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Abstract

We have successfully demonstrated a mechanochemical synthesis utilizing a robotic
powder grinding system capable of applying a precisely controlled and constant
mechanical force. 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
among conventional manual grinding, ball milling, and our novel robotic synthesis
approach using perovskite materials. Our findings indicated that the robotic ap-
proach provided significantly higher reproducibility than conventional methods.
This enhanced reproducibility enables the analysis of reaction kinetics. We exam-
ined the effects on the reaction kinetics and path by manipulating the compressive
stress and the shear stress. Our results revealed that robotic force control could
alter the reaction rate and influence the reaction pathway. Consequently, robotic
mechanochemical synthesis has potential for elucidating the chemical reaction
mechanisms and fostering the discovery of new chemical reactions.

1 Introduction

Figure 1: Schematic diagram adjusting reaction pathways via varying force and speed during grinding.

Mechanochemistry or mechanochemical synthesis, involves chemical reactions activated by me-
chanical energy. [1, 2]. This process is promising for synthesizing functional materials, such as
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energy-related materials [3, 4, 5] and metal-organic frameworks (MOFs) [6, 7], and is considered
a green chemical reaction due to its solvent-free and low-energy requirements [8]. Moreover, to
enhance the understanding of these reactions, there is a need for more reproducible and controllable
approaches to synthesis [9].

Traditional mechanochemistry typically involves tools like manual mortars and pestles or ball mills
in batch processes, and screw extruders for continuous flow production. [10, 11]. However, these
methods often face challenges in reproducibility 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 in the jar, and these limitations
also cause reproducibility issues. Despite the recognized importance of the mechanical factors in
mechanochemical synthesis [12, 13], 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 Figure 1. This method is inspired by a robotic powder grinding system with a mortar and
pestle [14, 15]. Robotic synthesis enables precise control over grinding force and speed, allowing
for a better understanding of mechanochemical reactions under varying mechanical conditions. In
this method, a soft gel jig is used and aids in the mechanochemical 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 demon-
strated 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 experiment, the grinding speed was shown to have a
substantial impact on mechanochemical reactions.

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 experi-
ments 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
mechanochemical reactions through the grinding force and speed.

The remainder of this paper is organized as follows. Sec. 2 introduces the related works. Sec. 3
describes the robotic mechanochemical synthesis system. Sec. 4 provides the experimental results.
Sec. 5 discusses the results from this study. Finally, Sec. 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 [16]. However,
this method is inefficient due to limitations in the applied power, labor-intensive nature, and low
reproducibility [17]. To compensate for the power limitations, some studies have been where
ultrasonic treatment [18] or annealing [19] were used as post-treatment after grinding with a mortar
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and pestle. Subsequently, ball mills, which can efficiently advance reactions with high energy,
became commonly used [20]. 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 developed [21]. Notaby, 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 [22, 23]. In our proposed robotic mechanochemical
synthesis system, in addition 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 impor-
tant for reaction control. In the past, research on the reaction predictions using modeling based on the
input energy was performed [24, 25]. Furthermore, studies showed that both reaction rates and crystal
polymorphism could be controlled by changing the input energy or force [12, 26]. 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 [27, 28]. Since conventional ball
mills cause a wide variation in compressive and shear stresses [29], it is likely that the consideration
of compressive stress and shear stress is insufficient. Studies have examined the impact of the
compression stress on a macroscopic scale using specialized synthesis equipment [30]. 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 perspectives. Monitoring the grinding progress of reactions in real time are possible [31,
32, 33, 17]. In particular, the X-ray diffraction (XRD) and Raman spectroscopy were used for in-situ
analysis in the ball milling [34, 35]. Additionally, some research also involves the analysis of reaction
kinetics in mechanochemical reactions. [36, 37] 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 [13]; 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. Therefore, 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 (Figure 2) consisted 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 (ASONE,
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 equipped with a Ryzen 9 7900 CPU and 64 GB of memory. The soft jig, shown in
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Figure 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.

the upper right of Figure 2, was made of cut gel cubes (SUTLLA10-100-100 and UTSLL10-100-100,
MISUMI) of 1.5 cm×1.5 cm×1 cm size and 3D-printed parts made of acrylonitrile-butadiene-styrene
(ABS). These jigs were previously developed and used 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.
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 gathering 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 determined based on the ellipsoidal model of
the inner surface of the mortar, with the axis length of the ellipsoid set to 36 mm, corresponding 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 alternated 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 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 MoveIt within
the ROS framework. Experiments were conducted by bringing the pestle tip into contact with a flat
plane on the table. Figure 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 soft jig exhibited hysteresis
characteristics, the force sensor’s accuracy was 4 N, which is greater than the observed hysteresis
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Figure 3: Graph illustrating the displacement of pose Z and the sensed force data. A linear relationship
is observed between the displacement force magnitude.

magnitude. Therefore, we concluded that the hysteresis was attributed to the force sensor rather than
the mechanism itself. A clear linear relationship was observed for both the forward path and the
backward path, excluding hysteresis. When this relationship was subjected to linear regression of the
forward path, the spring constant was determined to be 20957.7 N/m. Another type of gel, USUTLLA
also exhibited a clear linear relationship (Figure A 1). 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 mechanochemical 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 Sec. 3.1. In each trial, we
ground 774.0 mg of CsBr (Wako, 99.9%) and 1323.0 mg of PbBr2 (Strem Chemicals, 98%) to obtain
a stoichiometric 1:1 molar ratio. In addition, we confirmed the existence of the following phases —
CsBr and PbBr2 as reactants and CsPbBr3 and Cs4PbBr6 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 [13].

CsBr + PbBr2 −−→ CsPbBr3
4CsBr + PbBr2 −−→ Cs4PbBr6
CsPbBr3 + 3CsBr −−→ Cs4PbBr6
Cs4PbBr6 + 3PbBr2 −−→ 4CsPbBr3

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 experiment was repeated three times.
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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 conducted to determine the feasible grinding speeds.
Consequently, 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 reaction progression
known as "aging" is well-documented [38, 7]. 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 µm 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 mechanochemical reaction rate
and pathway. After classification using sieves of 500 µm, 250 µm, 100 µm, and 20 µm, significant
aggregation occurred, resulting in a minimal yield of smaller than 20 µm particles. Consequently,
particles smaller than 100 µm were selected for further use. PbBr2 was used directly without pre
grinding since its median particle size distribution of approximately 30 µm was sufficiently small.

For all experiments, the sample preparation, the setup of the XRD instrument and the measurements
were manually performed. On the other hand, the data analysis was conducted automatically by
BBO-Rietveld analysis [39] 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

Figure 4: Graph illustrating the weight fractions of the mechanochemical synthesis for each method.

In the initial experiment, we conducted mechanochemical synthesis three times using manual grinding,
ball milling, and robotic grinding, respectively, to compare reproducibility and efficiency across these
methods. We used automated Rietveld analysis to estimate the mean and standard deviation of the
weight fractions.

Figure 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
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deviations for the four components compared to other methods, particularly for Cs-rich components.
This indicates higher reproducibility in robotic mechanochemical synthesis.

Figure 5: Graph illustrating the weight fractions of the mechanochemical reactions under each
grinding force and speed condition.

We successfully achieved high reproducibility in the robotic mechanochemical synthesis. Subsequent
experiments investigated the effects of varying grinding force and speed on reaction kinetics using
robotic grinding. Figure 5 shows the weight fractions obtained from the Rietveld analysis of each
reaction phase.In the second experiment, we compared the left and center panels of Figure 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 Cs4PbBr6 compared to that of CsPbBr3. Notably, at a grinding
force of 20 N, CsBr was depleted in the latter stages, resulting in the consumption of Cs4PbBr6 and
the generation of CsPbBr3.

In the third experiment, we compared the center and right panels of Figure 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 CsPbBr3 compared to that of Cs4PbBr6.

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

5 Discussion

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

The initial experimental results demonstrated significantly better reproducibility in robotic
mechanochemical synthesis, especially for compounds requiring precise force control. In CsPbBr3,
the error bars for robotic grinding are larger than those for hand grinding; this is due to the tendency
for larger fitting errors associated with smaller weight fractions. In the case of PbBr2, both hand
grinding and robotic grinding exhibit large error bars than ball milling, which tend to increase with
larger weight fractions due to the crystal orientation characteristics. A notable difference to focus on
in this result is 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
compression, resulting in insufficient agitation. In contrast, our robotic mechanochemical synthesis
system provides frequent mixing and uniform grinding, ensuring a consistent chemical environment.
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 Cs4PbBr6, while higher speed
affects the formation of CsPbBr3. 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.
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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 on a laboratory scale and an industrial level. At the
lab scale, The proposed method applies uniform force using a mortar and pestle is effective even
with commercially available mortars of various sizes, but caution is needed regarding the amount of
reagent used. It is challenging to apply this method to extremely large or small quantities of reagents,
where achieving uniform stirring and grinding is difficult. It is believed that this method can be
applied effectively in typical experimental conditions, ranging from hundreds of milligrams to several
grams.On the other hand, at the industrial scale, literature by [40] indicates that it is difficult to apply
a uniform force with industrial milling equipment. Therefore, a method that seamlessly bridges
laboratory-scale processes to industrial-scale applications is required. The second limitation pertains
to the complexity of implementation. 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 [41], it
is important to choose the appropriate method based on the specific objectives. The third limitation
relates to environmental impact and energy efficiency. Mechanochemical synthesis is recognized
for its advantages in energy efficiency and low environmental impact [9]. 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 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 reac-
tion 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 signifi-
cant 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 mechanochemical synthesis
approach enables the attainment of a more comprehensive understanding of mechanochemical
synthesis.
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A Appendix

A.1 Spring characteristics of soft jig

Figure A 1 shows the graph of the spring constant obtained from experiments conducted with a force
of 20 N. At 20 N, a linear relationship between force and displacement can be observed.
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Figure A 1: Graph illustrating the displacement of pose Z and the sensed force data. A linear
relationship is observed between the displacement force magnitude.

NeurIPS Paper Checklist

The checklist is designed to encourage best practices for responsible machine learning research,
addressing issues of reproducibility, transparency, research ethics, and societal impact. Do not remove
the checklist: The papers not including the checklist will be desk rejected. The checklist should
follow the references and follow the (optional) supplemental material. The checklist does NOT count
towards the page limit.

Please read the checklist guidelines carefully for information on how to answer these questions. For
each question in the checklist:

• You should answer [Yes] , [No] , or [NA] .
• [NA] means either that the question is Not Applicable for that particular paper or the

relevant information is Not Available.
• Please provide a short (1–2 sentence) justification right after your answer (even for NA).

The checklist answers are an integral part of your paper submission. They are visible to the
reviewers, area chairs, senior area chairs, and ethics reviewers. You will be asked to also include it
(after eventual revisions) with the final version of your paper, and its final version will be published
with the paper.

The reviewers of your paper will be asked to use the checklist as one of the factors in their evaluation.
While "[Yes] " is generally preferable to "[No] ", it is perfectly acceptable to answer "[No] " provided a
proper justification is given (e.g., "error bars are not reported because it would be too computationally
expensive" or "we were unable to find the license for the dataset we used"). In general, answering
"[No] " or "[NA] " is not grounds for rejection. While the questions are phrased in a binary way, we
acknowledge that the true answer is often more nuanced, so please just use your best judgment and
write a justification to elaborate. All supporting evidence can appear either in the main paper or the
supplemental material, provided in appendix. If you answer [Yes] to a question, in the justification
please point to the section(s) where related material for the question can be found.

IMPORTANT, please:

• Delete this instruction block, but keep the section heading “NeurIPS paper checklist",
• Keep the checklist subsection headings, questions/answers and guidelines below.
• Do not modify the questions and only use the provided macros for your answers.

1. Claims
Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?
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Answer: [Yes]
Justification: The main claims made in the abstract and introduction should accurately reflect
the paper’s contributions and scope.
Guidelines:

• The answer NA means that the abstract and introduction do not include the claims
made in the paper.

• The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

• The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

• It is fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]
Justification: I included the limitations in the discussion section.
Guidelines:

• The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.

• The authors are encouraged to create a separate "Limitations" section in their paper.
• The paper should point out any strong assumptions and how robust the results are to

violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The authors
should reflect on how these assumptions might be violated in practice and what the
implications would be.

• The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

• The authors should reflect on the factors that influence the performance of the approach.
For example, a facial recognition algorithm may perform poorly when image resolution
is low or images are taken in low lighting. Or a speech-to-text system might not be
used reliably to provide closed captions for online lectures because it fails to handle
technical jargon.

• The authors should discuss the computational efficiency of the proposed algorithms
and how they scale with dataset size.

• If applicable, the authors should discuss possible limitations of their approach to
address problems of privacy and fairness.

• While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory Assumptions and Proofs
Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?
Answer: [NA]
Justification: This paper focuses on the experiments of mechanochemical synthesis and the
results when varying force and speed, so it does not include theoretical results.
Guidelines:

• The answer NA means that the paper does not include theoretical results.
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• All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

• All assumptions should be clearly stated or referenced in the statement of any theorems.
• The proofs can either appear in the main paper or the supplemental material, but if

they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

• Inversely, any informal proof provided in the core of the paper should be complemented
by formal proofs provided in appendix or supplemental material.

• Theorems and Lemmas that the proof relies upon should be properly referenced.

4. Experimental Result Reproducibility
Question: Does the paper fully disclose all the information needed to reproduce the main ex-
perimental results of the paper to the extent that it affects the main claims and/or conclusions
of the paper (regardless of whether the code and data are provided or not)?

Answer: [Yes]

Justification: All experimental conditions are fully disclosed. Additionally, we will make
the robot setup, operation code, and code necessary for analysis publicly available, allowing
for the reproduction of the experimental results.

Guidelines:

• The answer NA means that the paper does not include experiments.
• If the paper includes experiments, a No answer to this question will not be perceived

well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.

• If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.

• Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

• While NeurIPS does not require releasing code, the conference does require all submis-
sions to provide some reasonable avenue for reproducibility, which may depend on the
nature of the contribution. For example
(a) If the contribution is primarily a new algorithm, the paper should make it clear how

to reproduce that algorithm.
(b) If the contribution is primarily a new model architecture, the paper should describe

the architecture clearly and fully.
(c) If the contribution is a new model (e.g., a large language model), then there should

either be a way to access this model for reproducing the results or a way to reproduce
the model (e.g., with an open-source dataset or instructions for how to construct
the dataset).

(d) We recognize that reproducibility may be tricky in some cases, in which case
authors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code
Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?

Answer: [Yes]
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Justification: Files for setting up the ROS environment, fixtures created with a 3D printer,
robot operation code, and code necessary for analysis will all be made publicly available,
enabling the reproduction of the experimental results.
Guidelines:

• The answer NA means that paper does not include experiments requiring code.
• Please see the NeurIPS code and data submission guidelines (https://nips.cc/
public/guides/CodeSubmissionPolicy) for more details.

• While we encourage the release of code and data, we understand that this might not be
possible, so “No” is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

• The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//nips.cc/public/guides/CodeSubmissionPolicy) for more details.

• The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

• The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

• At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

• Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLs to data and code is permitted.

6. Experimental Setting/Details
Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?
Answer: [Yes]
Justification: Information necessary for BBO-Rietveld analysis has been provided. Please
refer to the provided code for details.
Guidelines:

• The answer NA means that the paper does not include experiments.
• The experimental setting should be presented in the core of the paper to a level of detail

that is necessary to appreciate the results and make sense of them.
• The full details can be provided either with the code, in appendix, or as supplemental

material.
7. Experiment Statistical Significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?
Answer: [Yes]
Justification: Reproducibility of the experiments is demonstrated in Result 1, where the
error bars indicate that the proposed method is statistically significant.
Guidelines:

• The answer NA means that the paper does not include experiments.
• The authors should answer "Yes" if the results are accompanied by error bars, confi-

dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.

• The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

• The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)
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• The assumptions made should be given (e.g., Normally distributed errors).
• It should be clear whether the error bar is the standard deviation or the standard error

of the mean.
• It is OK to report 1-sigma error bars, but one should state it. The authors should

preferably report a 2-sigma error bar than state that they have a 96% CI, if the hypothesis
of Normality of errors is not verified.

• For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

• If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.

8. Experiments Compute Resources
Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer: [Yes]

Justification: The computer resources used for robot operation and Rietveld analysis are
clearly specified.

Guidelines:

• The answer NA means that the paper does not include experiments.
• The paper should indicate the type of compute workers CPU or GPU, internal cluster,

or cloud provider, including relevant memory and storage.
• The paper should provide the amount of compute required for each of the individual

experimental runs as well as estimate the total compute.
• The paper should disclose whether the full research project required more compute

than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

9. Code Of Ethics
Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines?

Answer: [Yes]

Justification: We confirmed that our research is conducted in the NeurIPS Code of Ethics.

Guidelines:

• The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.
• If the authors answer No, they should explain the special circumstances that require a

deviation from the Code of Ethics.
• The authors should make sure to preserve anonymity (e.g., if there is a special consid-

eration due to laws or regulations in their jurisdiction).

10. Broader Impacts
Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [Yes]

Justification: This research provides a new process for mechanochemical synthesis that
improves the reproducibility of experiments and investigates the effects of force, while dis-
cussing its positive social impact. On the other hand, negative impacts such as environmental
burden and energy consumption are discussed in the limitations section.

Guidelines:

• The answer NA means that there is no societal impact of the work performed.
• If the authors answer NA or No, they should explain why their work has no societal

impact or why the paper does not address societal impact.
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• Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.

• The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

• The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

• If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

11. Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer: [NA]

Justification: This paper does not include data or models with a high risk of misuse.

Guidelines:

• The answer NA means that the paper poses no such risks.
• Released models that have a high risk for misuse or dual-use should be released with

necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

• Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

• We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

12. Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: [Yes]

Justification: The code used in this paper includes clear attributions to the authors and
licensing information.

Guidelines:

• The answer NA means that the paper does not use existing assets.
• The authors should cite the original paper that produced the code package or dataset.
• The authors should state which version of the asset is used and, if possible, include a

URL.
• The name of the license (e.g., CC-BY 4.0) should be included for each asset.
• For scraped data from a particular source (e.g., website), the copyright and terms of

service of that source should be provided.
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• If assets are released, the license, copyright information, and terms of use in the
package should be provided. For popular datasets, paperswithcode.com/datasets
has curated licenses for some datasets. Their licensing guide can help determine the
license of a dataset.

• For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.

• If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.

13. New Assets
Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?
Answer: [Yes]
Justification: The proposed method is documented and publicly available.
Guidelines:

• The answer NA means that the paper does not release new assets.
• Researchers should communicate the details of the dataset/code/model as part of their

submissions via structured templates. This includes details about training, license,
limitations, etc.

• The paper should discuss whether and how consent was obtained from people whose
asset is used.

• At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.

14. Crowdsourcing and Research with Human Subjects
Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?
Answer: [NA]
Justification: This research does not include crowdsourced experiments or experiments
involving human subjects.
Guidelines:

• The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

• Including this information in the supplemental material is fine, but if the main contribu-
tion of the paper involves human subjects, then as much detail as possible should be
included in the main paper.

• According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.

15. Institutional Review Board (IRB) Approvals or Equivalent for Research with Human
Subjects
Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?
Answer: [NA]
Justification: This research does not include any content that requires IRB approval.
Guidelines:

• The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

• Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.
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• We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

• For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.
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