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Purpose. Pressure-driven jets have been used for intradermal delivery
of a variety of drugs. Despite their introduction into clinical medicine,
variability and occasional bruising have limited their widespread ac-
ceptance. Although numerous clinical studies of jet injectors have
been reported in the literature, surprisingly little is known about the
mechanisms of jet penetration into the skin. In this article, we report
results of our studies aimed at determining the dependence of drug
delivery on jet velocity and diameter. These studies were performed
using two experimental models, porcine skin and human skin. Our
rationale for using two models was to explore the possibility of using
porcine skin as a model for human skin.
Methods. Dermal penetration of jets possessing a range of diameters
from 76 �m to 559 �m and a range of velocities from 80 m/s to 190
m/s was studied into human and porcine skin. Penetration was quan-
tified using radiolabeled mannitol. Pressure and velocity of the jets
were measured using a calibrated pressure transducer and high-speed
photography.
Results. Penetration of the jet into the skin was determined by two
main parameters, jet diameter and average jet velocity. Substantial
variation in jet penetration into porcine skin was observed for skin
pieces obtained from different anatomic locations. For porcine skin,
a parabolic dependence of jet delivery on velocity and diameter was
observed. The threshold velocity is suggested to be between 80 and
100 m/s for a jet diameter of 152 �m. Above the threshold velocity,
the delivery increased for velocities up to 150 m/s, after which deliv-
ery decreased with increasing velocity. At a constant velocity of 150
m/s, jet delivery exhibited a maximum at a diameter of 152 �m.
Results obtained with human skin were qualitatively similar but
quantitatively different. The threshold velocity for jet penetration
into human skin was comparable with that in porcine skin; however,
the maxima observed in jet delivery into porcine skin with respect to
jet velocity was not apparent for human skin over the range of ve-
locities explored.
Conclusions. These studies offer a quantitative analysis of jet pen-
etration into the skin.

KEY WORDS: jet injector; transdermal; skin; penetration; velocity;
needle-free.

INTRODUCTION

Conventional needles offer the primary method for the
delivery of macromolecular drugs. However, patient compli-
ance with needle injection is low, especially for chronic pre-
scriptions. With hopes of creating a painless injection method,
jet injectors were developed in 1947, which produced a high-
velocity jet that penetrated the skin (1). Since then, many
devices have entered the market. However, almost 50 years

since their invention, jet injectors have failed to replace con-
ventional needles despite producing excellent drug bioavail-
ability. Clinical studies suggest that this may be caused by the
unreliability of the jet injection, including occasional drug
pooling on the skin and bruising (2,3).

A jet injector produces a high-velocity jet (>100 m/s) that
penetrates the skin and delivers drugs subcutaneously, intra-
dermally, or intramuscularly without the use of a needle. The
mechanism for the generation of high-velocity jets includes
either a compression spring or compressed air. To date, com-
mercial jet injectors have produced a single jet for drug de-
livery through an orifice ranging from 76 �m to 360 �m in
diameter. However, the majority of the devices have an ori-
fice diameter around 150 �m. Several studies have been re-
ported on the use of jet injectors for drug delivery (4). How-
ever, the majority of the published research focuses on clini-
cal trials. Several of these clinical studies have been reported
on the use of jet injectors for insulin delivery (5). The bio-
availability of insulin was found to be the same for jet injec-
tion as for the needle (6). Interestingly, the absorption rate of
insulin delivered by jet injection has been shown to be higher
than that by needles (6–8). The higher absorption rates have
been attributed to a more diffuse pattern of drug delivered by
jet injections compared to needles. The primary limitation of
jet injectors has been inconsistency of penetration and pain.

Previous studies of jet injectors can be grouped into the
following five categories: 1) pharmacokinetics (6–10); 2) tis-
sue penetration and reaction (11–15); 3) pain and compliance
(2,13,16–19); 4) safety (17,20); and 5) new clinical applications
geared toward new drugs and injection sites (11,12,21). Very
little published work has been reported on the mechanism of
drug delivery by jet injections. Specifically, the dependence of
the liquid jet penetration into the skin on two main jet pa-
rameters, diameter and velocity, has not been reported. In
this work, we report results of our investigation of this issue.

MATERIALS AND METHODS

Jet Production

A commercial jet injector (Vitajet 3; Bioject Inc., Port-
land, OR, USA) was used to create jets from four different
orifices (diameters of 76, 152, 229, and 559 �m) and various
velocities in the range of 80–190 m/s. Vitajet 3 is a needleless,
spring-powered jet injection system that is designed for insu-
lin delivery. A picture of the device is shown in Fig. 1. The
spring constant for this device was measured using an Instron
universal testing machine (Instron 1123) and was found to be
17 kN/m. The velocity of the jet was controlled by adjusting
the amount of spring compression as well as the piston fric-
tion. Two plastic rings are provided with the device for in-
creasing the spring compression, which have thicknesses of 3
and 1.6 mm. The rings can also be used together to produce
maximum spring compression. Vitajet 3 has disposable piston
heads and clear thermoplastic nozzles. The nozzles are avail-
able in two different orifice diameters 152 and 178 �m. These
nozzles were modified to increase the range of nozzle diam-
eters studied in our experiments. Ruby orifice crystals (Sap-
phire Engineering, Pocasset, MA, USA) with diameters 76
and 229 �m were used in place of Vitajet orifice crystals.
Above 229 �m, the crystal was removed and the thermoplas-
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tic was drilled to the specified diameter. Thus, a wide range of
nozzle diameters was investigated in this study.

Measurements of Jet Velocity and Piston Pressure

Pressure inside the chamber was measured using a cali-
brated piezoelectric transducer (Dynasen Inc., Goleta, CA,
USA). The transducer possessed an outer diameter of 0.065”,
which allowed for minimal disturbance to the flow. The Vi-
tajet 3 nozzle was altered in two ways to incorporate the
pressure transducer. First, a hole was drilled in the nozzle so
that the pressure transducer could be inserted. Second, a se-
curing ring was added over the nozzle into which the trans-
ducer is threaded to hold it in place under high pressure. A
charge integrator (Dynasen Inc.) comprising a 50 � resister
and a 0.1 mF capacitor was used to facilitate pressure mea-
surements. The charge integrator transforms the charge from
the piezoelectric transducer into an output voltage, which is
read by the oscilloscope (Tektronix, TDS 224). Each trans-
ducer was calibrated by Dynasen Inc. and showed a linear
relationship between voltage and pressure. Output of the
pressure transducer was collected via LabView with a time
resolution of 2–100 �s, depending on the length of capture.

Velocity of the jet was determined by two methods and
confirmed using theory. First, jet velocity was directly mea-
sured using a high-speed camera. A Kodak Ektapro Motion
Analyzer 4540 (40500 frames per second maximum) was used
for this purpose. The high-speed camera was used to capture
the jet as a shadow illuminated by a white light source. Ve-
locity of the jet was determined by the progression of the tip
of the jet. This method is particularly applicable for determi-
nation of the initial velocity of the jet. Second, the average
velocity of the jet was determined from the pressure profile.
Specifically, as will be shown later, the formation and cessa-
tion of the jet is clearly visible in the pressure profile. This
information can be used to determine the ejection time, �ejection.
Average jet velocity can be determined using the following
equation

vjet
av =

Q

Anozzle�ejection
[1]

where Anozzle is the cross-sectional area of the nozzle and Q
is the total volume of liquid ejected. This method can be easily
combined with penetration studies without the need for a
high-speed camera and was used in the penetration experi-
ments reported in this manuscript.

The calculated velocities were verified by comparison
with Bernoulli’s equation and fluid dynamical equations re-
lating pressure to volumetric flow through the orifice. The
theoretical maximum velocity of the jet for a given driving
pressure in the nozzle is given by Bernoulli’s equation. Utili-
zation of this equation assumes that there are no frictional or
turbulent energy losses in the orifice and nozzle. The resulting
equation is given by

p ≈
�vjet,max

2

2
[2]

where p is the pressure in the nozzle measured by the trans-
ducer, vjet,max is the theoretical maximum jet velocity, and � is
the liquid density. This method can also be used to determine
the maximum instantaneous velocity of the jet.

Flow through a small orifice causes both turbulent and
frictional loses. In order to account for these losses, manufac-
tures provided data from experiments that measure the flow
of water through different diameter orifices with a pressure
drop of one psi. The resulting equation includes the constant
Cv, flow factor, which is a function of jet radius, r.

p = ��r2vjet

Cv�r�
�2

[3]

The measured pressure and calculated velocity are expected
to follow this equation. Cv values for various orifices were
provided by a manufacturer of similar orifices (0.00022,
0.00086, 0.0019, and 0.011 U.S. gallons of water per minute for
one psi pressure drop for orifices possessing diameters of 76,
152, 229, and 559 �m, respectively, Bird Precision, Waltham,
MA, USA).

Measurements of Drug Delivery into Skin

Delivery of a model drug, mannitol, into porcine and
human skin by jet injection was measured. Experiments with
porcine skin were performed using three different skin con-
ditions: 1) freshly harvested, 2) previously frozen at −70°C,
and 3) in vivo.

Experiments with Freshly Harvested Porcine Skin,
Previously Frozen Porcine Skin, and Human Skin

Porcine skin used in all in vitro experiments was har-
vested from Yorkshire pigs and was excised immediately after
sacrificing the animals. For one set of experiments, the skin
was immediately used without freezing. In all other cases, the
skin was cleaned to remove fat and subdermal tissues, and
was frozen at −70°C until the time of experiments. All ex-
periments were performed according to institutionally ap-
proved protocols. Human skin was procured through the Na-
tional Disease Research Interchange.

At the time of jet injection, a piece of porcine or human
skin was placed on a piece of wax paper and sealed on the

Fig. 1. Photographs of the jet injector, Vitajet 3, used in these ex-
periments. The injector is driven by a compressed spring. The nozzle
is made of clear thermoplastic and contains a sapphire orifice. An
altered nozzle assembly was used to enable measurement of the pres-
sure in the piston chamber. The Vitajet 3 nozzle was altered to ac-
commodate the piezoelectric transducer with an outer diameter of
0.065 inches.
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sides with medical tape. The skin was directly supported by
the lab bench. A spacing ring was placed between the Vitajet
3 nozzle and the skin that raised the device 1 mm above the
skin and insured no contact between the device and the skin
at the time of injection. To assess mannitol delivery, a solu-
tion of 3H-labeled mannitol (American Radiolabeled Chemi-
cals, Inc., St. Louis, MO, USA) was prepared in deionized
(DI) water at a concentration of 10 �Ci/mL. A volume of
0.067, 0.096, or 0.126 mL of solution was loaded into the
device. A jet was produced at various velocities and four
diameters using strategies discussed earlier. To detect the
amount of mannitol delivered across the skin, skin was placed
on a Franz diffusion cell in some experiments and was in-
jected using a jet injector. A sample of the receiver compart-
ment of the diffusion cell was collected. Penetration of man-
nitol into the receiver compartment was rarely observed for
porcine skin. Accordingly, we measured the amount of man-
nitol delivered into the skin. Once the injection was complete,
excess fluid was removed from the top of the skin within one
minute and the skin was placed in a scintillation vial. The skin
was then dissolved in 2% sodium hydroxide solution (Solv-
able, Packard, Dowers Grove, IL, USA) at 65°C overnight.
The amount of radiation in the skin was determined using
liquid scintillation analysis [Tri-carb 2100TR, Packard). The
scintillation cocktail used for these experiments was Ultima
Gold (Packard).

Experiments with Porcine Skin in Vivo

In vivo experiments were performed within 10 min of
sacrificing the animal. Although the animal had already been
sacrificed at the time of experiment, the skin would have been
alive and under tension and would mimic that on a living
animal as far as jet penetration is concerned. In these experi-
ments, a spacing ring was placed between the Vitajet 3 nozzle
and the skin that raised the device 1 mm above the skin and
a 10 �Ci/mL solution of 3H-labeled mannitol in DI water was
injected using Vitajet. After the injection, the skin around the
injection site was excised and assessed for mannitol using
methods described above.

RESULTS AND DISCUSSION

Relationship of Jet Velocity with Pressure and Diameter

Figure 2 shows a typical pressure profile during ejection
of 0.067 mL of DI water in air through a 152-�m nozzle (solid
line). The pressure rises from the baseline level to a peak level
of about 3900 psi (265 atm) in less than 0.5 ms. This step
change indicates the release of the compressed spring and the
subsequent beginning of the ejection. The step change is ac-
companied by oscillations in the pressure, including the
abrupt peak pressure, which originate from the compressibil-
ity of the fluid. The true initial pressure of 2540 psi (173 atm)
is determined using the center of the oscillations. There is a
second step change that occurs 22 ms after the beginning of
the ejection. This indicates the end of the ejection.

The duration of the jet determined using high-speed pho-
tography is consistent with the duration of the pressure pulse
as defined by the time between the two step changes in pres-
sure. Images of the jet captured during the initiation step were
used to calculate the initial velocity of the jet, which was

found to be about 150 m/s during the delivery of 0.067 mL of
DI water (data not shown). The diameter of the jet was found
to be comparable with the nozzle diameter. Minimal expan-
sion of the jet was observed within 1.5 mm upon exiting the
nozzle throughout most of each ejection. For this reason, we
assumed the jet diameter to be the same as the nozzle diam-
eter. Although high-speed pictures can be used to measure
initial jet velocity, the determination of instantaneous veloc-
ities is difficult. Accordingly, we used average velocities de-
termined from ejection time in our analysis. The average ve-
locity determined from ejection time in Fig. 2 was also about
150 m/s, consistent with the velocity obtained from high-
speed photography. We verified that the average velocities
determined from the ejection time are also consistent with
theory (Fig. 3). This figure shows average velocity as a func-

Fig. 3. Verification of calculated average velocity by the comparison
of the velocity associated with the average pressure (�) and true
initial pressure (X) to the maximum possible velocity for a given
driving pressure expressed by the Bernoulli equation (dashed line)
and Eq. 3 (solid line).

Fig. 2. Typical pressure curve for a 152-�m diameter nozzle from the
jet injector Vitajet 3. The ejection begins at 2 ms at the first step
change and ends at the second step change at 24 ms. The oscillations
in pressure are caused by the compressibility of the fluid.
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tion of pressure in the nozzle. Because the driving pressure of
the jet is time-dependent, two pressure representations were
used in Fig. 3. Open circles show the dependence of average
velocity on the linear average of all pressures during the ejec-
tion, while crosses show the dependence of average velocity
on the true initial pressure immediately after the ejection
begins. The lines indicate theoretically calculated velocities.
Dashed line corresponds to predictions of Bernoulli equation
(Eq. 2) and solid line corresponds to predictions based on
flow factor (Eq. 3). Experimentally determined velocities are
lower than those determined from the Bernoulli equation
(Eq. 2) and are near the expected pressure-velocity relation-
ship of flow through an orifice (Eq. 3). This confirms that the
calculated average velocities are physically consistent with the
measured driving pressure.

A series of experiments were performed using various
volumetric nozzle loadings between 0.067 and 0.126 mL. Fig-
ure 4 shows pressure profiles corresponding to injections of
0.067, 0.096, and 0.126 mL (profiles labeled A, B, and C,
respectively). These experiments showed that the time dura-
tion of the jet increased proportionally with the volume of
delivered liquid. Thus, the overall jet properties (pressures in
the chamber and average jet velocity) are not affected by the
amount of liquid loaded in the nozzle. In other words, a given
nozzle produces a unique characteristic jet (at a fixed value of
spring compression) (Fig. 4). Having established the relation-
ship between relevant fluid dynamical properties of the jet,
we sought to determine the dependence of jet penetration on
these parameters.

Skin Model and Protocol Verification

Jet delivery into skin was studied using two experimental
models, porcine skin and human skin. Porcine skin is a good
model of human skin for testing diffusive permeability; how-
ever, this similarity may not extend to jet delivery, where the
mechanical properties of skin might be important (22–26).
Figure 5 compares jet delivery data into human (case A) and

porcine (cases B and C) skin. Porcine skin used in cases B and
C was obtained from two different anatomic locations (B,
abdominal and C, dorsal). Within each case, different bars
indicate different experimental conditions (closed bars, in
vivo; hatched bars, in vitro frozen; and open bars, in vitro
fresh). For each case, the skin tested under different experi-
mental conditions was harvested from the same general ana-
tomic location. Note that in vivo data for human skin (marked
by an asterisk) were obtained from the literature (27) and
data on freshly harvested human skin is not available. Data in
Fig. 5 show that jet delivery into porcine and human skin in
vivo and in vitro (p > 0.45) is comparable. Furthermore, there
is no significant difference between jet delivery into previ-
ously frozen skin and freshly harvested skin (p > 0.45). How-
ever, there is a significant difference between jet delivery into
human skin, porcine skin near the abdomen, and porcine skin
near the back (p < 0.001). These differences in penetration
are proposed to originate from the differences in the me-
chanical properties of the skin. To further evaluate the utility
of porcine skin as a model for human skin, we measured the
dependence of jet delivery on jet velocity and diameter.

Dependence of Skin Penetration on Jet Parameters

Drug delivery by jet injection can be considered as two
events: skin failure and convective flow though skin, a visco-
elastic porous medium (28,29). We hypothesized that both
events depend on two jet parameters, diameter and velocity,
for the following reason.

The penetration of jets into skin is determined by the
failure mechanics of the skin. Two different types of criteria
can be considered for skin failure; one that compares the local
stress induced by jet impact to a critical local stress and an-
other that compares the energy density input to the skin to a
critical energy density or work of fracture. Some progress has

Fig. 4. Three different dispensing volumes of 0.067 mL (A), 0.096 mL
(B), and 0.126 mL (C), produce coincident pressure curves where the
ejection duration is proportional to the volume dispensed. This sug-
gests that within this volume range a given nozzle (in this case a
152-�m diameter nozzle) produces a unique jet regardless of volu-
metric loading.

Fig. 5. Delivery of mannitol by jet injection into human (A), porcine
abdominal (B), and porcine dorsal skin (C) using a 152-�m diameter
nozzle at 177 m/s. There is a significant difference between each type
of skin tested (p < 0.001). Within each case, different bars correspond
to different experimental conditions: In vivo (closed bars), in vitro
skin that has been stored at –70°C (hatched bars), and in vitro fresh
skin (open bars) show no significant difference from one another (p
> 0.45). The in vivo human data (*) is obtained from literature. Error
bars correspond to one standard deviation (n � 4) (standard devia-
tion of human in vivo data not available).
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been made in determining the work of fracture, G, and the
critical local stress for human and porcine skin (30,31). Re-
gardless of the exact values, both local stress and energy of
the jet/skin system are dependent on jet velocity (v) and ra-
dius (r). Specifically, the local static stress of the impacting jet
equals 1

2
�v2 and acts on an area �r2, whereas the kinetic en-

ergy of the impacting jet is given by, 1
2
�(�r2)v3t where t is the

working time of the jet. After penetration into the skin, dis-
persion of the jet occurs by convective flow in porous media
governed by Darcy’s law (Eq. 4)

Q =
KD

�
A

�P

�r
[4]

where, �P
�r is the pressure gradient, A is the area over which

the pressure gradient is acting, Q is the volumetric flow rate, and
KD
� , is the hydraulic conductivity, a ratio of “specific perme-
ability” of the porous medium, KD, to viscosity of the fluid, �.
The pressure gradient is created by the high impact pressure
of the liquid jet on the skin and depends on the jet velocity
and diameter. The area available for fluid transport, A, is the
surface area of the hole created by the jet and is also likely to
depend on the diameter of the impacting jet. Therefore, it is
clear that various events in jet penetration are dependent on
the two jet parameters, diameter and velocity. Consequently,
the effect of changing jet diameter and velocity on drug de-
livery by jet injection was studied.

We first investigated the dependence of jet penetration
on its velocity for both porcine and human skin. Figure 6A
shows the percent of total ejected mannitol dose that pen-
etrates into porcine skin as a function of velocity. For each
experiment, a total of 0.067 mL of mannitol solution was
ejected from the jet injector with a 152-�m diameter nozzle.
The dependence of jet delivery on velocity is clouded by the
variability in the experiments. Note that only a small variabil-
ity (<7%) was observed in jet parameters, which suggests that
the high variability in the delivery data is caused by the vari-
ability in jet/skin interactions. This variability may arise from
many factors including variations in the material properties of
the skin such as elastic modulus, work of fracture, and hy-
draulic conductivity, the hole size made by the jet, or vari-
ability in the angle between the jet and the skin. In order to
elucidate the trend, the probability of delivery above a pre-set
threshold was determined. This method is routinely used to
analyze data possessing high variability. For example, if ten
experiments were performed around a velocity V ± 10 m/s
and these experiments produced a range of percent deliveries
from 0–40% then the probability of delivery above 20% at a
velocity V would be the percentage of those ten experiments
that produced deliveries above 20%. The data were divided
into six velocity bins of width 20 m/s (80–100, 101–120, 121–
140, 141–160, 161–180, and 181–190 m/s). Figure 6B shows the
same data as in Fig. 6A but now shown in terms of the prob-
ability of delivering mannitol above thresholds of 10 to 90
volume percent. These thresholds are chosen for illustrative
purposes. Statistical tests (z-test for proportions) were per-
formed on the trend shown in Fig. 6B, which showed that the
peculiar dependence of penetration on jet velocity, especially
the existence of the peak, shown in Fig. 6B is indeed statisti-
cally significant (z-test, z >1.96; 32,33). The dependence of
delivery on velocity is qualitatively similar regardless of the
choice of the threshold used for analysis. The data suggest

that the threshold velocity for jet penetration is 80–100 m/s.
Below this threshold, no significant mannitol delivery is ex-
pected (velocities below 80 m/s were not achievable with the
current system). Beyond this graphically obtained threshold,
mannitol delivery increased with increasing velocity until
reaching a peak near 150 m/s and then decreased with in-
creasing velocity. Some variability in the porcine experiments
may be caused by the difference between skin pieces chosen
for the experiments. To test that the trends were indeed
caused by the velocity and diameter of the jet rather than skin
pieces chosen Student t tests were performed on the resulting
data. The trends were found to be statistically significant (z-
test, z >1.96) regardless of statistically different (p < 0.05) skin
pieces.

Results of experiments on human skin are shown in Fig.
6C (closed circles), which also shows data on porcine skin for
comparison (closed squares, reproduced from Fig. 6A).
Threshold jet velocity required for penetration (as deter-
mined by extrapolation of data shown in Fig. 6C) is similar for
human and porcine skin. However, unlike porcine skin, jet
delivery into human skin increases monotonically in the range
of velocities explored in this study. At any velocity, jet deliv-
ery into human skin is significantly higher than that into por-
cine skin. In the range of velocities explored, the highest de-
livery into human skin was about 92%.

The peak in mannitol delivery into porcine skin with jet
velocity is likely to originate from the complex nature of the
jet/skin interaction. Specifically, the percent volume delivery
into the skin is the ratio of volumetric flow rate entering the
skin to the volumetric flow rate out of the nozzle. At veloc-
ities below the threshold, the energy of the impacting jet
would be lower than that required to rupture the skin and no
penetration would be observed. Increasing jet velocity be-
yond the threshold results in an increase in rate of energy
transfer as well as a greater increase in rate at which fluid is
pushed into the skin compared with the rate at which fluid is
ejected from the nozzle. This leads to an increase in percent
volume delivery. However, at higher velocities for porcine
skin, the percent delivery decreases with increasing velocity.
The exact origin of this trend needs further investigation.
Direct visualization of jet impact on the skin is necessary to
assess the fundamental origin of this trend. By jet injecting a
dyed solution into skin, we have verified that the majority of
delivery occurs into or through the dermis for both skin types
(data not shown).

The dependence of delivery on jet diameter was also
investigated. Figure 7A shows the data for percent volume
delivery into porcine skin at four different nozzle diameters
(76, 152, 229, and 559 �m) at a velocity in the range of 140–
160 m/s. These data were converted into probability of deliv-
ery above thresholds of 10 to 90 volume percent in the man-
ner discussed previously. The results are shown in Fig. 7B.
The probability of delivery for four nozzle diameters shows a
peak in delivery for nozzle diameters between 152 to 559 �m
(z-test, z > 1.96). Figure 7C shows jet delivery into human skin
for the same four nozzle diameters (closed circles). Data on
porcine skin is also shown for comparison (closed squares,
reproduced from Fig. 7A). Once again, delivery into human
skin is significantly greater than that into porcine skin. The
overall dependence of jet delivery on nozzle diameter is simi-
lar for porcine and human skin.

The maximum observed in jet penetration with respect to
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Fig. 6. (A) Percent volume delivery of mannitol by jet injection
through a 152-�m diameter nozzle into porcine skin. These raw data
for the velocity range 80–190 m/s show high variability that is attrib-
uted solely to the jet/skin interaction (n � 100). (B) Probability of
delivery of mannitol by jet injection above thresholds of 10% (�),
20% (�), 30% (�), 50% (�), and 90% (�) volume delivery. These
are the same data as in Figure 6A now presented in terms of prob-
abilities. The data were divided in velocity bins of 20 m/s width within
which the probabilities of delivery were determined. The choice of
delivery thresholds is arbitrary and only done to show the resulting
significant statistical trend when the data is treated in terms of prob-
abilities. The peak in delivery is statistically significant. (C) Average
percent delivery of mannitol by jet injection through a 152-�m diam-
eter nozzle into human (�) and porcine (�) skin. The error bars
shown are one standard deviation. The magnitude of the delivery into
human skin is higher than into porcine skin (n � 5–19 for each
human skin data point).

Fig. 7. (A) Percent volume delivery of mannitol into porcine skin by
jet injection at four different nozzle diameters: 76, 152, 229, and 559
�m. The average velocity was nearly the same at each of the nozzle
diameters between 140–160 m/s (n � 80). (B) Probability of delivery
of mannitol by jet injection at four different nozzle diameters (76,
152, 229, and 559 �m) above arbitrary thresholds of 10% (�), 20%
(�), 30% (�), 40% (�), and 90% (�) volume delivery. These are the
same data as in (A) now presented in terms of probabilities. This
shows a peak in delivery occurs between 152 to 559 �m in diameter.
(C) Average percent delivery of mannitol by jet injection at four
different nozzle diameters: 76, 152, 229, and 559 �m into human (�)
and porcine (�) skin. The porcine delivery data are the same data as
presented in (A) and (B). The error bars shown are one standard
deviation. The magnitude of the delivery into human skin is higher
than into porcine skin but results in the same parabolic trend (n � 20
for each human skin data point).
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jet diameter is very peculiar. As the jet diameter increases,
the rate of energy transfer to the skin also increases thereby
possibly leading to an increase in delivery. However, if the
rate at which the fluid is ejected from the nozzle exceeds the
rate at which fluid can be forced into the skin, the overall
fraction of delivery may decrease. Future studies should focus
on understanding the physical origin of these trends as well as
assessing whether these trends depend on the jet and skin
parameters not controlled in this study.

CONCLUSIONS

The data presented in this article show that penetration
of a liquid jet into skin depends on jet diameter and jet ve-
locity. For porcine skin, jet delivery exhibits an optimum with
respect to both jet parameters. The threshold velocity neces-
sary for skin penetration for a jet diameter of 152 �m is
suggested to be between 80–100 m/s. Beyond this value, man-
nitol transport in porcine skin increases until a maximum at
150 m/s followed by a decrease in delivery. A peak in man-
nitol delivery was also observed with respect to jet diameter
at a velocity range between 140–150 m/s. For human skin, jet
delivery increases monotonically with respect to jet velocity,
while it exhibits an optimum with respect to jet diameter
similar to that observed for porcine skin.
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