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Abstract  The injection performance of a small volume of needle-free injection (up to 0.3 
mL) has proven to be controllable and satisfactory in transdermal drug delivery. However, no 
comprehensive research on the behavior of larger volume injections with different requirements 
for clinical applications exists. This study aims to present the penetration characteristics of lar-
ger volume injections, including dynamic properties, dispersion pattern, and percent delivery. 
The researchers conduct impact and injection experiments with injection volumes from 0.1-1.0 
mL, driving pressures of 0.5-1.75 MPa, and orifice diameters of 0.17-0.5 mm. This study uses 
high-speed photography and impact experiments to capture the dynamic properties of the liquid 
jet. The researchers observe the dispersion patterns of liquid penetration into the gels in the gel 
injection experiments and investigate the percentages of liquid delivered to the skin tissues in
porcine tissues injection experiments. Moreover, this study uses the response surface method-
ology (RSM) to analyze the interactive effect between various injection parameters on the injec-
tion performance. Results describe the differences in penetration performance between larger 
volume injections and small volume injections, and the critical volume of the mentioned injec-
tions is approximately 0.6 mL.  

 
1. Introduction   

The advent of the needle-free injection system for transdermal drug delivery has attracted at-
tention in recent decades. Several macromolecules, including vaccines and growth hormones 
were administrated by the needle-free injectors [1-3]. The advantages of this technique include 
elimination of needle phobia, operability of self-administration, and fast drug delivery. This de-
vice enables the liquid drug to penetrate the skin by pressurizing it within the ampoule and pro-
pelling it through a small nozzle. Thereby, the needle-free injector was widely used to deliver 
drugs intradermally, subcutaneously, and intramuscularly using a high-speed stream of liquid 
drug without needles [4-6]. Although the needle-free injection has distinct advantages over 
conventional needle injection, it still shows low acceptance from patients in the clinic applica-
tions due to complaints about painful bruising and bleeding experiences after injection [7, 8]. 

A major concern in these injectors now is to continue to improve the controllability of the jet 
speed and injection depth for larger volume injection. Different types of needle-free injectors, 
including Lorentz-force and piezoelectric actuators can control the jet speed during small vol-
ume drug delivery [9-11]. These devices driven by piezoelectric or laser precisely could deliver 
the liquid drugs to the target tissue for the 0.01 mL volume injection [12, 13]. The injectors ac-
tuated by electric motors have demonstrated precise delivery of up to 0.3 mL [14, 15]. Recently, 
an urgent need persists to control the injection performance of needle-free injections with injec-
tion volumes exceeding 0.3 mL, because several common injections, such as vaccines, mono-
clonal antibodies, and hormones, are operated with 1.0 mL or greater doses in clinic practice 
[16, 17]. Many researchers have proposed that the electric motors and mechanical amplifiers   
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are worth exploring in the larger volume injection [18, 19]. In 
addition, some of them pointed out that understanding the re-
quirements of the larger volume injection is the key to address-
ing the controllability in clinic application [20-22]. They believe 
that the compound ampoule producing two phases jet speed is 
an efficient way to control the injection performance in larger 
volume injection. 

Meanwhile, penetration of fluid into tissue is related to 
many variables, including the orifice diameter, driving pres-
sure, jet velocity and viscosity, and material stiffness. The 
peak and average stagnation pressures of the jet were di-
rectly influenced by the driving pressure and nozzle diameter 
[23]. Previous studies indicated that the driving pressure sig-
nificantly affected the depth of penetration and the volume 
and density mainly varied the dispersion pattern [24, 25]. 
Another research attempted to obtain an optimal design with 
various parameters of this biomedical engineering device by 
using CFD models [26, 27]. In addition, a distinct difference 
exists in injection depth under various driving pressures for 
materials of low density and viscosity [28-30]. Although the 
mentioned studies have shown some requirements and 
characteristics for the successful delivery in the larger volume 
injections, no established criteria to distinguish between lar-
ger and small volume injections exists. Furthermore, research 
involving the interactive effects of injection parameters on the 
penetration performance for larger volume injections remain 
limited. Therefore, this study must gain a comprehensive 
understanding of the various characteristics of the larger vol-
ume injections.  

This study focused on the jet dynamic properties and 
penetration characteristics of the larger volume needle-free 
injection. The researchers used a high-speed photography 
to visualize the behavior of jets penetrating the gels and the 
early jet dynamics features of needle-free injections with 
various injection volumes. Then, the researchers conducted 
the impact experiments to confirm the results of high-speed 
photography experiments, revealing the differences between 
larger volume injections and small volume injections in terms 
of pressure characteristics. In addition, this study quantita-
tively analyzed the interactive effects between various injec-
tion parameters on the penetration performance in injection 
through the response surface methodology (RSM). The re-
searchers implemented the impact experiments and injection 
experiments and varied the injection volume between 0.1 
and 1.0 mL, the driving pressure was between 0.5 and 1.75 
MPa, and the orifice diameter was between 0.17 and 0.5 
mm. Resultantly, the interactive effects between different 
injection parameters on the injection depth, width of disper-
sion region, and percent delivery were exhibited through the 
gel injection experiments and porcine tissue injection ex-
periments. The result gained from these experiments would 
serve as guidelines for distinguishing the larger volume in-
jection from the small volume injection and a reference for 
achieving controllability of larger volume injections under 
certain requirements. 

2. Materials and method 
2.1 Experimental setup 

This study used a commercially available air-powered nee-
dle-free injector ([Patent No: ZL 201520432727.7] Sanxin Med-
ical Technology Co., Ltd., Jiangxi Province, China) to adminis-
ter 0.3-1.0 ml injections at 0.5-1.75 MPa driving pressures (Ta-
ble 1). In this study, the researchers powered the injector by 
pressurized carbon dioxide gas and multiple injections could be 
performed through this device (Fig. 1(a)). The working process 
of the device includes three stages: initial state, gas enters the 
chamber from the pressure inlet and vent to push the impact 
piston and pull the plunger back to the starting position; injec-
tion process, once the trigger is pulled, the gas flows through 
the vent under the action of the control valve, pushing the im-
pact piston and then hitting the plunger, thereby the liquid in 
the chamber is pushed out by the plunger through the nozzle; 
return to initial state, when the trigger is released and returned 
to the original position, the remaining gas in the cavity pushes 

Table 1. Air-powered needle-free injector parameters. 
  

Driving pressure 3-15 Bar 

Nozzle diameter 100-500 μm 

Injection volume 0-1.0 mL 

Piston diameter  33.8 mm 
Piston distance 42-56 mm 

Plunger diameter 7.9 mm 

Plunger distance 5.9-19.9 mm 

 

 
 
Fig. 1. (a) The schematic diagram of the air-powered needle-free injector 
and different nozzles; (b) nozzles with orifice diameter of 0.17 mm, 
0.30 mm, and 0.50 mm. 
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the impact piston backwards under the action of the control 
valve. The impact piston and the plunger return to the original 
position. The researchers used a metering screw to control the 
strokes of the piston and plunger. The researchers used the 
screw in conjunction with the check valves at the liquid inlet 
and outlet to adjust the injection volume. The researchers fully 
filled the chamber at each injection, thus the influence of fill 
ratio on the injection performance presented in previous re-
search could be ignored [31]. Moreover, the nozzles with three 
sizes (0.17 mm, 0.30 mm, and 0.50 mm) of the injection pre-
sented in Fig. 1(b) were manufactured from stainless steel with 
a precision of 0.00326 mm, which is less than 1.91 % of all 
orifice diameter sizes. 

 
2.2 Materials 

To obtain a real time analysis of jet mechanics, the 10 % w/t 
ballistic gelatin has been used to mimic the muscle tissue due 
to its transparency and the material characteristics [24, 32]. In 
addition, the elastic modulus of 10 % gelatin (0.815 MPa) is 
close to it of muscular tissue (0.827 MPa). This gelatin was 
mixed by 10 % per weight gelatin powder (250 bloom, Sigma 
Aldrich, USA) and 90 % per weight distilled water under differ-
ent conditions. The porcine tissue was typically used in the 
needle-free injection studies to simulate the human dermal 
tissue owing to comparability of the thickness of the stratum 
corneum, the stiffness of tissues, and analogous jet speed in 
ex-vivo human and porcine tissue [9, 33]. This study obtained 
post-mortem tissues through the Experimental Animal Center 
of the Wuhan University (Wuhan, China) using procedures 
approved by Hubei Provincial Experimental Animal Quality 
Inspection Station for scientific research (Permission license 
NO: SCXK2018-0187). This study harvested the tissues from 
the abdomen of pigs (approximately 4.5 months) immediately 
after euthanasia and included muscle and partial skin tissue 
and subcutis. The researchers trimmed, immediately vacuum 
sealed, and stored the tissue at −80 °C. Prior to injection, the 
researchers thawed each sample at 22 °C and equilibrated to 
room temperature. 

 
2.3 Methods 

To obtain the impact pressure of the injector during the entire 
injection process, this study established a test platform dedi-
cated to presenting and recording the pressure behavior over a 
short period which is similar to the previous research [34, 35]. 
This platform comprises a dynamic pressure sensor (M5156-
000002-030BG), an HBM data acquisition system (Quantum 
MX840B-8), and an integrated device with embedded Java 
programming language. The impact pressure could be calcu-
lated by the integrated device with embedded Java program-
ming language in accordance with momentum theorem and 
Bernoulli equation from the impact force obtained by the test. 
The researchers performed three injections at each data point 
in the injection experiments. The researchers used the average 

value of the three injected experimental data to analyze the 
experimental phenomenon. 

This study measured the injection depth and the width of the 
dispersion region in the gel injection experiments and obtained 
the delivery percent in the porcine tissue injection experiments. 
The injection depth was the total depth of dispersion; the injec-
tion width was the width of dispersion region. Moreover, the 
researchers used a high-speed video camera (Vision Research, 
Phantom V2012) to record the injection process for free jet 
injection in air and gels injection. The matching lens was pro-
vided by Nikon ED (AF Micro Nikkor 200 mm 1:4 D) at frame 
rates of 43000 fps with exposure times of 22 μs and an ar-
rangement of halogen LED lamps were configured for this 
experiment. The effective resolution is 2000 * 3595 pixels un-
der this configuration. The researchers calibrated the high-
speed camera before test shooting. During the shooting of the 
experiment, the high-speed camera started to work before the 
injection behavior so that the entire injection process can be 
captured. After the shoot, this study used the Phantom Camera 
Control (version 2.0) to process the captured video. The point 
at which the droplet appeared at the nozzle was the beginning 
of the injection, and the jet exited the nozzle completely as the 
end point.  

In addition, the view angle between the captured scope and 
the camera adds an error, es, into the length calculation on the 
basis of the images (Eqs. (1) and (2)). 

 
4

s1 cosse θ= −  (1) 
1tan ( / 2 )s s sW Dθ −=  (2) 

 
where θs is the half angle of the view, Ws is the width of the 
captured scope, and Ds is the distance between the injection 
experiments facility and the camera. During this high-speed 
photography, maximum error resulting from the view angle was 
1.12 %, which was within the reasonable calculation error [36].  

As a practical mathematical and statistical tool for efficient 
modeling and analyzing of process variables, this study fre-
quently used the RSM for interactive effects between relevant 
parameters on the responses. In the injection experiments, the 
researchers used the historical data method of the RSM to 
observe the effect of injection parameters on the injection 
depth, the width of dispersion region and the percent delivery 
of the injection. Consequently, the mathematical model of each 
response can be derived by the least squares method on the 
basis of the following second-order polynomial regression ex-
pression (Eq. (3)): 
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where B0, B1, B2, B3, B4 and B5 are constant; n = 1, 2, 3, 4, 5; x1, 
x2 and x3 are factors.  
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The calculation of the jet power was according to our previ-
ous study [35], as shown in Eq. (4). 
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where E0 is the jet power at the nozzle exit, ρ is the liquid den-
sity, V is the injection volume, T is the injection duration, and D0 
is the orifice diameter of the injector.  

 
3. Results and discussion 
3.1 Dynamics characteristics 

3.1.1 Injection processes 
Fig. 2 presents the dynamics of jet penetration into gels of 

needle-free injection process with a high-speed camera system. 
Fig. 2(a) exhibits the typical dispersion pattern of small volume 
jet injection which was an introductory channel followed by a 
large circular dispersion [37, 38]. For the first phase (0 ms＜t＜

12.1 ms, where t = time after start of injection), the injection 
depth increased while the width of the dispersion region was 
the same. Then, the remaining fluid was delivered to the gels 
which resulted in a bolus shape in the gel (12.1 ms＜t＜47 ms). 
However, different diffusion characteristics existed in the larger 
volume injection (such as 1.0 mL). Fig. 2(b) shows that the 
injection depth and the area of the dispersion region increased 
during the entire injection process (0 ms＜t＜93.5 ms). This 
means that the velocity of the remaining jet arriving at the pro-
gressive end of the hole drops still exceeds the value neces-
sary for hole formation. Interestingly, for 12.1 ms＜t＜47 ms, 
the backflow of the jet was clearly observed in gel injection 
when the injection volume was 1.0 mL, while this phenomenon 
did not occur in smaller volume injection. It was owning to that 
the volumetric flow rate of the 1.0 mL volume injection pene-
trating into the gel is greater than the volumetric rate of hole 
formation in the gel. Therefore, the larger volume injection is 
likely obtain more energy than the small volume injection in air-
powered needle-free injector. 

Fig. 3 displays the pressure profiles of needle-free injection 

 
 
Fig. 2. Frames from high-speed video taken of the (a) 0.30 mL; (b) 1.0 mL needle-free jet injection into ballistic gelatins. The orifice diameter is 0.30 mm, the 
driving pressure is 0.5 MPa, and the scale bar is 20 mm long. 

 

 
 
Fig. 3. Impact pressures throughout the injection process and in the first 20 ms of injection. Pressure profiles of the entire injection process with the injection 
volume of (a) 0.3 mL; (c) 1.0 mL; diagram of impact pressure for the injection volume of (b) 0.3 mL; (d) 1.0 mL in the first 20 ms.  
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with injection volumes of 0.30 mL and 1.0 mL. The injection 
pressure reached the maximum value shortly after the start of 
the injection and then dropped to a stable value. The maximum 
pressure value of impact experiments with injection volumes of 
0.30 mL and 1.0 mL exceeded 15 MPa which is the threshold 
pressure at which the jet can penetrate the skin [39]. Figs. 3(a) 
and (b) show that the pressure tends to be stable at 5 ms after 
injection and the pressure variation in the stable phase fluctu-
ates between 2.5 and 3.8 MPa. Compared with the case of 
injection volume of 0.30 mL, the injection pressure of 1.0 mL 
injection volume reached a steady phase 3 ms earlier than the 
former. Given the destructive force of the pulsating pressure is 
greater than that of the stable pressure under the same pres-
sure value. This confirmed the phenomenon presented in the 
Fig. 2 shows that the injection depth at the case of 0.3 mL was 
greater than that at the case of 1.0 mL at the same early time 
point after injection. In addition, the pressure fluctuations of the 
1.0 mL injection volume in the stable phase are negligible and 
the pressure is maintained near 4.5 MPa (see Figs. 3(c) and 
(d)). The difference in the steady pressure between the two 
would result in different injection depths and widths of the dis-
persion regions. 

 
3.1.2 Early jet dynamics 

To reveal the early jet dynamics of this injection, observing 
the behavior of the jet as it exits into the atmosphere was nec-
essary. Fig. 4 demonstrates the start of the jet of air-powered 
needle-free injection with the injection volumes of 0.3 mL and 
1.0 mL. The dynamic features that occurred on the micro-
second to millisecond time scale of the injection were pre-
sented with the high frame rates herein. Three distinct jet pul-
sations of 0.3 mL volume injection were captured in Fig. 4(a), 
which were S1, S2, S3. The phenomena of jet pulsation are 
potentially related to the system compliance and compressibil-
ity when the piston is actuated by the trigger. As the liquid exits 

from the nozzle orifice, there is an initial jet injection (S0) and 
the first jet pulsation occurs at the time of 0.7 ms (S1). Likewise, 
the second and third jet pulsations were presented at the time 
of 4.8 ms and 5.8 ms. The gap between S3 and S2 is smaller 
than the gap between S1 and S0, which indicates that the pul-
sation amplitude of the jet was reduced and the steady jet will 
appear. In this injection case, the steady jet formation occured 
after 5.8 ms.  

Similarly, three obvious jet pulsations exist for the dynamic 
features of the start-up phase of 1.0 mL volume injection (see 
in Fig. 4(b)). As the injection continues, the gap between the 
next two pulses is smaller than the gap between the two pulses 
at the beginning. The difference between the two injection vol-
umes is the time to achieve stable injection. For t = 2.6 ms, S2, 
and S3 appear in the frame simultaneously, meaning that the 
steady jet formation would occur after 2.6 ms. However, for 0.3 
mL injection volume, the time to achieve stable injection is 5.8 
ms after start of injection. This phenomenon is consistent with 
the variation tendency of injection pressure in Fig. 3. Therefore, 
a steady jet of a larger volume injection tends to appear earlier 
than that of a small volume injection.  

Fig. 5 displays the relationship between the axial pressure 
oscillation peak (Pmax) and injection parameters in the air-
powered needle-free injection. The Pmax determines whether 
the jet injection can penetrate the epidermal layer of the skin. 
Pmax exceeds 15 MPa in all injection conditions, so all jets can 
penetrate the skin. The driving pressure would lead the in-
crease of Pmax. Fig. 5(a) reveals this phenomenon which shows 
the Pmax versus the driving pressure. Significantly, the Pmax 
changes minimally and attempts to maintain a stable value 
when the driving pressure is greater than 1 MPa. In addition, 
the Pmax of a larger volume injection is larger than that of a 
small volume injection, which is different from the conclusion 
that the maximum stagnation pressure decreases with the 
increasing of liquid volume in spring-loaded injector [40]. The 

 
 
Fig. 4. Frames from a high-speed video of a water jet start-up phase for the needle-free injector with the injection volume of (a) 0.3 mL; (b) 1.0 mL. The orifice 
diameter is 0.30 mm, the driving pressure is 0.5 MPa, and the scale bar is 40 mm long. 
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reason is that the kinetic energy of the spring in the spring-
loaded injector is constant, and the speed of the larger volume 
injection is smaller than that of the small volume according to 
the conservation of energy. However, the kinetic energy of a 
larger volume injection will be greater than that of a small vol-
ume injection due to the characteristics of the air-powered 
driving device. Fig. 5(b) plots the Pmax versus the orifice diame-
ter of the injector; unlike the driving pressure, a peak value of 
the Pmax appears when the orifice diameter is 0.3 mm. In addi-
tion to the peak value, the Pmax with the orifice diameter of 0.5 
mm is smaller than that with the orifice diameter of 0.17 mm. 
Furthermore, a same tendency that a larger volume injection 
owns a larger value of the Pmax is found when the orifice diame-
ter is changed from 0.3 mm to 0.5 mm. On the contrary, no 
obvious change of the Pmax transpired when the injection vol-
ume ranged from 0.6 mL-1.0 mL and the orifice diameter is 
0.17 mm. 

 
3.1.3 Steady impact pressures 

The steady pressure of the jet ejected from the injector sig-
nificantly influences the injection performance. Higher steady 
pressure leads to greater injection depth and wider injection 
area. To describe the effect of injection parameters on the 
impact pressure in the steady phase of injection, Fig. 6 demon-
strates the relationship between the steady pressure and injec-
tion parameters. Fig. 6(a) illustrates that the steady pressure 
increases linearly as the driving pressure increases. In addition, 
the steady pressure between the different injection volumes did 
not show a significant difference at the same driving pressure. 

Fig. 6(b) presents the steady pressure versus the orifice di-
ameter of the injector. When the orifice diameter is changed 
from 0.17 mm to 0.3 mm, the steady pressures of different 
injection volumes present minimal change except for the 0.8 ml 
injection volume. Moreover, the increasing orifice diameter 
decreases the steady pressure under various injection volumes 
when the orifice diameter is over than 0.3 mm. The difference 
between the steady pressures of the various injection volumes 
reaches a minimal value when the orifice diameter is 0.3 mm.  

Similarly, the injection duration is an important parameter for 
evaluating injection performance [11, 12]. Studies about the 
influences of orifice diameter and injection volume on the injec-
tion duration has been conducted experimentally. Fig. 7(a) 
indicates that the increasing orifice diameter decreases injec-
tion duration, whereas increasing injection volume increases 
injection duration. In addition, the duration decreases sharply 
as the orifice diameter increases from 0.17 mm to 0.3 mm, 
while the duration shows a gradual decrease as the orifice 
diameter increases from 0.3 mm to 0.5 mm. Fig. 7(b) reveals 
the phenomenon that the larger volume is easier to obtain a 
greater proportion of stable injection time compared with the 
small injection volume. The proportion is more than 75 % when 
the injection volume exceeds 0.6 mL. The maximum values of 
this proportion for various injection volumes are all observed at 
the orifice diameter of 0.3 mm. In conjunction with the above 
results, there may be a suitable orifice diameter for better injec-
tion performance in the air-powered needle-free injection with 
various injection volumes and the orifice diameter is likely to be 
close to 0.3 mm.  

 
 
Fig. 5. (a) Relationship between the axial pressure oscillation peak and driving pressure. The orifice diameter is 0.3 mm; (b) diagram of the axial pressure 
oscillation peak with the change of orifice diameter. The driving pressure is 1.0 MPa.  

 
 

 
 
Fig. 6. The relationship between steady pressure and injection parameters. The orifice diameter in (a) is 0.3 mm; the driving pressure in (b) is 1.0 MPa. 
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3.2 Dispersion pattern 

3.2.1 Verification of injection depth 
Through the injection experiments of the gels and porcine 

tissues, the researchers compared the dispersion patterns of 
penetration characteristics of needle-free injection. Fig. 8(a) 
exhibits that the injection depth for the gel injections and por-
cine tissue injection with the injection volume of 0.3 mL and 1.0 
mL increased with the increase of the driving pressure. How-
ever, the difference of the injection depth between the gel injec-
tion and porcine tissue injection is negligible under the same 
injection parameters. Fig. 8(b) shows a linear fit of the mean 
value of injection depth for the gel injections and porcine tissue 
injection. The ratio of the injection depth between the ballistic 
gelatin and porcine tissue is 1:1.01, indicating that the ballistic 
gelatin has similar mechanical properties to porcine tissue in 
the needle-free injection. Moreover, the standard error of this fit 
is 0.019 and the Adj. R-Square is 0.979. The differences in 
permeability between gelatin and porcine tissue will lead to 
slightly distinct injection widths. Ultimately, the ballistic gelatin is 
reliable as a model soft material to mimic muscular tissue in 
studies of needle-free injection. 

 
3.2.2 Gels injection experiments 

Fig. 9 presents the interactive effects of injection parameters, 
including driving pressure, orifice diameter, and injection vol-
ume, on the injection depth in the gel’s injection experiments. 
Fig. 9(a) shows that the driving pressure and the orifice diame-
ter of the injector positively affects the injection depth. In addi-
tion, only one fixed combination exists between the driving 

pressure and orifice diameter for the constant value of injection 
depth. For instance, when the driving pressure is 1.0 MPa, the 
orifice diameter must be set to 0.3 mm to reach a 25 mm injec-
tion depth.  

Fig. 9(b) displays the interactive effect between the driving 
pressure and injection volume on the injection depth. Interest-
ingly, the driving pressure positively affects the injection depth 
only when the injection volume exceeds 0.6 mL. The figure 
shows that the driving pressure influences the injection depth 
when it is lower than 1.0 MPa in the 0.3 mL volume injection; 
whereas no change of the injection depth is observed as the 
driving pressure increases from 1.0 MPa to 2.0 MPa. However, 
for 1.0 mL volume injection, the injection depth increases as 
the increasing driving pressure. Similarly, Fig. 9(c) indicates 
that the orifice diameter of the injector positively affects the 
injection depth and the increasing injection volume positively 
influences the injection depth as well when the injection volume 
is less than 0.6 mL. This phenomenon reveals a critical value 
exists on injection volume, which distinguishes the larger vol-
ume injection and small volume injection, meanwhile the critical 
value is likely to be nearly 0.6 mL. 

 
3.2.3 Width of the dispersion region 

Fig. 10 presents the interactive effects of injection parame-
ters on the width of dispersion region. Fig. 10(a) shows that 
peak values of the width transpires under the interactive effect 
between the driving pressure and orifice diameter. The width 
increases with the increasing orifice diameter when the orifice 
diameter is less than 0.3 mm, whereas the width decreases as 
the orifice diameter increases when the orifice diameter ex-

 
 
Fig. 7. (a) Curves of the injection duration versus orifice diameter of injector; (b) the relationship between the ratio of the stable period to the injection duration 
and orifice diameter of the injector. 

 

 
 
Fig. 8. (a) Variation of injection depth under different driving pressure of porcine tissues and ballistic gelatins; (b) diagram of the relationships for injection 
depths of porcine tissues and ballistic gelatins (y = 1.01 x). 
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ceeds 0.3 mm. In addition, this study found no change of the 
width with the variation of the driving pressure. Similarly, the 
value of the width owns slight fluctuation when the driving 
pressure changes from 0.5 MPa to 1.5 MPa (see Fig. 10(b)). 
On the contrary, the increasing injection volume leads to a 
linear increase of the width of the dispersion region. Fig. 10(c) 
shows the results of the interactive effects between injection 
volume and orifice diameter on the width. Compared with Fig. 
(a), the orifice diameter of 0.3 mm plays an analogous role in 
the variation of the width. The maximum value of the width 
usually appears in this value of the orifice diameter for various 
injection volumes. Furthermore, the width shows an obvious 
increase as the injection volume increases from 0.6 mL to 
1.0 mL when the orifice diameter is 0.3 mm. 

 
3.3 Percent delivery and jet power 

3.3.1 Analyses for percent delivery 
The researchers explored the relationships between the per-

cent delivery and various injection parameters in the porcine 
tissue injection experiments. A previous study revealed that the 
needle-free injection with percent delivery ＞90 % was consid-
ered a satisfactory injection experience [41]. Different from the 
effect of injection parameters on the injection depth and the 

width of the dispersion region, a peak value (＞90 %) of the 
percent delivery under the interactive effects of the three injec-
tion parameters exists (see Fig. 11). Fig. 11(a) presents the 
correlation between the delivery percent and the interactive 
between the driving pressure and injection volume. The increas-
ing driving pressure is contributed to improve the percent deliv-
ery at various injection volumes. The peak value of the percent 
delivery is nearly 95 % in the case where the driving pressure 
ranges from 1.0 MPa-1.5 MPa and the injection volume is 
0.6 mL-0.9 mL. In addition, the larger volume (＞0.6 mL) is 
more likely to acquire a higher percent delivery than the small 
volume injection when the driving pressure ranged from 0.5 
MPa-1.5 MPa.  

Similarly, Fig. 11(b) displays the interactive effect between 
the orifice diameter and injection volume on the percent deliv-
ery. The percent delivery exceeds 80 % when the orifice di-
ameter is 0.3 mm-0.5 mm and the injection volume is 0.3 mL-
1.2 mL. In addition, the increasing orifice diameter increases 
the percent delivery, whereas the variation of the injection vol-
ume does not influence the percent delivery. For the 0.3 mL-
0.9 mL volume injection, a maximum value of the percent de-
livery (＞90 %) exists when the orifice diameter is 0.3 mm-
0.4 mm. Conversely, the percent delivery is often 80 % for the 
0.3 mm diameter injection regardless of the change of the in-

 
 
Fig. 9. Interactive effects of injection parameters on the injection depth: (a) driving pressure and orifice diameter, the injection volume is 0.6 mL; (b) driving 
pressure and Injection volume, the orifice is 0.3 mm; (c) injection volume and orifice diameter, the driving pressure is 1.0 MPa. 

 

 
 
Fig. 10. Interactive effects of injection parameters on the width of dispersion region: (a) driving pressure and orifice diameter, the injection volume is 0.6 mL; 
(b) driving pressure and injection volume, the orifice diameter is 0.3 mm; (c) injection volume and orifice diameter, and the driving pressure is 1.0 MPa. 
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jection volume.  
The interactive effect between driving pressure and orifice 

diameter plays the most important role in the performance of 
percent delivery. Various combinations of the orifice diameter 
and driving pressure will help the percent delivery to obtain 
higher values for various injection volumes (Fig. 12). Regarding 
the 0.3 mL volume injection in Fig. 12(a), the increasing orifice 
diameter can increase the percent delivery. The percent deliv-
ery for the injections with orifice diameters of 0.3 mm-0.5 mm 
exceeds 80 % when the driving pressure is 1.0 MPa-1.5 MPa. 
The percent delivery of injections with different orifice diame-

ters reaches the maximum value when the driving pressure is 
approximately 1.5 MPa. Fig. 12(b) reveals that the percent 
delivery exceeds 90 % in the case where the orifice diameter is 
0.3 mm and the driving pressure is more than 1.0 MPa. The 
peak value of the percent delivery appears in the range of 1.0 
MPa to 1.5 MPa when the orifice diameter is 0.3 mm for the 0.6 
mL volume injection.  

A significant difference is present between the larger volume 
injection (0.8 mL and 1.0 mL) and small volume injection 
(0.3 mL and 0.6 mL) in the variation of the percent delivery. 
Figs. 12(c) and (d) exhibit that the increasing driving pressure 

 
 
Fig. 11. Interactive effects of injection parameters on percent delivery: (a) driving pressure and injection volume, the orifice diameter is 0.3 mm; (b) injection 
volume and orifice diameter, and the driving pressure is 1.0 MPa. 
  
 

 
 
Fig. 12. Interactive effect of driving pressure and orifice diameter on percent delivery for various injection volumes: (a) 0.3 mL; (b) 0.6 mL; (c) 0.8 mL; (d) 
1.0 mL. 
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increases the value of the percent delivery when the orifice 
diameter is less than 0.3 mm. On the contrary, the percent 
delivery decreases with the increase of the driving pressure in 
the case where the orifice diameter exceeds 0.3 mm. The peak 
values of the percent delivery with orifice diameters of 0.1 mm-
0.3 mm usually occur at a small driving pressure, while that 
with orifice diameters of 0.4 mm to 0.6 mm appear when the 
driving pressure is nearly 1.5 MPa. The former result differs 
greatly from the small volume injections, whereas the latter 
phenomenon is consistent with the small volume injections in 
Figs. 12(a) and (b).  

 
3.3.2 Analyses for jet power 

The jet power at the exit of the nozzle is often considered a 
composite indicator for injection parameters in the needle-free 
injection. Then we conduct studies on the effect of jet power on 
the injection depth, the width of the dispersion, and the per-
centage of the liquid delivered to porcine tissues. Fig. 13(a) 
shows the relationship between the jet power and injection 
depth. The injection depth increases as the jet power when the 
jet power is less than 240 W. A sharp increase transpires for 
the injection depth in the case where the jet power is 0-60 W. 
As the jet power continues to increase to 240 W, the injection 
depth slowly increases. Interestingly, the injection depth tends 

to decrease when the jet exceeds 240 W. Based on the ex-
perimental data, the regression model for injection depth re-
lated to jet power is shown in Eq. (5). Fig. 13(d) displays the 
scatter plot of predicted and actual values for the model of 
injection depth related to jet power. The Adj R-squared of this 
model is 0.9589 and the Pred R-squared of this model is 
0.9529, implying that this model is reliable to predicate the 
behavior of the injection depth related to jet power.  

 
2

( )

3 4 5

Ln(Depth( )) 3.40 0.76 0.79

1.22 1.51 1.37
j j j

j j j

Y x x

x x x

= + +

− − +
 (5) 

 
where Depth(Y(j)) represents injection depth, and xj represents 
the jet power. 

Fig. 13(b) shows the curve of the jet power versus the width 
of the dispersion region. The figure reveals that no significant 
change of the width is observed when the jet power is changed 
from 60 W to 240 W. In addition, the model for the width asso-
ciated with jet power is not suitable for predicating the relation-
ships between the two (Fig. 13(e)). No evidence of a relation-
ship between the jet power and the width of the dispersion 
region exists. Fig. 13(c) presents the relationship between the 
jet power and percent delivery. The percent delivery increases 

 
 
Fig. 13. The RSM analysis results related to jet power: (a) the curve of the injection depth versus jet power; (b) the curve of the width of the dispersion region 
versus jet power; (c) the curve of the percent delivery versus jet power; (d) scatter plot of predicted and actual values for the model of injection depth related 
to jet power; (e) scatter plot of predicted and actual values for the model of the dispersion region related to jet powers; (f) scatter plot of predicted and actual 
values for the model of the percent delivery related to jet powers (PD represents the delivery percent). The driving pressure is maintained at 1.0 MPa, the 
injection volume ranges from 0 to 1.0 mL and the nozzle diameter ranges from 0.17-0.50 mm. 

 



 Journal of Mechanical Science and Technology 34 (9) 2020  DOI 10.1007/s12206-020-0840-x 
 
 

 
3907 

sharply to 90 % when the jet power is close to 50 W which is in 
line with the previous research [40]. Then, the percent delivery 
fluctuates between 70 % and 95 % as the injection power con-
tinues to increase. To reveal the influence of the jet power on 
the percent delivery, this study obtained the model for the per-
cent delivery related to the jet power using the RSM in Eq. (6). 
The Adj R-squared of this fifth model is 0.9512 and the Pred R-
squared of this model is 0.9382 which means that this model 
can predict the percent delivery associated to jet power. 

 
2

( )

3 6 4 5

PD( ) 9.041 2.257 4.407

12.656 8.116 10 13.516
j j j

j j j

Y x x

x x x−

= + +

− − × +
 (6) 

 
where PD(Y(j)) represents percent delivery, xj represents the jet 
power (E0). 

 
4. Conclusions 

This study analyzed the jet dynamic characteristics and 
penetrations characteristics of larger volume needle-free injec-
tion device through high-speed videography and RSM. The 
researchers presented the various characteristics of this device 
with various injection volumes through impact experiments and 
injection experiments. On the basis of the experimental data, 
this study provided detailed analyses of the difference of these 
characteristics between the larger and the small volume injec-
tions. These results can be used to guide the development of 
the larger volume needle-free injection devices for better injec-
tion efficiency and a satisfactory injection experience. Hence, 
the following conclusions can be obtained: 

(1) A critical value on injection volume exists which distin-
guishes the larger volume injection and small volume injection 
and the critical value is likely to be nearly 0.6 mL. 

(2) The injection pressure of larger volume injection reaches 
the steady phase sooner than the small volume injection and 
the larger volume injection is likely obtaining more energy than 
the small volume injection in needle-free injection. In addition, 
the steady jet of a larger volume injection tends to appear ear-
lier than that of a small volume injection.  

(3) There exist optimal combinations between the orifice di-
ameter and driving pressure for better injection performance in 
the needle-free injection with larger volumes injection. These 
combinations of the two are that the orifice diameter is nearly 
0.3 mm and the driving pressure is 1.0 MPa-1.5 MPa. 

(4) The jet power plays a significant role in the injection depth 
and percent delivery in the needle-free injection. The models 
for the injection depth and percent delivery associated to jet 
power are reliable to predicate the behavior of the penetration 
characteristics. 
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Nomenclature----------------------------------------------------------------------------------- 

θs      : Half angle of the view 
Ws     : Width of the captured scope  
Ds        : Distance between the injection experiments facility and 

the camera 
Pmax     : Axial pressure oscillation peak 
PD     : Percent delivery 
RSM   : Response surface methodology  
E0      : Jet power at the nozzle exit 
Ρ       : Liquid density 
V       : Injection volume 
T       : Injection duration  
D0      : Orifice diameter 
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