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Abstract

Fume hoods protect chemists and the environment from hazardous vapours and airborne
substances produced during experiments. They are standard in chemistry laboratories
worldwide. However, fume hoods were designed for manual chemistry, and there are still
relatively few robotic systems designed to operate within these inherently confined spaces. It
is challenging to design robotic systems that can perform the same variety of operations within
fume hoods that can be performed by a dexterous human chemist. Here, we present an
automated platform comprising a robotic arm that can perform liquid handling, solid handling,
capping/decapping, heating and stirring, filtration, and sample imaging within a standard
laboratory fume hood (50 cm x 120 cm x 170 cm). The broad applicability of this system was
demonstrated in two materials research problems (a dye-based porosity screening workflow
and the synthesis of a porous organic cage) and in a phthalimide synthesis. The success of
the synthesis workflows was validated offline by NMR, X-ray diffraction, mass spectrometry
and FTIR.

Introduction

There has been a major push recently toward automation and digitalisation of chemistry
because of the benefits to speed and reproducibility that are possible with automatic sample
preparation, data collection, and data analysis. Automation methods have been developed in
many different areas of chemistry, including synthesis of small molecules'-3, organic cages®,
polymers®, and materials®-8, as well as formulation® and characterisation'®-'3. There are many
different reaction variables, such as temperature, atmosphere, solvent choice, and work-up
conditions that must be automated in such chemical workflows. This has led to a plethora of
different approaches ranging from flow chemistry'#, static arms'”8, custom built
assemblies’® 6, commercial liquid handlers?'7, and mobile robots®19.18,
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Most manual chemical experiments are conducted inside fume hoods, which are the de facto
standard worldwide. Fume hoods protect chemists from hazardous vapours and, in some
experiments, airborne powders. Although the use of robots in laboratories can potentially
alleviate such safety issues by removing humans from the laboratory, such fully automated
setups are rare, expensive, and time consuming to build. Even in fully automated setups,
humans would likely be needed to replenish reagents and to carry out repair and maintenance
work—for example, to carry out routine scheduled testing of the fume hood extraction.
Moreover, there is an enormous installed capital base of existing fume hoods worldwide, and
the global fume hood market has been estimated to reach $1.9 billion USD by 2032°.

The Cronin group and collaborators'1620 have worked extensively on incorporating
automated workflows into standard laboratory fume hoods. Typically, reaction mixtures are
moved between different stations by pumps and work-up and analysis occurs at these different
stations. This approach has enabled many different synthesis and work-up procedures to be
automated successfully.
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Here, we propose a different approach—Robot-In-a-Fume-Hood (RoblnHood) (Figure A)}=i055.0055

D00007J

which a robot arm is integrated into a standard laboratory fume hood. The use of a robot arm
allows multiple samples to be transported between different stations within vials enabling
parallel sample preparation. RoblnHood features solid and liquid dispensing,
capping/decapping, stirring, heating, filtering, storage, and vision-based analysis, all within a
compact fume hood space (50 cm x 120 cm x 170 cm). We demonstrate the versatility of
RoblnHood by using it to conduct three distinct workflows: a low-cost, high-speed porosity
screen?!, the synthesis a porous organic cage??23, and the synthesis of a phthalimide.?*

Results and Discussion
Overview of the RobinHood station

The aim of the RoblnHood set-up (Figure 1) was to enable all the key unit operations in
sample preparation and filtration to be conducted autonomously within a standard fume hood.
A video of RoblnHood in operation can be found in the supplementary material (Video 1,
https://youtu.be/VVtX8a-V6ic?si=71f1924uT9UQ2YI8). The design philosophy of RoblnHood
leveraged the usable constrained working space of the robot by assigning it only to pick-and-
place samples, quantos cartridges and filters, and using either existing hardware or
constructing bespoke devices to carry out other operations such as liquid addition, stirrer bar
dispensing, and capping/decapping. This approach improved the system's robustness. At the
same time, this design philosophy reduced the number and complexity of routines that the
robot needs to perform. To achieve this, the system was sub-divided into discrete modules,
each of which provides one or more related functions:

(i) A seven-degree-of-freedom Emika Panda robotic arm (Franka), with custom designed
fingertips, for sample vial, solid-dispensing and filter cartridge manipulation.

(i)  Vial storage module.

(i)  Liquid dispensing module.

(iv) Stirrer bar dispensing module.

(v) Capping/Decapping module.

(vi) Solid dispensing module.

(vii) Heating and stirring module.

(viii) Vision-based analysis module.

(ix) Filtration module.
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Figure 1: The RoblnHood platform. A. Left side of the platform: 1. Liquid reagent storage. 2.
The stirrer bar dispenser. 3. The syringe pumps and dispensing head. 4. The actuated vial
holder and safety drip tray. B. Centre of the platform: 5. The capper-decapper module. 6. Vial
storage module. 7. Vision module/lightbox. 8. The Panda robotic arm. 9. Solid dispensing
module (Quantos) Cartridge storage. 10. Filtration cartridge storage. 11. Hot-plate. 12.
Quantos solid dispenser. C. Right side of the platform: 13. Filtration module receiving funnel
and flask. 14. Filtration module pouring arm. 15. Filtration module receiving vial holder and
dispensing head.

The system was mounted onto an aluminium frame secured against the sides of the fume
hood using anchoring screws, preventing positional drift and increasing the reliability of robot
motion. This aluminium profile structure allowed a smooth customisation and addition of
devices within the station. For example, the usable vertical space was increased by attaching
shelving units to the frame, constructed from aluminium extrusions. To further increase the
reliability of the system custom fingers were added to the Panda. These were machined out
of aluminium with concave fingertips 3d printed out of resin with rubber attached. These tips
were designed to fit both the 20 ml vials and the Quantos cartridges used in the workflow
(Figure S1).

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Adaptors were designed to allow for devices to be fixed in place relative to the frame (Figure
S$2-S6). The liquid dispensing module, vision module, and filtration module are described in
detail in the following sections. The vial storage consists of racks, printed out of ABS, designed
to accommodate sixteen 20 mL vials (Figure S4). The capper/decapper was custom-built to
fitinside the tight space constraints of the fumehood (Figure S7). A detailed description of the
design is available in a related work?®; briefly, the robot places a vial in either the capping or
decapping lane and capping/decapping is achieved by friction between the cap and the rubber
rail as the machine moves along a track. The solid dispensing module comprised a commercial
Mettler Toledo Quantos, with a vial insert for repeatability of placement (Figure S8), and a
shelf with space for 10 solid dispensing cartridges (labelled 9 in Figure 1B). The
heating/stirring module was an RCT Digital hotplate (IKA) with a custom aluminium heating
block (Figure S9) to allow the robot to place up to ten 20 mL vials onto the hotplate at once.

Open Access Article. Published on 22 May 2026. Downloaded on 5/23/2026 11:21:54 PM.
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Liquid dispensing module

The liquid dispensing module (Figure 1 — 1-4) consists of two syringe pumps, an XCalibur
(Tecan Cavro), and a C3000MP (TriContinent), nine reagent bottles, two waste vessels, an
actuated vial holder (Figure S10) and a stirrer bar dispenser (Figure $11). During a liquid
dispense, the robot arm places a vial in the vial holder, and an actuator then moves this vial
below the dispense tubing, where liquid dispensing occurs, before returning the vial to the
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pick-up position. Two separate pumps are used due to issues encountered with high-vapgouss ;055

D
pressure solvents during preliminary testing, where it was observed that some intermixing of

solvents in separate containers may occur through the pump valve. In the current system,
these solvents can be handled on separate pumps that are fully isolated from one another.
Pumps with valves made from two different materials, a ceramic (Tecan Cavro) and PCTFE
(Tricontinent), were also chosen to broaden the solvent compatibility of the dispensing module.

At rest, the needle of the dispense module is positioned over a 40 mL waste vial to
accommodate any overspill during washing and priming. The validity of the washing procedure
was evaluated using Methyl Orange dye and UV-VIS spectroscopy (Sl Section 2.1.1). Once
the needle has been primed, the identity of the priming solvent is stored in software so that
the procedure is not repeated if another liquid dispense step using the same chemical is
requested. Equally, if the user attempts to dispense a liquid without first priming it, the
programme will display an error message. The accuracies of both pumps were measured
using distilled water in the volume range (50 — 1000 yL) and found to be accurate (Sl Section
2.1.2) under the dispensing conditions used in the workflow.

The liquid dispensing station can also be used to add stirrer bars to a sample. This feature
was added because it was found that if samples were weighed with stirrer bars already
present, then the magnetic field had an appreciable effect on the accuracy of the weighing (Sl
Section 2.2). The stirrer bar dispenser stores the stirrer bars in a carousel (Figure S11). The
vial holder closes a microswitch (Figure S10 - 5) as the vial is moved under the needle,
causing the carousel to be rotated via a Geneva wheel mechanism, and sending a stirrer bar
down a chute and into the vial (Video 2, https://youtube.com/shorts/k2w81RumCGEA).

Vision Module

The vision module used in RoblnHood is a lightbox designed to work within the tight space
confines of the system. The lightbox has a fish-eye lens camera (ELP USB Camera Module
with 100 degree lens) and a white LED (Figure $12). The fish-eye lens allows for taking
pictures of the samples from a short distance (4 cm), thereby reducing the size of the box. The
top is controlled with a linear actuator that, when it extends, causes a holder where the robot
can put a vial to extend outward, and when it retracts closes the box, shutting out exterior light
sources. Once the lid is closed, the LED light ensures consistent and uniform illumination of
the samples.

Filtration Module

Filtration is a crucial step in many workflows. Automated filtration via gravity filtering?®, or via
the addition of filter tips to liquid samplers?” have both been reported previously in the
literature. Here, we present a compact vacuum-assisted filtration module, analogous to
Blchner filtration, capable of automatic liquid recovery, and where the solid phase remains
accessible to manual recovery and analysis.

The filtration module consists of a vacuum filter set-up which has been adapted to be usable
by the robotic arm (Figure 1 — 13-15). This consists of interchangeable filter-cartridges (Figure
1-10, Figure $13), a filter funnel (Figure S14), a receiving flask (Figure $15), a pouring arm
(Figure S16), a moveable output needle and a receiving vial holder for the filtrate vial (Figure
8$17), a syringe pump (Tecan Cavro XCalibur), a waste container and system solvents for
cleaning between samples (Figure 1 — 13-15). The actuators and vacuum generators are
controlled by a pneumatics board and an electrical control box outside of the fume hood, with
the pressure transmitting medium being compressed nitrogen that is built into the existing
fume hood (Figure S18 and S19).

00007J
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The filter cartridges are made of three components (Figure $13); a central filtefing yessel, 5055
which has a splash guard and a rigid and smooth support plate for the filter
papers/membranes, a surrounding collar, and handle to enable the cartridges to be moved by
the robot, and a rubber gasket base that allows a vacuum seal to form between the filter
cartridges and the filter funnel. The collar also contains notches, which key into locator fins on
both the filter funnel and the holder, to facilitate consistent placement by the robot arm. Before
use, the filter cartridges are manually loaded with a filter paper, which is held in place with an
O-ring. Initially, the filtering vessel and collar were printed in white resin (Formlabs). This
material was measured, using 'H NMR, to be stable in water, with spectra remaining
featureless apart from the D20 peak??, even after 7 days of immersion (Sl Section 2.3). These
white resin filtering cartridges were used in the dye porosity screening workflow (see case
studies). However, to facilitate broader solvent compatibility, subsequent filtering cartridges
were produced in which the filtering vessel was made from PTFE. In this design, the collar is
produced out of ABS by FDM printing, and the gasket is cast directly onto the base of the
cartridge using a two-component liquid rubber.

The filter funnel is a glass funnel secured inside a 3D printed case (Figure S14). This case
allows the funnel to be supported from the fume hood frame and for a top plate, which can
create an airtight seal between the funnel and the filter cartridge via an embedded O-ring. The
opening between the bottom of the case and the stem of the glass funnel is made vacuum
tight via an O-ring around the funnel stem.

The receiving flask is a 100 mL Schott Duran Flask, with three inputs integrated into the cap
(Figure S15). The first is a large PTFE tube (6 mm OD) connecting the receiving flask to the
filter funnel, and the second is a PTFE tube connection (1.6 mm OD) to the syringe pump to
enable filtrate recovery and cleaning. Finally, there is a connection to a pneumatic vacuum
generator, which allows a vacuum to be generated in the receiving flask, increasing the driving
force for filtering. The receiving flask is tilted to enable better recovery of the filtrate via the

pump.

The pouring arm (Figure S16) consists of a vial holder with a small pneumatic piston, which
is used to clamp the vial in place during pouring, and a stepper motor, which is used to create
the pouring motion. A small magnet attached to the vial holder is used to retain any stirrer bars
inside the vial during pouring. Filtration can be operated for either a fixed time or in ‘semi-
manual’ mode, where the process will continue indefinitely until a user input confirms that
filtration has finished and restarts the workflow.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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The workflow undertakes multiple steps during filtration, involving coordination of the Pandas: 7i5;
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arm, liquid-dispensing module, capper-decapper and the filtration module itself (Figure 2).
The filtration process is divided into three stages: a pre-filtration wetting and cleaning stage,
in which a vial of cleaning solvent, the identity and volume of which is specified by the user, is
used to wet the filter paper and clean the funnel. This is followed by a filtration stage, in which
the sample vial is de-capped and then filtered. If the workflow specifies that the filtrate is
needed for further analysis, then after filtration, the filtrate is recovered into a separate vial,
otherwise it is sent straight to waste. Finally, a post-filtration cleaning stage occurs, where the
receiving flask and output needle are washed with a wash-solvent also specified by the user.
Currently, due to the confined nature of the station, there is only storage for a single filter
cartridge, which must be manually changed by the user before the workflow continues (Figure
2 — 13). However, in principle, the method is easily extensible to multiple cartridges.

1. Cleaning vial moved to
liquid handling module— |— 2. Filter cartridge placed [—¥|
cleaning solvent added

3. Cleaning vial placed on 4. Pouring arm pours 5. Vacuum on (fixed time
pouring arm solvent over filter or user intervention)

{

6. Cleaning solvent
recovered from receiving [— 7.Cleaningvial removed [—
flask by pump.

Filtrate
Recovered?

Yes

i 10. it k¢
8. Sample vial moved to § Skl aed 0. Sample moved to
capper-decapper pouring arm.

A. Pouring arm pours B. Vacuum on (fixed time | | C. Filtrate sent to waste by
sample over filter or user intervention) pump

iv. Filtrate recovered from
| receiving flask to receiving |
vial by pump

ii. Pouring arm pours iii. Vacuum on (fixed time

v. Filtrate vial capped and |
sample over filter or user intervention)

i. Receiving vial placed  |—%
stored

12. Receiving vial and
11. Sample vial removed —* output needle washed |[—#
using pump

13. User prompted to
change filter cartridges

Figure 2: The stages involved in sample processing in the sample filtration module.
Numbered stages occur in all cases, whereas stages marked A-C and i-v occur only if the
filtrate is discarded or recovered, respectively. Stages are classified as a pre-filtration, wetting,
and cleaning (red), filtration (orange), and post-filtration cleaning (green).

Software

The software that orchestrates the RoblnHood operations is developed in Python, a user-
friendly, popular, and powerful programming language that facilitates the integration of
multiple advanced frameworks while also allowing the control of customised or commercial
devices and labware. The integration of different commercial hardware (IKA Hotplate, Tecan
XCalibur Pumps, Mettler Toledo Quantos etc.) is accomplished by drivers/wrappers written
using the Pylabware framework?®, whereas integration of electronic and pneumatic actuators
and motors is achieved via serial communication between Python scripts and Arduino Uno
boards embedded in each station. The Panda arm is controlled in Python using the FrankaX
library?® (Figure 3). The full code-base for the station is available on Github
(https://github.com/cooper-group-uol-robotics/RoblnHoodPy).

Information about the chemicals stored in the workflow is contained in three .csv files. The
dispense.csv file stores information about the liquids inside the liquid dispensing module,
recording their chemical identity, the port of the dispensing pump that they are attached to,
and any metadata entered by the user. The filt.csv file stores identical information for the liquid
reagents connected to the pump in the filtration module. The quantos.csv file stores the
chemical identity, position and metadata of solids in the solid dispensing module.
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Information on the samples requested by the user from the workflow, solids to be added ands: "
in what amount, liquids to be added and in what volume, position of the sample vial, etc., can
also be added as the samples.csv file. This file is converted into a dictionary, indexed by the
order of the entries in the .csv file, when the workflow runs, which enables a large degree of
flexibility in the order that samples can be prepared. Equally, information on the samples to

be prepared can also be entered directly into the Python or Bash scripts.

RobInHood Hardware RoblnHood Library Workflows
Commercial Labware 1 Ph — Worlflow 1
(Sl — %a}r} i.e., Porosity Config 1
”\r { LEES screening.bash

- PORTS Co nfig Workflow 2
— — QUANTOS_PORT = COM1 = H
Syringe Pump  IKA Hotplate Quantos PUMP FORT = COM2 N gcs ) Config 2
ynthesis.bpas
Bespoke Labware % . s
Customised ’

o ﬂu ﬂ Python drivers Workflow n
i 1 & i.e., Phthalimid
- % i.e., Phthalimide

Synthesis.bash

Filtration
station

Stirrer Bar
dispenser

Samples
Desk API

Franka Emika Robot Quantos
Software

o= Config files

o &
- I {1}
User

Lightbox

Figure 3: Diagram showing the relationship between software and hardware in RoblnHood.
Python drivers (Pylabware and bespoke devices) are used to interface with devices. The
Robinhood library/class stores station-specific methods and allows coordination of the
different modules. Setup files (quantos, reagents and filtration) are used to specify the
chemical identities of the liquid and solid reagents present in the system. User input occurs
via the samples.csv files or variables directly entered in the workflow script.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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RoblnHood also uses these .csv files to cross-check that all reagents requested by the user
in the samples.csv file are present in the workflow, reducing the potential for human error on
setup. During workflow operation, the chemical identity of the solvents primed in each pump
and the cartridge loaded into the Quantos is saved/stored as a JSON file, minimising time and
reagent loss.

(cc)

RoblnHood-specific basic commands, such as moving vials from the vial rack to the hotplate
or priming the reagent tubing in the liquid dispensing module, are written in a RoblnHood class
(Figure S24). The methods in this class are then used to write scripts for individual workflows,
with workflow-specific steps constructed from simpler pre-defined functions in the RoblnHood
class. These workflow steps are then called in the appropriate order within a Bash script, with
pauses for the robot to read its own joint state, which we have observed improves the reliability
of the arm's motions. Once a workflow script has been written (GitHub
https://github.com/cooper-group-uol-robotics/RoblnHoodWorkflows), the composition of
specific samples or identity of reagents can be easily altered by changing the relevant entries
in the appropriate .csv files or vial changing variables within the Bash script. This arrangement
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allows for a high degree of flexibility with different workflows being easily constructed from
same elementary commands.

Case Studies
Case Study 1. Dye-based porosity screening

Porosity is an important property in functional materials research for applications such as in
electrochemistry3!, catalysis®?, and chemical separations3334. Standard porosity measuring
techniques using gas sorption isotherms are precise but slow and difficult to adapt to
autonomous workflows. To address this, we developed previously a qualitative high-
throughput porosity screening workflow in which a material's ability to absorb an array of dye
solutions was shown to be a useful proxy measurement for porosity?'. This method measured
the dye removal using a camera, which makes the process inexpensive and amenable to
automation. However, unlike in gas-based porosity measurement techniques, the dye
molecules themselves have distinct sizes and chemical structures, which can affect the extent
of surface interactions and, hence, dye uptake from solution. As a result, an array of six dyes
of varying size and structure was used instead of a single dye (Dye 1 — Lucifer Yellow, Dye 2
- Ponceau Xylidine, Dye 3 - Methyl Orange, Dye 4 — Crystal Violet, Dye 5 — Safranin O, Dye
6 — Acridine Orange). Previous work on a variety of materials classes cross-validated with
Brunauer-Emmett-Teller (BET) measurements?' showed that colour loss in at least two of the
six dyes indicated a porous sample. Here, colour loss was defined as a concentration of 1
ppm or below, where concentration is linked to colour through calibration of dye samples with
known concentrations. The published work, performed previously by our group, was semi-
automated, making use of a Quantos for solid dispensing, a Chemspeed Swing platform for
dispensing the dye stock solutions, and manual filtration.

Here we successfully replicated the workflow in a fully autonomous fashion: empty vials were
filled with the solid to be analysed (6 mg) using the Quantos, before 9 mL of the relevant dye
and a stirrer bar was added in the liquid dispensing module. The vials were then capped and
transferred to the stirrer plate for 24 hours before the filtration module was used to separate
the solid from the dye solution. This filtered dye solution was transferred to a fresh vial, which
was then capped and analysed in the vision module. After analysis, the vials were then
transferred back to the vial rack for storage or disposal by the user. The process ran fully
automatically from sample preparation to analysis. To increase throughput, the samples were
sometimes transferred from the RoblnHood hotplate to an external hotplate during the stirring
process, allowing two sets of samples to be prepared simultaneously.

In our published work,?' the dye-solid samples were manually filtered using syringe filtering to
obtain the samples for analysis. Although syringe filtering is easy and effective for a trained
human chemist, it presents multiple problems in an automated workflow: First, the procedure
involves a high degree of manual dexterity, which is hard to translate to a robotic arm. Second,
the plunger can sometimes be removed unintentionally from the syringe, resulting in a
dangerous, uncontrolled release of liquid, as a result of pressure building up while aspirating.
Also, it is very difficult to recover the solid when syringe filtering, even when done manually,
and this means that syringe filtering is not appropriate in many contexts. Therefore, as
RoblnHood was designed to be an adaptable general platform, we used vacuum filtration
instead.

The validity of the fully automated workflow was tested by measuring the porosity of a subset
of the materials measured in our original paper.2' The selected materials included conjugated
micropolymers (CMPs)3, porous organic cages (POC)* and metal-organic frameworks
(MOFs)3'.  Additionally, we cross-calibrated our vision system by implementing the
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methodology presented in the Sl (2.4 Dye Based Porosity Screen). Our results agree braddiyss >irs

D00007J
with the findings of the original paper,?! with the workflow correctly classifying all materials as

porous or non-porous (Table S6 and Table S7, Sl Figures 25-31). The only sample where
there was a discrepancy was CC19, which absorbed one dye (rather than two dyes?' ), which
we ascribe to minor differences in calibration (Figure 4).

Predicted PPMs for CC19 3

Predicted PPMs:
Dye 1: 10.00
Dye 2: 9.81
Dye 3: 9.04
Dye 4: 0.71
Dye 5: 1.25
Dye 6: 1.40

©
n
o,
(=)
[
=
]
>
]
=
a

Classification: Non-Porous

Figure 4: Visual porosity results for CC19. Dye 4 is absorbed below the threshold of 1 ppm
and therefore counts as porous, whereas dyes 1 -3 and 5-6 remain above the threshold. The
resulting material is classified as non-porous. However, in contrast to dyes 1-3, dyes 5-6 are
heavily absorbing.
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Porous organic cages are a broad class of molecular crystals.3¢ The intrinsic porosity of these
materials means that they can exhibit porosity in both the liquid and solid phase, and they are
a promising materials class for use in absorption, gas separation, and catalysis.

(cc)

CC3 is a prototypical example of porous organic cages?? and has been studied widely. It is a
tetrahedral cage composed of four benzene-1,3,5-tricarboxaldehyde (TFB) molecules linked
by six 1,2—diaminocyclohexane molecules. The automated synthesis of CC3 was adapted
from the literature?3. Due to the low solubility of TFB in many solvents, 100 mg of solid TFB
(0.62 mmol) was dispensed via the Quantos into each sample vial, illustrating one use for the
solid dispensing module in RoblnHood. The samples were then moved to the liquid handling
module and received 2 mL of DCM that had been charged with a catalytic amount (0.013
mmol) of trifluoroacetic acid catalyst, before 2 mL of (1S, 2S)-(+)-1,2,-diaminocyclohexane
(0.62 mmol) in DCM was added. The vials were then transferred to the capper, capped, and
left to stand for 2 days, during which solid CC3 formed. The vials were then automatically
decapped, and 8 mL of ethanol was added as an antisolvent to precipitate any CC3 that was
still in solution. The contents of the vials were then filtered with the vial being transferred twice
back to the liquid dispensing module and refilled with 8 mL of 95 % Ethanol 5 % DCM (vol/vol)
before re-filtering to maximise product recovery. This step also had the dual purpose of
washing the solid on the filter.
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The solid was left to dry on the filter for approximately 12 hours before being recovereds; 55
manually. The PXRD (Figure 5), FTIR (Figure S32) and 'H NMR (Figure S$33) confirm the
successful synthesis of the alpha polymorph of CC322, with minor additional peaks in the
PXRD and the additional hydrogens attached to sp® carbons in the '"H NMR being attributed

to residual solvent and/or starting material resulting from incomplete activation of the cages.

—— CC3 Sim.
20000 A —— Repeat 1
— Repeat 2
Repeat 3
15000 A
2
8 10000 A |
>
4
T 5000 A
c
2 k2 _)U_JJ
£ o - S -

e LG

5 10 15 20 25 30
2Theta (degrees)

Figure 5: PXRD patterns of three CC3 samples synthesised using RoblnHood. The samples
show good agreement with a calculated PXRD pattern based on the published structure for
the alpha polymorph of CC322. Differences in peak intensities for the three samples can be
ascribed to preferred orientation; for example, a single large, oriented crystal can contribute
disproportionately to the PXRD pattern.

Case Study 3: Synthesis of a phthalimide

Phthalimides are heterocyclic compounds that are imide derivatives of phthalic acid.’” The
phthalimide ring is a common scaffold for many biologically active molecules because of its
hydrophobic aryl ring, combined with its hydrogen bonding capability and electron donor
groups?+38, Phthalimide derivatives are commonly studied as potential active pharmaceutical
ingredients with applications including antivirals, antibacterials and antitumour medications38.
Phthalimide derivatives are commonly produced by either condensation of the phthalic acid
anhydride or by alkylation of the imide nitrogen.
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Here we produced a functionalised phthalimide by heating 4-nitrophthalic anhydride and 3,455 707
(methylenedioxy)aniline in acetic acid at 110 °C for 18 hours while stirring (Figure 6 A). The
4-nitrophtalic anhydride was added as a solid (193 mg, 1 mmol) using the Quantos solid
dispenser. The vials were then transferred to the liquid handling station, and the aniline was
added as a stock solution in acetic acid (9 mL, 1 mmol). During this step, a stirrer bar was also
added to each sample. The samples were then capped and transferred to the hotplate. After

heating, the samples were returned to the vial rack.

A

110 °G 18 hours
O Acetic Acid

rel

il 1 [ I L
12 10 8 6 4 2 0
pPpm

Figure 6: A Reaction of 4-nitrophthalic anhydride and 3,4-(Methylenedioxy)aniline to form the
phthalimide using the RoblnHood platform. B. '"H NMR (400 MHz, DMSO) spectra of
phthalimide repeats. Additional peaks below 6 ppm, are 3.33 pm (H20), 2.5 ppm (de-DMSO),
and 1.91 ppm (acetic acid — residual from synthesis) 28. For full spectra assignment see Figure
S34.
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To aid product recovery, the samples were de-capped, and 6 mL of distilled water was added.
These samples were then recapped and stirred for a further 20 minutes in the heating and
stirring module. The samples were then de-capped again and filtered. After filtration, the
samples were then washed with 2 x 10 mL of distilled water using the original sample vials in
the same manner as the CC3 workflow. The product was allowed to dry on the filter for 12
hours before being collected manually. The success of the reaction was confirmed by '"H NMR
(Figure 6 B, Figure S34), '3C NMR and mass spectrometry (Figure $35-S37). The yield and
purity of this unoptimized reaction was consistent across each of the three repeats (24%, 23%,
24%) respectively.

(cc)

Conclusions and Future Work

This paper presents RoblnHood, a generic platform synthesis and analysis system capable of
liquid addition, solid addition, capping/decapping, heating/stirring, storage, visual analysis,
and work-up by vacuum filtration. This system is fully contained within a standard laboratory
fume hood and therefore has features all the associated safety features, ventilation, fire
suppression, and air-flow monitoring. The system is controlled via Bash and/or Python
scripting, enabling a high degree of user customisation and easy integration of data
processing/storage. The broad applicability of the system was demonstrated via the
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successful completion of three diverse workflows; a dye-based high-throughput, porosity:ss s

D
analysis, the synthesis of a porous organic cage, and the synthesis of a phthalimide.

The use of a seven-degree-of-freedom arm as opposed to the more common Cartesian robot
design in other automated chemistry platforms allows for a greater freedom of motion and,
therefore, allows for the incorporation of more functionality into such a confined space.
Moreover, the more human-like motion of the arm allows for easier adaptation of filtering and
potentially other work-up procedures.

The small space available in the fume hood imposes limitations on the number of modules
that can be implemented simultaneously, as well as the number of samples and reagents,
which in turn limits the throughput and speed of the system. It also necessitates some manual
intervention, for example, to change the filtration cartridges. However, despite these
limitations, fume hoods are omnipresent in chemistry laboratories, and incorporating
automation into these pre-existing chemically safe spaces represents a promising scalable
alternative to augment existing standalone automation methods.

Nevertheless, additional modifications to fume hood design may make them easier to adapt
to the needs of automation in the future. For example, fume hoods are not generally designed
with consideration to communication with and between the devices contained within them;
adding communication ports or cable channels would facilitate the implementation of
automation in chemical settings while increasing safety. We believe that approaches such as
the ‘Internet of Things' will be adopted in the future by manufacturers, allowing easier
implementation and better system integration in the context of self-driving laboratories.

One key aspect of future work will focus on the automation of the fume hood door and the
incorporation of a hand-off module, allowing samples to be passed into and out of the fume
hood—for example, to a mobile robot. This feature would allow different fume hoods to be
networked together, and for samples to be passed out of fume hoods for processing and
analysis in larger bench-top or standalone instruments such as LC-MS or NMR'8. To allow
this, monitoring and safety systems'83° would need to be in place to ensure that the fume hood
door was only opened when it was safe to do so, and closed in case of emergency.

Another key aspect of development is work to facilitate easier robot programming, i.e. involving
the use of a digital twin*°, which can be used to optimise the placement of submodules as well
as to automatically generate the robot’s waypoints, alongside the use of RGB-D cameras to
align the physical and simulated environments. Additionally, such cameras, along with other
sensors, could also be used to incorporate greater amounts of feedback, which would allow
for more closed loop processes and automatic adjustments to workflows. Further software
development could implement an Al agent as a workflow configuration helper that has
knowledge of the platform’s available features and could take user input and help suggest
experiments compatible with the platform. The platform could also provide a user-friendly
interface that more actively involves the user in the workflow decision-making process and
lowers the barrier to entry for programming workflows. In the future, we imagine multiple
RoblnHood platforms in multiple networked fume hoods, each with its own specialisation, as
a potentially scalable automation solution.
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Conceptualisation, planning, and resource securing were done by LL, HF, GR and AIC <= oe
Automation, robotics, and station design were done and supervised by FMG and LL with
assistance from RC. LL designed the automated filtration system with assistance from RC and
FMG. The RoblnHood software was written by FMG and LL with assistance from AE, while
the pylabware drivers for the solid dispenser and syringe pumps were developed by LL. FMG
designed and constructed the lightbox, stirrer bars dispenser, capper machine and the multi-
purpose fingers of the gripper with assistance from LL and wrote the customised drivers for
these devices. The liquid dispensing station was designed and constructed by LL with
assistance from FMG. FMG designed the cross-calibration method for the lightbox station.
FMG and LL validated the robustness of RobInHood by performing repeated reliability trials
and addressing all technical issues at the hardware and software levels through systematic
troubleshooting with assistance from AE and RC. Case study 1 was developed by YH and its
materials and stock solutions were also prepared by YH, case study 2 was developed by LL
with assistance from YH, and case study 3 was developed by SV. Case study experiment
workflows were written and supervised by LL with assistance from YH and SV. Offline analysis
was conducted by YH, LL and SV. All authors provided feedback on the paper and the
research.
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The data supporting this article have been included as part of the Supplementary Information.

In addition to this the raw data from which these figures were produced, as well as CAD designs for
the reproduction of the custom hardware, and videos of the station in operation are available in the
following Zenodo repository:

“Longley, L. (2026) ‘RoblnHood Raw Data and Hardware Designs’. Zenodo.
doi:10.5281/zenodo.19693232.”

https://zenodo.org/records/18183618

10.5281/7en0do.18183617

The GitHub containing the codebase referenced in the paper is available at the following URL:

https://github.com/cooper-group-uol-robotics/RoblnHoodPy

The GitHub containing the example workflows referenced in the paper is available in the following
URL:

https://github.com/cooper-group-uol-robotics/RobinHoodWorkflows

Device drivers utilised in the codebase are hosted on a private Cooper group repository but are
available upon request.
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