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A B S T R A C T

Needle-free drug delivery is highly sought after for reduction in sharps waste, prevention of needle-stick injuries,
and potential for improved drug dispersion and uptake. Whilst there is a wealth of literature on the array of
different delivery methods, jet injection is proposed as the sole candidate for delivery of viscous fluids, which is
especially relevant with the advent of DNA-based vaccines. The focus of this study was therefore to assess the
role of viscosity and jet configuration (i.e. stand-off relative to the skin) upon injection efficiency for a fixed
spring-loaded system (Bioject ID Pen). We performed this assessment in the context of mouse cadavers and found
that the dominant factor in determining success rates was the time from euthanasia, which was taken as a proxy
for the stiffness of the underlying tissue. For overall injection efficiency, ANOVA tests indicated that stiffness was
highly significant (P < < 0.001), stand-off was moderately significant (P < 0.1), and viscosity was insig-
nificant. In contrast, both viscosity and standoff were found to be significant (P < 0.01) when evaluating the
percentage delivered intradermally. Using high-resolution micro-computed tomography (μ-CT), we also de-
termined the depth and overall dispersion pattern immediately after injection.

1. Introduction

Routine vaccinations are most commonly administered by hypo-
dermic needle and syringe (HNS) [1–4], which are known to cause
patient anxiety for a significant number of people [5,6]. This traditional
approach also generates sharps waste and a large number of needle-
stick injuries, which can be costly to treat [7–10]. However, it is the
advent of both novel nucleic acid vaccines [11–15] and fractional dose
vaccination [16–19] that could present the biggest challenge yet for
needle-based delivery. This is due to a confluence of potentially high-
viscosity of the vaccine (up to μ∼ 100 mPa.s for high-concentrations)
and the narrow target area for delivery, which is primarily the in-
tradermal (ID) region of the skin.

ID injection of low-viscosity vaccine by standard hypodermic needle
and syringe (HNS) can be achieved with the Mantoux technique, but
requires a highly skilled practitioner to insert a needle at a low angle
relative to the skin. A successful injection into the ID region of the skin
is then characterized by a raised circular area (wheal) which has a
blanched appearance [20,21]. In particular, a volume of 0.1ml deliv-
ered into the ID region is expected to leave a skin wheal of approxi-
mately 6–10 mm [21].

Even if the Mantoux technique is correctly performed and the
needle bevel is in the ID tissue, the key component for novel vaccines
that could lead to a failed injection is the high-viscosity [22,23]. This is

due to the fact that pressure drop along a needle is proptional to visc-
osity [24] (ΔP∝ μlV/d2), therefore a substantial and sustained force is
needed to dispense the drug from a syringe, making it difficult to hold a
HNS in a fixed position.

One candidate that holds the potential to deliver high-viscosity
fluids is jet injection, which has a long history in both sub-cutaneous
and intramuscular delivery [25,26], and has typically relied upon
creating a high upstream pressure, using either a spring or compressed
gas mechanism, to force a liquid jet at high-speed, Vjet∼O(100m/s),
from a narrow orifice, D0∼O(100 μm). Studies with both commercial
and custom devices in the literature [27–49] have comprised a com-
bination of in-vitro [27–35], ex-vivo [36–45], and in-vivo [46–49] and
primarily considered large doses (ml) for SC and IM delivery, although
some doses down to the nano-liter range have also been reported [50].
Recently, however, we note that new methods are being explored - such
as voice coil actuators [43–45] for either intradermal or intramuscular
injection, laser-induced jets [51–54] primarily for intradermal delivery,
and explosively-driven jets [55]. As such, jet injection now holds pro-
mise for ID delivery of fractional doses (0.1 ml), as documented in re-
cent clinical trials [56–65]. Needle-free devices also alleviate anxiety
associated with HNS delivery [5,6], needle-stick injury treatment, and
sharps waste in resource-limited environments [1–4], and thus must be
pursued.

The injectable drug market covers a range of fluid viscosities [66],
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and thus the influence of fluid properties must be considered. For jet
injection, with a fixed force or applied pressure (as in our system), fluid
mechanical considerations [24], as shown in Fig. 1 (e.g. Hagen-poi-
seuille law) dictactes that increasing viscosity will reduce flow rate
through an orifice, and hence render a reduced jet speed. For jet in-
jector devices, typical pressures generated in the ampoule or cartridge
are O(107) Pa which, in a purely inertial (inviscid) system using Ber-
noulli's equation, implies jet speeds of ≈ ≈V P ρ2Δ / 140j m/s. How-
ever, the frictional head loss through the orifice becomes significant for
viscous fluids and the jet speed can be approximated from the energy
equation as ≈ +V P ρ C2Δ / (1 )j D , where CD is a discharge coefficient
summarizing the viscous loss. Upon exit from the orifice, the jet may
travel through air (if a stand-off spacer is used) and then impact skin.
Due to the high jet speeds, the jet Weber numbers, We= ρDjVj

2/σ, are
∼O(104) which means the liquid jet will not disintegrate [67]. At the
impact stage, the force generated is sufficiently high to overcome the
critical stress [42] of the skin, σc and puncture into the underlying
tissue. However, it must be noted that impact force of the jet is not only
a product of jet speed, but also jet collimation (i.e. slender vs. dispersed
jet stream), which affects the impact footprint, both of which are af-
fected by fluid viscosity [68]. Furthermore, The interaction of the high-
speed jet with the tunderlying tissue, which is heterogeneous and poro-
elastic, is a complex fluid-structure phenomena, and has not been
properly addressed in the literature. A such the effect of viscosity in this
process is not fully understood.

The principal aim of this study was therefore to assess the role of
viscosity in jet injection. In particular, does viscosity determine injec-
tion depth and overall injection efficiency? We performed this assess-
ment in the context of mouse cadavers, in order to facilitate high-re-
solution micro-computed tomography (μ-CT), but found that the effects
of configuration, i.e. stand-off distance of the jet orifice from the skin,
and the tissue stiffness are more signifcant. From the (μ-CT) imaging we
also determined the depth and overal dispersion pattern immediately
after injection. The reader should keep in mind that the use of mice
herein was primarily a tool to evaluate the key factors of viscosity,
standoff and tissue stiffness, and that for translational research, a more
clinically relevant model such as guinea pig would be needed to verify
the results.

2. Materials and methods

2.1. Injection device

The jet injector used in this study was the Bioject ID Pen, which is a
streamline investigational device originally designed for intradermal
injection into human subjects for a variety of drug formulations. The
device, shown in Fig. 2(a), comprises 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 injection, the used cartridge is re-
leased from position by pulling on a release ring.

The cartridges can hold a total volume of 110 μl, and the expelled
volume can be set to either 50 or 100 μl (0.05 or 0.1 ml). The upper
cartridge inner diameter where the plunger travels is Dp=4.57 mm,
whilst the orifice from where the jet exits is circular with a diameter of
Dj=157 μm, which was previously reported to provide maximum in-
jection efficiency [39].

In practice, an additional spacer attachement, featured in Fig. 2(b),
can be fitted to the end of the cartridge. This serves to implement a
stand-off distance, S=16mm, between the orifice and the skin, and
prevent splashing from any rejected fluid (see Fig. 2(c)). For our study,
we performed approximately half of the jet injections with the spacer
attachment, i.e. S=16mm, and half with a modified spacer set to zero
standoff, i.e. S=0.

2.2. Fluid properties

For this study, Optiprep density gradient medium, procured from
Sigma Aldrich, was used as the contrast agent for the CT imaging. In
addition, mixtures of Optiprep with both water and glycerin (both at
50%w/w) were used in order to vary the fluid viscosity. The mixtures
used herein were chosen to approximate the range of apparent viscos-
ities that could result from the combination of high-shear at the orifice
and non-Newtonian nature of many novel nucleic acid vaccines. The
fluid properties are are summarised in Table 1, along with the corre-
sponding jet velocities, Vj, and jet powers, =P ρD Vj

π
j j8
2 3. The jet velo-

cities were calculated using mass conservation from direct measure-
ments of the plunger displacement according to Vj=(DP/Dj)2Vp, where
VP= dZP/dt is the plunger speed through the cartridge. Across 10 re-
peat measurements, the jet speed was found to be consistent to
within± 3m/s in all cases (i.e. within 2%).

The fluids were also dyed with Trypan blue (0.5%w/w) to facilitate
visual inspections of any fluid rejection, however this did not result in
any noticeable change in fluid density or viscosity.

2.3. Mouse cadavers and injection protocols

For this study, we used mouse cadavers with a time from euthanasia
of thirty minutes up to four hours, with the exact time recorded for each
animal. The subjects were C57BL/6 J mice procured from Jackson
Laboratories used primarily in another in-vivo study, but euthanized at
13 weeks old for purposes of harvesting heart tissues in accordance with
institutional guidelines under IACUC protocol 18006-01. As such, the
choice of mouse model was dictated primarily by availability. Prior to
injection, the mice were weighed and then shaved locally around the
thigh/flank region. This injection site was chosen primarily for ease of
placement of the spacer due to the location of the underlying thigh
muscle. In total, 95 mice (46 males and 49 females) were used in this
study with mean body masses of m=28 ± 4 g and 22 ± 2 g for the
males and females resepctively.

A total of 83 jet injections and 13 needle injections were performed
into the flank/thigh regions, with a fluid viscosity pre-determined by

Fig. 1. Overview of fluid mechanical considerations in jet injection, showing
total pressure drop, ΔP∼O(107) Pa, fluid viscosity, μ, orifice discharge coef-
ficient, CD, jet stream velocity, Vj, actual jet diameter at impact, Dimpact, and
critical stress of the skin, σc.
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the experimental design. For the jet injections, the stand-off distance
relative to the skin was implemented by use of a spacer, see Fig. 3(a).
The complete contact of the spacer to the skin also ensures that the jet is
oriented perpendicular to the skin. Minimal applied load was used to
avoid bias from both adminstrator, and from animal to animal (due to
creep in the underlying tissues). After injection, any rejected fluid re-
maining on the surface of the skin, see Fig. 3(b), or within the spacer

were absorbed by filter paper and weighed on a fine-resolution balance
(accuracy±0.1mg). From this mass, m*, the corresponding injection
efficiency could be calculated as

⎜ ⎟= × ⎛
⎝

− ⎞
⎠

∗
E m

ρV
100 1%

0 (1)

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, S, of approximately 16mm. (c) Snapshot from a high-speed video sequence showing implementation of a
transparent spacer for visualization purposes.

Table 1
Physical properties of the liquids used in the experiments. The mixtures of Optiprep with water and glycerin were approximately 50%w/w.

Liquid Dynamic viscosity μ (mPa.s) Density ρ (kg/m3) Jet velocity Vj (m/s) Jet power Pj (W)

Optiprep 11.9 1320 138 33.6
Optiprep + DI water 1.6 1160 152 39.4
Optiprep + glycerin 43.2 1290 136 31.4
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where V0= 0.1 ml is the volume expelled from the cartridge in all in-
jections. Whilst the majority of injections were administered via jets, a
limited number of supplemental needle-based injections were also
performed using the Mantoux technique to the deliver fluid into the ID/
SC region. A 30G needle size was used in all cases, which matches the
jet diameter, and the delivery volume was also set to 0.1ml, however, it
was not possible to inject the highest viscosity fluid with this technique
since the force needed to expel the fluid was so high that the needle tip
moved considerably and could not be held in place within the dermal
layers.

2.4. Imaging

After injection, the cadaver was placed prone into an IVIS Spectrum
CT (Perkin Elmer Inc.) and imaged using the micro-computed tomo-
graphy (μ-CT) function with a voxel size of 150 μm. The images were
then analyzed in Living Image v4.5.5 to render 3D anatomical re-
constructions and determine the location of the fluid. The key mea-
surements taken from these images were the depth relative to the in-
jection site and total dispersion pattern. Top-view images were also
taken by digital SLR (Nikon D90) to catalog the injection site.

3. Results and discussion

3.1. Qualitative overview: jet vs. needle

Figs. 4–8 present example montages from the μ-CT imaging,
showing the different types of injections and outcomes observed in this
study. The principal reference case that we use for benchmarking the jet
injection is a needle-based Mantoux injection, which is shown in Fig. 4.
A 3D rendering of the whole mouse is presented in Fig. 4(a), where the
skin has been colored yellow, for visualization purposes, and the fluid
deposited under the skin (bleb) is clearly visible in white. The distinct

pointed section of this white mound indicates the insertion/retraction
site of the needle. By thresholding to eliminate the skin and other tissue,
the anatomical structrure is rendered in 4(b) and overlayed with three
planar sections, centered through the skin bleb. in particular, the axial
(green) and sagittal (blue) planes are presented individually in 4(c) and
(d). It is from the axial and sagittal planar sections that we can most
readily assess the true dimensions of the injection, such as the max-
imum lateral extent and depth relative to the skin. In this specific
realisation, the bleb has axial and sagittal diameters of 8.7 and 8.4mm,
respectively, whilst the height is approximately 3mm. (For inter-
pretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 5 presents a corresponding montage of a jet injection performed
at zero standoff (S=0), which resulted in the formation of a skin bleb.
In this instance, the majority of the injected volume accumulates in the
skin, but the jet penetrates deeper into the muscle tissue and deposits a
significant volume several millimeters below the original skin surface.
From the axial and sagittal views of the bleb, we estimate the diameters
to be approximately 7.3 and 7.1 mm, respectively, whilst the height is
2.2 mm. A side-by-side comparison of the skin blebs formed by the
needle and jet injections from Figs. 4 and 5 is presented in Fig. 6. The
bleb for the jet injection is smaller than for the needle injection as some
of the fluid is delivered deeper into the IM region, evidenced by the
presence of contrast agent deeper in the muscle tissue in Fig. 6(b); The
fact that the intradermal bleb is smaller than for needle injection would
be undesirable if ID delivery only is required, however, the required
deposition depth and ratio of ID:IM volume may depend upon the
nature of the injectant.

Given the symmetrical dome shape, we can estimate the volume
remaining in the ID region using a spherical cap approximation,

= +V d h(3 4 )πh
24

2 2 , which given d=7.3mm and h=2.2mm yields an
approximate volume of V≈ 0.052 ml, i.e. approximately half of the
injected volume. For the needle-based injection, this approximation

Fig. 3. (a) Orientation of the jet injector with the 16mm spacer prior to injection, and (b) resulting spacer indention ring and pooling due to fluid rejection.

Fig. 4. (a) Micro-computed tomography (μ-CT)
image of a mouse cadaver with a single needle in-
jection site on the left flank region. The injection of
0.1 ml Optiprep (contrast agent) was performed with
a 30G needle into the ID/SC region. The anatomy in
(b) indicates the three planar sections centered
across the injection site, with the axial and sagittal
planes shown in (c) and (d).
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yields 0.097ml, which is in very good agreement with the total injec-
tion of 0.1ml, indicating that this method provides a sound estimate of
volume remaining in the ID region.

In many cases, we observed this combination of both ID and IM
delivery with varying volumes deposited into the respective tissues. An
example whereby the majority of the injected volume is delivered into
the IM tissue is presented in Fig. 7. Here, we observed a small skin bleb
around the injection site, but a large volume dispersed laterally in the
thigh muscle underneath the femur. The 3D anatomical reconstructions,
shown in Fig. 7(b) and (c), are particularly descriptive as they reveal
the jet path in front of the femur down to the thigh muscle, and the final
dispersion pattern, which appears to be an elongated thin pool, rather
than a circular ‘bolus’ formation. In this case, the maximum depth
reached was 6.2mm and the laterally dispersion (seen in Fig. 7(b) and
(c)) is approximately 15.5×6.1 mm.

Lastly, we present in Fig. 8 an example of a failed injection, in which
the jet completely punctures the mouse and deposits most of the de-
livered volume into the abdomen of the mouse. The fluid accumulation
is seen in the CT image in 8(b), whilst the true jet path can be seen from
the axial plane in (c). As discussed below in Section 3.2 the outcome
(success vs. fail) depends upon several factors, but primarily is due to
stiffness of the cadaver tissue. In a few realizations, we observed
complete rejection, however, the typical failed injection was manifested
by pierce-through, ie. injections where the jet penetrates completely
through the mouse, and does not leave a bleb or IM deposit.

3.2. Success rates and injection efficiency

For an overview of the ensemble data, we present Figs. 9 and 10 that
show the overall success rates and injection efficiencies, E%, for the jet
injections where, as stated previously, we define a successful jet in-
jection as one which does not puncture the entire cadaver (see Fig. 8),
and the efficiency as the ratio of volume delivered divided by the vo-
lume expelled from the device, as per Eq. (1).

The overall success rate for all of the jet injections administered in
this study was 60%, with the highest success rates observed for the
medium viscosity (μ=11.8 mPa.s), see Fig. 9(a) and the zero stand-off
configuration (S=0 mm), see Fig. 9(b), at 68% and 65% respectively.
However, there is a key factor at play that success rate alone masks,
which is the time lapse, t, from euthanasia to injection. By segregating
the data into groups for t < 90 min and t > 90 min, we observe a

dramatic discretization. This is best observed by assessing the injection
efficiency, E%, as function of both fluid viscosity and stand-off config-
uration, as shown in Fig. 10(a) and (b). Note that for t < 90 min, we do
not have data for the medium viscosity - due to limited availability of
the mice, we chose to explore the full viscosity range in the regime of
t > 90 min.

In Fig. 10(a), for injections performed within 90min of euthanasia,
we observe a significant amount of variation in efficiency; for example,
for water, the median is E%=61%, but the total range is 23–100% and
likewise for the higher viscosity fluid, the median is E%=79%, but the
total range is 0–93%. These data indicate a high degree of variability in
injection when the muscle tissue is still pliable (i.e. prior to rigor
mortis). In contrast, by inspecting the injections performed at t > 90
minutes, there is a notable increase in median injection efficiency and
decrease in variability, which is evident from the reduced range (both
interquartile and full ranges). In fact, the median efficiency for all cases
increases to over 95%.

Similarly, with regards to the stand-off configuration, we observe
the same dramatic increase in injection efficiency from t < 90 to
t > 90 minutes. For the injections performed at t < 90 minutes, the
configuration using the spacer with a stand-off of S=16 mm leads to
slightly improved performance with a median of E%=79%, compared
to E%=59% for S=0. In contrast, when we examine the injections
performed at t > 90 minutes, both configurations show increased ef-
ficiencies of 93 and 97%, respectively for S=16 and S=0. Judging
solely from these boxplots, we could tentatively conclude that for pli-
able muscle tissue, a stand-off of S=16 mm performs better than S=0
mm, whilst for muscle tissue that has begun stiffening under rigor
mortis, S=0 performs better. At this point, we do not have a quanti-
tative argument which can explain these conflicting observations,
however it is clear that stiffness of the underlying tissue is the dominant
factor in determining the success and efficiency of the jet injection. The
authors are unaware of any publications which report increased injec-
tion efficiency with increasing tissue stiffness.

For statistical purposes, single-factor ANOVA tests reveals that the
segregation of results by time from euthanasia (i.e. t < 90 vs. t > 90)
is statistically highly significant (P-value< < 0.001). In contrast, the
effect of standoff for t > 90 is moderately significant (P-value of 0.059)
and the effect of of viscosity for the data at t > 90 is not signficant (P-
value> 0.1).

From a fluid mechanics standpoint, it should be noted that

Fig. 5. (a) Micro-computed tomography (μ-CT)
image of a mouse cadaver with a single jet injection
site on the left flank region. The jet injection of
0.1 ml Optiprep (contrast agent) was performed at
S=0. The anatomy in (b) indicates the three planar
sections centered across the injection site, with the
axial and sagittal planes shown in (c) and (d).
Approximately half of the injected fluid remains in
the intradermal and sub-cutaneous tissue.

Fig. 6. Comparison of blebs formed via (a) needle and
(b) jet injections, for injection volumes of 0.1 ml. The
bleb shown in (a) has a diameter of 8.7 mm and height
of 3mm, whilst in (b), the bleb has a diameter of
7.3 mm and height of 2.1 mm.
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increasing viscosity obviously leads to a reduced jet speed [24]. How-
ever, the nature of the jet (laminar vs. turbulent) and overall collima-
tion (dispersed vs. slender) of the jet stream may also change [67,68].
Therefore, depending on the stand-off distance, the impact area of the
jet can vary, which will affect both the skin puncture and subsequent
penetration and dispersion of the jet within the underlying tissues. To
fully understand the influence of underlying tissue, further controlled
experiments are needed. However, we can qualitatively shed light on
the matter in the context of ref. [69], where it was found that soft tis-
sues absorbed more impact energy through deformation. For our case
that could lead to dissipation of jet kinetic energy resulting in higher
rejection rates. However, it could also manifest by the jet puncturing
through the tissue more easily, as exemplified in Fig. 8.

3.3. Intradermal delivery and maximum penetration

To look more closely at the fluid distribution, beyond total volume
delivered, we now present in Figs. 11 and 12 data for the percentage
delivered intradermally (Fig. 11(a) & (b)), along with the maximum
depth and dispersion (Fig. 12(a) & (b)).

In Fig. 11(a) & (b), the percentages are stated as the percentage of
the total 0.1ml ejected by the device, so that 20% ID delivery implies
20 μl remains in the ID region. As such, we observe that for all fluid
viscosities, there are trials where there is no intradermal delivery. In
such cases, all of the fluid delivered accumulates in the deeper muscle
tissue. Furthermore, if we focus on just the lowest and highest viscosity,
it is apparent that the cadavers injected at t < 90 min exhibit slightly
improved performance in terms of ID delivery since up to 25% can
remain ID (taking upper quartiles), whereas for t > 90 min, these va-
lues are less than 10%. From the results at t < 90, there is no effect of
viscosity. However for t > 90, single-factor ANOVA shows that visc-
osity is significant (using a significance level of 0.01). Upon comparison
of just the data for highest and lowest viscosities, we again must con-
clude that the underlying tissue is the dominant factor. If we take the
median percentages as a single quantifier, the data imply that jet in-
jection with the current parameters is not an efficient method for in-
tradermal delivery in mice and that the majority of the injected fluid is
deposited into muscle tissue. However, it must also be acknowledged
that the device was designed for human delivery and that mice have
very thin dermal layers in comparison to other mammals [70]. Re-
plicating the effects observed herein with guinea pigs would be needed
for more clinical relevance.

Turning now to the effect of stand-off, in Fig. 11(b), we find that the
implementation of a spacer with S=16 mm does provide a superior ID
delivery over S=0, whereby the median volume remaining ID is 20 μl
compared to less than 10 μl for S=0. Again, single-factor ANOVA tests
indicate that the effect of standoff is significant. However, this is only
valid for t < 90 min, i.e. for pliable underlying tissue. Once rigor
mortis has occurred, the effect disappears and both configurations
render relatively poor ID delivery with median volumes less than 10 μl.

Finally, we present in Fig. 12(a) & (b) the total penetration depth of
the jet and the lateral dispersion, respectively. These measurements are
taken at the site of the primary IM deposit occurs. Based on the data in
Fig. 11, the IM bolus is nearly always larger than the ID bleb and, again,
we find that the dominant factor is the underlying tissue stiffness, de-
duced by comparing the injections at different times. By inspection of
the total ranges, the injections into cadavers for t > 90 min appear
more consistent, however there is no statistically significant effect of
either the time from euthanasia nor the standoff in this case, and all the
data is loosely centered around a depth of approximately 8–10mm for
all configurations (viscosities and stand-offs). With reference to Fig. 7,
the IM deposit is typically a thin ‘pool’ or ‘puddle’-shape as opposed to a
true bolus formation, and Fig. 12(b) plots the lateral extent of these
deposits; again, we determine that there is no significant effect in this

Fig. 7. (a) Micro-computed tomography (μ-
CT) image of a mouse cadaver with a single
jet injection site on the left flank region.
The jet injection of 0.1 ml Optiprep (con-
trast agent) was performed at S=0. The
anatomical reconstructions show (b) the jet
path in front of the femur, and (c) overall
fluid dispersion into the intramuscular (IM)
tissue.

Fig. 8. Micro-computed tomography (μ-CT) images of a failed jet injection
showing (a) the injection site on the right thigh, (b) fluid collection on the
underside of the mouse, and (c) axial view of the jet path.
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case, and that the lateral extent is typically between 8 and 12mm,
whilst the thickness is on the order of 1–2mm, which could be an in-
dication of fluid distribution along the orientation of the muscle fibers.

4. Conclusions

In summary, we have conducted a study of jet injection into mouse
cadavers, with the aim of elucidating the effect of viscosity and orifice
stand-off on injection efficiency and dispersion patterns. The jet orifice
diameter used was 157 μm and, with fluid viscosities from
1.6–43.2 mPa.s, the resulting jet velocities ranged from 136 to 152m/s,
which was not only sufficient to penetrate the skin, but deposit fluid
into both the intradermal and penetrate to the intramuscular regions.
The overall success rate, where fluid was deposited into either the ID/
SC/IM regions was 60%, whilst the injection efficiency varied de-
pending primarily on the tissue stiffness. In particular, for cadavers that
had undergone rigor mortis (t > 90 min), the majority of injections
resulted in a high injection efficiency E% > 90%, whilst a small
number resulted in lower efficiencies. As noted by ref. [38], cadaver
skin typically has a lower Young's modulus than living skin, meaning
that the jet may penetrate the skin more easily. However, the muscle
tissue stiffness increases with time from death, meaning that the
properties of both the skin and the underlying tissue likely contribute

significantly to the injection process.
Within the subset of successful injections, we noted that of the total

ejected volume of 100 μl, less than 25 μl typically remained in the ID
region, with the majority of the fluid deposited deeper into the muscle
tissue. We acknowledge that the estimate of volume remaining in the ID
region is based upon a spherical cap approximation, however, this was
shown to be accurate when calibrated against needle-based Mantoux
injections.

Whilst the particular jet injector used in this study is not specifically
designed for rodents, the data collected herein for the mouse cadavers
indicates that the single most important factor determining the outcome
of a jet injection is the stiffness of the underlying tissue. Whilst we did
not quantify the stiffness of the cadavers, previous measurements [71]
for humans in-vivo indicate stiffness is of the order of 100–1000 N/m,
which provides a guide to the target range for future work. From our
results it is apparent that increasing skin tension or underlying tissue
stiffness could increase injection efficiency. Implementing this in a
practical manner could be achieved by use of a pre-tensioning device or
threshold loading. In light of this, future studies should investigate the
role of the applied pressure (of the injector device against the skin), the
role of dermal layer thickness, and injection site, using different clini-
cally relevant animal models. Specifically, we hypothesize that in-
creasing applied pressure will increase injection efficiency.

Fig. 9. Success (pass/fail) rates for (a) different viscosities and (b) different stand-offs.

Fig. 10. Injection efficiency for (a) different
viscosities and (b) different stand-offs. In
both plots, the data has been categorized
into times less than or greater than 90min.
The solid red line marks the median, whilst
the edges of the boxes are the upper and
lower quartiles. Outliers are marked by the
red crosses. (For interpretation of the re-
ferences to colour in this figure legend, the
reader is referred to the web version of this
article.)
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