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Process chemistry creates scalable routes for new lead molecules and is a crucial but laborious stage in
pharmaceutical and agrochemical development cycles. We have built an automated process chemistry
platform that tackles late-stage process development. The modular workflow integrates both industry-
standard tools and bespoke devices to enable process scale synthesis, work-up, and analysis. A
multitasking mobile robot works between an automated synthesis reactor and an ultra-high-
performance liquid chromatography-mass spectrometer (UHPLC-MS) for product analysis, cleaning the

reactor between runs. The robot's anthropomorphic manipulation capabilities allow it to interface with
Received 16th December 2025 inimall desi d . t that be shared with h h R ti ield q it
Accepted 22nd February 2026 minimally redesigned equipment that can be shared wi uman researchers. Reaction yields and purity
match human chemist performance. Timings for round-the-clock, back-to-back experiments suggest

DOI: 10.1039/d5dd00563a that the weekly reaction output of the robot operating multiple reactors could exceed that of a human

Open Access Article. Published on 02 March 2026. Downloaded on 6/14/2026 12:35:18 PM.

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

(cc)

rsc.li/digitaldiscovery

Process development is a vital but resource intensive stage in
pharmaceutical and agrochemical development pipelines.
Process chemists are concerned with optimizing a synthetic
pathway to prepare for scale-up to pilot plant production. Early-
stage process chemistry is typically conducted on a small scale
(<20 mL reaction volume) using arrays of vials or small reactors
in automated synthesis platforms, a method often referred to as
high-throughput experimentation (HTE).** This allows for
screening reaction parameters such as solvent, catalyst, or
reaction temperature to optimize a reaction pathway. This
resembles the methods used in discovery chemistry, where HTE
is used to screen compound libraries against therapeutic
targets.>® Once reaction optimization has taken place, late-
stage process chemistry is concerned with ensuring process
safety and robustness,' often using structured experimental
methodologies such as design of experiments.'>*> Late-stage
process chemistry is typically carried out on a much larger
scale in 500 mL to 5 L reactors that more closely mimic pilot
plant reactors. It is far more challenging to create reactor arrays
at this scale, and hence sequential manual reactions with one
scientist per reactor has been the prevailing paradigm over the
last 50 years. This is a laborious process, as experiments are
often repeated multiple times with only small variations
between conditions. Such repetition is necessary to enable deep
interrogation of a system, to generate the dense datasets needed
to support safe scale-up. Also, while flow reactors are widely
used in early-stage process chemistry and reaction
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process chemist by a factor of 12 in an industrial setting.

optimization,'> they are less amenable to late-stage process
chemistry for reactions that will later be scaled up in batch.

Automated platforms for discovery chemistry and early-stage
process chemistry exist both as commercially available products
(e.g., Chemspeed, Unchained Labs) and as prototypes developed
by academic groups.®™® Recently, we developed a ‘mobile
robotic chemist’—that is, a mobile robotic manipulator that can
be used to carry out both catalysis research?*® and small-scale
exploratory synthesis.”* An advantage of this approach is that
the mobile robotic chemist can operate existing laboratory
instrumentation that was designed for human use without
significant modifications—it is a potential drop-in solution.
However, this mobile robotic chemist was developed for pho-
tocatalysis and exploratory synthesis research on a scale (<100
mL) that is unsuitable for late-stage process chemistry.

Here we present a modular automated robotic platform for
general late-stage process chemistry. We tackled key operations
including synthesis, work-up (filtration), product analysis,
product weighing, and reactor cleaning (Fig. 1). We chose the
synthesis of paracetamol (N-(4-hydroxyphenyl)ethanamide)
because it involves many of the unit operations used in late-
stage process chemistry, such as liquid and solid dispensing,
heating and cooling, stirring, filtration, chromatographic anal-
ysis, and product weighing. Given the larger scale (1000 mL
reaction volume), this aqueous synthesis also provided a safe
platform for development of a fully automated workflow. The
mobile robotic chemist approach allowed us to build a workflow
using commercially available laboratory equipment, in some
cases with no physical modifications. Where immediate inte-
gration was not possible, modifications were made using cost-
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Fig. 1 Process chemistry workflow that automates synthesis, work-up, and reactor cleaning steps, allowing for multiple consecutive reaction
runs. The synthesis and work-up steps make use of both commercial and custom-made equipment. Chromatographic analysis was performed
both during synthesis and to validate the cleaning steps. A general purpose mobile robotic manipulator was used for all manipulation and

transportation tasks, avoiding the need for multiple robotic arms.

effective solutions that involved 3D printing, motors and valves,
and inexpensive microcontrollers.

Automated process chemistry platform

The commercially available equipment and bespoke devices
built for this workflow are shown in Fig. 2. The equipment in
the fume cupboard was fixed in precise, savable locations
using a breadboard. The key operations in the workflow are as
follows.

Fume hood operation

Two methods were used to allow the mobile robotic manipu-
lator access into the fume hood. To access the autosampler
samples and the solid dispensing devices (Fig. 2b and e), the
robot grasps a 3D printed handle to open the horizontal sliding
sash (e.g., Supporting Video M1, timestamp 0'39"). For filter
funnel manipulations, the whole sash was opened vertically

1364 | Digital Discovery, 2026, 5, 1363-1371

using a motorized actuator fixed to the inside wall of the fume
hood (e.g., Supporting Video M1, timestamp 0'12”). This allows
the robot to access the relevant equipment while minimizing
disruption to extraction in the fume hood.

Reaction chemistry

Process chemists typically use controlled lab reactors (CLR),
which are jacketed cylindrical glass vessels with accurate
control over heating and stirring rate. A 1000 mL Mettler Toledo
OptiMax reactor was used here.”*>* This is an industry standard
item that is commonly used in pharmaceutical process chem-
istry laboratories. The reactor was automated using the
supplied iControl software.

Liquid dispensing

Liquid reagent addition was carried out using a Tecan Cavro
XLP 6000 syringe pump with a 12-port ceramic valve, PTFE

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Automated process chemistry platform. (a) Photograph of a standard-sized fume hood with the various key components highlighted. (b)
Close up photograph of the autosampler, showing the modified vial carousel. (c) Shelves holding three filtration funnels. (d) Balance with a funnel
holder fixed on the weighing pan. (e) Custom-built solid dispensing device. (f) Solvent cupboard underneath the fume hood housing the
peristaltic pump for draining filtrate (left), a 20 L jerry can for collecting waste filtrate (middle), and the vacuum pump for filtration (right). (g)
Automated reactor base valve situated above the filtration system, shown with a Buchner funnel in place.

tubing, and a 25 mL syringe (e.g., Supporting Video M1, time-
stamp 0'31").

Solid dispensing

Process chemistry typically involves the addition of solid reagents
on gram to kilogram scale. This workflow required a solid
dispensing device that could add 20 g of solid 4-aminophenol
powder directly into the Mettler Toledo reactor. We found that
commercially available solid-dosing devices were not able to
meet these criteria. We therefore designed and built a device
(Fig. 2a and e and Supplementary Fig. 1) that can be pre-loaded
and operated by the mobile robot in the workflow. The robot
inserts this device into one of the ground glass side ports of the
reactor and then operates it to add the solid with a physical
button press (Supporting Video M1, timestamp 0'46”). In prin-
ciple, this pre-loaded solid dispenser could be used by a human
operator in the same way. When not in use, the cartridge sits in
a holder attached to the fume hood wall (Supplementary Fig. 1c).

© 2026 The Author(s). Published by the Royal Society of Chemistry

Reaction analysis

A commercial Mettler Toledo EasySampler was used for sampling
from the reactor. Samples were stored in 10 mL vials located on
a vial carousel. The original vial carousel did not allow enough
space around the vial caps for the mobile robot to grasp, hence
we adapted this with a 3D printed version. Analysis of reaction
progress was conducted on a Waters ultra-high-performance
liquid chromatography-mass spectrometer (UHPLC-MS) using
caffeine as an internal standard, and a heuristic decision-maker
was developed to process the data. As is standard in most
industrial R&D laboratories, the UHPLC-MS was in a separate
area of the laboratory, requiring samples to be transported by the
robot (Supporting Video M1, timestamp 1'41”-2/20"). This has
advantages over direct sampling since UHPLC-MS instruments
are expensive, and invariably shared between multiple process
chemistry reactors.

Digital Discovery, 2026, 5, 1363-1371 | 1365
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Product recovery and filtration

The Mettler Toledo OptiMax reactor has a manual-operation
base valve. To automate this valve, we mounted a stepper
motor perpendicular to the valve, with a worm gear for coupling
the valve handle to the motor. We developed a filtration system
to sit underneath the base valve (Fig. 2a and g). This consists of
a glass dish covered by a 3D printed lid with a conical depres-
sion for a 250 mL sintered glass funnel to sit in (Supporting
Video M1, timestamp 3'31”). The lid has a connection to
vacuum and a connection to a peristaltic pump for waste
drainage, both regulated by solenoid valves.

Weighing

A Kern PCB 2500-2 balance was used for weighing the reaction
product. A custom-built enclosure prevented weighing errors
arising from fume hood air flow. A 3D printed funnel holder was
added to the balance pan (Supporting Video M1, timestamp
4'11").

Reactor cleaning

To allow sequential reactions and continuous round-the-clock
operation, the reactor must self-clean. In the cleaning stages,
a concentration of 0.05 mg mL™~" (N-(4-hydroxyphenyl)ethana-
mide) was chosen as the upper threshold for cleaning to be
considered complete. The system was also programmed to do at
least two cleaning cycles, even if the paracetamol concentration
was deemed to be below this threshold after the first cleaning
sample (Supporting Video M1, timestamp 4'33"-6'31").
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Mobile robot chemist

We showed previously that free-roaming mobile robots could be
integrated into existing laboratories to perform experiments by
emulating the physical operations of human scientists;***"**
other laboratories have also embraced this approach.”®*” In this
workflow, fiducial markers were used to compensate for error in
the base positioning and to accurately localize the robot end
effector, rather than the 6-point calibration used previ-
ously.>**>** This visual calibration method resulted in a trans-
lation precision of £0.41 mm and a rotational precision of
+1.014°. While this method exhibits slightly lower translational
and rotational accuracy than the previously used 6-point cali-
bration, the achieved precision is sufficient for reliable task
execution within the context of this workflow. This method also
offers practical advantages; it requires only visual access to the
calibration target from a distance, rather than physical access to
all faces of a calibration cube via direct gripper contact. This
reduces constraints on target placement and simplifies inte-
gration within confined laboratory environments.

The mobile base of the robot was used to store objects for
transportation (Supplementary Fig. 3). We fitted a short rack for
holding the sample vial that was being transported, a long rack
for storing sample vials after they have been analyzed, and
a raised holder for a hollow funnel that is used during cleaning.

The mobile base unit allows the robot arm to be used
anywhere in the laboratory. In this workflow, the robot is
positioned on the right side of the fume hood to move funnels
between the shelves, and to operate the filtration system and the
weighing station. It moves to the left side of the fume hood

O,
N Mobile
robot

KN

UHPLC-MS
machine

Fig. 3 Software overview. ARChemist takes a human-readable recipe file as the input and handles high-level orchestration and data
management. Roslabware, pylabware, and labmatic packages handle low-level control and send commands out to individual devices.
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when manipulating the solid dispensing device or collecting
sample vials. It then drives across the lab to drop off sample
vials for analysis on the UHPLC-MS machine. This approach is
highly scalable and flexible, since the instruments and fume
hoods can be located anywhere in the laboratory. While such
integrations might be also achieved with robots on tracks,***°
this would increase costs, consume space, and reduce flexibility
as the scale of the workflow grows, noting that large industrial
R&D labs might contain 20 or more process chemistry reactors,
each in a separate fume hood.

A multipurpose robot gripper (Supplementary Fig. 4) was
designed to meet the handling requirements for several
different objects in the workflow. This included vials, the solid
dispensing devices, the fume hood door handle, and filtration
funnels. The diameter of the gripper's semicircular internal
surface was initially set based on the sample vials, which are
standard, fixed consumable items. The fume hood door handle,
funnel handles, and solid dispensing device handles were then
designed based on those gripper dimensions.

Software

Orchestration of the workflow required robust software with
multiple levels of abstraction and control. Fig. 3 gives an over-
view of the software architecture.

ARChemist is a modular architecture for workflow orches-
tration and data management based on the Robot Operating
System (ROS)* that was designed to be simple to use for
a scientist with limited coding knowledge. The scientist uses
intuitive chemical procedures in the form of YAML files to
program their automated experimental setup. ARChemist sends
out commands at the correct time and in the correct order to
request processes to take place within the workflow; it stores the
status of each process in a MongoDB database for viewing at any
time.

Pylabware provides Python functions that abstract away the
details of each device's unique communication protocol.*
Roslabware wraps around pylabware and allows these devices to
be controlled over the lab network using ROS messages sent
from ARChemist. ROS is an open-source middleware that is
commonplace in robotic systems.*

Most devices used simple communication protocols such as
serial commands. Automating the reactor and autosampler
through Mettler Toledo's proprietary iControl software required
the use of GUI automation. The labmatic package for auto-
mating the Waters UHPLC-MS machine creates a CSV file that is
sent to the UHPLC-MS software. This triggers startup of the
machine and analysis of the sample. The output file is parsed by
labmatic. It assigns peaks by comparing peak maxima to pre-
determined retention times for compounds expected to be
found in the sample.

Experimental procedure

The experimental procedure is summarized in Fig. 4. First,
a chemist performed an initial set up that included placing
clean funnels on the shelves, ensuring the autosampler is fully

© 2026 The Author(s). Published by the Royal Society of Chemistry
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loaded with clean vials, and loading the solid dispensing
cartridges. All operations were then conducted without manual
intervention, up to and including weighing the final product.
After the automated runs, the chemist would shut down the
system by turning off power supplies and moving the para-
cetamol product from the funnels into storage vessels.

The mobile robot began by moving a funnel to the filtration
system. The syringe pump dispensed 500 mL of distilled water
into the reactor and the mobile robot operated a solid
dispensing device to add 20 g of 4-aminophenol. The reactor
was heated to 70 °C, then the autosampler withdrew a 20 pL
sample. After the first sample, 35 mL of acetic anhydride was
pumped into the reactor. The mobile robot transferred the
sample to the UHPLC-MS machine for analysis, whereby
a decision was made based on the results. If the concentration
was above 0.45 mg mL '—a predetermined target reaction
yield—then the system moved on to workup. If not, the reactor
continued to heat, and the robot returned to collect another
sample. In-experiment UHPLC-MS data is shown in the SI.

Workup began with cooling the reactor to 5 °C to initiate
product crystallization. The base valve was operated in four
open/close cycles to drain slurry down into the funnel. Vacuum
was applied, then the drain peristaltic pump was turned on to
move waste filtrate to the 20 L jerrycan under the fume hood.
When the reactor was empty, it was refilled again with water,
stirred, and drained to remove any residual paracetamol from
the inside surfaces. Finally, vacuum was applied for 5 minutes
to dry out the paracetamol product. The mobile robot moved
the funnel to the balance for product mass measurement, then
returned it to the shelves.

In the cleaning phase, a hollow funnel with no frit was
placed on the filtration system. The reactor was filled with
600 mL distilled water, then heated to 85 °C. Again, a sample
was transferred to the UHPLC-MS for analysis. The paracetamol
concentration in the sample needed to be below 0.05 mg mL ™"
for it to be considered clean. Furthermore, at least two samples
were required before the cleaning stage was finished. Once this
was achieved, the hollow funnel was moved back to the mobile
robot base, to ready the system for the next reaction.

A video of the whole experimental procedure is included in
the SI (Movie 1).

Results

After building the system, there was an initial period of running
individual experiments while debugging the software and
improving the bespoke hardware (SI, Supplementary Table 2).
We then moved to running the system continuously to
demonstrate the principle of round-the-clock automation. We
carried out three consecutive paracetamol syntheses over
a period of 21 h (SI, Movie 2) and obtained consistent recovered
product yields (15.80 g, 15.72 g, 15.80 g; corresponding to
percentage yields of 57.0%, 56.8%, 57.0%). NMR data (SI,
Supplementary Fig. 7) confirmed high purity of the paracetamol
product in all cases. To benchmark the robot performance, we
performed an analogous manual synthesis of paracetamol,
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Fig. 4 Key steps in the automated process chemistry workflow. (a) First, the robot moves a funnel to the filtration system and then continues as
shown, following the arrows. Hexagonal blocks are decision points. The average duration for each step is shown in square brackets. The colors of
each step correspond to the equipment coloration in Fig. 2. (b) Robot lifting a funnel off the storage shelves. (c) Robot pressing the button to
dispense solid into the reactor. (d) Robot removing a sample vial from the autosampler. (e) Robot placing a sample vial on the UHPLC-MS vial
rack. (f) Robot placing a funnel of the balance for yield measurement. (g) Robot picking up the hollow funnel from its base for placement on the

filtration system.
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achieving an average recovered product yield of 59.9% following
the same procedure.

These three experiments ran over a continuous period of 20
hours 52 minutes, averaging approximately 7 hours per exper-
iment, including synthesis, product isolation, analysis, and
reactor cleaning. Assuming longer-term workflow stability and
24/7 operation, then 24 consecutive experiments per week could
be carried out by the system for this benchmark reaction. With
no interruptions or breaks, a human researcher can perform
this experiment in around 3 hours, based on our control
experiments—that is, faster than the mobile robot. The robot
moves relatively slowly for safety reasons, meaning that the
human researcher has a speed advantage in manipulation and
laboratory navigation tasks. Nonetheless, in a realistic work
scenario, a human chemist working a 40 hour, 5 day week with
a single reactor could conduct two of these experiments per day;
one in the morning and one in the afternoon. This equates to 10
experiments per week, compared to the 24 experiments that the
robot could achieve. Moreover, as shown by Movie 2, the mobile
robot is far from capacity in this workflow. It operates for only
20% of the run time, on average, spending most of that time
waiting for other operations to complete. As such, with smart
scheduling and allowing for battery recharges, a single mobile
robotic manipulator might serve around five such reactors. This
could allow one mobile robot to complete 120 reactions per
week, exceeding the reaction output of a single human process
chemist by a factor of 12.

Outlook

Unlike discovery chemistry and early-stage process chemistry,
late-stage process chemistry has so far resisted automation. It is
challenging to create arrays of fully automated reactors, each of
which occupies a standard fume hood (Fig. 2a), coupled with
appropriate analytical steps. Here we show that mobile robots
can be used to integrate the basic unit operations in late-stage
process chemistry, replicating the performance of a human
process chemist, for the simple case of paracetamol synthesis.
These preliminary experiments suggest that such automated
systems could exceed the reaction output of a human process
chemist by more than a factor of ten, even though the
completion of an individual experiment by the robot is slower.
This speed up is because robots can operate 24/7 and focus
exclusively on process chemistry tasks with no distractions. To
achieve such productivity gains, and to ensure safety, it would
be necessary to improve the workflow robustness. We demon-
strate here three back-to-back experiments over the course of 21
hours with no failures (SI, Movie 2). However, this required
extensive optimization and fine-tuning of the workflow. The 24/
7, five reactor scenario that we invoke above is beyond the
capabilities of the current set up. This is because of the open-
loop nature of the workflow. Greater robustness could be ach-
ieved by including active feedback, for example to detect
whether an item has been slightly misplaced by the robot and to
take appropriate corrective action. Likewise, we demonstrate
this method with a well-known reaction. More conditional logic
might be required for new reactions, for example to determine

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the appropriate course of action if the product does not
precipitate out, as anticipated. Furthermore, while the present
system provides access to standard process data via iControl
(e.g., temperature, volume, and stirring rate), it does not yet
incorporate the full suite of data-rich kinetic and thermal
analyses that typically guide safe industrial scale-up decisions.
Future extensions could integrate additional process-chemistry
instrumentation—such as in situ spectroscopic probes, reaction
calorimetry, and higher-frequency automated sampling—to
support kinetic interpretation and thermal risk assessment in
a more industrially representative context.

We believe that modular integration using industrial mobile
robots®** will have economic advantages over physically inte-
grated automation solutions, particularly at the process chem-
istry scale. For example, the UHPLC-MS instrument in this
workflow is more expensive than either the mobile robot or the
reactors, and hence it is much more cost-effective to share this
analytical hardware between reactors, rather than hard-wiring it
to a single reactor. We have also shown that other key analytical
techniques, such as NMR, can be incorporated using mobile
robots.**

In the experiments described here, the decision making is
simple and hard-coded, allowing the system to determine when
the reaction is complete, or whether the reactor is clean enough
for the next experiment (Fig. 4a). In the future, we foresee the
introduction of more advanced artificial intelligence: for
example, to allow the autonomous optimization of reaction
conditions to maximize yield or product purity at this late-stage
process chemistry scale.
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