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Abstract— Automated laboratory experiments have the po-
tential to propel new discoveries, while increasing reproducibil-
ity and improving scientists’ safety when handling dangerous
materials. However, many automated laboratory workflows
have not fully leveraged the remarkable advancements in
robotics and digital lab equipment. As a result, most robotic
systems used in the labs are programmed specifically for a
single experiment, often relying on proprietary architectures
or using unconventional hardware. In this work, we tackle
this problem by proposing a novel robotic system architecture
specifically designed with and for chemists, which allows the
scientist to easily reconfigure their setup for new experiments.
Specifically, the system’s strength is its ability to combine
together heterogeneous robotic platforms with standard labora-
tory equipment to create different experimental setups. Finally,
we show how the architecture can be used for specific laboratory
experiments through case studies such as solubility screening
and crystallisation.

I. INTRODUCTION

Accelerating the discovery of new materials is important
for industrial applications such as healthcare and energy
production. This can be achieved through running long-term
experiments autonomously, for example by increasing the use
of robotic platforms in laboratories. In practice, this would
accumulate more experiments in less time, and potentially
minimise the scientists’ exposure to harmful chemicals,
reducing their repetitive tasks.

Recently, there have been significant efforts to fully
automate laboratory experiments with the introduction of
different robotic platforms such as for the search of materials
for hydrogen production [1] and for solubility screening [2].
For example, in [1] the robot ran for eight consecutive days,
carrying out 688 experiments, which is notably faster than a
human scientist.

However, while these have been important achievements,
there is still an open gap when it comes to having a
standard architecture that allows ease of integration of robotic
platforms and laboratory equipment simultaneously, but that
is also easy to use by chemists. Being (in general) non-
proficient robotic users, chemists tend to prefer a system
that would be easy to program, simplifies experimental data
analysis, and generalises to a broad array of experiments.

To address this, we propose a novel architecture spe-
cialised in running standard chemistry laboratory routines
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Fig. 1. Scheme for ARChemist. The overall reconfigurable system allows
chemists to program their experiments through a chemical recipe, capturing
the workflow state in terms of stations, robots, and sample progress. The
chemical recipes represent the system input data, while the fully processed
samples results represent its output data.

using heterogeneous collaborative robotic platforms and var-
ious lab equipment (Fig. 1). The main advantage of our archi-
tecture is that it streamlines the process of automating chem-
istry experiments by granting the scientist the possibility to
easily design and execute his or her experiment. We achieved
this through designing the architecture in close collaboration
with chemists: as a result, we provide the user an input file to
program the overall experiment. Our heterogeneous robotic
architecture is evaluated on two essential use cases: solubility
screening and crystallisation.

In summary, the contributions of this work are as follows:
1) A novel reconfigurable architecture using heteroge-

neous robots and laboratory instruments that can be
easily expanded with additional equipment through an
open-source middleware. Specifically, this architecture
shows the potential of using different robotic platforms
in the chemistry automation domain, where the scien-
tist can build his or her experiment using a human-
readable language.

2) Real-world examples of laboratory experiments such as
solubility screening as well as crystallisation and anal-
ysis using different robots and laboratory equipment.
This is realised by creating synergy between lab hard-
ware and ‘robotic chemists’ through a communication
layer.

II. RELATED WORK

Robots are increasingly being used in laboratories to
ensure the safety of scientists by mitigating their exposure
to toxic and strenuous environments, while preserving their
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overall health with fewer repetitive tasks. The overarching
goal has always pivoted around the importance of developing
architectures that increase reproducibility and throughput.

Chemistry is a scientific field that has gained interest in
using robotic platforms for automating experiments. A mo-
bile robotic chemist was used to search for materials, namely
photocatalysts, for hydrogen production from water [1]. The
robot carried out experiments to validate several hypotheses,
accelerating the work of a human researcher, which would
have taken several months rather than only a week. This
work aligns with our architecture, such that the goal of
our method is to automate the scientists rather than the
instruments. Our work plans on augmenting the capabilities
of a mobile robotic platform, as used in this earlier work,
with multiple platforms that would also generalise to more
experiments beyond the search of materials for hydrogen
production. Furthermore, these previous experiments were
carried out using a rigid configuration and hence would not
allow migration with ease to a new workflow. In contrast, our
new work proposes an architecture that uses the same mobile
manipulator, together with other robots and lab equipment,
yet can be easily reconfigured to develop new workflows and
add additional platforms.

In the field of automated synthesis, previous studies pro-
posed a preliminary integration of algorithmic prediction of
viable routes to a desired compound with its implementation
on a platform that needs little to no human intervention [3].
However, human intervention was still necessary to aide the
predictor with practical considerations in for example solvent
choice. A further work in the field of organic chemistry
synthesis used a robot that was able to perform a Michael
reaction, and the results obtained were comparable to a junior
chemist [4]. The setup was optimised for a single reaction
and there was no feedback between the instruments and the
robot; two issues that our architecture aims to address.

Another prominent work is the chemical processing pro-
gramming architecture (ChemPU) [5], which is a more gener-
alisable programming architecture with customised hardware
that aims to standardise all chemical synthesis. Here, the
authors propose an architecture for several chemistry au-
tomation experiments aimed at increasing reproducibility and
interoperability. However, the proposed architecture requires
the ChemPU and cannot easily be integrated with other
standard equipment found in chemistry labs. Also, neither
of these approaches integrates mobile robots. The latter is a
key requirement as most scientific labs have been designed
for human scientists and as a result, it is often the case that
other equipment are not within reach of the robot. Hence,
mobility is essential to transport samples to other stations.

Another recent work developed a robotic system for auto-
mated solubility screening [2], a vital step in many chemistry
experiments. The authors combine solid and liquid dispens-
ing with computer vision and iterative feedback to measure
caffeine solubility. Although this system requires initial user
input, it is then capable of running autonomously and produc-
ing results which are comparable to other invasive techniques
like for example high-performance liquid chromatography. In

their work, the authors demonstrate their methodology with
both the N9 and the Kinova Gen3 robotic arms separately.
While our work also uses solubility screening as a case study,
we extend the workflow by adding a mobile manipulator,
which would both facilitate transporting samples between
isolated lab regions, and could potentially also work in
parallel to the manipulator on other stations with the goal
of increasing throughput.

Our proposed architecture differs from earlier related
works [2] [6] by using a widely accepted open source mid-
dleware that would ease integration with additional robotic
platforms and laboratory equipment. The main motivation for
developing our architecture was to move closer to having
reliable and robust ‘robotic chemists’; this needs to be an
interdisciplinary effort and we believe that using the robotic
operating system as a middleware would fuel further interest
from the robotics community. Moreover, to our knowledge,
our work is the first to introduce an architecture for lab
automation that uses heterogeneous robotic platforms within
the same experimental workflow. As a result, our work aims
to illustrate the use of multiple robotic platforms within
chemistry workflows, to increase both output and allow
generalisation to various experiments.

III. ARCHEMIST DESCRIPTION
A. Overview

The ARChemist system architecture (Fig. 2) allows us
to combine heterogeneous robotic platforms and lab in-
struments efficiently for autonomous chemistry workflows.
Using human-readable input chemistry recipes, scientists
can easily program their experiments without the need for
extensive robotic expertise. These recipes can be used by
artificial or human agents to interact with the system and
to make decisions to drive the chemical process towards a
desirable outcome. This architecture is re-configurable and
easily extended with new lab equipment and robots without
changing its underlying structure or processing algorithm.

Each individual sample has a recipe attached to it, which
needs to be fulfilled to complete the experiment. To achieve
that, the experiment space is represented in terms of the
available resources in the chemistry workflow, that include
materials, robots, equipment, and samples. Moreover, it also
keeps track of sample information e.g. materials content
and operation history. This is managed and tracked by the
State Manager, which initialises the system state from a
configuration file that describes the available resources or
from database records, if this is not the first run. The database
and file handling are managed by the Persistence Manager.
It allows storage of the system state in a database for easy
retrieval. Furthermore, it also handles parsing configuration
and recipe files and constructing their respective objects.

The experiment execution and monitoring are handled by
the Workflow Manager, which utilises the state representation
provided by the State and Persistence Managers to perform
its duties. To process the samples and execute their chemical
recipes, the Workflow Processor deals with any samples not
assigned to stations and according to the state and recipe
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Fig. 2. An overall block diagram of ARChemist. The State Manager is responsible for representing the chemistry experiment state. The Persistence Manager
allows to store and retrieve this state from a database. In addition, it is responsible for parsing the input files. The Workflow Manager utilises the previous
modules to process the experiment samples and assign them to their respective robots and stations. The architecture utilises ROS as a communication layer
to interact with the physical robots and lab equipment. The Workflow User Interface allows the scientist to interact with the system and provide their input.

either assigns them to a station or adds them to a robot
job queue. The Robot Scheduler handles the job queue and
assigns a sample for a robot to manipulate according to its
location and capabilities. Station and Robot Handlers run as
parallel processes and start processing samples when they
get assigned to their respective stations. These handlers use
the appropriate ROS [7] channels to communicate with their
respective robots/stations. On the other hand, the System
Monitor observes the operational and safety status of the
different robots/stations used in the workflow and would
halt the system if critical failures happen. At the same time,
the Alert Manager utilises a number of user-defined rules
to monitor the state of the chemistry experiment and issues
alerts when rules are violated. Finally, the Workflow User
Interface allows the scientist to interact with the system by
adding a fresh sample and its attached recipe so that the
system can start processing it. The overall dataflow in the
architecture is illustrated in Fig 3.

B. State Manager

The State Manager represents, stores and updates the space
of the chemistry experiment. It represents the system state
in terms of the available material, robots, lab instruments,
operations and samples. In combination with the Persistence
Manager, allows it to track the system state and record all the
relevant information. Namely, it allows the other architecture
components to retrieve the system state and update it as they
see fit when performing their operations.

The chemistry experiment space can be represented in
terms of process-centred and sample-centred parameters. The
former describes all the resources available for the process
or workflow. These include: i) chemical materials and their
physical quantities, ii) available lab instruments/equipment
and robotic platforms and iii) the samples circulating through
the system for processing. On the other hand, sample-centred
parameters include the individual samples, their respective

information and associated chemical recipes. These parame-
ters are further described as follows:

1) Process-Centred Parameters: Materials are represented
through their physical state, mass, density and volume.
The lab instruments and robots are represented in terms
of their locations in the environment, their operational sta-
tus, availability for processing new batches and provided
operations. To elaborate, these operations represent the ac-
tions that can be performed by the stations to process
the samples and advance their state. For lab instruments,
these can vary between altering the materials’ state and
measuring their various properties. At the same time, robots’
operations include transporting and manipulating samples
between stations. Consequently, each station/robot has a
number of specific operation descriptors that are defined
in terms of input parameters and their outcomes. These
outcomes can be as a simple as Boolean values describing
the success or failure of the operation, to more sophisticated
ones describing measurement operations. These operation
and outcome descriptors are used in the chemical recipe to
describe the needed operations for the chemistry experiment.
Moreover, they are used to log the sample history when
travelling through the process and store its measurements.
These parameters are initialised from a configuration file
that describes all the experimental resources (stations, robots
and materials). Alternatively, these parameters can also be
initialised from the database if records from previous runs
exist.

2) Sample-Centred parameters: Each sample has a chem-
ical recipe associated with it that describes the required
materials, stations’ operations and process workflow between
these stations in order to conduct the perspective chemistry
experiment. Consequently, each sample is represented in
terms of its materials content, their quantities, the history
of operations it has undergone, their outcomes and current
process status. This includes its physical location in the
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Fig. 3. An abstract representation of the ARChemist architecture data flow
between its various elements.

workspace, current progress through the workflow and its
assignment status, i.e., if it is assigned to a station or robot.
Samples alongside their attached recipes are added to the
system via the Workflow User Interface for processing.

C. Workflow Manager

The Workflow Manager is responsible for the chemistry
experiment execution, monitoring and safe operation of the
architecture. It uses the State and Persistence Managers to
retrieve the system state and update it after processing. It
comprises number of sub-modules that can be grouped under
process execution and safety monitoring categories:

1) Workflow Processor: This sub-module is responsible
for processing the samples progressing in the experiment
and assign them an appropriate operation depending on their
recipe. This processor continuously checks for any samples
not assigned to stations or robots in the system. Conse-
quently, depending on their current workflow progress and
recipe information, it assigns them to stations. If they are not
physically located at their upcoming stations, it adds them to
the robot job queue that is handled by the Robot Scheduler
so they can be transported or manipulated to progress. When
a station or a robot successfully processes their assigned
sample, the state and any changes they have undergone are
forwarded to the State Manager and consequently added to
their processed sample list that the processor continuously
monitors.

2) Robot Scheduler: The robot scheduler goes through
the robot job queue and depending on the required robotic
operation associated with the sample, it assigns it to the ap-
propriate robot. In other words, it goes through all available
robots and selects the most appropriate one for the task,
depending on its capabilities and location.

3) Station and Robot Handlers: A handler is used for each
station and robot utilised in the experiment. These handlers
run as parallel processes that utilise the State and Persistence
Managers to monitor their appropriate stations/robots’ states
for any newly assigned samples. Once a sample is assigned to
a station or robot, the handler would retrieve the operation
attached to it and start executing it using the ROS topics
associated with its robot/instrument. Upon completion, it
would update the sample and its own state before adding
it to their processed samples list.

4) System Monitor: This sub-module continuously checks
the availability and safety status of the available stations and
robots and updates their states accordingly using the State

Manager. The Workflow Processor utilises this information
before assigning samples to stations and robots and would
stop execution if any of them is not operational or has a
safety stop.

5) Alert Manager: It relies on user-defined rules to mon-
itor various parameters in the system and depending on their
severity, simply notify the user for a need of action or halt
the whole process altogether. An Example of such rules
including monitoring the chemistry process parameters such
available quantities of liquids and solids available for the
experiment and notify the user when they get below a certain
threshold.

D. Persistence Manager

The Persistence Manager stores the chemistry experiment
state using a database and making it persists over multiple
runs and to be accessible across the various architecture sub-
modules. This manager allows different sub-modules running
across different processes to access the world state and
update their relevant information simultaneously. Moreover,
it also handles reading and parsing configuration and recipe
files to retrieve their content and construct the appropriate
program objects. These allow external decision makers to
interact with the system and command its execution process.

E. Workflow User Interface, ROS Channels and Physical
Devices

The Workflow User Interface allows the scientist to in-
teract with the system, to add fresh batches and monitor the
system execution state. Currently, this is done via a command
line interface, which we plan on improving with a graphical
user interface in the near future.

In our architecture, ROS is utilised as the communication
layer between the architecture and the physical robots and lab
instruments located in the experiment workspace. It was se-
lected because of its reliability, ease of use and asynchronous
nature. To integrate lab equipment with ROS, custom drivers
needed to be developed to allow their integration with robots.

Whilst the architecture is flexible enough to easily expand
to additional physical devices, here we used two widely
available robotic platforms: Kuka KMR and Franka Emika
Panda, and the following standard laboratory equipment:
solid and liquid dispensers, balance, and hot plate and stirrer.

In practice, there are multiple instruments that would also
be useful to integrate in a chemistry lab; hence, the robots
and equipment presented here (Section IV) are only detailed
as these were used for our case studies. Nonetheless, the
overall architecture was developed such that other robotic
platforms and equipment can be easily integrated and we plan
on extending this as we get more feedback from chemists as
they use this architecture for their work.

F. Chemical Recipe

To represent chemistry experiments, a special recipe rep-
resentation for its operations and parameters was developed.
This representation was designed after going through the
literature and with feedback obtained directly from chemists.
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Here, chemistry experiments are human-readable, easily in-
terpreted and concise enough to capture the details without
over-generalising or being generic. It describes the experi-
ment in terms of the resources and operations applied to the
individual sample to process it in the experiment and achieve
the desired outcome. This recipe description includes:

• The quantities of materials added to the sample vial.
• The stations that the sample will go through in order to

be processed and the operations involved there. These
operations would be described in terms of the stations’
specific actions, their input parameters and associated
outcome descriptor that represent these actions results.

• The workflow between these station and their specific
operations described as a state machine that allow non-
sequential process execution.

c h e m i c a l r e c i p e :
name : s a m p l e r e c i p e
m a t e r i a l s :

l i q u i d s : { w a t e r }
s o l i d s : { NaCl }

s t a t i o n s :
s o l i d d i s p e n s i n g q u a n t o s Q S 2 :

s t a t i o n O p :
d i s p e n s e s o l i d :

p r o p e r t i e s :
s o l i d : NaCl
mass : 15
u n i t : mg

o u t p u t :
name : ” f i n a l w e i g h t ”

p e r i s t a l t i c l i q u i d d i s p e n s i n g :
S t a t i o n O p :

d i s p e n s e l i q u i d :
p r o p e r t i e s :

l i q u i d : w a t e r
volume : 2
u n i t : mL

o u t p u t :
name : ” d i s p e n s e d v o l u m e ”

s t a t i o n F l o w :
s t a r t :

onSucces s : s o l i d d i s p
o n F a i l : end

s o l i d d i s p :
s t a t i o n : ” s o l i d d i s p e n s i n g q u a n t o s Q S 3 ”
t a s k : {” d i s p e n s e s o l i d ” , NaCl , 15 , ”mg”}
o n s u c c e s s : l i q u i d d i s p
o n f a i l : end

l i q u i d d i s p :
s t a t i o n : ” p e r i s t a l t i c l i q u i d d i s p e n s i n g ”
t a s k : {” d i s p e n s e l i q u i d ” , wate r , 2 , ”mL”}
onSucces s : end
o n F a i l : end

end :

Listing 1. Simplified chemical recipe for dispensing solid (sodium chloride)
and solvent (water) using the Quantos and peristaltic pumps.

This description builds on our state representation described
in section III-B of the chemistry experiment space. Listing 1
illustrates an example recipe for a simplified material dis-
pensing setup. YAML data serialisation language and its
syntax were used to represent this recipe. This language
was selected because of readability, ease of parsing and
interpretation. The recipe describes the process of dispensing
sodium chloride, followed by dispensing a solvent.

G. Reconfiguration

To facilitate the discovery nature of chemistry experi-
ments, the ability to add new operations/stations to the
workflow and remove them when needed in order to mod-
ify the process is required. Consequently, the ARChemist
architecture was designed with this requirement such that
there is a loose coupling between the station/operations and
the processing Workflow Manager sub-modules. It allows
to easily reconfigure the system according to the process
requirements using a configuration file, which describes

the stations, robots and operations involved in the process.
The proposed architecture when initialising uses this file to
load the required stations and start their respective handlers
accordingly. This was achieved by using the dynamic typing
and type-introspection features of the Python programming
language, where after parsing the station name from the
configuration file, it searches inside the defined modules for
the classes representing these stations and/or robots.

By the same token, this allows the system to be easily
extended and reusable in different contexts. To add new
stations/robots, the user needs only add their respective class
file and station handler to the appropriate module, without
modifying any other parts of the system. Consequently,
the system when initialising and loading the experiment
stations/robots will discover these new stations and robots
and start using them straight away. This is a powerful feature
that allows the system to evolve and be highly customisable.

Finally, it is worth noting that the architecture allows the
system to work with multiple different recipes, provided all
their stations/operations were defined in the given configu-
ration file.

IV. EXPERIMENTAL EVALUATION

For our experimental evaluation, after thorough discus-
sions with chemists, we settled on two case studies: auto-
mated solubility screening (IV-A) and crystallisation (IV-B).

In both case studies, the KUKA KMR mobile manipulator
and the Franka Emika Panda robot manipulator were used.
Being a mobile manipulator, the KUKA KMR was mainly
used to transport samples between stations found across
different parts of the lab. The Franka Emika Panda, another
seven degree-of-freedom robotic arm, was then mainly used
for manipulating the vials in the different stations.

Most experiments in the field of material discovery start by
dispensing a solid into a vial. The solid was accurately dis-
pensed using the Quantos QS30 instrument (Mettler Toledo),
which is widely used in the pharmaceutical industry. This
is often followed with liquid dispensing. In our case, a
bespoke system built from a 200 series mini peristaltic pump
was used [1]. This method dispenses liquids gravimetrically
using a feedback loop used, which given the right form
of tubing, can dispense a vast array of solvents. Following
safety regulations, we opted for water as we tested out the
end-to-end system on an open bench. An essential equipment
in any laboratory is an accurate balance; here, we opted for
the Fisher Scientific PPS4102 top pan balance. Another key
instrument is a hot plate and stirrer, where for this setup we
used the IKA RCT Digital hot plate and stirrer.

ARChemist was implemented using Python 3.8 and Mon-
goDB Enterprise was used. All experiments were run using
ROS Noetic on Ubuntu 20.04.

A. Case Study: Automated Solubility Screening

Solubility screening is the process of determining when
the solute has dissolved in the solvent. This task is vital in
material science research for solvent selection, in addition to
being widely adopted in industries such as pharmaceuticals.
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Fig. 4. (a) Automated solubility screening workflow steps. (b) Automated
crystallisation workflow steps.

To study this process using ARChemist, the Kuka KMR
navigates to the solid dispensing system and puts a clean
10mL crimp top glass vial, with a magnetic stir bar, on the
Quantos’ carousel. 15mg of salt was dispensed and after this
process finishes the Kuka KMR takes the vial and transports
it to the Panda station. The Panda moves the vial to the liquid
dispenser where the needle attached to the pump dispenses
an initial dose of 2 mL solvent (water). Following this, the
Panda moves the vial filled with solid and solvent to the
stirrer plate, stirring the mixture for 1 second at 200 rpm.
Using an Intel RealSense D435i, RGB images are captured
which will be used to compute the turbidity values [8], that
would determine when the solute has dissolved. The vial is
then returned to the KUKA KMR for storage or disposal.
This experiment was carried out 10 times with an average
run time of 12 minutes. Compared to an experiment run by
a human chemist, this is slower. However, this would free
the chemist’s time from doing repetitive and tedious tasks
and focus on research. Moreover, this would allow to run
experiments over long periods of time with no stoppage thus
increasing the throughput. It ran successfully for 9 times and
failed once due to Quantos QS3 timing out when taring, due
to external vibrations. This experiment’s steps are illustrated
in Fig. 4(a).

Number of runs Success rate Duration (minutes)
10 90% 12

B. Case Study: Crystallisation

Crystalline solids are useful in many applications, such
as for semiconductors, in pharmaceutical formulations, and
for molecular separations using porous crystals [9]. In our
evaluation, we periodically heated and weighed the solution
as it was assumed that crystallisation was complete when the
mass stopped changing. Our workflow starts from the KUKA
KMR repeats the same process of moving the clean vial, this
time without a magnetic stir bar, to the Quantos. Here, 200
mg of sodium chloride is dispensed, followed by moving the
vial to the Panda station, where the Panda moves the vial
again to the liquid dispenser to dispense the solvent (2 mL
of water). The robot then records the mass of the vial with
the solute and solvent by placing the sample on the scale.
For a fixed duration of time, the robot heats the solution at
60 degrees Celsius and continuously monitors the change in
mass. The crystallisation is deemed complete when the mass
stabilises, that is, all of the solvent is lost. This experiment

Fig. 5. The Kuka KMR and Panda arm in operation in the automated
crystallisation workflow.

was carried out 5 times with an average run time of 2 hours
and 10 minutes. Similar to the previous experiment, this
saves time for the human chemist from repetitive and tedious
tasks and increase throughput. The failed run was due to
the Panda misplacing the vial when moving it to the scale.
Fig 4(b) illustrates this experiment’s steps.

Fig 5 shows a screenshot of the robots in operation in
the crystallisation workflow. The accompanying video (link:
https://youtu.be/mcEYyOBjKpU) showcases the system per-
forming both experiments.

Number of runs Success rate Duration (minutes)
5 80% 130

V. CONCLUSION

This paper presents ARChemist, the first reconfigurable
architecture, based on open-source tools such as ROS, for
chemistry lab automation that uses widely available com-
mercial robot platforms and digital laboratory instruments.
In close collaboration with chemists, we developed a system
that allows scientists to program their autonomous experi-
mental setup using intuitive chemical recipes. To demonstrate
its application to real-world experiments, we presented the
architecture in two case studies: solubility screening and
crystallisation. These experiments illustrated how heteroge-
neous robots could work together in a material chemistry
laboratory to relieve the human scientist from repetitive
tasks. As this architecture has demonstrated its excellent
potential for helping laboratory-based scientists to acceler-
ate their daily experiments, we plan on extending it with
recent advances in machine learning [10], which have shown
much success in material discovery, which is our application
domain. This would bring us closer to our long term goal
of having multiple robotic scientists collaboratively working
to generate and test hypotheses with minimal researcher
intervention We believe that this work makes us progress
towards this vision.

ACKNOWLEDGEMENTS

The authors thank Louis Longley for his assistance with
the case studies and the Cooper group for feedback on the
chemical recipe.

6018

Authorized licensed use limited to: University of Liverpool. Downloaded on September 10,2022 at 15:54:26 UTC from IEEE Xplore.  Restrictions apply. 



REFERENCES

[1] B. Burger, P. M. Maffettone, V. V. Gusev, C. M. Aitchison, Y. Bai,
X. Wang, X. Li, B. M. Alston, B. Li, R. Clowes, N. Rankin, B. Harris,
R. S. Sprick, and A. I. Cooper, “A mobile robotic chemist,” Nature,
vol. 583, no. 7815, pp. 237–241, Jul 2020. [Online]. Available:
https://doi.org/10.1038/s41586-020-2442-2

[2] P. Shiri, V. Lai, T. Zepel, D. Griffin, J. Reifman, S. Clark, S. Grunert,
L. P. Yunker, S. Steiner, H. Situ, F. Yang, P. L. Prieto, and J. E. Hein,
“Automated solubility screening platform using computer vision,”
iScience, vol. 24, no. 3, p. 102176, 2021. [Online]. Available: https:
//www.sciencedirect.com/science/article/pii/S2589004221001449

[3] C. W. Coley, D. A. Thomas, J. A. M. Lummiss, J. N. Jaworski,
C. P. Breen, V. Schultz, T. Hart, J. S. Fishman, L. Rogers, H. Gao,
R. W. Hicklin, P. P. Plehiers, J. Byington, J. S. Piotti, W. H. Green,
A. J. Hart, T. F. Jamison, and K. F. Jensen, “A robotic platform
for flow synthesis of organic compounds informed by ai planning,”
Science, vol. 365, no. 6453, p. eaax1566, 2019. [Online]. Available:
https://www.science.org/doi/abs/10.1126/science.aax1566

[4] J. X.-Y. Lim, D. Leow, Q.-C. Pham, and C.-H. Tan, “Development
of a robotic system for automatic organic chemistry synthesis,” IEEE
Transactions on Automation Science and Engineering, pp. 1–6, 2020.

[5] A. J. S. Hammer, A. I. Leonov, N. L. Bell, and L. Cronin,
“Chemputation and the standardization of chemical informatics,”
JACS Au. [Online]. Available: https://doi.org/10.1021/jacsau.1c00303

[6] H. Fleischer, D. Baumann, S. Joshi, X. Chu, T. Roddelkopf,
M. Klos, and K. Thurow, “Analytical measurements and efficient
process generation using a dual–arm robot equipped with electronic
pipettes,” Energies, vol. 11, no. 10, 2018. [Online]. Available:
https://www.mdpi.com/1996-1073/11/10/2567

[7] M. Quigley, B. Gerkey, K. Conley, J. Faust, T. Foote, J. Leibs,
E. Berger, R. Wheeler, and A. Ng, “Ros: an open-source robot
operating system,” in Proc. of the IEEE Intl. Conf. on Robotics and
Automation (ICRA) Workshop on Open Source Robotics, Kobe, Japan,
May 2009.

[8] T. Zepel, V. Lai, L. P. E. Yunker, and J. E. Hein, “Automated liquid-
level monitoring and control using computer vision,” ChemRxiv, 2020.

[9] P. Cui, D. P. McMahon, P. R. Spackman, B. M. Alston, M. A. Little,
G. M. Day, and A. I. Cooper, “Mining predicted crystal structure
landscapes with high throughput crystallisation: old molecules, new
insights,” Chem. Sci., vol. 10, pp. 9988–9997, 2019. [Online].
Available: http://dx.doi.org/10.1039/C9SC02832C

[10] M. Christensen, L. P. E. Yunker, F. Adedeji, F. Häse, L. M.
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