
 

 

 

  

Abstract— Most transdermal drug delivery systems are 
designed to inject drugs through the skin in a direction normal to 
the skin surface. However, in some drug delivery applications, 
such as local anesthesia, it is desirable to disperse the drug in a 
direction parallel to the surface of the skin. In this paper we 
present nozzles for needle-assisted jet injection that are designed 
to laterally disperse the fluid drug at a chosen depth in tissue. 
These nozzles were manufactured by laser machining holes in the 
walls of 0.57 mm (24 gauge) hypodermic needles, and sealing the 
end of the needle. An existing controllable jet injection system 
was used to test the nozzles. High-speed video recordings were 
taken to examine the shape of the high-speed jets emitting from 
the orifices, and jet injections into post mortem porcine tissue 
were performed to evaluate the resulting dispersion pattern. 
These injections demonstrated the ability of these nozzles to 
achieve a widely spread dispersion at a depth of 3 mm to 4 mm in 
tissue. We observed that the widest dispersion occurred at the 
same depth as the orifices, and dispersion was greater in the 
direction of the jets. Further investigation, including an in vivo 
study, is now required to evaluate whether this technique can 
improve the dispersion of anesthesia resulting from a single 
injection. 

I. INTRODUCTION 
Jet injection is a transdermal drug delivery technique that 

forms a fluid drug into a high speed jet in order to deliver it 
through the skin. The key advantage of this technique is that it 
removes the need for a needle, and thus avoids the associated 
drawbacks of needle stick injury, needle misuse, and needle 
phobia [1]. However, as well as avoiding the use of a needle, 
jet injection can also result in a significantly dispersed pattern 
of delivery within the tissue relative to delivery with a needle. 
This has possibly contributed to some studies finding that jet 
injection can result in an improved immune response to 
vaccines [2]–[4], and different time profiles of anesthetic 
onset, and duration, relative to a needle based delivery [5]–[8]. 
The potential advantages associated with the dispersion of a jet 
injected liquid have led to the investigation of ‘needle-
assisted’ jet injection [9]. This technique uses a small needle 
to pierce through the tough epidermal layer and allows 
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significantly reduced pressures and jet speeds subsequently 
required to perform an injection. 

Our previous work in needle-assisted jet injection 
demonstrated that this technique could be used to deliver a 
liquid drug deep into tissue (~12 mm) from the tip of ~2 mm 
syringe needle [9]. This outcome prompted us to trial a 
variation of this concept where, rather than attempting to 
achieve greater depth of penetration, we instead disperse the 
fluid more widely at a constant depth. If similar delivery 
characteristics to that presented by [9] could be achieved when 
delivering the drug laterally under the skin, it would result in a 
much more widely spread dispersion pattern. This could be 
very beneficial in areas such as the transdermal delivery of 
local anesthetic, where surgeons must typically infiltrate the 
anesthetic very slowly, over many injections sites, to 
anesthetise a large area of tissue. This process prolongs 
operations, adds to cost, and is painful for patients, with 
multiple needle pricks and injections required to adequately 
distribute the local anaesthetic across a large surface area. 

In this work we present novel needle-assisted jet injection 
nozzles designed to deliver the drug laterally underneath the 
skin. These orifices are tested using an existing laboratory jet 
injection system capable of highly controlled jet speed 
profiles. High speed videography is used to observe the shape 
of the jets produced by the orifices, and initial injections into 
post mortem porcine tissue are presented to demonstrate the 
delivery pattern resulting from the use of these lateral delivery 
injection nozzles. 

II. METHODS 
A. Nozzle Fabrication 
Two needle-assisted jet injection nozzles were produced, a 

two-orifice and a four-orifice nozzle (Fig. 1). In both nozzles 
the orifices were evenly spaced around the circumference of a 
0.57 mm (24 G) hypodermic needle, approximately 5 mm 
from the needle tip. The orifices were laser micromachined 
into the walls of the needles using a femtosecond pulsed laser 
system (τ = 30 fs, repetition rate = 500 Hz, λ = 800 nm) with 
single pulse energies of 172 μJ. Needles were mounted on a 3-
axis translation stage and the laser beam was focused at the 
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central axis of the needle using an 80 mm focusing objective. 
Holes were generated by translating the needle in a circular 
path, allowing the laser to machine through both faces of the 
needle. The laser was translated around the previously 
described circular path seven times. The orifices in the two-
orifice nozzle had areas of 3.50x10-8 m2 and 3.95x10-8 m2, 
while those in the four-orifice nozzle were 1.40x10-8 m2, 
1.43x10-8 m2, 2.56x10-8 m2 and 2.62x10-8 m2. 

The needle tip was sealed with solder to ensure that fluid 
was only ejected from the lateral orifices. The needles were cut 
to a length of approximately 10 mm and mounted within 
stainless steel inserts (O’keefe Controls Co). 

B. Injection System 
The nozzles were used with an existing controllable jet 

injection system, previously presented in [10]. This system 
was driven by a voice coil motor (BEI Kimco LA30-75) which 
actuates a stainless-steel piston within a 5.62 mm diameter 
ampoule with a maximum volume of 1.4 mL. A potentiometer 
(Omega LP803) was used to record the position of the motor 
throughout the injection. A volumetric average of the jet speed 
was computed from this measurement of position. 

A field programmable gate array (FPGA) chassis (NI-
9114, National Instruments) and real-time controller (NI-
9024) were used to control the voice coil actuator. Software to 
interact with this system was developed in LabVIEW 2011, 
and included a position control loop operating at 20 kHz. The 
control strategy for this device involved a combination of 
feedforward, and feedback control [11]. The feedforward 
model predicts the voltage required to achieve the desired jet 
speed, while the feedback control allows the system to respond 
to small disturbances, and make minor adjustments to ensure 
the desired speed is achieved. The drive signal for this system 
was developed within the LabVIEW software and amplified 
by a pair of linear power amplifiers (AE Techron 7224). 
Further details regarding this injection system, and its control, 
can be found in [10]. 

C. Experimentation 
1) System Characterisation 
A series of step voltage measurements were performed to 

calibrate the feedforward control model for these nozzles. 
Voltages steps from 0 V to 80 V were applied to the motor and 
the resulting steady state coil speed, and volumetric jet speed 
were recorded. A 3rd order polynomial was fit between the 

results, providing an estimate of the voltage required to 
achieve the desired speed. With the feedforward model 
calibrated, position setpoint profiles based on the desired jet 
speed and volume could be produced to achieve the desired 
injection. The measurement of actual position relative to the 
setpoint was used to observe the ability of the control system 
to achieve the desired speed and volume. 

2) High-speed Video 
High speed videos were recorded during ejections of water 

(60 m/s) into air in order to observe the shape of the jets 
produced by these orifices. A video of each nozzle was 
obtained using a high speed camera (Phantom Micro LC 110) 
recording at a rate of 2000 frames per second. 

3) Porcine Tissue Injections 
Porcine abdominal tissue was used as an in vitro model of 

human tissue to evaluate the delivery characteristics of the 
orifices. This tissue was harvested post mortem from animals 
approximately 12 weeks of age in accordance with the 
University of Auckland Code of Conduct for the Use of 
Animals for Teaching and Research. The tissue was frozen at 
−80 °C until required for testing, at which time it was thawed 
to room temperature. Once thawed the porcine tissue was cut 
into 30 mm by 30 mm samples. Each sample received one 
injection at a jet speed of 100 m/s, and total volume of 0.3 mL. 
Six injections, three with each nozzle, were performed with a 
solution of dye (0.1 % Brilliant Blue FCF, Queen Fine Foods 
Pty. Ltd.) in water. These samples were frozen immediately 
after injection, then, once frozen, sectioned to observe the 
location of the dye in the tissue. This sectioning was performed 
down two orthogonal planes in the tissue. In the case of the 
two-orifice nozzle these planes were through the axis of the 
jets, and perpendicular to the jet axis. In the case of the four-
orifice injections, the two planes aligned with the two 
orthogonal axes of the jets. 

In two further tissue injections a solution of iodine based 
contrast agent was delivered (0.647 kg/L iohexol, Omnipaque 
300), rather than dye. Following injection these two samples 
were placed in a micro-CT scanner (Bruker Skyscanner 1172), 
and a 360 degree scan was performed. The x-ray source was 
set to a voltage of 85 kV and current of 118 µA. This scan 
produced images of 666 pixels by 1000 pixels, with a pixel 
size of 27.4 µm. These images were reconstructed into a 3D 
volume using the NRecon software package.  

 
Figure 1 - A) Scanning electron microscope image of one of the laser machined orifices in the wall of the 24 gauge needle. B) 
Photograph of the needle soldered in the stainless steel insert, the needle continues approximately 2 mm into the insert. C) Diagram of 
a slice through the needle at the point of the machined orifices, indicating the difference between the two nozzles used in this study. 



 

 

 

Images of the sections produced from the dye injections, 
and the results of the micro-CT injections, were used to 
measure the width of dispersion at its widest point in the tissue. 
This was done by manually selecting, and measuring, the 
widest point of dispersion at a constant depth using the ImageJ 
software package [12]. 

III. RESULTS 
A. System Characterisation 
The measured steady state piston speeds during the step 

inputs of voltage up to 80 V are shown for both nozzles in Fig. 
2A. This information allowed the feedforward controller to 
output the correct voltage for the desired jet speed. Fig. 2B 
shows an example of a controlled injection where 0.3 mL was 
delivered at 100 m/s with the two-orifice nozzle. In this plot 
the measured position follows the desired setpoint closely, 

indicating the injection system has achieved the desired jet 
speed and volume. 

B. High-speed Video 
Fig. 3 shows selected images from the high speed videos 

produced with each nozzle, the full videos can be accessed in 
[13]. The videos demonstrate that the two-orifice nozzle 
produces two jets in opposite directions, while the four-orifice 
nozzle produces four jets each 90° apart. All six jets produced 
by these two nozzles demonstrate a very divergent jet shape. 

C. Micro-CT 
Fig. 4 shows results from the reconstructed volumes of the 

porcine tissue samples which were injected, then scanned in 
the micro-CT. These results include central slices through the 
reconstructed volume, and images of the delivered contrast 
agent segmented from the surrounding tissue. The two-orifice 
injection shows that wider dispersion has been achieved in the 
directions of the jets, relative to the orthogonal plane. Both 
these samples demonstrate the sponge-like or channel-network 
dispersion pattern in the subcutaneous fat that has been 
observed in previous studies [9], [14]. 

D. Porcine Tissue Injections 
Example images of tissue samples that were injected with 

dye, then sectioned, are shown in Fig. 5. The maximum width 
at a constant depth was measured from images such as these. 
For the two-orifice nozzle the average maximum width was 
14.5 mm ± 1.8 mm in the direction of the jets, while it was 
9.8 mm ± 1.0 mm orthogonal to the jet axis. In the case of the 
four-orifice nozzle the maximum width in the direction of one 
pair of jets was 9.3 mm ± 2.5 mm, while it was 
10.2 mm ± 1.7 mm in the other plane. The depths at which 
these maximum widths were observed were 4.2 mm ± 0.5 mm 
and 3.2 mm ± 0.8 mm for the two-orifice and four-orifice 
nozzles, respectively. 

IV. DISCUSSION 
The results presented here demonstrate the ability of these 

laser machined, needle-assisted jet injection nozzles to 
produce laterally dispersing injections. The high speed videos 
showed the jets were produced only at the laser machined 
orifices, with no leaks around the needle or through the solder 

 
Figure 3 - A) The measured Voltage versus Coil Speed relationship 

used to inform the feedforward model. B) An example injection where the 
system was asked to deliver 0.3 mL at 100 m/s. 

 

 
Figure 2 - Selected frames from the high speed videos of the two-orifice (top) and four-orifice injection nozzles. The full videos can be accessed here: 

https://auckland.figshare.com/s/71f3fae667cf715d7946 [12]. 

https://auckland.figshare.com/s/71f3fae667cf715d7946
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block in the end of the needle. The initial tissue experiments 
presented in this work showed that the use of these nozzles 
results in a bolus of drug deposited at the approximate depth 
of the orifices, but dispersing approximately 3 mm to 4 mm 
into the tissue. As expected, dispersion in the direction of the 
jets was greater than that in the perpendicular direction for 
injections with the two-orifice nozzle, while the width of 
dispersion was largely similar in the two orthogonal jet axes of 
the four-orifice nozzle. In some samples dispersion was 
significantly deeper than the depth of the orifices. This was 
likely due to the orifices being positioned 5 mm away from the 
needle tip, so some fluid was able to follow the path of the 
needle and reach much greater depths in the tissue (Fig. 5). The 
5 mm distance was chosen for ease of manufacture, and should 
be minimised in future to avoid this effect. 

Previous injection studies have usually been more focused 
on measuring depth rather than radial dispersion; hence there 
is a paucity of measurements to which to compare our 
findings. However, it is clear that some jet injection studies 
have achieved lateral dispersion comparable to that observed 
here [10], [15]. The extent and depth at which this lateral 
dispersion occurs has been quite variable in jet injection 
studies, so it is promising to observe that, with the needle-
assisted nozzles presented here, the depth of maximum spread, 
and the axes of spread, coincide with the location of the 
orifices. 

Delivery patterns similar to that observed in these results 
have also been observed in previous jet injection studies [10], 
[16] and even in previous work with needle assisted jet 
injection [9]. ‘Elliptical’ dispersion patterns were described by 
[9] where their needle-assisted injector penetrated around 
2 mm into the tissue before producing a ~50 m/s jet which 
penetrated a further 6 mm to 7 mm into the subcutaneous fat. 
Despite using a greater jet speed (100 m/s), the needle assisted 
injections in this paper penetrated, on average, just 5.4 mm. 

This could possibly be due to the difference in jet shape as the 
jets presented here are very divergent, while the injections by 
[9] involved a collimated jet. A recent study has shown that a 
collimated jet will penetrate significantly further than one that 
is divergent [17], so perhaps it would be preferable to develop 
much more collimated jets with a needle-assisted nozzle to 
achieve greater dispersion areas in the tissue. 

The key motivation for this work is the delivery of local 
anesthetic to the nerves in the subdermal plexus. Jet injection 
of anesthetic has been trialed in many previous studies, and 
has been shown to produce anesthesia of the target region [1], 
[6]. Given these previous results, it is reasonable to expect that 
delivery patterns such as those shown in Fig. 4 and Fig. 5 
would have produced successful anesthesia of the skin had 
they been delivered to in vivo tissue. However, some of the 
previous studies delivering anesthetic by jet injection indicate 
that jet injected anesthetic has an increased onset time [7], [8], 
or a shorter duration of anesthesia [5], [6] relative to needle 
based delivery. It will be important to investigate how well this 
lateral needle-assisted jet injection results in anesthesia, and 
evaluate whether this approach can anesthetise a larger area of 
tissue. 

V. CONCLUSIONS 
Laser-machined holes in the walls of two hypodermic 

needles were used to produce laterally dispersing needle-
assisted jet injection nozzles. These nozzles were used with an 
existing controllable jet injection setup to perform injections. 
High speed videography demonstrated that these nozzles 
formed jets of a very divergent shape. Injections into porcine 
tissue demonstrated that wide dispersion was achieved at the 
depth of the orifices, with the widest spread occurring in line 
with the jets. Further investigation should now be conducted 
to evaluate the ability of this technology to result in more 
widely spread anaesthesia. 
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