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We demonstrate a novel mechanochemical synthesis method using a robotic powder grinding system that
applies a precisely controlled and constant mechanical force. This approach significantly enhances
reproducibility and enables detailed analysis of reaction pathways. Our results indicate that robotic force
control can alter the reaction rate and influence the reaction pathway, highlighting its potential for
elucidating chemical reaction mechanisms and fostering the discovery of new chemical reactions.
Despite its significance, the application of a controllable constant force in macroscale mechanochemical
synthesis remains challenging. To address this gap, we compared the reproducibilities of various
mechanochemical syntheses using conventional manual grinding, ball milling, and our novel robotic
approach with perovskite materials. Our findings indicate that the robotic approach provides significantly
higher reproducibility than conventional methods, facilitating the analysis of reaction pathways. By
manipulating the grinding force and speed, we revealed that robotic force control can alter both the
reaction rate and pathway. Consequently, robotic mechanochemical synthesis has significant potential

rsc.li/digitaldiscovery

1 Introduction

Mechanochemistry or mechanochemical synthesis, involves
chemical reactions activated by mechanical energy.*” This
process is promising for synthesizing functional materials, such
as energy-related materials®® and metal-organic frameworks
(MOFs),*” and is considered a green chemical reaction due to its
solvent-free and low-energy requirements.® Moreover, to
enhance the understanding of these reactions, there is a need
for more reproducible and controllable approaches to
synthesis.®

Traditional mechanochemistry typically involves tools like
manual mortars and pestles or ball mills in batch processes,
and screw extruders for continuous flow production.'*'
However, these methods often face challenges in reproduc-
ibility and scalability. For research scale processes, manual
grinding is labor-intensive and variable, and ball mills suffer
from limitations like nonuniform reagent distribution. Manual
grinding is labor- and time-intensive, and the results vary
depending on the operator, causing reproducibility problems.
Similarly, ball mills have limitations, such as the size and
weight of the balls and the nonuniform distribution of reagents
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for advancing the understanding of chemical reaction mechanisms and discovering new reactions.

in the jar, and these limitations also cause reproducibility
issues. Despite the recognized importance of the mechanical
factors in mechanochemical synthesis,’"* synthesis under
precisely controlled mechanical force still needs to be
examined.

To address these issues, we propose a force-controlled
mechanochemical synthesis approach, depicted in Fig. 1,
using a robotic powder grinding system with a mortar and
pestle.”** This method enables precise control over grinding
force and speed, allowing for a better understanding of mech-
anochemical reactions under varying mechanical conditions. In
this method, a soft gel jig is used and aids in the mechano-
chemical reaction by applying a constant force between the
mortar and the pestle. Furthermore, this method enables
precise control over the grinding force and speed, and the
mechanochemical reaction can be clarified under varying
mechanical experimental conditions.

In this study, the effectiveness of our proposed robotic
mechanochemical synthesis system is demonstrated through
three experiments with perovskite as the target material. In the
first experiment, the reproducibilities of the mechanochemical
reactions using manual grinding, ball milling, and robotic
grinding are compared, with emphasis on the importance of
force control in the mechanochemical synthesis. In the second
experiment, the parameters of force were found to significantly
influence the mechanochemical reactions. In the third experi-
ment, the grinding speed was shown to have a substantial
impact on mechanochemical reactions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Diagram adjusting reaction pathways via varying force and speed during grinding.

In summary, our contributions are as follows:

(1) We compared the reproducibilities of manual grinding,
ball milling, and robotic force-controlled mechanochemical
syntheses. The robotic mechanochemical synthesis exhibited
the least variability; thus, the controlled force application
enables more reproducible experiments in mechanochemical
synthesis.

(2) We also investigated the reaction path by controlling the
grinding force and speed. Our results revealed that the grinding
force affected the reaction pathway; additionally, the reaction
pathway also differed with respect to the grind speed even when
the grinding force was the same. This finding indicated the
possibility of controlling reaction pathways in mechanochem-
ical reactions through the grinding force and speed.

The remainder of this paper is organized as follows. Section
2 introduces the related works. Section 3 describes the robotic
mechanochemical synthesis system. Section 4 provides the
experimental results. Section 5 discusses the results from this
study. Finally, Section 6 provides a summary this study and
indicates future research directions.

2 Related works

We discuss various mechanochemistry methods, examine the
process parameters and analyze mechanochemical reactions as
outlined in relevant literature.

2.1 Mechanochemistry methods

In initial studies, mechanochemical synthesis was conducted
using a mortar and pestle.'® However, this method is inefficient

© 2024 The Author(s). Published by the Royal Society of Chemistry

due to limitations in the applied power, labor-intensive nature,
and low reproducibility.”” To compensate for the power limita-
tions, some studies have been where ultrasonic treatment'® or
annealing’ were used as post-treatment after grinding with
a mortar and pestle. Subsequently, ball mills, which can effi-
ciently advance reactions with high energy, became commonly
used.”® However, one of the challenges associated with ball
milling is the difficulty of effectively stirring the powder. To
overcome this issue, highly fluidic catalysts have been devel-
oped.** Notably, not all research has shifted to using ball mills;
even in relatively recent studies, mortar and pestles are used
when the reaction efficiency is not critical and when uniform
mixing with small amounts of reagents is needed.**** In our
proposed robotic mechanochemical synthesis system, in addi-
tion to grinding with a mortar and pestle, mixing with a spatula
is performed to ensure uniform progression of the reaction.
Furthermore, the ability to consistently apply force enables
higher reproducibility compared to ball mills.

2.2 Mechanochemical process parameters

Investigating the relationship between process parameters and
mechanochemical reactions is important for reaction control.
In the past, research on the reaction predictions using modeling
based on the input energy was performed.**** Furthermore,
studies showed that both reaction rates and crystal poly-
morphism could be controlled by changing the input energy or
force.’?® Studies were also performed from a mechanical
perspective, considering factors such as the compression stress
and shear stress; however, most of these studies were on
a microscale.”””® Studies have examined the impact of the
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compression stress on a macroscopic scale using specialized
synthesis equipment.”® Since conventional ball mills cause
a wide variation in compressive and shear stresses,* it is likely
that the consideration of compressive stress and shear stress is
insufficient. Our proposed robotic mechanochemical synthesis
method enables the investigation with commercially available
mortars and pestles under consistent force conditions on
a macroscale, enabling comparisons of the reproducibility with
past studies. Furthermore we can examine the effects under
various process conditions by varying force and speed. Thus,
our proposed method is suitable for quantitatively examining
the impact of synthesis conditions on mechanochemical
reactions.

2.3 Mechanochemical reaction mechanism

To elucidate the mechanisms of mechanochemical reactions,
direct reaction analysis are investigated from various perspec-
tives. Monitoring the grinding progress of reactions in real time
are possible.’”?'"33 In particular, the X-ray diffraction (XRD) and
Raman spectroscopy were used for in situ analysis in the ball
milling.**** Additionally, some research also involves the anal-
ysis of reaction kinetics in mechanochemical reactions.***”
Commonly employed shake mills are inadequate due to their
substantial heat generation when mechanical impacts are
assessed. For this reason, rotational mills have also been used
for investigations;'* however, they require a large amount of
sample material, posing limitations for conducting numerous
trials. Compared to these methods, our proposed method using
a mortar and pestle provides the advantages of reduces heat
generation to focus on mechanical factors analysis and enable
experiments with a small amount of sample material. There-
fore, a robotic mechanochemical synthesis system with mortar
and pestle is suitable for analyzing reaction mechanisms on
a laboratory scale.

3 Robotic mechanochemical
synthesis system

This section details the setup of the robotic mechanochemical
synthesis system, including the platform specifications, motion
planning strategies, and force control mechanisms.

3.1 Platform

The robotic mechanochemical synthesis system (Fig. 2) con-
sisted of a Universal Robots UR5e robotic arm, a soft jig,
a pestle, and a small silicone spatula. We designed a soft jig to
convert the displacement into a force to enable smooth
grinding with a constant force. A pestle was used for grinding,
and a spatula was used for gathering the powder. Additionally,
by attaching bearings to the spatula, the powder was efficiently
collected by allowing the spatula to follow along the walls of the
mortar. A commercial mortar with a horizontal diameter of
80 mm and a depth of 32 mm (AS ONE, deep-type agate mortar,
and pestle) and the robotic arm were attached to an aluminum
frame. The robot was connected to a desktop PC running ROS
Noetic on Ubuntu 20.04. The computer used to control robot is
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Fig. 2 The robotic mechanochemical synthesis setup was used to
perform the experiments. The robotic arm and mortar were fixed on
the aluminum frame. The robot had a pestle and spatula attached via
a soft jig which consists of gel cubes and 3D-printed parts.

equipped with a Ryzen 9 7900 CPU and 64 GB of memory. The
soft jig, shown in the upper right of Fig. 2, was made from cut
gel cubes (SUTLLA10-100-100 and UTSLL10-100-100, MISUMI)
measuring 1.5 cm X 1.5 cm X 1 cm and 3D-printed parts made
of acrylonitrile-butadiene-styrene (ABS). These jigs were previ-
ously developed to absorb the grinding impacts between the
mortar and pestle.

3.2 Motion planning

In our research, we employed a circular motion for the grinding
motion with the mortar and pestle; this motion has been shown
to be an effective grinding technique in a prior study.** The
diameter of the circular motion during grinding was set to 16
mm; this approximately matched the size of the pestle tip.
Additionally, a spiral motion was utilized for the powder gath-
ering process with the spatula. The spatula was rotated by the
bearing to contact the mortar wall, facilitating a simple yet
effective spiral motion. The depth of these motions was deter-
mined based on the ellipsoidal model of the inner surface of the
mortar, with the axis length of the ellipsoid set to 36 mm, cor-
responding to the depth of the mortar. The 6D poses of the
designed motions were computed and converted into joint
trajectories using TrackIK. The robot's operation was governed
by these joint trajectories, which were controlled by a joint
trajectory controller within the Robot Operating System (ROS)
environment. The grinding speed was adjusted by controlling
the joint movement velocity between the waypoints. We alter-
nated between 20 rotations of grinding motion and 1 cycle of
powder gathering motion; this process effectively advanced the
grinding process in each experiment. The mortar needed to be
securely fixed to the aluminum frame using a jig, and the center
coordinates needed to be adjusted beforehand to minimize
positional errors at the arm's tip during grinding.

3.3 Force control with soft jig

In this research, we propose a force control method with a soft
jig. We applied the approximate spring properties of the soft gel

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Graph illustrating the displacement of pose Z and the sensed
force data. A linear relationship is observed between the displacement
force magnitude.

in the soft jig. The spring constant was estimated with the force
and pestle tip values. The force measurements were obtained
via a force-torque sensor mounted on the flange of a UR5e
robotic arm. The position of the pestle tip was determined using
Movelt within the ROS framework. Experiments were conducted
by bringing the pestle tip into contact with a flat plane on the
table. Fig. 3 shows the corresponding reaction force of the soft
jig with a SUTLLA type gel as a function of the displacement of
the pestle. Although the results exhibited hysteresis character-
istics, a clear linear relationship was observed for both the
forward path and the backward path. When this relationship
was subjected to linear regression of the forward path, the
spring constant was determined to be 20 957.7 N m ™. Another
type of gel, USUTLLA also exhibited a clear linear relationship
(Fig. S11). We attained a controllable constant force using
accurate control of the position of the pestle by a robotic arm.
We investigated the mechanochemical reactions while the
precisely controlled applied forces were varied using a robotic
mechanochemical synthesis system.

4 Results

Our primary objective was to verify that the proposed system
was more reproducible than conventional methods in mecha-
nochemical synthesis. After confirming the reproducibility of
the results, we conducted experiments to analyze the kinetics of
the mechanochemical reactions under various force and speed
conditions.

4.1 Setup

We used the robotic mechanochemical synthesis system
described in Section 3.1. In each trial, we ground 774.0 mg of
CsBr (Wako, 99.9%) and 1323.0 mg of PbBr, (Strem Chemicals,
98%) to obtain a stoichiometric 1 : 1 molar ratio. In addition, we
confirmed the existence of the following phases—CsBr and
PbBr, as reactants and CsPbBr; and Cs,PbBr¢ as products—
from the Rietveld analysis of the obtained XRD patterns. The
assumed reaction phases were established based on previous
literature. This study implicated unidirectional reactions of the
four types of substances.”

© 2024 The Author(s). Published by the Royal Society of Chemistry
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CsBr + PbBr, — CsPbBr;
4CsBr + PbBr, — Cs4PbBryg
CsPbBr; + 3CsBr — Cs4PbBrg

Cs4PbBrg + 3PbBr, — 4CsPbBr;

For the initial experiment, ball milling was performed using
a Mixer Mill (Retsch, MM400) at 30 Hz for 5 minutes. The
grinding process with a mortar and pestle was performed
manually and robotically for 30 minutes each. All experiments
were conducted using the reagents that were taken directly from
the container to approximate commonly used experimental
conditions. To ensure accuracy and consistency, each experi-
ment was repeated three times.

In the second experiment, the effect of the forces applied
during grinding on the reaction was investigated. However, as
the force increased, the deformation of the gel also increased;
this potentially caused a deviation in the trajectory of the pestle
tip. Based on preliminary experiments, the force range for this
study was set to 10 and 20 N.

In the third experiment, the influence of the grinding speed
on the reaction was examined. Since the robot could have
challenges operating along the designed trajectory if the speed
was too slow or too fast, preliminary investigations were con-
ducted to determine the feasible grinding speeds. Conse-
quently, the experiments were carried out at 120 rpm and
60 rpm.

In the second and third experiments, we measured the post-
reaction samples using XRD for the reaction rate and path
analysis. In mechanochemical reactions, a spontaneous reac-
tion progression known as “aging” is well-documented.”*®
Therefore, measurements were conducted immediately after
grinding to minimize the impact of grinding on the results. Due
to its large particle size, the CsBr reagent was ground and
determined to be less than 100 pm in size. This prereduction in
size was performed to ensure that the energy was not consumed
in the grinding process itself, enabling an accurate assessment
of the impact of grinding force and speed on the mechano-
chemical reaction rate and pathway. PbBr, was used directly
without pre grinding since its median particle size distribution
of approximately 30 um was sufficiently small.

For all experiments, the sample preparation, the setup of the
XRD instrument and the measurements were manually per-
formed. On the other hand, the data analysis was conducted
automatically by BBO-Rietveld analysis** to determine the
weight fractions of the phases. The analysis was conducted
using a Ryzen Threadripper 2990WX CPU with 128 GB of
memory, and the processing time for each sample was
approximately 20 minutes.

4.2 Results

In the initial experiment, we conducted mechanochemical
synthesis three times using manual grinding, ball milling, and
robotic grinding, respectively, to compare reproducibility and

Digital Discovery, 2024, 3, 2130-2136 | 2133
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Fig. 5 Graph illustrating the weight fractions of the mechanochemical reactions under each grinding force and speed condition.

efficiency across these methods. We used automated Rietveld
analysis to estimate the mean and standard deviation of the
weight fractions.

Fig. 4 provides the means and standard deviations of the
weight fractions for the four components with error bars. Our
results showed that robotic grinding yielded significantly lower
standard deviations for the four components compared to other
methods, particularly for Cs-rich components. This indicates
higher reproducibility in robotic mechanochemical synthesis.

We successfully achieved high reproducibility in the robotic
mechanochemical synthesis. Subsequent experiments investi-
gated the effects of varying grinding force and speed on reaction
kinetics using robotic grinding. Fig. 5 shows the weight frac-
tions obtained from the Rietveld analysis of each reaction
phase. In the second experiment, we compared the left and
center panels of Fig. 5 to investigate the impact of the grinding
force. The results indicated that a higher grinding force led to
the formation of a larger amount of Cs,PbBrs compared to that

2134 | Digital Discovery, 2024, 3, 2130-2136

of CsPbBr;. Notably, at a grinding force of 20 N, CsBr was
depleted in the latter stages, resulting in the consumption of
Cs,PbBrg and the generation of CsPbBr;.

In the third experiment, we compared the center and right
panels of Fig. 5 to examine the influence of the grinding speed.
These results demonstrated that a higher grinding speed
resulted in the formation of a larger amount of CsPbBr;
compared to that of Cs,PbBrs.

These findings highlight the potential for controlling reac-
tion pathways through precise adjustments in force and speed.

5 Discussion

Compared to conventional methods, our robotic mechano-
chemical synthesis with a precise constant force control results
in higher reproducibility and enables the investigation of
reaction rate constants due to force variations.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The initial experimental results demonstrated significantly
better reproducibility in robotic mechanochemical synthesis,
especially for compounds requiring precise force control. We find
notable differences in the Cs-rich components. These differences
likely stem from the robust bonding of CsBr, which requires
frequent mixing to induce mechanochemical reactions. Manual
frequent mixing and uniform grinding is labor-intensive, and ball
milling applies force primarily in the direction of the compres-
sion, resulting in insufficient agitation. In contrast, our robotic
mechanochemical synthesis system provides frequent mixing
and uniform grinding, ensuring a consistent chemical environ-
ment. As a result, the mechanochemical reactions are able to
uniformly proceed under these conditions.

The second and third experiments highlight differences in
reaction pathways caused by variations in grinding force and
speed. Higher force influences the formation of Cs,PbBrg, while
higher speed affects the formation of CsPbBr;. These results
suggest the possibility of dynamically controlling reaction
pathways in mechanochemical synthesis through precise
controls in force and speed, likely relating to compressive and
shear stresses.

While the emphasis thus far has been on the outcomes of
this research, there are four limitations to this study. The first
limitation is scalability. The proposed method applies uniform
force using a mortar and pestle, which is effective on a labora-
tory scale but poses challenges when scaling up to an industrial
level. It has been noted in the literature* that as the amount of
reagents increases, it becomes more difficult to apply uniform
force. Therefore, a method that seamlessly bridges laboratory-
scale processes to industrial-scale applications is required.
The second limitation pertains to the complexity of imple-
mentation. Although the code and tools for this method are
made publicly available, the implementation cost is higher
compared to traditional methods. However, by employing
a robot arm, the system's flexibility is enhanced, allowing for
the application of mechanochemical synthesis to high-
throughput experiments previously conducted with solid-
phase or liquid-based methods. Since there is a trade-off
between system flexibility and implementation complexity,** it
is important to choose the appropriate method based on the
specific objectives. The third limitation relates to environ-
mental impact and energy efficiency. Mechanochemical
synthesis is recognized for its advantages in energy efficiency
and low environmental impact.® However, it is necessary to
further discuss whether the use of robotic methods provides
additional benefits in reducing environmental impact and
improving energy efficiency compared to traditional methods.
The fourth limitation concerns the types of materials that can
be applied. While this study demonstrated the application of
the method to perovskite materials, there are various materials
that can be synthesized using a mortar and pestle. Future work
will aim to expand the application to other materials.

6 Conclusion

We developed a robotic mechanochemical synthesis method with
precise force control, achieving highly reproducible and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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controllable mechanochemical reactions. This method offers
significant improvements over traditional techniques in terms of
consistency and reaction pathway control. We applied a robotic
powder grinding system to mechanochemistry to achieve
a mechanochemical reaction under constant force. We further
confirmed that precise force control during mechanochemical
synthesis is critical for achieving reproducibility and reaction
control.

Our contributions include:

(1) Demonstrating the application of a robotic powder
grinding system for mechanochemical synthesis, achieving
highly consistent results compared to manual grinding and ball
milling.

(2) Investigating the reaction progress under varying
grinding forces and speeds, showing significant changes in
reaction pathways and the potential for dynamic control of
mechanochemical reactions.

In this study, we investigated the mechanochemical reaction
mechanism for a specific alkali halide lead perovskite system. In
our future work, to further understand this mechanism, we plan
to verify these findings with a broader range of materials such as
organic molecules and mechanical conditions such as the effect
of the force direction. The force-controlled robotic mechano-
chemical synthesis approach enables the attainment of a more
comprehensive understanding of mechanochemical synthesis.

Data availability

The data and code supporting the findings of this study are
openly available. The robotic powder grinding code is accessible
at GitHub via [https://github.com/quantumbeam/
powder_grinding], and the BBO-Rietveld analysis code is also
available at GitHub via [https://github.com/quantumbeam/
BBO-Rietveld]. We have uploaded all the data and code used
in this study at GitHub, which can be accessed via the
following  link: https://github.com/quantumbeam/Force-
Controlled-Robotic-Mechanochemical-Synthesis. All
repositories include detailed documentation and usage
instructions to ensure reproducibility of the results. All
information related to the robotic mechanochemical synthesis
is included in the aforementioned repositories and the ESIf
provided with this article. The ESIf contains detailed
descriptions of experimental procedures, additional figures,
and tables supporting the main text. The supplementary
materials and additional data can be accessed through the
Digital Discovery journal's online platform. By providing access
to these datasets and code repositories, we aim to maintain
high standards of transparency, research reproducibility, and
to promote the reuse of our findings.
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