measured Mean Jet Speed 

(m/s) 

(mean ± standard deviation) 

Target Volume (mL) 
Volume Delivered (mL) 

(mean ± standard deviation) 

110 106.85 ± 0.19 

0.6 0.598± 0.001 

1 0.992 ± 0.002 

80 79.20 ± 0.06 

0.6 0.603 ± 0.002 

1 0.999 ± 0.001 

 

 

Figure 24 - Two examples (110 m/s, 1 mL and 80 m/s, 0.6 mL) of the ejected volume (black) following the 

generated setpoint (red). Figure from [75] © 2016 IEEE. 
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The error between the measured volumetric jet speed and that requested by the setpoint is shown for 

the beginning of a 110 m/s, 1 mL injection in Figure 25. Even with the pre-filtering of the setpoint, a 

maximum error of 152 m/s is observed during the initial oscillations in the volumetric jet speed 

measurement. As discussed in Chapter 2, the volumetric measurement can be quite inaccurate through 

dynamic periods of the injection due to the implicit assumptions of constant density and geometry. The 

more accurate measurement of jet speed through this period of the injection is jet force. This is shown 

 

Figure 25 – The jet speed error in the measured volumetric value relative to that requested by the 

setpoint. This plot shows the first 0.05 s of a 0.17 s injection. 

 

 

Figure 26 – The jet speed (yellow, dot) as calculated from the jet force measurement from the same 

injection as Figure 25. This plot shows the first 0.05 s of a 0.17 s injection, and includes the measured 

volume (black) and setpoint (red, dash). The jet force measurement demonstrates that there was no peak 

in jet speed above the desired, steady state value emitted from the injector, despite the large peaks that 

are evident in the volumetric measurement. 



Chapter Four: Devices for Controllable Large Volume Jet Injection 

64 

 

for the same injection in Figure 26. This demonstrates that there is no peak in jet speed above the 

desired steady state value, and that the jet speed takes approximately 6 ms to rise to the desired value. 

In both Figure 23 and Figure 26 the jet force quantity is approximately 1.22 times greater than the 

volumetric jet speed value, consistent with the relationship presented in Chapter 2 (Figure 2.2). 

 Tissue Injection 4.2.5.2.

Figure 27 shows the proportion of liquid delivered (relative to the volume ejected from the device) 

during the series of constant voltage injections into porcine tissue samples. The delivery percentage is 

plotted against the steady state volumetric jet speed, which was measured during each of these 

injections. Based on injections performed on the jet force sensor, like that presented in Figure 23, we 

expect that the oscillations at the beginning of each injection generated peaks in jet speed 20 % to 

30 % greater than the steady state speed. 

The results presented in Figure 27 demonstrate that this device can consistently deliver large volumes 

of fluid (~0.9 mL) into tissue, making it the first device driven by an electric motor to do so. Consistent 

delivery was achieved at nominal volumetric jet speeds of greater than 100 m/s. Much less variability 

was observed as jet speed was increased to 115 m/s. Over the 5 injections at 115 m/s, an average of 

97.7 % of the fluid was delivered to the tissue. 

Figure 27 - The results from the injection tests into post mortem porcine tissue. Left: The volume of fluid 

delivered as a percentage of fluid ejected from the orifice is plotted against the nominal volumetric jet 

speed. The error bars represent one standard deviation either side of the mean (n= 3 to 5). Right: Two 

examples of injected samples which have been frozen and cut through the injection site. Figure from [75] 

© 2016 IEEE. 
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Two examples of injected samples that were frozen then sliced through the injection site, are provided 

in Figure 27. One of these images (top) demonstrates that the liquid was delivered mostly to the muscle 

layer, with some deposited into the subcutaneous fat. This distribution is typical of what was observed 

throughout these large volume injections, with 12 of 16 showing some penetration into the muscle while 

the other 4 of 16 were subcutaneous, like the lower image in Figure 27. 

4.2.6. Discussion 

The performance of the large volume injection device was validated using the jet force measurement. A 

high level of controllability was achieved with this injection system using a feedforward dominant 

control strategy. However, this injection system was insufficiently powerful to produce jet speeds 

required for tissue penetration when injecting large volumes. This injector was then used to perform 

uncontrolled, constant voltage, injections into tissue where the initial oscillations in jet speed were used 

to assist with tissue penetration. A steady state jet speed of 100 m/s, or more, was able to consistently 

deliver 0.9 mL of liquid. This represents the first time an injection device driven by an electric motor has 

been able to demonstrate delivery of such a large volume. Over the 5 injections at 115 m/s an average 

of 97.7 % of the fluid was delivered into the tissue. This is an improvement on results previously 

reported for voice coil based injectors. For example, the porcine tissue injections reported in [3] were 

delivered at similar jet speeds (125 m/s to 150 m/s), but the mean proportion of drug absorbed by the 

tissue was 74 % for 0.1 mL injections. This difference is likely due to the existence of initial peaks in jet 

speed in the injections presented here, that would not have been present in the controlled injections 

presented in [3] 

It was somewhat surprising to find that the system could not sustain greater jet speeds for a volume of 

1 mL. The jet force based validation experiments indicated that this system was not going to be able to 

produce controlled volumetric jet speeds greater than 110 m/s for a volume of 1 mL. Thus, this device, in 

its current form, will not fit the requirements for a thorough investigation of the effects of jet speed and 

volume. There is, however, the opportunity to fit a reduced volume ampoule to this device to increase 

the jet speed capabilities, and therefore, satisfy the requirements for the high speed X-ray study 

(Chapter 5).  

The ability to produce jet speeds of at least 140 m/s with an injection volume of 1 mL is crucial to the 

completion of the large volume tissue study (Chapter 6). As discussed in Section 4.2.1 there are a couple 
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of ways the jet speed and volume capabilities of this system can be increased: increasing energy 

supplied to the motor, or, using a larger motor (increasing motor constant, stroke or both). An effective 

solution is to use a larger motor, particularly as there is no particular need to restrict the device to a 

stroke length of just 25 mm. 
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4.3. Large Volume Controllable Injector – Version 2 

The device presented in the previous section was sufficiently controllable over jet speeds of less than 

110 m/s. However, since skin penetration can require speeds in excess of this value, a full investigation 

of the effects of jet speed and injection volume requires the use of an even larger motor. A suitable 

replacement was identified in the BEI Kimco LA30-75-001A. This actuator exhibits a DC resistance of 

4.5 Ω, motor constant of 16.67 N √W⁄ , moving mass of 0.68 kg, and stroke of 50 mm.  

The same power amplification system used for the previous system was used to drive this motor. The 

parallel pair of amplifiers is rated to operate with a load of 4 Ω, therefore providing a better match with 

the new, 4.5 Ω motor relative to the previous 2.4 Ω motor. The effect of this improved impedance 

matching is that increased power can be drawn from the amplifiers. Given this effect, and the increase 

in motor constant and stroke, a system driven by this motor could produce 3.3 times greater liquid 

pressure, and therefore 1.8 times greater jet speed relative to the previous system. This would enable jet 

speeds of up of 200 m/s and an injection volume of 1 mL. 

 

Figure 28 – Version 2 of the controllable large volume jet injector. Left: The system set up to deliver an 

injection into a sample of porcine tissue. Right: Close up of the nozzle and jet force sensor. 
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4.3.1. The Injector 

The injection device developed for this study is shown in Figure 28. Due to the change in stroke the 

ampoule was redesigned. The piston was rigidly connected to the motor and moves within an ampoule 

with an inner diameter of 6 mm and total volume of 1.4 mL. A bearing rail was used to align the motor 

and ampoule. At the lower end of the ampoule an orifice of 200 µm diameter (O‟keefe Controls Co.) 

provided the outlet through which the fluid jet is formed. A potentiometer (Omega LP803) was used to 

measure the position of the motor. A piezoelectric force transducer (PCB Piezotronics 208C01) was used 

to measure jet force (Figure 28). This sensor replaced the strain gauge force transducer used previously, 

as it could measure over a greater bandwidth. 

4.3.2. Control 

Compensation for the position dependence of the motor‟s force sensitivity over its stroke was 

implemented in the control strategy. All other aspects of the control strategy and hardware were 

unchanged and match that presented in Section 4.2.2. 

   Force Sensitivity Compensation 4.3.2.1.

A measurement of the induced voltage against coil velocity is shown in Figure 29A. These data were 

obtained by measuring voltage and coil position while the motor was manually moved through its 

stroke at varying velocities. This method provides a measurement of the force sensitivity, as the back-

 

Figure 29 – (A) Measured voltage and velocity as the motor is repeatedly moved through its stroke. 

(B) The back EMF constant (voltage/velocity) plotted against stroke position 
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EMF constant (voltage/velocity) is identical to the force sensitivity. To examine how the force sensitivity 

varies with stroke the back-EMF constant was calculated for each point in Figure 29A and plotted 

against the stroke position, as shown in Figure 29B. This plot shows that the force sensitivity is greatest 

in the middle of its stroke, and decreases toward either end. To compensate for this relationship a 2
nd

 

order polynomial was fitted to these data, inverted, and included into the control scheme software. In 

this way, the controller would adjust the power sent to the motor based on its position to ensure a 

constant force was produced over the entire stroke.  

4.3.3. Methods 

   Jet Force 4.3.3.1.

To validate the performance of the device and control system a jet force sensor was used to measure 

the resulting jet speed as two different injection profiles were requested: single- and two-phase. These 

profiles were defined with nominal volumetric jet speeds up to 140 m/s for an injection volume of 1 mL. 

A measurement of the error that arises between the volumetric jet speed and the speed requested by 

the setpoint, was also made during these injections. This measurement was made in the same way as 

for the previous system.  

 Ejected Volume 4.3.3.2.

A series of five ejected volume experiments were conducted with a desired speed of 140 m/s and target 

volume of 1 mL. In these experiments the device performed injections of water into containers, whose 

change in weight indicated the volume ejected. The average steady state volumetric jet speed was also 

measured during these tests. 

4.3.4. Results 

An example of each injection style is shown in Figure 30. Figure 30A displays the results from a 1 mL 

injection where a single volumetric jet speed of 130 m/s was requested. Figure 30B displays results for 

an injection where 140 m/s was requested for the first 0.15 mL followed by a transition to 100 m/s for 

the remaining 0.85 mL In both cases the position measurement follows the setpoint very closely, 

indicating that the control system is achieving the desired speeds and volumes. The jet force 

measurement demonstrates that there is no peak in jet speed above the steady state value, which 

suggests the excitation of the natural frequency is being sufficiently reduced by the filtering of the 
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setpoint. The force sensitivity compensation is also working as intended as the jet speed remains very 

consistent throughout the periods where it is requested to do so. The jet force quantity is also 

consistently around 1.22 times greater than the volumetric jet speed value, this is consistent with the 

relationship presented in Chapter 2 (Figure 2.2). 

Figure 31 shows the error between the volumetric jet speed and the speed requested by the setpoint 

for a 100 m/s, 1 mL injection. The jet force measurement for the same injection is shown in Figure 32. 

Similarly to the previous system the jet force measurement indicates that there is no peak above the 

desired jet speed value despite the large maximum error (114 m/s) observed in the volumetric 

measurement. Figure 32 demonstrates that the jet speed takes approximately 10 ms to rise to the 

desired value. 

Table 2 shows the results from the five ejected volume tests. The results emphasise the high level of 

control over jet speed and volume that this device is capable. These 5 injections yielded a mean ejected 

volume of 1.006 mL ± 0.002 mL (mean ± standard deviation), while the measured jet speed was 

136.30 m/s ± 0.16 m/s, indicating the high level of repeatability.  

 

Figure 30 –(A) Single-phase injection where 130 m/s was requested for a volume of 1 mL. (B) Two-phase 

injection where 140 m/s was requested for the first 0.15 mL followed by 100 m/s for 0.85 mL. 
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Figure 31 – The error in the volumetric jet speed relative to the speed requested by the setpoint for a 

100 m/s, 1 mL injection. This plot displays the first 0.08 s of the 0.33 s injection time. 

 

 

Figure 32 – The jet speed (yellow, dot) as measured by a jet force sensor for the same 100 m/s, 1 mL 

injection presented in Figure 31. This plot displays the first 0.08 s of the 0.33 s injection time, and includes 

the measured volume (black) and setpoint (red, dash). The jet force data shows no peak in jet speed 

above the desired value despite the large error seen in the volumetric value. 

Table 2 – Results from five ejected volume tests 

Nominal Jet Speed 

(m/s) Target Volume (mL) 
Measured Mean Jet Speed 

(m/s) 

(mean ± standard deviation) 
Volume Delivered (mL) 

(mean ± standard deviation) 

140 1 136.30 ± 0.16 1.006 ± 0.002 
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4.3.5. Discussion 

The larger voice coil has allowed this injection system to achieve much greater jet speeds relative to the 

previous system. Volumetric jet speeds of up to 140 m/s have been demonstrated with a very high level 

of control. The jet force results in Figure 30 are a significant improvement on previous controllable jet 

injectors. The difference between the large maximum error that occurs in the volumetric jet speed and 

the jet force measurement indicates that these errors are effectively damped by the compliant elements 

of the injection system itself. The result is a system that produces no peak in jet speed above the 

desired steady state value, and rises to the desired jet speed sufficiently rapidly. The effective removal 

of any initial peaks in jet speed has been claimed previously [3], but the very flat steady state value has 

not been previously demonstrated. This capability enables injections to be performed that precisely 

hold a single jet speed throughout the injection. The unprecedented level of accuracy in jet speed 

production will enable a thorough investigation into the effects of jet speed and volume to be 

conducted (Chapter 6). 
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4.4. Conclusions 

A large voice coil actuator has been used to overcome the increased force and power requirements 

associated with the jet injection of large volumes (1 mL). This device is capable of jet speeds greater 

than 140 m/s, and injection volumes greater than 1 mL. The device is highly controllable and can be 

used to perform complex injection profiles. This injector enables novel investigations into the effects of 

jet speed and injection volume to be performed. 

An even larger voice coil than initially anticipated was required to perform these injections, as the 

amplifiers did not have the capacity to maintain the current for the entire injection. The initial system 

had sufficient power to achieve 1 mL injections at up to 140 m/s, as expected. However, an insufficient 

charge storage capacity in the amplifiers proved to be the limiting factor. A larger motor was thus 

required in order to perform the injections at reduced electrical power. 

Both the injection systems presented here demonstrated a very high level of controllability and will be 

used to conduct the investigations presented in Chapters 5 and 6. A slightly adapted version of the 

injector presented in Section 4.2 is used to conduct the high speed X-ray study (Chapter 5). The final 

version of the large volume controllable injector (Section 4.3) is then used to conduct the large volume 

tissue injection study presented in Chapter 6. 
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†This chapter contains significant content from the article “High-Speed X-ray Analysis of Liquid 

Delivery during Jet Injection” presented at the 39th Annual International Conference of the IEEE Engineering 

in Medicine and Biology Society, 2017 [72]. 

CHAPTER FIVE: HIGH SPEED X-RAY ANALYSIS
 † 

5.1. Introduction 

Given the opacity of tissue, investigations into the dispersion of jet injected fluids have usually involved 

injections into transparent skin simulants (such as polyacrylamide gel) or histological analysis of post-

mortem tissue injections. Observation of jet injections into gels has consistently demonstrated that 

injection comprises two phases: the initial penetration of the jet, followed by the dispersion of the fluid 

in a planar bolus at the deepest part of the hole [3], [49], [51]. Although it is recognized that these gels 

provide a simplistic physical model of skin, these observations led to the suggestion that dispersion may 

occur in a similar way in tissue. Delivery in tissue has been described as occurring with the initial 

penetration through the tough outer layers of skin to a maximum depth, followed by dispersion into 

the surrounding tissue [4]. 

Methods of investigating dispersion within tissue samples (typically ex-vivo porcine or human cadaver 

tissue) have usually been limited to post injection analysis, where the destination of the injected liquid is 

established by imaging a marker carried with the injectate [3], [45]. More recently, X-ray based 

techniques (e.g. micro-CT) have been used to obtain 3D reconstructions of injected fluid without the 
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need to freeze and section the tissue sample [44], [48], [55]. However, these methods do not provide 

any information about the dynamics of the injection process during delivery into tissue. 

A novel approach to overcome this issue was the development of a high speed X-ray imaging system 

by Chang et al 2014 [62]. For the first time, it was possible to obtain data on the dynamic dispersion of 

liquid jets into tissue. This technique provides a unique opportunity to study jet-tissue interaction and 

how this is affected by jet parameters. The previous study using this X-ray system focused on the effect 

of orifice shape and found that a dispersive (fan-like) jet shape would consistently deliver the drug to a 

shallower depth relative to a more collimated jet [33]. The effects of jet speed per se on the penetration 

and dispersive characteristics of a jet injection have not previously been investigated using high speed 

X-ray. 

A two-phase injection strategy, while reducing the energy expenditure of an injection, can also be used 

to deliberately halt any further penetration at the onset of the second phase. This could assist in the 

delivery of a jet injected drug to a chosen layer. Other, more sophisticated, techniques for controlling 

depth of a jet injected fluid are currently an area of ongoing research. For example, in one study, a laser 

sheet was formed through a polyacrylamide phantom at the desired depth of delivery. The arrival of the 

jet at the desired depth disrupted the laser sheet, triggering the injector to slow dramatically to halt 

further penetration [68]. Ultimately, the desire is to convert this kind of technique into a completely 

closed loop system in which depth could be continuously measured, and feedback on jet speed used to 

control the penetration. This would involve slowing jet speed to halt penetration, as demonstrated in 

polyacrylamide gel [68], and the ability to increase depth by increasing the jet speed. 

In this chapter the high speed X-ray tool developed by Chang et al 2014 [62] is used to study the effects 

of jet speed on the behaviour of a jet injected fluid as it interacts with post mortem porcine tissue. Of 

particular interest are the differences arising from the use of single-phase versus two-phase injection 

profiles. Injections in which the jet speed is suddenly increased part the way through the injection are 

also included to observe how feasible it is to deliberately increase the penetration depth mid-way 

through an injection. Information about the rate of penetration into the tissue will also be useful when 

considering the design of a two-phase jet speed profile for larger volumes.  
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5.2. Methods 

   Injection Device 5.2.1.1.

The controllable large volume injector (version 1), presented in Section 4.2, was adapted to 

accommodate the high speed X-ray system developed by Chang et al 2014 [62]. A reduced volume 

(0.49 mL) ampoule, with an inner diameter of 5 mm, was fitted onto the injector. The reduced piston 

area would allow the device to reach volumetric jet speeds of over 140 m/s. Some structural alterations 

were made to enable the injector to fit around the X-ray system. A modular aluminium T-slot system 

 

Figure 33 - The injection system mounted within the X-ray cabinet. The injection device is held over a 

tissue sample, which is placed between an X-ray source and a scintillator plate. The output from the 

scintillator plate is intensified prior to being recorded by the high speed camera. Figure from [72] © 2017 

IEEE. 
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was used to mount the injector over the sample stage. 

Other than the ampoule and mounting apparatus, the injection system remained much the same as 

that presented in Section 4.2. A BEI Kimco, LA25-42-000A voice-coil actuator was used to drive the 

injector. This had a stroke of 25 mm, moving mass of 540 g, motor constant of 13.79 N √W⁄ , and DC 

resistance of 2.4 Ω. The jet was ejected from the ampoule through a 200 µm orifice (O‟Keefe Controls 

ZMNS-11-M3.5-SS-BN). A potentiometer (Omega LP-803-1) provided a measurement of coil position, 

from which the volume of fluid ejected from the ampoule and its rate of delivery was calculated. The 

control strategy and architecture match that presented in Chapter 4. However, a different amplifier was 

used in this setup (AE Techron LVC 5050). This change did not significantly alter the capabilities of the 

injection system. 

   High Speed X-ray Imaging System 5.2.1.2.

The X-ray system used in this study consisted of an X-ray source (Source-Ray Inc., SB-80-500), CsI(Tl) 

scintillation plate (Hamamatsu Photonics K.K., J6671-01), image intensifier (Photek Limited, 

MCP125/F/S20/P46/GL) and high speed camera (Phantom v9.0) [62]. These were housed within a lead-

lined box with an interlocked door that prevented the escape of any X-rays. As indicated in Figure 33, 

X-rays are directed through the sample and onto the scintillation plate, which converts the incident 

radiation into visible light. The signal was enhanced with the image intensifier, and recorded by the high 

speed camera. The X-ray source peak voltage was set to 40 kV and current to 500 µA.  

The distance between the X-ray source and tissue sample, and between the sample and the scintillator, 

was kept as short as possible in order to maximise the quality of the images obtained by the camera. 

This resulted in a field of view of approximately 15 mm by 12 mm. Images were captured at a rate of 

2000 frames per second, at a resolution of 1200 pixels × 1600 pixels. MATLAB 2016 was used to perform 

post-processing on the images. This process was very similar to that used previously for high speed 

X-ray videos [33], [62], [69]. This process involved mapping the intensity values of each image such that 

1 % of the data were saturated at both high and low intensities. The image was then filtered to reduce 

the noise through the pixel-wise adaptive Wiener method applied over 5 pixel by 5 pixel 

neighbourhoods. Given the relatively small neighbourhood of this filtering it would not have 

significantly altered the subsequent analysis. 
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The radio-opaque dye used was AuroVist
TM

 -15 nm gold nanoparticles (Nanoprobes, Inc). This dye has 

been used in previous studies with this high speed X-ray system [33], [62], [69], and was chosen over 

other contrast agents as it has a similar viscosity to water and it is extremely radio-opaque. The use of a 

highly opaque dye effectively increases the signal to noise ratio and allows a frame rate as high as 

2000 frames per second to be used. 

   Injection Protocol 5.2.1.3.

Injections were performed into samples of porcine abdominal tissue harvested post mortem from 

animals approximately 6 months of age. This tissue was obtained through the MIT Tissue Harvest 

Program using procedures approved by the MIT Committee on Animal Care and in accordance with the 

NIH Guide for the Use and Care of Laboratory Animals. These processes were also in accordance with 

the University of Auckland Code of Ethical Conduct for the Use of Animals for Teaching and Research  

Samples included the epidermis, dermis, subcutis, and muscle (typically around 25 mm thick) and were 

cut into 50 mm by 20 mm blocks for injection. Typically, injection studies use square or circular samples, 

but to improve image quality the thickness of tissue between the X-ray source and scintillator was made 

as small as possible. Once the injector was filled with the dye, the tissue sample was raised into contact 

with the injector using a translation stage. Injections were conducted with a contact force between the 

injector and tissue sample of approximately 1 N.  

A total of ten injections were performed with this system using three injection strategies: single-phase, 

two-phase, and inverse two-phase.  

 During single-phase injections, the jet was maintained at a constant speed throughout the 

injection. Five 200 µL single-phase injections were completed (120 m/s (×2), 130 m/s (×2), 

140 m/s (×1)) spanning the range from the minimum speed which could be expected to 

penetrate into the tissue, to the maximum speed achievable with this system. One larger 

volume (450 µL) injection was completed at a jet speed of 120 m/s. 

 Two-phase injections involved an initial, 70 µL high-speed phase followed by a 130 µL reduced-

speed phase. Two injections were performed in this manner; the first involved a high-speed 

phase at 140 m/s followed by a low-speed phase at 100 m/s, while the second injection had jet 

speeds of 130 m/s followed by 100 m/s. 
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 The inverse two-phase injections involved increasing the jet speed in the second phase. Two 

injections were performed in this manner: both with a first phase of 100 µL at 120 m/s followed 

by a 100 µL second phase at 140 m/s. 

Following post-processing the videos were imported into the ImageJ software environment [70]. A 

measurement of maximum depth was made by manually selecting this point in each frame of each 

video. 

Following injection, each sample was frozen then cut through the injection site. This cut was made 

through the short axis of the tissue sample, such that the observed plane was 90 degrees rotated from 

that observed in the X-ray video. This was done primarily to improve the repeatability of this process as 

cutting along the long axis was more difficult. Photographs of these samples were used to provide an 

indication of the final destination of the fluid. Of particular interest was the position of the tissue layers 

relative to the injected dye. While it is possible to distinguish these layers in the X-ray videos, this is 

often quite difficult. Images of the injected, frozen, and cut samples helped to confirm the depth of the 

subcutaneous fat and muscle layers, these could then be matched with observations in the videos. 
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5.3. Results 

The processed videos from all 10 injections can be accessed at [71] 

(https://figshare.com/s/114377171ea07e0fd74f). These videos playback at 10 frames per second, 200 times 

slower than the actual injection. A series of four frames from four of the videos are shown in Figure 34, 

summarising the different behaviour observed across the ten injections. 

 

Figure 34 – Frames from videos of four injections. (A) Single-phase injection 5 (140 m/s). The injection 

initially penetrates into the muscle followed by dispersion into the subcutaneous fat layer. The injection 

lasted a total of 40 ms. (B) Single-phase injection 4 (130 m/s). The jet initially penetrates into the 

subcutaneous fat then begins building up against the fat-muscle boundary. Approximately 35 ms into the 

injection it penetrates through this boundary into the muscle. The injection lasted a total of 45 ms. (C) 

The large volume (450 µL) single phase injection (120 m/s). The jet penetrates to the bottom of the 

subcutaneous fat within the first 10 ms, but does not penetrate into the muscle until 50 ms into the 

100 ms injection. Dispersion occurs primarily in the subcutaneous fat until the injection penetrates into 

the muscle. (D) Two-phase jet injection (70 µL at 140 m/s followed by 130 µL at 100 m/s). The transition 

from 140 m/s to 100 m/s occurs 15 ms after the start of the injection. The liquid initially penetrates into 

the muscle where it also primarily disperses. 

https://figshare.com/s/114377171ea07e0fd74f
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5.3.1. Single-Phase Injections 

   200 µL Injections 5.3.1.1.

Figure 35 shows how the maximum depth of each of the five 200 µL, single phase injections changed 

over the course of the injection. Three quite different dispersion patterns were observed. Two injections 

(1 and 5) dispersed into significantly shallower regions than the initial penetration depth. Two others (3 

and 4) demonstrated secondary penetration events well after the initial penetration through the skin. 

One injection (2) penetrated into the subcutaneous fat and dispersed within this layer.  

Two of the injections, 1 (120 m/s) and 5 (140 m/s), showed evidence of a peak in jet speed at the 

beginning of the injection, likely due to the existence of an air bubble within the ampoule when the 

injection took place. In both of these injections it can be observed that the first part of the injection 

penetrates into the muscle, while the majority of the injection then disperses into the subcutaneous fat. 

This is represented in Figure 35, in which the maximum depth of both these injections changes very 

little after the initial penetration. Figure 34A shows frames from the video of injection 5; the maximum 

depth of the injection is reached within the first 10 ms, followed by dispersion primarily from the top 

half of the hole into the subcutaneous fat. 

Injections 3 and 4 (both 130 m/s) demonstrated initial penetration into the subcutaneous fat followed 

 

Figure 35 - Maximum depth versus time for the single phase injections. Injection 1 (120 m/s; black 

dotted), injection 2 (120 m/s; dash-dot), injection 3 (130 m/s; solid blue), injection 4 (130 m/s; dotted 

blue), and injection 5 (140 m/s; solid black). The trace for injection 3 (solid blue) is cut short as it 

penetrated out of the field of view. Figure adapted from [72] © 2017 IEEE 
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by the penetration through the fat-muscle boundary later in the injection. The two penetration events 

in these injections can be seen in Figure 35, where there is a sudden increase in maximum penetration 

depth part way through the injection. Figure 34B shows frames from injection 4, where the jet can be 

seen to initially penetrate into the subcutaneous fat and begin pressing against the fat-muscle 

boundary. Then, 35 ms into the injection, it penetrates through this boundary, into the muscle. More 

than 150 µL of the 200 µL injection had been delivered prior to entering the muscle. 

Injection 2 (120 m/s) took approximately 50 ms to complete. As shown in Figure 35 the injection 

reached its maximum depth within the subcutaneous fat after approximately 20 ms where it then 

dispersed. 

   450 µL Injection 5.3.1.2.

The 120 m/s large volume (450 µL) injection displays a steady increase in maximum depth after a rapid 

initial penetration into the subcutaneous fat (Figure 34C, Figure 36). Following this initial penetration, 

dispersion largely occurs in the subcutaneous fat. Approximately half way through the injection it then 

penetrates into the muscle. Dispersion then appears to occur predominantly within the muscle, with 

some continuing into the subcutaneous tissue. This injection lasted a total of 100 ms and, by this time, 

the large injection volume had almost filled the entire field of view. The injected tissue sample after 

sectioning is shown in Figure 36. This image indicates that the steady increase in maximum depth likely 

 

Figure 36 - The maximum depth versus time result from the large volume (450 µL) 120 m/s injection 

(blue). The grey lines are the results from the two 120 m/s, 200 µL single-phase injections previously 

presented in Figure 35 (injections 1 and 2). The large volume injection lasted 100 ms but the maximum 

depth exceeded the field of view 80 ms into the injection. The injected, frozen and sliced sample is shown 

on the right. The scale represents units of millimetres. 
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continued after exceeding the field of view of the X-ray imaging camera (80 ms into the injection). 

5.3.2. Two-Phase 

Both of the two-phase injections demonstrated second phase dispersion that was located 

predominantly within the layer to which the first phase penetrated, consistent with previous 

observations. Both show the maximum depth (Figure 37) increasing through the early part of the 

injection before levelling off. No further penetration was observed once the reduced-speed second-

phase commenced. The injection with a 140 m/s first phase (Figure 34D) initially penetrated into the 

muscle where it then dispersed. The other had a first-phase speed of 130 m/s and penetrated into the 

subcutaneous fat, where it then dispersed. 

5.3.3. Inverse Two-Phase 

In both inverse two-phase injections, part of the way through the injection a sudden increase in 

penetration depth was observed, corresponding to the increase in jet speed (Figure 37, blue). One 

injection initially penetrated down to the fat-muscle boundary, while the other showed a steady 

increase in maximum depth within the subcutaneous fat throughout the first phase. In both cases, as 

soon as the speed increased to 140 m/s, the jet penetrated into the muscle and out of the field of view.  

 

Figure 37 - Maximum depth versus time for the two-phase and inverse two-phase injections. Two-phase 

1 (140 m/s, 100 m/s; solid black), two-phase 2 (130 m/s, 100 m/s; dotted black), inverse two-phase 1 

(120 m/s, 140 m/s; solid blue), inverse two-phase 2 (120 m/s, 140 m/s; dotted blue). The traces for the 

inverse two phase injections are cut short as they penetrated deeper than the field of view of the camera. 

Figure adapted from [72] © 2017 IEEE 
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5.4. Discussion 

The single-phase injections demonstrated three distinct penetration-dispersion behaviours. Two of the 

injections (1 and 5) pierced into the muscle before dispersing into the fat while two others (3 and 4) 

penetrated through the fat-muscle boundary well after the initial penetration of the skin. Injection 2, 

however, penetrated into the subcutaneous fat where it then dispersed. These observations 

demonstrate the complexity of liquid delivery into the inhomogeneous layered structure of tissue. This 

observation is similar to that made by Chang et al [62] and further demonstrates how different this 

process is relative to delivery into skin simulant gels. 

In contrast with the variable single-phase results, the two-phase and inverse two-phase injections 

exhibited the desired behaviour across each of the injections. The two-phase injection method 

prevented any further penetration occurring following the onset of the slower second phase. In 

contrast, the increase in jet speed during the second phase of the inverse two-phase injections directly 

led to further penetration into the tissue. Similar behaviour to that observed in both the two-phase and 

inverse two-phase injections was observed in at least one of the single phase injections. This indicates 

the ability of jet speed control, even when implemented as simply as a two-phase profile, to elicit the 

desired delivery behaviour from a jet injection. The ability of a two-phase profile to halt penetration has 

been hypothesised in tissue, and demonstrated in polyacrylamide gels [68]. The results presented here 

provide direct evidence for this in tissue, the significance of this result is emphasised when compared to 

the variability observed in the single-phase results. 

5.4.1. Depth Control 

The onset of the slower, second phase prevented further penetration in both of the two-phase 

injections. The two inverse two-phase injections resulted in a second penetration event during the 

increase of jet speed in the second phase. The unique ability of this high speed X-ray system to align 

observations in the tissue with changes in jet speed allows us to directly attribute the sudden increase in 

penetration with the increase in jet speed; observation of this type of behaviour has not been achieved 

previously. 

This is a significant result for the development of a depth monitoring and feedback control system for 

jet injection. Such a system would rely on the ability to control penetration into the tissue through the 

control of jet speed. These results demonstrate that control over jet speed (two-phase or inverse two-
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phase profiles) provides the ability to halt penetration or elicit further penetration into the tissue, as 

desired. This indicates that it is feasible to control injection depth through the control of jet speed with 

a voice coil driven jet injector. 

5.4.2. Initial Penetration 

Figure 38 displays the initial penetration that occurred in each of the ten injections, grouped by the 

initial jet speed. The overall injection strategy should not be relevant over this timescale as this is prior 

to the onset of the second phase, if there is one. Within the 120 m/s group, each injection seems to 

have either not penetrated into the subcutaneous fat, or it has rapidly penetrated down to ~8 mm (on 

average, 8 mm is the approximate depth of the fat-muscle boundary). Two injections are observed to 

take around 10 ms to penetrate through the dermis (typically 1 mm to 2 mm thick). This suggests that 

120 m/s is close to the minimum jet speed required to break the skin, which would be consistent with 

previous studies [3]. Increasing jet speed appears to overcome this barrier, as even those injections at 

130 m/s, which did not initially penetrate down to the fat-muscle boundary, were able to initially 

penetrate past the dermis and steadily increase in maximum depth within the subcutaneous fat. 

This is an important observation when considering the design of a two-phase injection waveform for 

the delivery of large volumes. The first phase speed must be sufficient to assist the delivery of the 

second phase by achieving sufficient depth and tissue disruption. It is thus necessary to avoid the 

variable penetration behaviour observed in the 120 m/s group (Figure 38) by designing the first phase 

jet speed to be 130 m/s or greater. At a first-phase speed of 130 m/s or 140 m/s, penetration to the fat-

 

Figure 38 – The initial penetration of each of the 10 injections grouped by their initial jet speed. 
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muscle boundary or into the muscle occurs within the first 100 µL to 150 µL of the injection. 

5.4.3. Limitations 

The low sample size in this study means the confounding effect of tissue variability cannot be explored. 

An investigation using a larger sample size would be required to more thoroughly characterize the 

effect of tissue structure on the dispersion of the injected liquid. However, the nature of the high-speed 

X-ray system means that any large sample size study would be expensive to conduct, and there would 

possibly be more time-efficient, and cost effective methods of testing hypotheses to a statistically 

significant degree of certainty. 
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5.5. Conclusions 

This study is the first that presents results from a high-speed X-ray device over a range of jet speeds in 

single-phase, two-phase and inverted two-phase profiles. A range of penetration behaviours were 

observed throughout the single-phase results. Despite the low sample size this emphasised the inherent 

variability associated with injection into tissue. The use of jet speed control with two-phase and inverse 

two-phase profiles was shown to be a promising way to overcome this inherent variability and elicit the 

desired behaviour within the tissue 

The ability to halt penetration of a jet injection by modulation of jet speed has previously been 

demonstrated in polyacrylamide gels [68] and our results suggest this is equally possible in tissue. 

Additionally we have demonstrated the ability of a fluid jet to penetrate further into the tissue by 

increasing the jet speed part way through the injection. These results indicate that it is feasible to 

control penetration depth during jet injection via control of the jet speed. 

The low sample size prevents us from being able to quantify the interaction between jet speed and 

tissue structure with much confidence. However, the results presented here provide insight into the way 

in which penetration occurs into the tissue. Two-phase injection relies on the high speed first phase to 

assist the delivery of the following, lower speed, phase of delivery. In terms of the penetration depth, 

these results suggest there is little benefit to the first phase exceeding a volume of 150 µL when a jet 

speed of 130 m/s, or greater, is used. 
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† This chapter contains significant content from the article “The Effect of Jet Speed on Large Volume 

Jet Injection” published in the Journal of Controlled Release, volume 280, pages 51-57, 2018. [76] 

CHAPTER SIX:  

THE EFFECT OF JET SPEED ON LARGE VOLUME JET INJECTION † 

6.1. Introduction 

Voice coil driven jet injectors have been used to deliver two-phase injections with volumes from 

0.05 mL to 0.3 mL [3], [32]–[34], [64]. Across these investigations, typically a first phase (volumetric) jet 

speed of 130 m/s to 150 m/s was followed by a second phase jet speed of approximately 50 m/s. A 

piezoelectric driven injector also used similar jet speeds to that used by voice coils to deliver volumes as 

low as 6 µL [4]. These studies provide us with useful evidence for the jet speed requirements for the 

delivery of volumes less than 0.3 mL.  

The injections performed with the compound ampoule (Chapter 3) demonstrated that the delivery of 

larger volumes could not be achieved with the same jet speeds which had previously been successful at 

less than 0.3 mL. The hypothesis arising from the results presented in Chapter 3 was that it was an 
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insufficient jet speed in the second phase of the injection which was primarily at fault for the failed 

injections.  

The volume dependence of injection success highlighted in the compound ampoule studies might 

suggest that injection in two phases is not an appropriate approach for the delivery of larger volumes. It 

is possible that the jet speed required for continued delivery increases with volume, to the extent that it 

becomes greater than the speed required to initially penetrate the epidermis. If this is the case, a two-

phase injection profile could never produce a successful injection. However, it is equally possible that 

the jet speed required for continued delivery of larger volumes is a relatively minor increase on what 

was required at 0.3 mL. In this case the advantages of two-phase injection could still be applied to 

deliver larger volumes. 

In this chapter the controllable large volume injection device (described in Chapter 4) is used to 

investigate the relationship between jet speed and injection success in the delivery of 1 mL. This volume 

(1 mL) is chosen as an initial large-volume target, as it is the upper limit of what has previously been 

injected into humans with uncontrolled jet injectors [6], and it is a clinically relevant volume. Many 

common injections in clinical practice are delivered as 1 mL doses, or larger, including some vaccines, 

monoclonal antibodies, and hormones [2], [6]. In this chapter single- and two-phase injections are 

performed into post mortem tissue to determine the effectiveness of the two-phase approach when 

injecting a volume of 1 mL, as opposed to the smaller volumes previously studied. 
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6.2. Methods 

6.2.1. Injection System 

Injections were performed using the large volume injection system described in Chapter 4 (Figure 39). 

This system was capable of controlled injections of over 1 mL at volumetric jet speeds up to 200 m/s. 

The details of the injector design, control strategy, and validation testing are presented in Section 4.3. 

A motorised sample stage (Zaber Technologies T-LA28A) was used to controllably raise samples into 

the injection nozzle at a rate of 4 mm/s. A force transducer (Omega LCM201-100N) positioned below 

the sample provided a continuous measurement of the contact force applied to the sample as it was 

moved toward the nozzle. The injection was programmed to take place as soon as this transducer 

measured a contact force in excess of 0.8 N. 

6.2.2. Tissue Injection 

Injections were performed into samples of porcine tissue harvested post-mortem from the abdomen of 

 

Figure 39 – The controllable large volume injector set up to perform an injection into a sample of post 

mortem porcine tissue. 
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animals of approximately 3 months of age. Tissue was obtained in accordance with the University of 

Auckland Code of Ethical Conduct for the Use of Animals for Teaching and Research. Abdominal skin, 

including subcutaneous fat, and at least one muscle layer, was excised (typically to a thickness of 

25 mm) and stored at -80 °C. In preparation for injection the tissue was thawed to room temperature 

(~22 °C), then cut into 30 mm × 30 mm samples. A single injection was performed into each sample 

using water with 0.1 % blue dye (Brilliant Blue FCF, Queen Fine Foods Pty. Ltd.) to allow visualisation of 

the destination of the injected liquid. 

   Single-Phase 6.2.2.1.

A series of 1 mL single-phase injections was performed at seven different jet speeds: 80 m/s, 90 m/s, 

100 m/s, 110 m/s, 120 m/s, 130 m/s, and 140 m/s. A total of 40 injections were performed with at least 

five injections at each jet speed. An example jet force measurement of a single-phase injection can be 

seen in Figure 40. The volume delivered to each tissue sample was measured by weighing the sample 

before and after injection. Any liquid on the surface of the sample was removed (by tissue paper) prior 

to weighing. Following the post-injection mass measurement, the tissue sample was frozen at -80 °C. 

Once frozen, the injected sample was sectioned through the injection site to observe the destination of 

the injected liquid. Two measurements were conducted on images of these sections: the maximum 

depth reached by the injected liquid; and the deepest tissue layer to which the liquid penetrated. 

 

Figure 40 – Left: A single-phase injection performed at a volumetric jet speed of 130 m/s for a volume of 

1 mL. Right: Two-phase injection begining at 140 m/s for the first 0.15 mL before dropping to 100 m/s for 

the remaining 0.85 mL. The jet speed value is the volumetric jet speed, scaled from the jet force 

measurement based on the relationship described in Chapter 2 (Figure 2). 
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 Two-Phase 6.2.2.2.

A two-phase jet speed profile (Figure 40) was used to perform an additional 25 injections into post-

mortem porcine tissue. All of these injections were performed with a first phase speed of 140 m/s and 

first-phase volume of 0.15 mL. The selection of this volume was motivated by the high speed X-ray 

studies, which indicated that this would be sufficient volume to consistently penetrate at least as deep 

as the lower regions of the subcutaneous fat (Chapter 5) [72]. A total volume of 1 mL was used for all 

injections. The 25 injections were performed using four second phase speeds: 60 m/s, 80 m/s, 100 m/s, 

and 120 m/s, with at least five injections at each speed. The volume delivered and injection depth was 

measured in the same manner as the single-phase injections. 
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6.3. Results 

6.3.1. Single-Phase 

The volume delivered to each sample, as measured by the change in mass, is plotted against the jet 

speed in Figure 41A. At 130 m/s and 140 m/s all injections demonstrated delivery of more than 0.85 mL 

while all injections at 80 m/s and 90 m/s demonstrated very low volume delivered. A large degree of 

variability can be observed in the volumes delivered at 100 m/s, 110 m/s and 120 m/s. This variability 

appears only in those injections which penetrated into the subcutaneous fat but not the muscle. Every 

injection which penetrated into the muscle also corresponded to a delivered volume of greater than 

0.85 mL, while those which did not penetrate through the dermis corresponded to little or no volume 

delivered. This finding is emphasised in Figure 41B, which shows the delivery volume versus the 

maximum depth. The transition from low to high delivery volume occurs exclusively with the injections 

that penetrated into the subcutaneous fat. Within this transition region, the volume delivered appears 

to be correlated with the maximum depth. Example images of sectioned samples in which the jet 

 

Figure 41 - Results from the 40 single-phase injections. The legend refers to the deepest tissue layer 

penetrated by the injection. (A) The volume delivered versus the jet speed. (B) The volume delivered 

versus the maximum depth. (C) Example images of tissue samples which have been injected, frozen then 

sectioned. The ruler represents units of millimetres. 
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penetrated to the three different tissue layers are shown in Figure 41C. 

6.3.2. Two-Phase 

The volume delivered versus the second phase jet speed, for the 25 two-phase injections, is shown in 

Figure 42A. Those injections conducted at 120 m/s consistently show greater than 0.8 mL delivered. The 

injections at 100 m/s are also mostly successful with 8 of 10 demonstrating delivery of more than 

0.75 mL, while the injections at 60 m/s and 80 m/s were mostly unsuccessful and quite variable. 

Figure 42B displays the volume delivered versus the maximum depth. Unlike the single-phase injections 

(Figure 41B), there is no obvious grouping that relates to the layer to which each injection penetrated. 

However, there does again appear to be some correlation between volume delivered and maximum 

depth for those injections which penetrated as far as the subcutaneous fat. 

Of the 13 injections that penetrated into the muscle, 8 were associated with a volume delivered of 

greater than 0.8 mL. The other 5 injections delivered less than 0.6 mL; four of these had second phase 

speeds of 60 m/s or 80 m/s. It is likely that, for these four injections, the maximum depth was 

 

Figure 42 - Results from the 25 two-phase injections. The legend refers to the deepest tissue layer 

penetrated by the injection. (A) The volume delivered versus the second phase jet speed. (B) The volume 

delivered versus the maximum depth. (C) Example images of samples which have been injected, frozen 

then sectioned. The ruler represents units of millimetres. 
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determined by the 140 m/s first phase, while the following speed was insufficient to maintain liquid flow 

to this depth, resulting in low volume delivered. 
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6.4. Discussion 

6.4.1. Single-Phase vs Two-Phase 

The effectiveness of the two-phase approach can be evaluated by comparing the energy input required 

for successful delivery relative to single-phase injection. Electrical energy consumption ( ) was 

calculated from the measured voltage ( ) and current ( ) supplied to the injector integrated over the 

time ( ) course of the injections: 

   ∫       34 

Energy consumption is plotted against volume delivered for all single- and two-phase injections in 

Figure 43. The two-phase data appear shifted to the left relative to those of the single-phase, indicating 

that using a two-phase jet speed profile has achieved delivery success at a reduced energy cost. The 

data associated with a jet speed of 100 m/s, in both the single- and two-phase results, are highlighted 

in Figure 43. Comparing these two groups, we see that introducing the 140 m/s, 0.15 mL first phase has 

come at an energy cost of 23 J, but resulted in an increase in volume delivered from 0.4 mL ± 0.3 mL to 

0.8 mL ± 0.2 mL. A paired t-test between these two groups provided very strong evidence against the 

hypothesis that the two means are the same by returning a p value of 0.0041. This demonstrates that, 

for the injection of 1 mL, the required second phase jet speed during a two-phase injection is less than 

 

Figure 43 - The volume delivered for both the single- and two-phase injections plotted against the total 

energy expended. The groups associated with 100 m/s are highlighted with red outline. Error bars 

indicate one standard deviation. 
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the jet speed required for success in a single-phase injection. 

Previously, second phase speeds as low as 50 m/s have been successfully employed in controllable 

injection devices to deliver injection volumes up to 0.3 mL [3], [32]–[34]. The results presented here 

suggest that the second phase jet speed must approach 100 m/s for successful delivery of 1 mL. This 

demonstrates that larger delivery volumes require greater second phase jet speeds in order to achieve 

complete delivery. 

6.4.2. Jet Power 

The average jet power ( ) was calculated for the single- and two-phase injections using 

   
 

 
         35 

where   is the liquid density,    is the orifice diameter and    is the average volumetric jet speed over 

the entire injection. The metric of jet power was first presented by Schramm-Baxter and Mitragotri 2004 

[51], where it was shown to correlate well with injection depth and delivery proportion. 

To observe the jet power requirements of the injections presented here relative to lower volumes, the 

proportion delivered versus the average jet power is plotted in Figure 44, which includes results 

previously presented by Schramm-Baxter et al in 2004 [51]. The results taken from [51] are primarily 

 

Figure 44 - The proportion delivered versus the average jet power (log scale) for the single- and 

two-phase results. These are compared to data presented by Schramm-Baxter et al for the delivery of 

much smaller volumes (<0.1 mL) with a spring-driven injection device. Error bars were omitted for clarity. 
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from 0.07 mL injections into human cadaver tissue using a spring-driven injector (Vitajet 3, Bioject, 

Portland, OR). Given the uncontrolled nature of the device used in [51], these injections would likely 

have included a peak in jet speed at the beginning of the injection [35].  

Figure 44 indicates that the single-phase 1 mL injections generally required a greater average jet power 

to achieve a given delivery proportion relative to the data from [51]. The greater delivery volume could 

be an explanation for this difference; however, the peak in jet speed would have also assisted the 

Schramm-Baxter 2004 injections to improve delivery at a reduced jet power. 

It has already been established that the delivery of 1 mL required a much larger second phase jet speed 

than that previously reported for the delivery of up to 0.3 mL with a controllable injection device [3], 

[32]–[34]. Nevertheless, the two-phase results in Figure 44 appear to be associated with a marginally 

reduced average jet power relative to the Schramm-Baxter data [51]. This could be due to the difference 

in the initial jet speed applied by each of the injectors. The longer, controlled, first phase of jet speed 

produced by our device appears to have presented a greater benefit to delivery relative to the very 

short, uncontrolled peak(s) applied by the spring-driven injector. 

At this stage little else is known about how the volume and speed associated with the first phase 

impacts upon the required second phase speed. It would seem that increasing the first phase volume or 

speed could only improve the delivery characteristics, and permit a reduced second phase speed. 

However, this would come at an energetic cost and require further testing to properly evaluate. Other 

system characteristics, including the tissue properties, fluid properties, jet size [51] and jet shape [33], 

would also be expected to affect the proportion delivered. 

6.4.3. Tissue Layer Effects 

   Tissue Permeability 6.4.3.1.

The single-phase results indicate that all those injections which penetrated into the muscle also had a 

very high volume delivered, whereas those in the subcutaneous fat were less successful and variable. 

Could this observation be due to muscle tissue being more permeable to an injected liquid than the 

subcutaneous fat? In rats, the permeability of muscle tissue (abdominal muscle) has been reported as 

being two orders of magnitude greater than that of subcutaneous fat tissue [41], [42]. However, in dogs, 

the permeability of subcutaneous fat has been shown to rise steeply and nonlinearly with the interstitial 



Chapter Six: The Effect of Jet Speed on Large Volume Jet Injection 

102 

 

pressure [41], [43]. This observation was supported by an injection study into porcine adipose tissue, 

which found the formation of micro-cracks during injection caused the permeability of the fat to 

increase by more than two orders of magnitude [44]. 

These reports provide some insight into the relative permeability of the subcutaneous fat and muscle 

tissue at rest, and the way in which an injection increases the permeability of the subcutaneous fat. 

What is missing is an understanding of how a jet injection affects, and relates to, the permeability of the 

muscle. It is reasonable, however, to expect that the disruption resulting from an injection would 

increase the permeability. This expectation, and the observations made in this study, suggests the 

hypothesis that the muscle tissue accepts a jet injected liquid more readily than the subcutaneous fat. 

Intramuscular injections are also naturally associated with increased depth, the effects of which would 

need to be accounted for in order to formally test this hypothesis. 

 Depth Dependence 6.4.3.2.

In both the single-phase and two-phase injections, a strong correlation between volume delivered and 

maximum depth was observed for those injections which penetrated as far as the subcutaneous fat. The 

volume delivered versus maximum depth, for all injections (single- and two-phase) which penetrated 

into the subcutaneous fat, can be seen in Figure 45. This relationship appears to be similar for both 

injection profiles and fairly linear (R
2
=0.75); a linear fit to this data has a gradient of 0.1 L/m. 

This gradient could be interpreted as suggesting that, for every millimetre of penetration into the 

 

Figure 45 - The volume delivered plotted against the maximum depth for all injections which penetrated 

as far as the subcutaneous fat. 
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subcutaneous fat, up to 0.1 mL of liquid can be delivered. However, an increased volume dispersed in 

the tissue would itself increase the measurement of maximum depth due to diffusion of the injectate. 

This confounding fact makes it difficult to accurately quantify the benefit to delivery achieved by deeper 

penetration. A centroid-based depth measurement could reduce this effect, but this would require a 

more sophisticated imaging technique. One option may be to use micro-CT imaging, as conducted in 

previous injection studies [44], [48]. 

While the injections within the subcutaneous fat correlate well with maximum depth, those which 

penetrated into the muscle show much better correlation with jet speed. This difference is particularly 

evident in the two-phase results (Figure 42). A possible explanation for this is that the penetration of 

the fat-muscle boundary could increase the chance that the slower, second phase liquid is unable to 

follow the first phase to its maximum depth. This could result in some, or all, of the hole closing up if 

the speed is insufficient. The high speed X-ray studies (Chapter 5, [72]) showed some evidence of this 

behaviour where dispersion at much shallower depths than the maximum penetration was observed. 
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6.5. Conclusions 

A controllable voice-coil driven jet injection device was used to deliver 1 mL of liquid into post-mortem 

porcine tissue using single- and two-phase jet speed profiles. These injections demonstrated that a 

two-phase jet speed profile can be used during 1 mL injections to achieve delivery success at a reduced 

energy cost. However, the advantage of two-phase delivery is much less than that previously 

demonstrated at lower injection volumes, suggesting a greater second phase jet speed is required with 

greater injection volumes. For the injection system presented here, a second phase speed of 100 m/s or 

greater was required for delivery success. Despite the observed increase in required second phase 

speed with volume, the delivery of 1 mL in two-phases was found to require a reduced average jet 

power relative to the uncontrolled delivery of 0.07 mL. This suggests that there may a benefit to delivery 

when injecting with a controlled two-phase jet speed profile. 

The delivery success was observed to be related to the target tissue layer, as well as to depth into the 

subcutaneous fat. Both of these observations raise important questions for future investigations related 

to large volume jet injection: is there a minimum depth associated with a given delivery volume that 

must be achieved for success; and, is the muscle tissue inherently more able to support the delivery of 

larger volumes of a jet injected liquid relative to the subcutaneous fat? 

The discovery that a second phase jet speed in the region of 100 m/s was required for successful 

delivery of 1 mL provides an explanation for the failure of the compound ampoule studies in Chapter 3. 

These injection studies failed to deliver 1 mL at jet speeds previously successful at less than 0.3 mL. With 

this improved understanding of the requirements for the delivery of 1 mL we can look to develop a new 

compound ampoule which will achieve sufficient speeds for successful delivery of 1 mL. As described in 

Chapter 3, a compound ampoule would significantly reduce the power required to perform the 

injection, and therefore provide the opportunity to miniaturise the large volume injection device. 
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CHAPTER SEVEN:  

A COMPOUND AMPOULE FOR LARGE VOLUME JET INJECTION 

7.1. Introduction 

In Chapter 3 the compound ampoule was shown to enable two-phase jet injection at significantly 

reduced power and energy cost. The compound ampoule achieves this by generating the two phases 

of pressure through an increase in piston area, part-way through the injection. The expected power and 

energy savings associated with the use of a compound ampoule can be quantified using the volume ( ) 

and jet speed ( ) ratios that define a two-phase injection, 

   
  
  

   36 

   
  

  
   37 

where    and    are the first phase and total volume, respectively, and,    and    are the first and 

second phase jet speeds. The definitions for the power ( ) and energy ( ) reduction of a compound 

ampoule (found in Chapter 3) are, 
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Consider, for example, if a compound ampoule was used to perform the 140 m/s, 100 m/s two-phase 

injections conducted in Chapter 6 (              . Equations 38 and 39 indicate that a similar 

amount of energy would be required (99.3%) but the maximum power required would be reduced to 

just 33.5% of that required with a single piston. 

The initial attempts to deliver large liquid volumes (>1 mL) with a prototype compound ampoule 

(Chapter 3) did not achieve full delivery. The lack of consistent results achieved with this prototype 

suggested that the jet speed used in the second phase of the injections (~50 m/s) was insufficient to 

deliver the full volume. The tissue injections performed in Chapter 6 provide some strong evidence that 

this is indeed the case. While a second phase speed of 50 m/s has provided injection success at lower 

volumes (less than 0.3 mL) [3], [32]–[34], a second phase speed of 100 m/s or greater was required to 

achieve success when delivering 1 mL of liquid.  

We now wish to apply what has been learned from the injection study presented in Chapter 6 to the 

design of a compound ampoule suitable for consistent delivery of 1 mL. This involves the construction 

of a large volume compound ampoule which can generate a jet speed of at least 100 m/s in the second 

phase. This will allow the compound ampoule to be evaluated relative to the position controlled, two-

phase injections performed in Chapter 6. A consequence of requiring a jet speed of 100 m/s, or greater, 

in the second phase is that our existing hand-held voice coil actuators are insufficient to perform such 

an injection, because these actuators have a relatively small stroke of less than 30 mm. To 

accommodate 1 mL over this stroke length means the outer piston radius must increase to the extent 

that the force required for 100 m/s is beyond the capability of these devices. While this limits the use of 

our existing hand-held voice coil actuators, there is no reason that actuators with a stroke length of 

50 mm or greater could not be used to reduce the force required to conduct the injection while also 

realising a clinically useful device. 

The aim of this work is to investigate the ability of a compound ampoule to perform large volume 

injections with a second phase speed that has previously demonstrated success into tissue. Jet force 

tests will be used to validate the performance of this mechanism, and injection tests into porcine tissue 

will be compared to those in Chapter 6. A compound ampoule which can deliver large volumes of 
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liquid into tissue, at least as successfully as equivalent position controlled injections, will open the 

possibility of significantly miniaturising a large volume jet injector. 
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7.2. Ampoule Design 

A compound ampoule was designed to perform injections with            and            

(        ). These speeds were chosen as they were found to meet the approximate threshold for 

injection success in the previous study (Chapter 6). This ampoule was designed to inject 1 mL 

(          ) with a motor of 50 mm stroke (         ). A first phase volume of 0.15 mL (      ) 

was chosen to match that of the previous, position controlled injections. Given these requirements, and 

the desired jet speeds, the piston lengths and areas can be calculated. As shown in Chapter 3 the radii 

(  ,   ) and stroke lengths (  ,   ) of the compound ampoule pistons can be defined by: 

    √
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   41 

    
  

    
   

        
  

  
   42 

           43 

Equation 27 (Chapter 3) can then be rearranged to provide a definition for required force: 
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This definition for force can be substituted into Equations 40, 41, and 42, providing the following values 

for the piston radii and strokes: 

                                             45 

Based on these values a design for this ampoule was produced and is shown in Figure 46. The cylinder 

was designed with an M8 thread at its back end so that an aluminium stop insert could be screwed into 

place. This stop insert prevents the outer piston being pushed backward while the inner piston moves 

through its stroke, and the pressure within the ampoule increases. A bore through this stop insert 

allows a rod (rigidly attached to the inner piston) to travel through and engage the outer piston once 

the inner piston has completed its stroke. 

The previous iteration of the compound ampoule (Chapter 3) were designed for much lower jet speeds 

in the second phase of the injection, typically 50 m/s to 60 m/s. As a much greater second phase jet 

speed of 100 m/s is used in this system a thinner outer piston is required. As can be observed from the 
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difference between    and   , this design requires an outer piston wall thickness of less than 0.8 mm. In 

order to produce a sufficient seal between the cylinder and outer piston some sealing mechanism, 

typically O-rings, must be present. O-rings positioned in the outer cylinder would have demanded a 

much longer ampoule, while appropriately sized O-ring grooves in the piston would leave a minimum 

wall thickness of less than 0.3 mm. Though this wall thickness would theoretically withstand jet injection 

pressures, it is close to the limit of what can be accurately manufactured using existing in-house 

equipment. 

While sealing mechanisms other than O-rings were considered as a potential solution to this challenge, 

the chosen solution was to increase the thickness of the outer piston by decreasing the size of the inner 

piston. This has the effect of increasing the first phase jet speed and therefore the value of  . The 

design of the ampoule was adjusted to deliver a first phase jet speed of 160 m/s with all other 

parameters remaining the same. This changed the target piston radii and stroke lengths to  

                                               46 

With these design choices, the wall thickness of the outer piston was now greater than 1 mm and O-

ring grooves designed for 4.34 mm (ID), 0.76 mm (thickness) O-rings left a minimum wall thickness of 

0.6 mm. 

 

Figure 46 – Section view of the compound ampoule as it moves through its stroke. A force acting on the 

system from the left will first actuate the inner piston until the outer piston is engaged by the rod. 
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Following this adjustment the ampoule was machined. All components (Figure 47) in contact with the 

injectate (inner piston, outer piston and cylinder) were made from stainless steel (grade 316), while the 

rod and stop insert were machined from aluminium. An additional O-ring, not shown, was added at the 

front of the rod to soften the transition between the two phases. The ampoule was used with the same 

nozzle and 200 µm orifice (O‟Keefe Controls, ZMNS-8-M3.5-SS-V) employed in previous studies. 

  

 

Figure 47 – Exploded view of the compound ampoule design (top) and photograph of the final machined 

pieces (bottom). The stop insert is screwed into the cylinder in the photograph. 
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7.3. Methods 

The ampoule described in the previous section was fitted to an existing voice coil driven injection setup. 

This apparatus was described in Chapter 4 and was previously used with a different ampoule to conduct 

the injections in Chapter 6. Unless otherwise stated, all aspects of the system match those described in 

Section 4.3. 

A voice coil actuator (BEI Kimco LA30-75-001A) was used to drive the injection via a rigid attachment to 

the rod at the rear of the compound ampoule, as shown in Figure 48. This motor had a stroke of 

50 mm, DC resistance of 4.5 Ω, moving mass of 0.68 kg and motor constant of 16.67 N √W⁄ . A pair of 

linear power amplifiers (AE Techron 7224), connected in parallel, were used to deliver power to the 

voice coil. 

A real time controller (National Instruments cRIO 9024) and FPGA chassis (NI 9114) were used to 

generate the control signal for the injection. Control software was composed in LabVIEW 2011. Software 

included a 40 kHz control loop implemented in the FPGA, which was used to control the current 

applied through the motor. Previously, injection systems have sought to directly control the voltage 

 

Figure 48 – Injection setup with compound ampoule prepared to perform a jet force measurement 
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across the motor but, as the compound ampoule is designed to function with a constant force, current 

control was preferred. The position-dependence of the motor force sensitivity was compensated for, as 

described in Chapter 4. Without this compensation the force applied when the motor is at either end of 

its stroke can be up to 20 % less than that applied at the centre. 

The sensors used with this system were the same as those previously described in Chapter 4. These 

included a potentiometer (Omega LP803-5) to measure motor position, and two force transducers: one 

to measure jet force (PCB Piezotronics 208C01), and the other to measure the contact force applied to 

tissue samples (Omega LCM201). 

7.3.1. Ampoule Validation 

Injections were first performed onto a jet force sensor to test the ability of the compound ampoule to 

generate the intended jet speeds. These tests were performed with a constant force applied by the 

motor. The force was increased over successive tests until a second phase volumetric jet speed of 

100 m/s was achieved. 

A series of ten ejected volume tests were conducted to evaluate how well the ampoule volume 

matched the desired value of 1 mL. These tests involved ejecting the entire contents of the ampoule 

into a container whose change in mass indicated the volume ejected. This was done by manually 

ejecting the contents of the ampoule, and also by performing a powered ejection under a constant 

motor force of 248 N. Five ejection tests were conducted for both ejection methods.  

7.3.2. Tissue Injections 

The ability of the compound ampoule to deliver fluid into tissue was evaluated using samples of post 

mortem porcine tissue. Part of the aim in conducting these tests was to compare the performance of 

the compound ampoule to the equivalent position controlled injections conducted in Chapter 6. These 

injections were thus conducted at a nominal constant force of 248 N, which was found to produce 

volumetric jet speeds of 146 m/s and 101 m/s in the first and second phase, respectively. This allows us 

to compare the delivery capability of the compound ampoule relative to the ten 140 m/s, 100 m/s 

position controlled injections performed in Chapter 6. 

Five tissue injections were performed into samples of post mortem porcine tissue harvested from the 

abdomen of pigs of approximately 12 weeks of age. Harvested tissue was typically around 25 mm thick 
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and included the subcutaneous fat and at least one muscle layer. Tissue was obtained in accordance 

with the University of Auckland Code of Ethical Conduct for the Use of Animals for Teaching and 

Research. The harvested tissue was frozen to -80 °C immediately post-harvest and stored at this 

temperature until it was required for injection. Prior to injection the tissue was thawed to room 

temperature and cut into 30 mm x 30 mm samples. A motorised sample stage (Zaber Technologies T-

LA28A) was used to controllably raise samples to the injection nozzle at a rate of 4 mm/s. The contact 

force sensor located underneath the sample provided a continuous measurement of the contact force 

applied to the sample as it was moved toward the nozzle. The injection was programmed to take place 

as soon as this transducer measured a contact force in excess of 0.8 N.  

A single injection of water with 0.1 % blue dye (Brilliant Blue FCF, Queen Fine Foods Pty. Ltd.) was 

conducted into each sample. The volume of liquid delivered was determined by weighing each sample 

pre- and post-injection with any liquid on the surface of the sample mopped up prior to weighing. 

Injected samples were then refrozen at -80 °C and cut through the injection site to observe the location 

of the injected fluid within the tissue. 

7.3.3. Micro-CT Injection 

To obtain further information about the dispersion of the liquid injected with the compound ampoule, 

an additional injection was performed into a porcine tissue sample, and then scanned using micro-CT 

imaging. An injection was performed using the same 248 N, 1 mL injection and tissue preparation 

protocol stated above, though the injectate was changed to include 15 % of an Iodine based contrast 

medium (0.647 kg/L iohexol, Omnipaque 300). Following injection, this sample was placed into a 

micro-CT scanner (Bruker Skyscanner 1172), and a full 360 degree scan was performed with an image 

taken every 0.4 degrees. The X-ray source was set to a voltage of 55 kV and current of 169 µA. The 

resulting images were 666 pixels by 1000 pixels with a pixel size of 27.4 µm. This series of images was 

then reconstructed into a 3D volume using NRecon reconstruction software. The voxels within this 

volume had dimensions of 27.4 µm x 27.4 µm x 27.4 µm. The CTVox software environment was then 

used to visualise the reconstructed volume. 
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7.4. Results 

7.4.1. Jet Force Tests 

A constant force injection at 248 N was found to produce volumetric jet speeds of 146 m/s and 101 m/s 

in the first and second phase, respectively. Figure 49 shows the results from such an injection 

performed onto a jet force sensor. The value of   (     ) is slightly greater than expected where a first 

phase speed of 160 m/s was expected with the second phase speed of 100 m/s. The jet force trace 

indicates that oscillations present in the first phase lead to a peak jet speed that is approximately 20 % 

greater than the mean value. Unlike the injections in Chapter 6, these injections do not use any form of 

pre-filtering. The transition from the first to second phase can be observed in both the position and jet 

force data. The collision which occurs as the outer piston is engaged causes a fluctuation in jet speed, 

including a trough which is noticeably less than the second phase jet speed. The O-ring included at the 

front of the rod to dampen this collision prevents this trough from being even more pronounced. Tests 

without this O-ring in place (not shown) saw the jet speed briefly drop as low as 0 m/s. 

The position trace indicates that the inner piston stroke is 15.8 mm and that the total travel is 50.4 mm. 

 

Figure 49 – Results from a 248 N injection onto the jet force sensor. This injection involved volumetric jet 

speeds of approximately 146 m/s and 101 m/s in the first and second phase, respectively. The jet speed 

value represents the volumetric jet speed, this has been scaled from the jet force measurement based on 

the relationship presented in Chapter 2 (Figure 2). 
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Both of these measurements are very close to the specified values of 15.6 mm and 50 mm, respectively. 

The 248 N injection was generated using a nominal 7 A current sent to the motor. However, due to the 

compensation for the position dependent force sensitivity, the current is only near 7 A at the very 

centre of the stroke, and is increased elsewhere to ensure that a constant force is applied.  

7.4.2. Ejected Volume Tests 

The mean and standard deviation of the volumes ejected from the ampoule over the five unpowered, 

manual ejections were 0.975 mL ± 0.001 mL. The ejections conducted at 248 N resulted in a mean 

delivery of 0.978 mL ± 0.001 mL. Both of these results are within 3 % of the 1 mL desired, and show a 

very high degree of repeatability. 

 

Figure 50 – Results from the five tissue injections with the compound ampoule. These injections were 

conducted with a constant motor force of 248 N which produced approximate volumetric jet speeds of 

146 m/s and 101 m/s in the first and second phase, respectively. (A) Compound ampoule results relative 

to results from ten 140 m/s, 100 m/s position controlled injections previously presented in Chapter 6. 

Error bars represent one standard deviation. (B) Images of the injected samples after being frozen and 

cut through the injection site. The ruler represents units of millimetres. 
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7.4.3. Tissue Injections 

The five 248 N (146 m/s, 101 m/s) injections into post-mortem porcine tissue demonstrated delivery of 

0.93 mL ± 0.04 mL (mean ± standard deviation). Given a total ejected volume of 0.978 mL (from the 

ejected volume tests), this results in a proportion delivered of 0.96 ± 0.05. This result is compared to the 

equivalent position controlled injections (Chapter 6) in Figure 50A. These position controlled injections 

were conducted with a first phase of 0.15 mL at 140 m/s followed by 0.85 mL at 100 m/s and achieved a 

volume delivered of 0.8 mL ± 0.2 mL over ten injections. 

Figure 50B shows the five injected tissue samples which have been frozen, cut through the injection site 

and photographed. There does not appear to be a consistent delivery pattern within the tissue. Two of 

the injections (top) dispersed almost exclusively within the subcutaneous fat while the other three all 

penetrated into the muscle. Two of the three which penetrated into the muscle also show some 

significant dispersion in the subcutaneous fat. 

 

Figure 51 – Images (false colour) from the 3D reconstruction of the micro-CT scanned sample. The two 

images are from two orthogonal planes within the sample which cut through the injection site. 
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7.4.4. Micro-CT 

Figure 51 shows results from the micro-CT injection along two orthogonal planes through the centre of 

the reconstructed sample. Additional video material visualising the results from the micro-CT injection 

can be found at [73] (https://doi.org/10.17608/k6.auckland.5715058.v1). Both Figure 51 and the 

supplementary videos demonstrate the way that this injection penetrated into the muscle, but also 

appears to have dispersed significantly in the subcutaneous fat. The dispersion within the subcutaneous 

fat appears like a network of channels – an observation consistent with previous studies conducted with 

smaller injection volumes [44], [48], [55]. The dispersion within the muscle layer, however, has dispersed 

preferentially along one axis and appears to have formed a diffusive dispersion pattern. 

  

https://doi.org/10.17608/k6.auckland.5715058.v1
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7.5. Discussion 

7.5.1. Mechanical Performance 

The compound ampoule successfully generated two-phases of jet speed under a constant force input. 

The value of   (      ) was larger than expected (        versus        ). This is perhaps due to 

losses present in the system that were not accounted for in the design phase. These are primarily the 

viscous loss as the jet is developed, and friction of the pistons. The extent of viscous loss would increase 

with jet speed and thus would contribute to decreasing    relative to   . The friction was observed to 

be somewhat greater for the inner piston relative to the outer piston, which would likely also contribute 

to decreasing    relative to   . Thus the measured value of   is greater than that determined by the 

geometry of the pistons. 

The previous iteration of the compound ampoule (Chapter 3) exhibited a peak in force when the rod 

and outer piston first collided, but this did not result in an observable change in jet speed. With the 

compound ampoule presented here, however, a significant spike in jet speed was observed during this 

collision, even with an O-ring introduced to dampen this event. This is likely due to the outer piston in 

this setup being much smaller, thinner, and thus less massive than in previous designs. The previous 

compound ampoules generated much lower second phase speeds and operated with a stroke of 

30 mm or less. The increased value of   and longer stroke make the piston in this setup much less 

massive and, therefore, more easily influenced by the collision at the transition between phases. The 

heavier voice coil used in this study would also have contributed to this and we would expect this effect 

to be greatly reduced by the use of a smaller, lighter motor. 

7.5.2. Tissue Injection 

Under a constant force of 248 N the compound ampoule consistently delivered close to 1 mL over all 

five injections. This is a considerable improvement on the prototype injections conducted in Chapter 3 

where less than 0.3 mL of the 1.2 mL volume was consistently delivered. The key difference between 

these successful injections and the previous attempts is the much greater second-phase jet speed 

(100 m/s versus 50 m/s.)  

A second-phase jet speed of at least 100 m/s was found to be required for successful injection during 

the position controlled injections conducted in Chapter 6. Figure 50A compares the compound 
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ampoule injections with equivalent position controlled injections (Chapter 6,           ,    

       ). In terms of the delivery proportion, the compound ampoule has actually performed better 

than these position controlled injections. This may be due to the greater peak jet speed present in the 

first phase of the compound ampoule injections. The position controlled injections were done in such a 

way to ensure that there was no peak above the desired speed, whereas this was not controlled for in 

the compound ampoule and excitation of the natural frequency of the system was observed in the first 

phase. The resulting peaks in jet speed were approximately 20 % greater than the mean value, and may 

have assisted in the delivery of the full volume. This is an issue deserving of further study. 

The injections performed with this ampoule were conducted with a constant force input of 248 N, which 

required a power of around 220 W to develop with this motor. Single piston injections performed with 

similar jet speeds and the same motor (Chapter 6) required a maximum force in excess 550 N, requiring 

a power of approximately 1200 W. This demonstrates that the compound ampoule has been able to 

produce a very similar injection, but required less than one fifth of the maximum power required by a 

conventional, single piston ampoule. This matches fairly well with the predicted reduction in maximum 

power based on 38. Given values of (              ) we would predict the compound ampoule to 

require just 23 % of the maximum power required by a single piston. The slight difference is likely due 

to differences in frictional losses between the two systems. 

The dispersion observed within the subcutaneous fat in the micro-CT injection (Figure 51) shows a 

similar channel-network or sponge-like pattern to those previously observed in [44], [48], [55]. The 

dispersion in the muscle layer, however, appears much more diffusive – unlike what was observed by 

Chang [55]. In this previous micro-CT study, dispersion in the muscle was described as resembling a 

„branched tree‟. This difference in intramuscular dispersion pattern may be explained by the use of 

different contrast media (gold nanoparticles were used in [55], whereas an iodine based medium was 

used in this study), however, this would require further investigation to confirm. 

While the compound ampoule has achieved consistent delivery success, the location of the delivered 

liquid within the tissue was less consistent. This highlights the difficulty that may be faced when 

attempting to deliver large volumes to a particular target layer, especially if this target is the 

subcutaneous fat. As discussed in Chapter 5, two-phase injection can enable better control of delivery 

depth. However, it is yet to be determined whether there exists a combination of two-phase jet speeds 

which will provide both consistent delivery of 1 mL, and consistent dispersion within the subcutaneous 
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fat. This adds to the motivation for the development of a continuous depth monitoring and feedback 

control system. In addition, perhaps real time adjustment of other system characteristics, such as 

injection angle, jet size or jet shape, should be considered to achieve better delivery to a target layer. 

7.5.3. Future Development 

The injections presented here were generated by the application of a constant force of 248 N over a 

50 mm stroke. While the device used in this study is too massive for use in the clinic, a force of 250 N is 

achievable with a much smaller motor, which could ultimately produce a clinically appropriate, hand-

held injection device. One such example is the linear permanent magnet synchronous motor presented 

by Do et al 2017 [74]. This motor weighs just 322 g and is capable of 250 N over an 80 mm stroke so, if 

employed with a compound ampoule, it could inject significantly more than 1 mL. The successful results 

demonstrated with the compound ampoule in this study thus indicate that it would be possible to 

deliver 1 mL of liquid with a portable, hand-held jet injector appropriate for clinical use. 

The design of the compound ampoule was performed under the assumption of a constant force 

applied across both phases of the injection. The testing described in this chapter was thus performed in 

this manner, with a force of 248 N. The lack of control, particularly the filtering aspect, led to the 

excitation of the natural frequency and peaks in the jet speed. This may have assisted in the delivery of 

the full volume and therefore limits the direct comparison to the results presented in Chapter 6. 

However, these tests have demonstrated that the compound ampoule can be used to successfully 

deliver 1 mL, and do so in a non-inferior way relative to position controlled injections (Chapter 6). The 

implementation of position control with a compound ampoule is an area which should be investigated 

in the future. One of the main difficulties in this effort would be to set up the feedforward model to 

account for the sudden change in piston area. The inclusion of the filtering step, to prevent the 

excitation of the natural frequency, should also be investigated further. If a reduced level of control can 

be afforded early in the injection, it could be beneficial to deliberately excite the natural frequency to 

assist with penetration and complete delivery. 

This work, alongside that presented in Chapter 3, has demonstrated that the compound ampoule is 

capable of reducing the power and energy required to perform an injection, and therefore can allow a 

smaller voice coil to be used. The compound ampoule is not limited to use with a voice coil, however, 

and could be implemented with other driving mechanisms to help miniaturise these jet injection 
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devices. Importantly, the compound ampoule could also allow uncontrollable devices (spring or gas 

based) to perform injections in two phases. There are situations where a two-phase injection may be 

beneficial, such as halting penetration part-way through the injection as was demonstrated with the 

high speed X-ray (Chapter 5). Therefore, the compound ampoule may present an opportunity for 

spring-based or gas-based devices to take advantage of the two-phase approach. 
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7.6. Conclusions 

A 1 mL compound ampoule was developed which produced jet speeds of 146 m/s and 101 m/s in the 

first and second phases, respectively, when subjected to a constant force input of 248 N. Jet force 

measurements were used to validate the performance of the device, and injections into post mortem 

porcine tissue were performed to examine its ability to deliver into tissue. Five constant force (248 N) 

injections resulted in a proportion delivered of 96 % ± 5 % of the 0.98 mL total volume. This represents 

successful large volume jet injection using a compound ampoule. A maximum power of 220 W was 

required to perform these injections into porcine tissue. Equivalent injections with a single piston 

(Chapter 6) required over twice the force and more than five times the maximum power. 

The compound ampoule injections were achieved with a 248 N force over a 50 mm stroke – something 

which can now be achieved with a much smaller motor. The results presented here indicate that, with 

the assistance of a compound ampoule, it is possible to perform large volume jet injection with a 

portable, hand-held device which would be appropriate in a clinical setting. 
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CHAPTER EIGHT: CONCLUSIONS 

The aim of this work was to increase the volume deliverable by a controllable jet injector and gain an 

improved understanding of the issues associated with the injection of large volumes. In pursuit of this 

aim, two-phase injection using a novel mechanism (the compound ampoule) was explored as a way to 

increase the deliverable volume with a voice coil driven injector. The benefits of the compound 

ampoule and two-phase delivery were quantified with analytic expressions for the energy and 

maximum power required to complete an injection. These definitions demonstrated that use of the 

compound ampoule is associated with a significant reduction in the maximum required power and, 

therefore, the required motor mass. Interestingly, it was also discovered that the compound ampoule 

could simultaneously offer a reduction in the required energy. These results provide clear evidence that 

a two-phase injection using a compound ampoule is a beneficial way in which to conduct a jet injection 

and opens the possibility to increase the deliverable volume. 

An initial prototype of a compound ampoule injector was developed which could inject 1.2 mL at jet 

speeds that had previously demonstrated success at lower volumes (less than 0.3 mL). This compound 

ampoule produced the desired jet speeds but failed to successfully deliver the full 1.2 mL into tissue 
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samples. This failure was due to insufficient jet speed in the second phase of the injection. This finding 

suggested that the delivery of 1 mL requires different jet speed(s) relative to volumes less than 0.3 mL, 

highlighting the need to gain a better understanding of the requirements for the delivery of these 

larger volumes. 

In order to gain a better understanding of the requirements of the jet injection of large volumes, a 

highly controllable large volume jet injector was developed. This device could perform a wide range of 

jet speed profiles with volumes of greater than 1 mL, enabling a level of control that had not previously 

been achieved for volumes of over 0.3 mL. The controllability of this device facilitated the investigations 

in Chapters 5 and 6 where single- and two-phase injections were directly compared. 

A series of injections were conducted into post mortem porcine tissue using single- and two-phase 

profiles and videoed using high speed X-ray. The single-phase injections demonstrated the extent of 

the variability in penetration and dispersion arising from variable tissue properties. These injections 

ranged from early penetration into the muscle, penetration and dispersion solely in the subcutaneous 

fat, and early penetration into the fat before breaking into the muscle late in the injection. Two inverse 

two-phase, and two standard two-phase injections were also conducted, and all four of these injections 

were able to elicit the desired dispersive behaviour within the tissue. The two-phase injections 

prevented any further penetration following the reduction in jet speed in the second phase, while both 

inverse two-phase injections caused secondary penetration events through the fat-muscle boundary as 

soon as the jet speed was increased. These observations indicate the ability of jet speed manipulation, 

even as simple as a two-phase profile, to overcome the variability of the tissue and control the 

dispersive behaviour. The observation of the penetration depth versus time across these injections also 

provided significant insight into the role of the higher speed first phase during a large volume two-

phase injection. This informed the choice of first phase jet speed and volume used in the tissue study 

described in Chapter 6. 

The failure of the large volume experiments with the first compound ampoule prototype indicated that 

the delivery of 1 mL or more requires greater jet speeds relative to the injection of less than 0.3 mL. In 

order to establish the jet speed(s) required to deliver 1 mL, a series of 65 tissue injections were 

performed in single- and two-phase profiles into porcine tissue samples. These injections demonstrated 

that a second phase jet speed of at least 100 m/s was required for the successful delivery of 1 mL with a 

two-phase profile. This speed was also found to be less than the speed required for success with a 
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single-phase injection, demonstrating that two-phase injection can be used to successfully deliver 1 mL 

while also reducing the energy expended during an injection. However, a greater second phase jet 

speed is required with greater injection volumes. Since second phase jet speeds as low as 50 m/s have 

been used with volumes less than 0.3 mL, the benefit of the two-phase approach is somewhat 

diminished for the injection of 1 mL.  

This series of injections also indicated that delivery success was dependent on the tissue layer to which 

the injection penetrated. In the single-phase group, those injections which penetrated into the muscle 

were consistently very successful. This is possibly due to the muscle being more permeable to the 

injected liquid relative to the subcutaneous fat. The delivery success of injections in the subcutaneous 

fat, however, showed a strong correlation with the depth to which they penetrated into the fat. This 

observation was consistent across both the single- and two-phase injections. 

The improved understanding of the requirements for the successful delivery of large volumes was then 

applied to the compound ampoule. A compound ampoule was constructed to produce jet speeds that 

had demonstrated success in Chapter 6. This ampoule produced jet speeds of 146 m/s and 101 m/s in 

the first and second phase, respectively, when subjected to a 248 N constant force input. Performing 

such an injection with a compound ampoule required a maximum power of just 220 W, less than one 

fifth of that required to perform the same injection with a single piston in Chapter 6. Injections with the 

same constant force input into post mortem porcine tissue demonstrated superior delivery success 

relative to equivalent position controlled injections (140 m/s followed by 100 m/s). These successful 

injections required just 248 N over a 50 mm stroke – something that is well within the capability of a 

small, clinically appropriate motor. These results thus indicate that the delivery of 1 mL with a 

compound ampoule assisted injector could be performed with a clinically appropriate injection device. 
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8.1. Future Work 

8.1.1. Compound Ampoule 

The work in Chapter 7 tells us that, when assisted by a compound ampoule, a clinically appropriate 

version of a voice coil driven 1 mL jet injection device is feasible. Prior to use in the clinic such a device 

would also need to demonstrate its ability to conduct consistent injections into humans. The injections 

conducted in this thesis used porcine abdominal tissue as a simulant for human skin, and although this 

is generally regarded as a good model, the suitable jet characteristics would need to be confirmed in 

humans. Any effect on the injected drug caused by the injection process would also need to be 

established prior to use in the clinic. 

The implementation of position control with a compound ampoule is an area which should be 

investigated in the future. One of the main difficulties in this effort would be to set up the feedforward 

model to account for the sudden change in piston area. The ability of the compound ampoule to 

operate with other driving mechanisms should also be investigated. With uncontrolled injection systems 

the compound ampoule not only provides a miniaturisation opportunity, but it could also allow these 

devices to perform injections in two phases of jet speed. 

8.1.2. Targeted Large Volume Delivery 

The injections in Chapters 6 and 7 indicate the difficulty in achieving complete delivery of 1 mL 

exclusively within the subcutaneous fat. These injections show either predominantly muscular delivery 

or mixed subcutaneous fat and muscular delivery when 1 mL is successfully delivered. This indicates that 

delivery of this volume to the muscle relies simply on the selection of a sufficiently high jet speed(s). 

Delivery exclusively into the subcutaneous fat, however, appears to come with some risk of incomplete 

delivery. Further investigation would be required to establish if the pre-selection of jet speed(s) alone is 

enough to consistently achieve complete delivery of large volumes into the subcutaneous fat. 

This observation adds to the motivation for the development of a depth monitoring and feedback 

system that would attempt to control delivery depth through real-time control of jet speed. Another 

possibility is that other jet characteristics could be manipulated instead of, or in conjunction with, jet 

speed to achieve successful delivery of large volumes exclusively into the subcutaneous fat. Such 

characteristics could include the jet size and shape. It could also be beneficial to follow the precedent 
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set by needle based injection and perform subcutaneous fat injections at an angle to the skin, to reduce 

the chance of penetrating the muscle while also using greater jet speeds to ensure complete delivery. 

8.1.3. Tissue Properties 

For the injections performed in Chapter 6, the delivery volume was observed to be correlated with the 

tissue layer as well as with depth into the subcutaneous fat. Both these observations raise important 

questions for future investigation related to large volume jet injection: Is there a minimum depth 

associated with a given delivery volume that must be achieved for success? And, is the muscle tissue 

inherently more able to support the delivery of larger volumes of a jet injected liquid relative to the 

subcutaneous fat? 

A key difference between injections into ex-vivo and in-vivo tissue is the boundary conditions. As ex-

vivo samples do not have the tension and support supplied by the surrounding tissue there is 

noticeably greater deformation for a given contact force. While we have good evidence for the 

relationship between human and ex-vivo porcine tissue for the values used in this thesis, it is unclear 

how changing the contact force or skin tension may affect injection outcomes. These are issues 

deserving of further investigation as they could be manipulated or controlled as the injector is pressed 

against the skin to help achieve the desired injection outcomes. 
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8.2. Significance of Findings 

The work presented in this thesis has extended the volume deliverable with a voice coil powered jet 

injector from 0.3 mL to 1 mL through the development of the compound ampoule. A compound 

ampoule could now be paired with a smaller voice coil motor to develop a device for the controlled 

delivery of 1 mL in the clinic. While the compound ampoule has been demonstrated as a powerful tool 

that could aid miniaturisation, it also raises the possibility of conducting two-phase injections with 

uncontrolled injection devices, such as spring- or gas-powered systems. The work in this thesis 

highlighted the potential benefit associated with the two-phase approach, including the ability to 

provide some level of control over the dispersive behaviour in tissue (Chapter 5). The compound 

ampoule could thus be used to bring these advantages to devices which have not previously been 

capable of performing injections in two phases. 

The high speed X-ray (Chapter 5) and tissue injection (Chapter 6) studies have led to a greater level of 

understanding of the effects of injection speed and volume. While uncontrolled injectors have 

previously been able to deliver volumes greater than 1 mL, the lack of control over jet speed and 

volume meant the effects of these parameters could not be thoroughly investigated. The results of the 

controlled injection studies presented here provide significant insight into the effects of jet speed and 

volume on delivery characteristics and the interaction with tissue. This understanding will be of 

significant benefit in informing the design of other injectors seeking to deliver volumes up to 1 mL, and 

also provide a platform for the development of other techniques which could further increase the 

deliverable volume. Additionally, this insight into the effects of injection volume and jet speed will be 

particularly helpful to future investigations into other injection characteristics, such as jet size, or shape. 

This work was performed with the intent to contribute to the scientific understanding of jet injection 

and, to assist with commercialisation efforts of this technology. It is hoped that through this 

contribution a benefit to the safety and effectiveness of transdermal drug delivery is achieved that leads 

to an overall improvement in human health-care. 
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8.3. Thesis Outputs 

The research performed in this thesis has given rise to the following novel and academic contributions: 

8.3.1. Chapter Three: Two-Phase Jet Injection 

[66] A. J. Taberner, B. P. Ruddy, R. M. J. Williams, J. W. McKeage, P. M. F. Nielsen, “Coaxial Piston 

Injector”, United States Patent Application, US20170049966A1, Published February 23 2017.  

[65] B. P. Ruddy, J. W. McKeage, R. M. J. Williams, P. M. F. Nielsen, and A. J. Taberner, “A Compound 

Ampoule for Large-Volume Controllable Jet Injection,” Conf. Proc. Annu. Int. Conf. IEEE Eng. Med. Biol. 

Soc. IEEE Eng. Med. Biol. Soc. Annu. Conf., vol. 2015, 2015. 
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