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Effect of air pockets in drug delivery via jet injections 
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A B S T R A C T   

Needle-free jet injections are actuated by a pressure impulse that can be delivered by different mechanisms to 
generate high-speed jets (Vj ∼ ℴ

(
102)

m/s). During filling and transportation of disposable cartridges and 
ampoules, bubbles can form, which can be problematic especially for viscous fluids. Here, we report on the effect 
of location and size of entrapped air pockets in cartridges used in spring-powered jet injections. As air bubbles 
pass through the orifice, they undergo depressurization, which results in intermittent atomization and spray 
formation, temporarily increasing the jet dispersion. Atomization and dispersion of the jet can lead to product 
loss during an injection. We find that the effect of bubble location on the jet exit speed, delivery efficiency, and 
the projected area of the blebs formed after the injection was statistically significant (p < 0.05). The findings of 
this study have implications for the development of pre-filled cartridges for jet injection applications.   

1. Introduction 

Conventional oral administration of drugs is limited by low 
bioavailability caused by the acidic environment in the stomach and 
restrictive intestinal epithelium (Prausnitz et al., 2004). The most 
common alternatives to oral drug delivery are hypodermic needle sy-
ringes, which have numerous caveats including needle-stick injuries, 
cross-contamination, and needle-phobia (Weniger and Mark, 1200; 
Elisabetta et al., 2005; Jacobson et al., 2001) and potential limitation on 
injectability of viscous drugs. Thus, evidently there is a need for an 
effective needle-free technique for drug administration. Needle-free jet 
injectors are one such approach are one such example where a high- 
speed jet (velocity, vj ∼ 100 m/s; diameter, dj ∼ 100–200 μm) punc-
tures the top layer of the skin (i.e. stratum corneum) and deposits the drug 
into the intradermal, subcutaneous, or intramuscular tissue (Schramm- 
Baxter and Mitragotri, 2004). 

Medical devices such as hypodermic syringes and needle-free jet 
injectors need an ampoule or cartridge to store medication or biological 
drugs before injection. These are either supplied prefilled or can be 
loaded manually. Prefilled ampoules are designed to have low vari-
ability in the amount of drug (Beyea and Nicoll, 1995). However, air 
pockets can form in medication contained in ampoules during loading or 
transportation, which can be further amplified by the viscosity of the 
contained fluid. The effect of air pockets on the efficacy of drug delivery 
is still largely unknown which demands a systematic parametric study to 
further the current understanding. 

In general, the presence of air pockets within a drug is either unde-
sirable or could be harnessed in several medical applications (Brennen, 
2014; Christopher Earls Brennen, 2015; Tang et al., 2002; Tezel et al., 
2002; Tezel and Mitragotri, 2003). Ultrasound imaging (Crum et al., 
2010; Blomley et al., 2001), lithotripsy (Sokolov et al., 2001), controlled 
cavitation in gene delivery (Blomley et al., 2001 and laser-induced jet 
injection Rodriguez et al., 2017; Kiyama et al., 2019; Rohilla and Mar-
ston, 2020) are some of the applications where energy generated due to 
the formation and collapse of air pockets can be utilized. On the other 
hand, the phenomenon of collapsing air pockets also generates microjets 
and shock waves, which can rupture red blood cells in artificial heart 
valves and can be detrimental to soft tissue (Garrison et al., 1994; 
Johansen, 2004; Rambod et al., 1999). 

Introducing air bubbles (0.1–0.2 ml) before drawing medication into 
a syringe was a common-place practice among clinicians and nurses in 
the United States before the widespread use of disposable syringes in the 
1960s (Beyea and Nicoll, 1995; Nicoll and Hesby, 2002). These air 
bubbles were used to correct the medication dosage to account for the 
dead volume in the needle hub. Moreover, air pockets when injected 
with the medication were thought to prevent the seepage or backflow of 
the medication into the subcutaneous layer through the needle tracks 
(Quartermaine and Taylor, 1995). However, multiple studies showed 
contradictory results to this hypothesis (Ipp et al., 1990; Liam, 2013). 
Also, air bubbles occupy the available volume for the medication which 
causes dosage inaccuracy (Chaplin et al., 1985). Thus, it is recom-
mended to avoid air bubbles in syringe injections (Beyea and Nicoll, 
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1995; Nicoll and Hesby, 2002; Chaplin et al., 1985). 
In jet injection, air bubbles can affect the coherency and continuity of 

the jet stream in addition to causing dosage errors. This phenomenon 
intensifies with an increase in plunger speed. Thus, in the context of jet 
injectors where the jet speeds can be ℴ(102) m/s, it is important to study 
the effect of air pockets in the nozzle on the efficacy of jet injections. 
Although researchers have studied the effect of cavitation in the storage 
and injection of therapeutics (Brennen, 2014; Christopher Earls Bren-
nen, 2015; Sederstrom, 2013; Theresa Trummler et al., 2020; Jean- 
Christophe Veilleux et al., 1068; Daou et al., 2017; Li et al., 2016; 
Oguri and Ando, 2018; Xiang and Wang, 2018), there is a lack of 
detailed study on understanding the role of air pockets in drug delivery 
via jet injections. Here, we study the effect of location of air pockets 
inside the nozzle cartridge on the hydrodynamics and efficacy of drug 
delivery via jet injection. The physical properties of the liquid and nozzle 
dimensions were kept constant. We study the bubble dynamics including 
atomization of the bubble within the nozzle and the dispersion of the jet 
when bubbles exit through the orifice. A limited ex-vivo study was 
conducted on porcine skin to understand the effect of air pockets on the 
delivery efficiency via jet injections. 

2. Materials and methods 

A spring-based jet injector (Bioject ID pen) was used in the experi-
ments, which is described in detail in other works (Rohilla et al., 2019; 
Rohilla and Marston, 2019; Rohilla et al., 2020). DI water was filled in a 
transparent nozzle cartridge with a volume capacity of 0.11 ml and an 
orifice exit diameter do∼ 157 μm. Air pockets were introduced at 
different locations inside the nozzle cartridge (as shown in Fig. 1(a,b)) 
using 1 ml luer-lock syringe equipped with a 24-gauge needle. 
Furthermore, the plunger was carefully replaced to avoid the escape of 
air pockets through the orifice exit. We have used five different locations 
within the nozzle cartridge to understand their effect on the bubble 
dynamics with time, chosen to cover a range of locations that can be 

reproduced by injection with a needle. L1 represents the location of an 
air pocket at or in close proximity of the plunger tip. Locations L2 to L5 
refer, respectively, to bubbles located at the corner between the plunger 
and the cartidge wall, the corner prior to the taper, at the mout of the 
main taper section, and in the main cartrdieg barrel. It should also be 
noted that the bubble locations, L2 and L3 are ‘corner’ locations (from 
the side-view perspective shown), however due to the radial symmetry, 
the exact radial location within the cartridge does not affect the 
dynamics. 

To capture the bubble and jet dynamics, a high-speed video camera 
(Phantom V711, Vision Research Ltd.) was used at frame rates of 
10,000–30,000 frames per second. The plunger displacement was 
measured frame-by-frame by tracking the tip of the plunger (Fig. 1(b)) 
using Photron FASTCAM Analysis (PFA ver.1.4.3.0) software. The 
plunger speed was then estimated from the slope of the dis-
placement–time plot after the initial ringing phase, e.g. t > 5 ms (Fig. 1 
(c)). We then estimated the jet speed at the orifice exit, vj (Fig. 1(d)) from 
plunger speed using mass conservation, assuming the liquid to be 
incompressible at the experimental conditions. 

A single side-view perspective was sufficient to track the plunger tip. 
However, to visualize the bubble dynamics within the nozzle during a jet 
injection, we used two cameras (second camera: Phantom Miro 311, 
Vision Research Ltd.) with orthogonal views. In addition, using extension 
tubes with Nikon micro-nikkor 60 mm lenses, we achieved typical 
effective pixel sizes in a range of 10–30 μm/px. 

Volume fraction was used to quantify the size of the air pockets, 
which is defined as the ratio of the volume occupied by an air pocket 
(Vb) to the total liquid volume inside a nozzle cartridge without any air 
pocket (V). We measured the volume fraction occupied by air pockets at 
different locations by weighing the liquid-filled nozzle with and without 
air pockets. Fig. 1(d) shows the volume fraction of air pockets intro-
duced at different locations inside the nozzle. 

To measure the force profile during the jet injection, a miniature load 
button cell (Futek-LLB 350, 50 lb, FSH04000, accuracy ±0.1%) was 

Fig. 1. Air pockets in a nozzle cartridge. (a) Five different locations of air pockets inside a nozzle cartridge, (b) trajectory (in red) of plunger motion inside the nozzle 
for different locations of air pockets, (c) plunger displacement with time for a jet injection with and without air pockets, and (d) volume fraction (Vb/V) and jet speed 
(vj) for different locations of air pockets (n = 5, error bars represent standard deviation). Scale bar represents 3 mm (a,b). 
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placed at a distance of 2 mm away from the orifice exit of the nozzle to 
avoid contact with the nozzle (figure 1(a)) during jet injection. Force 
profiles of jet injection were recorded at a sample rate of 4,800 Hz. 

To conduct ex vivo studies, porcine skin was used as a skin model for 
human skin. Porcine skin patches (thickness ∼ 3–5 mm) were harvested 
from the side regions of Yorkshire-Cross pigs (age: 13 weeks), eutha-
nized in the department of Animal Sciences (Texas Tech University). 
These skin patches were kept in a −80 oC freezer, but thawed to room 
temperature before jet injection. We cut skin across the center of the 
injection site to visualize the dispersion of the liquid after jet injection. 
Trypan Blue (Sigma Aldrich) was used as a dye (1 mg/ml) in DI water to 

aid in the visualization of skin blebs, and a custom Matlab script was 
used to estimate the dimensions of skin blebs. We used porcine skins 
after a single freeze–thaw cycle, which is generally regarded as a good 
model of human skin (Ranamukhaarachchi et al., 2016). 

We performed one-way ANOVA tests to check the statistical signifi-
cance of various parameters used in the study with a significance level of 
α = 0.05. 

Fig. 2. Snapshots of bubble dynamics for different locations of air pockets inside the nozzle cartridge corresponding to different time frames. For location L1, frames 
(a-i) ≡ [0, 0.1, 0.2, 0.27, 0.37, 1.5, 2.27, 5.73, 61.07] ms with jet ejection duration, tj ∼ 38 ms; for location L2, frames (a-i) ≡ [0, 0.2, 0.3, 0.5, 1.0, 2.9, 4.57, 
6.23, 61.77] ms with tj ∼ 38 ms; for location L3, frames (a-i) ≡ [0, 0.1, 0.2, 0.27, 0.37, 1.5, 2.27, 5.73, 61.07] ms with tj ∼ 35 ms; for location L4, frames (a-i) ≡
[0, 0.67, 0.167, 0.43, 0.67, 1.47, 2.23, 3.5, 64.67] ms with tj ∼ 36 ms; and for location L5, frames (a-i) ≡ [0, 0.5, 0.6, 0.67, 0.73, 1.1, 1.83, 5.3, 30.33] ms with 
tj ∼ 17 ms. 
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3. Results and discussions 

3.1. Bubble Dynamics 

Jet injection was actuated with a trigger, which initiated the 
decompression of the spring causing the plunger to move instanta-
neously. The impact of the plunger causes rapid pressurization and the 
air bubble atomizes into multiple microbubbles, whilst the ensuing 
plunger motion forces the liquid out through a narrow orifice exit (157 
μm). Fig. 1(c) shows the plunger motion, which exhibits a ‘ringing’ 
(oscillatory) phase caused by the sudden impact of the spring piston on 
the plunger, followed by a nearly linear and stable motion. Average jet 
speeds were calculated from the slope of this linear region of the plunger 
displacement–time plot. Introduction of air pockets did not alter the 
steady jet speed (vj) significantly which lied in a range of ∼ 142–146 m/ 
s, except for the case of air pocket introduced at the center of the nozzle 
cartridge (L5). 

Among the different locations of air pockets, L5 showed a distinctive 
behavior. The plunger moved ∼ 3.7 mm through the cartridge barrel 
within a short period of 1.5 ms, thus resulting in a rapid collapse of the 
air pocket. The collapsing air pocket generates a pressure opposing the 
plunger motion, and the interplay of forces during this period is man-
ifested by the recoiling trajectory of the plunger, as shown in the last 
frame of Fig. 1(b). The impulse is much stronger, and resistance in the 
early stages is much weaker, leading to significant over-pressure (noted 
by a force increase of ∼ 33%). This resulted in a higher initial jet speed, 
but also a prolonged recoil/ringing phase. Due to this extended ringing 
phase, we calculated the average jet speed by fitting a line after this 
phase to the plunger displacement–time plot. For L5, average jet speed 
was lower (128.5 ± 3.8 m/s). Another important characteristic of air 
pockets introduced at different locations inside the nozzle was the vol-
ume fraction of the air pocket. For locations L1 −L4, the volume fraction 
occupied by the air pocket was in the range of ∼ 5–25%. However, the 
volume fraction of the air pocket at location L5 was in the range 
∼ 40–60%. A larger air bubble was required for the center location in 
order to stabilize it at that location; volumes smaller than this range 
tended to move to locations L1 −L4. 

Fig. 2 shows a montage of frames summarizing the bubble dynamics 
for air pockets placed at different locations. When the plunger is trig-
gered, the fluid pressure in the cartridge increases rapidly up to ℴ(10 
MPa), causing the air pocket to collapse and disintegrate into micro-
bubbles. The trajectory of such microbubbles largely depends on the 
pressure gradient, which further depends on the flow disturbance caused 
by the bubbles collapsing under high pressure. Although numerous 
studies have been conducted to understand the behavior of bubbles with 
inertial impact (Daou et al., 2017; Li et al., 2016; Rodríguez-Rodríguez 
et al., 2014), the underlying physics behind the bubble dynamics may 
vary on the basis of applications. 

The life cycle of microbubbles depends on the location where the air 
pocket was introduced initially. For air pockets present near the outlet 
(L3 and L4), microbubbles exit the nozzle at an early stage whereas for 
air pockets introduced farther upstream, not all of these bubbles exit; it 
can be noticed from ith frames in Fig. 2 that microbubbles were present 
in the tapered section of the nozzle at the end of injection for air pocket 
introduced at locations L1,L2, and L5. 

Fig. 3 shows orthogonal views of microbubbles inside the nozzle at 
the same instant (t = 5.5 ms). Different views shown in Fig. 3 yield 
different bubble size distributions at the same instant of time due to the 
lensing effects of the nozzle geometry. Thus, to avoid the erroneous 
measurement, we did not quantify the bubble size distribution with 
time. 

Assuming the air bubble to be an ideal gas, we can estimate the 
volume of the wedge-shaped bubble cloud formed after the collapse of 
an air pocket at location L5, using ideal gas law (PV = nRT = const.): 

P1V1 = P2V2 (1)  

Where P1 and P2 are atmospheric pressure (∼ 105 Pa) and pressure in-
side the bubble (∼ 5×107 Pa, using peak force of F* ∼ 1 N), respectively. 
V1 and V2 are the initial volume of the air pocket (∼ 55 μL, for location 
L5) and the volume of the wedge-shape bubble cloud after the collapse, 
respectively. The minimum height of the bubble cloud (hmin) was esti-
mated using: 

hmin ≈
V2

(

π Di
2

4

) (2)  

Where Di is the inner diameter of the nozzle barrel. 
A slight asymmetry in the shape of the air pocket (L5) causes a 

wedge-shaped air volume that disintegrates from left to right in the 
image sequence (see Fig. 2, L5(a-i)), therefore, we can expect a size 
distribution with rmin≪10 μm and rmax≫10 μm, evidenced by zoomed 
images where bubbles with size of ℴ(100 μm) can be easily seen. 
Moreover, many bubbles with a size of the order of 1 pixel or less were 
also observed, in agreement with our quantitative argument. 

3.2. Force measurements 

To measure the impact force, liquid jets were impinged on a load cell 
placed at a distance of 2 mm away from the orifice exit. Fig. 4 shows 
force profiles of jets with air pockets present at different locations. The 
time duration of the jets for air pocket locations L1, L2, L3, L4 and L5 were 
∼ 37.5 ms, ∼ 34.8 ms, ∼ 35.8 ms, ∼ 33.5 ms, and ∼ 16.9 ms, respec-
tively. In the absence of an air pocket, the time duration of a water jet 
was ∼ 38 ms. Force profiles are more reliable for determining the jet 
duration compared to displacement profiles due to the difficulties 
associated with tracking the plunger tip towards the end of injection. 

As the spring piston strikes the plunger, a ringing phase can be 
observed in force profiles in the initial stage (∼ 10 ms) of liquid injec-
tion. In the absence of any air pockets, the peak force was ∼ 0.63 N and a 
similar peak force was observed for air pockets present at locations L1,L2,

L3, and L4 with values of ∼ 0.62 N, ∼ 0.76 N, ∼ 0.67 N, and ∼ 0.78 N, 
respectively. However, L5 exhibited a higher force of ∼ 1.03 N, repre-
senting an increase of 63% compared to the other locations. After the 
peak force, the magnitude of the force profile was nearly the same for all 
cases with F ≃ 0.4 N (F = ρv2

j Ao (Rohilla and Marston, 2019; Uth and 
Deshpande, 2013), where Ao is the cross-sectional area of orifice exit) 
except the case of L5 with slightly lower force. Further implications of 
force profile and injection duration will be discussed in ex vivo studies. 

3.3. Effect of microbubbles on jet collimation 

As pressurized microbubbles exit the orifice, they undergo a rapid 
depressurization and expand, resulting in a spray-like jet (Fig. 5). The 

Fig. 3. Orthogonal views of nozzle cartridge with microbubbles inside the 
liquid corresponding to time, t = 5.5 ms for air pocket introduced at location L2. 
Scale bar represents 3 mm. Note: A vertical line on the left frame is an artifact of 
the nozzle and is not related to the contained fluid or air pockets. 
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magnitude of the effect of microbubbles on the jet depends on the size 
and the number of bubbles exiting the nozzle orifice along the liquid jet. 

Fig. 5 shows the effect of a bubble cloud exiting the nozzle orifice on 
the liquid jet with orthogonal views captured using two high-speed 
cameras at a frame rate of 10,000 fps. The liquid jet free of any effect 
of bubbles is shown in Fig. 5(a), where orthogonal views show that the 
jet looks coherent from one side and slightly dispersed from the other 
side. In the next frame (Fig. 5(b)), a cloud of air pockets (highlighted in 
dashed yellow outlines) appeared in the tapered section of the nozzle with 
spray-like jets as the bubbles exit with the jet. As more bubble clouds exit 
the nozzle, the jet dispersion grows as shown in Fig. 5(c). With the 
majority of air pockets exiting the orifice exit, the remnant effects of the 
bubbles on the liquid jet can be seen in Fig. 5(d), but the jet will resume 
the steady stream upon clearance of air bubbles. 

3.4. Ex vivo studies 

To understand the effect of air pockets in injection into real tissue, we 
performed jet injection of dyed water into porcine skin, which was 
harvested from different pigs at the department of Animal Sciences 
(hence, different colors in Fig. 6). In previous studies (Rohilla et al., 
2020) the effect of force exerted by the jet injector in the normal di-
rection (i.e. loading) has been reported, and therefore we used the rec-
ommended normal load of 1 kg on the jet injector. 

After impingement, the liquid jet creates a hole in the skin through 

which liquid propagates inside the skin. The stiff poro-elastic structure 
of the dermal tissue resists the liquid inflow inside the skin, thus limiting 
the amount of liquid that can be delivered with a single injection. To 
visualize the dispersion of liquid inside skin after jet injection, the skins 
were cut across the point of injection. Fig. 6 shows cross-sections of skin 

Fig. 4. Impact force profiles for jet injections for different locations of air pockets. L0 represents the jet injection without any air pocket inside the nozzle. Shaded 
region represents ringing phase during jet injection. (n = 3, shaded error bars represent standard deviation). 

Fig. 5. Effect of bubbles on the jet coherency with orthogonal views. (a). liquid jet without any bubbles (t = 1.4 ms), (b) bubble cloud in tapered section before exit (t 
= 9.9 ms), (c) spray-like jet formation as the bubbles exit with the jet (t = 10 ms), and (d) diminishing atomization of jet as bubble clouds exits the tapered section (t 
= 10.1 ms). Yellow outlines show a cloud of micro-air bubbles within the tapering section of the nozzle and the red outlines show the spray formation as the 
microbubbles exit the orifice. The scale bar in panel (d) represents 2 mm. 

Fig. 6. Cross section view of skin blebs for: (a). no air pockets, (b) air pocket at 
location L1, (c) air pocket at location L2, (d) air pocket at location L3, (e) air 
pocket at location L4 and (f) air pocket at location L5. Scale bar represents 5 mm. 
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blebs corresponding to the different location of air pockets. It can be 
seen from the cross-sectional view of the blebs that the injections were 
largely limited to the dermis layer, even for location L5, which imparts a 
higher peak force; in that case we do see some liquid penetration into the 
subcutaneous tissue. In contrast, Fig. 6(d) exhibits shallow penetration 
and lower horizontal dispersion of liquid, which corresponds to lower 
delivery efficiency for air pockets at location L3. Thus, cross-sectional 
views of skin blebs provide visual insights into the injection process. 

Fig. 7 shows the effect of the location of the air pocket on the delivery 
efficiency and the dimensions of the bleb formed inside the skin after jet 
injection. Delivery efficiency (η = (m −mr) × 100/m) was measured 
from the weight of liquid rejected at the top of the skin after injection 
(mr) and total weight of liquid in the nozzle cartridge before injection 
(m). Whatman filter papers were used to absorb the rejected liquid on 
the top of skin. 

The presence of air pockets at locations L1,L2, and L5 showed higher 
percentage delivery of liquid inside the skin, and indeed the effect of 
varying the location of air pockets on the delivery efficiency of dyed 
water was significant (p < 0.05). It is noteworthy that the delivery ef-
ficiency was affected by the confluence of changing location and 
available liquid volume inside the nozzle. As discussed earlier, the vol-
ume of liquid inside the nozzle changes with introduction of air pockets 
inside the nozzle. Introducing an air pocket at location L1 showed higher 
percentage delivery than the case of no air pockets for nearly the same 
force profile. This increase in delivery efficiency could be due to the 
reduced liquid volume to be injected inside the skin; As shown in earlier 
studies (Rohilla et al., 2020), higher delivery efficiency in jet injection 
was obtained for lower volumes. It was hypothesized that there is a limit 
of liquid volume which can be injected into the skin without significant 
rejection. Here, with the introduction of air pockets, the available liquid 
volume to be injected was lower for locations L1 and L5, resulting in 
higher efficiency. 

In addition, the percentage delivery was nearly the same for loca-
tions L3 and L4 as compared to the control case, L0. Bubbles exit early 
with a jet for air pockets present at locations L3 and L4. As the high-speed 
liquid jet penetrates the skin, it creates a channel to facilitate the further 
delivery of incoming liquid. Any disturbance in the jet shape in the 
initial phase could have an adverse effect on the channel formation in 
the tissue for liquid propagation, thus resulting in lower percentage 
delivery and narrow dispersion patterns, as observed for L3 and L4. 
Higher peak force also helps in increasing percentage delivery, as noted 
with location L5; We postulate that this is a confluence of the higher 
initial impact force (∼ 1.03 N) and lower volume of liquid to be injected 
(∼ 0.05 ml). 

The effect of location of air pockets was significant on the projected 
area (p < 0.05) and the aspect ratio of skin blebs (p < 0.05). Projected 
area showed nearly the same trend as of delivery efficiency. In the case 
of injection with an air pocket present near the exit (L3 and L4), skin 
blebs showed large intra sample variation in their shape and their 
dimensions. 

4. Conclusions 

We investigated the effect of introducing air pockets at various lo-
cations within the liquid contained in a nozzle cartridge for jet injectors. 
When the spring-piston impacts the plunger of the cartridge, rapid 
pressurization causes the air pocket to collapse into microbubbles, 
which ultimately result in atomization as liquid exits the orifice. As such, 
the jet can become significantly dispersed and intermittent. The peak 
impact force was also affected by the presence of air pockets, whereby 
the largest air pocket led to the highest peak force due to a slamming 
phenomenon associated with the rapid collapse of the bubble. With 
regards to delivery, our ex-vivo measurements indicate that the delivery 
efficiency improved for the configuration with the largest air bubble, 
which we hypothesize is due to a confluence of higher initial peak ve-
locity and reduced initial volume (V* ≈ 50 μL), in agreement with prior 

reports on intradermal injections. Although this infers that introduction 
of air pockets can improve delivery efficiency, we postulate that air 
pockets should be avoided in order to eliminate dosage inaccuracy and 
spray via atomization, both of which could be detrimental to jet 
injection. 
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Supplementary data associated with this article can be found, in the 
online version, at https://doi.org/10.1016/j.ijpharm.2021.120547. 
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Rodríguez-Rodríguez, Stéphane Zaleski, and Daniel Fuster. Investigation of the 
collapse of bubbles after the impact of a piston on a liquid free surface. AIChE 
Journal, 63(6):2483–2495, 2017. 

Elisabetta Rapiti, A Pruss-Ustrun, and Y Hutin. Sharps injuries: Global burden of disease 
from sharps injuries to health-care workers. World Health Organization, Geneva, 
2005. 

Garrison, L.A., Lamson, T.C., Steven Deutsch, D.B., Geselowitz, R.P Gaumond, Tarbell, J. 
M., 1994. An in-vitro investigation of prosthetic heart valve cavitation in blood. The 
Journal of heart valve disease 3, S8–22. 

Ipp, M., Goldbach, M., Greenberg, S., Gold, R., 1990. Effect of needle change and air 
bubble in syringe on minor adverse reactions associated with diphtheria-tetanus 
toxoids-pertussis-polio vaccination in infants. 9 (4), 291–293. The Pediatric 
infectious disease journal</hi>.  

Robert M Jacobson, Avril Swan, Adedunni Adegbenro, Sarah L Ludington, Peter C 
Wollan, Gregory A Poland, Vaccine Research Group, et al. Making vaccines more 
acceptable methods to prevent and minimize pain and other common adverse events 
associated with vaccines. Vaccine, 19(17-19):2418–2427, 2001. 

Jean-Christophe Veilleux, Kazuki Maeda, Tim Colonius, and Joseph E Shepherd. 
Transient cavitation in pre-filled syringes during autoinjector actuation. Proceedings 
of the 10th International Symposium on Cavitation (CAV2018), page 1068, 2018. 

Johansen, Peter, 2004. Mechanical heart valve cavitation. Expert review of medical 
devices 1 (1), 95–104. 

Akihito Kiyama, Nanami Endo, Sennosuke Kawamoto, Chihiro Katsuta, Kumiko Oida, 
Akane Tanaka, and Yoshiyuki Tagawa. Visualization of penetration of a high-speed 
focused microjet into gel and animal skin. Journal of Visualization, 22(3):449–457, 
2019. 

Liam Mac Gabhann. A comparison of two depot injection techniques. Nursing Standard 
(through 2013), 12(37):39, 1998. 

Li, S., Han, R., Zhang, A.M., Wang, Q.X., 2016. Analysis of pressure field generated by a 
collapsing bubble. Ocean Eng. 117, 22–38. 

Nicoll, Leslie H, Hesby, Amy, 2002. Intramuscular injection: an integrative research 
review and guideline for evidence-based practice. Applied nursing research 15 (3), 
149–162. 

Ryota Oguri and Keita Ando. Cavitation bubble nucleation induced by shock-bubble 
interaction in a gelatin gel. Physics of Fluids, 30(5):051904, 2018. 

Prausnitz, Mark R, Mitragotri, Samir, Langer, Robert, 2004. Current status and future 
potential of transdermal drug delivery. Nature reviews Drug discovery 3 (2), 
115–124. 

Quartermaine, S., Taylor, R., 1995. A comparative study of depot injection techniques. 
Nursing Times 91(30):36. 

Rambod, Edmond, Beizaie, Masoud, Shusser, Michael, Milo, Simcha, Gharib, Morteza, 
1999. A physical model describing the mechanism for formation of gas microbubbles 
in patients with mitral mechanical heart valves. 27 (6), 774–792. Annals of 
biomedical engineering</hi>.  

Ranamukhaarachchi, S.A., Lehnert, S., Ranamukhaarachchi, S.L., Sprenger, L., 
Schneider, T., Mansoor, I., Rai, K., Häfeli, U.O., Stoeber, B., 2016. 
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