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Abstract

Biological tissue, like internal organs, brain, or skin, are soft solids that may be exposed

to injury inducing mechanisms at a range of rates, resulting in damage. Sport injuries, car

crashes, traumatic brain injury, and ballistic impacts can produce strain rates from 10�105

1/s. The parameters governing failure in these soft solids (moduli < 1 MPa) are challenging

to quantify, requiring modifications or defying the use of traditional characterization tech-

niques. Driving bubble/droplet growth or contraction provides a way to characterize these

materials while avoiding some limitations of traditional techniques. Large deformations in

these spherical geometries induce localized deformations at the surface of the cavity. In this

thesis, I leverage these localized deformations, cracks during expansion and creases during

contractions, to investigate fracture energy and strain stiffening, respectively.

A Small-scale Ballistic Cavitation device uses a high-pressure air reservoir to generate

spherical deformation at high rates within soft solids. Air accelerates through a needle,

reaching the speed of sound at the tip before delivery to the sample. The energy density

of the air pulse matches that of bullets, producing small, ballistic-like cavitations. Inde-

pendent control of pressure, needle diameter, and valve cycle time provides flexibility in

experimental control variables not available in other ultrasoft solid cavitation techniques.

Using these needle-mediated, high rate spherical expansions, I investigate the parame-

ters governing fracture initiation in soft solids by adapting a theory of fracture traditionally

used in dynamic failure in hard materials. I present results from cavity expansions in sili-

cone and gelatin samples. Increasing the rate of expansion increases the number of cracks

initiated in the cavity surface, leading to multi-lobed cracks, as opposed to the penny-shaped

cracks present in quasi-static cavitations. The elastic wave speed-dependent fracture corre-
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lation model I adapt suggests that counting the number of cracks provides a measure of the

soft solid’s fracture energy. Additionally, I include the implications of this model for ana-

lytical calculations in very tough, nonlinear materials. Finally, I demonstrate the multiple

fracture phenomenon in ballistic impacts and present a method for analyzing damage that

draws upon the understanding gained in from the bench-scale cavity expansions.

In the last chapter, I report on crease morphology and evolution at the surface of con-

tracting cavities embedded within elastomeric solids of varying degrees of crosslinking. Cav-

ity contraction is achieved through evaporation of an embedded water droplet. In validation

of theoretical predictions, strain-stiffening is found to govern both crease onset and crease

density. Neo-Hookean solids are found to prefer initiating creasing with many short creases

that join to form a collapsed state with only a few creases, whereas creasing in Gent solids

initiates with a few creases that propagate across the cavity surface.
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Chapter 1

Introduction

Despite their importance and prevalence in biology, the properties of soft solids have proven

particularly challenging to measure. In particular, materials like elastomers, polymers, and

gels - typically with an elastic modulus < 1 MPa - often exhibit rate dependent behavior and

a non-linear constitutive response that accompanies �nite deformations. Their mechanical

behavior shares characteristics of both hard materials and �uids; as a result, characterizing

soft solid mechanical behavior using traditional experimental techniques poses several com-

plications. These challenges arise from several features inherent to soft solids, including low

stiffness, stickiness, and fragility, all of which combine to make manipulation of soft-solids

into a testing apparatus dif�cult and can lead to premature failure during testing procedures

typical of hard materials.

Successful experimentation on soft solids has required both reframing traditional char-

acterization techniques and developing novel methods. Bubble-induced deformation is one

approach that has been utilized to probe criticalities within �uids. When bubbles can be

formed inside soft-solids, many of the challenges due to handling and manipulating the

materials go away, and one only needs a reliable method of bubble generation. Bubbles

generate a three-dimensional surface as opposed to typical planar test geometries, but since

expansion is pressure driven, radial symmetry is maintained for small bubble deformations,

simplifying analysis. At larger bubble expansions or contractions, localized deformations

emerge at the surface of the spherical cavity where stretch in the soft solid is highest. These

events occur when criticalities are attained and the homogeneity of the spherical surface is

disrupted at isolated points. During expansions, such localized events equate to crack for-

mation, while during contractions, creases form. This work exploits �uid driving forces to
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generate spherical deformation for mechanical property characterization using both types

of bubble-driven deformation. Using a �uid driving force allows both rate and degree of de-

formation to be tuned to explore mechanical properties that are time or stretch dependent

and dif�cult or impossible to measure with any other method.

Recently, new spherical deformation techniques have been proven experimentally useful

in characterizing the mechanical properties of soft solids, beginning with quasi-static rates

and progressing toward dynamic rates. Cavitation Rheology (CR) is a quasi-static, �uid-

transfer method that generates unstable cavity expansion at a needle tip via an applied �uid

pressure.1–3 Mechanical properties, such as modulus or critical strain energy release rate,

are measured by relating the critical pressure required to initiate cavitation/fracture. Build-

ing on this phenomenon, recent work has stressed the balance of elastic and fracture prop-

erties of the material during deformation and shown that fractures can appear at smaller

strains than anticipated.4–8 The geometry and size of defects as well as the nonlinear elastic

stiffening response also have an in�uence on the development of damage and progression

of damage.5–8

Dynamic methods of cavitation use laser pulsing9 or ultrasound bursts.10 The laser

pulsing technique, known as Inertial Microcavitation Rheology (IMR), focuses on time-

dependent viscoelastic material characterization, while researchers applying the ultrasound

technique verify the criteria for damage onset due to material fatigue. The IMR technique

primarily focuses on bubble oscillation and recovery for �tting viscoelastic properties, but

by just examining oscillations after maximum strain has occurred it does not address the

fracture properties of the material that determine cavity creation. The ultrasound technique

cycles loading hundreds of times to induce failure and has no systematic control on the

initial geometry and size of defects which, as indicated above, has an in�uence on the de-

velopment of fracture. By developing a controllable and reliable technique that drives a

single high-rate spherical expansion while also observing the expanding deformation, the

properties of fracture critical in soft-solids can be examined for predicting terminal ballistic

outcomes.

In classic penetration mechanics, a phenomenon also known as cavitation occurs when
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an impacting projectile forms a hole in a target larger than projectile. In terminal ballistics

the penetration and failure mechanisms of projectile (metal) and target (metal, ceramic)

interactions have been extensively studied,11–17 but this continued to prove dif�cult for

penetration of soft solids. Cavitation in penetration mechanics was �rst studied around

WWII 11 when a quasi-static model was developed to predict the pressure required to en-

large a spherical or cylindrical hole.13 Building off of cavity expansion studies,12 the theory

progressed to explanations of dynamic penetrations.14–16,18,19 Dynamic penetration theory

was then extended to hard projectile impacts in soft targets which exhibit similar cavitation

phenomenon, but on a temporary time scale since they collapse.20–22 Characterization of

soft target cavitation, particularly the energy required to expand a cavity, lags behind hard

materials because modulus and fracture energy of soft materials during high rate loading

are largely unreported.22,23 Large apparent stretches are observed in the `temporary' cavi-

ties that form in ballistic gelatins subject to projectile penetration, so fracture is expected

and radial cracks are often observed.24 Motivated by the observations of ballistic impacts

causing cavitation and fracturing phenomenon in soft solids via a radial expansion and pre-

vious needle-based testing techniques, I designed a high-rate, �uid-driven device to produce

similar phenomenon in soft solids at benchtop scales,25 described in Chapter 2. As I then

show in Chapter 3, the device allows for systematic investigation of fracture response of

soft-solids and elucidates the physics of crack formation.

1.1 Why do we need more high rate failure testing of soft

materials?

Biological tissue, like internal organs, brain, or skin, are typical soft solids that may be

exposed to a range of stimuli from injury inducing mechanisms at a range of rates and

magnitudes of damage. Sport injuries, car crashes, traumatic brain injury, and the ballistic

impacts discussed above can produce strain rates from10� 105 1/s with damage spread over

large areas or localized in small areas of the body. However, revamping traditional high-rate

techniques to be used on soft solids increases in complexity from the already challenging
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sample handling, large deformation, and signal-to-noise issues encountered when applying

quasi-static techniques to soft solids.

Dynamic experimentation techniques that have been applied to soft solids include many

borrowed from hard material studies, including the drop tower, 26,27 Hopkinson bar,28–30

ballistic impacts,22,31,32 and plate impacts.33,34 These tests span the strain rates (101 to

105 1/s) relevant to tissue injury stimuli. Extracting moduli with these techniques requires

several modi�cations arising from lower stiffness and yield strength and higher strain-to-

failure than the hard materials for which the tests were designed.35,36 Investigation of non-

linear constitutive response has not yet been achieved with these types of methods since

they lack the ability to drive strain far enough while maintaining measurement resolution

and ability to detect nonlinearities along loading curves. 33,34,37–39 Failure experimentation

on some soft solids utilizes the high-rate mechanisms discussed above; however, they are

not used on the softest materials (with modulus � 100 kPa).40 Other traditional methods

of high rate experimentation, extensively used with hard materials, include ballistic impact,

explosives, or electromagnetic loading. Excluding ballistic impacts, these techniques have

not generally been applied to soft solids.

Using the device that I describe in Chapter 2 to generate high-rate spherical expansion

in soft solids,25 I observed damage around expanding cavities that manifests as multiple

radial cracks.41 This behavior is reminiscent of an existing high-rate experimental geometry

applied to hard materials that utilizes an expanding ring. 42 The expanding ring experiment

induces radial loading with explosive or electromagnetic loading to cause dynamic defor-

mation and fracture in a one-dimensional radial geometry.43 Observations and explanations

of dynamic ring expansion began with Mott in 1947 who studied the fragmentation of ar-

tillery shells 44 and developed fragment number predictions based on loading and material

properties. Mott assumed a statistical distribution of �aws for crack initiation and assumed

that stress wave propagation from fracture sites relieved stress in regions around cracked

areas. Furthering this fragmentation theory, Grady45,46 used energetic, Grif�th-like fracture

considerations to predict fragment size. The fractured fragment area was determined by an

energetic minimum speci�c to the loading rate and material properties. Extrapolating from
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the ring geometry and adapting these principles to the geometry of a hole within a solid,

the same energetic considerations can be used to predict radial cracking from a high rate

impulse inside a hole. The size of the hole, loading rate, and properties of the material to

be fractured determine how many radial cracks form, which has value in guiding blasting

for rock excavation or oil recovery.47,48 In Chapter 3, I show that the multiple cracking phe-

nomenon generated by my device can be explained by adapting this fragmentation theory

for soft solids and that this technique could be used to extract quasi-static and high-rate

fracture energies in soft solids. In Chapter 4, I discuss the implications of nonlinear mate-

rial behavior on this theory, and then in Chapter 5, I show that ballistic impacts undergo a

similar fracture process when cavitation occurs and propose a method of accounting for the

damage.

1.2 Localizations during spherical contraction

Creasing is a type of localized deformation that occurs when a surface is compressed rather

than stretched. Creasing, like crack formation, is driven by an energetic comparison be-

tween a creased and an uncreased state of deformation.49 The crease forms during de-

formation when the energy in a system to crease is less than the energy to remain in a

homogenous state. In soft materials this point is strain dependent and determined by non-

linear material properties, like strain stiffening. 50 Using the spherical geometry of a �uid

bubble to observe contractions maintains the same bene�ts of minimal sample manipula-

tion as already discussed. The cohesive strength and surface energy of the water enables

quasi-static contraction as the bubble evaporates through the solid elastomer. In Chapter 6,

I demonstrate the use of this deformation to characterize strain stiffening properties by ob-

serving creases during deformations in soft solids.51 This achieves indirect determination of

strain stiffening onset for the softest solids, which cannot be determined in bulk mechanical

testing.
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1.3 Research aims

This dissertation focuses on novel methods to induce and measure both spherical expansion

and contraction in soft solids, and the localized deformations generated by each. In the

second chapter, a device is developed to generate high-rate, spherical expansions. Moti-

vated by the earlier discussion, this device �lls a need for a method to generate high-rate

expansions with control over deformation rate, deformation size, energy deposited, and

�xed initial geometry (needle). In Chapter 3, using the developed device and similar �uid

driven cavitation methods, high rate expansions are used to demonstrate differences in the

fracture response of soft solid tissue simulants at high versus quasi-static rates. This theory

allows for quanti�cation of a soft solid's fracture energy by examination of the fractured

surface. Implications of the results are extrapolated to other classes of materials in Chap-

ter 4, by providing for nonlinear and �nite deformation implications of the fracture theory.

These fracture principles and �ndings from material characterization are then applied back

to ballistic impacts in Chapter 5, which indicates a nonlinear rate dependent response to

damage that was previously considered linear. In the �nal chapter, I establish creasing as a

mechanism to characterize strain stiffening using quasi-static contractions.
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Chapter 2

A device to fracture soft solids at
high speeds

2.1 Overview

We describe the development of a device capable of high-rate, �uid-driven (pneumatic),

spherical deformation to induce fracturing localized deformations. It �lls a need for a

method to generate high-rate expansions with control over deformation rate, deformation

size, energy deposited, and �xed initial geometry (needle). The Small-scale Ballistic Cavita-

tion (SBC) device uses a high-pressure reservoir to generate cavities within ultrasoft solids

(moduli < 100 kPa) in bursts as short as 3.8 ms. Flow accelerates through a needle embed-

ded within a soft solid, reaching the speed of sound at the tip before delivery to the sample.

The energy density of the air pulse matches that of handgun projectiles, enabling ballistic-

like temporary cavities, but on a benchtop scale instead of requiring a shooting range. We

validate the device using mass transfer measurements and �nd good agreement without

the use of �t parameters between experiments and theory at the required operational pres-

sures ranging from � 30 to 160 atm. Independent control of pressure, needle diameter, and

valve cycle time provides �exibility in experimental control variables (e.g., energy density,

rate) that is not present in other ultrasoft solid cavitation techniques. The application of

constant energy density with variable loading rate conditions demonstrates of the device's

experimental �exibility and illustrates the importance of rate on fracture morphology in soft

solids.
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2.2 Introduction

The failure response of soft materials at high rates plays a critical role in the accumulation

and extent of tissue damage associated with traumatic brain injury,52–54 ultrasound-based

destructive techniques55,56, and ballistic trauma. 21 These injuries typically occur at high

strain rates (102 � 104 1/s) that present a challenge to traditional testing setups developed

for hard materials, 57,58 though recent work has developed modi�cations enabling limited

extension to soft solids.27,59–61 Furthermore, a nominally radial deformation state is com-

mon to all of the above injuries. Here we report on a new needle-mediated, high-rate,

cavity-generating device based on the quasi-static Cavitation Rheology (CR) method for

inducing cavity expansion at the tip of an embedded needle under an applied critical pres-

sure.1–3

Rather than quasi-statically increasing the pressure within the needle as in CR, we

rapidly discharge a high-pressure pulse of air in under 5 ms (Figure 2.1b). Controlling

pressure and needle geometry, we achieve ballistically-relevant input energy densities (nor-

malized by probe-size) within a bench-top footprint. This Small-scale Ballistic Cavitation

(SBC) device will enable rapid characterization of the failure properties of tissues and tissue

phantoms.

Techniques currently utilized to characterize soft solids (primarily gels) under high-

rate, nominally “cavity-inducing” loading conditions include Inertial Microcavitation high

strain-rate Rheometry (IMR) 9, ultrasound-induced cavitation 10, and terminal ballistic test-

ing. 31,62,63 We include the latter given the presence of a shock-load-induced “temporary

cavity” that results in large radial stretch upon ballistic impact. Of these techniques, only

IMR has the main focus of material characterization. Like IMR, our technique enables visu-

alization via site-speci�c, localized deformation as opposed to the diffuse damage incurred

at intrinsic �aws throughout the material during ultrasound-induced cavitation. Additional

�exibility in SBC loading conditions enables this technique to independently control input

energy density and probe or �aw size. SBC also accesses intermediate �aw sizes, crossing

over with IMR at the smaller lengths ( � 100 mm) and approaching those used in ballistic
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Figure 2.1 Overview of SBC. (a) Using a reservoir pressure, P0, air pulses are delivered inside a soft
material through a needle via a high-speed valve. (b) A series of images illustrate cavity formation
following air pulse delivery using P0 = 10 MPa and 16 MPa (needle: 178 mm, pulse time: 5 ms,
material: Sylgard 184, 35:1 prepolymer:crosslinker). (c) After cavity in�ation, the fractured surface is
analyzed via microCT, providing 3D reconstruction of the fracture surface (gray) and enabling
characterization of the maximum fractured cross section (black). Oriented cubes are provided for
perspective reference. The higher energy density-driven fracture produces a three-lobed
morphology, versus the penny-shaped morphology of the lower energy density test.

tests (� 10 mm). 64,65 Finally, SBC maintains many of the strengths of the original CR tech-

nique: ease of sample prep for ultralow modulus materials (< 100 kPa), potential in vivo

and ex vivoapplication, needle-mediated control of the initial �aw size, and no requirement

that the material be hydrated. The combination of mesoscale size and ballistically-relevant

input energy densities makes SBC a promising technique for exploring damage induced
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under loading conditions similar to those encountered in traditional ballistic testing. The

advantages to this new technique are: the absence of projectile contact or complex projec-

tile dynamics contributions to material loading conditions; the small sample sizes needed,

even under the restriction of minimal boundary condition effects; and a small lab foot-

print, since no shooting range is required. Like projectile testing, the input energy density

and probe size (bullet/needle) can be independently tuned. Temporary cavity size, typi-

cally many times larger than the projectile size,66,67 scales monotonically with projectile

kinetic energy21. However, knowledge of the extent and morphology of fracture/damage

that occurs due to this temporary cavity formation is limited. For example, plastically de-

forming ballistic soaps21 that allow for post-mortem cavity measurement do not mimic the

tissue properties they are approximating. In more elastic ballistic gels, various post-mortem

crack length measurements have been used to characterize differences in projectile behav-

ior, 32,62,68 but require numerous expensive tests to approach a quantity of data from which

material/projectile interaction may be generalized. Fast, inexpensive SBC will enablein situ

damage characterization of ballistic tissue simulants, which may lead to improved under-

standing of the relationship between the phantom material's properties and damage from

high rate loading.

This article is organized as follows. We �rst outline the design constraints and the-

ory governing a pressure-reservoir-driven and needle-delivered air pulse. Next, a discus-

sion of device design choices illustrates the three primary experimental variables: reservoir

pressure, pulse time, and needle diameter. We then demonstrate the device's agreement

with its behavioral model and end with demonstrations of how to construct energy density-

controlled experiments under varying needle size, time, and reservoir pressure conditions.

2.3 Design Constraints

Replicating ballistic temporary cavitation on a small scale requires rapid cavity formation

under the driving force of a known energy density while maintaining a small volume. In

ballistic testing, temporary cavities reach their maximum size in � 5 ms63; this sets the

required time scale for device operation, Dt. To keep samples small, we use cubes of less
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than 5 cm in size. A cavity of . 1=5th the sample size minimizes boundary effects. We

therefore limit the volume delivered to 5 mL at atmospheric pressure. Despite the low mass

transfer required by this constraint, the device reaches ballistically-relevant energy densities

using high velocity air.

The SBC device is designed to produce handgun-relevant energy densities (as deter-

mined from projectile initial conditions). We calculate typical energy densities ranging from

2.7 to 15 MJ/m 2 (see SI). Normalization of the energy by projectile area produces a rela-

tion between the probe size and the generated cavity size that is consistent with previous

results.20,21 This relation allows for bench-top scaling. We estimate a lower bound for en-

ergy input using a transient energy balance around the air emerging from the needle tip

by assuming a hypothetical scenario in which the initial air mass is zero and the state of

the �nal air mass is determined by needle exit conditions. ( h2 and T2 are the enthalpy and

temperature of air at the needle exit, Figure 2.2a.) Air enters this control volume through

the needle at the speed of sound with a constant mass �ow rate, �m, but once inside, the

air becomes stagnant transferring all kinetic energy to the control volume. The associated

energy balance describing the rate of energy change within the system,dU=dt,

dU
dt

= �Q� �WpV + �m
�

h2 +
v2

2

2

�
; (2.1)

bounds the work done by the air on the sample, WpV =
R �WpVdt. Fast pulse times ensure

an adiabatic process so the heat transfer rate, �Q = 0. Assuming ideal gas behavior1 and a

constant speci�c heat, cp, we estimate:

WpV = �mDt
�

RairT2 +
v2

2

2

�
(2.2)

(see SI for full details). A more accurate estimate requires determination of the �nal system

volume and a measurement of the pressure within it. However, the lower bound provides

suf�cient guidance for device design by satisfying minimum energy densities.

Eqn. (2.2) requires the state and mass �ow rate of air at the needle tip. Air �ows through

1h = h(T) and pv = RairT. p = pressure, v= speci�c volume, and Rair = the ideal gas constant for air.
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the device as illustrated in Figure 2.2a. When the valve opens, stagnant air within an in�nite

reservoir (p0, T0) accelerates isentropically through a conical nozzle attaining state p1, T1

prior to entering the needle (position 1). The Mach number ( v=c), where v is velocity and c

is the speed of sound in the air, equalsM1.2 Within the needle, �ow continues to accelerate

due to friction (Fanno �ow), choking at the needle exit (position 2). Reservoir pressures

required for ballistically-relevant pulses ensure choked �ow at the needle tip. Given this

choking constraint, Fanno �ow equations determine the relative state of air at the needle

inlet (position 1) (Eqns. (S9-S11)). Isentropic �ow relations relate the relative conditions

between positions 1 and 0 (Eqns. (S12-S13)). The temperature, pressure, and Mach number

within the nozzle-duct system are calculated using these relative states and the knownp0

and T0 of the reservoir (Fig. 2.2b). Given our steady-state assumption, the mass �ow rate is

constant within the needle-duct system. For convenience, we choose position 1 to determine

the mass �ow rate:

�m= r 1A1v1; (2.3)

where A1 is the cross-sectional area of the needle, the densityr 1 = p1=(RairT1), and v1= M1c1.

Becauser 1 µ p1 and isentropic �ow relations state that p1 µ p0 (Eqn. (S12)), mass �ow rate

is directly proportional to the reservoir pressure, p0.

Applying these state and mass �ow conditions to Eqn. (2.2), we predict minimum pres-

sure reservoir and needle size requirements for reaching ballistically-relevant energy densi-

ties within the 5 ms limit. Fig. 2.2c illustrates these predictions graphically, demonstrating

the effect of inner needle diameter (127 - 432 mm) and reservoir pressure on input energy

density. Energy is comprised of a thermal component associated with �nite temperature

mass input and a kinetic component from the stream velocity. Entropic considerations pre-

vent the nozzle-needle geometry from delivering a higher velocity than Mach 1, restricting

the contribution from kinetic energy. Exit temperature depends on Mach number and inlet

temperature, both of which remain unchanged for �xed inlet conditions. Thus, throughout

the range of relevant reservoir pressures, kinetic and thermal energy provide unchanging

contributions to the energy input (Fig. 2.2d). While shortening the needle increases the �ow

2assumed to be calorically perfect,
p

gRairT. g = the ratio of speci�c heats
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Figure 2.2 Device �ow path and energy output. (a) A schematic of the �ow path. Position 0
indicates the static state of the reservoir. With the valve open, air isentropically �ows to position 1.
Upon reaching the uniform needle duct, air accelerates to the needle tip at position 2 before entering
a sample. (b) The relative change of pressure, temperature, and Mach number throughout the �ow
path shown in (a) for a 57 mm long, 127 mm diameter needle having a friction factor of 0.009. (c)
Predicted energy density as a function of pressure for three needle diameters. The gray shaded
region indicates ballistically-relevant values. Marker size corresponds to air pulse volume at
standard temperature and pressure (STP) (normalized by smallest). Markers with an �̀ ' exceed our
imposed volume limits. (d) Energy density composition, normalized by mass. Bars illustrate energy
density is comprised of unchanging relative thermal and kinetic contributions at each reservoir
pressure. The predicted volume (corresponding to mass transfer) quanti�ed on the right axis
increases with increasing P0.
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rate, a reduction by half of the length used to generate Figs. 2.2c and d (5.7 cm) yields only

a 15% average increase in the energy. Practical considerations require the needle be long

enough to pass through the device wall and& 2 cm into the sample to minimize boundary

effects.

The size of the symbols in Fig. 2.2c denotes the relative volume of the air delivered

(STP). Tests that exceed the 5 mL limit are marked with an �̀ ', demonstrating that larger

needles may require a reduction in reservoir pressure to avoid over in�ation. Fig. 2.2d

provides the volumes generated at the largest and smallest pressures using the 178mm

needle, illustrating they are well within the volume constraint.

2.4 Device Design

Given the constraints detailed in the previous section, we design the SBC device to achieve

ballistically-relevant energy densities through variable reservoir pressure, needle geometry,

and high speed valve operation. The device, pictured in Figure 2.3, operates by �rst pres-

surizing the closed reservoir chamber (F). Next, a pulse of air is released through the needle

(G). To do so, the externally mounted piezo-actuator (A) holds the valve stem (B) in the

down/sealed position until pulse generation. During pulse generation, the actuator moves

the valve stem up, unsealing at the valve seat (IVNA) and allowing air to �ow though the

needle.

2.4.1 Operating at High Chamber Pressure

As Fig. 2.2c illustrates, the SBC device requires high driving pressures. Minimizing spe-

cialized equipment for pressurization limits the maximum pressure to 30 MPa for readily

available pumps (Table 2.1). Even at these pressures all electrical devices must remain ex-

ternal to the tank to mitigate risk due to sparking in an oxygen dense environment. External

mounting also lessens the footprint and volume of the device, reducing the required wall

thickness and material costs. A vessel volume of 60 mL ensures a negligible pressure drop

during pulse release (semi-in�nite reservoir). Externally mounted components access the

inner chamber through a seal (a ) and pass-throughs.
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Figure 2.3 Visualization of device components. (a) An exploded cross section of the SBC device
depicting the positioning of, and connections between, components. The piezo-actuator (A) drives
the valve stem (B) up and down to control air �ow. The lid (D) and the main chamber body (E)
enclose the reservoir chamber (F), interfacing via static seal (b). An additional static seal (g)
prevents leakage around the IVNA. A dynamic seal (a ) is held in place by the actuator mounting
plate (C). (b) An exploded cross section of the IVNA. The valve seat (H) and main body (I) are
bonded with the needle (G) to eliminate leakage (c) A photo of the device. Inset: the IVNA.

Dynamic (a ) and static (b , g) seals sustain the required pressures during valve opera-

tion. A dynamic rod seal (a ) around the valve stem (B) and constrained between the actua-

tor mounting plate (C) and the chamber lid (D) enables external actuation of the valve. The

stem's small diameter (2 mm) lowers contact area, accommodating low resistance vertical

travel, but is suf�ciently large to resist lateral de�ection. At the bottom of the device, a static

radial gland seal (g) at the Interchangeable Valve-Needle Assembly (IVNA) (Section 2.4.2)

prevents leakage.

2.4.2 Varying Needle Geometry

Traditional needles and needle connections cannot withstand the large pressures required.

A custom Interchangeable Valve-Needle Assembly (IVNA) enables variable needle geometry.

Needles (G), constructed from blunt-tipped, high pressure hypodermic tubing are embedded

within three bonded pieces assembled with an o-ring (Fig. 2.3b). The IVNA body (I) is
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