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Abstract 

In the recent literature, it has been shown that an enhanced, multi-faceted, balanced immune 

response can be generated using a combined intradermal (ID) and intramuscular (IM) delivery of 

vaccines, especially for novel DNA vaccines. Needle-based injection for the combined ID/IM 

delivery may require separate injections, which may prove to be time consuming, and impractical 

for mass immunizations. In contrast, a novel multi-orifice jet injector could be used to deliver 

drugs at multiple penetration depths simultaneously, which may provide advantages such as ease 

of operation, elimination of sharps, and short injection timeframe (O(10 ms)). 

Here, we consider a dual-orifice geometry with both a wide orifice (200 m – 400 m) for IM 

drug delivery and a narrow orifice (100 m) for ID drug delivery. Using numerical simulations, 

we found that, at a fixed upstream pressure, jet velocities through wide and narrow orifices do not 

vary significantly for low-viscosity fluids (≲ 4%). However, it was previously hypothesized that 

the jet power, 𝑃𝑗 =  
𝜋

8
𝜌𝑑𝑗

2𝑣𝑗
3, is a more appropriate parameter to characterize tissue penetration 

depth. Thus, the jet power could vary by a factor of ~ 10, yielding different depths for the two 

orifices. Using non-dimensional analysis via Euler (Eu) and Reynolds (Re) numbers, we 

characterize the role of orifice geometry and driving pressure, to generate geometry-specific 

correlations in the Eu-Re parameter space to estimate the jet velocity and pressure losses. We also 

elucidate the orifice size ratios that are best suited for fractional doses of ~100 µL to intradermal 

tissue from a total injection of 1 ml. 

Preliminary experiments to visualize the penetration of wide and narrow jet streams into gelatin 

and pork substrates showed that the wide jet stream leads to substantially greater penetration depth 

than the narrow jet stream. In summary, we provide the initial feasibility of simultaneous delivery 

of a drug to multiple penetration depths from the same injection cartridge using the needle-free jet 

injection technique. 
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1. Introduction  

Delivery of vaccines or therapeutic drugs is most commonly achieved using a conventional 

hypodermic needle and syringe, which is considered an effective and reliable delivery method, but 

has many disadvantages. Particularly, needle-based injections are associated with: (i) painful 

administration, (ii) foreign object (besides the drug) penetration below the skin surface, and (iii) 

risk of needle-stick injuries1, needles reuse2 and secondary contamination. In needle-based 

injection, the selection of needle size should be based upon the target tissue3,4. However, incorrect 

selection may result in incorrect penetration depth and, potentially, shoulder injury and bone-

damage due to over-insertion of the needle5-8. These issues associated with hypodermic needles 

can be tackled by several novel drug delivery technologies9-14, which may include needle-free and 

pain-free drug delivery techniques. One such drug delivery technique is needle-free jet injection, 

which uses a high-speed liquid jet to deliver drugs across the skin and deposit inside the target 

tissue. Due to the simple mechanism and low manufacturing costs, spring-powered needle-free jet 

injection devices have an immense potential in mass immunizations15, especially in areas lacking 

infrastructure for dealing with bio-hazardous sharps waste. 

Previous studies16–20 have shown that needle-free jet delivery generates an enhanced immune 

response as compared to conventional needle-based delivery, especially for novel DNA vaccines. 

From the literature20-24, we can glean a brief overview of different types of immune responses 

using different drug delivery techniques. The immune system can be categorized into two parts25, 

namely: 1) Innate immune system and 2) Adaptive immune system. The adaptive immune system 

can further be categorized into (i) humoral immunity, and (ii) cell-mediated/cellular immunity. 

These complex immune systems rely on a variety of different cells present in different tissues or 

body parts. For immunizations, it may be desirable for a vaccine to elicit a balanced multi-faceted 

immune response, which may dictate the vaccine dosage and target tissue for the vaccine. Most 

vaccines, including novel DNA vaccines, are currently administered through the intramuscular 

route26,27. One of the advantages21 of an IM drug delivery is the ability of muscle tissue to retain a 

larger volume/dosage of drug as compared to the other tissues. IM tissue is also highly 

vascularized, with rich blood supply28-30, and thus providing greater ability for drug transport 

within the tissue. However, some previous studies24,31,32 have suggested that muscle has fewer 

antigen-presenting cells (APCs), which can reduce overall efficacy of vaccines. Other previous 



works33,34 suggest that, in the absence of tissue damage or inflammation, muscle tissue contains 

relatively lower number of resident immune cells. Whereas the dermal tissues contains several 

APCs, including dendritic cells (in the dermis) and Langerhans cells (in the epidermis)26, which 

help trigger the immune responses. However, since the ID tissue is typically 2-3 mm in depth, a 

more precise technique is required, and the volume delivered is lower than that for IM injection, 

with a typical fractional dose being 0.1 ml. 

In electroporation (EP)-assisted drug delivery, one study35 reported that IM delivery generated 10-

fold higher cellular immune response than ID delivery, whereas ID delivery generated higher 

antibody response (humoral immune response) than IM delivery. Therefore, several efforts21,23,31 

have focused on combined ID/IM drug delivery to target the variety of immune cells present in 

both the tissue layers. These studies have consistently shown that combined ID/IM drug delivery 

enhance the overall immune response, especially for novel DNA vaccines. For EP-assisted drug 

delivery, previous research36 reports a novel device for the combined ID/IM delivery, which was 

used for DNA vaccine delivery to elicit enhanced and balanced immune response as compared to 

either ID delivery or IM delivery alone. A needle-based combined ID/IM delivery may require 

multiple separate injections, which can be time consuming and impractical for mass 

immunizations. Here, we propose a combined ID/IM delivery using a needle-free jet injector, 

which may provide immense benefits such as ease of operation, short injection timeframe (O (10 

ms)), and potentially enhanced immune response. In addition, such a system could potentially 

deliver multiple drugs at multiple penetration depths simultaneously. A needle-free jet injection 

targeted for IM delivery will first pass through the intradermal (ID) and subcutaneous (SC) tissues. 

However, it may not deposit any significant amount of the drug in each of those tissue layers. To 

gain the advantages of combined ID/IM drug delivery, we seek to deposit a sufficient amount of 

drug in each of those tissue layers (0.5 ml – 1 ml for IM drug delivery and ~ 0.1 ml for ID drug 

delivery), as reported by the literature21,23,31, which we propose could be achieved using two 

separate jet streams, as sketched in figure 1.  

To our knowledge multi-orifice devices have only been described sparingly in patents. For 

example, Daellenbach (2003) describes a multi-orifice adapter for the original Biojector® 2000 

device to create broad liquid dispersion adjacent to internal organs37. Crank (2015) also presents a 

similar multi-orifice design for injection via tubular devices such as endoscopes38. Gilbert (2007) 



details a device with multiple nozzles primarily for the purpose of intranasal delivery39. In contrast, 

Hunter et al. (2010) specifically describes a transdermal multi-orifice jet injector with orifices set 

around the circumference of the nozzle for improved tissue dispersion40. One very recent 

publication by McKeage et al. (2023)41 does report on a combined experimental-numerical 

investigation of a multi-orifice injector with capability of injecting through 7 orifices 

simultaneously, which shows excellent promise for large-volume subcutaneous delivery.  

 

Figure 1. (a) Schematic of a typical jet injection ampule for a spring-powered device with orifice diameter in the 
range 100-300 μm.  (b) Schematic of a dual-orifice jet injector to achieve simultaneous drug delivery to both 
intramuscular tissue via a wide orifice (DW) and intradermal tissue via a narrow orifice (Dn) 

As such, the primary goal of this manuscript is to use numerical simulations to study the role of  

cartridge/orifice geometry on the hydrodynamics of dual-orifice jet injections, simultaneously 

targeting ID/IM delivery from a single ampule, and discuss the feasibility of practical 

implementation, via a limited experimental study.  

(a) (b) 



2. Methods 

2.1. Experimental setup 

To guide simulations, we performed a limited set of experiments with a Bioject® ZetajetTM (see 

figure 2), a spring-powered device intended to deliver volumes up to 0.5 ml into either SC or IM 

tissue. As per the original manufacturer literature, the tissue depth with this device was dictated 

by selection of cartridge orifice size: “#2” and “#3” with orifice diameters of 0.004-inch (~102 

m) and 0.006-inch (~152 m), respectively, were intended to target SC tissues (lateral triceps, 

abdomen, anterior thigh), whilst the “#4” with an orifice diameter of 0.008-inch (~203 m) was 

intended for IM tissues (deltoid).  Here, to create a dual-orifice cartridge, we took the #2 cartridge 

and used microscopic drill bits to bore a hole (wider orifice) into the outer geometry of the Zetajet 

cartridge (as shown in figure 2). We thus consider the original Zetajet orifice to be the ‘narrow 

orifice’ (actual 𝐷𝑛 ≈ 113 𝜇m) and the drilled orifice to be the ‘wide orifice’ (𝐷𝑤 ≈ 300 𝜇m or 

𝐷𝑤 ≈ 400 𝜇m).  

 

Figure 2. Left: ZetajetTM injection device and cartridge geometry. Right: Modification to the existing cartridge 
geometry to test the feasibility of a dual-orifice jet injector. 

To visualize the simultaneous penetration of two liquid jets at two different depths, we use dyed 

DI water (1 mg/ml Trypan Blue from Sigma Aldrich) as a fluid (injectant) and gelatin hydrogel as 

the substrate (injectate). High-speed videography (Phantom V1611) is performed at 30,000 fps to 

capture the fluid distribution in gelatin hydrogel. Backlighting was achieved with the use of a LED 

array light source set 20-30 cm away from the subject to minimize heating, and a diffuser screen 

to achieve uniform background. To make the gelatin hydrogel, gelatin powder (gelatin from bovine 



skin ~225 g bloom type B, Sigma Aldrich) (5%w/w) is mixed with DI water at ~70 0C and then the 

homogenized mixture is kept in a refrigerator (~ 10 0C) for 24 hours to solidify. In addition, we 

visualize the fluid distribution of dyed DI water into pork muscle tissue (procured from local 

butcher), delivered using the multi-orifice jet injector.  

2.2. Numerical simulations setup 

In numerical simulations, we use computational fluid dynamics (CFD) software (Ansys Fluent 

v18.2) to design a variety of different cartridge/orifice geometries, meshing, and solving the 

fundamental governing equations over the fluid domain. The fundamental governing equations are 

the Navier-Stokes equations (for momentum balance) and the continuity equation (for 

material/mass balance), which are solved assuming state-state using SIMPLE (Semi-Implicit 

Method for Pressure Linked Equations) and RNG k-ε turbulence model (for high Reynolds number 

(𝑅𝑒𝑗   =  
𝜌𝑣𝑗𝑑𝑗

𝜇
) flow, where vj = jet velocity, dj = jet/orifice diameter, ρ = fluid density,  = fluid 

viscosity). The assumption of steady flow was validated in our previous study42, for the main jet 

delivery, i.e., after the impulsive (piston slamming) phase, which typically lasts 2-3 ms. A single 

(liquid) phase, isothermal, incompressible flow system was assumed with negligible effect of 

gravitational forces. Here, we considered only water (ρ = 998.2 kg/m3,  = 0.001 Pa.s) to mimic 

low-viscosity drugs such as insulin. In practice, it is not anticipated that fluid viscosities for 

injection would exceed O(0.1) Pa.s, thus low-viscosity fluids are the most applicable. To increase 

computational efficiency, we perform 3D symmetric simulation for the half cartridge geometry as 

shown in figure 3. A gradient meshing is employed with (quadratic element order) mesh density 

of ~11 nodes/mm in the upstream cartridge region and ~ 210 nodes/mm in the downstream orifice 

region (as per figure 3). The mesh density was guided, as with previous studies42, by the 

requirement that the error residuals for all velocity components and continuity equation were at 

most 10-6. In our previous studies42,43, we performed experimental validation of numerical 

simulations for the steady-state flow at this level of accuracy, so that we can be confident of the 

choice of mesh. 



 

Figure 3. Numerical Simulations – an example for meshing setup for double-orifice jet injector in Ansys Meshing 
Software v18.2, with gradually increasing mesh density towards the orifices downstream. 

Two important parameters that partially dictate the jet penetration depth are: 1) Jet/orifice diameter 

(dj) and 2) Jet velocity (vj), which have either individually or collectively (via jet kinetic energy or 

jet power) been used to estimate tissue penetration depth44-48. In particular, the jet power is defined 

as follows: 

𝑃𝑗 =
𝜋

8
𝑑𝑗

2𝑣𝑗
3 (1) 

In line with recent reviews on penetration depths for various jet injectors (e.g., Mohizin & Kim49; 

Schoppink & Fernandez-Rivas50), the general consensus is that ID injections may require dj ~ 100 

– 150 microns and vj ~ 100 – 150 m/s, whereas IM injections may require dj ~ 200 – 400 microns 

and vj ~ 200 – 300 m/s, and SC injections can be achieved using parameter values in between these 

two cases. In practice, these values may also depend on properties of the target tissue, such as skin 

tension, hydration at the time of injection, subcutaneous thickness, which are difficult to control. 

As such, in attempt to provide the simplest approach, we use the aforementioned parameter values 

(orifice diameters, velocity, etc.) established by literature44-53, as well as orifice lengths and driving 

pressures to guide our study. For simulations of dual-orifice jet injection, we thus choose to fix the 

narrow orifice (dn = 100 m) for ID injections and vary the wider orifice (dw = 200 m, 300 m, 

400 m) for IM injections. For a particular double-orifice cartridge geometry, the orifice length to 

orifice diameter ratio was kept the same for both wide and narrow orifices (L/d = Ln/dn = Lw/dw), 



and are guided by our previous works42,43, where we used two distinct orifice length to orifice 

diameter ratios (L/d = 1.25 & L/d = 2.5). The distance between the orifices was set so that the 

openings were equidistant from the inner cartridge walls and from each other.  

For needle-free jet injectors, the force from the actuation source (e.g., compressed spring) is used 

to pressurize the injection chamber (upstream cartridge region), which accelerates the fluid through 

the orifice (downstream cartridge region) to produce a liquid jet. Thus, to gain practical insights 

from our numerical simulation methodology, we implement a ‘pressure-inlet’ boundary condition, 

and outlet boundary condition to reflect outflow into the atmospheric pressure. Previous 

literature51,54-58 was used to identify the experimental driving pressures used for a range of devices, 

which are typically between 10-20 MPa, based upon requirements for low-viscosity fluids to 

puncture skin and maintain high-speed jet flow. As such we set the inlet/upstream pressure values 

in the simulations to (Pinlet)water = 10/15/20/25 MPa. We further highlight a recent work by 

Williams et al59 which explored the effect of viscous heat generation due to the high shear region 

at the walls in the orifice region of the cartridge; such effects were not considered in the simulations 

of the dual-orifices presented herein due to the low-viscosity where such effects are negligible, 

and hence our simulations are isothermal, but we refer the reader to section 3.3 for a detailed 

discussion of these effects in the context of viscous flow. 

To characterize the effect of fluid viscosity and orifice geometries we employ dimensionless 

quantities – namely – Euler number (Eu) and Reynolds number (Re) for each orifice: 

(𝐸𝑢)𝑛 =
∆𝑃

1
2 (𝑣𝑗)

𝑛

2
           , (𝐸𝑢)𝑤 =

∆𝑃

1
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2
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Where 𝐸𝑢, 𝑅𝑒, 𝑑, 𝑣𝑗 are the Euler number, Reynolds number, orifice diameter, and jet velocity, and 

the subscripts n and w represent the narrow and wide orifices, respectively. The pressure drop, 

used in the Euler number, across both orifices is given by (∆𝑃 =  (𝑃𝑖𝑛𝑙𝑒𝑡)𝑔𝑎𝑢𝑔𝑒). 



3. Results and Discussions 

3.1. Numerical simulations for a dual-orifice jet injector 

We begin our analyses with a qualitative overview of the flow of water in a dual-orifice injector, 

as shown in figure 4, for an upstream driving pressure of 25 MPa, with orifice diameter ratio of 

1:3 (𝑑𝑛 = 100 and 𝑑𝑤 = 300 μm). The pressure contour and velocity vectors are representative 

of the system at steady-state and indicate a uniform pressure field throughout the main cartridge 

body; Specifically, in figure 4(a), we see that majority (> 95%) of pressure losses occurs in the 

straight orifice region, after the conical taper. Therefore, it is essential to investigate the effect of 

orifice geometry on the pressure losses and the jet velocities through wide and narrow orifices.  

 

Figure 4. (a) Pressure contour and velocity vectors in a dual-orifice jet injection cartridge with water at driving 
pressure of 25 MPa. Wide orifice diameter – 300 m, Narrow orifice diameter – 100 m. L/d = 1.25 for both the 
orifices. (b) Zoomed view of the orifice region showing streamlines and velocity magnitude; (c) Outlet velocity profiles 
for wide and narrow orifices (Ren = 2.07 × 104, Eun = 1.16; Rew = 6.21 × 104, Euw = 1.16). 



Assessing the jet speeds, we find 𝑣𝑚𝑎𝑥 = 222.8 m/s for both orifices. Although the velocity 

profiles are clearly turbulent, they not fully developed due to the short orifice length and, as such, 

we estimate the average velocity as 𝑣𝑎𝑣𝑔 =  0.95𝑣𝑚𝑎𝑥 = 211.7 m/s and thus calculate the jet 

powers of each orifice as 𝑃𝑛 = 37.2 W and 𝑃𝑤 = 334.5 W. Using the data of Schramm-Baxter & 

Mitragotri43 as the reference, these would lead to penetration depths of approximately 3-4 mm and 

8 mm, respectively. Furthermore, these jet speeds yield flow rates (based on average flow speed) 

of 𝑄𝑛 = 1.66 ×  10−6 m3/s and 𝑄𝑤 = 1.49 ×  10−5 m3/s (i.e., 1.66 and 14.9 ml/s, respectively). 

As such, the total flow rate through both orifices would be 16.6 ml/s, and the total time for a 1 ml 

injection would be 60.2 ms. 

Given the assumed penetration depths and individual flow rates above, this dual-orifice flow would 

thus deliver a fractional dose of 100 µL to the ID tissue, and 900 µL to the IM tissue. From a 

practical perspective, the typical fractional dose delivered to the ID tissue is on the order of 100 

µL, although there is some evidence60 to show that a reduced volume closer to 50 µL may be 

preferable from the perspective of increasing percentage delivery. Furthermore, IM doses are 

typically 0.5-1 ml, therefore this dosage split (ID:IM ≈ 1:9) for either a total volume of 0.5 ml or 

1 ml would render a split dose injection within the typical dosage ranges. 

To observe the trends across a range of driving pressures and orifice diameter ratios, we now 

present the data for jet velocities and corresponding jet powers in figures 5(a)-(d), for L/d =1.25 

and 2.5, and 𝑑𝑤 = 200 and 300, respectively.  



 

Figure 5. The effect of variation in upstream gauge pressure (∆𝑃) on jet velocity and power for water: (a) L/d = 1.25, 
dn = 100µm, dw = 200µm; (b) L/d = 2.5, dn = 100µm, dw = 200µm; (c) L/d = 1.25, dn = 100µm, dw = 300µm; (d) L/d 
= 2.5, dn = 100µm, dw = 300µm. 

In figure 5(a), for the case of dn = 100 m and dw = 200 m, an increase in pressure drop from 10 

MPa to 25 MPa causes the jet velocity for the narrow orifice to increase (~ 61%) from 132.6 m/s 

to 213.5 m/s, and jet velocity for the wide orifice to increase (~58%) from 135.8 m/s to 215.7 m/s. 

As a result of this increase and the cubic dependence on jet speed (i.e., 𝑃 ∝  𝑣𝑗
3), we observe an 

approximate 4-fold increase in jet power for both the narrow orifice (9.16 W → 38.24 W) and 

wide orifice (39.31 W → 157.6 W), both of which would result in deeper tissue penetration. 

Comparing figures 5(a) and 5(b), we observe that doubling the length of the orifice (straight 

section) has only a marginal effect, by reducing the jet velocities and powers, but the overall trends 

remain. For the larger wide orifices (dw = 300 m), shown in figures 5(c) and 5(d), the jet speeds 

for both the narrow and wide orifices are again very similar, with only ~1.3-3.7% variation. 

However, the increase in jet power for the wide orifice is more significant, with 𝑃𝑤 ≈ 90 − 360 



W, due to the square-dependence on diameter, 𝑃𝑗 ∝ 𝑑𝑗
2. The observation that jet speeds are similar 

in all cases can be attributed to the fact that the orifice length (L/d = 1.25 – 2.5) does not permit 

the flow to fully develop, and flow in both orifices is turbulent at all driving pressures, with 

𝑅𝑒𝑛~ 1.3 × 104 − 2.1 × 104 and 𝑅𝑒𝑤~ 2.3 × 104 − 6.4 × 104. Therefore, with the same 

pressure drop applied across both, we would expect similar jet speeds, notwithstanding the larger 

relative effect of the boundary layer for the narrow orifice, yielding a very slightly reduced speed 

compared to the wide orifice. 

Given the near-linear variation in jet speed with pressure drop, it is also concluded that there is 

very little variation in the Euler number 𝐸𝑢𝑛~ 1.1 − 1.18 and 𝐸𝑢𝑤~ 1.08 − 1.12, indicating a 

similar mechanical efficiency in all cases. This observation was also reported in our earlier work42 

using single-orifice geometries with a conical taper towards the orifice and is an artefact of the 

turbulent nature due to the low viscosity and high driving pressure. 

For higher-viscosity fluids such as glycerin, previous studies42,43,61,62 have indicated lower jet 

velocities as compared to low viscosity fluids like water, at the same driving pressure. This would 

naturally result in higher Euler numbers and lower Reynolds numbers, as detailed in Rane & 

Marston42,43. However, the increased role of friction for high-viscosity can also lead to significant 

heat generation59, which can in turn lower viscosity. Thus, the flow regimes for higher viscosity 

fluids are more caveated than those for low viscosity, and out-of-scope of the current work. 

In effect, the Euler number is a proxy for mechanical efficiency by yielding the ratio of potential 

energy of the spring (upstream driving pressure) to kinetic energy of the jet (inertial pressure of 

the jet); since the upstream pressure required to produce a glycerin jet of ~200 m/s is significantly 

higher than that for water, the Euler number is higher and thus indicative of a less efficient system.  

Since there is interdependence within the parameters used to characterize the performance of 

double-orifice jet injections (e.g., in jet power, 𝑃 ∝  𝑑𝑗
2𝑣𝑗

3, but 𝑣𝑗  ~ 𝑑𝑗), we thus use the Eu-Re 

parameter space as a concise way to elucidate the effects of orifice geometry and fluid viscosity 

on the hydrodynamic efficiency of the dual-orifice geometry, as shown below in figure 6: 



 

Figure 6. Euler number ((Eu)n or (Eu)w) versus Reynolds number ((Re)n or (Re)w). The dotted lines represent the smoothing spline 
fit to the data. The symbols correspond to orifice diameters as: dw = 400m (□), dw = 300m (×), dw = 200m (+), dn = 100m (Δ, 
▷, ◁). 

In figure 6, regardless of the orifice diameters and orifice lengths, all data points collapse to a 

single characteristic curve in the Eu-Re space for a given L/d ratio (L/d = Ln/dn = Lw/dw). This 

signifies that, the orifice geometries for the multi-orifice jet injection can be characterized with the 

use of orifice L/d ratios.  

For an intuitive understanding of figure 6, the inverse of Euler number can be thought of as the 

mechanical efficiency of the system, meaning that the system becomes more efficient as Euler 

number decreases at high Reynolds numbers, with the inviscid limit of 𝐸𝑢 = 1. At this theoretical 

limit, all upstream pressure energy provided to the system will convert entirely to kinetic energy 

of the liquid jet through the orifice. Indeed, we observe the asymptotic behavior as 𝐸𝑢 → 1 for 

water with 𝑅𝑒 →  105, implying the geometry is highly efficient at these conditions. Furthermore, 

a simple comparison of the data series for L/d indicates that for a corresponding Re, a relatively 

wider orifice (𝐿 𝑑⁄ = 1.25) has a lower Eu than a narrow orifice (𝐿 𝑑⁄ = 2.5). These results have 

implications for the design of new injectors since a more efficient system would result in a lower-

power requirement for the actuation mechanism, be it a spring or compressed gas or voice coil. 

We must caveat these results and analyses by noting that the simulations are run in the absence of 

moving parts, which in practice would include a sliding piston with a water-tight seal (e.g., O-ring) 

that induces friction and necessarily lowers the energy conversion efficiency. 

Nonetheless, the results here, along with previous results42,43 imply that tailoring of the orifice 

geometry is essential to achieve a certain jet velocity and jet power through the orifice geometry, 

especially in laminar flow regime.  We postulate that using the orifice geometry-specific Eu-Re 



data in figure 6, for a desired jet velocity, manufacturers can either regulate the upstream pressure 

(or force from actuation source) for a given orifice geometry or vary the orifice geometries (L/d 

ratio) for a fixed upstream pressure. 

As discussed earlier, jet injection through a narrow orifice is targeted for ID drug delivery, whilst 

jet injection through a wide orifice is targeted for IM drug delivery. For dual-orifice designs, it is 

essential to estimate and potentially regulate the flow through each orifice for delivering accurate 

dosage at desired penetration depths. Recent publications49,50,63 provide information on the 

variation in jet penetration depth with respect to the variation in jet velocity for single-orifice jet 

injections. For example, with orifice diameter of 200 µm, McKeage et al.63 reported that an 

increase in jet velocity from 100 m/s to 140 m/s, corresponding to jet power increase from 15.7 W 

to 43.1 W, resulted in an increase of maximum jet penetration depth from ~ 5 mm to ~ 21 mm, for 

jet injection in porcine tissue. For our study herein, figure 5(a) provides jet powers in a similar 

range to those mentioned in McKeage et al.63; for the narrow orifice (100 µm), 𝑃𝑗 = 9.16 W (at jet 

velocity of 132.6 m/s), and for the wide orifice (200 µm), 𝑃𝑗 =39.31 W (at jet velocity of 135.77 

m/s). For this case, in figure 7(a), the volumetric flow through wide orifice is approximately 4 x 

higher than the volumetric flow through narrow orifice. Meaning that, for a total cartridge volume 

of 1mL, ~ 0.2 mL will be delivered to shallow penetration depth (ID drug delivery) and ~ 0.8 mL 

will be delivered to deeper penetration depth (IM drug delivery). This is in accordance with the 

typical20,22 drug dosage amounts used for IM drug delivery (0.5 ml – 2 ml), but slightly higher than 

that for ID drug delivery (~ 0.1 ml). 

 

Figure 7. Effect of upstream gauge pressure (pressure drop) on the ratio of volumetric flow rates through wide and narrow orifices 
(Qw/Qn). (a) Water, dn = 100µm, dw = 200µm; (b) Water, dn = 100µm, dw = 300µm. 



Here, we perform a simple semi-dimensional analysis, to correlate the ratio of volumetric flow 

through the wide and narrow orifices: As expected, the volumetric flow rate through wide orifice 

(Qw) is higher as compared to the volumetric flow rate through narrow orifice (Qn), and thus the 

ratio Qw/Qn > 1 (as shown in figure 7). This implies that the injection with deeper penetration (i.e., 

IM delivery with the wide orifice) would receive a higher drug volume than the injection with 

shallow penetration depth (i.e., ID delivery with the narrow orifice). For the water cases shown in 

figure 7 (Ren > 13000 & Rew > 26500), the variation in delivery ratio (Qw/Qn) is very small (4.04 

- 4.15) for 𝑑𝑤 𝑑𝑛 = 2⁄ , and similarly it is 9.12-9.37 for 𝑑𝑤 𝑑𝑛 = 3⁄ , showing that near the inviscid 

limit, we simply have 𝑄𝑤 𝑄𝑛⁄  ∝ (𝑑𝑤 𝑑𝑛⁄ )2, with the slight discrepancy being due to small viscous 

effects and pressure losses in the contraction region. Ignoring the small difference in ratio for the 

different pressure drops, we can calculate the volume delivered to both target tissues as a function 

of wide orifice size and orifice aspect ratio, L/d, as shown in figure 8. Here, we also include data 

for 𝑑𝑤 = 400 µm, and we observe that the volume delivered via the narrow orifice (targeting ID 

delivery) is insensitive to the orifice aspect ratio, which is again a manifestation of the near-inviscid 

flow regime for water. Given that the typical target fractional dose is 100 µL, these results indicate 

that a wide orifice of 300 µm would represent the best choice for a split ID/IM injection, since 

𝑉𝐼𝐷 ≈ 100 µL in that configuration. 

 

Figure 8. Volume delivered to either ID or IM tissues versus wide orifice diameter. In all cases, the narrow orifice is fixed at 100 
µm. (a) Water - data points represent the average across the range of pressure drops due to the negligible differences. 

This data once again illustrates that the effect of fluid viscosity notwithstanding, we can tailor the 

orifice diameter ratio and lengths to regulate flow rate (jet velocities) through narrow and wide 

orifices for the feasibility of simultaneous needle-free ID-IM drug delivery.  



3.2. Preliminary in-vitro visualization  

In the present study, we conducted preliminary experiments to investigate the feasibility of dual-

orifice jet injection, using a modified Zetajet cartridge; the original orifice has a diameter of 113 

µm, which we use as the narrow orifice, whilst the wide orifice was created by using micro-drill 

bits with diameters of 300 and 400 µm, respectively. In figure 9, snapshots of dyed water injection 

into gelatin are presented, which show dual jet streams emerging concurrently and depositing at 

different depths within the gelatin.  

 

Figure 9. Dyed water injection into 5%w/w gelatin hydrogel with a dual-orifice Zetajet cartridge. The cartridge outer diameter is 
11.09mm, and the black scale bars in the first images are 10 mm long. Due to the increased flow rate through the 400 µm wide 
orifice, the injection timeframe for the cartridge with 400 m wide orifice is only 21 ms, whereas the injection with cartridge having 
the wider orifice of 300 m extends to 37.5 ms. 

In both cases presented in figure 9, the jet stream from the wide orifice has a significantly larger 

penetration depth as compared to the jet stream from the narrow orifice, and the stream from the 

400 µm orifice is also observed to penetrate deeper (~50 mm) than for 300 m (~33 mm), 

providing a direct illustration of the dependence of penetration depth on the jet velocity and 

diameter. Based on the data in figure 5, the approximate jet powers for these orifice diameters 

assuming ∆𝑃~15 MPa are ~165 W and ~17 W, respectively, thus showing these results are in 



agreement with previous observations44,53 relating increased penetration depth to jet power. We 

note even the narrow jet stream punctures over 1 cm in these gelatin substrates, but the reader 

should keep in mind such homogenous tissue phantoms are poor proxies for true biological tissues 

where the discrete layers (ID/SC/IM) have vastly different properties. 

 

 

Figure 10. Dyed water injection into 5%w/w gelatin hydrogel using a modified dual-orifice Zetajet cartridge. The wide orifice was 
drilled at an angle to modify injection depth. Angled wide orifice – 300 m; Straight narrow orifice – 113 m. Cartridge outer 
diameter is 11.09m. The color image to the right is the final view of the gelatin tank after injection. 

Additionally, we experimented with a novel dual-orifice Zetajet cartridge whereby the wide orifice 

was drilled at an angle (~45o). The result of this configuration is shown in figure 10 for injection 

into gelatin. Whilst these images are descriptive of the potential of dual-orifice cartridges, we 

acknowledge that the experimental part of this work is at an early stage and that further 

experimental investigations with a more controlled manufacturing technique for creating dual 

orifices is necessary. At the time of writing, the authors are pursuing injection molding fabrication 

of novel designs with highly controlled orifice diameters. 

3.3 Effect of viscous heat generation 

In the work presented herein, we did not consider the effects of viscous heat generation, which 

occurs due to the high shear rate observed at the orifice. At the orifice, we can provide a first-order 

estimate of the average shear rate via 𝛾̇~2𝑉𝑗/𝐷𝑜 . Given jet speeds of 𝑂(102) m/s and orifice 

diameters of 𝑂(10−4) m, the average shear rate would be 𝛾̇~𝑂(106) s-1, whilst near the boundary 

the shear rate could be an order of magnitude higher; in Rane & Marston (2020)42,43 it was observed 

that the peak shear rate in the boundary layer reached up to 1.8 × 107 for water and 50% glycerol 

solutions, whilst in Williams et al. (2019)59 it was reported to reach up to 2.7 × 108 for water and 



1.8 × 107 for 85% glycerol. At these high shear rates, the viscous friction results in a temperature 

increase that in turn can reduce the local viscosity of the fluid, thus providing a self-lubricating 

effect. Williams et al. (2019) provided the first report of this effect in the context of jet injectors, 

indicating that the local reduction in viscosity “assists” the jet formation process for high-viscosity 

fluids by increasing the jet speed than would otherwise be observed in the absence of this effect. 

In that work, it was assumed that the wall of the cartridge and orifice were adiabatic, thus 

restricting the heat to the fluid itself. Nonetheless, the observed temperature increase in the 

boundary layer for 85% glycerol was quite significant with ∆𝑇 ≈ 30 − 40 oC from the centerline 

to the wall, which the authors equated to a corresponding viscosity reduction from approximately 

0.08 Pa.s at the center to 0.07 – 0.02 Pa.s in the boundary layer. As such, the heating creates a 

high-viscosity core (or plug) surrounded by low-viscosity annulus. Ultimately, the effect of this 

heating-induced viscosity reduction would be to lubricate the jet flow through the orifice and 

reduce the driving pressure required to sustain the flow for a desired jet speed. Whilst a full, 

comprehensive study of this effect is outside the scope of the present work, we present below 

snapshots of preliminary results (see fig. 11) from simulations that included temperature-

dependent viscosity models. For simplicity, we focused these preliminary simulations on a single 

orifice with diameter of 150 µm, and fixed jet speeds of 75 m/s and 150 m/s, respectively. As such, 

these simulations utilized velocity inlet – pressure outlet boundary conditions for the purpose of 

highlighting the effect of the viscous heating. For these preliminary simulations, we ensured 

residual error for temperature and velocity components were at most 10-3 with a high density of 

(linear element order) mesh points (~ 630 /mm) in the nozzle exit region whereas a low density of 

mesh points (~ 22 /mm) was used in the upstream cartridge region. 

In the example shown in figure 11, we observe that the high shear rate at the walls induces a 

maximum temperature increase of 86 K from the orifice centerline, with the most significant 

temperature rise (∆𝑇 ≈ 50 K) occurring within ~10 µm of the walls. The corresponding viscosity 

reduction mirrors the temperature profile, with the core region (𝑟 ≤ 40 𝜇m) exhibiting viscosity 

within 8% of the nominal value of 1.3 Pa.s, but a sharp reduction from approximately 0.95 to 0.61 

Pa.s within ~10 µm of the walls. In Table 1 below, we have summarized the effects of viscous 

heating for two nominal jet speeds: 



 

Figure 11. Snapshots near the orifice region from numerical simulations for flow of pure glycerine in a single orifice with D = 150 
µm and average jet speed of 𝑣𝑗= 75 m/s (max speed 𝑣𝑚𝑎𝑥 = 134 m/s) showing local fields for (a) Strain rate, (b) Temperature, 
and (c) Viscosity. 

Fixed Jet 
Speed 
 

Isothermal  
(fluid inlet temp 300K) 

With viscous heat generation  
(fluid inlet temp 300K, adiabatic walls) 

Upstream driving 
pressure (Pa) 

Viscosity 
(Pa.s) 

Upstream driving 
pressure (Pa) 

Average 
viscosity at 
orifice (Pa.s) 

Average jet 
temperature 

75 m/s 7.15 × 107 1.30 5.65 × 107 1.02 327 
150 m/s 1.61 × 108 1.30  1.1 × 108 0.9 346 

Table 1. Summary of key data from numerical simulations for flow of pure glycerin in a single orifice with D = 150 µm and average 
jet speeds of 𝑣𝑗= 75 m/s and 150 m/s. 



As evident from the values in Table 1, we observe that there is an increase in jet temperature 

(average temperature at the outlet), which causes a reduction in the average viscosity, which in 

turns causes a reduction in the driving pressure. This implies that the pressure required to sustain 

jet flow for high viscosity fluids is less than that calculated assuming isothermal conditions; in our 

two cases presented above, the reduction is approximately 20.9% for 𝑣𝑗 = 75 m/s and 31.7% for 

𝑣𝑗 = 150 m/s. From a practical perspective, there are two implications of this finding; a lower 

driving pressure means that the mechanical components may experience less wear and improve 

lifetime of an injector device. Conversely, for a fixed force or driving pressure, it may be possible 

to achieve jet speeds with viscous fluids that are acceptable for injection purposes, i.e., the jet 

speed is high enough to provide jet dynamic pressures exceeding the critical stress of the skin, thus 

enabling puncture and effective drug delivery.  

To caveat these preliminary findings, we must acknowledge that the simulations were conducted 

with adiabatic boundary conditions, and at steady-state. Whereas, in practice, the specific heat 

capacities of polycarbonate (a typical material used for injector cartridges) and glycerin are 

comparable (1.2 kJ/(kg.K) versus 2.43 kJ/(kg.K)), and the timescale of a typical injection (0.1 mL 

to 0.5 mL) is of the order of 0.03 to 0.6 seconds, and therefore highly transient in nature. As such, 

heat transfer at the walls and the transient nature of the jet injection process should be considered 

for a truly comprehensive treatment of the viscous heat generation. It is the intent of this 

preliminary section to spur further, comprehensive treatment of viscous heat generation in both 

experimental and computational studies. 

4. Conclusions  

In the literature, a combined intradermal (ID) and intramuscular (IM) drug delivery has been 

shown to elicit an enhanced, multi-faceted, and balanced immune response, especially for novel 

DNA vaccine delivery. Needle-based injection for combined ID – IM delivery may require 

multiple separate injections, which may not be preferable with regards to patient compliance and 

could result in extra sharps waste. In contrast, using a needle-free multi-orifice jet injection device, 

it is postulated that we could achieve simultaneous delivery to multiple penetration depths within 

a short timeframe (~10-100 ms). 



In the present study, we considered a wide orifice (200 m – 400 m) for IM drug delivery and a 

narrow orifice (100 m) for ID drug delivery. Using numerical simulations, we studied the role of 

orifice diameter, and orifice length on jet power, jet velocity, and volumetric flow rate through 

each orifice. For low viscosity (water) it was found that driving pressures in the range 10-25 MPa 

lead to jet speeds ranging from approximately 140 – 230 m/s, which showed only a small 

dependence on the orifice diameter. Thus, the jet power, and hence the expected penetration depth, 

scaled primarily with diameter according to 𝑃𝑗 ∝ 𝑑2. In terms of the volumetric flow ratio and 

volumes that could in theory be delivered to ID and IM tissues respectively, we found that 

diameters of 100 and 300 µm for the narrow and wide orifices could result in approximately 100 

µl ID and 900 µl IM for a full 1 ml injection, presenting acceptable volume deliveries to the 

respective target tissues. 

By inspecting the results in the non-dimensional Eu-Re parameter space, it is clear that shorter 

orifices are preferred due to higher mechanical efficiency. The practical application of this result 

is that a more efficient system should preserve the lifetime of the fixed components of the injector 

(i.e., the main injector body and actuation mechanism). 

Through some preliminary experiments, we visualized the penetration of wide and narrow jet 

streams into the gelatin substrates. The jet streams through the wide orifice showed significantly 

greater penetration depth as compared to the jet stream for the narrow orifice, due to increased jet 

power, as expected. Thus, we tentatively propose that it is indeed feasible to simultaneously deliver 

drugs to multiple penetration depths from the same injection cartridge using the needle-free jet 

injection technique with multiple orifices. Whilst continued efforts to improve the experimental 

techniques and visualization are ongoing, we hope that the work herein spurs new research into 

modified jet injection techniques. Other simple modifications to the cartridge geometry could 

include further refinement of the diameter ratios and placement of the orifices to further tailor the 

flow rate and hence jet speed in a given orifice. At the time of writing, a full, comprehensive 

treatment assessment of the viscous heating effects in a wide range of configurations (e.g., 

Newtonian vs non-Newtonian fluids, single vs multi-orifice, adiabatic vs heat-flux boundaries) in 

transient flow is underway. 
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