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ABSTRACT

Ballistic Impact of Single Particles into Gelatin: Experiments and Modeling with

Application to Transdermal Pharmaceutical Delivery
Master of Applied Science, Mechanical Engineering, 2009, Rachel Guha

School of Graduate Studies, Ryerson University

The high speed penetration of particles into the human dermis is of interest for targeted drug delivery by
transdermal powder injection. However, performing well-controlled single impact experiments with micron scale
particles on dermal tissues is difficult. Therefore, the suitability of the use of a dimensionally scaled up ‘model’
system utilizing steel balls impacting a gelatin to simulate the perforation of micron sized gold particles into humén
skin was investigated. A finite element (FE) model of a ‘calibration’ system consisting of a 2 um gold sphere
impacting the human dermis at 651 m/s was used to extract the combinations of possible epidermal material “
pr&perties which allowed an FE predicted penetration able to match measured data from an existing study in the
literature.  Novel scaling iaws were developed to link the ‘model’ and ‘calibration’ systems, and impact
experiments were performed on gelatins of various formulations to determine the formulation that produced a
penetration which, when scaled, matched that of the calibration system. The resulting material properties of the
gelatin were appropriately scaled and used to choose the best combination of skin material properties. in this
manner, a quasi static elastic modulus of 2.25 MPa was found for skin, in good agreement with repozted values
from the literature. Further experiments were performed with steel, polymethyl-methacrylate, titanium, and
tungsten carbide balls impacting the gelatin, in order to determine the effects of particle size and density on
penetration depth. FE simulations of both the model and calibration systems confirmed the scaling relationships
and impact behavior found in these experimex';ts. Both the FE model and the steel-gelatin experime;':ts were able
to predict the penetration trends found by other investigators in the examination of typical particles used for

vaccine delivery. It can therefore be concluded that scaled up systems utilizing ballistic gelatins can be used to

investigate the performance of transdermal powder injection technology.
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NOMENCLATURE

The definition of symbols in alphabetical order:

Symbol Name

a Particle radius

A Particle cross-sectional area

d Particle diameter

E Particle elastic modulus

k Proportionality constant

K Number of data pairs in least squares error calculation
L Target length

m Particle mass

Mp Momentum density

Py " Particle Penetration depth

S Least squarés error

S Ratio of model radiug to prototype radius
t Time

v Particle velocity

w Target width )

Greek symbols:

a Strain hardening Exponent

B Angularity

& Target critical strain

3 Strain rate

A Stretch ratio

U Target infinitesimal shear modulus

x \

Unit

[um] or [mm)]
[um?] or [mm?]
[um] or [mm]
[Mpa]

[Pa”]
[Non-dimensional]
[um] or [mm]

[kel

[kgs' m?]

[um] or [cm]
[Pa’/Pa’]
[Non-dimensional]
[s]

[ms™]

[um] or [mm]

[Non-dimensional]
[Non-dimensional]
[um/um] or [m/m]
[s7]

[um/pm] or [m/m]
[kPa] or [MPa]



Po

P

Particle density
Target density
Engineering stress

Strain energy density

xi \

[g/cm’]
[g/em’]
[Pa]

[ m?]



Chapter 1. Introduction

1.1 Motivation

Drug delivery through the skin avoids many problems associated with the oral route such as:
drastic changes in pH, exposure to food and harmful digestive enzymes, variable transit times, rapidly
fluctuating drug plasma concentrations, larger amounts of side effects (such as stomach pain, gas,
bloating, or diarrhea), and possible patient incompliance [1]. Despite the high levels of pain, the primary
method for delivery of drugs into the body continues to be the use of needles and syringes. In one
study, an estimated 20% of children and 8.2% of young adults requiring vaccination demor:strated
extreme distress when administered drugs using hypodermic needles [1]. A further study reported that
50-80% of all adults detailed experiencing pain and tenderness at the injection site following tetanus
toxoid boosters [2]. Poor compliance to medication regimes is highly correlated to the needle aversion
exhibited by many individuals, especially if requiring multiple dosages. Besides needle aversion, a
second factor driving the development of a needle-free drug delivery system is concerned with the
spread of blood-borne infection due to needle-stick injuries. An estimated 3 million healthcare workers
are exposed to hepatitis B virus, hepatitis C virus, and human immunodeficiency virus, worldwide, per

year, due to impingement of a needle during treatment [2].

The investigation for useful alternatives to hypodermic needles began as far back as 1924 when
Rein [3] proposed that the primary resistance to permeation transcutaneously was largely created by
the most-superficial epidermal layer called the stratum corneum. Further understanding of the skin’s
structure and its properties led to the development of many types of needle-free transdermal delivery
techniques that can be divided into passive and active methods, depending upon whether or not the
drug permeation requires an external energy source. Within the realm of passive methods, the

transdermal patch is in widest use, boasting $12.7 billion in the year 2005 with an expected increase to



$21.5 billion in the year 2010 and $31.5 billion in the year 2015 [4]. In spite of the success produced by
products such as the nicotine patch, this type of transdermal delivery continues to be limited by the
stratum corneum which acts as a barrier to molecular compounds weighing over 500 Da [S]; in fact, the
largest compound formulated within a patch is Oxybutinin, which is 353 Da [1].  In an effort to
overcome the barrier limitations, many active methods have been developed to enhance diffusion rates
of the permeants, primarily through the application of electroporation or ultrasound [2]. However,
despite numerous advances, certain techniques are still limited to the transmission of smaller chemicals.
Additionally, passive methods are often associated with lengthy lag times, thus precluding scenarios

-

which require rapid onset or time-varying delivery [6].

One active transdermal technique that is able to bypass the largely impermeable stratum
corneum layer is a needle-free injection system that works by accelerating the pharmaceutical at speeds
suﬂ%cient to g:last through the outer epidermal layer. The first of such devices was developed in 1947
utilizing liquid jets and was developed to administer insulin [7]. Jet injector popularity continued to
increase with the prospect of using it as a tool for vaccination. The advantages of vaccine delivery
through the skin have long been known and are greater in conjunction with the use of a needleless
injection system. The rationale for the development of a needle-free vaccination system include
improved safety for the vaccinator, higher compliance for the vaccinee, glimination of pain at the
injection site, quicker and simpler vaccination, and a potential for a reduced cost over injection using a

traditional needle and syringe [2].

Another important advantage of jet injectors over other novel delivery methods is their ability
to elicit a stronger immune response by delivering the vaccine-antigen directly, or in near proximity to,
immunological cells such as Langerhans cells which are located in the epidermal layer of the skin [1]. The

result is a possible decrease in the required dosage needed to elicit the same response. Several



variations have been developed in an effort to optimize the jet injector’s design for use as a vaccination
tool. The “multi-use” nozzle was employed from the 1950’s to the 1980’s, but was discontinued as the
risk for transmission of blood borne infections due to cross-contamination of the injector was deemed
to be too high. Currently, there are a variety of disposable-cartridge jet injectors in use or under

development which eliminate the risk of cross-contamination.

1.2 Thesis Objective

The purpose of the research was to determine how the initial particle and process par;meters
{particle incident velocity, radius, shape and density) influence the final penetration depth of particles
launched at high velocity into the skin. As a consequence, a methodology for estimating the skin
material parameters that govern penetration depth was developed in order to test various conditions

and scenarios for implementation to transdermal powder injection.

The primary objective was fulfilled by meeting the following secondary objectives:

-

1. In order to overcome experimental difficulties associated with specimen to specimen variability,
launching micron scale particles at extremely high velocities, and the opaque nature of skin (i.e.,
measurement of penetration depth), a scaled up model system consisting of\an easily prepared

gelatin skin simulant with impacting particles on the mm scale, was utilized.

2. A finite element model was established in order to determine the material parameters that
could successfully describe existing penetration data from the literature for micron scale gold

particles launched at very high velocity into human skin.



Proper scaling laws necessary to create dynamic similitude between the two systems described

in 1 and 2 were established.

Finite element models of both systems were utilized to investigate the appropriateness of the

scaled up system to simulate the penetration of micron scale particles into the human dermis.

Scaled up impact experiments were performed to investigate the effect of particle size and

shape on penetration depth.



Chapter 2. Literature Review

This chapter will examine previous studies and knowledge as they pertain to the penetration of
powdered pharmaceuticals into human skin via epidermal powder injection. To begin with, the skin’s
microstructure is examined in Section 2.1. Section 2.2 provides a general overview of powder injection
including principles of operation (2.2.1), specific requirements for the drug powder formulations {(2.2.2),
and current limitations experienced by this type of transdermal drug delivery system (2.2.3). Finally,
issues relating to the mathematical, numerical, and experimental representation of particle penetration
into the skin are examined in Section 2.3 by extrapolating from ballistic studies (2.3.1), examinring the
measured mechanical properties of skin (2.3.2), detailing finite element models with similar
characteristics (2.3.3), identifying skin simulants {2.3.4), and highlighting the use of dimensional analysis

for the purpose of overcoming obstacles identified in previous studies (2.3.5).

2.1 Skin Structure

Optimization of a transcutaneous device design requires a solid understanding of the structure of
skin. The skin is the largest organ in the human body. It has a surface area of approximately 1.5-2.0 m?,
a weight of approximately 9 kg, accounting for approxin;ately 15% of a body’s mass [8], and has an
average thickness of 2-3 mm. Each square inch (6 cm?) of skin holds 650 sweat glands, 20 blood'vesse!s,
60,000 melanocytes, and more than a thousand nerve endings. It performs many important functions
for the body that include being an insulator and a thermoregulator [9, 10], an input for sensory
information, a site for metabolic processeg, and a place for immunological activities [11, 12]. it is
directly involved in the synthesis of important nutrients required by the body such as vitamin D and
vitamin B [13]. Nevertheless, the skin’s most important role is as a filter between the body and the
external surroundir;g environment; it is‘ able to selectively allow entry to some components while

preventing or destroying harmful ones [1, 14].



The skin is composed of three main layers; the epidermis, the dermis, and the hypodermis or
subcutaneous tissue as depicted in Figure 2-1. The first two layers play an important role in the delivery
of drugs while the hypodermis is mainly used for fat storage[15]. The dermal layer separates the
hypodermis and the epidermis and largely consists of connective tissue which protects the body from
stresses and strains. It is also the site for many important structures such as hair follicles, sweat glands,
sebaceous glands, apocrine glands, blood vessels that carry nutrients and remove waste, and nerve
endings responsible for sensing heat and pain [12]. The epidermis is the most superficial layer of the
skin, mainly used as a waterproof, protective barrier [16]. It may be further broken down into the viable
epidermis and the stratum corneum, where the viable epidermis represents the inner layer that
contains living cells, There are no blood vessels in this region; cells such as Langerhans cells that are

found in the epidermis are fed by diffusion from the capillaries located in the dermis [17].

Figure 2-1: The skin with its various layers and components [18].

\



The outermost layer of the epidermis is the stratum corneum, and is the sub layer responsible
for the skin’s barrier characteristic c.iue to its highly impermeable nature [8, 19, 20]. It is a
heterogeneous structure composed of 10-25 layers of dead, elongated, highly keratinized corneocyte
cells that are surrounded by multilamellar lipid layer as illustrated in Figure 2-2. The intercellular lipids
are arranged in multiple bilayers created by bordering polar and nonpolar regions. The total stratum
corneum thickness averages approximately 6-10 um [21] in all areas of the body other than in the palms
of the hands and pads of the feet where the average increases by two orders of magnitude to 0.4-0.6
mm [21]. 40% of the stratum corneum is composed of protein, 80% of which is the keratin that resides
in the corneocyte cells [8]. The lipid layers are generally accepted to have the greatest role in
determining the skin’s permeability to any foreign compound [22, 23]. Regardless, as formerly
mentioned, the size limit of the stratum corneum has been found io be 500 Da, thus driving the
developm:ent of alternate “active” methods of transdermal delivery that require an energy input for

delivery of the pharmaceutical.




2.2 Powder Injection Devices

One particular type of jet injector currently under development is the powder injection system
created by Powderject (Powderject Pharmaceuticals, plc; Con’toured Shock Tube, The PowderJect Centre
for Gene and Drug Delivery Research, University of Oxford, 43 Banbury Rd Oxford, OX2 6PE, UK). In this
rendition, the pharmaceutical is delivered in the form of a powder rather than a liquid jet. The main
advantage of using a solid particle over a liquid is in its potential for dose reduction; 1/2000" dose
required by epidermal powder injection is equivalent to the response elicited by the full dose required
for intramuscular needle/syringe injection. Solid formulations are also advantageous in theii’ stability
during transport and storage [24], thus eliminating the need to refrigerate parenteral products sensitive
to changes in temperature. In addition to dose and storage considerations, a smaller penetration into

the epidermal layer ensures minimal pain and bruising with respect to their liquid counterparts [6] due

to an absence of vasculature and nerve endings in the targeted region, consequently resuiting in higher
patient compliance, increased therapeutic success, and ultimately, greated pharmacoeconomic benefit.
Reliability issues relating to the use of a single velocity jet injector found to create difficulties in
obtaining correct depth and dose as a result of tissue variability may also be circumvented [25]. Use of a

device similar to typical commercial powder injection systems will be the focus of this thesis, thus

making worthwhile the review of operating principles and system requirements.

2.2.1 Operating Principles

A typical powder injection device is shown in Figure 2-3 and is composed of six main parts: a gas
canister, a drug cassette, a supersonic nozzle, a rupture chamber, an actuator and a silencer. The gas
Canister contains the gas at a constant pres;sure until depression of the actuator which causes the
canister to open, thus releasing the gas into the rupture chamber. The rupture chamber is broken at a

critical pressure determined by the thickness of the two membranes that help to form it, thus allowing
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the gas to pass on to the supersonic nozzle. Rupture of the membrane results in the entrainment of the
pharmaceutical, contained by the drug cassette, within the flow. Helium is used most often due to the
high speeds that it can achieve. The system developed by Powderject is able to accelerate particles of
sizes between 20-100 pm to velocities of 300-900 ms™ resulting in a delivered dose of up to 6 mg [26],
although particle payloads at 2-3 mg are shown to produce the best bioavailability [24]. Typical depths
achieved with these parameters are 20-60 pm [27]. In Figure 2-4, a histological sample is shown,
illustrating the typical range of depths achieved with micron sized gold particles. A strong correlation
has been determined experimentally between the initial particle velocity, radius and density, and the
final penetration depth achieved by the particle [24]. Optimization of these three parameters may
enable the target of specific skin layers or regions. It is important to note that the effect of particle

shape is typically ignored in this approach.

Microcylinder

Figul;e 2-3: A schematic of a commercial needle-free vaccine delivery system [24].



Figure 2-4: Gold particles (1+0.2um) delivered at 580+50 ms™ into human skin [24].

2.2.2 Powder Requirements

The requirements for the powdered formulations used in powder injection are similar to those
for a;my solid dosage: drug stability; preventing chemical interaction with expients contained in the
formulation or the packaging; and knowledge of effects introduced by processing and handling on
particle fc;rmation [6]. Criteria specific to powder injection often involve problems arising due to the
ballistic nature of the delivery where particle-particle and particle-wall collisions are frequent within the
device, followed by subsequent impact with the skin’s su;face and penetration into the skin. In such
cases, composition and processing have been found to have greater effect upon the manufactured
particles’ stability [26]. The processes and additives used to create the powder are chosen in order to
produce optimal size, density, and sfrength and to ensure proper functioning of the powder throughout
normal operating conditions. Expients are ch;Jsen in order to ensure the chemical and physical longevity
of the drug and should enable the drug dosage to be dispensed in an appropriate manner and time
interval once delivered into the body. An example is the manufacture of particles containing
conventional protein subunit vaccine which is preferentially manufactured using spray-freeze-drying
because of its ability to promote maintenance of spherical shape and size immediately upon freezing

\
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[28]. Typical expients are utilized to stabilize the protein, provide surface protection, or prevent the
powder from water uptake. In addition to the stability issues created by the impact scenario, tight
control over particle size and particle distribution is of great importance for precision delivery [29].
Table 2-1 lists the most desirable physical/mechanical and pharmaceutical/biological properties for

particle in use in powder injection.

Table 2-1: Requirements for powders applicable in needle-free powder injectors

Physical and mechanical requirements Pharmaceutical and biological requirements
Uniform size (~30-50 pm in diameter) Appropriate parenterally aceeptable excipients
Uniform shape (spherical) Short/long-term chemical and physical stability
High density (800-1500 kg/m") Appropriate biological properties, once

- delivered to the skin
Sufficient mechanical strength to withstand Manufacturability
impact with the skin

It has been suggested that the mechanical properties most suitable for efficient drug delivery
can be obtained through the concept of momentum density whereby the depth of penetration is

proportional to the momentum density, given by [26]:

vm
M, = i vdp, =2vap, (3-1)

where M, is the momentum density, and v, m, A, d, a, pp are the particle velocity, mass, cross-sectional
area, diameter, radius, and density respectively. Thus, to achieve a deeper penetration, the ideal

particle is larger, denser and faster. v a ps is typically identified as the particle impact parameter [24],
\\
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and it has been found that a particular limiting value of 7 kg/m/s must be surpassed in order to ensure a
breach of the stratum corneum. This relationship imposes practical considerations upon particle

properties that have been tested and documented in the literature [30].

As previously discussed, the stratum corneum limits the passive delivery of molecules greater
than 500 Da into the skin; powder injection is said to have no upper bound on particle size because,
theoretically, given sufficient incident energy, any drug formulation should have the ability to breach the
skin [26]. Based on the relationship provided by momentum density for the depth of particle
penetration in a homogeneous medium, it would seem that the ideal particle is larger, faster and
denser. Conversely, some studies have found that the useable range of particle sizes is 20-100 um. For
example, the skin has been observed to deflect particles below the listed range. An exception to this
obse;vation is the DNA application particle deliveries, characterized by radii below 2 um, as a result of
the higher densities imparted by a gold coating [26]. At the opposite end of the spectrum, larger
particles are limited by the greater incidences of biological impact such as hemorrhages and petechiae
[26). Another important particle characteristic is density, where dense particles are preferred to porous
or hollow particles that may be limited by low physical strength. Higher densities ranging from 800 to
1500 kg/m?® are cited as the most desirable range [29]. Further physical properties such as e!:;sticity,
plasticity, and deformability without fracture may elucidate pharmaceutical impact behaviour and
efficiency of delivery. Particle shape and surface morphology are often cited as having negligible
influence on performance, although the former may alter particle behaviour in gas flow [26].

Conversely, some sources cite a uniform shape, preferably spherical, as a desirable property [29].

Other processing and handling considerations specific to powder formulation for use in powder
injection systems are its flowability and dosing into the gas gun cassettes, indifference to a normal range

of working conditions [26], optimal storage stability, and compatibility with anticipated manufacturing

|
\\
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processes [29]. Several manufacturing methods have been proposed for the formulation of the powders
including spray drying (SD), spray-freeze drying (SFD), supercritical methods, fluid-bed spray coating, and
many others [29], of which the first two are most promising [29, 31]. A detailed account of each

process can be found in the review by Ziegler et al. [29].

2.2.3 Current Limitations

Although powder injection systems show a great amount of promise as an improved method of
administering drugs over traditional needles and syringes, they continue to suffer certain shortcomings
which limit their potential to gain widespread acceptance. The most significant problem is cited to bev
the development of an appropriate formulation and ensuring the development of the proper
characteristics able to withstand the large forces generated in the process from drug cassette to final
posit%on within the epidermis. The combination of size, density, and particle strength are unique with
respect to other solid pharmaceuticals used in pulmonary delivery or for tablet manufacture [29], thus

requiring further research to establish processes that can enable this end-goal.

A further problem cor;:ems whether or not th«? powder injection system is successful at
eradicating pain and bruising at the injection site, two side-éffects that are known to cause non-
compliance in patients. To date, all powder skin injections are found to trigéer a mild erytheﬁta that
may be readily dissolved or may cause long-term changes to the skin’s appearance and structure [26].
One study conducted by Wolf et al. [32] using the Powderject system investigated whether powder
injection could provide effective skin analgesia for venepuncture in unpremedicated children. Two sites
were tested; the antecubital fossa and the back of the hand. The device was found to be relatively
painless and to cause only temporary changes in each of the targeted areas. However, the device was

also found to be ineffective at the back of the hand. Efficiency could be increased by using higher
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driving pressures, but higher driving pressures were also found to cause a greater amount of skin

damage and increased the occurrence of petechiae.

Another significant limitation to current systems is the variability in ' their performance
represented by the scatter seen to occur in final particle position. Earlier models showed significant
scatter in velocity profile and spatial distribution. This is not favourable for the proper functioning of the
device throughout a range of conditions, especially in cases where specific locations must be targeted.
An initial difficulty involves identifying the relationship between the initial particle parameters and the
final penetration depth. Additionally, the initial particle velocity should be resolved with respect to the
gas flow conditions produced by the device. The particles can only achieve a steady and reproducible
velocity if they are entrained in a portion of the flow that can be represented as steady state. Ideally,
the ~éffect of each step involving the drug pharmaceutical on its efficacy must be understood.
Performance is also limited to Zlcm2 impact area on the skin, and a maximum dose of approximately 6

mg [29].

Another possible sourcé”of penetratioﬁh scatter may be a result of differences in particle size
relative to cell size which may lead to different types of tis‘sue failure, each type being éssociatepl with a
different value of breaking stress [33]. The mode qf penetration proposed for smaller particles is
intracellular, while larger particles may penetrate by an intercellular failure mechanism. The breaking
stresses associated with the intraceilular meghanism are generally thought to be larger than the stresses
that would cause intercellular failure since the bond between cells is not as strong as the bonds that
hold the molecules of the cell t_ogether. A related problem involves the variation in the physical
parameters and properties of the tissue throughout the body that have been documented for several
regions [21] which may depend on the gender and age of the individual [34, 35]. The study conducted
by Wolf et al. [32] suggests that injection performance will not remain constant for any two sites on the

\
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body; in fact, the parameters used at one site may be completely useless at another. Understanding the
relationship between the incomplete homogeneity of skin and injection efficacy may eliminate the time-

consuming process of testing each site individually.

2.3 Modeling Particle Ballistics into the Skin

High speed particle delivery into the skin requires the use of a model with appropriate physical
characteristics that can predict the penetration of a solute with known initial parameters. The mc;deling
of particle ballistics within the realm of powder injection is sparse. Only a single highly simplified model
has been used by the group developing the Powderject system to link the initial particle parameters and
mechanical properties of skin to the final particle position. The moael that has been used is the
theoretical penetration model first proposed by Dehn [36] which assumes that the force of deceleration
acting on- the particle is composed of two components: the inertial force required to accelerate the
target material up to the speéd of the particle, and the static force required to yield the target material
[24]. This expression may be integrated to obtain the theoretical penetration depth'relationship. In
order to obtain penetration depth, the initial particle parar;neters of density, radius, and velocity must be
known, as well as the yield strength of the target material, which in this case.is skin. Good agreement
between the theoretical model and experimental results were found using gold particles [24, 33];
however, the results highly depend upon the choice of target stiffness used [37]. The model was
presented as a closed-form solution. The simplified model suffers from an inability to properly capture
the complexity of human tissue, especially when subjected to large deformations and varying strain
rates [38]. Furthermore, the mechanical relationship is also restricted in its ability to predict the effect

of particle shape; drug particles are often assumed to be spherical [33] when in fact they are highly

irregularly shaped [39]. One popular approach used to circumvent the simplicity of closed-form
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solutions in the modeling of soft materials such as skin is the use of finite element analyses with an

appropriate constitutive model.

2.3.1 Analogous Ballistic Studies

Although no other models have been proposed for the epidermal ballistic delivery of micro-
particles into human skin, it is instructive to look at parallel areas of research such as wound ballistics
which studies the interaction between a projectile and its target or liquid jet injection for transdermal
drug delivery. The wound ballistics field of study is often concerned with the velocity required to cause
a bullet of known radius and density to penetrate into the skin. For example, Jauhari et al. [40] deduced
that the penetrability of skin is primarily dependent on the sectional density of the bullet, which is the
mass of the bullet divided by its cross-sectional area. In addition, several relationships between
thré;ho|d velocity and sectional density have been proposed [41]. Peters and Sebourn examined wound
ballistics as it pertains to unstable, nondeforming projectiles [42, 43]. This problem was broken down
into different sub-processes including: projectile yaw growth and retardation, temporary cavity
formation, and tissue damage. The model had the ability to ultimately predict the mean quantity of
damaged tissue in addition to the expected scatter within éhat damage prediction. Similarly, most other

studies within this realm are concerned with either threshold velocity required for penetration [44] or

with amount of tissue damage [45].

Within the realm of liquid jet injection, Shergold and Fleck [46] began by examining the deep
penet;'ation of a soft solid, modeled as hyperelastic, isotropic solid, by flat-bottomed and sharp—tipped
punches. Flat-bottomed punches were found to penetrate soft solids by formation of a mode-Il ring
crack that propagates ahead of the punch tip, while sharp-tipped punches were found to penetrate
through the formation of a mode-| crack at the penetrator tip, upon which the crack may open and

spread as the tip advances. In a companion paper [47], these two models were subsequently compared
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to liquid jet penetration experiments using human skin and silicon rubbers, and it was found that the
sharp-tipped punch penetration model was able to sufficiently describe the pressure required to
penetrate a soft solid by liquid jet. An interesting finding within the original paper was that more
pressure was required to perforate the skin using the blunt-tipped punch when compared to the sharp-
tipped punch indicating that shape of the penetrating object influences penetration depth. Schramm-
Baxter et al. [48] conducted a similar study with the purpose of examining the penetration mechanisms
of a liquid jet into a polyacrylamide gel with varying moduli values and found that liquid penetration
could be broken down into three regions: erosion, stagnation and dispersion. They also fow;td that
penetrations and erosion rates tended to decrease as the modulus value increased. The importance
was placed upon the recognition that skin modulus values vary from site-to-site and person-to-person
and that a sound understanding of how the jet penetration is influenced by such variations will lead to

improved abilities in the drug delivery capabilities of the technology.

Although the above studies may elucidate components of the skin’s behaviour upon puncture
and penetration it must be noted th;t in the study of liquid jet injection, the penetration is on the order
of several millimeters where'the dermis largely influences overall epidermal behavior. Ballistic studies
are often concerned with deeper penetrations, through the dermal region and into underlying
musculature or organs [49, 50]. Conversely, powder injection is only concerned with penetration at the
micron scale where skin behaviour and penetration mechanism may be largely different. Experimental
studies examining powder injection are often concerned with the percentage of cassette dose that
reaches specific layers of the skin as a function of actuating device pressure, but they are not concerned
with the formation of mechanisms that can directly link initial particle and process parameters to final

penetration depth [39].
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2.3.2 Measured Mechanical Properties of Skin

Many attempts have been made to determine the mechanical properties of the various layers of
the skin using techniques such as the tensile [51-53), compressive [54-57], indentation [58, 59}, torsion
[60], and suction [61, 62] tests. However, the values taken from these quasi-static tests may not be
applicable to the study of the high-strain rate particle ballistic impact that is typical of powder injection
technology [24, 33]. Strain rates representative of most mechanical tests on skin are approximately ten
orders of magnitude smaller than the strain rates that characterize particle penetration using ?owder
injection [37]. During a study on the effects of relative humidity and ambient temperature on the
ballistic delivery of micro-particles to excised porcine skin, Kendall et al. [37] determined that the use of
a yield stress value obtained from a tension test would result in an overestimation of the predicted
penetration depths by a factor of 6. Furthermore, the value of yield stress needed to accurately predict
penetration depth would hauve to be more that 10 times higher than the quasi-static value. One of the
proposed reasons is that the {ﬁaterial undergoes a ductile-to-brittle transition with increasing strain rate
and will exhibit different modes of failure. Sﬂﬁergold and Fleck have also examined the effect of strain
rate on the shear modulus of porcine skin [63], finding an i“ncrease in modulus value by a factor of fiv;e as
thé strain rate increases from & = 0.004 s to & = 40 s, and by a further fag:tpf of four between strain
rates £ = 40 s to & = 4000 s. A further consideration may relate to the mechanical model utilized to
determine the Young’s modulus from the tensile tests performed by Wildnauer et al. [64] and
subsequently used by Kendall et al. [37] that lead to an erroneous value of penetration depth [38, 61].
Most mechanical models do not account for the large effect of external variables, such as the type of
stress applied, the thickness of skin, and the Surface area of tissue used, all of which may significantly
alter the measured elastic modulus [38]. In reality, the values for measured Young’s moduli have been

found to vary by a factor of 3000, e.g., from 0.02 MPa to 57 MPa [61], depending upon the model

proposed. \
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2.3.3 Finite Element Modeling of Skin

Not only has the structure of skin been well recognized for years, but it is also widely accepted
that the behaviour of skin is properly described as a nonlinear, anistropic, viscoelastic material [51, 53,
65-67] in a state of tension in vivo [68]. Several constitutive relationships have been proposed for the
purpose of analyzing skin tissue. These can be broken down into micromechanical or
phenomenologically-based models [63].  Micromechanical models incorporate physiologically
meaningful parameters to characterize the behaviour of skin. In this way, a change in one or more
parameters would represent the structural differences between two samples and, additionally, have thé
ability to predict the difference in their observed responses. Some micromechanical models examine
only one component of the skin, such as a single collagen fibre [69], while Bischoff et al. [70] was able to

formulate a model describing the collagen network present in the dermis, in terms of collagen density

and fibre free length.

Phenomenological models, on the other hand, put forth a strain energy density function to
describe the skin’s constitutive response. One of the first strain energy functions was proposed by Fung
in 1973 [71] who asserted that an elastic modulus value was meaningless without anvassociated stress
lével. He proposed an anisotropic exponential strain energy equation that could be fitted t;) biaxial
tension tests performed on excised rabbit skin [66, 72]. Other strain energy functions have been
formulated by Barbanel [73], Wijh [74], and Oomens [57], each of which was fitted to successfully
describe one type of histological behavior {;62]. Although some attempts have been made to develop
closed-form solutions to such formulations [38, 51, 61, 75], related parameters may be _difﬁcult to
analyze and identify [76], or, more frequently, simplifications made to geometry and boundary

conditions may result in models that can only successfully describe skin behavior for a single loading

scenario only [38].
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The development of more accurate geometry and boundary conditions necessitates the
implementation of a numerical analysis. This allows for the description of complex behaviours, such as
skin wrinkling [77] and wound closure [78], as well as more accurate multilayered structures [62, 77).
Finite element modeling can also account for large deformations and large strains [79] common to high
impact, ballistic studies which are especially difficult to analyze in soft tissues. In such applications, it is
commonplace to treat skin tissue as an incompressible, hyperelastic solid that can be represented with
an Ogden constitutive model, capable of describing a wide range of strain—ﬁardening behaviors [46].
Another hyperelastic constitutive model, the Mooney Rivlin formulation, has been employed‘ with a
lesser degree of accuracy due to its inability to properly capture the behavior of materials with

extremely strong strain hardening capacities [63, 80].

2.3.4  Skin Simulants

!{m obstacle to preventing a more comprehensive understanding of particle penetration into the
skin concerns the micron-size scale of typical pharmaceutical powders, as well as the opaque quality of
skin, creating difficulties in visualizing and quantifying the effect of particle size, shape and orientation
upon entry into the epidermis. Gels have often been usec; in ballistic studies to simulate soft tissue and
muscle deformation in the examination of bullet trauma and injuries [15-19], as well as in the
examination of liquid jet penetration of the skin [48]. The suitability of gelatin in these studies stems
mainly from its transparency and controllable dimensions, as well as the ease with which the mechanical
properties can be altered through manipulation of gelatin weight percent in the formulation [48]. A
literature search showed that gels are very rarely used to simulate skin; most often, silicon rubbers are
used due to the likeness of their moduli to that of skin. One exception can be found in the study
examining gelatin as a suitable skin simulant in the analysis of the penetration mechanisms of a liquid jet
into an analogous soft solid [20]. However, the emphasis in this particular study includes the

contribution of the larger dermis and hypodermis layers that dominate and characterize the overall
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mechanical response of the material. Another study concerned with the efficacy of powder injection
systems used gels to model the stratum corneum and viable epidermis layers. In this case, upon release
from the injection apparatus, the drug was collected from each layer but individual penetrations were

not examined.

2.3.5 Dimensional Analysis

Scale models have often been used in ballistic penetration studies when the feasibility of a full
scale test is low, generally due to a high aséociated experimental cost. High strain rate penetratio_p
events are simulated. on the smaller scale using a gas gun in conjunction with particles reduced in size.
The data in these experiments can often be scaled to obtain results pertinent to the prototype model for
which it is supposed to replicate using appropriate scaling laws. A dimensional analysis is typically
em;?loyed to formulate the rules which elucidate the relationship between the two systems. For
examp!e,—the Buckingham Pi theorem [81] requires that all the relevant parameters for the problem in
question be combined into dimensionless groups. The choice of the parameters depends on the
problem; for example, when utilizing an FE model, the parameters characterizing the constitutive model

-

{i.e., the material parameters), the geometric parameters, and the response parameters dictate_d by the
scenario must all be considered. The dimensionless groups for each system must be identical to each

other in order to attain the necessary criteria of similitude. If all the criteria are met, the results from

one system may be scaled using the scaling laws to reflect the results in the related system.

Although most ballistic penetration studies have utilized a smaller system to mimic a full scale
problem, the present work will examine the use of a scaled-up {i.e., larger dimensions}) model to
simulate the interaction between the powdered drug particle and the epidermal layer. In this manner, a

skin stimulant (i.e., a model material which acts like skin when appropriately scaled) with desirable
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properties such as transparency and repeatability may be used as a substitute for skin, enabling a more

comprehensive examination of the impact scenario.
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Chapter 3. Materials and Methods

This chapter describes the several inter-related steps that were used to build a finite element
model which could be experimentally verified using scaled up experiments, and ultimately used to

predict the penetration of particles into the epidermis.

(i) A finite element model of a calibration system involving the impact of a 2 um diameter gold sphere
with a velocity of 651 m/s on human skin was constructed (Section 3.1). Under these conditions,
Kendall et al. [24] measured an average gold sphere penetration of 26 um based on 401 data points with

a standard error of + 18 um. The finite element model was used to determine the combinations of skin

material properties that would yield this penetration.

(i) A dimensional analysis, described in section 3.2, was performed that linked the calibration system of
(i) to a model system which utilized 3.18 mm steel balls impacting a gelatin. An FE model for the steel
ball—gelétin system was created in order to confirm the dimensional analysis. 'I:he analysis allowed the
penetration data of Kendall et al. [24], i.e. fo;' the impgcé ~of 1 um radius gold spheres on human skin, to

be converted to an equivalent penetration for the model steel bali-gelatin system. For the calibration

system of (i), the equivalent steel ball velocity was 83 m/s, and the equivalenjg penetration was 4.13cm.

(iii) Impact experiments were performed on the model system with gel formulations having varying
gelatin concentrations with knownv mechanical properties, and the resulting steel ball penetrations were
measured (Section 3.3). The gel formulation which resulted in the steel ball penetration to that was
closest to that corresponding to the calibration data (i.e., 4.13 cm) was determined. The gelatin
material properties corresponding to this formulation were converted to dimensionally similar material
properties for the calibration system (i.e. skin). These properties were used to choose the best set of

skin material properties from the list generated in (1).

£

N

23



(iv) The skin material properties determined in (iii) were used in new FE simulations of particle
penetration into human skin, in order to determine the effect of varying particle size, density and

velocity on the resulting penetration depth.

{v} The gelatin system chosen in step (iii) was subjected to high speed impacts of steel, titanium, PMMA,
and tungsten carbide balls of varying diameter and density in order to determine whether the trends
found in skin were also found when using this scaled up system, i.e., whether gelatin was an appropriate
skin simulant. Angular particles (angularity of 45" and 60°) made of steel with a side dimension of 6.0
mm were also tested to determine the effect of angularity on penetration. A figure defining angularity /is

shown in Figure 3-1.

These steps are described in detail in the following sections.

Figure 3-1: Angularity defined by p.
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3.1 Finite Element Models

The explicit finite element code LS DYNA 971 (Livermore Software Technology Corporation,
Livermore, CA, USA) was used to construct FE models of the calibration gold particle - skin system as
well as the model steel bearing — gelatin system. The model was used to elucidate the material
properties of skin, validate analytically obtained scaling laws, and verify particle impact trends found in
the literature and experiments. To simplify the analysis and allow for the construction of an appropriate
scaled-up model using the gelatin, the stratum corneum and viable epidermis were modeled as a single
homogeneous isotropic layer, a common simplification utilized in the examination of dynamic problerhs
involving complex, layered material such as skin [47]. The hypodermis was neglected due to its low
stiffness in relation to the superficial layers [38]. It was also found that the presence of the dermis
could be neglegted, since the difference in the simulated particle displacement with the lower boundary

fully constrained and unconstrained produced a difference of only 4.8 %.

The modeled skin layer was assumed to be isotropic with semi-infinite dimensions in the
direction parallel to the skin’s surface, while the thickness was taken to be 75 um, equal to the
combined dir;iensions of the stratum corneum and viable ;epidermis [37, 82, 83]. Diffe;"ent laye}' lengths
were tested in order to ensure negligible boundary effects upon particle displacement; a léngth-to-
radius ratio of 5 was found to be adequate. The dimensions in the larger gelatin model were scaled by a
factor S, equal to the ratio of model and prototype characteristic lengths, given by the particle radii of
1.59 mm and 1 um respectively:

a
§, =—Jwoper G-1)
A proTOTYPE

where a represents the particle radius.
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The symmetry resulting from the use of a spherical particle enabled implementation of an
axisymmetric formulation. The outside boundary was constrained for all displacements and rotations,
due to treatment of skin as an infinite medium, whereas the boundary along the axisymmetric edge was
‘allowed displécement in the direction perpendicular to the skin’s surface only. The bottom of the model
representing the/boundary bgtween the viable epidermis and the dermis was left constraint-free. An
initial particle velocity, found from literature in the case of the gold particle and from experimentation
for the larger-scale balls, was prescribed to the particle. The geometry, boundary conditions and loading

conditions are illustrated in Figure 3-2. Frictionless contact between the projectile and the target was

assumed.
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Figure 3-2: Mesh and boundary conditions used in the modeling of the particle and target. AB =
axisymmetric boundary. OB = outer boundary (fixed). All other boundaries left free.
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The particle (i.e., either gold, steel, titanium, PMMA or tungsten carbide) and target (i.e. either skin or
gelatin) were both meshed with four-noded reduced shell elements. Two different mesh densities were
used to mesh the area representing the target. The impact region, represented by a width of a, was
given a finer mesh, and the outlying region of width 4a was given a graded mesh as depicted in Figure 3-
2. In total, the skin contained 220,663 nodes and 204,750 elements, while the particle had 185 nodes
and 160 elements. The gold and steel particles were both modeled to be linear elastic with a Young’s

modulus of 79 GPa and 210 GPa respectively.

For the models utilizing particles having smaller radii than 1 um in the case of gold and 1.59 mm
in the case of the larger steel, titanium, and tungsten carbide balls, the model dimensions were scaled
according to Equation 3-1. As was the case with the steel and gold particles, the titanium, PMMA and
tungsten carbide particles were modeled to be linear elastic with a Young's modulus of 100 GPa, 2.45
GPa and 550 GPa respectively. However, it was necessary to increase the mesh in the impact region to
252,000 elements, and to. 84,000 elements in the outer region. The mesh given to the sphere was left

unchanged.

In the case of the FE model of the 6.0 mm 60" steel angular particle, shown in Figure 3-3, the
mesh of th;skin target remained the same while the 'particle was meshed with 146 nodes and 104
elements. Also unchanged was the modeling of the particle as an elastic solid with an elasti;: modulus
value of 210 GPa, a density of 7610 kg/m>, and a Poisson’s ratio of 0.3. For the 5.83 mm-sided 45"
square particle, due to a technical issue with meshing in LS DYNA, it was necessary to create a full model
{rather than a symmetric half). This modei had 315,000 nodes and 304,413 elements representing the

skin, and 440 nodes and 361 elements for the particle, as shown in Figure 3-4. The material properties

remained unchanged.
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Figure 3-3: Mesh for the 60° angularity steel particle,

Figure 3-4: Mesh for the 45° angularity steel particle.

3.1.1 Constitutive model of skin and gelatin

The Ogden model [84] which has been used successfully to model the behaviour of many types

of biological tissue, including skin [46], was used to model both the human skin and gelatin. The

(

N

\,
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material model demonstrates a nonlinear relationship between stress and stretch. For the high strain
rates involved in particle impact, time-dependent effects may be disregarded [85], since the modulus
value plateaus at high strain rates. In the case of the gelatin experiments, the maximum strain rate was
on the order of 10° s as measured by the FE models, and Kendall et al. [37] had estimated strain rates
on the order of 10° 5™ in their tests of gold particle penetration of skin. Assuming an incompressible

solid, the one term Ogden function employed in the present study takes the form of [63]:

_ 2,
99" az

(A + 25 + 257 -3) G2

where ¢ is a strain energy density function characterized by the infinitesimal shear modulus pe,
responsible for describing the material’s stiffness, the strain hardening exponent a, a measure of the
material’s strain hardening potential, and the principal stretches A; A, A;. The stress-stretch
relationship may be gbtainéd by taking the derivative of Equation 3-2 with respect to A. Furthermore, if
the impact path is collinear with the z-axis of a Cartesian co-ordinate system, and if the target is

considered to be in a state of uniaxial stress, the stress-stretch ratio can be reduced to [63]:

2l e goem]
o, == [As! -2 ] 3-3)

where o; represents the 1% Piola-Kirchoff stress (i.e., the nominal stress).

A curve fitting procedure was employed to determine the u.. and a values that minimized the
least squares error, S, between the experimentally measured stress and the stress calculated using

Equation 3-3 during a uniaxlal tension or compression test [63]:
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where 5} is the engineering stress from Equation 3-4, K is the number of data pairs (A, oy in the test

data set, and Ay and o, are the stretch ratio and the engineering stress measured during the test,
obtained from studies in the literature [86-88].

In the FE simulation of projectile impact and penetration problems, element erosion {is often
utilized in order to simulate material cutting, while avoiding the presence of highly distorted elements
that might cause numerical instabilities [83]. In such schemes, a particular element is removed from
the mesh upon reaching a critical principal stress or strain value. The present work incorporated a
critical erosion strain criterion for element erosion, which was treated as a free parameter that was
adjusted for a best fit to éxperimental data, The critical erosion strain was different depending on

whether the particles were spherical or angular; this is discussed in more detail in Section 3.1.3.

3.1.2 FE model mesh sensitivity

A mesh sensitivity analysis was conducted in order to determine the best traée-off between FE
model convergence and computational time. Using an infinitesimal shear modulus of 4.2 MPa and an
erosion strain of 0.6 to characterize the skin, 5 different mesh densities were utilized, and the resulting
particle penetration depths are shown in Figure 3-5. On an Intel Quad CPU, at 2.4 GHz with 3.00 GB of
RAM, the computational time varied from 5.5 hr for the mesh with 56,000 elements, to 56.5 hr for the
mesh with 288,750 elements. The percent difference between the mesh having 204,750 elements
versus the mesh having 288,750 was only 2.41%, and thus the mesh with 204,750 elements,‘ provided a

good trade-off between the estimated error and the time required (38.5 hr) for solution.
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Figure 3-5: Element number used to mesh the skin layer versus particle penetration for a gold particle with a
velocity of 580 m/s impacting skin.

3.1.3 Estimation of Material Properties of Skin

<

In order to determine the infinitesimal shear modulus of the skin at strain rates in excess of 10°
s, the experimental data of Kendall et al. [24] were used to calibrate the finite element model. Kendall
et al. [24] launched 0.4-2.4 pum radius gold spheres against samples of human skin, and plotted the
resulting penetration as a function of a parameter, called the particle impact‘ parameter, pva, ;vhere yo)
v, and a are the particle density, velocity, and radius, respectively, a representation of the momentum

per cross-sectional area of the particle. For the chosen prototype system consisting of 1 um radius gold

particle traveling at 651 m/s, pva =10.94, and the measured penetration from [24] was 26 um.

Using the calibration gold particle — skin system finite element model, a parametric study was
undertaken to identify combinations of skin infinitesimal shear modulus and critical strain that yielded

this 26 pum penetration. The choice of critical erosion strain was limited to the reported range for the
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maximum critical strain of pig skin [90] (range: 0.00-1.00, median: 0.3-0.55), the skin type most closely
resembling human skin in structure and properties. It should be noted that values for uitimate strain in
human skin agree with the median values reported for pig skin [91, 92}, but decrease at higher strain

rates [92]. The results of this parametric study are discussed in Section 4.1.1.

In the case of the angular particles, the modulus value resulting from the parametric study was
used; however, the erosion strain was adjusted to fit one set of experimental conditions and then

utilized in all other cases.

3.2 Dimensional Analysis

A dimensional analysis was conducted in order to ensure similitude between the calibration
system gold particle impacting the skin and the scaled-up model utilizing steel spherical particles with a
gelatin target. The materi'al parameters pertinent to the material model and geometry employed in the
finite element analysis are listed in Table 3-1 along with typical units and fundamental dimensions for

each. Application of the Buckingham Pi Theorem [81] resulted in 10 dimensionless groups that were

classified as geometric, material characterization, or response, as depicted in Table 3-2..

The geometric groups describe the geometrical scaling of the two systems. m; relates tt';e incident
energy of the particle to the particle’s ability to absorb energy in the elastic range, while n, is the kinetic
energy per unit volume imparted.to the target divided by the amount of energy per unit volume that
can be absorbed by the surface. nsisa me;sure of the inertial disparity between the particle and target.
ng and 1, further characterize the material parameters of the target, while 1g, 1y and my, relate to the
response of the target upon impact, in particular, to the penetration, strain rate, and time of the

response.
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Table 3-1: Impact parameters

Parameter Description Typical units Fundamental units
a Particle radius {m) L
Po Particle density (kg m?) mL?
E Particle elastic modulus (Pa) MT?L?
L Target length {m) L
w Target width {m) L
pe Target density (kg m?3) mL?
Hoo Target infinitesimal shear moduius {Pa) MT?L?
a Target strain hardening exponent - -
£ Target critical strain - - -
v Impact velocity (m/s) LTt
Py Penetration depth {m}) L
é Strain rate st T!
t Time s T

Table 3-2: Dimensionless Groups

Geometric Material characterization Response
L v? P
7[1 T — T =pp ;z‘s — ot
a 3 E a
w 2 .a
a Ty = v
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v
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3.3 Gelatin Experiments

The gelatin experiments were conducted for two principal reasons. Firstly, they were used in
conjunction with the dimensional analysis to help select a set of material parameters that could
adequately describe the skin target of the prototype system. Secondly, these experiments were
conducted in order to determine whether gelatin is in fact a suitable skin simulant by examining
equivalent gold particle-skin penetrations with the non-dimensional groups and by observing whether
trends of size, density and velocity found in skin could be determined using gelatin as well.
f-‘urthermore, use of gelatin as a skin simulant enabled the determination of the effect of angularity on

penetration.

3.3.1 Gelatin Preparation

In order to obtain a gelatin with the correct properties necessary for dynamic similitude with the
p};:ztotype system, it was necessary to vary the concentration and ageing conditions from the standard
ballistic formulation of 10 wt% aged for 24 hours at 10°C in accordance with the factors given by Bot et
al. [86]. The samples were made with Knox gelatin following the procedure recommended by Bot et al.
[86] using cylindrical plastic moulds characterized by a diameter of 7.5 cm and a depth of 10 cm. Gelatin
samples with concentration of 7, 8, and 12 wt% were n;ade, having shear moduli values of 3.77, 5.67,
and 11.64 kPa respectively, found by curve fitting the experimental data as r.ircvided by Bot et al. [86] to
the Ogden model. A 10 wi% formulation was also made, but since a curve for this formulation was not
included in the Ref. [83], the shear m;adulus was extrapolated from the data for the other gelatin

formulations; i.e. the modulus was found by curve-fitting the three shear modulus values given above to

the power law relationship [86]:

ﬂw = kcl.a (3-5)
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where ¢ is the concentration in weight percent, u.. is the shear modulus in Pascals, and k is a
proportionality constant. The R-squared values of all the curve fitted experimental data were very close
to 1. In this manner, the shear modulus value for 10 wt% was found to be 8.61 kPa. Since the
experiments of Bot et al. [86] were performed under quasi-static conditions, a scaling factor to account
for higher strain rates was obtained by curve fitting a set of data from a study [87] examining a 20 wt%
gelatin gel at two strain rates, 1 s* and 2500 s* (R-squared values approximately equal to 1 and 0.98
respectively), and was found to be 9.74. Extracting data from experimentation at strain rates of 2500 s
was considered acceptable due to the fact that properties for most materials are seen to plateau above
certain strain rates. Samples were refrigerated at the recommended temperature of 4°C fo;' 24 hours,
subsequently removed, and allowed to equilibrate to a specific testing temperature before the
experiments were carried but, set to be 20.5°C. The temperature was adjusted and maintained through

slow heating or cooling of the sample within a water bath.

3.3.2 Experimental Setup

Steel {diameter = 1.59 mm, 2.39 mm, and 3.18 mm), grade 5 (6Al 4V) high strength Titanium
{diameter = 3.18 mm), Polymethyl-methacrylate {diameter = 3.18 mm), and Tungsten Carbide (diameter
= 1.59 mm) balls, a 60° steel angular particle (side lenéth = 6.0 mm, thickness = 3.'10 mm), and a 45"
steel angular particle (side length = 5.83 mm, thickness = 2.90 mm) were accelerated to various
velocities using a rectangular-bore gas gun [93] powered by compressed nitrogen, as depicted in Figure
3-6. A single particle was carried through the barrel in a Lexan sabot with a width, length and depth of
3.175 mm, 31.75 mm, and 14.30 mm, r;spectively, shown in Figure 3-7, that had a sliding fit in the
barrel which had a width and length of 3.2 mm and 31.8 mm, respectively. A target holder held the
gelatin target perpendicular to the flight path of the particle. This ensured an initial particle orientation

of zero upon impact, ie., they were oriented as shown in the FE model for all cases.
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Figure 3-6: Schematic of experimental setup [93].

Figure 3-7: Sabots and particles employed with the gas gun in the gelatin experiments.

A FlashCAM high-speed digital camera (Cooke Corp., Auburn Hills, MI, USA), linked to a
MultiTRIG (Cooke Corp.,Auburn Hills, MI, USA} infrared trigger and a video frame grabber, was used to
obtain multiple exposures of the particles in flight at prearranged time intervals. An image analysis

software was used to analyze the multiple exposures, and thus obtain the incident velocity, an example
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of which is shown in Figure 3-8 for the 3.18 diameter steel sphere and in Figure 3-9 for the 6.0 mm, 60°
angular particle. in the utilized configuration, the VGA resolution of the camera resulted in an
uncertainty in the velocity measurement on the order of 2 m/s. Velocities at several different pressures

for each ball and angular particle size were tested.

To measure the penetration depth, a wire was carefully inserted into the channel created by the
impacting ball bearing and marked where it met the top of the gelatin surface. Upon removal from the
gelatin, the penetration depth was measured on the wire using a digital vernier caliper. Figure 3-10
illustrates a typical sample with wire inserted for measurement. Each particular gelatin formulation was

impacted five times to assess the reproducibility of the penetration depths.

Figure 3-8: Multiple exposures of 3.18 mm steel ball in flight with the scaling bar representing 3.18 mm.
Nitrogen gas gun pressure = 40 psi; time delay of exposures was set to 220 us. Measured distance between the
exposures was 8.65 mm, resulting in a measured speed of 39.3 m/s.
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Figure 3-9: Multiple exposures of 6.0 mm, 60° steel angular particle in flight with the scaling bar
representing 6.0 mm. Nitrogen gas gun pressure = 34 psi; time delay of exposures was set to 90 us.
Measured distance between the exposures was 5.64 mm, resulting in a measured speed of 63 m/s.

Figure 3-10: Gelatin sample with wire used to measure the particle penetration.
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Chapter 4. Results and Discussion: Spherical Particles

This chapter presents results and discussion relating to the FE modeling of the spherical particles,
and the experimental results on the scaled up model steel ball-gelatin system. Section 4.1.1 presents
the list of possible material parameters that describe the behavior of skin, generated by the method
detailed in Section 3.1.3. Section 4.1.2 describes the results of the initial gelatin-steel ball experiments
and illustrates how the correct gelatin formulation can be selected using the dimensional analysis.
Section 4.1.3 demonstrates how the correct material parameter combination from section 4.1.1 can be
selected..  Finally, experiments involving additional spherical particles of varying radius and dénsity are

presented in Section 4.1.4.

Section 4.2 discusses the developments that arise from the results of 4.1. More specifically, Section
4.@.1 discusses the validity of the calculated elastic modulus for skin tissue, and Section 4.2.2 -
investigates the prediction power of the FE model developed from the calibration data by utilizing gold
particles of varying diameter and velocity. The validity of gelatin as a model skin simulant is analyzed in
Section 4.2.3 by examining how particle characteristics such as size, density and velo;ity affect particle
penetration depth, and whether these trends are the same as those found previously fér skin in

literature [33].
4.1 Results

4.1.1 FE results — Estimation of material properties for calibration system

As described in Section 3.1, the calibration system, i.e. the 2 um diameter gold (p, = 16.8 g/em’)
particle launched at 651 m/s against skin, resulted in a penetration of 26 um [24]. The results of the FE
analysis that was used (Section 3.1.2) to obtain possible combinations of infinitesimal shear modulus,

U, and failure strain that resulted in the 26 pm penetration are shown in the first two columns of Table
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4-1. As the failure strain increased, a decrease in the corresponding infinitesimal shear modulus was

required in order to maintain the target penetration.

For the corresponding scaled up model system, i.e., the 3.18 mm diameter steel (0, = 7.8 g/cm’)
ball bearing, launched at 83 m/s against gelatin, the dimensionless groups of Section 3.2 imply that the
model gelatin target density should be 0.464 g/cm?', the systems should have equivalent strain

hardening exponents, that the steel particle should penetrate 4.13 ¢m into the gelatin, and that:

ﬂmeEL - 0.0075 5 #QPROT OTYPE { (4-1)

The contribution of the m; group was ignored because both the gold and steel particles have
moduli that are three orders of magnitude larger than skin and gelatin and thus undergo negligible

deformation upon impact [81]. The last column of Table 4-1 shows the calculated (using Equation 4-1) .

model system p.. value that should theoretically result in a penetration of 4.13 c¢m for the steel sphere, if

the calibration and model systems are to obey dimensional similtude.

-

Table 4-1: Possible calibration system shear modulus - erosion strain combinations required for a 26 pm
penetration of 2 pm diameter gold particles into skin. The model system shear modulus given by equation 4-
1, required for a 4.13 cm penetration of a 3.18 mm steel sphere into gelatin is shown in the third column.

Calibration p.. Erosion Calculated model p..
{(MPa) strain {kPa)
55 03 415
32 : 0.4 242
25 0.5 189
20 0.6 151
15 0.7 113
10 0.8 76
\
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4.1.2 Experimental results — Gelatin experiment

Steel ball bearings were fired into several gels of varying weight percent gelatin using a velocity
of 83 m/s. Table 4-2 lists the penetration data for the each gel along with its corresponding high strain
rate shear modulus value {Section 3.3.1}. As the percentage gelatin, and thus the shear modulus, was
increased, the penetration depth was found to decrease. The 12 wt% gel formulation resulted in a steel
ball penetration of 4.05 cm, which was within 2% of the desired 4.13 cm. Thus, the 12 wt% gel
formulation, which corresponded to a shear modulus value of 113 kPa, was used in all further

experimentation.

_Table 4-2: Gelatin concentration and penetration data for 3.18 mm diameter spheres performed five times

Gelatin

. Shear modulus Average Standard Deviation
concentration (kPa) Penetration (cm) (cm)
(wt%)
7 ‘ 37 9.77 0.11
8 55 8.56 0.13
10 80 . 6.47 0.13
12 113 4.05 _ 0.21

4.1.3 FE results — Estimation of material properties for model system

Using Equation 4-1, the skin shear modulus corresponding to the 12 wt% gelatin gel (p.. = 113
kPa), is 15 MPa. Table 4-2 indicates that the skin erosion strain required to yield a skin penetration of 26

um is approximately 0.7. Utilizing these values of erosion strain and the gel shear modulus value of 113

kPa into the model system FE analysis produced a penetration of 4.19 cm. The low difference of 1.45%
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between the FE penetration and that predicted by the dimensional analysis confirms the validity of the

analysis.

4.1.4 Experimental results — Additional gelatin experiments

The results of additional penetration experiments using balls of varying densities and sizes with
several different impact velocities on the 12 wt% gelatin formulation are shown in Table 4-3. The

experimental results are compared to those found in skin in Section 4.2.3.

4.2 Discussion

4.2.1 Elastic modulus of skin

The gelatin shear modulus value found to generate a penetration closest to the 4.13 ¢m
l;;,quired to produce dimensional similitude between the model and calibration systems was 113 kPa,
corresponding to a skin modulus of approximately 15 MPa. This high-strain rate infinitesimal shear
modulus can be converted to a quasi-static shear modulus value by employing a scaling factor of 20,
found by Shergold and Fleck [63] through the testing of pig skin, yielding a value of 0.75 MPa. The

elastic modulus, £, may be subsequently obtained by assuming a condition of incompressibility whereby

the two moduli values are related by £ = 3., yielding E = 2.25 MPa [63].

The quasi-static value of E = 2.25 MPa estimated using the present approach agrees reasonably
well with values for skin established using various testing methods. The range of moduli found in the
literature is between 0.02 MPa and 57 MPa [61], depending on the testing method and location where
the measurement is made. For example, a range of 1.1-1.32 MPa was found utilizing a disc of 18 mm
diameter and guard ring of 24 mm in torsion on the ante‘rior side of the human forearm [24], while

Kendall et al. [58] found a modulus value of 3.75 MPa while indenting murine ear witha 5 um
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Table 4-3: Penetration results for balls characterized by varying sizes, densities, and impact velocities

Ball Density Diameter Velocity Experimental
material  (kg/m’) (mm) (m/s)  Penetration (¢cm)
Steel 7800 1.59 45 1.83
Steel 7800 1.59 72 3.76
Steel 7800 1.59 83 4.04
Steel 7800 1.59 98 5.05
Steel 7800 2.39 93 3.45
Steel 7800 2.39 101 3.87
Steel 7800 2.39 107 4.18
Steel 7800 2.39 115 4.46
Steel 7800 1.59 85 1.92
Steel 7800 1.59 95 2.12
Steel 7800 1.59 102 246
Steel 7800 1.59 112 2.76
i Ti 4540 3.18 59 1.62
Ti 4540 3.18 71 ' 2.67
Ti 4540 3.18 i 85 3.31
Ti 4540 3.18 95 3.79
WC 15600 1.59 52 231
wC 15600 1.59 66 3.18
wWC 15600 1.59 78 3.92
wWC 15600 . 1.59 88 4.07
PMMA 1150 3.18 80 0.53
PMMA 1150 3.18 88 0.63
PMMA 1150 3.18 99 0.88
PMMA 1150 3.18 . 109 0.96
\
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microneedle. Furthermore, the critical strain value utilized in order to obtain the desired penetration
with the FE models (0.7) falls within the range listed for pig skin (commonly used to simulate human
skin), given by 0.00-1.00, with a median ranging 0.3-0.55, depending on the direction tested [90]. As
previously mentioned, the median values found by testing pig skin are slightly higher than values found

in literature for human skin at moderate to high strain rates [91, 92].

4.2.2 Particle penetration trends using FE

As an additional test of the validity, the modulus value and erosion strain were employed in the
calibration FE model using varying gold particle sizes and velocities to produce a wide varia;ion in the
particle impact parameter, pva, used by Kendall et al. [24] in experiments on epidermal tissue using the
powder injection device. Figure 4-1 shows that the FE predictions of particle penetration agree well
with the experimental results of Kendall et al. [24], always falling within the one standard deviation
e;c;)erimental scatter bars. The general trend of increasing penetration with increasing pva values for a

particle of particular size and density was also captured by the model, as was the trend of larger

particles requiring a larger pva value to penetrate to a given depth.

4.2.3 Gelatin as a skin simulant

The use of dimensional analysis as a comparative tool between the real skin system and the chosen
simulant system has proven to be useful in the examination of the skin’s mechanical behaviour in the
application of powder injection. Figure 4-2 depicts the measured penetration results with respect to
the particle impact parameter of the geiétin experiments carried out using the steel, titanium, PMMA
and tungsten carbide balls of varying diameters and velocities. Similar to the results for gold and
polystyrene particles found by Mitchell et al. [33] in their studies of microparticle impact with fresh
canine and porcine buccal mucosa (cheek) using a contoured shock tube and light gas gun developed for

the purpose of their study, the penetration depth increases with the particle impact parameter can. Itis

N
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Figure 4-1: Gold particle impact parameter versus skin penetration depth for various particle sizes. Data
from literature [24] and FE results.

apparent that an increase in velocity, and hence incident energy, causes an increase in penetration

depth, as expected.

The data presented in Figure 4-2 are replotted in Figure 4-3 using the non-dimensional penetration
and a non-dimensional impact energy. It is interesting to note that althoﬁgh the data do not all fall on
the same line, the lines of best fit belonging to each set of data have similar slopes; all the particles
follow the same trend in non-dimensiopal penetration with respect to the nondimensional energy

parameter.

4.2.3.1 Effect of particle size on penetration depth
The effect of particle size on penetration depth may be visualized more clearly by examining the

three steel balls impacting with the same incident velocity. Although the velocities tested for each ball

N
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were different, penetrations for one unified velocity was possible by using the equation for the linear
curve fit, shown in Figure 4-2. The penetrations for the steel balls, each having an impact velocity of 100
m/s, are plotted with respect to radius in Figure 4-4. A clear trend of increasing penetration depth with
increasing particle radius can be seen. This was also demonstrated using gold balls of varying diameter

by Mitchell et al, [33].
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Figure 4-2: Gelatin experiments using steel balls of varying sizes and velocities; data is plotted with linear
trendlines with equations given with respect to the primary axis. Secondary borizontal (top) and vertical
(right) axes examine particle impact parameters and penetration of equivalent microparticles on skin.
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Figure 4-3: Gelatin experiments using steel, titanium, PMMA, and tungsten carbide balls of varying sizes and
velocities plotted using non-dimensional parameters. Data is plotted with linear trendlines.

4.2.3.2 Effect of particle density on penetration depth

The effect of particle density on penetration depth was examined by plotting density versus
dimensionless penetration parameter, Ps/2a which is equivalent to the number of particle diameters
penetrated by each particle, as suggested by Mitchell et al. [33]. In this way, it was possible to compare

data from differently sized particles impacting with the same nominal velocity. Figure 4-5 illustrates that
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the dimensionless penetration, or number of penetrated particles, will increase with density, which

agrees with the results found in Ref. [33].
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Figure 4-4: Penetrations for steel balls of diameters 1.59 mm, 2.39 mm, and 3.18mm with impact velocities of
100m/s plotted with a linear trendline. Secondary horizontal and vertical axes examine particle impact
parameters and penetration of equivalent microparticles on skin.
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Figure 4-5: Effect of particle density on penetration depth for a velocity of 100 m/s using PMMA, titanium,
steel, and tungsten carbide balls plotted with a linear trendline.
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4.2.3.3 Effect of particle impact velocity on penetration depth

The effect of impact velocity on penetration was analyzed using another dimensionless
parameter suggested by Mitchell et al. [33], which relates the particle’s ultimate displacement to the
particle’s size and density, and the skin’s density.  Figure 4-6 depicts the relationship between the
particle velocity and the previously mentioned dimensionless parameter for the steel, titanium, PMMA,
and tungsten carbide balls at several impact velocities. The average of the grouped data is also shown in
Figure 4-6 and highlights the trend of an increase in the non-dimensional penetration of a given particle

as its impact velocity is increased. This has also been demonstrated by Mitchell et al. [33]. -
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Figure 4-6: Effect of velocity on penetration.
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4.2.3.4 Use of gelatin system to predict penetration depth in skin

A further test of the use of gelatin as a skin simulant can be obtained by applying the scaling
relations given by 1, and iz (Table 3-2) to relate the experimentally measured 3.18 mm diameter steel
bail penetration to all of the original collated data in Kendall et al. [24], i.e., the three gold particle sizes
impacting at three different velocities. In other words, the experimentally-obtained steel ball-gelatin
data were converted to equivalent gold particle penetrations in skin and then compared to the actual
gold particle-skin penetration data in order to determine their prediction power for impact conditions

that differ from the calibration test case (r = 1 um, v = 651 m/s, Py = 26 um) using the following

procedure:
p Vv

7, =—— was used to relate each case of the gold particle penetrations to the 3.18 mm steel ball
He

case, giving the velocity required by the steel ball in order for the two systems to be equivalent. This

velocity was used to obtain the steel ball penetration using the linear curve fit of Figure 4-2, P, =
‘ . i , ) P,

0.0049*pva - 0.7794, and then the equivalent gold particle penetration was found using zy =—=.
a

Figure 4-7 shows the equivalent penetrations obtained using the gelatin system from the curve fit of

Figure 4-2, together with the gold particle penetrations from Ref. [24].

Table 4-4 lists the average difference in measured [24] and predicted penetrations for the same gold
particle penetrations obtained by scaling the steel ball experimental (Figure 4-2) and FE results {Figure 4-
1). The differences between the expected and measured penetrations were low, providing further
confidence in the suitability of gelatin to simulate the penetration behaviour of skin. In addition, the

average percentage difference found using the experimental penetrations was slightly lower than those

found using the FE model.
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4.2.4 Limitations of the approach

Finding a model system with the ability to fulfill all of the dimensional requirements was difficult.

2

Dimensional similitude of fourth dimensional group, 7, = Ay , relating the target moduli and

o
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Figure 4-7: Particle impact parameter versus penetration depth for various particle sizes; data from
literature [24] and linear extrapolation of experimental results.

densities, was particularly difficult to maintain. The gelatin used in this study had a higher density (1.01

g/cm®) than the value of 0.464 g/cm?® required by dimensional similitude. It was important to use the

dimensionally similar value in the FE model of the gelatin-system, but the measured penetrations were

insensitive to the target density. This discrepancy may be explained by the difference between

simulated erosion strain and real crack propagation. In reality, inertial effects are only important initially

when the target surface is first accelerated to the speed of the particle, after which a crack

\
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(approximated by eroding elements in the FE model) forms ahead of the impacting particle and
propagates largely independent of any inertial effects. However, in the case of the FE model, the crack
propagation is simulated with element deletion and each element in contact or adjacent to the

impacting particle must be accelerated to the particle’s speed in order to reach the critical element

Table 4-4: Absolute percentage difference between the equivalent gold particle penetrations found by
experimentally and FE determined steel ball penetrations and the original gold particle penetration data.

Partfc!e Velocity Original gf)ld Experin‘tentally FE ?btained Percent errorin percent error
radius (m/s) particle-skin Py . obtained equivalent P4 experimental Py in FE Py -
(nm) (um) equivalent P4 (um) (um) .
>13 9.97 11.81 12.19 18.5 22.32
r=06 62 11.67 15.05 14.68 29 25.83
775 15.31 19.34 21.61 26.3 4113
422 15.07 15.32 15.07 1.65 0.004
r=10 533 21.15 20.64 19.82 241 6.27
651 26.49 26.29 26.39 0.77 0.35
432 18.47 212 20.14 19.7 9.03
r=14 498 26.74 26.54 205 072 10.34
605 34.03 33.79 37.46 0.71 10.09
Average percent difference | 11.08 13.93

2
o . PpV :
deletion strain. Similarly, maintaining similitude of the third dimensional group, 7, = i,E , of the two

systems was ignored since, regardless of material , the particle modulus was always much larger than

the target modulus.
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The approximation of skin as a single homogeneous layer within the finite element model utilized in
this study introduced several limitations. There is a relatively large difference in moduli values of the
viable epidermis and the stratum corneum. Within this body of work, the relative contribution of each
layer was not considered, meaning that it cannot provide information about the critical particle and
process parameters necessary to breach only the stratum corneum layer. However, it is able to predict
the skin’s overall response under certain test conditions. The model is also limited in its ability to
account for varying external aspects that may cause a change in the skin’s mechanics. The factors found
to affect the ballistic delivery of powdered pharmaceuticals, are largely predominatéd by ambient
temperature and relative humidity [37]. The generated FE model represents only one set of these test
conditions and the simulation of other conditions would require the formulation of different gelatin

formulations, utilizing the same method detailed in this thesis.

4
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Chapter 5. Results and Discussion: Angular Particles

This chapter presents results and discussion relating to the FE modeling and experimental results
for the angular particles used in this study. Section 5.1.1 presents the two erosion strain criteria found
to adequately describe the behavior of the square and 60° angular particles. It also shows the
experimental penetrations observed for both particles, while Section 5.1.2 details the FE penetration
results. Section 5.2.1 compares the FE results to the experimental results and discusses whether the FE
models are able to accurately represent the experiments involving the steel angular particle-gelatin
system. Section 5.2.2 concludes with an analysis of the effect of angularity on penetration depéh by
contrasting the penetration results of the 60° angular particle at a particular velocity to that of a square

and a sphere having the same mass and initial velocity.

5.1 Results

5.1.1 Experimental results
Two different angular particles made of steel were each tested using six different velocities. The
penetration results for all these particles are listed in Table 5-1 along with the particle’s angularity, mass

and incident velocity.

5.1.2 Comparison of FE to experimgntal results

The erosion strain used in FE models is a nonphysical parameter that is highly dependent on the
scenario being examined, as dis;ussed in detail in [93]. Thus, for the finite element models examining
the impact of angular particles, the erosion strain was treated as a free parameter and adjusted such
that the model was able to predict a single calibration impact event characterized by a unique velocity.

This erosion strain and the infinitesimal shear modulus obtained for the 12 wt% gelatin formulation in

\
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Table 5-1: Penetration data for angular particles.

Mass

Particle Velocity Penetration
Angularity () (m/s) (cm)
60 0.7027 25 1.69
60 0.7027 30 2.37
60 0.7027 33 2.66
60 0.7027 40 3.44
60 0.7027 48 4.36
60 0.7027 55 4,98
45 0.7509 35 1.65
45 0.7509 45 2.87
45 0.7509 47 3.22
= 45 0.7509 50 3.89
45 0.7509 55 4.28
45 0.7509 60 4.84

Section 3.3.1, were used in subsequent simulatior;s for the same particle. For the 60° steel angular
particle, the experimental conditions for this calibration event were: impa.ct’velocity of 40 m/s, resulting
in a penetration of 3.44 cm, while for the 45° steel angular particle, the“experimental conditions used
were: impact velocity of 50 m/s, resulting in a penetration of 3.89 cm. The erosion strains found in this
manner were 0.975 for the 60° steel angular particle, and 0.51 for the 5.83 mm 45° steel angular
particle, differing slightly from the value of 0.7 found in the case of the spherical particles. Figure 5-1
presents the FE and experimental results for the 60° angular particle while the results for the 45° angular

particle are shown in Figure 5-2.
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Figure 5-1: Penetration results for the particle with an angularity of 60° over a range of velocities
along with a linear curve fit,
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Figure 5-2: Penetration results for the particle with an angularity of 45° over a range of velocities
along with a linear curve fit,
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5.2 Discussion

5.2.1 FE model prediction power
The results presented in Figure 5-1 and 5-2 show that the FE model formulated for each particle
is able to accurately predict the behaviour of the angular particles over a wide range of velocities. Table

5-2 shows the low percentage differences between the FE-predicted and measured penetrations.

Table 5-2: Percentage difference between FE predicted and measured angular particle penetrations. The
experimental conditions used to calibrate the two angular particle FE models are highlighted.

Particle Velocity Experimental FE P4 Percent
Angularity (m/s) P4 (cm) {cm) error
60 25 1.69 1.55 8.28
60 30 * 2.37 2.24 5.49
60 33 2.66 2.52 5.26
60 48 4.36 4.51 3.44
60 55 498 5.38 8.03
45 35 165 1.82 103

45 45 2.87 3.05 6.27
45 47 3.22 3.35 4.04
45 55 4.28 4.11 3.97
45 60 4.84 4.73 2.27

5.2.2 Effect of angularity on penetration depth
The effect of angularity on penetration can be examined by looking at the penetrations of

particles having the same mass and velocity (hence, incident energy), differing only in their angularity.
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The three cases to compare are the 6.0 mm 60° steel angular particle, a 5.64 mm 45° steel angular
particle, and a 2.78 mm radius sphere, each having an incident velocity of 40 m/s. Although a 5.63 mm
45° steel angular particle and a 2.78 mm radius sphere were not tested in the present study, results
from the 5.83 mm 45° steel angular particle and a 1.59 mm radius sphere may be scaled using the eighth
pi group in order to obtain estimates of their penetrations. The steps are as follows: from the linear fit
éiven by the equation P4 = 0.1306v - 2.9022, the penetration of the 5.83 mm 45° steel angular particle is
found to be 2.31 cm. Using the eighth pi group, this penetration can be scaled to obtain an equivalent
penetration for a 5.64 mm 45° steel angular particle. A similar procedure can be used to extl:apolate the
penetration of a 2.78 mm radius sphere from the data shown in Figure 4-2 for a 3.18 mm diameter steel
sphere. The impact results for these three particles with an initial velocity of 40 m/s are presented in
Table 5-3. From these results, it is apparent that penetration increases with angularity and decreases»

with impact area, defined as the area projected by the particle on the target throughout the penetration

(Table 5-3 lists the maximum impact/projected area). It should be noted that’ the Pi groups developed

for the spheres would be the same as those developed for angular particles, the only restriction being

that, for two particles to be compared, they must have the same angularity.

Table 5-3: Effect of angularity on particle penetration for particle having the same kinetic energy.

Particle Impact Area Velocity
Py(cm
Angularity Mass (g) (mm?) {m/s) a(cm)
60 0.7027 18.29 40 3.44
45 0.7027 - 23.93 40 2.23
Sphere 0.7027 24.28 40 2.77
\
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5.2.3° Implications of the study of angularity on penetration depth

The study of angular particles on penetration depth has shown that angular particles with a similar
kinetic energy and smaller projected area will penetrate deeper with respect to their spherical
counterparts. This would suggest the use of angular particles in cases where the particle size, density or
impact velocity may be too low to ensure adequate penetration to the viable epidermis. This brief
examination of the normal impact of angular particles may be expanded to study more realistic
experimental cond.itions in which the particle may not be oriented normal to the surface. In addition,

the angular particle shape may be altered to better imitate the irregular shapes often produced through

the manufacture of pharmaceuticals.
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Chapter 6. Conclusions and Recommendations for Future Work

6.1 Summary of Major Conclusions and Contributions

wd
/\ This thesis represents, to the author’s knowledge, the first investigation utilizing an FE model in

conjunction with scaled up experiments in order to study pharmaceutical particle impact with skin for
the purposes of pharmaceutical drug delivery. A number of important contributions have been made.

These are cutlined below.

A finite element model of the impact of a single powder drug particle with skin has been
developed that establishes a relationship between the initial particle parameters of velocity, density,
) size and shape and its final penetration. The effect of varying one of the parameters within the model
mcan easily be determined without having to perform difficult tests on skin. Furthermore, use of the
mog!el allowed estimation of material parameters that were able to accurately predict the response of

skin in a variety of loading conditions. The scaled elastic modulus of 2.25 MPa (Section 4.2.1) from the

high-strain infinitesimal shear modulus value was also in agreement values those found in the literature.

The use of dimensional analysis in the context of this project has~also been unique and valuable.
The scaling relations were helpful in the selection of an appropriate skin simulant to be used in the
larger-scale experiments. They were also used in the determination of an appropriate infinitesimal
shear modulus for skin thfough the relation of equivalent penetration produced by the two systems. In
addition, they were also used in order to relate and compare the experimental results on the gelatin to

those from skin, enabling a proper comparison between the two systems.

Although gelatin has been sparsely used as a simulant in the study of skin, it has never, to the
author’s knowledge, been used for the purpose of scaled up experimentation. Its transparency,

\ :
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controllable dimensions, and the ease with which the mechanical properties can be altered through
manipulation of gelatin weight percent in the formulation make it an ideal testing medium for the
purposes of this study. Its appropriateness as a skin simulant was tested using balls of varying size,
density and velocity and was found to produce the same trends documented for skin. Furthermore,
upon establishing its appropriateness as a skin simulant, it was possible to examine the effect of impact
conditions on penetration in ways not covered within the literature. An example of this was the testing

of particles having different angularities.

The effect of particle angularity has never before been examined in the context of
pharmaceutical transdermal injection. It is a great departure from the spherical particle assumption
__}Jtilized in all previous epidermal powder injection studies. In the present work, it was found that the
penetration depth increases with angularity. This is an important result since typical powdered drug
particles are granular, rather than spherical. The present results have demonstrated the feasibility of
using particle angularity in in addition to size, density and velocity, in order to optimize the process and

properly target the epidermal region of interest.

6.2 Implications for the Epidermal Powder Injection Industry

Powder injection has been developed with a unique set of characteristics, able to avoid common
problems associated with leading methods of transdermal drug delivery. It has also been found to elicit
much stronger and quicker immune responses upon administration. However, widespread success has
been limited by prol;iems such as the proper manufacture of solid particles, the eradication of pain and
bruising, and variability in velocity profile and spatial distribution. All of these matters are further
complicated by a lack of ability to properly determine how performance may be impacted by a change in

N
the particle’s characteristics. This thesis has estabilished a novel methodology that can be used to
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conduct detailed investigations to optimize the performance, using @ a finite element model of skin

linked to scaled-up experiments on a skin simulant.

The main advantage of utilizing the FE model is that the effects of changes in the brocess
parameters can be rapidly and easily determined. Single particle impacts produced by the FE model
have been shown to reproduce results found in the literature accurately and represents the average of
many data points. Furthermore, parametric studies are easier to complete; the effect of one particular
parameter such as density or velocity can be isolated and distinguished. Conversely, in studiés involving
the gkin, particles are often found in a range of sizes, densities, and velocities whose effects cannot be

separated and related to the variations found in the penetration results.

6.3 Limitations of the Model

The limitations of the model presented in this thesis can be summarized as follows:

o The single-layered homogeneous isotropic model is not able to capture the complex and

dynamic features of the skin such as its state of pretension in vivo, direction-dependent
. -

properties, viscoelastic effects and the differences in properties between the primary layers
involved in epidermal powder injection. Nevertheless, the model developed in this study serves
as a good platform for further development and has been shown to provide penetration
estimates in good agreement with experimentally-obtained values found in the literature.

o ltis difficult to select a skin simulant that is able to satisfy all non-dimensional requirements as
specified by the scaling relations. Yet, satisfaction of Pi groups carrying the most significance

has been shown to result in a two systems that can closely mimic each other with relatively little

error. ,
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o The calibrated model reflects only one set of test conditions, i.e., one set of temperature,

relative humidity, and stratum corneum thickness.

6.4 Recommendations for Future Work

This work was focussed on developing a much needed connection between the initial drug

particle parameters and the resulting penetration into skin. The work could be extended as follows:

o Completing the study of angular particles including a more detailed parametric analysis
of the effect of angularity, size and orientation on final penetration depth .

o Confirm gelatin as a suitable skin simulant for the impact of angular particles by testing
particleg of different angularity on skin (data not available in the literature).

o Implementing a more realistic particle shape into the finite element model.

o Developing a method similar to the one detailed in this study utilizing a two layered
model, characterizing each layer with appropriate material parameters.

o Creating a more realistic FE model of skin including anisotropy, viscoelasticity, an initial

state of pre-tension, and multiple failure criteria based on particle size.
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