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We report on an experimental study of high-speed micro-scale liquid jets ejected into low-pressure environments,
which has applications for the use of negative pressure modules in jet injector systems. The jets were impulsively
started by the action of a stiff spring-piston and ejected through a narrow orifice, Dy ~ 100 um, into partial
vacuums ranging from atmospheric pressure down to —80 kPa. We find that due to the high exit velocity, v; ~

100 m/s, the main jet stream is largely unaffected, but we reveal some fascinating fine features during the start-
up phase, largely due to the presence of a small liquid volume pulled through the orifice prior to actuating the jet.
In particular, as the pressure decreases, the start-up time increases and the initial spray becomes more pro-
nounced. However, the primary outcome of this feasibility study is that use of negative pressures is viable for jet
injector applications, and we hypothesize an optimal range of working pressures and configurations.

1. Introduction

Routine administration of vaccines via hypodermic needle and sy-
ringe is known to cause mild to severe anxiety in patients with needle-
phobia (trypanophobia), and affects approximately one in ten patients
in the US [1-3]. Combined with the risk of contamination from haz-
ardous sharps waste [4,5], and cost of treating accidental needle-stick
injuries [6,7], the Safe Injection Global Network (SIGN) and Global
Vaccine Action Plan (GVAP) of the WHO have therefore in the past
recommended the development of needle-free injection technologies,
noting that they reduce the risk of spreading infection [8-11]. In addi-
tion, there have been promising developments for a technique known as
fractional dose vaccination, where a small dose (typically 1/10th - 1/5th
of a standard dose) is delivered into intradermal tissues. Multiple studies
[12-17] now prove that this technique is feasible for mass immuniza-
tions, which as shown by the recent pandemic, are going to be vital for
forseeable future.

Whilst jet injectors were originally proposed as a candidate to
replace needles for standard intramuscular injections [18-22], they also
clearly hold promise for fractional dose vaccine delivery [12-17], and
there have been numerous studies assessing both the fundamental me-
chanics [23-47] and clinical success [12-17,48-51] of needle-free jet
injection. The basic premise is that a high upstream pressure, created
using either a spring or compressed gas mechanism, forces a jet at
high-speed, vje; ~O(100 m/s), from a narrow orifice, Dy ~O(100 ym).
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Studies with both commercial and custom devices in the literature have
comprised a range of in-vitro, ex-vivo and in-vivo systems, however
there is considerable variability in terms of injection efficiency, i.e. the
ratio of drug delivered to intra-dermal region of skin to the amount of
drug in cartridge. One hypothesis is that the skin tension, underlying
tissue stiffness, and position relative to the jet orifice play a key role in
achieving a consistent jet injection [52,53]. To exemplify this, Fig. 1
provides a direct comparison of a jet injection administered into Guinea
pig skin with a solid backing that fixes the skin position (a & b), and an
injection where no solid backing (natural tissue) is implemented (c & d).
It is clear that the force of the jet is sufficient to significantly deflect the
skin. This leads to inconsistent (and failed) injections.

In order to circumvent this inherent variation, devices have been
proposed in which a negative pressure module could be placed against
the skin prior to administering the jet injection [54-57]. However, to
date, there have been no studies in the literature of the feasibility of this
approach. Therefore, the specific goal of this study was to determine the
feasibility of using a jet injector in partial vacuum, i.e. can we achieve a
steady jet stream and drug delivery into skin? In particular, does the jet
perform consistently over a broad range of pressures and viscosities? To
answer this question, we used high-speed videography to capture jet
dynamics for fluid viscosities spanning three orders of magnitude and
pressures from 0 to —80 kPa, and performed a limited set of ex-vivo
trials using Guinea Pig skin.
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Fig. 1. Comparison of jet injections (0.1 mL) into guinea pig skin with a solid backing (a & b) and soft tissue backing (c & d). The solid backing leads to a successful
intradermal injection and skin bleb formation, whilst the soft tissue backing results in skin delfection, splashback and a failed injection.

2. Experimental methods

The jet injector used in this study was the Bioject ID Pen [45-47,64],
which is a streamline (narrow profile) device originally designed for
intradermal injection purposes. The device, shown in Fig. 2(a), com-
prises a spring housed in an upper chamber which is cocked by manually
extending the arm on the outside of the chamber. A cartridge, shown in
Fig. 2(b), pre-loaded with fluid is then inserted into the front end of the
device and locked in place by rotation. The injection is then triggered
manually by pressing on an external trigger ring, whereupon the spring
is released and a piston hits the rear end of the plunger. After the in-
jection, the used cartridge is released from position by pulling on a
release ring.

The vacuum chamber, shown in Fig. 2(c), is made of 3/4-inch acrylic,
and is de-pressurized using a hand vacuum pump for fine control of the
pressure, which is read using a digital vacuum gauge. The de-
pressurization takes several seconds, and the only part of the injector
that is in contact with the negative pressure is the orifice of the cartridge.
Therefore, the main injector assembly (Fig. 2(a)) is unaffected by the
process.

The cartridges expel a total volume of 100 pL (actual capacity is
slightly higher to account for dead volume in the conical taper section).
The upper cartridge inner diameter where the plunger travels is D, =
4.57 mm, whilst the orifice diameter from where the jet exits is Dy = 157
um. By tracking the plunger displacement and applying mass conser-
vation, the exit velocity at the orifice was found to vary from 161 m/s for
water down down to 74 m/s for glycerin, thus yielding jet Reynolds
numbers, Rej = pviDo/p = 1.1 x 10 up to 2.5 x 10%

For this study, a range of water-glycerin mixtures were studied with
the percentage of glycerin concentration (measured by weight) varying
from 0 to 100 %,,,,. Note that we did not consider concentrations below

50% since the difference in viscosity is very small in that range. The
viscosity was determined using a stress-controlled protocol on a TA
DHR3 rheometer with a 40 mm, 0.017 radian cone-and-plate geometry.
Multiple measurements for each fluid were performed at a constant
temperature of 20 °C. The summary of fluids used is shown in Table 1
(Newtonian).

To capture the jet dynamics, we employed high-speed video cameras
(Phantom V1611 and V711) from Vision Research Ltd. For most cases, a
single side-view perspective was sufficient to measure the plunger
displacement, which is used to calculate the instantaneous plunger ve-
locity, from which we can derive the flow rate and instantaneous exit
(jet) speed. However, in some cases, we employed two cameras with
orthogonal views to obtain a better understanding of jet dispersion
patterns. The cameras were operated at frame rates up to 100,000 fps,
but typical video sequences were captured at 20,000 fps. The temporal
resolution is therefore +50 ps, which is factored into our errors when
calculating jetting times. In addition, using Nikon micro-nikkor 60 mm
lenses with extension tubes, we achieved typical effective pixel sizes of
between 16 and 50 pm/px.

3. Results and discussion
3.1. Overview

As a general overview to the effect of both vacuum pressure and
viscosity on the jet start-up and stream collimation, we present Figs. 3
and 4 which show image sequences from high-speed video clips. In both
figures, sequences (a) and (b) are taken at P = 0 and P = —80 kPa,
respectively, and we clearly observe the qualitative effect of the negative
pressure. For water, the presence of a pendant drop leads to a spray of
droplets when the impulsive action of the spring-piston commences.
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Fig. 2. Photographs of (a) the ID Pen device and (b) standard cartridge for ejecting a volume of 0.1 mL. The white spacer attachment at the end of the cartridge
featured in (b) is optional to create a stand-off distance of approximately 16 mm. (c) Photograph of the experimental setup, showing the vacuum chamber with ports

for vacuum line and gauge.

Table 1
Physical properties of the liquids used in the experiments. The glycerol mixtures
are stated as concentration by volume.

Liquid Dynamic viscosity Density
u (Pass) p (kg/m?)

DI water 0.001 996

50% glycerol 0.0069 1130
80% glycerol 0.084 1209
90% glycerol 0.215 1235
95% glycerol 0.482 1248
100% glycerol 1.31 1261

These droplets gradually disperse away from the orifice over the first 10
ms of the jet. This drop is the result of fluid volume pulled through the
orifice during depressurization of the chamber, and is a consistent
feature, as evidenced in Fig. 4(b) for glycerin - here however, it does not

lead to a spray, but an elongation of the pendant drop, which takes more
time to clear away from the orifice. For both fluids, the negative pressure
ultimately leads to a more dispersed and angled jet, with a deflection
angle (from vertical) of approximately 4°.

3.2. Fine features of the jet start-up

The high-speed videos reveal a relatively fast start-up and transition
to steady, collimated jet stream for jets emerging into atmospheric
pressure, such as those shown in Figs. 3(a) and 4(a). However, the jets
emerging into negative ambient pressure are subject to the presence of a
pendant drop, which is an inevitable consequence of the system at hand.
To study the formation of the steady-stream jet in such cases, we present
Figs. 5 and 6, for water and higher-viscosity fluids, respectively.

In Fig. 5(a), the images reveal intricate details of the pendant drop
atomization; the high-speed jet punctures through the drop at the apex
(image 2) and causes a fine spray of droplets moving rapidly downward
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Fig. 3. Image sequences from high-speed videos of water jets for (a) P = 0 kPa, and (b) P = —80 kPa. The times in milliseconds from t; are shown above each image,
and the scale bar in (a) is 2 mm long.
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Fig. 4. Image sequences from high-speed videos of glycerin jets for (a) P = 0 kPa, and (b) P = —80 kPa. The times in milliseconds from t; are shown above each
image, and the scale bar in (a) is 2 mm long.
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Fig. 5. (a) Start-up sequence for a water jet in P = —80 kPa. The times in microseconds from first motion are t = —62.5, 0, 62.5, 125, 187.5, 500, 812.5, and 1125. (b)
Zoomed view of the jet inside the drop during the frame of first detectable motion. The scale bars in (a) and (b) are 2 mm and 1 mm long, respectively.

(image 3). This particular image is reminiscent of the spray caused by
focusing a laser pulse into the interior of a pendant or sessile drop [58].
The similarity is due to the pressure impulse that is imparted by the jet
(in the present case) and the shock wave from the cavitation event (in
the laser pulse experiment). Once the jet pierces the droplet, an annular
bell structure forms (images 4 and 5), which is still attached to the
cartridge tip. By considering the volume of the pendant droplet, and the
surface area of the annular structure, we estimate the thickness of the
sheet to be of the order 60-70 ym, which is consistent with sizes of the
atomized droplets emerging at early times. At t > 200 ps, the annular
sheet retracts under surface tension away from the cartridge (images 6
and 7) with droplets shedding from the edges, and eventually pulls away
into a fluid ring and disintegrates into discrete droplets (image 8). For
clarity, a zoomed view of the jet inside the pendant droplet (image 2 in
the sequence) is presented in Fig. 5(b).

To understand the role of fluid viscosity in this start-up phenomenon,
we present three sequences in Fig. 6 for y = 6.9, 215 and 1310 mPa s.
The first sequence for y = 6.9 largely mirrors the dynamics for the water
case, the difference of pendant droplet radii notwithstanding. However,
as the viscosity increases, the pendant droplet is also observed to in-
crease in size and the phenomena occurs over an exaggerated timescale t
~ 5 ms for 4 = 215. In this case, when the jet pierces the droplet, the
fluid viscosity is sufficient to resist the outward inertia imparted by the
pressure impulse and collapses back toward the jet, as seen in the second
row of images in Fig. 6(b). This leads to a sustained interaction between
the sheet and the jet, which persists for several milliseconds.

At the highest fluid viscosity, the jet speed is diminished as compared
to lower viscosities, and the effect of the pressure impulse when the jet
moves through the drop is less profound. In this case, we therefore
observe a steady ‘draining’ of the droplet, as it is entrained along the jet
stream, until t ~ 3 ms, at which point a steady, collimated jet is observed.

To quantitatively assess the jet startup times across the full spectrum
of our parameter space, we define ty,+ as the time from the pressure
impulse to the steady jet stream. Our ensemble data for this timescale is
presented in Fig. 7, where we observe that there is little effect for
pressures P > —40 kPa, with tyq; = 0.48-1.2 ms. However, this range
increases to tsq = 0.73-1.9 ms for P = —60 kPa, and to tsq = 1.84-4.6
ms for P = —80 kPa. As discussed above, and seen in the image se-
quences, this is due to the interaction between the jet flow and the
existing fluid volume pulled through the orifice during depressurization.

Whilst the interaction of the high-velocity jet and the pendant
droplet leads to rich dynamics, the ultimate result, within several mil-
liseconds, is a steady jet stream (see Fig. 8), which is collimated for high-
viscosity fluids and more disperse for water, due to the turbulent nature
of the jet (Re ~ 0(10%). As such, we now proceed to evaluate quanti-
tatively, the effect of pressure and viscosity on the steady jet time and
the steady-stream angle and dispersion.

3.3. Jetting times

Based upon the fluid dynamics of flow through the orifice, we can
write the jet speed in terms of pressure drop as
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Fig. 6. Start-up sequences for (a) 50% glycerin (x = 6.9 mPa s), (b) 90% glycerin (1 = 215 mPa s), and (c) 100% glycerin (x = 1310 mPa s), all at P = —80 kPa. In
each sequence, the frames are taken at times (relative to first detectable motion) of (a) t = —62.5, 0, 62.5, 125, 187.5, 375, 562.5, and 750 ps, (b) t = —62.5, 62.5,
187.5, 312.5, 1062, 2562, 3562, and 5062 ps, and (c¢) t = —125, 0, 125, 250, 937, 1625, 2312, and 3000 ps The scale bars are 2 mm long.

2AP
Vie =\ |——=~ 1
e p(l + Cd) ( )
where AP = Py — P, is the pressure drop from the upstream cartridge
region to the ambient environment, and Cy is an empirically determined
discharge coefficient, which is an increasing function (power law) of
viscosity. Since the upstream stagnation pressure is sufficiently high (P

~ 0(107) Pa) in all cases, we do not expect that the additional pressure
drop from the partial vacuum pressure (Py,~ O(104) Pa) will influence
the jet speed. To verify this, we inspect the steady jet stream times, i.e.
the time from the pressure impulse (e.g. second frame in Fig. 6(a)-(c)) to
the end of the jet across all viscosities and pressures. This data is pre-
sented in Fig. 9(a), which shows the jet times are largely unaffected by
the ambient pressure, but vary significantly with fluid viscosity.

Some of the intra-sample variation in total jetting times at low
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pressures can be attributed to the volume loss during the depressuriza-
tion stage, as exemplified in Fig. 6, where the pendant drops represent
an estimated volume loss of 5-10%, resulting in a shorter jetting times in
those cases.

By taking the ensemble mean time for each fluid (neglecting effect of
pressure), we can now assess the steady jet time versus viscosity, as
shown in Fig. 9(b). Here we find that the best description is provided by
a power law, given by t; = 34 + 1.344%%2, The constant term of 34 ms
represents the jet time for an inviscid fluid, whilst the power law
exponent reveals the dependence on viscosity, ;™ /4.

Previously, average jet speeds have been calculated [54] based on
the total jetting time and ejected volume as

\%4

4
by =2V
o) = o

(2)
where V is the expelled volume. Taking V = 100 L, which accounts for
some fluid loss noted above, we find the jet speeds ranging from 162 m/s
for y =1 mPas down to 61 m/s for y = 1310 mPa s, which are consistent
with our calculations from mass conservation, done at atmospheric
pressure. Combining equation (2) with the empirical fit for t, we
conclude that (vj)~ u 2

0

Fig. 8. Snapshots of the steady jet streams for water at all pressures (marked above each image in units of kPa).
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Fig. 9. Jet time versus (a) pressure, and (b) viscosity. The symbols in (a) represent different fluid viscosities: water (°), 50% glycerin ([), 80% glycerin (o), 90%
glycerin (V), 95% glycerin (A), 100% glycerin (1>). The dashed line in (b) represents the best empirical fit to the data with a power law, given by t; = 34 + 1.34u%52,
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Fig. 10. (a) Examples of both collimated (left) and dispered (right) jets, (b) Jet dispersion angle versus viscosity.

3.4. Jet dispersion

One factor that has the propensity to influence injection quality, in
terms of both penetration depth and fluid distribution pattern in the
skin, is the jet shape [36,37,44] - namely - whether the stream is colli-
mated or dispersed, as depicted graphically in Fig. 11(a). We can
quantify the collimation or dispersion with a jet angle, defined by

D, — D,
_ —1 h 0
0 = tan (72}2 ),

where h is the distance downstream of the orifice used for measurement,
Dy, is the diameter measured at h, and Dy is the orifice diameter. These
are also defined graphically in Fig. 11(a).

As a function of pressure, there is no quantifiable trend for dispersion
angle. However, it does appear to be strongly dependent on viscosity, as
shown by Fig. 11(b), with dispersion angles up to 4° for water and 2° for
50% glycerin. We note that these fluids result in jet Reynolds numbers,
Rej = pDovj/u > 25000 and 3200, which represent fully turbulent and
transitional flow, respectively. In contrast, the other fluids with ¢ = 84
— 1310 mPa s, are strictly laminar with corresponding Reynolds
numbers at the orifice of Rej = 2760 — 113. As such, based upon prior
literature [59-61] we expect to observe more fluid dispersion in the case
of water and 50% glycerin.

Whilst a dispersion angle of 1-2° may not seem significant, bear in
mind that if a spacer is implemented to impose a stand-off distance of 10
mm between the nozzle and the skin, the jet footprint when it impacts
the skin is closer to 1 mm in diameter, which has implications for both
fluid splashing, penetration dynamics and subcutaneous distribution
patterns. Despite the results of ref [33] where a collimated jet resulted in
greater penetration, it reamins unclear whether there is an optimal jet
dispersion for intradermal versus subcutaneous or intramuscular de-
livery. This must be addressed in future studies.

3.5. Ex-vivo injections at reduced pressure

To demonstrate the efficacy of injections performed at reduced
pressure, we performed a limited number of ex-vivo experiments into

Guinea Pig skin. An overview of this approach is shown in Fig. 10, where
an orifice stand-off (distance between the orifice and skin target surface)
of 2 mm was used. The injected fluid was DI water, for which the jet
speed v; =~ 162 m/s. In this case, due to the small standoff distance, jet
dispersion before hitting the skin is minimal with an approximate jet
diameter of 250-300 ym. The image sequence shown in Fig. 10(a) is
from a video taken at 21,000 fps and results in a successful injection into
the intradermal region of the skin, evident from the raised skin wheal
[62-64] shown in Fig. 10(b). For comparison, figures (c) and (d) present
the top and side-views, respectively, for injections performed at P =
—80 kPa and 0 kPa; both injection sites appear qualitatively similar and
the fluid was correctly deposited into the intradermal tissues. Additional
photographs of bleb formations are shown in Fig. 12, for different
pressures (indicated at the top) and stand-off distances (indicated on the
left).

It is therefore hypothesized that reduced ambient pressure has a
negligible effect on the injection dynamics for low stand-off distances.
However, for higher stand-offs this may not be the case due to jet
dispersion. As such, it is recommended that in-vivo testing with a clin-
ically relevant animal model be implemented with minimal stand-off.

4. Conclusions

In summary, this study reveals that the effect of a negative pressure
ambient is virtually negligible with regards to jet times and speeds,
which means impulsively started jet injectors are suitable for use with
low-pressure environments, and can be coupled with vacuum devices for
stabilizing the skin position and tension during injections. One caveat is
that for pre-filled cartridges, there is some inherent product loss due to
the depressurization, and the fluid present at the orifice can also yield a
more dispersed jet during the jet startup phase. This could be circum-
vented by modifying (increasing) the plunger friction to withstand
vacuum pressure. Skin could also be damaged at very low pressures;
Therefore we hypothesize that an optimal range of pressures exists for
coupling jet injection with vacuum devices, which minimizes skin
damage and product loss, but fixes skin location and tension to improve
delivery efficiency. Furthermore, direct contact between the orifice and
the skin would remove the small amount of product loss due to the
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Raised bleb

original skin level

Fig. 11. (a) Jet injection of water into Guinea pig showing the growth of the skin bleb (scale bar = 5 mm). (b) Image difference between original skin level and the
final state after injection. (c) Top-view photograph of skin with two injection performed at —80 kPa and 0 kPa, respectively (scale bar = 1 cm). (d) Medial section of
the injections showing the fluid dispersion pattern in the dermal tissues (scale is millimetric).

droplet formation.

Whilst the effect of jet dispersion on injection efficiency has yet to be
fully quantified, the jet speeds at the orifice remain independent of the
vacuum pressure, and are dominated by the high upstream pressure. As
such, the dynamic pressure in the jets, ~%pvj2, remains largely unaf-
fected, and thus the impact pressure, P ~ 0(107) Pa, is sufficient for
transdermal injection. It is proposed that in-vivo trials using a negative
pressure module with a clinically relevant animal model be

implemented with low stand-off to minimize effects of jet dispersion.
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Fig. 12. Photographs of medial sections of the blebs formed from different injection configurations. The scale increments are 1 mm.
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