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Abstract 
 
Needle-free injection is an alternative strategy to conventional needle injection in the field of drug delivery. This approach offers a 

number of advantages, especially in reducing complaints of needle phobia and avoiding the occurrence of accidental needle stick injuries. 
The ejection volume and orifice diameter are inherently important in determining the injection depth and percent delivery. In this study, 
we investigate the dispersion pattern of liquid penetration into gels and porcine tissues using a needle-free injector with ejection volumes 
of 0.05 to 0.35 mL and orifice diameters of 0.17 to 0.50 mm. In addition, the influence of the two parameters is analyzed quantitatively 
on the dispersion pattern through impact experiments and injection experiments. Furthermore, an equation of the jet power calculated by 
the ejection volume and orifice diameter is proposed to describe the delivery fraction of the injection experiments. Controls of the ejec-
tion volume and orifice diameter are demonstrated to help achieve a more effective injection process and a better injection experience.  

 
Keywords: Biomedical devices; Fluid dispersion; Jet penetration; Jet power; Needle-free injection; Transdermal drug delivery  
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 
 
 
1. Introduction 

Needles and syringes are currently the leading method to 
deliver drugs subcutaneously. In addition, transdermal drug 
delivery plays an irreplaceable role in the delivery of biologi-
cal macromolecules. However, needle injection is considered 
a low-compliance injection method since it is readily associ-
ated with needle cross-contamination and sharp injury [1-3]. 
This condition has prompted research on the development of 
alternative strategies for transdermal drug delivery. The first 
clinical trial of needle-free injection (NFI) was in the 1930s 
and it uncovered that the NFI was as effective as conventional 
needle injection for drug administration [2, 4]. The tested 
technology was able to puncture skin by a high-speed stream 
of fluid and deliver drugs to intradermal, subcutaneous and 
intramuscular tissues for animal and human immunization 
without needles. There are a number of different types of nee-
dle-free injectors that can be distinguished by their driving 
source, such as air-powered injection devices [5], Lorentz-
force drivers [6, 7] and piezoelectric actuators [8]. Thus far, 
NFI has shown significant advantages over conventional in-
jection methods for high injection completion rates and re-

markable bioavailability. As a result, several macromolecule 
drugs, such as vaccines, insulin and growth hormones, have 
been administrated via NFI [9-11]. Although the NFI has ob-
vious superiorities, there still exist many complaints about 
bruising and accidental bleeding, which lead to low patient 
acceptance of this injection method. To alleviate problems 
such as incomplete delivery of medication and excessive 
penetration, many studies have been conducted to improve 
injection performance. 

Theoretical research was conducted by Baker and Sanders 
on spring-loaded needle-free injectors [12]. They pointed out 
that the design of the injector influences the injection perform-
ance and that the fluid pressure profile can be evaluated by the 
mathematical model. Additionally, some researchers have 
suggested that the nozzle geometry and jet shape affect the 
dispersion pattern of fluid penetration [13]. The reason is that 
a suitable dispersed jet shape with adjusted velocity is able to 
target a desired layer of tissue for clinical application. The 
performance of jet penetration into the skin from the spring-
loaded NFI was mainly varied by two main injection parame-
ters: The ejection volume and orifice diameter. The depend-
ence of jet penetration into human skin on these parameters 
has been recently reported in the literature. It was reported that 
the time required to attain the peak jet velocity increased, 
whereas the peak jet velocity decreased, with increasing ejec-
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tion volume, which was due to the increase in the impact pres-
sure at the nozzle exit [8, 14]. And the area of the dispersion 
region increased as the increasing injected volume in the vitro 
experiment for porcine skin [15]. Furthermore, the ejection 
volume has a direct influence on the injection duration in NFI 
[16]. For the orifice diameter of the injector, the injection 
depth drops sharply with increasing diameter [17, 18]. The 
reason is that the hydraulic loss increases sharply as the orifice 
diameter increases. Although these studies have revealed the 
effect of different injection parameters, there is still no quanti-
tative description of the effect of the two different injection 
parameters on the dispersion pattern of jet penetration and 
only a brief statement of the experimental results. Furthermore, 
the combined influence of the ejection volume and orifice 
diameter on the injection efficiency is currently unclear. 
Therefore, a precise understanding of the impact of these pa-
rameters is a critical next step towards the effective clinical 
application of NFI.  

In this work, we focus on the effect of the ejection volume 
and orifice diameter on the dispersion pattern of the liquid 
penetration in NFI. Impact experiments for the needle-free 
injector with different parameters are conducted in order to 
reveal how different injection parameters affect the impact 
pressure and the duration of injection. Then, quantitative 
analysis of the influence of different ejection volumes and 
orifice diameters on the diffusion pattern of liquid penetration 
into the soft material is conducted using injection experiments 
in gels and porcine tissues. Moreover, we propose an equation 
of the exit jet power associated with the ejection volume and 
orifice diameter with the aim of exploring the dependence of 
injection efficiency in gels as well as in porcine tissues on the 
ejection volume and orifice diameter. 

 
2. Materials and method 

2.1 Materials 

SDS-polyacrylamide gel was used in the injection experi-
ments since it has a similar Young's modulus to human epi-
dermal tissue [8, 19, 20]. The mechanical properties of the 
gels were varied by simply changing the mass/volume per-
centage of acrylamide in each gel. In this study, gels (10 % 
acrylamide) were polymerized by adding initiators (10 % 
ammonium persulfate and N,N,N0,N0-tetramethylethylen-
ediamine) to a 30 % (acr-bis) acrylamide solution of 29:1 
acrylamide to bisacrylamide. SDS-polyacrylamide gel prepa-
ration kits were purchased from Beyotime Biotechnology 
Company (Jiangsu, China). Acrylamide solution (40 % [w/v]) 
was mixed with DI water to create solutions possessing vari-
ous acrylamide concentrations in 10 % [w/v]. The volumes of 
DI water, 30 % (acr-bis) acrylamide solution, 10 % APS and 
10 % SDS to prepare the 50 mL gel solution were 13.3, 16.7, 
0.5 and 0.5 mL, respectively.  

The penetration of porcine tissue has frequently been used 
in NFI studies to simulate the penetration of human dermal 
tissue owing to comparability of the thickness of the stratum 

corneum, the stiffness of tissues and the analogous jet speed in 
both ex vivo human and porcine tissue [6, 19, 21-24]. Post-
mortem tissues were obtained through the Experimental Ani-
mal Center of Wuhan University (Wuhan, China) using pro-
cedures approved by the Hubei Provincial Experimental Ani-
mal Quality Inspection Station for scientific research (permis-
sion license no.: SCXK2016-0009). Tissues were harvested 
from the abdomen of pigs (approximately 4.5 months old) 
immediately after euthanasia and included skin and underly-
ing subcutis and muscle (35 mm). The tissue was trimmed, 
immediately vacuum sealed, and stored at -80 °C. Prior to 
injection, each sample was thawed at 22 °C and equilibrated to 
room temperature.  

 
2.2 Injection experiments 

In the injection experiments, a needle-free injector (INJEX 
30 Pharma Gmbh, Berlin, Germany) was used in both the gel 
injection experiments and porcine injection experiments. Based 
on the supplied nozzle with a diameter of 0.17 mm, nozzles of 
other sizes were manufactured by a micro porous laser. The 
orifice diameter ranged from 0.17 mm to 0.50 mm, and the 
injected volume ranged from 0 mL to 0.35 mL. The single-
variable method was conducted in both gel injection and por-
cine tissue injection. Thus, the orifice diameter was always 
0.17 mm when the ejection volume changed from 0.05 mL to 
0.35 mL. Similarly, as the diameter varied from 0.17 mm to 
0.50 mm, the ejection volume maintained a value of 0.30 mL. 

Five injections were performed at each data point in the in-
jection experiments. Any fluid remaining on the surface of the 
gel or tissue following the injection was removed prior to 
weighing with a piece of tissue paper. The average value of 
the five injections of experimental data was used to analyze 
the experimental phenomenon. Moreover, an early pre-
experiment found that the standoff distance has little influence 
on the stagnation pressure of the liquid jet when it was within 
7 mm. Therefore, the value of the standoff distance in all in-
jection experiments was 1 mm or less. 

As for the impact experiments, an impact force measure-
ment platform was used that was described in the previous 
research [25]. The platform contains a dynamic pressure sen-
sor, an HBM data acquisition system (Quantum MX840B-8) 
and a desktop computer (Air14, Lenovo, China). When the jet 
impinges on the sensor, the data acquisition system acquires 
the signal change from the sensor. Then, the data acquisition 
system processes the acquired signal into an image signal 
using an internal processing program and displays it on the 
computer. In this study, the dynamic pressure sensor was re-
placed by a new model (M5156-000002-030BG) with the aim 
of capturing minute changes in the impact force. 

The orifice average impact pressure can be converted ac-
cording to the Bernoulli equation, as below: 
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where P is the orifice average impact pressure, ρ0 is the liquid 
density, v is the fluid velocity, F is the impact force on the 
sensor, and A0 is the sectional area of the nozzle. 

In addition, to depict the dispersion pattern of the liquid jet, 
the conventional parameters related to the liquid dispersion in 
the gel injection and porcine injection were obtained 
quantitatively, including Lc, the total depth of the dispersion, 
Lm, the distance from the surface corresponding to the maxi-
mum width of the dispersion region, Ls, the distance of the 
injection region, Wk, the maximum the width of the dispersion 
region, and Wc, the width of the injection region. 

 
2.3 Mathematical model 

As described by Schramm-Baxter and Mitragotri, the gel 
dispersion pattern is related to the jet power at the nozzle exit 
[26]:  
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where E0 is the jet power at the nozzle exit, ρ is the liquid den-
sity, D0 is the orifice diameter of the injector and v0 is the av-
erage velocity at the nozzle exit. 

The average velocity at the nozzle exit can be calculated by 
the equation associated with the ejection volume: 
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where Q is the volume flowrate, V is the ejection volume, A0 is 
the area of the nozzle exit, and T is the injection duration. 

Therefore, the jet power can be calculated by the ejection 
volume and orifice diameter as shown in Eq. (4). 
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Based on this equation of the jet power, using the experi-

mental data from the gel injection and porcine tissue injection 
experiments with a nozzle diameter of 0.17 to 0.50 mm and an 
ejection volume of 0.05 to 0.35 mL, research on the relation-
ship between the jet power and delivery percent of liquid was 
conducted. 

 
3. Results and discussion 

3.1 Impact experiments 

Fig. 1 presents the pressure profile in the impact experi-
ments process. To evaluate the effect of the standoff distance 
on the injection pressure and injection duration, studies were 
performed using standoff distances ranging from 0 mm to 7 
mm. As shown in Fig. 1(a), the maximum pressure decreased 
with increasing standoff distance. This is because the energy 

dissipation of the jet increases with increasing standoff dis-
tance. However, the maximum pressure was still over 15 MPa, 
which was generally able to penetrate into the epidermal layer 
and deliver the drug to the subcutaneous layer [27]. The injec-
tion duration varied between 142.5 ms and 147 ms, while the 
standoff distance was less than 7 mm. The total energy of the 
jet decreased with increasing standoff distance, causing a de-
crease in the kinetic energy of the jet according to the law of 
energy conservation. As a consequence, the duration of injec-
tion increases under the same ejection volume. 

This means that the standoff distance influenced the NFI 
when it ranged from 0 mm to 7 mm. Therefore, the standoff 
distance in the following impact experiments was 1 mm or 
less. Furthermore, it could be concluded from Fig. 1(b) that 
the ejection volume had an important effect on the injection 
duration. When the ejection volume increased from 0.10 mL 
to 0.30 mL, the injection duration increased from 49 ms to 
142 ms. 

Fig. 2 shows the result of the pressure profile and injection 
duration obtained from the impact experiments with different 
ejection volumes and orifice diameters. For the injection pres-
sure in Fig. 2(a), the pressure profile declined rapidly from 

   
(a) 

 

      
(b) 

 
Fig. 1. (a) Diagram of the relationships between the injection maxi-
mum pressure/injection duration and the standoff distance; (b) experi-
mental impact pressure for the entire injection process with ejection 
volumes of 0.10, 0.20, and 0.30 mL. The embedded figure shows im-
pact pressures in the first 30 ms. 
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70.84 MPa to 29.04 MPa when the ejection volume increased 
from 0.05 mL to 0.35 mL, whereas the impact pressure in the 
first 5 ms and 10 ms after injection showed a slight change. 
According to the kinetic energy theorem, the instantaneous 
energy released by the spring is constant. As the ejection vol-
ume becomes larger, the kinetic energy of the liquids de-
creases, resulting in a decrease in the maximum pressure. Fur-
thermore, it was indicated that the variation of the ejection 
volume affected the time to achieve the maximum pressure 
(see Fig. 2(c)). The time to reach the maximum pressure (2.10 
ms) of the maximum ejection volume (0.35 mL) was ap-
proximately three times as much as with the minimum injec-
tion (0.72 ms, 0.05 mL). This phenomenon probably occurred 
because the greater the ejection volume, the greater the energy 
dissipation of the liquid is according to the Navier-Stokes 
equations and the law of energy conservation. Undoubtedly, 
the ejection volume played a significant role in the injection 
maximum pressure and injection duration. 

In addition, the correlations between the injection maxi-
mum pressure profile and the orifice diameter of the injector 
are given in Fig. 2(b). The variation of the orifice diameter had 
an effect on the maximum pressure as well. The maximum 
pressure (32.60 MPa) of the injector with an orifice diameter 
of 0.17 mm was twice that of the injector (18.10 MPa) with an 
orifice diameter of 0.50 mm. The injection pressure in the first 
5 ms and 10 ms after injection presented a linear decrease with 

increasing diameter. However, as can be seen in Fig. 2(d), the 
time to reach the maximum value maintained an average value 
of 1.30 ms and oscillated at a magnitude of 0.10 ms. The in-
jection duration shortened from 140 ms to 30 ms with increas-
ing orifice diameter, which was due to the increase of the mass 
flow rate according to hydrodynamic mass conservation. Thus, 
the orifice diameter of the injector has an effect on the injec-
tion pressure and duration. 

 
3.2 Gel injection experiments 

Fig. 3 shows the typical shape of jet penetration and disper-
sion into gels; the ejection volumes from left to right were 
0.10 mL, 0.20 mL, and 0.30 mL. It was apparent that the area 
of the dispersion area became larger with increasing ejection 
volume, as shown in Fig. 3(a). In addition, the general meas-
ured parameters for the gels after injection are depicted in Fig. 
3(b). 

The quantitative measurement results of the dispersion 
characteristics in gel injection are described in Fig. 4. As 
shown in Fig. 4(a), the total depth of dispersion (Lc) and the 
maximum width of dispersion region (Wk) increased with 
increasing ejection volume. In particular, the value of Lc 
showed a sharp increase when the ejection volume increased 
from 0.20 mL to 0.25 mL, meaning that the area of the disper-
sion region increased by 50 % once the ejection volume ex-

                     
                                 (a)                                                  (b) 
 

      
                                 (c)                                                   (d) 
 
Fig. 2. Experimental impact pressure profile with (a) the ejection volume ranging from 0.05 mL to 0.35 mL; (b) the orifice diameter ranging from 
0.17 mm to 0.50 mm; Diagram of the relationships between the injection duration/time to maximum pressure; (c) the different ejection volumes; (d) 
the different orifice diameters. The orifice diameter in (a) and (c) was 0.17 mm, and the ejection volume in (b) and (d) was 0.30 mL.  
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ceeded 0.20 mL. In addition, there were no obvious changes 
in the distance from the surface corresponding to the maxi-
mum width of the dispersion region (Lm) and the width of the 
injection region (Wc) as the ejection volume changed. Instead, 
the distance of the injection region (Ls) decreased from 
9.6 mm to 4.6 mm as the ejection volume increased from 
0.05 mL to 0.30 mL. This was because the distance of the 
injection region became shorter with increasing ejection vol-
ume. Thus, it was clear that the ejection volume affected the 
width of the dispersion region during the gel injection. 

Similarly, the effect of the orifice diameter on jet penetra-
tion into the gels is described in Fig. 4(b). The values of Lc, Lm 
and Ls all increased with increasing orifice diameter, while the 
values of Wk and Wc both showed little change, remaining 
nearly 2.5 mm and 22 mm, respectively. Consequently, it was 
indicated that the orifice diameter of the needle-free injector 
had a large effect on the length of the injection zone in the gel 
injection. Compared to the case of NFI, the values of Lc and 
Wc of the needle injection (with a needle diameter of 0.25 mm) 
exhibited a similar trend consistent with that of NFI. However, 
the values of Ls and Wk of the needle injection do not match 
the variation tendency of those in NFI. We are aware that Ls 

was controlled by the pressing force of the operators. The 
value of the Wk of the needle injection was certainly lower 
than that of NFI, which was because the needle-free injector 
had a better diffusion performance than that of needle injec-
tion. Overall, the ejection volume had a great influence on the 
width of the dispersion pattern, and the orifice diameter influ-
enced the length of the diffusion region in the gel injection. 

 
3.3 Porcine tissue injection experiments 

The cross-sectional views of post-mortem porcine tissue af-
ter NFI from jets with different ejection volumes and orifice 
diameters are shown in Fig. 5. The ejection volumes from left 
to right are 0.10 mL, 0.20 mL, and 0.30 mL in Fig. 5(a), while 
the orifice diameters in Fig. 5(b) are 0.20 mm, 0.30 mm, 0.40 
mm, and 0.50mm. As the injected volume increased, the area 
of the dispersion region and the fraction of fluid delivered 
beyond the dermis both increased. The explicit measurement 
results of liquid penetration into post-mortem porcine tissue 
are described in Fig. 6. 

It can be observed from Fig. 6(a) that there were almost no 
changes in the values of the Lc and Lm with the variation of the 

 
                                             (a)                                           (b) 
 
Fig. 3. Experimental images for gel injection: (a) Front views of gels after NFI from jets with various ejection volumes; (b) processed images of the 
gel injection used to quantitatively measure the magnitude of the dispersion. Lc, the total depth of the dispersion; Lm, the distance from the surface to 
the location of the maximum width of the dispersion region; Ls, the distance of the injection region; Wk, the maximum width of the dispersion re-
gion; Wc, the width of the injection region. The orifice diameter in (a) was 0.17 mm. 

 

      
                                  (a)                                                    (b) 
 
Fig. 4. Characteristics of parameters related to the dispersion pattern in the gel injection: (a) The correlation between dispersion characteristics and 
the ejection volume; (b) the correlation between dispersion characteristics and the orifice diameter (the diameter of the needle in the needle injection 
was 0.25 mm). The orifice diameter in the (a) was 0.17 mm and the ejection volume in the (b) was 0.30 m. 
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ejection volume. This phenomenon was similar to that ob-
served in the gel injection, in which the length of the disper-
sion area remained unchanged with increasing ejection vol-
ume. The distance of the injection region showed a slight de-
creasing trend with increasing ejection volume. Nevertheless, 

as the ejection volume increased from 0.10 mL to 0.30 mL, 
the maximum width of the dispersion region increased from 
11 mm to 17 mm, whose change rate exceeded 50 %. In addi-
tion, the width of the injection region was close to 0.82 mm. 
These results revealed that the ejection volume had an impor-

 
(a) 

 

 
(b) 

 
Fig. 5. Cross-sectional views of post-mortem porcine tissue after NFI from jets with (a) ejection volumes of 0.10 mL, 0.20 mL and 0.30 mL; (b) 
orifice diameters of 0.20 mm, 0.30 mm, 0.40 mm and 0.50 mm. The orifice diameter in the (a) was 0.17 mm and the ejection volume in the (b) was 
0.30 mL. 

 

     
                                   (a)                                                   (b) 
 
Fig. 6. Characteristics of parameters related to the dispersion pattern in the post-mortem porcine tissue injection: (a) The correlation between disper-
sion characteristics and the ejection volume; (b) the correlation between dispersion characteristics and the orifice diameter (the diameter of the nee-
dle in the needle injection was 0.25 mm). The orifice diameter in the (a) was 0.17 mm and the ejection volume in the (b) was 0.30 mL. 

 

      
                                 (a)                                                    (b) 
 
Fig. 7. The relationship between jet power and percent of fluid delivered into gels (a); porcine tissue (b) by jet injection on jet power. Error bars 
represent the standard deviation of five injections. 
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tant impact on the width of the dispersion area rather than the 
length of it. 

Moreover, as can be seen from Fig. 6(b), the value of the pa-
rameters about the width of the dispersion area including Lc, Lm 
and Ls increased sharply with increasing orifice diameter. The 
value of Lc increased from 12 mm to 23 mm as the ejection 
volume increased from 0.20 mm to 0.50 mm. Additionally, the 
value of Lm presented the same trend, and the value (17 mm) of 
Lm in the injector with an orifice diameter of 0.50 mm was 
twice its value (7 mm) in the injector with an orifice diameter 
of 0.20 mm. This phenomenon was in accordance with the 
research that showed that the ejection volume varied the dis-
persion pattern [28]. In contrast, the width of the dispersion 
area showed slight variation. Therefore, a conclusion consistent 
with gel injection can be obtained that the variation of the ejec-
tion volume affects the width of the dispersion pattern; in addi-
tion, the orifice diameter plays a significant role in the length of 
the diffusion region in the post-mortem porcine tissue injection. 

Additionally, the quantitative delivery percentages of liquid 
penetrate into gels and porcine tissues are shown in Fig. 7. 
The figure illustrates the phenomenon that the percent delivery 
increased exponentially with increasing jet power. When the 
value of the jet power ranged from 50 W to 70 W, the percent 
delivery reached the maximum value of more than 90 % both 
in gel injection and in porcine tissue injection. Then, as the jet 
power continued to increase, the percent delivery tended to 
decrease slightly. This result was consistent with that of some 
previous studies, which identified that the jet velocity and the 
ejection volume influenced the delivery percent of liquid in 
NFI [29-31]. Thus, the jet power calculated by the orifice di-
ameter and ejection volume reliably described the behavior of 
the delivery fraction in the actual injection. 

 
4. Conclusions 

Based on the impact experiments and injection experiments 
for the gels and porcine, this work has provided informative 
descriptions of jet injector characteristics and performance. 
The ejection volume directly affected the injection duration in 
both the impact experiments and injection experiments for the 
gels and porcine tissue. Moreover, it had an important effect 
on the maximum pressure and the time to reach the maximum 
pressure. In addition, the variation of the orifice diameter had 
an influence on the maximum pressure and injection duration, 
whereas it did not influence the time to reach the maximum 
pressure. Overall, it could be concluded that the ejection vol-
ume had a great influence on the width of the dispersion pat-
tern and that the orifice diameter influences the length of the 
diffusion region. More remarkably, the mathematical model of 
the jet power calculated by the orifice diameter and ejection 
volume reliably described the performance of the delivery 
fraction in the actual injection. Finally, these results can be 
used to guide the selection of the injection parameters of 
spring-loaded NFI for better injection efficiency and a satis-
factory injection experience.  
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Nomenclature------------------------------------------------------------------------ 

NFI   : Needle-free injection 
A0     : The area of the nozzle exit section  
D0     : Orifice diameter 
E0     : Jet power at the nozzle exit 
Lc     : The total depth of the dispersion 
Lm    : The distance from the surface to the location of maxi-

mum width of the dispersion region 
Ls     : The distance of the injection region 
Wk     : The maximum width of the dispersion region 
Wc     : The width of the injection region 
Q     : Volume flowrate 
T      : Injection duration 
v0     : Average velocity 
ρ      : Liquid density 
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