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Abstract. In order to solve the problems of the failure of disposable tip insertion which happens in the pipet-
ting process of most multi-station and high-throughput pipetting devices, this paper proposes a high-rigidity
screw-type pipette shaft–disposable tip assembly mechanism with excellent auto-centering effects based on the
principle of the ball screw drive. The stiffness model of the new pipetting device is established, and its stiffness
and axial deformation are analyzed. This new mechanism was introduced to a multi-station and high-throughput
pipetting workstation, and the process of pipetting disposable tips is simulated by ANSYS software. The analyt-
ical results show that the stiffness value of the new pipetting device is approximately 90 N/µm, and the amount
of deformation of the z-axis manipulator is reduced by about 60 % compared to the original pipetting device.
Finally, physical verification of the prototype was carried out in the work. The test results show that the new
pipetting workstation can increase the tightening rate of the tips by approximately 12 % after optimization when
96 tips are inserted in a single press. In addition, the pass rate of the tightness test of the optimized pipetting
workstation has increased by approximately 20 %.

1 Introduction

An automatic pipetting device can be used for automatic pre-
processing of liquid samples in clinical experiments to re-
duce experimenters’ repetitive working strength, shorten the
experimental duration and prevent high-risk samples from
causing harm to experimenters (Y. Yao et al., 2013; He,
2011). The pipette shaft will be inserted into the disposable
tip vertically before each pipetting, shown in Fig. 1a. As we
all know, in many biochemical detection and analysis oper-
ations, for the reliability, uniformity and repeatability of the
numerical results, it is required that the solution filling vol-
ume must be accurate and consistent in the filling operation.
The airtightness of the tip assembly is the primary factor that
affects the accuracy of the solution filling volume. It can be
seen that the effect of the tip insertion not only affects the
airtightness of the pipette, but also affects the accuracy of the

entire liquid analysis system. Experimental results for multi-
channel automatic pipettes show that it is hard to put tips on
the pipette shaft uniformly and firmly. Most multi-position
high-throughput pipetting workstations currently in the mar-
ket often adopt multiple pipette shaft–tip assembly to ensure
a good insertion effect. However, multiple assembly will pro-
duce a huge shock between tips and the pipette shaft, reduc-
ing the accuracy and causing damage to the pipette worksta-
tion.

Research on pipetting systems and pipetting instruments
has never stopped. Many companies, scientific research in-
stitutions and university laboratories in the field of pipetting
have conducted a lot of relevant investigations. Allison et
al. (1990) designed an automatic device for repeated dispen-
sation of a precisely controlled amount of fluid. Then En-
gström and Meiselman (1992) proposed an improved design
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of molten glass beads based on the same principle, which
eliminates the problem of glass bead movement and uses the
heat-induced extension and retraction of the heating wire in
the performance of the pipetting device. Dutka et al. (2016)
proposed a novel microfluidic junction that reduces the de-
pendence of the volume of droplets on the rate of injec-
tion. This method can decompose a small amount of liq-
uid sample into nanoliter droplets without generating any
dead volume. In the same year, Momotenko et al. (2016)
demonstrated the ability of nanopipettes to construct com-
plex free-standing three-dimensional nanostructures using a
simple double-barrel nanopipette device.

Some breakthroughs have also been made in the design of
controllable automatic pipetting devices. The digital pipet-
ting workstation designed by Xie and Fang (2017) can be ap-
plied to the controllable automatic titration of micro-liquid
through digital control to solve the problem of repetitive
manual withdrawal of the solution and expulsion of the so-
lution. The new-type pipetting device designed by Li and
Li (2019) can be used for the automatic installation of eight
pipette tips, withdrawal of the solution, expulsion of the solu-
tion and discarding of the tip under the coordinated control of
a 3D mechanical arm. Liu et al. (2013) have developed a fully
automated device for simultaneous detection of four pipettes.
This device can be applied to automatic detection. CapitalBio
Corporation’s Lab Keeper eight-channel automatic pipetting
workstation is suitable for liquid distribution, including for
the extraction of blood to nucleic acids, but it supports arbi-
trary selection in two, four and eight channels only. The SF3
automatic pipetting station independently developed by the
Shanghai Utrao Medical Instrument Co., Ltd. fails to com-
plete the assembly of all 96 pipette tips (Liu et al., 2012).
The EpMotion85075 TMX recently rolled out by Eppen-
dorf Switzerland can be used for complex purposes such
as multiple proportions of dilution, random sample applica-
tion, cell culture and nucleic acid isolation and purification
by the paramagnetic particle method (Wu et al., 2016). The
Freedom EVO8 automatic liquid handling workstation, de-
veloped by TECAN Switzerland, provides four workbenches
of different capacities, including 75, 100, 150 and 200 cm.
Every workbench is available for accurate and reliable liquid
handling and easy-to-use automatic operations (Chen et al.,
2015). As the global leader in the pipetting industry, RAININ
rolled out a semi-automatic 6/384-hole pipette with inter-
changeable pipette tips called “BenchSmart 96”. As a combi-
nation of single-channel pipettes that boasts automation and
manual control, the device can be used to quickly and accu-
rately handle multiple liquids in various ways such as liquid
transfer, liquid separation, dilution and mixture.

To sum up, in recent years, many scholars have mostly
focused on the method of micro-feeding pipettes, the appli-
cation of pipettes in biochemical testing, pipetting control
technology, pipetting system maintenance and pipette veri-
fication methods. However, there has not been too much re-
search on the effect of bulk tip insertion and the airtightness

of pipette tips of high-throughput liquid workstations. Al-
though some scholars have proposed loading the tip by vibra-
tion, some companies use the method of gently rotating the
tip after the tip is put on the sleeve to ensure the tightness of
the pipette, but this method is not suitable for a multi-station
high-throughput liquid workstation. As shown in Fig. 1b,
the traditional multi-station high-throughput triaxial auto-
matic pipetting device adopts straight plug-in tip insertion,
by which the z-axis motor of the mechanical arm presses the
pipette down for the bulk plug-in mounting of pipette tips.
For a single pipette tip or four-/eight-channel low-throughput
plug-in mounting of pipette tips, a good plug-in mounting ef-
fect can basically be achieved. However, for 96 channels or
384 channels, a large reaction force will apply to the pipet-
ting shaft when inserting the tips in large quantities, which
can be seen in Fig. 1a. As a result, the mechanical arm will
be warped and tilted shown in Fig. 2, subsequently leading
to a difficult concentric insertion of the suction disposable
tips and failure of the tip-pipetting shaft assembly. There-
fore, this paper proposes a high-rigidity screw-type pipette
shaft–disposable tip assembly mechanism in order to solve
the problem of the straight plug-in tip insertion method. In
combination with a cam guide mechanism, a z motor, a z-
axis screw and a z-axis guide slider, the high-rigidity and
self-aligning ball screw pair was developed for the design
of the new pipetting device, whereby the fixed end of the ball
screw–nut pair will be able to be converted during the work-
ing process.

2 Structural design

2.1 Development of the device and working principle
description

The new pipetting device designed in this study uses the im-
proved ball screw–nut pair as the execution part. It is mainly
composed of a z-axis motor, a z-axis lead screw, a z-axis
guide rail slider, a lead-screw-type tip insertion unit and other
auxiliary components. The schematic diagram is shown in
Fig. 3, and the structure of the lead-screw-type tip insertion
unit is shown in Fig. 4.

The working process is as follows:

1. The z-axis motor turns forward, and the lead-screw-type
tip insertion unit is lowered to about 2 mm from the up-
per end of the tip under the action of the z-axis lead
screw and the z-axis guide rail slider.

2. Motor 1 turns forward, and the motor mounting seat
can be regarded as a fixed end under the joint action
of spring 1 and the substrate convex platform. The shaft
assembly is lowered as the moving end to start the pre-
insertion of the tip in batches.

3. As can be seen from Fig. 1a, in the later stage of tip
insertion in batches, the resistance to the shaft assembly
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Figure 1. (a) Simulation nephogram of a pipetting shaft–tip assembly. (b) 3D diagram of a multi-station high-throughput automatic pipette.

Figure 2. The schematic of a high-throughput automatic pipette.

is much greater than the tension of spring 1; therefore,
the shaft assembly stops pressing after pressing down
by 8.5 mm.

4. The fixed end of the lead-screw-type head insertion unit
begins to change, and the shaft assembly will act as the
fixed end, while the motor mounting seat is forced to
move upward as the moving end.

5. As can be seen from Fig. 4, during the rising process of
the motor mounting seat, the long pole clamping jaw
will retract while rising under the action of the cam
guiding part to the side convex platform of the bottom
seat of the tip box, and then the motor mounting seat
will stop rising.

6. The fixed end of the lead-screw-type tip insertion unit
is changed again, and the motor mounting seat is used
as the fixed end, and the shaft assembly is used as the
moving end again to continue pressing down the 1.0 mm
tip until all tips are inserted completely.

7. Motor 1 reverses, the shaft assembly and the tip rise and
the motor mounting seat drops. At the same time, under

the action of the cam guiding part, the pole clamping
jaw drops while stretching out.

8. Finally, the z-axis motor reverses, and the lead-screw-
type tip insertion unit rises under the action of the z-axis
guide slider. At this point, the tip insertion is completed,
and the next step of liquid extraction can be performed.

2.2 Stiffness analysis

2.2.1 Calculation of axial stiffness

As can be seen from Figs. 3 and 4, the new pipetting device
is connected to the lead-screw-type tip insertion unit through
three parts including guide rail 1, slider 1 and spring 1. In the
process of tip insertion in batches, the acting force between
various components is always changed between the lead-
screw-type tip insertion unit and the tip box. Especially when
the resistance for the tip insertion is large in the late stage,
the insertion reaction forces all act on the bottom seat of
the tip box, while the load and deformation of the z-axis are
almost negligible; therefore, the stiffness of the lead-screw-
type tip insertion unit determines the transmission stiffness of
the entire device. According to the mounting mode of the ball
screw, the axial stiffness model can be simplified, as shown
in Fig. 5. According to the stiffness model diagram shown
in Fig. 5, the axial stiffness of the new pipetting device is
represented by a spring constant K1 and is calculated as per
Eq. (1) (Wang et al., 2013).

1
K1
=

1
KS
+

1
KN
+

1
KB
+

1
KH

, (1)

where KS refers to the axial stiffness of the ball screw, in
newton per micrometer (N/µm); KN refers to the axial stiff-
ness of the shaft assembly, in N/µm; KB refers to the axial
stiffness of the bearing, in N/µm; and KH refers to the axial
stiffness of the long pole clamping jaw and the supporting
part, in N/µm.

In this study, the ball screw–nut pair of the tip insertion
unit is mounted by supporting one end and fixing the other
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Figure 3. The workflow of the new pipetting device. 1© The tip insertion unit drops. 2© The shaft begins to press and insert the tip. 3© The
shaft is blocked and stops dropping after pressing down 8.5 mm. 4© The mounting block of motor 1 rises. 5© The long pole clamping jaw
rises and retracts. 6© The shaft presses and inserts the tip again. 7© The shaft and the tip rise, while the long pole clamping jaw drops and
stretches out. 8© The tip insertion unit rises, and the whole process ends.

Figure 4. 3D diagram of screw-type tip insertion unit.

Figure 5. Axial stiffness model diagram.

end, so the axial stiffness KS of the ball screw can be calcu-
lated according to Eq. (2) (Song, 2014). The axial stiffness of
the shaft assembly mainly includes the axial stiffness of the
ball and screw in the shaft assembly and the axial stiffness
of the threaded raceway of the nut. Due to the good stiffness
of the nut, the nut seat and other parts, and with little de-
formation, it is only necessary to consider the elastic contact
deformation of the ball and the raceway surface. According
to Hertz contact theory, the axial elastic deformation amount
δN between the ball and the threaded raceway can be calcu-
lated as per Eq. (4) (Hu et al., 2014), and its axial stiffness
can be calculated as per Eq. (6). The bearing support stiffness
is related to the type of bearings used; this design uses the
typical angular contact ball bearing, and the axial stiffness of
the bearing can be calculated according to Eq. (7). The stiff-
ness of the nut support has been calculated by multiplying
the nut stiffness by a factor of 0.8, while the requirements for
the stiffness of other supporting parts can be met by using
a high-stiffness supporting part, and finally, the stiffness of
the long pole clamping jaw can be calculated according to
Eq. (10).

KS =
A1 ·E1

L
× 10−3 (2)

A1 =
1
4
·π · d2 (3)

δN =
2.4

sin a1
·

(
F 2
× 10−2

Z2
1 · d0 · sin2a1

)1/2

(4)

Mech. Sci., 12, 501–510, 2021 https://doi.org/10.5194/ms-12-501-2021



Z. Huang et al.: Structure optimization of a pipetting device 505

Z1 = π ·Dm · (d0 · cosϕ) (5)

KN = 0.8K ·
(

F

0.1Ca

) 1
2

(6)

KB ≈
3 ·Fao
δao

(7)

δao =
0.44
sina2

·

(
Q2

Da

) 1
3

(8)

Q=
Fao

Z2 · sina2
(9)

KH = E2A2, (10)

where A1 refers to the cross-sectional area of the ball screw
with the minimum diameter, in square millimeters (mm2);
d refers to the small diameter of the ball screw thread, in
millimeters (mm); E1 refers to Young’s modulus of elasticity
of the ball screw material (GCr15), E = 2.10× 105 N/mm2;
L refers to the length of the lead screw, in mm; a1 refers to
the contact angle of the ball, in degrees (◦); F refers to the
axial load, in newton (N); do refers to the ball diameter, in
mm; Z1 refers to the number of balls with effective load per
turn, in pieces (pcs.); Dm refers to the nominal diameter of
the screw–nut, in mm; ϕ refers to the angle of spiral rise,
in ◦; K refers to the theoretical axial stiffness of the nut at
10 % of the rated dynamic load, in N/µm; Ca refers to the
rated dynamic load of the nut, in N; Fao refers to the pre-
pressing load of the bearing, in N; δao refers to the amount of
elastic axial displacement caused by the pre-pressing load of
the bearing, in µm; Q refers to the load applied to one rotor
of the bearing, in N; Z2 refers to the number of balls of the
bearing, in pcs.; a2 refers to the contact angle of the bearing,
in (◦); Da refers to the ball diameter of the bearing, in mm;
E2 refers to Young’s modulus of elasticity of the long pole
clamping jaw material (45# steel), E = 2.09× 105 N/mm2;
A2 refers to the cross-sectional area of the thinnest part of
the long pole clamping jaw, in mm2.

2.2.2 Torsional stiffness

The torsional stiffness of the lead-screw-type tip insertion
unit reflects its ability to resist torsional deformation, and it
mainly includes the torsional stiffness of elastic components
such as the ball screw, the bearing seat, motor 1 and other
parts. According to the torsion theory, the torsional stiffness
of the tip insertion unit can be expressed by the constantKTW
and can be calculated as per Eq. (11) (Wang et al., 2013).

KTW =
1
KT
+

1
K∅1
+

1
K∅2

, (11)

whereKT refers to the torsional stiffness of the ball screw, in
newton millimeters per radian (N mm/rad);K∅1 refers to the
torsional stiffness of the bearing seat, in N mm/rad; and K∅2
refers to the torsional stiffness of motor 1 and other parts, in
N mm/rad.

Since the torsional stiffness of the bearing seat, motor 1
and other parts is very large, that is, 1

K∅1
, 1
K∅2
→ 0, the main

factor affecting the torsional deformation of the lead-screw-
type tip insertion unit is the ball screw, and the torsional stiff-
ness can be calculated as per Eq. (12).

KT =
M

θ
=
G · Jp

χ
(12)

JP =
1
32
πd4, (13)

where θ refers to the torsion angle, in rad; M refers to the
torque received by the lead-screw-type tip insertion unit, in
N mm; x refers to the installation span of the ball screw, in
mm; G refers to the modulus of elasticity in shear of the ball
screw material, G= 8.24× 104 N/mm2; JP refers to the tor-
sional moment of inertia of the section, in cubic millimeters
(mm3); d refers to the small diameter of the ball screw thread,
in mm.

2.2.3 Transmission stiffness

In this design, under the action of the axial load F, the ax-
ial elastic deformation produced by the lead-screw-type tip
insertion unit is δ1, as shown in Eq. (14). The torsional de-
formation produced is θ , as shown in Eq. (15); and this tor-
sion angle is converted into the axial deformation amount of
the tip insertion unit as δ2, as shown in Eq. (16) (Jiang et
al., 2012). Therefore, the overall axial deformation δ of the
entire tip insertion unit is shown in Eq. (17). Finally, it can
be deduced from the formula F =K · δ that the transmission
stiffness of the new pipetting device is shown in Eq. (18).

δ1 =
F

K1
(14)

θ =
M

KT
(15)

δ2 =
F

KT
×

(
t

2π

)2

× 102 (16)

δ = δ1+ δ2 = F

 1
K1
+

1

KT ·
(

2π
t

)2
× 10−2

 (17)

1
K
=

1
K1
+

1

KT ·
(

2π
t

)2
× 10−2

, (18)

where F refers to the axial load, in N; K1 refers to the axial
stiffness of the lead-screw-type tip insertion unit, in N/µm;
M refers to the torque received by the lead-screw-type tip
insertion unit, in N mm; KT refers to the torsional stiffness
of the ball screw, in N mm/rad; t refers to the lead of the ball
screw, in mm; K refers to the transmission stiffness of the
new pipetting device, in N/µm.

As can be seen from Fig. 1a, the maximum resistance re-
ceived by the a single pipetting shaft is 24.991 N when the
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tip is inserted, and as the new pipetting device optimized in
this study features 96 channels, that is, when 96 tips are in-
serted in batches, the total resistance received by the pipet-
ting shaft is approximately 2400 N. Therefore, according to
the magnitude of the total thrust required for inserting the tip
into the pipetting shaft, the motor and screw specifications of
the lead-screw-type tip insertion unit are selected and calcu-
lated, and through checking and verification, it is determined
that the nominal diameter of ball screw is 12 mm, the lead
is 4 mm, the screw thread length is 60 mm, the total length
of the lead screw is 80 mm, the motor specification model is
57BYGH115, the holding torque is 28 kg cm, the step angle
is 1.8◦ and the rotational moment of inertia is 811 g cm2. Fi-
nally, by substituting the above parameter values into Eqs. (1)
to (18), it can be calculated that KS = 161.71/(N/µm), KN =

699.85/(N/µm), KB = 334.54/(N/µm), K1 = 94.34/(N/µm),
KTW =KT = 8.089× 105/(N mm/rad), K = 90.069 (N/µm)
and δ ≈ 0.04274 mm. It can be seen that, as the stiffness of
the new pipetting device is very high, the deformation in the
process of installing the tip in batches is relatively small. In
addition, in this study, the downward pressing force of the
pipetting sleeve assembly is balanced by the pulling force
applied to the tip placement box by the inserting mechanism
and will not be transmitted to the carrying mechanism of the
pipetting workstation through the lifting plate, which will de-
form the carrying mechanism. And it affects the insertion ef-
fect of the tip head. The advantages of the above-mentioned
new pipetting workstations provide a technical guarantee for
improving the effect of tip insertion. The specification pa-
rameters of critical components are shown in Table 1.

3 Insertion effect

According to the investigation, it is found that the mechani-
cal arm of a conventional multi-station high-throughput au-
tomatic pipetting device is prone to warp when the tip is
inserted in batches, so that the tip box is deformed non-
uniformly. As a result, it is difficult to achieve concentric in-
sertion of the tip and the shaft, and it is difficult to achieve
equal depth depression between the shafts, leading to the
failure of the tip insertion. Therefore, to verify the superi-
ority of the new pipetting device, this study takes the multi-
station high-throughput automatic pipetting device manufac-
tured and used by a company in 2019 as an example to op-
timize and improve, simulates the process of in-batch inser-
tion of tips in the pipetting device and conducts the selective
analysis on warping deformation of the mechanical arm, the
pressing-down depth of the shaft and the deformation of the
tip box before and after optimization. The detailed parame-
ters of the analysis are shown in Table 2.

Figure 6. Warping deformation of the mechanical arm before (a)
and after (b) optimization.

3.1 Comparison of warping deformation of the
mechanical arm before and after optimization

Since the pipetting station often needs to complete the multi-
station moving action, its rack structure is limited to the
three-dimensional mechanical arm form in the mode of the
Cartesian coordinate system. Figure 6a shows a simulation
cloud diagram of the deformation of the mechanical arm dur-
ing in-batch insertion of the tip before optimization, and its
force diagram is shown in Fig. 2. The mechanical arm can be
approximately simplified into the form of a cantilever beam;
thus, the maximum warpage deformation of the mechanical
arm is about 1.69 mm. However, for a lead-screw-type tip in-
sertion unit, during the process of in-batch insertion of tips,
since the tip insertion part is in elastic contact with the me-
chanical arm, the reaction force acting on the mechanical arm
during the insertion is almost negligible. As shown in Fig. 6b,
the deformation of the mechanical arm is almost negligible,
and the deformation is caused only by the gravity of the z-
axis pipetting device before insertion and has no influence
on the subsequent insertion of the shaft and the tip.

3.2 Comparison of pressing-down depth of pipetting
shaft

As can be seen from Fig. 1a, in the process of assembling
the shaft and the tip, the maximum resistance occurs at the
late stage of insertion, and at this stage, the shaft needs to be
pressed down by 1 mm again before the tip is fully assembled
and the insertion work is completed. Therefore, this study
mainly analyzes the pressing-down condition of the shaft
at this stage. The pressing-down condition of the pipetting
shaft before optimization is shown in Fig. 7a, and the simu-
lation result of the pressing-down condition of the shaft of the
new pipetting device after optimization is shown in Fig. 7b.
Through comparison, it can be seen that the shaft pressing-
down depth of the new pipetting device is uniform. The max-
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Table 1. The specification of critical components of the new pipetting device.

Property Specification of motor Ball screw specification Guide rail sliding block Specification of
of z axis of z axis of z axis motor 1

Parameters 57BYGH15 SFU1610-2 HGH15CA 57BYGH115

Property Specification of ball screw Guide rail sliding Guide rail sliding
connected with motor 1 block 1 block 2

Parameters SFU1204-3 MGN12C SGR10E

Property External dimensions of shaft assembly Sectional area of long rod clamp

Parameters 95× 130× 170 mm 10× 16 mm

Property Angle of inclination External dimensions of tip External dimensions of
CAM guide plate insertion mechanism pipetting device

Parameters 50◦ 185× 205× 325 mm 215× 225× 415 mm

Table 2. Detailed parameters of the simulation assembly process.

Property Boundary dimension Boundary dimension Boundary dimension of
of x axis of y axis fixed seat of y axis

Specification 12× 120× 130 mm 20× 122× 650 mm 25× 120× 200 mm

Property Boundary dimension Shaft face Mass of
of z axis diameter shaft components

Specification 15× 115× 285 mm 7.8 mm 19.5 kg

Property Thickness of Spacing of Number Mechanical arms’
tip box tip hole of tips material

Specification 1.5 mm 10 mm 96 Al 6061

imum pressing-down depth of the shaft is 1.0291 mm, while
the minimum pressing-down depth is 0.99612 mm, and the
maximum difference of pressing-down depth between the
shafts is only 0.033 mm. The pressing-down depth of all
shafts is almost the same, indicating that each shaft will be
tightly fitted with the corresponding tip lock when motor 1
stops. However, before optimization, the maximum pressing-
down depth of the shaft is 1.134 mm, and the minimum
pressing-down depth is 0.64703 mm. The maximum differ-
ence of the pressing-down depth is 0.486 mm; that is, the dif-
ference of the pressing-down depth of the pipetting shaft is
large, which may easily lead to failure of the insertion of part
of the tip.

3.3 Comparison of deformation of tip box

According to the investigation, the deformation of the tip
box tends to change the position of the tip and then leads to
the difficulty of concentric insertion between the tip and the
shaft. Figure 8a shows the deformation of the tip box dur-
ing in-batch insertion of the tip before optimization, while
Fig. 8b shows the deformation of the tip box after optimiza-

Figure 7. Pressing-down conditions of pipetting shaft before (a)
and after optimization (b).

tion. Through comparison, it is found that, since the defor-
mation of the tip box during in-batch insertion of the tip for
the new pipetting device is uniform and small, the shaft can
be inserted concentrically with the tip to ensure the insertion
effect of the tip. The deformation before optimization is very
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Table 3. Comparison of in-batch insertion effect of tip before and after optimization.

Property Warping Maximum difference of Maximum Maximum
deformation of pressing-down depth deformation of deformation difference
mechanical arm between shafts tip box of tip box

Before optimization 1.6904 mm 0.486 mm 0.42375 mm 0.202
After optimization 0.3060 mm 0.033 mm 0.24123 mm 0.044

Figure 8. Simulation analysis on deformation of the tip box be-
fore (a) and after optimization (b).

uneven, the deformation near the z-axis base plate is large,
the maximum deformation is about 0.42375 mm, the outward
deformation gradually decreases, by about 0.23116 mm, and
the maximum deformation difference is 0.202 mm. Note that
a large deformation difference tends to make it difficult for
individual tips to be inserted into the shaft.

Table 3 shows the results of simulation of in-batch inser-
tion of the tip of pipetting device before and after optimiza-
tion. Through comparison, it can be seen that the lead-screw-
type tip insertion unit can solve the problem of the poor in-
sertion effect of the existing multi-station high-throughput
pipetting station in the process of in-batch insertion of the
tip. The warping deformation caused by the mechanical arm
is almost negligible, the pressing-down depth of each pipet-
ting shaft is uniform, the effect of the tip insertion is goods
and the deformation of the tip box is also uniform. All of
the above may ensure that when the pipetting shaft is pressed
down, the concentric insertion with the tip is maintained at all
times, thus greatly improving the effect of in-batch insertion
of the tip.

3.4 Prototype experiment

In this study, a new type of multi-station high-throughput
automatic pipette prototype was manufactured based on the
above design ideas. The main purpose of this prototype test
is to test the inserting effect of tips and airtightness of the tip
after assembly.

First of all, this study took the batch insertion of 96 tips as
an example to compare and analyze the effect of batch inser-
tion of tips before and after the optimization of the pipetting

Table 4. Comparison of the number of tightening tips in single press
before and after optimization.

Item Before After
optimization optimization

Number of tightening tips 85–88 96

workstation. When all 96 tips are inserted in a single press,
8–10 tips of the automatic pipette before optimization are not
tightly fitted with the sleeve. With a lot of experiments, the
statistical record results are shown in Table 4.

Before optimization, the automatic pipette needs to be
pressed down and inserted two–three times to tighten all the
96 tips. After optimization, it only needs to be operated once.
The next step is to check the airtightness of the tip assembly.
This study adopts the pipette tightness detection method de-
signed by Ma et al. (2008) to judge whether the pipette is
sealed under the force of pressure. To be specific, the tight-
ness of the pipette is a combination of the tightness between
the pipette piston and the piston seal and the tightness be-
tween the pipette sleeve and the tip. The criterion of pipette
tightness is that the vacuum degree reaches 0.04 MPa, and it
can be kept at this level for at least 5 s without bubbles; oth-
erwise the adhesion is unacceptable. This study tested the 96
channels of the prototype one by one and recorded the length
of time each channel can be maintained when the vacuum
value is 0.4 MPa. Before optimization, it is only used as a
reference for comparison. This article focuses on the specific
performance after optimization.

It can be seen from Tables 4, 5 and 6 that in the case of a
single insertion of 96 tips, the tightening rate of the tips in-
creased by approximately 12 % after optimization. The main-
tenance time of the lowest set of channels before optimiza-
tion is only 3.64 s when the vacuum degree is 0.4 MPa, while
the maintenance time of the lowest set of channels after op-
timization is 5.68 s under the same conditions, and only the
maintenance time of the 96th channel is less than 5 s, which
is 4.86 s. The above-mentioned prototype test results fully
demonstrated that the qualification rate of the tip insertion
of the new pipetting workstation has increased by approxi-
mately 20 %.
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Table 5. Statistic table of pipette tightness test results.

Sequence number of Before optimization After optimization

disposable tip Maintenance time State Maintenance time State
in seconds in seconds

1–12 > 7 s qualified > 7 s qualified
13–24 > 7 s qualified > 7 s qualified
25–36 6.66 s qualified > 7 s qualified
37–48 6.20 s qualified > 7 s qualified
49–60 5.54 s qualified > 7 s qualified
61–72 5.50 s qualified > 7 s qualified
73–84 5.02 s unqualified 6.20 s qualified
85–96 3.64 s unqualified 5.68 s qualified

Total pass rate 81.35 % 98.95 %

Table 6. Statistical table of tightness test results of channels 85–96
after optimization.

Sequence number of Maintenance time
disposable tip in seconds

85 6.24 s
86 6.12 s
87 5.90 s
88 6.12 s
89 5.8 s
90 5.68 s
91 5.88 s
92 5.68 s
93 5.42 s
94 5.26 s
95 5.24 s
96 4.86 s

4 Conclusion

In this paper, a high-rigidity screw-type tip-inserting mech-
anism with a good centering effect is designed. The struc-
tural characteristics and working principle of the inserting
mechanism are introduced, the stiffness model of the new-
type pipetting device is established and its stiffness and ax-
ial deformation are calculated. Finally, a multi-station high-
throughput automatic pipette produced by a company was
used as an example to optimize and improve it and conduct
a prototype test. The research conclusions are given in the
following.

The theoretical stiffness of the lead-screw-type tip inser-
tion unit is very large, which is about 90.069 N/µm, and the
axial deformation during in-batch insertion of the tip is very
small, which is only 0.043 mm.

When the optimized new pipetting device is inserted with
the tip, the warpage deformation of the robotic arm of the au-
tomatic pipette is 1/5 of the pre-optimization. The maximum

value of the difference in the depression depth between the
various pipette sleeves is only 0.03258 mm, which is 1/15 of
that before optimization.

In the case of the new pipetting workstation with 96 tips
inserted in a single press, the tightness rate of tip increased
by approximately 12 % after optimization; the tightness test
pass rate of the optimized pipette workstation increased by
approximately 20 %.

The screw-type inserting mechanism in this study has the-
oretical guiding significance for the design of other such con-
tact loading devices that need to maintain high rigidity and a
centering motion.
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