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Nanoliter Fluid Dispensing Based on
Microscopic Vision and Laser Range Sensor
Song Liu, De Xu, Senior Member, IEEE, You-Fu Li, Senior Member, IEEE, Fei Shen, and Da-Peng Zhang

Abstract—In this paper, a comprehensive fluid dispensing approach is proposed for nanoliter fluid dispensing,
which is based on multimicroscopic vision and laser range
sensor. In the dispensing task, fluid needs to be dispensed
into target holes with diameter of 300 µm. Totally, 21 nanoliter fluid is needed for one dispensing task. To precisely
control the fluid volume dispensed, an accurate time–
pressure dispensing model is developed for a specific dispensing prototype and the fluid dot altitude is measured by
laser range sensor to reflect the dispensed fluid volume.
An automatic microfluid dispensing system is developed
to verify the effectiveness of the proposed fluid dispensing
method. Experiments and results demonstrate that: with the
proposed dispensing method and system, dispensing accuracy of 100 pl is achieved, and the fluid dot altitude can be
controlled with error range less than 2 µm.
Index Terms—Fluid dot altitude control, laser range
sensor, microassembly, microscopic vision, modeling and
control, needle alignment, time–pressure fluid dispensing,
vision servo control.

I. INTRODUCTION
S ONE of the key technologies in advanced manufacturing, microfluid dispensing is widely used in the field of
circuit assembly, chip packaging, and microelectromechanical
system [1]–[3]. Traditionally, there are mainly four dispensing
approaches reported in the literature including time–pressure
dispensing, auger pump dispensing, piston valve dispensing,
and jetting dispensing [4]. Among them, the former three ones
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are contact dispensing and have been developed for many years
with widespread applications [5]–[7]. Most of the reported fluid
dispensing methods have focused on microliter fluid dispensing
[10], [11], whereas methods dedicated for nanoliter fluid dispensing were rarely reported. Therefore, research on nanoliter
fluid dispensing still needs deep investigation.
The time–pressure dispensing method is the most popularly
used in the industry due to its simple operation, comparatively
low cost, easy maintenance, and the ability to adapt to a wide
range of dispensing tasks [2]. It is estimated that approximately
70% of the dispensing equipment used today are time–pressure
type [8]. Numerous factors affect the time–pressure dispensing
performance, such as fluid properties, dispensing time, input air
pressure, etc., [9]. Many excellent dispensing approaches have
been reported in the literature for precision fluid dispensing. For
example, in [5], an accurate time–pressure dispensing model
was established for electronics packaging. The inner diameter
of the needle used was 0.92 mm. The developed model achieved
a high-control accuracy for the flow rate to be 0.3349 mg/s. In
[10], another time–pressure dispensing model was developed for
surface mounting. The inner diameter of the needle used was
0.508 mm. And the dispensing accuracy was 0.015 mg. All of
the developed time–pressure dispensing models were developed
on the syringe/needle structure based on basic fluidic dynamics
to formulate the relationship of the input air pressure and the
fluid-flow rate.
However, most of the models were developed for tasks with
fluid volume requirement of several to hundreds of microliters.
In such cases, the flow rate of the dispensed fluid volume can
be measured by getting the weight variance before and after
dispensing [5], [7]. However, the measurement method is not
applicable for nanoliter fluid dispensing. Generally speaking,
with a precision mathematical model, the final dispensed fluid
volume can be calculated by integrating the flow rate with time
[11]. However, the dispensing mathematical model is mostly
developed on liquid dynamics and is in the form of partial differential equations [12], [13]. Both model error and discrimination
error can lead to integration error. Therefore, open-loop control
is normally not acceptable for precision dispensing cases. For
nanoliter fluid dispensing tasks, the behavior of the fluid dot
is most dominated by the fluid-surface tension. If the diameter
of the fluid dot is bounded, there will be a determinant relationship between the fluid volume and the fluid dot altitude.
Therefore, for nanoliter fluid dispensing tasks with fluid dot diameter bounded, the fluid dispensing can be controlled in close
loop by controlling the fluid dot altitude.
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Dispensing system configuration.

To precisely control the geometrical quality of the fluid dot,
the relative pose between the dispensing needle and the substrate
need to be adjusted in advance. Microscopic vision provides an
effective solution to this issue. Microscopic vision is a common
and essential sensing means in the field of microassembly and
micromanipulation, since it provides a noncontact measurement
manner for the relative pose estimation between components
[14], [15]. One microscopic camera is sensitive to one rotation
degree of freedom (DOF) and two translation DOFs [16]. With
three orthogonally mounted microscopic cameras, the relative
pose between the needle and the substrate can be precisely estimated in Cartesian space with six DOFs [17]. Microscopic vision has low depth of field (DOF) and small field of view (FOV)
[18]. Unlike the traditional applications in which the components under assembly are nearly the same in size, the substrate
is usually much larger than the dispensing needle. Thus, the
alignment of the needle and the substrate should be elaborately
designed so that both the end of the needle and the substrate are
kept in the depth of field of microscopic cameras. Microscopic
camera is not sensitive to length along its optical axis [19]. It is
not practical to measure the fluid dot’s altitude from microscopic
camera directly. Therefore, it is necessary to introduce an additional distance sensor to aid the fluid dot altitude control. In the
field of microassembly, laser range sensor (LRS) is usually deployed as a complementary means for altitude or depth measurement [20]. The LRS provides a more flexible and rapid solution
for distance measurement with a higher resolution. To incorporate the LRS into a microassembly system or microfluid dispensing system, the LRS normally is mounted with a microscopic
camera on the same moving platform and their optical axes are
expected to be parallel to each other. In this manner, the relationship between a specific pixel and the optical axis can be calibrated as a translation vector in the moving platform coordinates.
The motivation of this paper is to develop a microfluid dispensing approach for the nanoliter scale fluid dispensing based
on microscopic vision and the LRS. First, a mathematical model
is developed for time–pressure dispensing based on Newtonian
fluid, which accurately expresses the relationships between the
flow velocity, the flow rate, and the input pressure. Second,
the method for substrate orientation adjustment and the relative position alignment between the dispensing needle and the
substrate in three-dimensional (3-D) space based on multimi-

croscopic vision is proposed. Third, the method for guiding
the LRS to measure fluid dot altitude is presented based on
microscopic vision. Finally, the dispensing needle movement
trajectory during one specific dispensing task together with the
fluid dot altitude control strategy based on the dispensing mathematical model are presented. A microfluid dispensing system
is also developed to verify the effectiveness of the proposed fluid
dispensing method.
The rest of the paper is organized as follows: the fluid dispensing system configuration and system calibration items are
presented in Section II; the mathematical model and the modeling progress of the time–pressure dispensing are given in Section
III; Section IV discusses the component’s orientation modification method together with the alignment between the needle and
the component; the method to guide the LRS to the target hole on
the component based on microscopic vision, the needle movement trajectory during one dispensing task, and the dispensing
control strategy are presented in Section V; experiments and
results on the proposed fluid dispensing mythology are given in
Section VI; the paper concludes in Section VII.
II. SYSTEM CONFIGURATION AND TASK SPECIFICATION
The fluid dispensing system is designed as given in Fig. 1.
It consists of a three-DOF manipulator, a three-DOF adjusting
platform, three microscopic cameras, an LRS, a time–pressure
dispenser, and a host computer. The manipulator can move along
the xm 2 -, y m 2 -, and z m 2 -axis to align the needle to the component in position. The gripper of the needle is at the end of the
manipulator. The adjusting platform consists of three rotation
DOFs around the xw -, y w -, and z w -axis, respectively, and a
translation DOF along z w -axis. The optical axes of the microscopic camera 1, 2, and 3 are expected to be parallel to the xw -,
y w -, and z w -axis separately. All three microscopic cameras can
be moved along their moving platforms on support mechanisms
to adjust the distance between the objective lens and component in order to capture clear images. The LRS is mounted with
the microscopic camera 1 on the same moving platform, which
consists of three translation DOFs. The optical axis of the LRS
is expected to be parallel to the optical axis of the microscopic
camera 1 and their relative position along z w -axis is elaborately
adjusted so that their DOF are overlapped with each other.

1294

Fig. 2.

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 64, NO. 2, FEBRUARY 2017

Conceptual mechanism for the time–pressure fluid dispensing.

In Fig. 2, the world coordinates {W} and the manipulating coordinates {M1} are established on the adjusting platform. The coordinates {M2} is established on the manipulator.
Coordinates {M3} is established on the moving platform of microscopic camera 1. The camera coordinates {C1}, {C2}, and
{C3} are established with origins being their optical centers.
The x- and y-axes of {C1}, {C2}, and {C3} are along u- and
v-axes of their images. The z-axes of {C1}, {C2}, and {C3}
point from the origins to the scene.
The component shown in Fig. 1 is annular cylindrical structure with 16 blind circular holes located on the upper surface
homogeneously. Both the diameter and the height of the component are 6 mm. The diameter of the holes is 300 μm and the
depths of the holds are also approximately 300 μm. The task is
to utilize the system to dispense fluid into the holes on the components with the fluid dot altitude control errors less than 2 μm.
For every hole, nearly 21 nanoliters of fluid is needed, while
dispensing resolution of 140 pl is required to realize altitude
control error range less than 2 μm. This is the main challenge
of this paper.
The calibration items concerned in this system are the image
Jacobian matrices and the displacement vector V L between the
optical axes of microscopic camera 1 and the LRS in coordinates {M3}. The image Jacobian matrices are used to modify
the orientation of the component, guide the LRS measuring the
fluid dot altitude, and align the needle to the target holes. The
displacement vector is used for LRS positioning in order to measure fluid dot altitude. The image Jacobian matrixes concerned
are rotation matrix J r and translation matrix J 1 , J2 , J3 , and
J4 . Jr represents the transformation from incremental rotation
of the feature lines in the Cartesian space to them on images of
the three cameras. J 1 , J2 , and J 3 represent the transformation
from incremental translation of the feature points in the Cartesian space to them on images of microscopic camera 1, 2, and
3, respectively. J 4 is defined as the translation image Jacobian
matrix for microscopic camera 1 with respect to its moving platforms. Detailed definition and calibration method of the image
Jacobian matrix are given in [20], whereas detail utilization and
calibration of V L are discussed in Section V-A.
III. MODELING OF TIME–PRESSURE DISPENSING
For the time–pressure dispensing model as shown in Fig. 2,
fluid is driven out of the needle by putting pressurized air into

Fig. 3.

Flow field and force condition of laminar flow in the needle.

the needle in a limited time. Normally, the relationship between
the flow rate and the input pressure should be known in advance
in order to modify the altitude of fluid dot precisely. If the energy
variation is negligible, the incompressible flow in the needle in
Fig. 2 can be approximated as a pipe flow. Considering pipe
flow, there are two types of flow condition for the fluid inside
the needle: the laminar flow and the turbulent flow. To smoothly
and stably control the flow rate, the flow condition is expected
to be laminar flow. According to fluid mechanics, the local flow
condition under pipe flow in the needle is determined by the
Reynolds Number. If the Reynolds Number of local flow is less
than the lower critical value, the flow condition will be laminar
flow. By confining the flow rate to a limited range, the Reynolds
Number can always be kept less than the lower critical value.
Therefore, the flow condition can be guaranteed to be laminar
flow in every local in the needle. Fig. 3 demonstrates the flow
field in the needle.
The flow velocity of the laminar flow is expressed by

0, R0 ≤ r < R1
(1)
Vy (r) =
vy , 0 ≤ r < R 0
where Vy (r) is the flow velocity of the laminar flow with radius
of r, R0 is the inner radius of the lower end of the needle and R1
is the inner radius of the upper end of the needle. Caused by the
laminar flow, the fluid on the upper surface will flow from the
surrounding to the center driven by gravity and surface tension,
which is marked as Vs in Fig. 3.
For laminar flow with radius r, it suffers several forces as
demonstrated in the right side of Fig. 3. According to the Newton
Inner Friction Law, the forces satisfy expression (2) under steady
flow condition
dvy
− F2 − F3 = 0 (2)
πr2 ρghl + πr2 Pu − πr2 Pl + 2πrlμ
dr
where g is the gravitational acceleration, Pu and Pl are the air
pressure on the upper and lower surfaces of the fluid, respectively, hl is the altitude difference between the upper and the
lower fluid surfaces, l is the laminar fluid length. In (2), the F2
is part of the viscous resistance caused by the upper surface
movement vs , and F3 is part of surface tension of the adhesive
layer between the needle and the fluid. It should be noted that
first the upper fluid surface is not planar and second it’s difficult
to determine the flow velocity of upper surface fluid on every
specific point. Therefore, F2 cannot be accurately calculated.
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However, if the needle radius R1 is much smaller with respect
to l, F2 will not contribute much to the left side of (2) and, thus,
it can be omitted while the left side of (2) still approximately
equals 0. The surface tension of the adhesive layer can be accurately calculated and F3 is proportional to the square of the
ratio of r and R0 . Therefore, (2) is rewritten as
 2
r
dvy
2
+ (ρghl + ΔP )πr − 2πR1 σ
= 0 (3)
2πrlμ
dr
R0
where σ is the tension coefficient of the adhesive layer between
the needle and the fluid, ΔP is the pressure difference. Expression (3) is actually the differential equation of the laminar
flow velocity relative to the laminar radius. Calculating the antiderivative can solve the laminar flow velocity vy as in
vy =

ρghl + ΔP 2
R1 σ 2
r +
r +C
4μl
2μlR02

Fig. 4. Image features: (a) features of component by camera 1,
(b) feature of needle by camera 1, (c) features of component by camera
2 and 3, i is camera’s serial number, i = 2 and 3, and (d) feature of
needle by camera 2.

(4)

where C is the constant item. This constant item C can be solved
with the boundary condition for (4) that the flow velocity of the
laminar flow with radius R0 is zero. The accurate relationship
between vy and ΔP is given by


ρghl + ΔP
R1 σ
−
(5)
vy =
(R02 − r2 ).
4μl
2μlR02
Compared with the flow velocity of the laminar flow, the total
flow rate is more valuable, which is calculated by integrating vy
from r = 0 to r = R0
 R0
πR02 R1 σ
πR04
(ρgh + ΔP ) −
(6)
vf r =
πrvy dr =
8μl
4μl
0
where vfr is the total flow rate. By integrating vfr with respect to
time, the total dispensed fluid volume is calculated. Expression
(6) is the mathematical model of the time–pressure dispensing
prototype shown in Fig. 2. It is the foundation of the fluid
dispensing method proposed in this paper.

is computed directly from J1 by (8)
⎡
⎤
Δxvc1
0
J 1 ⎣ Δyvc1 ⎦ = J 1 V C 1 =
.
0
Δzvc1

(7)

The rank of the matrix J 1 is normally 2. Thus, there is a
general solution for the linear equations, which can be viewed
as V C 1 .
V t is computed with the corner points Pi1 and Pi2 on the upper surface of the component. The vector V it in {M2} pointing
from points Pi1 to Pi2 is first calculated by
⎡
⎤
Δxivt
⎣ Δyivt ⎦ = (J Ti J i )−1 J Ti upi1 − upi2
(8)
vpi1 − vpi2
Δzivt
where (upi1 , vpi1 ) and (upi2 , vpi2 ) are the image coordinate of
Pi1 and Pi2 , i is the camera’s serial number, i = 2 and 3. Then
the V t is computed by
V t = V 2t × V 3t .

(9)

IV. NEEDLE ALIGNMENT
To precisely control the altitude of the fluid dot, the orientation of the component needs to be modified in advance and
the needle needs to be aligned to the target hole, both of which
are based on microscopic vision. The orientation of the component is modified by the rotation platform to make sure that
the line Oc Ot in Fig. 4 is along the v-axis of microscopic camera 1 and the upper surface of the component is orthogonal to
the optical axis of microscopic camera 1. In this manner, both
the side edges of the component and the end of the needle are
in the depth of field of microscopic camera 2, meanwhile the
upper surface of the component is orthogonal to the optical axis
of the LRS. The point Oc is the geometrical center of the 16
holes on the component, and the point Ot is the center of the
target hole.
To modify the orientation of the component, we first calculate
the direction vector Vt of the upper surface of the component
and the direction vector VC 1 of the optical axis of microscopic
camera 1, which are represented in coordinates {M2}. The VC 1

The expected orientation of line Li12 on image to make sure
the V t is parallel to the V C 1 is calibrated offline manually. Denoting the expected orientation of line L212 on image is θe2 and
θe3 for line L312 , then the relative orientation errors of the component from the current orientation to the expected orientation
in coordinates {M1} can be calculated by
⎡
⎤
⎡
⎤
Δθx
θe1 − θLct
⎣Δθy ⎦ = J −1
⎣θe2 − θL 212 ⎦
(10)
r
Δθz
θe3 − θL 312
is the pseudo-inverse of J r , θL212 and θL312 are
where J −1
r
the current orientation of L212 and L312 , θe1 is the expected
orientation for line Lct , and [Δθx , Δθy , Δθz ]T is orientation
errors in coordinates {M1}.
To align the end of the needle to the center of the target hole,
the distance dnc from the end of the needle to the upper surface
of the component is first adjusted to keep the end of the needle in
the DOF of microscopic camera 1. The distance dnc is computed
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LRS positioning scheme.

by



−1

V t • (J T2 J 2 ) J T2
dnc =

upt2 − up2 2
vpt2 − vp22

Vt 

(11)

where (upt2 , vpt2 ) is the image coordinate of the point Pt2 .
Once the dnc falls into the expected range, the position differences between the point Oc and the point Pt1 along xM 2 and
y M 2 axis in {M2} is calculated by
⎡
⎤
ΔXM 2
⎣ ΔYM 2 ⎦ = (J T2 J 2 )−1 J T2 uo c − upt1
(12)
vo c − vpt1
ΔZM 2
where (upt1 , vpt1 ) and (uo c , vo c ) are the image coordinate of
Pt1 and Po c , and ΔXM 2 , ΔYM 2 are the position differences
along xM 2 - and y M 2 -axis, respectively. Viewing dnc as the position difference along the z M 2 -axis, then [ΔXM 2 , ΔYM 2 , dn c ]T
is the relative position errors between the geometrical center of
the target hole and the end of the dispensing needle in coordinates {M2}.
During the orientation modification of the component, the
needle is completely moved out of the view of the three microscopic cameras. After orientation modification is finished, the
component is moved down by the adjusting platform to prevent
unexpected collision between the needle and the component.
Then, the needle is moved into the view of microscopic cameras
and is aligned to the target hole under dispensing. The feature
extraction method for features on the component together with
the alignment procedure and controller design method are given
in [17].
V. FLUID DISPENSING CONTROL STRATEGY
A. LRS Positioning
To measure the fluid dot altitude, the LRS is first guided
by microscopic vision to right above the fluid dot as shown in
Fig. 5. The vector V L is a translation vector which describes
the displacements from lopl to lop along xM 2 - and y M 2 -axis.
Supposing lopl intersects the image plane on (uop , vop ) and the
geometrical center of the hole under dispensing is (upt1 , vpt1 ),
the position of camera 1 should be translated so that the point
(uop , vop ) overlaps (upt1 , vpt1 ). Then, moving the LRS by V  L
will make lopl go through (upt1 , vpt1 ). In practice, the point
(uop , vop ) cannot be confirmed accurately. However, the point
(uop , vop ) can be changed to be any point on the image plane and
the principle discussed above is still feasible. For example, the

Fig. 6.

Needle movement trajectory during one dispensing task.

line lopt intersects the image plane on point (uopt , vopt ) which is
determined by will. If the translation vector V L is known in advance, by moving the camera 1 in coordinates {M3} to make the
point (uopt , vopt ) overlap (upt1 , vpt1 ), then moving the LRS
by V L , the lopl still will go through (upt1 , vpt1 ). The relative
position error between (uopt , vopt ) and (upt1 , vpt1 ) is computed by (12) with J 2 replaced by J 4 . The point (uopt , vopt )
is chosen by making sure that the whole component is in the
view of microscopic camera 1 after translation. The vector V L
is calibrated offline.
The fluid dot altitude is measured relative to the upper surface
of the component. The altitude of the points PA , PB , PC , and
PD around the hole are first measured and the average value is
the reference altitude. Subtracting the reference value from the
feedback value of the LRS gives us the fluid dot altitude.
B. Needle Movement Strategy
Fig. 6(a) shows the relative pose between the needle and the
target hole after alignment where Pnd and Ot overlap each other.
This position of the needle is not suitable for fluid dispensing
because the fluid coming out of the needle is more inclined to
move along the outer counter of the needle rather than flow
into the hole due to fluid surface tension. Therefore, the needle
is first moved along y m 2 -axis for d1 and along z m 2 -axis for
d2 from the position demonstrated in Fig. 6(a) to the position
demonstrated in Fig. 6(b).
As will be discussed in Section V-C, the fluid dispensing
process is designed into two substages, such as the rapid loading
stage and the precision altitude modification stage. The position
transition described by Fig. 6(c) serves the rapid loading stage.
In detail, the needle will move along y m 2 -axis in m steps with
d3 length first; then move along z m 2 -axis for −d2 . After the
rapid loading stage, the needle will go back to the position
demonstrated in Fig. 6(a).
The position transition described by Fig. 6(d) serves the precision altitude modification stage. During every control loop,
fluid is dispensed to modify the fluid dot altitude when the needle is in the position A. Afterward, the needle will move along
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Fig. 7.

Control block diagram of the proposed dispensing method.

Fig. 9.

Fig. 8.
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Experimental system.

Dispensing procedure based on vision and LRS.

z m 2 -axis for ΔhM 2 and along y m 2 -axis for d4 from position
A to position B so that LRS can measure the fluid dot altitude.
Then, the needle will move back to position A again for the next
dispensing loop. However, because the fluid dot altitude will
change after each dispensing loop, the length ΔhM 2 should be
adjusted according to the fluid dot altitude. ΔhM 2 for the kth
time control loop is confirmed by
ΔhM 2 (k) = ΔhM 2 (k − 1) − hf (k)

(13)

where hf (k) is the fluid dot altitude measured by LRS and k is
the sampling moment.
C. Model-Based Dispensing Control and Procedure
The dispensing control method is based on the feedback of
the fluid dot altitude from the LRS and the dispensing model
developed in Section III. Fig. 7 shows the control block diagram
of the dispensing method.
In Fig. 7, the hfe is the expected fluid dot altitude. The LRS
measures the current fluid dot altitude hf in real time. Then, the
input of the PI controller Δhf is calculated and the output of
the PI controller Δhfo is computed by
Δhfo (k) = KPd [Δhf (k) − Δhf (k − 1)] + KId Δhf (k)
(14)
where KPd and KId are the proportional coefficient and the
integral coefficient of the PI controller, respectively, the k is the
sampling moment. Afterward, the fluid dot altitude increment

Fig. 10. Relative orientation errors in component orientation
modification.

Δhfo is converted into fluid volume increment ΔV based on
the priori knowledge of the geometrical information of the hole.
Based on ΔV and a pregiven limited time interval T0 , the input of the dispensing controller Ps can be calculated with the
dispensing model. Then, the dispensing controller will determine the input parameters P and T for the dispenser based on
the Ps and Δhf . Finally, the air pressure P together with the
fluid gravity will drive the fluid out of the needle in time interval T. The needle movement strategy in Fig. 6 is given in
Section V-B. As dispensing goes on, the fluid length in the needle varies. The current fluid length can be estimated according
to the dispensed fluid volume and the geometrical information
of the needle. Thus, the parameter l of the dispensing model is
amended online.
Since for each hole, nearly 21 nanoliters of fluid is needed,
whereas to realize the fluid dot altitude control error less than
2 μm, the fluid dispensing resolution of the dispensing system
should be no more than 140 pl. The fluid dispensing process
is designed into two substages, such as the rapid loading stage
and the precision altitude modification stage. The rapid loading
stage aims to fill up the target hole with fluid in open-loop

1298

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 64, NO. 2, FEBRUARY 2017

control manner. The precision altitude modification stage aims
to modify the fluid dot altitude precisely in closed-loop control
manner. The dispensing controller takes Ps and Δhf as its
input and outputs the parameters P and T for the dispenser.
Mathematical description of the strategy is given by
f (Ps , Δhf ) =
⎧
⎪
⎨ (P = P1 , T = T0 ) × k0 ,
 (P = Ps , T = T0 ), 
⎪
⎩ P = PLT , T = m T0 ,
m0

(15)
if Δhf > hT 1
if Ps > PLT , Δhf ≤ hT 1
if mm0 PLT ≥ Ps >

TABLE I
SYSTEM INFORMATION CALIBRATED IN ADVANCE
System Item
VC1
θe 1
θe 2
θe 3
(u o p t , v o p t )
VL

Value
[–0.2119, –0.0381, 0.9765]
90.0°
0.6°
–1.1°
(1158.71, 416.27) pixel
[30 000, 30 000] μm

m −1
m 0 PLT

where P1 and hT 1 are fixed values determined by experiment,
k0 is an integer and is determined by Ps /P1 , PL T is the lowest
pressure that the dispenser can output, m is positive integer with
1 < m ≤ m0 and m0 is an fixed integer.
If the altitude difference Δhf is larger than hT 1 , fluid is dispensed with the parameters P = P1 and T = T0 in k0 times in
open-loop control so that the target hole is filled up rapidly. This
corresponds to the rapid loading stage. If the altitude difference
Δhf is less than hT 1 , the dispensing time T is set to be T0 and
the dispensing pressure Ps is set to be the Ps directly once Ps
is larger than PLT . If Ps is less than PLT , the dispensing time T
will be set according to the relationship between Ps and PLT .
This corresponds to the precision altitude modification stage.
Based on the contents discussed above, the dispensing procedure is given in Fig. 10. In the procedure, the manual preparation
includes loading fluid into the needle, adjusting the angle between the needle and the substrate, etc. The component’s orientation modification is first conducted. Afterward, we will guide
the LRS to measure the reference altitude. Then, the component will be moved down, the needle is moved into view and
microscopic camera 1 is moved back to its original position.
Afterward, the needle will be guided by the microscopic vision
to the geometrical center of the target hole on the component.
After the alignment, the component is moved up. And the LRS
is moved to right above the target hole. Finally, with the dispensing control method and the dispensing needle movement
strategy, the fluid is dispensed into the holes on the component.
VI. EXPERIMENTS AND RESULTS
A. Experiment System
An experimental system was established according to the
scheme given in Section II, as demonstrated in Fig. 9. In
this experiment system, there were three cameras including
two GC2450 cameras and one PointGrey camera. All three
cameras equipped with Navitar zoom lens with image size of
2448 × 2050 in pixel. The adjusting platform was composed
Micos WT-100 for rotation around X w - and Y w -axis and Sigma
SGSP-40YAW for rotation around Z w -axis, with resolution
of 0.02° around Zw -axis and 0.001° around Xw - and Yw axis. The manipulator was Suguar KWG06030-G with translation resolution was 1 μm. All three microscopes were placed
on Sigma SGSP26-50 to move along their optical axes. The
LRS was STIL CCS Prima, whose measuring sensor range is
1400 μm, working distance is 12.0 mm and measuring light dot
size is 5 μm; the measuring resolution is 3 nm. The dispenser is

eppendorf FemotoJet, whose pressure resolution is 1 hPa, time
resolution is 0.1 s, and lowest output pressure is 15 hPa. The
parameters of the needle were 100 μm for R0 , 600 μm for R1
and 30° for θ.
The image Jacobian matrices discussed in Section II for the
system were calibrated. The unit of J 1 , J 2 , J 3 , and J 4 is
pixel/um
⎡

0.032
J r = ⎣ 1.224
0.143
J1 =

−0.328
−0.383

J2 =

0.111
0.007

J3 =

−0.095
−0.000

J4 =

0.224
0.010

⎤
−1.125
−0.021 ⎦
0.136

−0.004
0.011
−0.885
−0.383
0.339
−0.084
−0.000

0.008
−0.156

−0.125
0.007
0.002
0.205

−0.086
−0.070

0.002
−0.178

−0.003
.
−0.000

(16)

Other preliminarily information is given in Table I.
B. Dispensing Model Verification
With the established dispensing system, experiments were
first conducted to verify the accuracy of the developed dispensing model in Section III. The density of the fluid used in this
paper was 1.39 × 103 Kg/m3 . The surface tension coefficient
of the adhesive layer between the needle and the fluid σ was
0.0144 N/m. The fluid viscosity varied dramatically with respect to time. The relationship of fluid viscosity variation with
time under 20 °C was given by
μ = −1.812 + 0.7246e0.0611t
+ 2.270e−0.0611t , t ∈ [10, 30] min

(17)

where the time parameter t was started from fluid preparation.
Table II demonstrates the difference between the measured fluid
viscosity and the theoretically calculated fluid viscosity.
The temperature during the experiments was 20°. The initial
laminar flow length l was 24 mm. The viscosity for different
dispensing experiment was determined by the dispensing time
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TABLE II
MEASURED AND THEORETICAL CALCULATED FLUID VISCOSITY UNDER 20 °C
Time
[min]

Measured
Viscosity
[Pa•S]

Theoretical
Viscosity
[Pa•S]

Time
[min]

Measured
Viscosity
[Pa•S]

Theoretical
Viscosity
[Pa•S]

14.25
14.90
15.67
16.33
17.17

0.8806
0.9132
0.9486
0.9856
1.0030

0.8704
0.9036
0.9484
0.9918
1.0534

18.25
19.17
19.85
20.90
21.75

1.1426
1.2390
1.3484
1.4400
1.4826

1.1438
1.2310
1.3016
1.4036
1.5278

TABLE III
FLUID DISPENSING MODEL ACCURACY VALIDATION EXPERIMENTS
NO.

Pressure
[hPa]

Time
[min]

Theoretical
Volume [pL]

Measured
Volume [pL]

Absolute
Error [pL]

50
70
90
110
130
150
170
190
210
230

14.25
14.90
15.67
16.33
17.17
18.25
19.17
19.85
20.90
21.75

391
829
1220
1579
1875
2084
2269
2460
2540
2631

398
831
1232
1600
1980
2096
2263
2382
2515
2700

–7
–2
–12
–21
–105
12
6
78
25
–69

1
2
3
4
5
6
7
8
9
10

Fig. 11. Relative position errors in guiding (u o p t , v o p t ) to overlap
(u p t1 , v p t1 ).

according to (6), rewritten as
vf r =

10.22 × (1.77 + ΔP ) − 353
,
−1.812 + 0.7246e0.0611t + 2.270e−0.0611t
t ∈ [10, 30] min

(18)

For convenience, in (18), the unit of vfr was picoliter/second,
and the unit of ΔP was hPa (1 hPa = 100 Pa). Table III shows
the results of ten times fluid dispensing experiments under incremental input air pressure with dispensing time interval of 0.5
s. Fluid was first dispensed upon a glass slide. Afterward, fluid
dot was scanned by LRS to get altitude lattice data. Finally,
the measured dispensed volume was calculated from the lattice
data. Verification experiments demonstrated that for most case,
the relative volume errors were less than 3%, and the absolute
volume errors were less than 100 pL. Since at least 140 pL
fluid was needed for the fluid altitude in a hole with diameter of 300 μm to change 2 μm, the fluid dispensing model in
Section III could satisfy the control accuracy requirement.
C. Fluid Dispensing
Dispensing fluid into every blind hole on the component need
the dispensing procedure shown in Fig. 8 to be carried out
entirely. Detailed experiment results on one dispensing task
were given in the following.
1) Needle Alignment: The first step for one dispensing task was the component’s orientation modification. Fig. 10
shows the relative orientation errors in one experiment. The
target orientation of the component was given in Table I. The
expected orientation modification accuracy was 0.1°, 0.1°, and
0.3° around xm 1 −, y m 1 - and z m 1 -axis, respectively. The PI

controller’s coefficients were 0.2 for KP 1 and 0.45 for KI 1 , respectively. The final errors of the orientation modification were
0.07°, –0.03° and 0.06° around xm 1 −, y m 1 −and z m 1 − axis,
respectively. Fig. 10 shows that with seven steps adjustments,
the component’s orientation converged to the target orientation
stably. The orientation modification lasted for 6 s.
After the orientation alignment, the LRS was guided to right
above the target hole along xm 3 and y m 3 axis. Fig. 11 shows
the relative position errors in guiding (uopt , vopt ) to overlap
(upt1 , vpt1 ). The PI controller’s coefficients were 0.25 for KP 2
and 0.55 for KI 2 , respectively. The expected accuracy was 3 μm
along xm 3 - and y m 3 -axis. Fig. 11 demonstrates that with eight
control steps, the position errors converged to desired range
stably with 2.4 μm along xm 3 -axis and –1.9 μm along y m 3 axis. Guiding (uopt , vopt ) to overlap (upt1 , vpt1 ) lasted 7 s.
After guiding (uopt , vopt ) to overlap (upt1 , vpt1 ), the LRS
was moved by V L to measure the altitudes of PA , PB , PC , and
PD shown in Fig. 5. V L is given in Table I. The altitudes of
PA , PB , PC , and PD were 732.6, 733.1, 732.1, and 732.5 μm,
respectively. Therefore, the reference altitude was 732.6 μm.
After reference altitude measured, the needle was aligned to
the target hole under dispensing. Fig. 12 shows the relative position errors in needle aligning. The PI controller’s coefficients
were 0.25 for KP 3 and 0.55 for KI 3 , respectively. The expected
accuracy was 3 μm along xm 2 - and y m 2 -axis. The alignment
along xm 2 - and y m 2 -axis started once the position error along
z m 2 -axis was less than 150 μm so that the needle end was in
the FOV of the microscopic camera 1. Fig. 12 demonstrates that
with ten control steps, the position errors converged to desired
range stably with 2.7, 1.4, and –1.9 μm along xm 2 −, y m 2 −,
and z m 2 -axis, respectively. Fig. 13 shows the needle movement
trajectory in coordinates {M2}. Fig. 14 demonstrates the image
captured by microscopic cameras in different stages.
2) Dispensing Control: The parameters for fluid dispensing control were set as follows: d1 = 120 μm, d2 =
40 μm, d3 = 15 μm, d4 = 300 μm, ΔhM 2 (1) = 300 μm,
KPd = 0.2, KId = 0.4, T0 = 0.5s, hT 1 = 50 μm, PLT = 50 hPa,
P1 = 150 hPa, and m0 = 5. The expected fluid dot altitude was
33 μm.
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Relative position errors in aligning needle to target hole.

Fig. 14. Images in different stages, image captured by (a) camera 1,
(b) camera 2, and (c) camera 3 before orientation modification, (d) camera 1, (e) camera 2, and (f) camera 3 after orientation alignment, (g)
camera 1 after guiding (u o p t , v o p t ) to overlap (u p t1 , v p t1 ), (h) camera
1, and (i) camera 3 after needle alignment.

Fig. 13. Trajectory of needle in aligning to the target hole on
component.

The depth of the target hole as shown in Fig. 15(f) was
293 μm. In rapid loading stage, totally nine times dispensing action was executed, with the end fluid altitude being –22
μm. In the precision altitude modification stage, the dispensing
time was 0.5 s, with the dispensing pressure calculated accordingly for the first two dispensing actions, while for the left
dispensing actions, the dispensing pressure was fixed 50 hPa,
and the dispensing time was calculated accordingly, as shown in
Fig. 15(b). Fig. 15(d) demonstrates the movement distance of
the needle toward the target hole along z m 2 -axis. The data had
a decreasing trend because it was set according to the fluid altitude, which had an escalating trend, as shown in Fig. 15(c).
Fig. 15(a) shows the fluid dot altitude errors during the dispensing experiment. The final fluid dot altitude was 31.4 μm.
Fig. 15 demonstrates that in seven steps dispensing actions,
the fluid dot altitude converged stably to the expected value.
Fig. 15(e) shows the target hole after dispensing.
The final fluid dot altitudes of the total 16 holes on the target
component after dispensing were given in Table IV. All fluid dot
altitudes were in the range of 31–35 μm, with all final control
errors less than 2 μm.

Fig. 15.

Experiments results of fluid dispensing control.
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TABLE IV
FINAL FLUID DOT ALTITUDE OF THE 16 HOLES
Hole
No.
1
2
3
4
5
6
7
8

Initial
Depth/μm

Final fluid dot
altitude/μm

Hole
No.

Initial
Depth/μm

Final fluid dot
altitude/μm

293
331
327
305
313
301
303
296

31.4
33.7
32.3
31.9
32.4
33.5
34.2
33.9

9
10
11
12
13
14
15
16

322
299
314
296
297
325
337
311

31.2
32.9
34.1
33.4
32.6
32.4
31.7
33.4

VII. CONCLUSION
The main contribution of this paper is the comprehensive approach to realize nanoliter fluid dispensing control based on microscopic vision and laser range sensor. The proposed method
involved several technique skills to work, such as the mathematical model expressing the relationships between the flow
velocity, the flow rate, and the input pressure; the orientation
adjustment of the substrate and the relative position alignment
between the dispensing needle and the substrate in 3-D space;
the guidance of the LRS to measure fluid dot geometrical center;
and the dispensing needle movement trajectory together with the
fluid dot altitude control strategy. A microfluid dispensing system was developed to verify the effectiveness of the proposed
fluid dispensing method. Experiments demonstrated that with
the proposed fluid dispensing approach, the fluid dot altitude
can be controlled with an error range less than 2 μm.
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