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Abstract: Valve regulated droplet jetting is an important method for the generation of liquid droplet of high viscosity. 

Based on learning from piezoelectric micro-droplet jetting mechanism and researching methods, theoretical analysis and 

simulation were conducted on the factors affecting the micro-droplet jetting volume, and the qualitative relationship be-

tween the size of the jetted droplet and the feed pressure and striker stroke so as to guide the designing of the structure of 

the pneumatic valve control type nozzle and design the droplet jetting system and observation experiment platform based 

on stroboscopic techniques. Different jetting parameters was changed according to the results of the theoretical analysis 

for the conduction of jetting experiment, and several glycerin solutions at different solutions were taken as the working 

liquid for studying the effect of the several factors like feed pressure, pulse driving pressure, driving pulse width, and 

striker stroke. The striker would not be lifted to an ultimate position through controlling the pulse air pressure or driving 

pulse width so as to be able to jet extremely tiny droplet, but this is of rather bad stability. It is the most effective, stable 

and optimized method to control the striker stroke so as to change the diameter and shapes of the droplets. 
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The prototype of droplet jet technology could be traced 

back to the conception to split liquid into droplets proposed 
by Rayleigh in 1878 [1-3]. After the UK “The Economist” 

focused on the rapid prototyping and direct manufacturing 

technology in 2012, the concept of 3 Dimension Printing had 
been extended to generally refer to various kinds of additive 

manufacturing processes based on laser and droplet jetting 

methods, among which the 3 Dimension Printing based on 
droplet jetting was to jet out the photocuring or hot melting 

moulding materials in the form of micro-droplets for direct 

stacking and molding or jet the binder selectively to the thin 
layer of powder for molding.  

The diversity of the structure and the complex of the 

characters of the working liquid has proposed new require-
ments on the researches of the jetting structure and mecha-

nism of the micro droplet, and how to enable more kinds of 

new-typed materials of various kinds of features to be jet out 
in the form of droplet and in a high effective way and main-

tain the precise controllability on the shape and volume of 

the droplet is the key technical issue for the 3D printing 
property and applied extension.  

The working frequency using the audio frequency vibra-
tion of the piezoelectric ceramic materials could reach dou-

bles of KHz, which has shown tremendous value for engi-

neering application and scientific researching in traditional 
ink-jet printing and many special printing fields. However, 

the commonly used piezoelectric actuator has strictly limited 

the structural parameters of the working liquid (ink or 
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printing ink) and it is more appropriate for the jetting of 
droplets of low viscosity within the scope of several and 
dozens of picoliters, but it is hard for it to meet the needs in 
the spraying of more and more complicated and new-typed 
moulding materials of high viscosity. When fluid of rather 
high viscosity is jetted at the rate above 200 mPa·s, then 
pneumatic valve controlled jetting structure is still the most 
commonly seen scheme. Pneumatic valve controlled jetting 
is not sensitive to the structure of the working fluid, and it 
could work rather well within a very large viscosity dynamic 
scope. However, due to the limitations by working theories, 
mechanical manufacturing process and material features, this 
droplet able to be jetted by this structure has a rather large 
diameter. There were few previous researches on the control-
ling of the volume and shapes of the droplets before, and this 
research has conducted theoretical analysis and stimulation 
on the factors affecting the jetting volume of the droplets 
based on the learning of the mechanisms and researching of 
the piezoelectric micro-droplet, specified the qualitative rela-
tionship between the size of the jetted droplets and the feed 
pressure and the striker stroke, guided the designing of the 
structure of the pneumatic valve controlled nozzle, designed 
the droplet jetting system, and observed the process of the 
formation of the micro-droplets on the experimental plat-
form. In addition, it changed different jetting parameters 
according to the results of theoretical analysis for conducting 
jetting experiments and studying the effect of several factors, 
like feed pressure, pulse driving pressure, driving pulse 
width, and striker strokes, on droplet jetting.  

1. METHOD OF DROPLET JETTING 

1.1. Conditions of the Jetting of Stimulated Droplets  

In early studies of 3D printing the continuous jet printing 
(CIJ) technology was seen more frequently, but CIJ had 
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Fig. (1). Simplified mechanical extrusion jetting model. 

 
rather strict requirements on the conductivity, viscosity (4-7 
mPa) and surface tension (25-70 mN/m) of the working liq-
uid, thus resulting in rather difficult configuration of the liq-
uid [4]; and the conducting salt added into the working liquid 
had also reduced the density of the moulding material. Cur-
rently the drop on demand (DOD) generating method is usu-
ally used, especially the piezoelectric drop on demand. It has 
been shown by some researches that the liquid was squeezed 
by the mechanical deformation based on the cavity so as to 
generate spraying, which was less sensitive to the parameters 
of the working liquid like temperature and viscosity com-
pared to the method of thermal foaming, thus it could have a 
broader basis for the adaptability of the liquid and a promis-
ing driving methods for the realization of complicated liquid 
droplet jetting technology.  

Fig. (1). is an illustration of the working process of the 
nozzle jetting droplets in a simplified vacuum [5-7], and the 
working liquid in the cavity has been stimulated, so the liq-
uid is jetted out from the orifice with the wall height as L

0
.  

The process of the formation of the droplets within the 
model needs to meet two requirements [8-9]:  

1) It needs to overcome the surface tension, that is: 
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As to the phenomena of satellite droplet, the volume of 
the jetted droplet is not smaller than that of a droplet, that is:  
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It is approximately regarded as that the liquid within the 
cavity and the liquid within the nozzle flows at the same 
speed, that is, the pressure p  within the cavity only has ef-
fect on the liquid at the nozzle, and then it could be followed 
by:  
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Among which, U 0(t) is the axial velocity of the liquid  
a
0
is the radius of the nozzle, the pressure within the cavity 

reaches the maximum value at the time point of a
0
, the liq-

uid surface at the nozzle was in the shape of a hemisphere, 
the Weber number We means the ratio of the fluid inertia to 
the surface tension, p  is the pressure within the cavity, and 

 is the liquid surface tension coefficient. The aforemen-
tioned conditions must be met to form liquid jetting.  

1.2. Designing of the Pneumatic Valve Controlled Nozzle  

The pneumatic valve controlled nozzle is formed by the 
springs, seat, piston, strikers, base, and material cylinders, as 
shown by Fig. (2). When the pneumatic valve controlled 
nozzle begins to jet, the compressed air A will enter the cav-
ity of the seat to push the piston to go upward, and the spring 
is gradually compressed. The piston and the striker are as a 
whole, and in the meantime when the spring is compressed, 
the striker gradually leaves the position of the bevel within 
the base and the liquid materials within the material cylinder 
are automatically complemented to the bevel area of the base 
under the effect of the compressed air B so as to finish the 
process of the filling of materials.  

The compressed air A is the pulse pressure and it will 
disappear after having effect for a while, and at this time the 
piston will accelerate the downward activity under the elas-
ticity of the spring. Before the striker contacts the base cone, 
a certain amount of liquid is stuck at the position of the bevel 
of the base and flow downward through the nozzle due to the 
extremely large partial pressure. When the striker is knock-
ing the bevel, the liquid is cut and then flow from the nozzle 
due to the effect of the inertia force.  
 

 

Fig. (2). The structure of the nozzle. 

 

1.3. Analysis on the Jetting Process  

The liquid within the nozzle is taken as the target for the 
research, and during the process of the knocking of the 
striker, the liquid will be affected by the joint influences of 
feed pressure F1, the impact force F2 of the striker, and the 
viscous force. F is the resultant force of F1 and F2, and the 
force diagram is shown by Fig. (3).  

It could be obtained as below through Newton's Second 
Law of Motion 

F Fμ = ma = sl
dv

dt
  (4) 
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The viscosity of the liquid is  

Fμ = 2 rl
 
 (5) 

The dynamic viscosity of the liquid is 

=
vμ

r
+

0
 (6) 

Then the differential equation of motion of the fluid jet-
ted liquid is :  
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0
  (7) 

(0) 0v =  is taken as the boundary condition, then the fluid 
kinematic velocity v(t) is:  
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Fig. (3). The droplet mechanical model. 

 
Among which,  is the fluid density within the nozzle,  

is the dynamic viscosity, s is the nozzle hole area, r is the 
radius of the nozzle, and l is the length of the nozzle. It could 
be seen from the aforementioned function that the kinematic 
velocity of the jetted liquid is in direct proportion to the re-
sultant force and in inversely proportional to the 
liquid viscosity. Simulation analysis were further conducted 
and the relationships between the liquid droplet flow velocity 
in the nozzle and the effort and the intrinsic characteristics as 
well as the viscosity of the liquid are shown in Fig. (4). 
 

 

Fig. (4). The relationship among the flow velocity- acting force-

viscosity within the nozzle. 

 
The speed of the liquid within the nozzle increases with 

the increasing of the acting force and decreases with the in-
creasing of the viscosity. As to the liquid at the nozzle, the 

larger the speed is, the larger the volume of the liquid jetted 
out within the same time will be. Therefore, the amount of 
the jetted droplet may be changed through changing the act-
ing force. During the process of the simulation, the radius of 
the nozzle is set as r=0.2 mm, the length of the nozzle is set 
as l=3 mm, the density of the liquid is set as =1.59 g/cm3, 
the yield stress is set as 0=200 Pa.  

The acting force F maybe changed through changing the 
feed pressure F1 and the compact of the striker F2. The 
spring and the striker are taken as the target for the research-
ing and the following function may be obtained according to 
the conservation of energy and theorem of momentum:  

F
2
=

mkx
2
+ 2m(kx

0
f )x

t
 (9) 

It could be seen from Equation (9) that the impact force 
F2 is of non-linear relationship to the stroke x, and the larger 
the striker stroke is, the stronger the impact force generated 
would be, just as shown by Fig. (5). 

 

 

Fig. (5). The relationship between the impact force and the impact 

stroke. 

 

It could be known through combining the results of the 
analyses on the stress on the liquid within the nozzle as well 
as the mechanical analysis of the spring and the striker that 
the amount of the jetted droplet increases with the increasing 
of the feed pressure and striker stroke.  

2. EXPERIMENT OF THE OBSERVATION ON THE 
JETTING OF THE DROPLET 

2.1. Jetting Experimental Platform  

The experimental platform consists of the driving pulse 
generation controller, the barometric control system, the 
temperature controlling system, the pneumatic valve con-
trolled nozzle, and the camera system, as shown in Fig. (6). 

The barometric control system consists of the air pump, 
the 3-way regulating valve of high precision, and gas circuit, 
and it mainly provide the jetting system with feed pressure 
and driving pressure of the nozzle. The driving air pressure 
is a pulse air pressure with the adjusting scope as 0~1Mpa 
and the precision as 0.02Mpa. After the driving pulse gen-
eration controller has received the controlling parameters, 
controlling the on-off time of the radiotube would generate 
pulse air pressure, and changing the electric pulse width of 
the supplying electromagnetic valve will produce the baro-
metric pulse with needed width. The static feed pressure with 
the precision of 0.005Mpa may be obtained through regulat-
ing the 3-way regulating valve with high precision.  
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Fig. (6). The experimental platform. 

 

Table 1.  Major performance parameter of the platform. 

Parameter Feed Pressure/ Mpa Driving Pressure/ Mpa Pulse Width/μs Striker Stroke/mm Delay time/μs 

Adjusting scope 0 ~ 1 0 ~ 0.2 -- 0 ~ 10 -- 

Precision 0.02 0.005 1 0.1 1 

 
The viscosity of the working liquid has significant effect 

on the jetting process, and because the viscosity of most of 
the liquid could be greatly affected by temperatures, so it is 
of great significance to change obtain changed viscosity pa-
rameter through changing the temperature of the working 
liquid or to make the temperature to be constant so as to raise 
the precision of the jetting and the accuracy of the experi-
ment. The temperature controlling system has the capability 
of heating and maintaining constant temperature so as to 
realize the precise controlling with the error as ±0.1  when 
the temperature reaches the scope above 80 .  

The camera has been equipped with a zooming lens of 
magnification as high as about 20~100 times for observing 
the process of the formation of droplets during the jetting 
process.  

The pneumatic valve controlled nozzles have been 
equipped with various kinds of aperture specifications with 
the depth of the hole as 0.1mm and the diameter of the 
pneumatic piston as 15mm.  

2.2. Methods for the Strobe Imaging of Droplet Jetting  

In order to reduce the degree of image fuzziness when 
photographing the targets moving at high speed, the expo-
sure time must be reduced so as to render the amount of 
movement of the photosensitive element under the status of 
exposure is comparatively small and even nearly still.  

When illuminating time of the light source has been con-
trolled within a very short period, the instant status of the 
droplet moving at high speed will be obtained so as to indi-
rectly realize the precise capturing of every moving status of 
the droplet moving at high speed. This kind of method real-
izing the collection of images from droplets moving at high 
speeds is named as stroboscopic imaging technique.  

The stroboscopic imaging method has no too high re-
quirements on the photographing speed of the camera itself. 
In this research a common CCD vidicon with the frame rate 
as 120 fps has been used and the LED illuminant has been 
taken as the light for the photographing. The LED element is 
of rather high working frequency, and it is very easy to real-
ize flicker from small to us grade in addition that within such 
a short illuminating period, the moving target may be re-
garded as almost motionless. Identically, because the illumi-
nating time of the light source is extremely short, so it is 
usually unable to obtain enough light pressure to achieve an 
image during the process of a strobe. Therefore, many times 
of strobes should be conducted on the same point of the 
movement of the droplets within a single time of collection 
of CCD so that CCD may be able to acquire enough light 
sources so as to collect clear images.  

According to the aforementioned analysis it could be 
known that the stroboscopic imaging requires the application 
scenarios to have periodically repeating observing targets, 
the changing of the repetitive period to be sufficiently slow, 
and the droplet jetting system to be identical with the jetting 
process under the same driving signal, only in which way 
could every time of strobe could obtain identical image from 
the same position so as to ensure the correct overlapped im-
aging.  

When the droplet jetting is observed, the frequency of the 
droplet continuous jetting is identical to the strobe frequency 
so that every droplet will have image in the CCD during 
strobe. When the exposure time of a frame of CCD has been 
exhausted, what will be obtained is actually a piece of photo 
where several consecutive droplets are overlapped at one 
point. If the phase relation between the jetting pulse and 
strobe pulse is changed, then the position on which the drop-
let is shown on the picture will also be changed.  
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3. EXPERIMENTAL METHODS AND RESULTS 

ANALYSIS 

3.1. The Fundamental Relationship Between the Viscosity 

Differences and the Droplet Jetting Process  

The striker stroke was set as 0.5 mm, the jetting tempera-
ture was at a constant 50 , the driving barometric pressure 
was 0.5 Mpa, the feed pressure is 0.02 Mpa, the driving 
pulse width is 10 ms. Water immiscible glycerol was taken 
to obtain two kinds of working liquids, among which the 
viscosity of Liquid A was 200 mPa·s at the temperature of 
25  while that of Liquid B was 260 mPa·s. Fig. (7). has 
shown the process of the jetting and generation of the two 
kinds of working liquid droplets that were different from 
each other in viscosity through comparison. In the figure, the 
jetting system is in a non-working status at the time point of 
(a) and the edge of the nozzle is a clear straight line. (b)~(j) 
had shown the complete process of the jetting out-stretching-
parting-contracting into droplets of the liquid.  

It could be clearly seen from (b), (c), and (d) that the liq-
uid pushed out through knocking is continuously stretched 
out in the shape of a column, the local pressure at the nozzle 
had been reduced, and the jetting speed at the end of the liq-
uid column has been reduced to be lower than the speed at 
the front end. It could be seen that the liquid column had 
begun to break into two sections from (e) ~ (j), and the latter 
section had a too small speed to overcome the surface ten-
sion and viscosity resistance, so it was just piled adjacent to 
the surface of the nozzle again, while the former section con-
tinued to fly forward. The reason for the breaking of the liq-
uid column lies in the tightening effect of the jet fluid. At 
first the liquid at the former part had a tail, but finally it was 
integrated into a ball under the effect of the surface tension, 
such as (j).  

The conditions set by the experiment are ideal to both the 
two kinds of liquids. It could be seen from the results of the 
various measurement that the viscosity has significant effect 
on the process of the droplet jetting; the amount jetted by 
Liquid B was smaller than that of Liquid A, while at the 
same moment the jetting distance is also rather small, and 
the liquid column had tended to break at 300us, which was 
earlier than Liquid A. Therefore, in order to obtain rather 
small droplet jetting, the viscosity of the working liquid had 
been raised, for example, it was practicable to reduce the 
temperature of the jetting. In the meanwhile, because of the 
sensitivity of the viscosity of the most liquids to temperature, 
the working temperature must be constant so as to obtain 
stable jetting effect.  

3.2. Striker Stroke, Liquid Viscosity and the Shape of the 
Droplets  

In order to further study the process of the striker affect-
ing the diameter of the droplets, the experiment uses the 
glycerin solution with the viscosity as 200 mPa·s at 25  as 
the jetting material with the jetting temperature as 70 , the 
driving pressure value as 1 Mpa, the feed material pressure 
as 0.1 Mpa, and the driving pulse width as 100 ms. This 
group of parameter may be sufficient to ensure that the 
striker in every jetting could be raised to the limit of the 
stroke. The strokes of the regulating strikers were 0.5, 0.6, 

0.9, 1.2, 1,5, 1.8, and 2.0mm. The relationship between the 
diameters of the droplets and the striker stroke has been re-
corded, as shown by Fig. (8). It has been shown by the ex-
perimental results that within a certain scope the increasing 
stroke of the striker would also gradually increase the diame-
ter of the droplet, and this result conforms to common pre-
dictions.  
 

 

Fig. (7). The process of the formation of the droplets with different 

viscosities. 

 

It has been found in the experiment that when the striker 
stroke was at 0.5, 0.6, or 0.9, the jetting shapes of the drop-
lets were all very good. When the striker stroke was too 
large, the droplets at the nozzle would not form the spherical 
head, which was shown as irregular splashing jetting. The 
reason is considered as that at the time when the too large 
stroke was knocking the nozzle the energy obtained by the 
working liquid was much more than the surface tension and 
viscous resistance of the fluid itself so as to form disordered 
jetting, see (a) in Fig. (9). 

 

 

Fig. (8). Disordered jetting. 

RETRACTED ARTICLE



Researches on the Observation on the Jetting of Liquid of High Viscosity The Open Mechanical Engineering Journal, 2015, Volume 9    817 

The viscosity of the working liquid was changed to be 
400mPa·s (25 ) with other conditions unchanged for repeat-
ing the experiment, and then it was found that the minimum 
striker stroke needed to be raise to be above 0.9mm so as to 
ensure the stable jetting of the droplet in addition that no 
disordered jetting was found even when the stroke used was 
1.8mm. It was obvious that when the striker stroke was too 
small and the local pressure thus incurred was too small, 
then the energy obtained by the droplet was rather small and 
it is not sufficient for overcoming the surface tension and 
viscosity resistance, thus no jetting would be allowed.  

It could be known from the comparison of the jetting 
process of these two kinds of liquids that the slightly higher 
viscosity could reduce the difficulty in adjusting the pneu-
matic valve controlled nozzle and thus allow the striker 
stroke to have larger stroke scope.  

 

 

Fig. (9). The striker stroke and droplet diameter under two kinds of 

viscosities. 

 

3.3. Several Kinds of Tiny Droplet Jetting Phenomena 

with Bad Stability  

To produce tiny droplets with smaller diameters through 
jetting liquids of high viscosity is of important value in engi-
neering application. In the experiment several possible 
schemes were found. The experiment had used glycerin solu-
tion with the viscosity as 400 mPa·s at 25  was taken as the 
jetting material in the experiment, the jetting temperature 
was 70 , the feed pressure was 0.03 Mpa, the striker stroke 
was 1.6 mm, the driving pulse width was 20 ms, the driving 
barometric pressure was 0.5,0.6,0.7,0.8, or 0.9 Mpa respec-
tively. Fig. (10). has shown the curve of the relationship be-
tween the measured diameter of the droplets and the driving 
barometric pressure.  

When the driving barometric pressure was reduced to be 
below 0.8 Mpa, the diameter of the droplets began to reduce 
dramatically, and when it was 0.5Mpa even the independent 
liquid droplets with the diameter below 0.1mm and in good 
shape could be seen again, the reason for which lies in that 
within the 20ms of driving pulse width time smaller barome-
ter pressure has been unable to raise the striker to the limit of 
the stroke, thus less working liquid could enter the nozzle 
and the impact force of the striker was also small, and both 
the reasons had resulted in the contracting of the diameters 
of the droplets.  

The aforementioned parameters were maintained un-
changed and only the nozzle was changed or readjusted, after 
which the experiment was repeated for several times and the 
thus obtained values of the diameters of the minimum liquid 
droplets were of bad repetitiveness. The conclusion was that 
under the current experimental conditions and levels of noz-
zle technology, the striker was in a status of incomplete lift-
ing and the does not have sufficient stability, so it is not suit-
able for it to be applied to engineering of tiny droplet jetting.  

 

 

Fig. (10). The curve of the relationship between the driving baro-

metric pressure and the droplet diameter. 

 

Compared to the effect of the reducing of the driving 
pressure, reducing the driving pulse width may lead to the 
incomplete lifting of the striker. The aforementioned pa-
rameter may still be used, and the lengths of the controlling 
driving width were 5,10,15,20, and 25ms. Fig. (11). showed 
the result of the jetting. When the driving pulse width was 
too small, the droplets had the phenomenon of on-and-off 
phenomenon and became unstable, which was similar to the 
effect of the driving barometer pressure value on the diame-
ter generated by the droplet. 

 

 

Fig. (11). The curve of the relationship between the driving pulse 

width and the droplet diameter. 

 

3.4. The Liquid Residue on the Nozzle Affected the Jet-

ting  

It had been found in the experiment that the feed pressure 
could directly affect the micro droplets. Glycerin solution 
was used in this experiment as the jetting material with the 
viscosity as 400 mPa·s at 25 the jetting temperature is 
70 , the striker stroke is 0.6 mm, the driving barometer pres-
sure value was 0.6 Mpa, the driving pulse width was 40 ms, 
and the curve of the relationship between the diameter and 
feed pressure was shown in Fig. (12).  
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Fig. (12). The curve of the feed pressure and the diameter of the droplets. 

 
It has been shown by the results of the experiment that 

the diameter of the droplets within a certain scope was in-
creased with the increasing of the feed pressure, which was 
consistent to the theoretical analysis. It has also been found 
within the experiment that when other parameters were fixed 
and the pressure of the materials supplied exceeded a certain 
value, the liquid would gradually get piled on the surface of 
the nozzle and cover the whole surface of the nozzle due to 
the excessive feed pressure and the nozzle could not jet drop-
lets in a normal way, as shown by Fig. (13).  
 

 

Fig. (13). The liquid piled on the surface of the nozzle. 

 

The much liquid residue at the nozzle would significantly 
affect the effect of the jetting of the liquid droplets. In the 
experiment the phenomenon of deviated jetting had been 
found, as shown in Fig. (14), in which (a) was deviated jet-
ting while (b) was normal jetting. In Figure (a) it could be 
seen that the liquids on the left and right side of the nozzle 
were significantly distributed in an asymmetric way. It was 
concluded after the analysis that the asymmetric moist at the 
nozzle was the major reason for the occurrence of the jetting 
injection. The appropriate feed pressure and in-time cleaning 
of the surface of the nozzle were helpful for the high-quality 
jetting of liquid droplets.  
 

 

Fig. (14). The phenomenon of jetting deviation. 

CONCLUSION 

The results of the observation of this research were iden-
tical to the primary theoretical analysis. The stroke imaging 
method is the effective measure for the observation of 
pneumatic valve controlled droplets jetting. 

The factors like striker stroke, the pulse pressure, and 
feed pressure would all affect the shape of the liquid drop-
lets. All these parameters were of positive correlation to the 
diameter of the droplets. Controlling the striker stroke is the 
most effective and stable method for changing the diameter 
and shapes of the droplets, and as long as large feed press 
and pulse barometric pressure may be provided and the 
width of the driving pulse is wide enough, the diameter of 
the liquid droplets may be related to the striker stroke within 
a larger scope.  

When the pulse barometric press or the driving pulse 
width is small and the striker has not been completely raised 
to the extreme position during work, the nozzle may jet out 
very tiny droplets under this circumstance. But the stability 
of this kind of status is rather bad, it is hard for the shape of 
tiny liquid droplets to be shown again after readjusting the 
nozzle. Therefore, it is not suitable for the circumstances in 
need of stable and consistent liquid droplets.  

Sufficient feed pressure is advantageous for stable jet-
ting, but the excessive feed pressure may render the volume 
of the latter section after the breaking of the liquid column  
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