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Abstract:

This project focuses on redesigning the
chemistry laboratories into self-driven
laboratories capable of accelerating the
new materials discovery task. By us-
ing robotic solutions and simulation, the
project aims at optimising the chemi-
cal processes that are mainly done by
humans, which can be slow and error-
prone. The self-driven laboratory will
be implemented on the AAUMatrix Pro-
duction setup that consists of 5 Kuka
robotic manipulators, the B&R Automa-
tion Acopos 6Dmagnetic levitation plat-
form and different purpose-made parts.
For development purposes, Nvidia Isaac
Sim is used where the physical setup
will be replicated in a simulated environ-
ment where different experiments can
be carried out. Robot Operating Sys-
tem1 (ROS1) is used to control the sim-
ulated Kuka manipulators as well as the
real ones. The simulation experiments
show that the system is capable of au-
tomatically completing a chemical pro-
cess, but transferring it to the physical
setup proved to be a challenging task.
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Chapter 1

Introduction

In the historical context of the design of chemistry laboratories, it is evident that their
conception is rooted in an era dominated by manual labour [1]. The rigidity of these
century-old design paradigms poses signi�cant challenges to the implementation of
any form of automation, notably, the integration of robotic manipulators.

Nowadays, a signigicant amount of research is focused on mitigating climate change
and its consequences, hence, cutting-edge technology has been used to address this
problem. New technological advances such as Material Acceleration Platforms (MAPs)
are emerging to accelerate the discovery of new materials as this can potentially con-
tribute to reducing the impact of climate change. These technologies incorporate Arti-
�cial intelligence, robotic systems, orchestration, databases and human insight, work-
ing within a closed-loop framework. [2]

1.1 Motivation

MAPs are a new paradigm in materials science that aims to reduce the time and cost
of discovering and optimising new materials. By discovering materials with desirable
properties for energy production, conversion, storage and ef�ciency, MAPs have the
potential to solve climate change-related challenges. However, it is not limited to
Power-to-X challenges, since this technology aims to signi�cantly accelerate the dis-
covery of new materials, in a nearly in�nite study space, it brings a whole new world of
possibilities for a wide range of application �elds.

Another strength of MAPs over traditional synthesis methods is that they allow a more
ef�cient and sustainable approach by reducing waste, energy consumption, and en-
vironmental impact. Furthermore, being an automated process, data acquisition can
be done automatically in a standardised format facilitating collaboration among re-
searchers.
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1.2. INITIAL PROBLEM FORMULATION

The potential of MAPS is enormous, but so are the challenges that must be overcome
to make it a practical reality beyond the �eld of research. Some of the challenges that
MAPs face are ensuring data quality, reliability, and reproducibility; integrating dif-
ferent sources of data and knowledge; dealing with uncertainty and complexity; and
ensuring ethical and social responsibility. [3]

As we have had the opportunity to see on several visits to the organic chemistry labo-
ratories at Aalborg University, they are entirely tailored for manual use by human re-
searchers. These laboratories are very complex and chaotic to allow the use of robots in
a useful way in this context. Because of this situation, in order to accelerate the speed
at which new materials synthesis experiments are carried out, a completely different
approach has to be sought that allows parallelisation of experiments, quality data col-
lection, as well as some �exibility to recreate new experiments without the need to
adapt the entire laboratory.

The research with MAPs is a long-term project at Aalborg University in which we will
develop the simulation part of the physical setup. As this project will be developed over
several years, an essential requirement is that we use Nvidia Isaac Sim to develop the
simulation environment so that our work is usable for the project and future research.
Furthermore, Aalborg University is collaborating with the Pioneer Centre CAPeX to
develop a MAP [4]. The infrastructure aims to enable direct discovery, synthesis and
design of new catalysts and other materials targeted to their speci�c operating condi-
tions, which are necessary for Power-to-X applications.

Our motivation in this project is to �nd effective ways to leverage the potential of
robotics and arti�cial intelligence to drive the processes involved in the discovery of
high-performance materials for clean energy technologies, among other �elds, that
have the potential to drive the transition to a low-carbon future.

1.2 Initial Problem Formulation

Being aware of the potential of robotic automation and considering the challenge of
integration in the human-dominated �eld of materials science, where the vast majority
of processes require the versatility and knowledge of subject matter experts, leads to
the initial formulation of the problem:

How can a robotic platform help in the discovery of new materials in a �exible
and ef�cient way?
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Chapter 2

Problem Analysis

In this chapter, an exploration of the potential domains of the initial problem formulation is
carried out by conducting a comprehensive review of the various state-of-the-art techniques
and algorithms for MAPs. This is followed by a brief overview of the basic theory.

2.1 Material Acceleration Platforms

Material Acceleration Platforms (MAPs) are systems that use high-performance com-
puting, arti�cial intelligence and robotic systems to speed up the discovery of new
materials by conducting experiments autonomously. Additionally, it is important to
include human intuition in this process since, in the �eld of chemistry, there is a lot
of empirical knowledge that cannot be found in current databases or is poorly docu-
mented. Figure 2.1 shows the sub-�elds that MAPs encompass in pursuit of autonomous
experimentation. [5]

Figure 2.1: The main areas that Material Acceleration Platforms involves are human intuition, AI models
with high-performance computing, high-quality databases, robotic platforms for automated experiments
and orchestrator software for communication between modules, by Flores-Leonar et al. Reprinted from
[5] Copyright 2020, with permission from Elsevier.
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2.1. MATERIAL ACCELERATION PLATFORMS

In general, MAPs consist of a closed loop, as shown in Figure 2.3, which includes four
phases. A �rst phase where arti�cial intelligence is used to design experiments accord-
ing to target objectives (e.g. properties, price) and constraints (e.g. inventory, stabil-
ity). In a second phase, robotic systems are used to carry out the designed experiment
in an automated way. Once the material has been synthesised, an automatic character-
isation process is carried out where the properties of the material are tested. Finally, an
analysis of the results obtained is carried out, leveraging the data obtained to update
the database and improve the design of future experiments.

Figure 2.2: Schematic of MAPs cycle closed-loop (Design, Make, Test, Analyze). Reprinted with permis-
sion from [3]. Copyright 2022 American Chemical Society.

The design of experiments is a key part of the cycle. Since the exploration space is
humongous and high-dimensional, it remains infeasible and extremely impractical to
enumerate all combinations. This approach would generate too vast amounts of data
to process in order to establish the synthesis-structure-property relationship. Con-
sequently, intelligent decision-making and data analysis algorithms are essential for
conducting autonomous experiments, constituting the basis for developing Material
Acceleration Platforms. [6]

The synthesis of new materials is a process that involves many steps and the techniques
applied to the chemical agents vary enormously depending on the desired target. Tra-
ditionally, the synthesis process has been performed manually by experts in the �eld.

On the one hand, human cognitive abilities are often able to perform these tasks with
ease, relying on visual feedback and on-the-�y problem solving. On the other hand,
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2.1. MATERIAL ACCELERATION PLATFORMS

automating these processes can bring many bene�ts such as increased reproducibility
and precision, enhanced data collection, allows parallelisation of experiments, avoid
human error and reducing human exposure to hazardous substances, albeit is very chal-
lenging since, until now, laboratories and the required machines have been developed
primarily for human workers. For these reasons, MAPs aim to completely redesign the
materials synthesis work�ow to reduce the bottlenecks of traditional experimentation
and take advantage of all the advantages that robotic automation provides. [3]

Once the synthesis of the material has been carried out, it is equally important to char-
acterize the properties of the material, i.e. analyzing and understanding the properties
of materials being synthesised or tested. Characterization includes techniques such as
spectroscopy, chromatography and other analytical methods. Similar to material syn-
thesis, this process is generally carried out manually by human experts, and the same
advantages are to be found in its automation, including the documentation of failed
processes that is so lacking in the scienti�c literature of the �eld. As discussed in the
article published by Christensen et al. [7], the biggest challenge at this stage is that
manufacturers hardly produce machines adapted for integration (both physically and
software-wise) with robots, which adds extra dif�culty to the tasks performed by the
robots and requires considerable time investment to write custom code, but it seems
likely that this problem will be solved in the coming years as laboratories gradually
move towards automation.

After obtaining the data resulting from the characterization process, an analysis is re-
quired. The raw data must be interpreted to obtain quantitative values for the prop-
erties of the synthesised materials. Traditionally, subject matter expert interpretation
has been used to assess the results, however, similarly to the other processes in the
cycle, MAPs aim to automate this process and exploit the data gathered to optimise
subsequent experiments. One of the most relevant challenges in this stage is the au-
tomated identi�cation of unknown compounds when the result is far from what is ex-
pected, as reported in Blazenovic et al. [8].

Figure 2.3: Closed loop paradigm in MAPs by Szymanski et al. from Ref. [9], reproduced under the license
ID: 1360997-1
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2.2. STATE OF THE ART

2.2 State of the art

This section presents different approaches towards the accelerated discovery of new
materials proposed by several research groups. Moreover, different tools that help to
enable the acceleration towards the discovery of new materials will be presented.

2.2.1 Self-Driving Laboratories

A self-driving laboratory can be referred to as a system that is able conduct a chemical
experiment without the intervention of a human. These system can be developed using
different tools and automation approaches.

Continuous �ow reactors (CFR) were developed with the intention of replacing the tra-
ditional reactors, such as �asks and beakers. The limitations of the traditional reac-
tors are that they suffer signi�cant batch-to-batch variability and can generate unex-
pected byproducts, impeding the accurate investigation of different reactions were the
repeatability and controlled reactions are of high importance. The advantages of using
CFR are that they enable the possibility of using smaller quantities of liquid, ranging
from microliters to nanoliters, better heat transfer due to the small diameter of the
channels, increase the repeatability of the experiments and the ability to modularize
the setup. [6]

Arti�cial chemist

Epps et al. [10] created a system using CFR where they synthesize colloidal QDs. The
CFR approach allows them to greatly reduce the time and the cost of the batch tech-
niques. The setup contains a precursor formulation module that consists of multiple
syringes, a �ow reactor module and an in situ material characterization module.

Figure 2.4: Schematic of the Arti�cial chemist containing the Precursor Formulation Module, the Flow
Reactor Module and the In Situ Characterization Module. Reproduced with the permission from [10].
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2.2. STATE OF THE ART

Desktop robots were designed to overcome the CFR's main limitation, which is the lack
of agility and the lack of conducting different chemical experiments. [6] Different re-
searchers were able to design their own solutions that would solve the lack of agility
problem posed by CFRs.

Chemspeed

Chemspeed is a commercially available solution for automated process in chemistry.
One of the main feature is the capability of parallel work�ow allowing for organic, lig-
and, organometallic, and nanomaterials synthesis. Alongside the parallel work�ow,
Chemspeed is able to dispense solids and liquids with a resolution in micro grams,
can reach temperatures between -70� C and 200� C, it has different analytical tools in-
tegrated, such as HPLC, and the software has a simple user interface with many drag &
drop modules. [11]

Figure 2.5: Representation of the Chemspeed's commercial solution [11].

Ada

MacLeod et al. [12] developed a modular and �exible self-driving laboratory called
"Ada" that is capable of synthesizing, processing and characterizing, in an autonomous
way, organic thin �lms. The system has a robot that is equipped with a pipette that
is connected to a syringe pump and a pneumatic gripper for substrate handler, a spin
coater able to achieve 1000 rpm, an annealing oven that heats up the material to 165� C,
a camera, a UV-vis-NIR spectrometer and a 4-point probe for analyzing the conductiv-
ity of the �lm. Moreover, Ada is able to learn and design experiments by itself using a
global Bayesian optimization.
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2.2. STATE OF THE ART

Figure 2.6: Representation of Ada, the self-driving laboratory for fabrication and characterization of
thin-�lm materials. Reproduced under a Creative Commons Attribution NonCommercial License 4.0 (CC
BY-NC). from Ref. [12], Copyright 2020 AAAS.

Ada has a 8 step autonomous work�ow for conducting the experiments. The system
starts by preparing the precursor solutions that are after send to the spin coater. Once
the solution was spread, it is send to the annealing heater where it is heated to 165� C.
Once the heating process is done, the material is now brought back to the ambient
temperature and a picture is taken to check for any defects. After the picture is taken,
the optical spectra is characterized using UV-vis-NIR. Next step is to determine the
conductivity of the �lm, and it is done using a 4-point probe. The last 2 steps of the
process are to compute a pseudomobility based on the conductivity and the spectra of
the �lm and to determine the next experiment. [12]

WANDA

Chan et al. [13] created an automated synthesis platform for colloidal inorganic nanocrys-
tals, called WANDA (Workstation for Automated Nanomaterials Discovery and Analy-
sis). WANDA consists of a liquid handling robot, a heated needle, a vial-gripper for
handling and an automated balance for recording the masses. Because the required
temperatures can reach up to around 300� C, they also created a custom deck element
containing eight high temperature reactors.

The motivation behind this system is to enable the easier optimization of these nano-
materials properties since the task can be overwhelming due to the large number of
variables that have to be considered for nanocrystal growth. Moreover, through au-
tomation, the system can precisely control the reaction parameters and offer a great
repeatability. [13]
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2.2. STATE OF THE ART

Figure 2.7: Close view of the Wanda system and setup. Reprinted with permission from Chan et al. [13].
Copyright 2023 American Chemical Society.

AMANDA - LineOne (L1)

Wagner et al. [14] have designed a platform capable of controlling multiple MAPs called
AMANDA (Autonomous Materials and Device Application). The main focus on the work
conducted by Wagner et al. [14] is the acceleration of thin-�lm material discovery part
of the system, called LineOne(L1), using automated devices orchestrated by their own
software, AMANDA software, that is capable of autonomously synthetizing and char-
acterizing the process. The whole process for thin-�lm materials is similar to the "Ada"
system developed by MacLeod et al. [12].

Their approach to implementing AMANDA software provides the ability to control mul-
tiple MAPs. Wagner et al. [14] designed the software to be highly �exible and support
a wide range of equipment, with a fast integration. Moreover, the software allows for
operating on sequence plans that can be chosen arbitrarily or generated automatically,
based on the needs of the research facility. On Figure 2.8 AMANDA L1 is shown.
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