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Self-driving laboratories are being investigated as a potential means to accelerate the material discovery

process. Accurate liquid handling is an essential operation in the context of chemical laboratories, and

consequently a self-driving laboratory will require robotic liquid handling and transfer. Although many

pipettes are available for human scientists, robots cannot manipulate these pipettes due to the

limitations of current robot gripper morphology. We propose an intuitive yet elegant design for a 3D-

printed digital pipette designed for robots to carry out chemical experiments. It costs less than 200 USD,

and the simple design with three parts enables a new user to assemble one in 10 minutes. We

conducted a performance evaluation that closely followed ISO 8655-6. Our results show that robots

with the digital pipette could conduct accurate liquid delivery with 0.2% random error for the nominal

volume (10 mL). This performance is comparable to commercially available liquid handling devices,

whose typical random errors are 0.3%.
1 Introduction

In a self-driving lab, robots carry out experiments autono-
mously and select the next experiment to perform using AI or
optimization approaches.1,2 Among different approaches
toward self-driving laboratories, we aim to introduce
a general-purpose robot that conducts chemical experiments,
using common hardware and affordable customized tools.
Specialized hardware for lab automation is expensive and
oen lacks exibility. It usually requires additional hardware
to expand its functionality. On the other hand, general-
purpose robots are expandable with soware and enable lab
automation that maximizes existing resources. A large set of
operations, such as reagent addition, stirring, and tempera-
ture control, can be implemented by programming a robot to
use common lab tools. Since most existing chemistry instru-
ments are designed for human use, introducing a robot that
conducts experiments in a similar way to humans has the
potential to realize a higher level of integration of instruments
at a lower cost. One of the common tasks that robots must
perform accurately in chemistry, materials science, and
biology self-driving laboratories is the transfer of liquids.
Pouring liquids for chemistry experiments using a robot arm
and regular glassware has been proposed, but its accuracy is
uki.yoshikawa@mail.utoronto.ca

anada. E-mail: garg@cs.toronto.edu

(CIFAR), Canada. E-mail: alan@aspuru.

tion (ESI) available. See DOI:

the Royal Society of Chemistry
limited due to the delayed feedback from the sensors.3 This
study seeks to overcome these limitations by providing
a simple and affordable solution that can be extended to many
robotic settings.

Accurate liquid handling is crucial in scientic experiments,
and various liquid-transferring instruments have been devel-
oped to improve accuracy and safety, such as the Pasteur
pipette, the volumetric pipette, and the micropipette. These
pipettes are widely available, but they are mainly designed for
manual human operation. Typical robotic hands are not as
dexterous as human hands, so it is difficult to handle common
manual pipettes found in labs. It would require laborious
engineering to make robots use pipettes designed for humans.
For example, when using a robot with a two-nger gripper, the
gripper is used to hold the pipette, and it cannot push a button
or rubber bulbs to dispense liquids. In addition, controlling the
amount of transferred liquid requires visual perception skills,
such as detecting the surface of liquids or reading the numbers
on a scale. Solving these technical difficulties requires addi-
tional development time or specialized hardware. Specialized
end-effectors for triggering pipettes have been proposed to
operate commercially available pipettes.4,5 However, these end-
effectors limit the capabilities of the robot hand to operate other
objects. Anthropomorphic hands may handle manual pipettes,
but they impose many technical challenges on soware
development.

Creating custom hardware for a particular usage is necessary
when commercial items do not fulll the requirements for the
task. 3D printers have been utilized as an inexpensive and
ubiquitous method to manufacture customized labwares.6,7
Digital Discovery, 2023, 2, 1745–1751 | 1745
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Fig. 2 (a) 3D CADmodel for the digital pipette: (i) platform, (ii) plunger
holder, (iii) syringe cover. (b) Picture of the assembled pipette.
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There have been proposed 3D-printed liquid handling devices,
such as syringe pumps,8–11 liquid handling workstation12 and
a desktop liquid dispenser.13 They are typically designed as
independent devices and are not intended to be used with
a general-purpose robot arm. A syringe pump operated by
a robot arm14 is one of the few examples of 3D-printed liquid
handling devices designed for a general-purpose robot. 3D
printed micropipettes are also proposed; however, their actua-
tion mechanisms are designed for dexterous human ngers,
such as pushing a plunger15,16 or rotating gears.17

In this paper, we propose a 3D-printed digital pipette
designed for two-nger robot grippers. The proposed pipette
offers an accurate liquid handling skill to our chemistry lab
automation framework3 shown in Fig. 1. Our pipette uses a low-
cost commercial syringe to hold liquids and a linear actuator to
handle the plunger of the syringe. The linear actuator enables
precise control of the syringe plunger. To address the pipette
handling problem with a two-nger robot gripper, our device
aspirates and dispenses liquids by sending a command through
a serial communication protocol. Moreover, the volume of
liquid to transfer can be specied by a serial command from
a PC. This command is later transformed into the linear actu-
ator control signal. This control mechanism does not require
any visual perception skills. The portable shape with at
surfaces makes grasping by two-nger robot grippers easier and
more reliable. This open and affordable hardware equips
a general-purpose robot with liquid handling ability without
limiting its existing capabilities in performing other tasks, such
as manipulation.

The design of the pipette is publicly available under the
creative commons license. In addition, the code for controlling
the proposed pipette is available with the documentation. Users
can expand our design to adjust to their individual needs. Our
pipette design can be used with any general industrial robot
with a simple gripper, making it easy to integrate into existing
automated laboratory setups. The low cost of our design makes
it feasible to develop and deploy multiple devices for use in
Fig. 1 Chemistry lab automation framework.3 The framework takes instr
input from perception modules. The generated plan is passed to the skill
arms. The proposed digital pipette works as the liquid handling skill in th

1746 | Digital Discovery, 2023, 2, 1745–1751
different laboratory settings. These capabilities, combined with
its precision and versatility, make our pipette an attractive
solution for various applications in the self-driving laboratory
eld. Our device enhances the capabilities of robot arms,
making them more accessible for self-driving lab development.
The device can be applied to a variety of experiments that
require quantitative analysis, such as solubility measurements.
This study represents a step forward in the eld of lab auto-
mation by providing a cost-effective and versatile solution for
precise liquid handling.

2 Methods

Our digital pipette provides a low-cost liquid handling solution
to a general-purpose robot arm. In this section, we will explain
its design and our evaluation approach.

2.1 Pipette design

We will describe the design of the digital pipette and the cost to
build one.
uctions from users and generates a task and motion plan based on the
module for execution and realized by chemical instruments and robot
is framework.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Circuit diagram of Arduino and the linear actuator. The signal
pin (white) of the linear actuator is connected to pin 8 of Arduino Uno,
the power pin (red) is connected to 6 V power, and the ground pin
(black) is connected to the GND. Arduino is connected to a PC via
a USB cable.

Table 1 Cost analysis of the proposed pipette

Parts Price Details

Linear actuator 70 USD Actuonix L16-100-63-6-R
3D printing 60 USD Estimated cost to print all parts
Electronic parts 40 USD Arduino, cables, connectors
10 mL syringe 1 USD NORM-JECT Luer Solo (10 mL)

§ https://www.xometry.com/ We chose Standard option to make a quote.
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2.1.1 Overview. The design of our digital pipette is shown
in Fig. 2. The pipette is composed of three parts: a platform,
a plunger holder, and a syringe cover. They are available on
GitHub,‡ where rendered STL les can be viewed. A linear
actuator is fastened to the platform with screws and a mounting
bracket. The plunger of the 10 mL syringe and the tip of the
linear actuator are connected together by the plunger holder.
The syringe barrel is fastened by the platform and the syringe
cover. The linear actuator is operated by an Arduino that
communicates with the robot workstation through a USB-serial
communication protocol. The total length of the pipette is
37 cm. Because of its simplicity, it takes less than 10 min for an
inexperienced user to build the pipette. Detailed building
instruction is also available in the GitHub repository.

2.1.2 3D printing. The 3D models of the pipette were
designed with Fusion 360 (Autodesk Inc.). The platform was
printed with Form 3L (Formlabs Inc.) using Formlabs Rigid 10K
Resin. The plunger holder and syringe cover were printed with
a KP3S printer (KINGROON Tech Co., Ltd) using ANYCUBIC
PLA 3D Printer Filament (Grey). The rigid resin was suitable for
the platform because of its rigidness, and PLA was suitable for
movable parts because of its lightness and exibility.

2.1.3 Circuit. The pipette operates a syringe with a linear
actuator controlled by an Arduino that communicates with the
controller PC. We used L16-100-63-6-R (Actuonix, Canada) as
a linear actuator. The linear actuator is lightweight (74 g) and
provides enough force (maximum 100 N) to operate a large
syringe. It is connected to a 6 V DC power input and Arduino.
NORM-JECT Luer Solo 10 mL was used as a common disposal
syringe. We used Uno 328 AVR Dev Board (Creatron Inc., Can-
ada), which is compatible with Arduino Uno Rev3. The circuit
diagram is shown in Fig. 3. The Arduino is connected to a PC via
a USB cable and controls the linear actuator. The actuator takes
a 5 V pulse signal to decide the length of its extension. A 1.0 ms
pulse signal fully retracts the actuator, and a 2.0 ms signal fully
‡ https://github.com/ac-rad/digital-pipette/

© 2023 The Author(s). Published by the Royal Society of Chemistry
extends it. The controller PC sends an integer N to Arduino via
serial communication, and the Arduino sends a N microsecond
pulse to the actuator. The length of the pulse that corresponds
to each volume may vary because of printing accuracy and the
individual characteristic of the actuator. The pulse length was
calibrated by measuring the weight of dispensed water using
a weighing scale.

2.1.4 Cost analysis. Table 1 shows the approximate prices
for the components that were used in assembling the pipette.
Please note that the cost of 3D printing depends on the printing
methods. The cost of the printing materials we consumed to
build one pipette was around 30 USD. The estimated costs of
online printing services were 64.76 USD in Xometry,§ and 58.57
USD in Shapeways.{ Our proposed pipette costs less than 200
USD in total, which is comparable to typical micropipettes used
in a chemistry laboratory, whose cost ranges in 50–350 USD.

2.2 Manual gravimetric test

The digital pipette was evaluated by gravimetric testing based
on the international standard on pipettes (ISO 8655-6 (ref. 18)).
We measured the weight of the delivered water using a scale.
The weighing value at i-th test mi is converted into a volume
using a formula

Vi = mi × Z (1)

where Z is the Z correction factor that depends on the temper-
ature and air pressure at measurement taken from the table in
the standard.18 Since the water temperature was 22 °C and the
air pressure was 100.8 kPa, Z = 1.0033 (mL mg−1) was used for
calculation. The mean delivered volume �V is calculated by

V ¼
Pn
i¼1

Vi

n
(2)

The systematic error es and its percent expression hs are
calculated by

es = �V − Vs (3)

hs = 100% × ( �V − Vs)/Vs (4)

where Vs is the selected test volume. The random error sr and its
percent expression CV are calculated by
{ https://www.shapeways.com/ We chose White Natural Versatile Plastic,
Economy Manufacturing Speed, and Standard Shipping to United States to
make a quote.

Digital Discovery, 2023, 2, 1745–1751 | 1747
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sr ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn
i¼1

�
Vi � V

�2

n� 1

vuuut
(5)

CV = 100% × sr/ �V (6)

We used ultrapure water from the Thermo Barnstead Gen-
Pure xCAD Ultrapure Water system. The pipette aspirates water
from a beaker and dispenses it onto a Petri dish. The weight of
the delivered water was measured by a scale with a resolution of
0.1 mg. The scale was tared each time just before dispensing
water to reduce the error caused by evaporation. Although the
proposed device is designed for robots, this evaluation is per-
formed by a human because we could not mount the high-
resolution (0.1 mg) scale specied by the standard in our
robot operation environment. The device was handled by
sending a command from a laptop connected to the device. As
specied by the standard, we tested 100%, 50%, and 10% of the
nominal volume (i.e., 10 mL, 5 mL, and 1 mL). A commercial
micropipette (Transferpette S 1–10 mL) was tested following the
same protocol as a baseline. A graduate student with
biochemistry experiment experience conducted this study, and
the repeatability of errors was double-checked by an experi-
mental chemist. Please note that we had to ignore some details
in ISO 8655-6 because of the nature of the device and the
limitation of the equipment. For example, we did not change
the tip during the test because the proposed pipette does not
support tip replacement, and the humidity of the room (25%)
was out of the allowed range (45–85%).
2.3 Robotic pipetting test

We evaluated the performance of the pipette by transferring
water with a Franka Emika robot equipped with a Robotiq 2F-85
gripper that has two ngers. The robot is equipped with an
additional servo motor to increase the dexterity of the robot.
Details of the robot are described elsewhere.3 Fig. 4 shows the
experimental setup. The robot grasps the pipette at the begin-
ning of the experiment. The robot repeatedly delivers deionized
water between two beakers. The amount of delivered water is
measured by the difference in the weight of a beaker using
Fig. 4 Robotic pipetting test setup. (a) The robot moves the pipette on to
it, (c) the robot moves the pipette on top of another beaker and dispens

1748 | Digital Discovery, 2023, 2, 1745–1751
a scale with a resolution of 0.01 g. To ensure the tip of the
syringe was immersed in the water, the experiment was paused
when the amount of water in the beaker was lowered and
resumed aer moving water between beakers. We continued the
experiment until the total test number reached 100. The
maximum number of continuous experiments was 100 for 1
mL, 50 for 5 mL, and 30 for 10 mL. The same calibration value
was used throughout the experiment for each volume. We set
a 5 s delay aer sending a signal to the pipette to wait for the
movement of the actuator. The systematic and random errors
were calculated using the same formula in the previous section.
Z = 1.0037 was used for 1 and 10 mL and Z = 1.0040 for 5 mL
based on the air pressure and temperature at the time of the
experiment.
2.4 Evaluation of calibration and resolution

The proposed pipette operates a syringe with a linear actuator
controlled by a pulse signal with a resolution of 1 ms. The pulse
length that corresponds to each target volume needs to be
determined before use to consider printing and assembly errors
and the characteristics of the individual actuator and syringe.
The optimal pulse length is determined by measuring the
transferred volume with different pulse lengths. The pipetting
performance was measured by changing the pulse length at
aspiration to demonstrate the calibration process and evaluate
the resolution. Water delivery tests were conducted 10 times for
each pulse length in the same manner as the robotic pipetting
experiment. The pulse length to dispense liquid was xed at
1820 ms, where the plunger is fully pushed. Based on the
temperature and air pressure at test time, Z = 1.0037 was used
in the calculation.
2.5 Evaluation of the effect of viscosity

To evaluate the effect of liquid viscosity on the pipette perfor-
mance, the robotic liquid transfer test was conducted for sugar
solutions with different concentrations. The viscosity of the
sugar solution rapidly changes as its concentration increases.
Sugar solutions were prepared by mixing granular sugar (Lantic
Inc., Canada) and deionized water. The temperature of the
solution used in the evaluation was 25 °C. The experiment was
p of a beaker, (b) the robot immerses the pipette in water and aspirates
es the water. The amount of delivered water is measured by a scale.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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repeated ten times for each concentration, and the mean and
standard deviation of the transferred weight were reported. The
performance of the commercial micropipette (Transferpette S
1–10 mL) was measured as a baseline. We chose 5 mL as the
target volume.
Fig. 6 The relationship between pulse length and transferred volume
of water. The robotic liquid transfer experiment was repeated 10 times
for each pulse length. The formula of the regression line is y=−0.019x
+ 34.872.
3 Results and discussion
3.1 Manual gravimetric test

The result of the gravimetric test is shown in Table 2. The
systematic and random errors of the proposed pipette were
below the maximal permissible errors for single channel
pipettes specied in the standard,19 and the performance was
comparable with a commercial micropipette. Please note that
the system error for the micropipette was consistent with the
value reported by the manufacturer (0.31%), but the random
error was larger than the reported value (0.06%), possibly
because of the difference in the prociency of pipette handling.
Table 2 Gravimetric testing results (n = 10)

Volume Device/standard �V (mL) hs (%) CV (%)

10.0 mL Ours 10.0083 0.08 0.07
Micropipette 10.0170 0.17 0.15
ISO 8655 — 0.60 0.30

5.0 mL Ours 4.9922 −0.16 0.14
Micropipette 5.0025 0.05 0.12
ISO 8655 — 1.2 0.60

1.0 mL Ours 0.9887 −1.1 0.76
Micropipette 1.0349 3.49 0.64
ISO 8655 — 6.0 3.0

Table 3 Robotic pipetting evaluation results (n = 100)

Volume (mL) �V (mL) hs (%) CV (%)

10.0 10.011 0.11 0.20
5.0 4.989 −0.22 0.26
1.0 1.002 0.17 2.40

Fig. 5 Distribution of the transferred liquid in the robotic pipetting expe
10.011, sr = 0.020), (b) 5.0 mL pipetting (�V = 4.989, sr = 0.013), (c) 1.0 m

Fig. 7 The relationship between pulse length and transferred volume
of water around 10 mL. The robotic liquid transfer experiment was
repeated 10 times for each pulse length. All pulse lengths are integer
values, but the points are dodged for the x-axis to increase visibility.
The formula of the regression line is y = −0.018x + 33.684. Based on
this result, 1286 ms pulse was used for 10 mL.

© 2023 The Author(s). Published by the Royal Society of Chemistry
3.2 Robotic pipetting evaluation

Table 3 and Fig. 5 show the result of the evaluation. The
systematic and random errors were within permissible errors in
ISO 8655-2. The experiment did not involve any recalibration,
and no signicant degradation in performance was observed.
riment for three different volumes (n = 100). (a) 10.0 mL pipetting (�V =

L pipetting (�V = 1.002, sr = 0.024).

Digital Discovery, 2023, 2, 1745–1751 | 1749

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3dd00115f


Table 4 Robotic pipetting for different viscosity (n = 10). Concentration is the mass percent of the solution, viscosity is the literature value for
sucrose solution at 20 °C,20 the target is the weight of 5 mL solution expected from the literature density at 20 °C, and ours and micropipette are
the weight of delivered solution by each method written in the format of average± standard deviation (average relative deviation from the target
in %)

Concentration (%) Viscosity (mPa s) Target (g) Ours (g) Micropipette (g)

0.0 1.002 4.991 4.978 � 0.011 (−0.26) 4.984 � 0.014 (−0.14)
20.0 1.945 5.405 5.376 � 0.019 (−0.54) 5.389 � 0.019 (−0.30)
40.0 6.162 5.885 5.878 � 0.013 (−0.12) 5.845 � 0.016 (−0.68)
60.0 58.487 6.430 6.447 � 0.017 (+0.26) 6.354 � 0.031 (−1.18)
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For example, both the systematic and random errors for any
continuous 10 tests during 100 pipetting were within the
permissible range. It took 66 min to deliver 1 mL of water 100
times. The random error in this experiment was larger than the
value reported in the manual experiment. One major reason is
the lack of perception of the syringe status. When the pipette
aspirated water, one drop of water oen remained at the tip of
the syringe. Humans could detect the drop and remove it, but
the robot carried the pipette without removing the drop since it
did not observe the syringe and the movement to remove a drop
was not implemented. The weight of the drop could increase the
random error. The vibration of the robot arm might affect the
handling of the pipette and contribute to the higher error.
Although the robot attained enough accuracy specied in the
international standard, the perception of the syringe status and
more human-like movement may help increase the
performance.

3.3 Calibration and resolution

The relationship between the pulse length and transferred
volume of water is shown in Fig. 6. The length of the pulse and
transferred volume are in a linear relationship and 1 ms differ-
ence in pulse length roughly corresponds with 0.02 mL of the
transferred volume. The detailed plot between 1280 and 1290 ms
is shown in Fig. 7 to demonstrate the calibration process. The
linear relationship still holds in this plot and we could calibrate
the transferred volume by a resolution of 0.02 mL. Since the
absolute random error stayed almost constant value for all pulse
lengths, the relative random error increased when the target
volume decreased, e.g., 5% for 0.5 mL, 15% for 0.1 mL. A
different pipette with a small syringe may be necessary for the
precise handling of liquid that is smaller than 10% of the
nominal volume.

3.4 Effect of viscosity

Table 4 shows the result of the evaluation. The performance of
the pipette remained stable under different viscosities and it
was consistent with a commercial micropipette and the values
expected from the literature. For example, at 40% concentra-
tion, our digital pipette showed a −0.12% deviation from the
target value on average, whereas the commercial micropipette
had a −0.68% deviation. This result suggests that the proposed
pipette can support various liquids with a wide range of
viscosity.
1750 | Digital Discovery, 2023, 2, 1745–1751
4 Conclusions

We have developed open-source hardware to conduct precise
liquid handling with a two-nger robotic hand without custom-
ization. The performance was comparable to a commercially
available micropipette in various liquid transfer tasks. The
performance attained by the pipette is also comparable with
other automatic commercial liquid dispensing hardware. For
example, the liquid dispenser of Chemspeed (Chemspeed
Technologies) provides 0.5% accuracy (systematic error) and
0.3% precision (random error) for 1–10 mL water, according to
the manual. The largest pipette (P1000 GEN2) of OT-2 Liquid
Handler (Opentrons) offers 0.7% accuracy and 0.15% precision
for 1000 mL.21 The proposed low-cost hardware enables a general-
purpose robot arm to deliver liquid in a similar performance to
more expensive specialized hardware. This lowers the barrier to
introducing accurate liquid handling for self-driving labs.

Although we used a 10mL syringe in our design, the nominal
volume can be adjusted by using a different syringe. Smaller
syringe enables higher accuracy in small-amount pouring, and
larger syringes are suitable for a different purpose that requires
more amount of liquid. Since the design of the proposed pipette
is freely available under the creative commons license, users
can easily sketch new pipettes starting from our design.

Since attaching and replacing those parts with a robot arm
makes the robot movement complex, our pipette currently does
not have needles or pipette tips that would help to avoid
contamination. Although we can prepare a separate pipette for
each liquid, this solution is costly. Extending our device to
handle multiple liquids without cross-contamination is part of
our future work.
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