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ABSTRACT: Despite being researched for decades, shape-shifting molecular crystals have
yet to claim their spot as an actuating materials class among the primary functional
materials. While the process for developing and commercializing materials can be lengthy, it
inevitably starts with building an extensive knowledge base, which for molecular crystal
actuators remains scattered and disjointed. Using machine learning for the first time, we
identify inherent features and structure—function relationships that fundamentally impact
the mechanical response of molecular crystal actuators. Our model can factor in different
crystal properties in tandem and decipher their intersectional and combined effects on each
actuation performance. This analysis is an open invitation to utilize interdisciplinary
expertise in translating the current basic research on molecular crystal actuators into
technology-based development that promotes large-scale experimentation and prototyping.

B INTRODUCTION

Knowledge can be public yet remain fragmented and
undiscovered if the separately designed information is logically
connected but is not retrieved and assembled to disclose
patterns unintended and unseen before.' Responsive molecular
crystals are a prime example of a class of materials whose
application remains rudimentary despite the wealth of reported
crystal structures and other physicochemical properties. The
short- and long-range intermolecular interactions are known to
define both crystallinity and versatile mechanical properties of
molecular crystals, govern their energy transduction, and
maintain their long-range lattice order despite large deforma-
tions.”” However, the study of mechanical responsive properties
of molecular crystals, for the most part, has remained limited to
isolated case studies, entirely distracted from the holistic class of
actuating materials they represent. With the increased reporting,
new application prospects have emerged and commanded the
consideration of molecular single crystals as energy-harvesting
and work-generating materials.”° Being at a unique intersection
between soft and hard materials,” these crystals appear to be a
natural choice for actuation elements in soft and microrobotics.
Nonetheless, a clear definition of the capacity and limitations of
molecular crystals as an actuating class is still lacking and
currently hinders their incorporation in actuator design. Indeed,
many reports on responsive molecular crystals are phenomeno-
logical and often fail to thoroughly evaluate their static and
dynamic actuation performance. While characterizing the static
response reveals how these crystals perform in either two states
(fully loaded or entirely free), the dynamic response is the aspect
that evaluates the efficiency of energy transduction into
mechanical work under dynamic loading.” Understanding the
structure—function relationships through mapping out the
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working principles of each crystal example could explain the
behavior of the whole materials class. It would facilitate
discovering new exceptional dynamic molecular crystals and
enable controlling, optimizing, and possibly customizing the
performance of previously studied crystals. While some solid-
state molecular transformations that drive the mechanical
response of molecular crystals have been considered dramatic,
these characteristics do not necessarily translate into impressive
actuation behaviors. Considering the chemical makeup in
isolation of mechanical properties and crystal morphologies
will often fall short in explaining the actuation performance.
Photodimerization reactions in molecular crystals, for example,
can result in c%ystal bending, axial expansion/contraction, or
even twisting,1 —1s leading to a wide range of actuation
performance. Without understanding the intersectional effects
of various chemical and physical features on the actuation
performance, much will likely remain undiscovered about this
emerging family of engineering materials.

Ensemble learning methods have been implemented to guide
the search for hard materials and predict the mechanical
properties of those not yet characterized.'® However, no similar
efforts have been employed yet to explore the vast number of
reported molecular crystals. Collating a complete and extensive
dataset remains the biggest challenge in inviting exploration of
these materials through machine learning methods and accurate
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Figure 1. Statistical analysis of the performance of dynamic molecular crystals. (A—G) Correlation matrix of all crystal properties considered (A), and
two-sample t-tests showing significant distinctions (with p-values reported) between pairwise combinations of categories with respect to performance
indices (B—G). The effect of the type of chemical reaction on the deformation capacity (B), recovery/response time (C), and the power output (D).
(E) The difference in force output between bending and expanding/contracting crystals. (F,G) The difference in work output and recovery time
between photoresponsive and thermoresponsive crystals. The data is plotted on the log scale. The vertical dashed lines represent the mean. Outliers
were not determined, and the minimum and maximum include the full range of the data.

prediction models. While there have been attempts to create a In this work, the first comprehensive dataset of over 100
dataset of the mechanical Broperties of organic crystals, the mechanically responsive molecular crystals reported and
analysis remained statistical. characterized to date was compiled (see Data S1 and Supporting
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Figure 2. Gradient boosting regression. (A—F) Model predictions on the natural log scale for stroke (A), response time (B), force output (C), work
capacity (D), power output (E), and efficiency (F). R? represents the goodness of fit of predicted and experimental observations, and Py, is the model’s
accuracy in binning the performance values into three ranges of low, moderate, and high actuation performance. The solid line represents the linear
regression of the predicted values, and the dotted line represents the boundary where the prediction values match the experimental results. The red
dashed lines are the first and third quartiles, Q1 and Q3. The blue-shaded area represents the 95% confidence interval for each regression. For each
actuation performance index, the top-ranking features with the five highest feature importance scores are listed in order.

Experimental Methods, Supporting Information). All possible
actuation performance indices were collected directly, calcu-
lated, or extracted from the data, images, and videos provided in
the reports along with common categorical features, X-ray
diffraction information, and chemical, physical, and mechanical
properties (see Tables S1—S4, Supporting Information). A
statistical analysis was conducted followed by establishing a
machine learning model, for the first time, that reveals the
interconnected patterns and relationships between different
crystal features and their collective impact on each actuation
performance index. Here, we aim to initiate a continuing holistic

study, highlight critical data gaps needed to prepare the field for
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tully utilizing machine learning tools, and invite interdisciplinary
collaborations in order to fast-track the advancement of
molecular crystals to the forefront of practical applications.

B RESULTS AND DISCUSSION

In order to highlight important associations between crystal
features and actuation performance indices, a Spearman
correlation matrix that measures any monotonic pairwise
relationship between all variables considered in this study was
constructed (Figure 1A). The Spearman’s rank correlation
coeflicient was later used to cross-check feature importance in
the prediction model and rule out redundancies and negligible
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associations. Two-sample t-tests were conducted to further
validate positive and negative categorical correlations between
different crystal subgroups and their actuation performance (see
Table SS, Supporting Information). All crystal categories
determined to have a significant pairwise difference in
performance (n > 10, p-value <0.0S, and corresponding
confidence interval of 95%) are considered features of
fundamental relevance to the actuation behavior of molecular
crystals. While crystals responsive to any stimuli were
considered, photo- and thermo-activated molecular crystals
were found to be the primary contributors to the reported
examples of this materials class. Photoisomerization reactions in
azobenzenes and hydrazides,'’ > [2 + 2] and [4 + 4]
photodimerization in anthracenes and organic acids,">**~**
and cyclization of diaryelethenes”> >’ are some of the most
commonly reported photoinduced molecular transformations in
organic single crystals. Thermoresponsive crystals can undergo a
variety of molecular transformations that can be categorized
under conformational changes, molecular gliding, molecular
rotation, or a combination thereof.”®

Figure 1B—G highlights some of the important trends
determined by the statistical analysis and validates preliminary
generalizations that can be made regarding the actuation
performance of specific subgroups of molecular crystals. For
instance, molecular gliding appears to allow for higher
deformation capacity than molecular rotation. Here, we define
deformation capacity as the free stroke per unit length along the
axis of actuation. Molecular rotation is sterically more
constrained than gliding, which translates into smaller
deformations (Figure 1B). Ring-opening isomerization reac-
tions are also more conducive to higher deformation compared
to configurational isomerization reactions for the same reason.
Crystals that undergo phase transitions or martensitic phase
transitions have a considerably different actuation performance
in terms of response time, recovery time, and power output
compared to those that do not (Figure 1C,D). This can be
explained by the rapid nature of these transformations and their
direct effect on the mechanical response.

The molecular transformations driving the actuation also
determine the amount of induced strain in the single crystal, its
directionality, and whether it is a surface phenomenon or a
single-crystal-to-single-crystal transformation. When strain is
gradient-like and only accumulates on the surface of the crystal,
the deformation occurs as bending or twisting.””*" Diffusion-
free strains induced homogenously throughout the crystal
structure %)roduce anisotropic expansions and contrac-
tions.”**"** Depending on the kinetics and intensity of the
chemical reaction and the mode of dissipation of the resulting
elastic energy, the response might be in the form of motility,
such as jumping, or even disintegration, costin§ the crystal its
structural integrity and causing it to shatter.”> > Given the
different mechanics involved, the type of deformation inevitably
has a direct effect on the amount of force that molecular crystals
can generate (Figure 1E). Finally, comparing thermoresponsive
and photoresponsive crystals indicates that the former produce
more mechanical work and recover faster (Figure 1F,G).
Thermoresponsive crystals’ recovery is dependent on the rate
of heat dissipation since most heat-driven mechanical responses
are due to abrupt phase transitions that are reversed as soon as a
trigger temperature is reached. Photoresponsive crystals are
often limited by the rate of the reverse reaction, which in many
cases are rather slow reactions and need additional stimuli to
accelerate them.

Responsive molecular crystals can exhibit wide combinations
of properties that prove to have a complex influence on the
actuation performance beyond the direct effect that each crystal
feature might have independently. Certain features might be
overshadowed by others, and their effect can either be amplified
or diminished, which further complicates drawing direct
conclusions. Supported by the statistical analysis, ensemble
learning methods were employed to understand the inter-
connectedness of crystal features. To explore potential patterns
in the performance of each crystal in relation to its entire
chemical makeup and physical properties, we constructed a
machine learning model through a gradient boosting algorithm
that accounts for categorical features. Gradient boosting
operates by sequentially combining multiple learning models
and is suitable for the sample size at hand.***” Each model
attempts to minimize the prediction error by learning from its
predecessor’s. The final ensemble model, a weighted sum of all
previous models, estimates the importance of each crystal
feature in predicting the performance indices. We split the
dataset into training and testing subgroups with an optimized
ratio of 7:3, respectively. After training the model, the testing
data was used to validate the model’s predictions across eight
different actuation metrics. The tree depth, learning rate, and
regularization parameters were tuned to optimize the model,
and the training and validation curves were monitored to detect
anomalies and prevent overfitting (see Figure S1, Supporting
Information). The most critical predictions are shown in Figure
2. R* was calculated to determine how much of the variation in
the dependent features (actuation performance metrics) can be
explained by the independent crystal features used as descriptors
(Figure 2A—F); therefore, R* is treated as the statistical
significance of the explanatory power rather than the prediction
accuracy of the model.

Given the inherent trade-off between the interpretability and
accuracy of any prediction model and since our focus lies in
understanding the relationship between crystal features and the
actuation performance, a parametric method was used to
estimate the latter. Such method entails simplifying the
prediction of the actuation performance through a first-order
parametric form of crystal features and ranking them according
to feature importance scores that reflect their importance in
predicting any actuation performance metric (see Table S6,
Supporting Information). Due to the lack of measurement errors
in the literature, all data points were treated as true values with
equal weights and the dataset could not be tested for outliers.
Missing data, particularly for neglected performance metrics or
ones that are experimentally complicated to determine, such as
work, power, and efficiency, also contributed to lower prediction
accuracies. Nonetheless, the model can successfully determine
the crystal features of primary influence on each actuation
performance metric. Here, the model’s explanatory power of the
associations made was prioritized over prediction accuracy,
which could be drastically improved by exploring higher-order
parameters and resorting to a black-box approach. However, the
latter approach renders the crystals’ structure—function
associations practically uninterpretable, which defeats the
purpose of this study. The predictions were also binned into
low, moderate, and high actuation performance ranges
determined by the quantiles of the entire dataset. Hence, this
model can be used to focus on finding new responsive molecular
crystals with high actuation capacity as a first line of screening.
Predictions for the range of free stroke have the highest accuracy
with 93%. The prediction accuracy for the remaining actuation
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Figure 3. Static performance indices. (A) Actuator deformation capacity versus force density. (B) Response time versus force output for molecular
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group materials that belong to the same actuator class. In (B), the size of the markers is scaled to reflect the size range of the material.

performance metrics can be drastically improved by more
extensive reporting on these properties. The associations
between each actuation property and its corresponding crystal
features on which the machine learning model relies on heavily
are dissected next.

Free Stroke. In predicting the maximum free stroke of
responsive molecular crystals, the model appears to depend
heavily on the type of deformation, crystal length, molecular
volume, number of unique chemical units, and source of
actuation. Bending crystals often exhibit large strokes since the
mechanical deformations are not directly proportional to the
induced crystal lattice strains, unlike axial crystal expansions and
contractions. Given the narrow range of lattice strain exhibited
in responsive molecular crys.tals,38 the crystal length, which is
often along the axis of actuation, naturally plays an important
role in determining the free stroke. Interestingly, single crystals
with smaller molecular volumes and lower unique chemical units
per unit lattice appear to have larger free strokes. Smaller and
simpler molecules are associated with less energy-demanding
molecular transitions and reconfigurations, which are more
conducive to an amplified actuation strain and larger strokes.
Additionally, thermoresponsive molecular crystals appear to
produce a distinctive range of free stroke compared to
photoresponsive crystals, making the source of actuation a
critical feature.

Response Time. The crystal features with the highest
feature importance score for determining the response time are
the type of deformation, martensitic transitions, unit cell
volume, b lattice dimension, and crystal family. Different types
of deformation occupy distinctive ranges in response time, with
bending crystals, on average, being the slowest. Given their
homogenous self-sustaining phase transitions, martensitic
molecular crystals can also be distinguished from non-
martensitic crystals when compared by their response time,
which explains the model’s reliance on this feature. Unit cell
dimensions are also important features, possibly due to their
effect on the density of molecular packing, which influences
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energy transfer within the structure and, subsequently, the
response time.

Force Output. The force output of responsive molecular
crystals is heavily influenced by the crystal’s physical properties.
The dimensions and weight of the crystals are directly
proportional to their force output despite changes in other
crystal features. Higher crystal width and thickness contribute to
a larger cross-sectional area and, consequently, a larger force
resistance. The free stroke or displacement is directly propor-
tional to crystal length, which explains the latter’s subsequent
effect on force generation. However, additional data on the
mechanical properties of molecular crystals is essential to factor
in the inversely proportional relationship between the length
and mechanical stiffness of a crystal and, thereby, its capacity to
generate force. The molecular volume also influences the force
output since single crystals with smaller molecules have some of
the highest force outputs reported.

Work Capacity. When it comes to predicting the work
capacity of molecular crystals, the crystal habit and crystal family,
source of actuation, martensitic transitions, and the type of
deformation are all features of high importance. Crystals with
high surface-area-to-volume ratios, such as plate-like or tabular
crystals, have more surface area exposed to the actuation stimuli
and slender structures that facilitate stress dissipation, reduce
crack formation, and limit energy loss. This effect explains the
reliance of the model on crystal habit and crystal family features
to predict the work capacity. The stress distribution in an
actuated crystal is also dependent on the type of deformation. In
bending crystals, large stresses accumulate at the clamped base
of the crystal, mainly when the free end exerts a force against an
object. These effects directly impact the energy transduction
and, consequently, the mechanical work output. Again, more
extensive Young’s modulus data is necessary to understand the
impact of molecular crystals’ moderate hardness on the
actuation displacement and force output, both of which directly
influence the work generation capacity.

Differences between the photo- and thermo-chemistry driving
the actuation, particularly in how the input energy is
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Figure 4. Dynamic performance indices. (A) Actuator power density versus work density. (B) Actuator power density versus energy efficiency for
molecular crystals co-plotted with the same attributes for the main actuator classes with a range of soft and hard materials and devices. The translucent
envelopes group materials that belong to the same actuator class. In (B), the contour lines link together classes of actuators that operate on the same
input power, and the size of the markers is scaled to reflect the size range of the material.

administered, absorbed, and propagated through the crystal
structure, also impact the energy transduction into mechanical
work. Martensitic phase transitions create homogenous and
diffusion-free molecular transformations. As soon as the new
phase forms, the energy necessary to drive further trans-
formation is reduced since the crystal structure is stabilized,
which translates into stable energy transduction and places
martensitic crystals within a distinctive work output range.

Power Output. The power output of molecular crystals is
more evenly influenced by five features: phase transition
reactions, the source of actuation, reaction groups, chemical
family, and lattice unit cell volume. Crystals that undergo phase
transition exhibit rapid molecular transformations that often
translate to fast response times at the macro scale and result in a
higher power output. Thermoresponsive crystals, particularly
those undergoing conformational molecular transformations
and molecular gliding, have higher power output than those
undergoing configurational transformations. Different chemical
families appear to have distinctive ranges of power outputs
where the highest values reported are those of organometallic
compounds. Generally, the unit cell volume of the crystal lattice
is inversely proportional to the power output, possibly due to the
tighter packing in crystals with small lattice units.

Efficiency. Contrary to the common belief that diffusion-free
martensitic phase transitions contribute to higher energy
conversion efficiency, crystals that undergo phase transitions
generally have lower efficiency. While the power output of
martensitic crystals can be higher than other crystals due to the
unique homogenous nature of these transitions, the high input
power required to trigger such transitions has rarely been
considered. Given the small sample size of martensitic crystals
whose efficiency was retrieved compared to non-martensitic
crystals, a more extensive investigation of the efficiency of
martensitic transformations is needed to confirm this finding
further. Similarly, despite organometallic crystals having higher
power output, they appear to require higher power inputs, which
detracts from their efficiency. The type of deformation also has
an important influence on the efficiency where jumping crystals
appear to have low efficiency, likely due to erratic motions that
lead to energy dissipation compared to continuous bending that

often results from a steady strain buildup. Generally, better
reporting on the efficiency of molecular crystal actuators is
instrumental, particularly in reporting experimental method-
ology details. Additionally, the specific heat capacity of
thermoresponsive molecular crystals is essential for efficiency
calculations, yet it remains underreported.

In order to place molecular crystals on the global actuator
landscape, Figures 3 and 4 map out the boundaries of
performance of molecular crystals to highlight their strengths
and weaknesses compared to other actuators (see Supporting
Experimental Methods and Table S7, Supporting Information)
and their competitive edge for specific applications. As expected,
soft materials such as polymers show high deformation capacity
but generally have low force generation (Figure 3A). The
opposite is true for hard materials such as metals and ceramics.
Having moderate Young’s moduli (84% have moduli 1-25
GPa), molecular crystals fill a gap between stiff, high-stress—low-
strain actuators and compliant, low-stress—high-strain actuators.
They maximize the generated volumetric force density and
maintain significant deformation capacity. Compared to soft
actuators, their long-range order and higher Young’s modulus
contribute to the rapid energy flow within their structures and
shorten their response time. We note that molecular crystals
have the fastest response time in their size range. The size
difference between the actuators is put into context in Figure 3B.
Despite being lightweight, molecular crystals can generate high
forces up to 0.1 N and at speeds that are 10—1000 times faster
than other microactuators. Their performance matches that of
gripping and positioning actuators such as micropiezoelectric
drivers and electromagnetic motors.”> However, unlike rigid
actuators, elastic and soft organic crystals can absorb and
dissipate undesired excess force generated at the actuator—load
interface. This dampening effect turns these materials into better
candidates for minimally invasive applications such as cell
manipulation and micro-optics.

The global materials property plots also revealed that
molecular crystals produce volumetric work and power densities
as low as those of gels or surpass high-dynamics actuators like
muscles, bimetallic strips, and fluidic devices. The balance
between large actuation strain and high output stress—typically
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mutually exclusive properties—positions molecular crystals as
high-work-density actuators. Their volumetric power densities
are higher than other soft single-material actuators and
comparable to pneumatic devices. Figure 4B shows molecular
crystals with power outputs comparable to larger soft polymers
and responsive metals and alloys. Despite efficiencies lower than
other actuators, most molecular crystals operate at low power
inputs ranging between 0.01 and 100 mW. This range makes
them safe to operate around biological tissue and diminishes the
importance of high efficiency since microactuators require only
moderate input powers to generate the small output forces
needed.

B CONCLUSIONS

As new examples of responsive molecular crystals are unearthed,
it is essential to follow standardized performance evaluation
methods to avoid undervaluing or overestimating the actuation
potential of these unique materials. We strongly recommend
that future reports on new crystals include a thorough actuation
performance analysis. Physical and mechanical properties such
as the Young’s modulus and density are essential to draw better
structure—function correlations. Highlighting crystal features of
particular importance can guide and accelerate the quest for
high-performing molecular crystal actuators, a search that is
otherwise short-sighted. Our model can serve as the first level of
screening to identify molecular crystals with high actuation
capacities prior to any experimental analysis. It is important to
reiterate that while some correlations will inevitably appear
intuitive given the viable classical mechanics and chemistry logic
that explains them, this model serves to determine their
importance in dictating the final actuation performance over
other features. As we continue to improve this dataset and add
new crystal features such as mechanical property measurements,
we expect this model to further highlight the interplay between
different chemical, physical, and mechanical crystal properties.
Insights unlocked in this study substantiate the correlations
between the structure and function of these materials. These
findings are invaluable in directing any future search for
molecular crystal actuators of exceptional performance. The
results also call for large-scale collaborations that expand on our
collected dataset of dynamic crystals to improve its statistical
significance and enhance the accuracy of the prediction model.
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