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*Abstract:  

Due to the rapid development of precision micro-manufacturing 

technology, it has made higher requirements for 

micro-connection and micro-assembly technologies. An 

ultra-micro-dispensing method based on the surface tension of the 

droplets is proposed, which can be realized on the surface of 

micro-components. Distribute the glue between pl. Use a pipette 

to pass through the capillary containing the glue, cover the tip of 

the pipette with glue, and then form tiny glue droplets under the 

action of the glue's own adhesive force and surface tension. In the 

experiment, the factors such as the diameter of the pipette, the 

speed of movement, the Cap value, and the viscosity of the glue 

were analyzed in detail.Fly upgrade ultra-small dispensing was 

achieved.The minimum glue droplet was 22.4 μm, and the droplet 

volume was 228 fL. The planning of the glue droplet trajectory, 

different plane graphics composed of uniform fl glue droplets, 

this method achieves precise control of the size and position 

accuracy of the glue droplets, the deviation of the glue spot 

diameter is within 2.2 μm, and the deviation of the glue droplet 

position is 1.58 μm Inside. 

Keywords: Ultra-micro dispensing • Surface tension • 

Experimental control • Experimental analysis 

 

1  Introduction 

 

As the size of micro-components becomes smaller, it has 

made higher requirements for micro-connection and 

micro-assembly technologies. The connection [1] and 
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packaging methods [2] of micro-components gradually 

become the basic technologies for manufacturing complex 

multi-functional micro-precision products. As one of the 

key technologies of micro-components assembly, precision 

dispensing technology [3] is widely used in micro 

electronic device connection, semiconductor packaging, 

and integrated circuit manufacturing. Volume and quality 

of the dispensing droplet not only directly affect the 

mechanical, electrical and thermal properties of the device, 

but also it is an important factor for the miniaturization, 

intelligence, and diversification of electromechanical 

system [4]. With the miniaturization and diversification of 

electromechanical products and systems, it faces 

particularly stringent requirements for the performance of 

dispensing droplets. There is an urgent need for a precise 

and reliable micro droplet dispensing and separation 

technology matching the size of micro nano parts [5], in 

order to meet the requirements of high accuracy and 

consistency of ultra-micro dispensing in micro-scale 

manufacturing [6]. 

Broadly speaking, dispensing technology is divided into 

contact [7] and non-contact [8] methods. Contact 

dispensing has been widely used in nano-microliter liquid 

dispensing fields due to it is a simple and reliable method 

of touching the wall of container for dispensing the 

adhesive [9]. However, there is a contamination of 

dispensing tip, and thorough cleaning is required. Contact 

dispensing mainly includes screw pump [10], piston pump 

[11], and time-pressure [12] systems. For example, Shi etc. 

[13] transformed a cell syringe into time-pressure micro 

dispensing machine, and successfully completed the 

adhesive assembly of microspheres and cross-scale parts. 

This method can only be suitable for the adhesive with a 

viscosity less than 500cP. It has the disadvantage of poor 

consistency. Spiral pump [14] dispensing uses screw to 
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make the glue flow out of dispensing tip. Dispensing 

capacity is greatly affected by the adhesive viscosity. 

Piston pump dispensing [15] uses the piston to drive the 

adhesive dispensing. It shows a good dispensing 

consistency. But there are disadvantages of difficulty 

adjusting the dispensing volume, and high sealing 

requirements. The droplets of the above methods are nL 

level, and the minimum diameter is about 0.25mm.  

Non-contact dispensing eliminates the contamination 

problem but adds complexity to the process, requiring 

some techniques to eject the adhesive forcefully from the 

tip to overcome surface tension issues. Non-contact 

method is mainly sprayed dispensing. The most popular 

technologies are pneumatic and functional materials [16-18] 

(piezoelectric and magnetostrictive materials, etc.) systems. 

For example, Adzmson et al. [19] designed a dispenser 

based on microvalve device. Minimum diameter of droplet 

was about 300μm. Sadeghian et al. [20] designed a 

piezo-driven controllable droplet dispenser, which can 

achieve 450-1000μm diameter and 1.4m/s speed. Xiamen 

University [21] developed a piezoelectric stack high-speed 

micro-displacement spray dispensing tip and dispensing 

frequency reached 400Hz. The minimum droplet 

dispensing diameter of glycerin alcohol mixture was about 

525μm. Fan et al. [22] proposed a squeeze-type spraying 

system of a piezoelectric ceramic tube wrapping a capillary 

tube. Using a 10μm diameter nozzle, an 8.31pL dispensing 

process for the adhesive with 30cP viscosity was 

completed. However, although these technologies have 

good accuracy and high accuracy, system is usually 

complex and expensive. Moreover, it is also impossible to 

achieve fL-level ultra-micro dispensing. 

The above literature analysis shows that the current 

micro-dispensing technologies usually are usually μL level 

and only a few can reach nL-pL level. In micro-scale 

manufacturing, the requirement of dispensing technology 

is not only at nL-pL level. More importantly, a dispensing 

method which can complete smaller size features is needed. 

An ultra-micro precision dispensing technology with fL 

level has become a key problem to be solved in 

micro-device precision manufacturing field. We present an 

ultra-micro precision dispensing method based on the 

surface tension of micro-droplets in this paper. It can 

realize an automatic continuous ultra-micro adhesive 

distribution with fL-pL range. And, dispensing position of 

droplet can be accurately controlled within a few microns. 

 

2  Surface tension-based ultra-micro 
dispensing method analysis and its 
implementation mechanism 

 

2.1 Principle of the ultra-micro dispensing method 

Principle of the micro-dispensing method based on surface 

tension is shown in Figure 1. First, the transferring needle 

enters and passes through the capillary tube containing 

adhesive liquid. When the tip of transferring needle passes 

through adhesive liquid surface, a small amount of 

adhesive liquid attach at the end due to the adhesion 

between transferring needle and adhesive liquid. Then, 

under the combined action of cohesion of adhesive 

molecules and the surface tension between adhesive and air, 

adhesive at the end forms droplet, as shown in Figure 1 (a). 

As shown in Figure 1(b), transferring needle approaches 

and contacts with the substrate surface, micro adhesive 

drop at the end is coated on substrate surface through the 

adhesion between liquid and substrate surface. Then, 

transferring needle lifts up and leaves dispensing surface, 

and adhesive liquid forms a liquid-bridge under the action 

of the molecular cohesion and surface tension. In the 

process, liquid bridge stretches and breaks as transferring 

needle gradually leaving from substrate surface, as shown 

in Figure 1(c) and 1(d). On the one hand, due to the 

adhesion and surface tension, there leaves micro adhesive 

liquid on the substrate surface, forming micro adhesive 

droplet; On the other hand, the residual adhesive liquid is 

brought back into capillary tube by the transferring needle. 

The amount of adhesive attached to the end of transferring 

needle can be adjusted by changing the tip diameter needle, 

so that varying the size of droplet. The contact area of 

adhesive liquid and substrate can be changed by 

controlling the distance between transferring needle tip in 

contact with glue surface, which can also vary the size of 

droplet. 
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Figure 1  Schematic of dispensing 

 

In the above dispensing process, the adhesive is mainly 

affected by two types of forces: volume force and surface 

tension. Volume force causes adhesive liquid to spread 

toward the surroundings, and surface tension cause the 

liquid contracting inward due to the action of cohesive 

forces that attract atoms or molecules to each other. 

Volume force decreases with the feature size faster than the 

surface tension, because surface tension and volume force 

have a quadratic and cubic relationship with the feature 

size, respectively. The droplet size involved in this article 

is small (micron level), therefore, the volume force is very 

small compared with the surface tension, and can even be 

ignored. Accordingly, the surface tension plays a major 

role in the formation of droplet. On the other hand, the 

ratio of volume force to surface tension is defined as the 

Bond number, which is a dimensionless number that 

characterizes the fluid's ability to resist deformation. For 

the dispensing method proposed in this article, Bond 

number is very small, so the adhesive droplets will not fall 

naturally, avoiding the problem of liquid leakage. 

 

2.2 Elementary analysis of dispensing control 

mechanism 

From the above analysis of dispensing principle, it can be 

known that when adhesive is contacting with substrate 

surface, at the beginning, the adhesive liquid at the end of 

transferring needle spreads around due to the mass force 

(mass force is a kind of volume force), and a part of the 

initial Kinetic energy is converted into surface energy. At 

this moment, as needle leaves from the adhesive liquid on 

substrate surface, the adhesive forms a liquid-bridge 

between the end of transferring needle and substrate 

surface. With liquid-bridge breaking, the liquid remained 

on substrate surface is mainly affected by a combination 

action of mass force and surface tension. Mass force 

causes adhesive to diffuse, and surface tension causes it to 

shrink inward. Here, the surface tension occupies a 

dominant position. After a period of interaction, the force 

acted on liquid reaches equilibrium, and adhesive droplet is 

formed finally. Droplet is spherical cap slight protuberance 

in the ideal state. The formation process and ideal shape of 

the adhesive droplets are shown in Figures 2 and 3. 

According to the above analysis, it is known that the 

formation of adhesive droplets based on surface tension is 

mainly related to the cohesion, mass force, surface tension, 

and the adhesion between liquid and its contacting material. 

Because adhesive liquid contacts with transferring needle, 

capillary tube and dispensing surface, properties of the 

three materials, moving velocity and diameter of 

transferring needle etc. will affect the adhesion and volume 

of adhesive liquid, and then affect the volume force. In 

addition, surface tension of adhesive depends on the 

cohesion of molecules, and the composition and viscosity 

are the main factors affecting cohesion. Consequently, the 

properties of adhesive liquid are also the important factors 

affecting the shape of droplet. 
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Figure 2  Force analysis for the adhesive liquid during droplet formation 

 

 

 

(a) liquid-bridge breaking   (b) droplet shape   

Figure 3  Schematic diagrams of the formation process 

and ideal shape of adhesive droplets 

 

When liquid-bridge breaks, volume of the adhesive 

liquid adhered to substrate surface is 

 

               (1) 

 

in which, rb is the radius of the dynamic arc formed at the 

moment of liquid-bridge breaking, and qb is the dynamic 

contact angle between adhesive and substrate surface. 

The droplet contour curve equation is 

 

          (2) 

 

                  (3) 

 

Among them, r is the arc contour radius of droplet, q2 

is the static contact angle between droplet and substrate 

surface, and D is the diameter of the droplet. 

L is the height of the highest point of droplet, 

(4) 

Volume of droplet is 

 

   (5) 

 

Integrating the above formula, a relationship between 

droplet volume and geometric parameters is 

 

          (6) 

 

On the premise of neglecting the liquid volatilization 

of adhesive droplet, the volume of droplet is considered to 

be approximately equal to that of adhesive liquid on the 

substrate surface left by liquid-bridge. 

 

            (7) 

 

From Eqs.1Error! Reference source not found.

-Error! Reference source not found.7, a generalized 

function of the droplet diameter is obtained, 

 

    (8) 

 

Among them, q1 is the static contact angle between 

adhesive liquid and transferring needle, d is the diameter of 

transferring needle tip, G is the dispensing distance. ρ is 

the density of adhesive, μ is the viscosity, and γ is the 

surface tension coefficient. u is the longitudinal speed of 

transferring needle, and a is the thickness of adhesive 

liquid film adhered to the side surface of transferring 

cos
2

0

b br

bV x dy
q

p= ò

2 2 2

2( cos )x y r rq+ + =

2

2
=
sin

D
r

q

2 2 2

2 2

2 1
(1 cos ) (1 cos ) ( cot )

sin 2 sin

D D
L r q q q

q q
= - = - = -

2
2

1
2( cot )

2 2sin

0 0

L D

V x dy x dy
-

= =ò ò
q

qp p

2

2
2 3

D L
V L

sin

æ ö
= p -ç ÷

qè ø

2
2

b
V V

D r sin

=ì
í

= qî

1 2( , , , , ,D D d G u aq q r µ g= , , , )



Huifang Liu et al. 

 

·6· 

needle.  

Analyzing the above droplet volume formula (6) and 

the generalized function (8) of droplet diameter, we know 

that once the adhesive reaches equilibrium, droplet volume 

is determined by geometric parameters, including diameter 

D, height L, and contact angle θ2. The larger the diameter 

and height are, the larger the volume of droplet is. The 

larger the static contact angle is, the smaller the volume is. 

Contact angle is affected by the material substrate. The size 

of droplet mainly depends on the diameter of transferring 

needle tip, dispensing distance, dispensing speed, static 

contact angle between adhesive and transferring needle, 

and the viscosity, density and surface tension coefficient of 

adhesive. 

 

3  Arm Design of the ultra-micro dispensing 
system 
 

The ultra-micro dispensing system designed in this article 

mainly includes two parts: an adhesive movement module 

and an observation module. Figure 4 shows the simplified 

system structure. Transferring needle and capillary tube are 

the components that directly interact with adhesive. The 

diameter of transferring needle has a direct affection on the 

adhesion amount of adhesive, so it is necessary to make the 

needle as fine as possible. By comparing a variety of metal 

materials, considering the factors such as hydrophilicity, 

hardness, wear resistance, stability, etc., in this paper, 

tungsten wire is selected as the raw material of transferring 

needle. Tungsten wire has high hardness, which can not 

only ensure the fine diameter, but also not easy to bend 

after multiple machining, and has excellent adhesion 

ability, which provides a basic guarantee for the realization 

of ultra-micro dispensing. Medical capillary tube is chosen 

for adhesive storage. On the one hand, capillary tube has a 

very small inner diameter, which facilitates the storage of 

micro-amounts adhesive liquid. On the other hand, the 

inner wall of the medical capillary tube is smooth, which 

overcomes the problem that a large amount of adhesive 

liquid is attached to the inner wall. Moreover, the capillary 

structure is simple and convenient for replacement, 

reducing the difficulty of operation. 

 

 
Figure 4  Schematic diagram of ultra-micro dispensing system 

 

The surface tension-based ultra-micro dispensing 

method is that using a transferring needle to drive the 

adhesive adhered to its surface to move precisely relative 

to the capillary tube, and then a adhesive droplet forms 

relying on the surface tension overcome the mass force. 

Therefore, the movement accuracy of transferring needle is 

one of the key factors for dispensing quality, and the speed 

also affects the dispensing efficiency. In this paper, we 

choose the relative motion mode of capillary fixation and 

transferring needle movement. Driving source of 

transferring needle is a stepper motor with a precision 

higher than 20μm. The needle is driven by it to move 

precisely in the Z-axis direction. And the capillary tube is 

fixedly mounted on the base of Z-axis micro-motion 

platform. It should be noted that, the coaxiality of the 

transferring needle and the capillary tube must be ensured 

to avoid interference. 

Because the amount of dispensing involved in this 
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article is very small (volume is pL - fL level, diameter of 

droplet is �m level), a precise micro observation module is 

required to monitor the dispensing process, and observe 

and analyze the geometric and microscopic quality 

characteristics of the droplet. The observation module 

chooses using a super depth of field microscope. On the 

one hand, it provides auxiliary monitoring functions for the 

preparation stage of dispensing. Before dispensing starts, 

the transferring needle focuses precisely on the substrate 

surface, and record the initial position of the micro-motion 

platform, to ensure the working accuracy. Adhesive 

injection of capillary tube is also completed with the help 

of microscope. On the other hand, a detailed analysis of 

size and quality characteristics of the droplets is 

accomplished through the microscopic observation and 

measurement analysis functions of the microscope. 

 

4.  Development and experiment of 
ultra-micro dispensing system 

 

4.1 Development of experimental system and key 

components machining 

 

4.1.1 Experiment System 

The developed micro-dispensing principle prototype 

and its experimental system are shown in Figure 5. Driving 

member of the motion module is selected from a Japanese 

KOHZU micro displacement worktable with the motion 

accuracy of 2µm per pulse. The moving range is 100mm, 

to ensure that the transferring needle has sufficient space 

for movement. The movement of micro-movement 

worktable and transferring needle are automatically 

controlled by programming, which can automatically 

complete a series continuous dispensing. The dispensing 

substrate adopts quartz slide with high transmittance. The 

core part of observation module is selected from Japanese 

KEYENCE super depth of field microscope equipped with 

a lens with a magnification of 100-1000 times, which can 

overcome the depth of field issue. On the one hand, 

microscope observes droplets in 3D from any direction. On 

the other hand, it accurately measures and calculates the 

geometric parameters of droplet such as diameter, contact 

angle, and surface area, and the measurement accuracy can 

reach 0.19µm. 

 

 

Figure 5  Ultra-micro dispensing prototype and experimental system 

 

4.1.2 Machining methods of key components  

The machining requirements of transferring needle are 

ensuring that it cannot be bent and the surface of tip and 

the edge are smooth. In this paper, a local machining 

method which is local electrolysis is adopted to 

manufacture transferring needle. The potassium hydroxide 

solution is selected as the electrolyte. Electrolytic speed is 

controlled through working voltage and electrolyte 

concentration, and the diameter of transferring needle tip is 

controlled by working time. After a period of continuous 

electrolysis, electrolytic surface and end of the transferring 

needle are further polished by sandpaper to ensure a 

smooth surface and edge. In this article, the raw material 

for machining transferring needle is circular tungsten rod. 

Parts of the microscopic images of transferring needles 

with different diameters are shown in Figure 6. 
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(a) diameter 10μm (b) diameter 60μm (c) diameter 120μm 

 

Figure 6  Microscopic images of the transferring needle 

after electrolytic and polishing 

 

4.2 Dispensing experiments and adhesive droplet 

performances analysis 

The above analysis of dispensing control mechanism 

clarified the factors that affect the volume and diameter of 

droplet in general. This section focuses on the 

experimental research on the four points of dispensing 

speed, diameter of transferring needle, dispensing distance, 

and viscosity of adhesive. Effect of these factors on the 

size and quality of dispensing droplets was studied. Methyl 

silicone oil and epoxy resin with various viscosities were 

selected as experimental samples. The main physical and 

chemical parameters are seen in Table 1. Epoxy resin 

adhesive has a good toughness, and its droplet is with a 

better shape and easy to observe and analyze. Methyl 

silicone oil has good viscosity-temperature performance, 

and the viscosity is less affected by temperature. Methyl 

silicone oil droplets with different viscosity are easier to 

distinguish the differences, so, methyl silicone oil is 

selected as the dispensing sample in the viscosity 

characteristic experiment. All other experiments use epoxy 

resin as samples. 

 

Table 1  Main physical and chemical parameters of 

adhesive samples 

Type of adhesive 
Methyl 

silicone oil 

Epoxy 

resin 

volume coefficient 

of expansion (/℃) 
0.00125 0.00005 

density (g/cm3) 0.875 1.2 

heat resistance (℃) 60-110 80-120 

boiling point (℃) ≥167℃  

curing shrinkage 

(%) 
 1-2 

 

4.2.1 Single-factor experiment 

The experiment is carried out in the environment of 28°C 

temperature and 50% RH humidity. The parameters 

including diameter of transferring needle, dispensing speed, 

dispensing viscosity and distance were changed step by 

step, and the independent influence of each factor on 

dispensing results was studied. In order to reduce 

accidental errors, each set of experiment was performed 

many times. 

1) Diameter of transferring needle 

The dispensing adhesive sample is the common epoxy 

resin which is common in industry. The viscosity is 

1000cP or 2000cP. Inner diameter of the capillary tube is 

0.8mm. The dispensing distance from transferring needle 

to dispensing substrate is 0μm. And the transferring needle 

moves at a speed of 1mm/s. In the first group of 

experiments, sample viscosity is 1000 cP, and the 

diameters of transferring needle tip are 30μm, 60μm, 90μm, 

and 120μm. Figure 7 shows the microscopic images of 

dispensing droplets observed by the super depth of field 

microscope. Most of the droplets obtained from each 

transferring needle have good shape. And the diameter of 

droplet has a significant tendency to increase as the 

diameter of needle. 

 

   

a) 30μm needle diameter  b) 60μm needle diameter 

 

      

   c) 90μm needle diameter  d) 120μm needle diameter 

 

Figure 7  Microscopic images of dispensing droplets 

dispensed by different transferring needles with different 

diameters (viscosity 1000cP). 
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In order to improve the experimental analysis 

reliability, we selected 10 consecutive droplets from the 

droplets obtained by each transferring needle randomly to 

form a group for analysis. The results are shown in Figure 

8 (a). Average diameters of each group droplet samples are 

39μm, 75μm, 125μm and 199μm in turn. It is observed that 

the diameter of the droplets formed by each transferring 

needle is basically identical in a continuous dispensing 

process, and the calculated uniformity of droplets are 

13.39%, 9.22%, 12.92% and 11.78% (corresponding to 30 

μm, 60 μm, 90 μm, and 120 μm, respectively). The 

calculated volume of droplets is about 10.03pL, 43.6pL, 

209.76pL and 470.35pL, respectively. 

 

   

(a) viscosity1000cP 

 

 

   (b) viscosity 2000cP 

 

Figure 8  The droplets obtained by different transferring 

needles with different diameters 

 

In the second group of experiments, sample viscosity 

is 2000cP, and the diameters of transferring needle tip are 

60 μm, 80 μm and 110 μm. The measurement results of 

droplet are shown in Figure 8(b). Results show that the 

average diameter is 69µm, 85μm and 116µm, and the 

calculated uniformity of droplets is 2.32%, 3.49% and 

2.42%. The calculated volume of droplets is about 37.1pL, 

77.9pL and 181.8pL, respectively. 

Figure 9 shows a relationship between the average 

diameter of droplet and the diameter of the transferring 

needle. It can be seen that the droplet gradually increases 

with the diameter of transferring needle, and is 

approximately linear. This is because the tip of 

large-diameter pipette will be adhered with a large volume 

of adhesive liquid, and then larger droplet will form after 

adhesive contacting with the dispensing substrate. If the 

adhesive sample is with higher viscosity, the diameter of 

droplet is closer to that of transferring needle. 

 

 

Figure 9  The diameter of adhesive droplet vs 

transferring needle 

 

2) Moving velocity of transferring needle 

Inner diameter of the capillary tube is 0.8mm and 

dispensing distance is 0μm. The first group experiments: 

sample viscosity is 1000cP, diameter of the transferring 

needle is 120μm, and the moving velocity of transferring 

needle is 1mm/s, 2mm/s, 4mm/s, 6mm/s, 8mm/s and 

10mm/s. The obtained droplet array is shown in Figure 10. 

Most of the droplets obtained at each speed have round 

shapes and good uniformity. 
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(a)          (b)           (c)           (d)          (e)        (f) 

 

Figure 10  Microscopic images of the droplets formed at different moving velocity. (a)1mm/s (b)2mm/s (c)4mm/s 

(d)6mm/s (e)8mm/s (f)10mm/s 

 

As can be seen from Figure 11(a), there is little 

difference in the diameters of droplets formed at a same 

dispensing speed. And it has a good uniformity in general. 

The calculated uniformity is 11.78%, 4.42%, and 3.65%, 

8.66%, 6.46% and 8.93% (corresponding to 1mm/s, 2mm/s, 

4mm/s, 6mm/s, 8mm/s, 10mm/s, respectively). Average 

diameter of the droplet is 199μm, 201μm, 213 μm, 227μm, 

228μm and 229μm, respectively. It can be clearly seen that 

the size of droplets tend to increase as the acceleration of 

transferring needle movement. 

 

    

(a)1000cP  

   

 

(b)2000cP 

 

Figure 11  Diameters of the droplet formed by at different 

moving velocity 

 

The second group experiments: sample viscosity is 

2000cP, diameter of the transferring needle is 110μm, and 

the moving velocity of transferring needle is in the range 

of 1 mm/s-9 mm/s with 1mm/s interval. The measurement 

data of droplet diameter is shown in Figure 11. The results 

show that the average diameter of droplets is 191μm, 

219μm, 226μm, 310μm, 315μm and 337μm, and the 

uniformity is 3.07%, 3.63%, 3.08%, 2.71%, 2.39% and 

2.19%. 

It can be seen from Figure 12 that the droplets slightly 

become larger as the speed. For example, the average 

diameter of 2000cP epoxy resin droplets formed at a speed 

of 1mm/s is about 191μm, while it is about 337μm at 

9mm/s, which is increased by 76.4% relatively. The 

diameter of 1000cP droplets formed at a speed of 2mm/s 

and 10mm/s is increased from 201μm to 229μm, which is a 

relative increase of 13.9%. The diameter of the droplet 

changes significantly at a lower speed; while the velocity 

exceeds 7mm/s, the diameter changes slow down and 

reaches a stable state in general. This phenomenon can be 

explained as follows. A faster moving transferring needle 

has a larger impulse, so, when it contacts the substrate 

surface, some glue will flow down and remain on the 

substrate surface due to inertia, which leads to the increase 

of droplets diameter. However, because the adhesive liquid 

adhered to transferring needle is little, the diameter of 

droplet will no longer change significantly, once the 

velocity reaches a certain limit, even if the impulse 

increases again. 
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(a) 1000cP 

 

  

(b) 2000cP 

 

Figure 12  The diameter of adhesive droplet vs moving 

velocity of transferring needle 

 

Select the droplet as the sample at any speed, and 

carry out the micro morphology observation and 

measurement analysis, as shown in Figure 13. It can be 

seen from the top view of the rubber spots in Figure a that 

the shape of the glue droplets are very round, and the 

surface of the rubber spots in Figure b can be judged to be 

very smooth. It can be concluded that moving velocity of 

transferring needle has no effect on the quality of droplet, 

and does not affect its roundness and uniformity. 

 

 

(a)Top View of Glue Spot Morphology 

 

 

(b) Lateral view of colloidal spot morphology 

 

Figure 13  3D Morphology of Glue Spot 

 

3) Dispensing distance 

The experiments were carried out in two groups. In the 

first group, viscosity of epoxy resin sample is 1000cP, 

inner diameter of the capillary tube is 0.8 mm, diameter 

of transferring needle is 120μm, and its velocity is 1mm/s. 

The dispensing distance is 0μm, 10μm, 20μm and 30μm. 

Formation states and microscopic images of the droplets 

obtained with the four dispensing distances are shown in 

Figures 14 and 15, respectively. It can be observed from 

the micrograph in horizontal direction that the droplets 

formed under those four conditions are good spherical 

crown shape; from the micrograph in vertical direction, it 

can be observed that the outer contour of droplets have 

better roundness. Diameter of the droplet gradually 

becomes smaller with the increase of dispensing distance, 

and moreover, there is a more obvious liquid-bridge (As 

shown in Figure 14 (d)). We conducted five experiments 

at every dispensing distance, and the measurement 

diameters of droplets are shown in Table 2. After a 

calculation, uniformity of the diameter of droplets was 

7.05%, 4.37%, 9.03% and 10.22%. 

 

 

Figure 14  Formation states of the droplets obtained with 

different dispensing distances 
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(a) Horizontal direction                        (b) Top view direction 

Figure 15  Microscopic images of glue spots formed at different dispensing distances 

 

Table 2  Measurement data of droplets with different dispensing distances (1000 cP) 

Distan

ce 

(μm) 

Drop diameter (μm) Volume(

pL) 

 

1st 2nd 3rd 4th 5th 
avera

ge 

uniform

ity 
average 

 

0 19

0 

194 193 198 200 195 7.05% 477.8 

10 18

0 

184 180 185 186 183 4.37% 342.0 

20 17

0 

171 164 172 164 168 9.03% 305.3 

30 15

6 

154 148 152 146 151 10.22% 224.8 

 

In the second group, viscosity of epoxy resin is 

2000cP, diameter of transferring needle is 80μm, and the 

speed is 1mm/s. The experiments were carried out with 

three smaller dispensing distances of 4μm, 6μm, and 8μm. 

The results are shown in Table 3. Average diameter of the 

droplets is 90μm, 87μm and 79μm, and average volume is 

88.3pL, 80.5pL and 71.1pL, respectively. 

 

Table 3  Measurement data of droplets with different dispensing distances (2000 cP) 

Distan

ce 

(μm) 

Drop diameter (μm) Volume 

(pL) 

 

1st 2nd 3rd 4th 5th 
avera

ge 

uniform

ity 
average 

 

4 91 89 90 91 90 90 0.83% 88.3 

6 87 88 87 85 86 87 1.19% 80.5 

8 79 78 80 79 78 79 0.95% 71.1 

 

From the above analysis, it can be known that the 

diameter and volume of droplets gradually decrease as 

dispensing distance increases, and it is a linear decreasing 

relationship. An explanation might be as follows. As the 

increase of dispensing distance, the wetting radius formed 

on substrate surface decreases, and the force between the 

adhesive liquid on substrate surface and liquid-bridge will 

also decrease, which will cause the liquid-bridge to break 

untimely. Furthermore, it results in less adhesive liquid left 

on the substrate surface, and eventually forms a smaller 
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droplet. In addition, with the increase of dispensing 

distance, the uniformity of droplets is not as good as that of 

small distance. This is because that the micro vibration of 

transferring needle in the process of movement and the 

flatness of substrate surface have obvious influence on the 

formation of droplets as the increase of dispensing distance, 

which leads to a poor uniformity. Therefore, in the future, 

it is necessary to further study the influence factors and 

solutions of the vibration of transferring needle. 

4) The viscosity of adhesive 

When we carried out the experiments for the influence of 

viscosity on dispensing result, we have performed 

experiments on both epoxy resin and methyl silicone oil 

and found that the influence trends of the both samples are 

similar. However, compared with epoxy resin, the 

difference between methyl silicone oil droplets with 

different viscosity is more obvious due to the weaker 

curing ability, which is convenient to observe and compare. 

Therefore, we take methyl silicone oil as an example to 

discuss in detail. 

Viscosities of the four groups of sample are 1000cp, 

3000cp, 5000cp and 7000cp. Surface tension of the methyl  

silicone oil in this viscosity range is about 21mN/m 

which is smaller than that of epoxy resin, therefore, its 

diffusion is greater than epoxy resin. So, droplets 

observation and measurement is carried out ten minutes 

after the dispensing. The microscopic images of the 

silicone oil droplets are shown in Figure 16 (lens 

magnifications are 200, 400, 200, and 500 times, 

respectively). The droplets are very smooth circular shape. 

It can be concluded that in the ultra-micro dispensing 

system developed in this paper, viscosity of adhesive does 

not affect the quality of droplets. 

 

   

a) 1000cP           b) 3000cP 

 

  

  c) 5000cP            d) 7000cP 

 

Figure 16  Microscopic images of adhesive droplets with 

different viscosities: needle diameter 125μm, speed 

10mm/s, dispensing distance 0μm 

 

We select 10 consecutive droplets randomly to form a 

group and measure the diameters. The results are shown in 

Figure 17. The average diameters of droplets are 396μm, 

398μm, 405μm and 411μm, and uniformity is 10.39%, 

14.17%, and 16.67, %, and 17.02% corresponding to 

1000cP, 3000cP, 5000cP, 7000cP respectively. It can be 

noted that the uniformity of methyl silicone oil is slightly 

worse than that of epoxy resin. This is because the 

molecular cohesion and surface tension of silicone oil are 

small, so droplet state is easily affected by other factors. It 

can be seen from Figure 17, the diameter increases with 

viscosity. On the one hand, fluidity of the adhesive with 

higher viscosity is slightly worse, so the adhesive gathered 

around transferring needle is a little more, and thereby the 

amount of dispensed adhesive is larger. On the other hand, 

during the broken of liquid-bridge, more adhesive liquid is 

left on the substrate surface due to the large viscous force 

between adhesive and substrate. However, the change of 

the diameter of the droplet is not very obvious. For 

example, the average diameter of 7000cP droplet is only 

3.34% larger than that of 1000cP. A preliminary 

conclusion is drawn that in the dispensing system 

developed in this paper, the effect of viscosity on the size 

of droplet is very little. 

 

 

Figure 17  Diameters of droplet with different viscosities 

 

4.2.2 The ultra-micro dispensing experiments 

On the basis of the above-mentioned single factor 

experimental analysis results, we carries out an 

ultra-micro-volume (fL level) dispensing experiment 
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through choosing proper dispensing parameters suitable. 

The sample is epoxy resin adhesive with 1000cP viscosity. 

Working parameters are as follows: the inner diameter of 

capillary tube is 0.5mm, the diameter of transferring needle 

is 10μm, speed is 1mm/s, and dispensing distance is 0μm. 

Microscopic images of droplet are shown in Figure 18, and 

the measured diameter and volume of 10 randomly 

consecutive droplets are shown in Figure 19. The 

minimum diameter reaches to 22.4μm, and average value 

is 22.7μm. The minimum volume reaches to 228fL, and 

average volume is about 254.6fL. Therefore, it can be 

concluded that the surface tension-based ultra-micro 

precision dispensing method and system proposed in this 

article is able to realize fL level ultra-micro dispensing by 

matching reasonable working parameters. However, the 

accurate parameter configuration methods need to be 

determined by multi-factor cross-experiment and 

theoretical prediction. In the future, our research team will 

further study this issue. 

 

       

(a) Top view direction      (b) Horizontal direction 

Figure 18  Microscopic images of ultra-micro droplets 

(magnified 1000 times) 

 

 

Figure 19 Diameter and volume of ultra-micro droplets 

 

4.3 Analysis of the causes of deformed droplets 

In the experiment, there are also abnormal rubber drops 

and even dispensing failure. In the above experiments, we 

obtained 530 droplets in total. Through the analysis and 

statistics of its shape and quality, it is found that 92.7% of 

the droplets have good shape and smoothness, 6.8% of 

them are deformed droplets, and there is also a 0.5% 

probability of dispensing failure. 

Figure 19 shows the microscopic images of deformed 

droplets, which are not round and have jagged defects. 

Among them, Figure 19(a) shows the deformation 

phenomenon of the droplet caused by the excessive contact 

between the transferring needle tip and the substrate 

surface. The explanation of the deformed droplets in 

Figure 19 (b) is as follows: transferring needle tip does not 

return to capillary tube completely, so that the adhesive 

liquid attached to the end is uneven, resulting in the defect 

of droplets. 

 

 

Figure 19  deformed droplets: (a) excessive contact of 

transferring needle (b) transferring needle tip does not 

return to capillary tube completely 

 

In addition, it was also found that when the adhesive 

liquid is insufficient, although droplet is possible round, 

there will be a phenomenon that the sizes of droplets 

obviously shrink. As shown in Figure 20, the diameter of 

this group of rubber drops decreases about 20μm in turn. 

 

 

Figure 20 Continuously shrinking droplets 

 

The high-viscosity adhesive occasionally has a “wire 

drawing” phenomenon, and a transparent adhesive appears 

at the center of the droplet, as shown in Figure 21. It can be 

explained as follows: There is too strong cohesion between 

the molecules of high-viscosity adhesive, which forms a 

liquid-bridge that is not easy to break; when liquid-bridge 

continues to stretch and break, the surface tension effect 
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causes the “wire drawing” liquid to accumulate on the 

surface of droplet, which shows as a observable transparent 

adhesive on the macro level. In addition, too fast 

dispensing speed may also cause this phenomenon and 

even cause the failure of dispensing. 

 

 

Figure 21  “wire drawing” droplet 

 

4.4 Ultra-micro continuous dispensing results - dots 

array 

Circular dots have a wide range of applications in the 

electronics industry and MEMS packaging, such as 

soldering and bonding packages in micro-scale 

manufacturing. In this article, we obtained two droplet dots 

arrays with different layouts through the continuous 

dispensing method by the developed ultra-micro 

dispensing system. The continuous dispensing process is 

realized by controlling X/Y/Z motion worktables through a 

motion control software and CAD program. The 

characteristic is that the positioning resolution dispensing 

is within 1 micron. Taking the experimental parameters of 

the above ultra-micro dispensing as reference, the 

dispensing speed is increased to 5mm/s. Figure 22 shows 

an isosceles triangle dots array with 20 adhesive droplets in 

total. Distance between the droplets on the both sides is 

140μm, and the distance between droplets on the bottom is 

100μm. We measured the diameter of each droplet in 

clockwise order and calculate the approximate volume. 

The measurement data is shown in Table 4. Diameters of 

all the droplets are less than 28μm. The diameters 

deviation between the largest droplet (No.11) and the 

smallest one (No. 3) is 1.8μm. Volume of all the droplets is 

less than 600fL. 

 

  

(a) triangle adhesive droplet (b) vertical section of droplets 

 dots array 

 

Figure 22  Micrographs of a triangle adhesive droplet 

dots array 

 

Table 4  Measurement data of the triangle adhesive droplet dots array 

Serial number 1 2 3 4 5 6 7 8 9 10 

Diameter (µm) 26 
26.

1 

25.

4 
27 

26.

8 
26.1 

26.

8 

26.

5 
26.2 26.6 

Volume (fL) 448 459 401 548 532 460 528 506 479 517 

Serial number 11 12 13 14 15 16 17 18 19 20 

Diameter (µm) 27.2 
25.

8 

25.

9 
26 

26.

1 
25.8 

26.

6 

26.

4 
26.9 26.2 

Volume (fL) 562 419 427 442 459 411 520 496 551 473 

Average diameter (µm) 26.3 
Average volume 

(fL) 
481.9 

 

Figure 23 shows a rectangular adhesive dispensing 

array in the range of 1mm´1.55mm with 286 droplet dots. 

Droplets smaller than 28μm are accurately distributed in 

sequence in the X and Y directions, forming a dispensing 

matrix with 11 rows and 26 columns. The row spacing is 

about 100μm, and column spacing is about 60μm. The 

average diameter of droplets is 26.3μm, and the average 

volume is 481.9fL. The diameters deviation between the 
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largest and smallest droplet is 2.2μm. The standard 

deviation is 1.064, and relative standard deviation is 4.05%. 

The droplet dispensing placement deviation is 1.58μm. 

 

 

Figure 23  Micrograph of a rectangular adhesive dispensing 

array 

 

At present, it can be seen from the research result that 

the proposed ultra-micro dispensing method can complete 

a uniform dispensing of ultra-micro droplets with 26µm 

diameter and fL volume. Moreover, it also can complete a 

continuous dispensing for different droplet dots array by 

controlling the moving path of transferring needle. The 

droplet size is much smaller than that of the micro-scale 

fluid distribution system (1-100μL) based on modular 

current sensor proposed by Das et al. [23], the contact 

dispensing method (nL level) proposed by Zhu et al. [24], 

the micro-reagent distribution system (hundreds of pL) 

based on a micro-fluidic pulse drive control proposed by 

Heng [25], and the ball needle injection valve (droplet 

diameter 0.22mm) proposed by Lu et al. [26]. Compared 

with other dispensing technologies such as time pressure 

dispensing and jetting, the diameter and volume of droplet 

can be accurately controlled. 

It is possible to dispense a very large number of 

droplet dot arrays with precision placement on the order of 

less than a few microns and with size deviation control of 

the adhesive being dispensed of less than 2.2μm. It is 

possible to dispense a very large number of droplet dot 

arrays with precision placement on the order of less than a 

few microns in and with size deviation control of the 

adhesive being dispensed of less than 2.2μm. It can 

complete the uniform distribution of adhesive droplets and 

has good consistency and repeatability. It provides a 

precise ultra-micro dispensing method for the 

manufacturing and packaging of micro components with 

complex and high integration. 

 

5  Conclusions 

 

By studying the force mechanism of adhesive liquid which 

is attached to the transferring needle passing through the 

capillary tube, an ultra-micro precision dispensing method 

based on the surface tension of the micro-droplet is 

proposed, which is able to realize the adhesive dispensing 

with fL - pL volume. At present, in experiment, the droplet 

in the shape of spherical crown with volume as small as 

228fL has been obtained, and it has good appearance. The 

influence of parameters such as diameter of transferring 

needle, moving velocity, the distance between transferring 

needle tip and substrate surface on the size of droplet is 

studied and analyzed through experiments. It is worth 

noting that, diameter of droplet is the dominant factor that 

determines the dispensing volume, while dispensing 

distance and speed are the main factors affecting the 

quality of droplet. In this dispensing method, it can 

accurately control the diameter of droplet with resolution 

of several microns, and can ensure the accurate placement 

of droplet in a few microns. It completed the droplet dots 

arrays continuous dispensing with triangles and rectangles 

patterns automatically and uniformly with the help of 

trajectory planning method. The dispensing success rate 

was about 92.7%. It provides a new dispensing method for 

smaller features in micro-scale manufacturing field. 
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Appendix and supplement both mean material added at 

the end of a book. An appendix gives useful additional 
information, but even without it the rest of the book is 
complete: In the appendix are forty detailed charts. A 
supplement, bound in the book or published separately, is 
given for comparison, as an enhancement, to provide 
corrections, to present later information, and the like: A 
yearly supplement is issue.

 



Figures

Figure 1

Schematic of dispensing

Figure 2

Force analysis for the adhesive liquid during droplet formation



Figure 3

(a) liquid-bridge breaking (b) droplet shape Schematic diagrams of the formation process and ideal
shape of adhesive droplets



Figure 4

Schematic diagram of ultra-micro dispensing system

Figure 5

Ultra-micro dispensing prototype and experimental system

Figure 6

(a) diameter 10μm (b) diameter 60μm (c) diameter 120μm. Microscopic images of the transferring needle
after electrolytic and polishing



Figure 7

Microscopic images of dispensing droplets dispensed by different transferring needles with different
diameters (viscosity 1000cP).



Figure 8

The droplets obtained by different transferring needles with different diameters



Figure 9

The diameter of adhesive droplet vs transferring needle

Figure 10



Microscopic images of the droplets formed at different moving velocity. (a)1mm/s (b)2mm/s (c)4mm/s
(d)6mm/s (e)8mm/s (f)10mm/s

Figure 11

Diameters of the droplet formed by at different moving velocity



Figure 12

The diameter of adhesive droplet vs moving velocity of transferring needle



Figure 13

3D Morphology of Glue Spot



Figure 14

Formation states of the droplets obtained with different dispensing distances

Figure 15

Microscopic images of glue spots formed at different dispensing distances



Figure 16

Microscopic images of adhesive droplets with different viscosities: needle diameter 125μm, speed
10mm/s, dispensing distance 0μm



Figure 17

Diameters of droplet with different viscosities

Figure 18



Microscopic images of ultra-micro droplets (magni�ed 1000 times)

Figure 19

deformed droplets: (a) excessive contact of transferring needle (b) transferring needle tip does not return
to capillary tube completely

Figure 20



Continuously shrinking droplets

Figure 21

“wire drawing” droplet

Figure 22



Micrographs of a triangle adhesive droplet dots array


