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ABSTRACT: Crystallization in microgravity has been extensively investigated because
of its potential to enhance crystal quality compared to terrestrial conditions. While
early efforts were primarily directed toward single-crystal growth for structural studies,
increasing attention is now being given to its relevance for manufacturing in low-Earth
orbit (LEO) and future in-space manufacturing (ISM). This review provides a
structured and systematic analysis of the literature on microgravity crystallization by
examining the materials studied, distinguishing between single-crystal and bulk crystal
regimes, and evaluating the experimental methodologies used to investigate
crystallization kinetics. Emphasis is placed on the current platforms. By adopting a
manufacturing perspective, this work identifies key challenges and outlines directions
for advancing microgravity crystallization toward scalable and controlled processes for
manufacturing under microgravity. To date, the current body of literature remains fragmented and insufficiently aligned with process
engineering and manufacturing considerations, including restricted in situ monitoring, a lack of standardization, and limited
comparability across studies.

1. INTRODUCTION
Crystallization plays a key role in many processes occurring
both in nature and in manufacturing.1 It is a controlled process
that enables the isolation, purification, and stabilization of
materials while modulating their physicochemical proper-
ties.1−3 Reliable and reproducible control over the solid-state
of crystalline materials is therefore essential for both industrial
applications and research and development (R&D) across
diverse sectors, including (bio)pharmaceuticals,1−3 semicon-
ductors, food and nutrients, personal care, and materials
science.1−3 The production of crystals of the desired solid form
control and quality remains a significant challenge. Protein
crystallization exemplifies these difficulties, as many biomole-
cules are inherently difficult to crystallize or tend to form
poorly ordered structures.4−6

Therefore, since the 1970s, microgravity has been explored
as a distinctive environment for crystallization.7 In the absence
of buoyancy-driven convection and sedimentation, diffusive
transport dominates the mass transfer. Under these quiescent
conditions, crystallization yields typically well-ordered crystals
with enhanced mosaicity, structural quality, and uniformity
compared to those grown under terrestrial gravity,6−9 high-
lighting the potential of microgravity for both fundamental
studies and industrial applications. The first microgravity
crystallization experiments were conducted onboard the Skylab
mission in 1973.10 Subsequent studies aboard the MIR space
station and on various Space Shuttle missions from the mid-
1980s through the 1990s provided fundamental insights into
crystal growth mechanisms under microgravity.11 Since then,
the research has continued aboard the International Space

Station (ISS) (Figure 1). These studies laid the foundation for
potential industrial applications in, e.g., pharmaceuticals,
electronics, and materials science.4,12−15

While the early crystallization efforts in microgravity focused
primarily on fundamental understanding and single-crystal
growth for structural elucidation studies, current research is
increasingly oriented toward industrial applications,4 establish-
ing the foundation for in-space manufacturing (ISM).16,17 As
spaceflights are projected to extend beyond low-Earth orbit
(LEO), e.g., to the Moon and Mars, long-duration missions
face strict limits on mass and volume of materials that can be
brought on the mission.16−18 Shelf life and structural stability
of these materials during long duration missions may also be
impacted as exposure to radiation,19 temperature fluctuations,
and microgravity can compromise stability. For example, most
drugs in the ISS medical kit possess shelf lives shorter than the
expected mission duration (>3 years), leaving only a small
fraction of those prestocked medications effective.19 These
limitations of materials for and during deep space missions
coupled with the impracticality of resupply from Earth,
underscores the need for ISM, including e.g., medicine. For
instance, ISM enables the production of materials, tools,
advanced materials, and pharmaceuticals in space, thereby

Received: June 5, 2026
Revised: July 21, 2026
Accepted: July 22, 2026
Published: August 17, 2026

Reviewpubs.acs.org/crystal

© 2026 The Authors. Published by
American Chemical Society

7307
https://doi.org/10.1021/acs.cgd.6c00807
Cryst. Growth Des. 2026, 26, 7307−7320

This article is licensed under CC-BY-NC-ND 4.0

D
ow

nloaded from
 pubs.​acs.​org/​cgdefu/​article-pdf/​26/​17/​7307/​66709621/​acs.​cgd.​6c00807.​pdf by M

ASSAC
H

U
SETTS IN

ST O
F TEC

H
N

O
LO

G
Y user on 08 O

ctober 2026

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+del+Carme+Pons+Royo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Erin+Howard"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giovanni+Aprile"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bria+Morse"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+Wadhwa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jayna+Wadhwa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rodolfo+J.+Roman%CC%83ach"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rodolfo+J.+Roman%CC%83ach"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gerardo+Morell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard+D.+Braatz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lonnie+Petersen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Torsten+Stelzer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.cgd.6c00807&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.6c00807?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.6c00807?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.6c00807?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.6c00807?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.6c00807?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/cgdefu/26/17?ref=pdf
https://pubs.acs.org/toc/cgdefu/26/17?ref=pdf
https://pubs.acs.org/toc/cgdefu/26/17?ref=pdf
https://pubs.acs.org/toc/cgdefu/26/17?ref=pdf
pubs.acs.org/crystal?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.cgd.6c00807?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/crystal?ref=pdf
https://pubs.acs.org/crystal?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/


decreasing the reliance on Earth-based logistics, reduces
mission costs, and increases operational flexibility, while
contributing to the overall health and safety of the crew.20,21

Within ISM, crystallization emerges as a key manufacturing
capability that will be required to ensure reliable pathways to
produce stable, easy-to-store materials with the desired solid-
state structure at the point-of-use.4,22

Beyond its relevance to deep space missions, microgravity
crystallization has yielded numerous beneficial insights for
terrestrial manufacturing (e.g., novel drug formulations),4 a
prelude to LEO. Recent private sector developments in next
generation spacecrafts and reusable launch systems have
spurred a new era of space technology exploration,16,23

which serves as a stepping stone to ISM.24 The increasing
interest is evident by a growing body of literature on
crystallization related research in microgravity reported
between 1970s and 2024. Figure 1 summarized the number
of microgravity crystall ization studies (total 189
publications).4,8,9,11,15,23,25−201

Despite over four decades of crystallization research in
microgravity, the understanding of crystal growth kinetics
under reduced gravity is scattered.9,102 Particularly, there is a
dearth of literature on bulk crystallization, which is critical for
ISM as it enables us to manufacture larger quantities of
materials with an ideally uniform population of crystals. As a
note, much of the early data in the 1970s was never published
and often confined to internal reports.9 Since the 1980s,
studies have indicated that microgravity conditions can
fundamentally enhance material properties, yet materials
often behave very differently in microgravity than on Earth,

making consistent replication difficult.202 In addition, differ-
ences in experimental protocols, analytical techniques, and the
fragmented or proprietary nature of the data available have
made cross-study comparisons difficult.9 Bridging these
knowledge gaps is therefore crucial to developing potential
crystallization strategies for ISM, which require a comprehen-
sive understanding of kinetics, morphology, and crystal quality
beyond single crystals toward bulk systems.

Unlike prior reviews that primarily summarize experimental
outcomes or examine microgravity crystallization from a
structural or materials science perspective, this work attempts
to evaluate the field through the lens of manufacturing
feasibility. It consolidates the currently scattered literature with
emphasis on kinetics, morphology, and crystal quality, while
establishing a structured framework that links microgravity
crystallization research to process engineering and industrial
deployment. For detailed discussions about the mechanistic
differences between crystallization under microgravity and on
Earth, the interested reader is referred to existing re-
views.7,66,203

To facilitate this discussion, Section 2 details the definition
for manufacturing. Section 3 focuses on the materials studied.
Section 4 contrasts single-crystal and bulk crystallization
regimes, while Section 5 discusses crystallization kinetics and
methods utilized. Section 6 highlights ground-based micro-
gravity analogues. Finally, Sections 7 and 8 offer future
perspectives and concluding remarks, respectively.

Figure 1. Publications and citations related to microgravity crystallization from 1981−2024. Shaded regions denote key stages in the evolution of
the field, from early spaceflight proof-of-concept studies (1970−1980), through hardware and method development mostly focused on protein
crystallization (1981−2000), to modern investigations of kinetics and toward in-space manufacturing (ISM) applications (2000−2024). The
detailed methodology used for data collection and classification is provided in the Supporting Information.
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2. CONCEPTS AND DEFINITIONS
To establish a unifying baseline for this review article, the
authors feel the need to define the term manufacturing.

• Manufacturing is defined as the application of physical
and chemical processes to modify the geometry,
properties, and/or appearance of a given starting
material, including recycled materials to produce
products of higher value.204 Broadly speaking, this
includes producing individual crystals with higher quality
used in pharmaceuticals, semiconductors, and other
industrial applications. However, in the traditional sense,
manufacturing typically involves a sequence of unit
operations designed to transform raw materials into a
desired final or commercial state, representing the
outcome of a complete manufacturing process.204 This
increase in value encompasses not only economic
benefits but also societal advantages, such as improved
health and quality of life provided by formulated
pharmaceutical products.4,204 Moreover, manufacturing
requires not just the establishment of the quality and
performance attributes of the product but also their
approval by a regulatory agency based on a process
model or structure for effective quality management
(quality system).

• In-space manufacturing (ISM) is assumed to take place
outside of the Earth’s atmosphere to leverage the unique
conditions of microgravity or the need during deep
space missions.205 Thus, similar to manufacturing on
Earth of e.g., pharmaceuticals, ISM needs to rely on
careful process design, automation, and quality control
to achieve consistent, reliable, and scalable production in
a challenging environment under current good manu-
facturing practice (cGMP).205

• Low-Earth orbit (LEO) manufacturing refers to the
production or processing of materials and products in
facilities located in altitudes of about 160−2000 km
above Earth (e.g., the ISS or commercial space
stations),205 while ISM encompasses the broader set of
manufacturing in space.

By defining these terms, this review establishes a framework
allowing us to interpret the existing microgravity crystallization
literature (Figure 1). Here, it needs to be stated that to the best
of the authors’ knowledge, all reported literature (Figure 1)
remains within the process-development domain and does not
constitute manufacturing. To date, microgravity is leveraged as
a platform for fundamental and proof-of-concept crystallization
studies aimed at understanding and improving material quality,
uniformity, and functionality to be employed in terrestrial
applications. Thus, all studies are primarily of exploratory
nature, representing R&D or trial-and-error studies rather than
ISM, as defined above.204

3. MATERIALS INVESTIGATED IN MICROGRAVITY
Crystallization studies in microgravity have been reported
across a diverse range of materials, from water/ice63 and simple
small molecules to complex proteins, colloids,112 and semi-
conductors52 (Figure 2). A detailed list of materials and
publications is provided in Sections S2 and S3 of the
Supporting Information.

From total 146 materials studied in 189 publications,
proteins and enzymes dominate the microgravity crystallization
studies by far, accounting for ∼ 70% of reported experiments

(Figure 2). This prevalence reflects the historical emphasis on
biologically and structurally relevant macromolecules, where
microgravity offered clear advantages for producing highly
ordered crystals for diffraction-based analysis.9,57 While
advances in structural biology techniques, such as cryo-EM,
NMR, and MicroED, have reduced the exclusive reliance on
crystallization for structure determination,144,206 they have not
diminished interest in crystallization under microgravity.

In contrast to proteins and enzymes, other materials relevant
to industrial crystallization are comparatively underrepre-
sented. Semiconductors (6%), metals and alloys (8%),
inorganics and minerals (5%),184 viruses (4%), glass and
zeolites (4%),195 nucleic acids and nucleoprotein complexes
(3%), polymers (2%), and small organic molecules (1%) are
studied far less frequently. Combined, these categories account
for only ∼30% of the reported studies (Figure 2). This
imbalance highlights an important limitation in the current
knowledge base, as most microgravity crystallization research
has historically focused on improving crystal quality9,88,102

rather than understanding crystallization processes relevant to
scalable manufacturing.23,140

Nevertheless, recent years have seen a gradual shift in the
focus. Microgravity crystallization studies continue to grow,
increasingly emphasizing process understanding, formulation,
and manufacturing sciences. This shift is reflected in expanding
research efforts in LEO, including studies on therapeutic
proteins aimed at improving manufacturability on Earth (e.g.,
pembrolizumab/Keytruda),4,98 as well as investigations into
advanced materials such as optical and ZBLAN fluoride
glasses.192,194 It should be stated that for glasses, efforts are
generally focused on inhibiting crystallization by elucidating
the underlying crystallization mechanisms.

4. CRYSTALLIZATION REGIMES
Beyond the analysis of the type of materials studied in
microgravity, it is also insightful to consider under what regime
these materials were crystallized. Identifying the crystallization
regime of the studies, hints at the purpose and thus, possible
application toward ISM. The literature identified (Figure 1)
can be grouped into two regimes of crystallization experiments:

• Single-crystal crystallization involves the growth of
isolated crystals, ideally one but typically a few per
experiment. Although essential, primarily for structural
characterization of material or fundamental studies, this
approach, typically, does not represent manufacturing-
relevant crystallization.

• Bulk crystallization produces many crystals simulta-
neously, ideally generating a homogeneous population
with measurable critical quality attributes (e.g., size,

Figure 2. Distribution of 146 materials examined across 189
microgravity publications (Figure 1), organized into major categories.
Details are provided in Table S1.
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distribution, morphology) and high yield, which is
essential for informing crystallization processes. Thus, a
system that could be enacted to manufacture different
amounts of materials with equivalent results (scalable), if
all other requirements are met.207 This definition of bulk
crystallization technically constitutes the beginning of
manufacturing, thus ISM strategies. Experiments were
defined as bulk in this review when the crystallization
conditions promoted the formation of multiple crystals,
yielding a crystal population within the experimental
setups (e.g., vials,4 microfluidic devices,67 etc.).

The identification of these two groups of documented
crystallization results reveals differences in the experimental
focus and practical relevance of the 146 materials studied in
189 publications in microgravity crystallization (Figure 1). Of
these publications, 159 studies reported on single-crystal
experiments and 80 on bulk crystallization experiments, per
the definitions established in this Review above. Importantly,
the total number of materials and studies does not directly
correspond to the number of publications. A single publication
may investigate multiple materials and studies, and not all
publications report specific materials, with some focusing
instead on experimental setups, methodologies, or instrumen-
tation.

Examining these two data sets side by side highlights clear
differences in both the types of materials chosen and their
relevance to specific applications (Figure 3). A detailed list of
materials summarized in Figure 3 is provided in Table S3.

Generally, reported single-crystal experiments are dominated
by well-characterized model proteins 76%, with lysozyme
representing 33% of all studies, followed by insulin (4.85%)
and a small group including canavalin, catalase,59,65 cyto-
chrome c, PfGST, and ribonuclease (∼2.9% each), while most

other proteins individually represent ∼2% or less. A smaller
fraction of studies focuses on semiconductors (7%, e.g.,
germanium). Other material categories represent ≤3%.

All of these studies typically involve small, isolated systems
chosen for their sensitivity to transport phenomena, making
them ideal for probing fundamental crystallization mechanisms
such as defect formation, impurity rejection, diffusion-limited
assembly, and growth kinetics. For instance, the latter is often
related to growth rates of certain faces to study fundamentals
and normally not used to describe the overall growth of
crystals in a manufacturing sense.

In contrast, bulk crystallization studies encompass a broader
and more heterogeneous range of materials, though model
proteins still dominate in terms of frequency (53%). Here,
lysozyme represents the most frequently reported material,
accounting for ∼12% of bulk studies, reflecting its continued
use as a benchmark system for crystallization behavior. A
second tier of materials, including glucose isomerase,
thaumatin, ZBLAN-type glasses, and selected metal or alloy
systems such as silver−germanium, each contribute between
∼2−5% of the reported material classes (Figure 3). The
predominance of simple, well-characterized proteins (e.g.,
lysozyme and glucose isomerase), reflects their ease of
crystallization and wealth of existing data, making them ideal
for fundamental crystallization experiments to validate method-
ologies (e.g., optical and video microscopy, optical interfer-
ometry), equipment (e.g., Diffusion-Controlled Apparatus for
Microgravity,57 Protein Crystallization Apparatus for Micro-
gravity,8 capillary counter-diffusion platforms,60 etc.), and to
establish reproducible crystallization frameworks. However, it
needs to be stated that the number of reviewed articles on bulk
crystallization (Figure 3) providing quantitative information on
the actual yields of the process is very limited despite its
importance for assessing ISM efficiency.

Beyond these model systems and fundamental studies,
research is progressing toward more complex and industrially
relevant bulk crystallization. For example, in recent years,
biomolecules such as monoclonal antibodies4 were studied to
enable direct assessment of microgravity-enabled benefits for
formulations, stability, and solid-state processing in LEO.
These results may be utilized for future ISM scenarios.4,178 To
date, only a few microgravity studies qualify as true bulk
crystallization and premature ISM, such as Keytruda,4 the
production of L-histidine crystals,67 and the crystallization of
ZBLAN conducted on the ISS.208 Material classes such as
ZBLAN are of particular interest due to their exceptional
optical properties and their potential use in high-performance
fiber optics.192,194 On earth, the production of ZBLAN fibers is
challenging because gravity-driven convection and crystalliza-
tion introduce defects that degrade optical performance. Under
microgravity, reduced convective mass transfer rates slow
nucleation and crystal growth, minimizing defects and enabling
more uniform, higher-quality fibers.209 These factors make
LEO an interesting environment for their potential manu-
facture as the microgravity environment allows to suppress
nucleation and crystallization (undesired for ZBLAN fibers).
Consequently, ZBLAN represents a compelling example of a
material whose production might directly benefit from
processing in the LEO. Collectively, these studies illustrate
how the bulk crystallization landscape is slowly evolving,
starting from accessible, reproducible model proteins and
gradually incorporating materials with higher strategic and

Figure 3. Distribution of 146 materials examined across 189
microgravity publications (Figure 1), separated by single-crystal and
bulk crystallization experiments, and grouped by major material
classes as defined in Section 3.
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industrial value, setting the stage for innovative applications in
both LEO operations and future ISM ventures.140,191

5. KINETICS STUDIES IN MICROGRAVITY
Despite the documented advances in microgravity crystal-
lization (Figure 1), significant knowledge gaps persist in terms
of the kinetic studies. Mathematical models describing
crystallization kinetics in microgravity have been re-
ported,76,91,171 yet they are predominantly theoretical and
were not included in this analysis of experimental kinetic data.
Of the 189 publications reviewed (Figure 1), only 25 reported
kinetic data. Of these, 18 focused on single-crystal experiments
and 7 on bulk crystallization, with just 19 providing direct
comparisons between microgravity and earth-based outcomes,
enabling scientifically rigorous conclusions.

All other publications focused mostly on fundamental
insights under diffusion-limited conditions, including defect
formation and impurity rejection,9,48,133 hardware descriptions,
mission reports, or mere analyses without extractable kinetic
measurements. This limit of available information leaves
critical questions about nucleation, growth, and reproducibility
at scale, needed for ISM largely unresolved. Addressing these
knowledge gaps is essential to developing ISM of, e.g., bulk
pharmaceuticals, advanced materials, and other high-value
products in larger quantities with uniform properties across the
crystal population.

Studying bulk crystallization kinetics in microgravity
presents unique challenges, primarily due to the limited
opportunities for measuring the kinetics of crystal populations.
Unlike Earth-based experiments, where a wide range of offline
and in situ analytical techniques are available, microgravity
studies are constrained by the restricted environment,
resources/hardware available, crew time, and experimental
complexity.70,146 As a result, the range of methods applied in
microgravity crystallization studies is comparatively limited

with a strong reliance on direct observation techniques,
including optical and video microscopy (Table 1).

Optical and video microscopy (n = 13) allows continuous or
time-lapse visualization of crystal formation and orientation,
which can be utilized to measure nucleation induction times
and anisotropic crystal growth for specific crystal faces, as
demonstrated (e.g., for lysozyme crystals) aboard the ISS.83

When combined with optical spectroscopy (e.g., time-resolved
reflection spectroscopy or laser confocal differential interfer-
ence contrast microscopy,75 these approaches provide addi-
tional insight into crystallization processes. They enable
tracking of the temporal evolution of molecular or colloidal
arrangements42,164 from a disordered solution to a well-defined
crystalline lattice.This allows for a more detailed analysis of
nucleation and growth dynamics beyond microscopy alone.

For higher spatial precision, laser confocal differential
interference contrast microscopy (n = 1)93 allows three-
dimensional mapping of crystal surfaces at nanometer-scale
resolution. This technique captures subtle variations in growth
rates and surface topology. Similarly, optical interferometry (n
= 5), including Michelson,81,83 Mach−Zehnder,82 and Fabry-
Peŕot63 configurations has been used for lysozyme and ice
crystals to provide quantitative measurements of crystal face
advancements (growth kinetic) and concentration fields.

Other complementary methods include light scattering
techniques (n = 4), such as dynamic and Bragg scattering,
which monitor nucleation and front propagation through
changes in scattered light, revealing altered nucleation,
supercooling, and solute redistribution in metallic systems
processed under microgravity. Specifically, light scattering
techniques were used to track crystallization kinetics and
ordering in colloidal (e.g., polystyrene and silica
spheres)42,137,164 and mineral systems.64,127

Thermal analysis (n = 1) was applied to metallic alloys (e.g.,
Ag−Ge)182 to evaluate nucleation supercooling, solidification
behavior, and solute redistribution under microgravity

Table 1. Summary of Experimental Techniques Used in 189 Microgravity Crystallization Publications (Figure 1)a

aFor each technique, the total number of studies (n) and the number reporting growth kinetics and induction time are shown based on direct
counting of the literature reviewed. The predominant experimental focus (single-crystal or bulk) and representative materials or applications are
included.
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conditions. In addition to experimental techniques employed
in microgravity, postflight characterization on Earth using X-
ray−based techniques growth (n = 2) (e.g., X-ray diffraction
and EDX)62,182 are commonly used to evaluate crystal
structural quality, polymorphism, lattice uniformity, and solute
segregation, providing indirect benchmarks of microgravity
effects on crystal. However, these analyses may be affected by
sample handling, storage (in suspension or dried solids), and
rugged re-entry conditions,70,187 which can alter the as-grown
crystal properties, e.g., of thermodynamically metastable solid
forms.1,210,211 For instance, these approaches have been
applied to systems such as calcium phosphate crystals and
Ag−Ge alloys,62,182 where postgrowth analysis enabled
determination of phase composition, lattice structure, and
microstructural differences relative to Earth-grown counter-
parts.

While Table 1 summarizes the feasibility of measuring
growth kinetics in situ under diffusion-dominated transport in
microgravity, it also highlights the limitations of predominantly
microscopy-based approaches. While they are well suited to
track crystal growth of typically single crystals or individual
crystal faces, these kinetics are not representative for bulk
crystallization studies,1 essential for controlling crystallization
pathways toward ISM. Thus, the transferability to manufactur-
ing settings lacks.

6. GROUND-BASED ALTERNATIVES
Studies have reported that microgravity environments provide
advantages for the crystallization of a wide range of materials.
However, performing experiments in space remains costly,
logistically complex, and difficult to scale or repeat. These
challenges are further compounded by the inherently high cost
and limited accessibility of space-based experimentation. The
financial and logistical burden associated with orbital plat-
forms, combined with restricted flight opportunities and fixed
hardware configurations, severely reduce the ability to perform
iterative studies or systematically explore process parameters.
As a result, experimental campaigns are often constrained to a
small number of predefined conditions, reducing the flexibility
and slowing process development.

To overcome these limitations, whether crystallization or
other research applications, a variety of ground-based plat-
forms have been developed to simulate key aspects of the space
environment or probe gravity-related effects. These analogue
platforms can be broadly categorized into three groups: (i)
microgravity or quasi-microgravity systems (e.g., spaceflight
platforms, random positioning machines (RPMs), clinostats,
rotating wall vessels, and magnetic or acoustic levitation
systems), which aim to eliminate or average the gravity
vector;75,90,100 (ii) variable- or fractional-gravity systems (e.g.,
centrifuge-assisted platforms and reduced-gravity aircraft
campaigns),212 which enable controlled modulation of gravita-
tional acceleration across different G-levels; and (iii) hyper-
gravity systems (e.g., large-diameter centrifuges), which expose
samples to gravitational accelerations exceeding 1 g.

Based on the literature research conducted in this review
(Figure 1), only 4 studies were identified using systems such as
magnetic levitation,90,100 microfluidic convection-free plat-
forms,75,85 or parabolic flight experiments.42 It is important
to note that studies based on simulated microgravity using
ground-based systems fall outside the scope of this review.
Moreover, the search strategy for this review (detailed in
Section S1) was centered on microgravity-related terminology

in space and not designed to capture the full breadth of
ground-based analogue research.95 Consequently, relevant
studies may be underrepresented in this Review. Readers
interested in these terrestrial platforms are referred to
dedicated literature.213

While these ground-based alternatives cannot fully repro-
duce the ∼10−6 g microgravity conditions, they nonetheless
provide cost-effective and accessible experimental environ-
ments. As such, they may play a critical role in enabling
systematic crystallization studies, facilitating process optimiza-
tion, and allowing direct comparison across gravity regimes.
Importantly, beyond serving as valuable prescreening tools
prior to spaceflight experiments, these systems may also
function as practical manufacturing platforms on Earth by
enabling material production under microgravity-simulated
conditions.

7. FUTURE PERSPECTIVES
To date, most microgravity crystallization studies have focused
on the single-crystal growth of well-characterized model
proteins, most notably lysozyme, primarily to investigate
fundamental growth mechanisms and enhance structural
resolution. In contrast, relatively few studies have addressed
systematically bulk crystallization and its kinetics, both of
which are essential for process development and manufactur-
ing. This imbalance underscores that microgravity crystal-
lization in the context of LEO and ISM is in its infant stage.

A central barrier lies in the lack of standardization and
comparability. Differences in hardware, protocols, and
analytical methods, combined with the absence of coordinated
space−ground experimental frameworks, make it difficult to
isolate the true effects of microgravity and extract generalizable
trends.115 For instance, from the 25 publications reporting
kinetic studies only ∼76% included terrestrial controls (Table
1). Inconsistencies across experimental designs continue to
limit reproducibility and cross-study interpretation. More
critically, current experiments provide limited insight into
crystallization kinetics beyond specific crystal faces measured
using single crystals.55,83 Most studies rely on end-point
characterization due to the lack of real-time monitoring,
precise control of supersaturation, and in situ analytical tools.
As a result, key questions regarding nucleation pathways,
process dynamics, and population behavior remain unresolved.
This lack of real time process analytical technology (PAT),214

kinetic understanding, and control represents a major bottle-
neck but is essential for advanced manufacturing207 advocated
by regulatory entities,215 and thus for any ambitions toward
ISM.

Given the inherent challenges with spaceflight-based216

experiments, ground-based microgravity analogues may
provide a more accessible and cost-effective alternative for
experimental development.75,90 Platforms such as magnetic
levitation, microfluidic convection-free platforms,85 or
RPMs217 may enable systematic studies under controlled
conditions and over extended time scales. Although they
cannot fully reproduce orbital microgravity (e.g., radiation,
vibration, atmospheric composition, thermal fluctuations, etc.),
they may play a critical role in enabling early stage
optimization and mechanistic investigation prior to spaceflight
experiments.

Advancing microgravity crystallization toward practical
implementation will depend on bridging the gap between
fundamental studies and process engineering. Future efforts
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toward manufacturing in microgravity should prioritize kinetic
understanding, bulk system behavior, and standardized,
multiplatform experimentation and analytical instrumentation,
including PAT.1−3,207 Specifically, crystallizers designed for
microgravity will be essential, because traditional crystallizers
used on Earth cannot be translated to space due to
fundamental differences in the requirements, e.g., design (no
gravity, no headspace218,219), hydrodynamics, mass transfer.
Only by aligning experimental approaches with the needs for
equipment and scalable manufacturing207 will it be feasible to
realize the full potential of crystallization in microgravity. This
assessment is also pending regulatory guidance and an
exploitable infrastructure for manufacturers, a discussion
beyond the scope of this review.

8. CONCLUSION
While decades of research have demonstrated that micro-
gravity can influence crystal morphology and defect formation,
the experimental landscape remains poorly aligned with the
requirements of manufacturing-oriented crystallization. As a
result, critical gaps persist in the process design, scalability, and
productivity assessment. This misalignment largely stems from
the historical focus of the field on fundamental, small-scale
studies, often centered on single-crystal growth under highly
controlled conditions. While these investigations have been
essential for uncovering underlying mechanisms, they provide
limited insight into bulk crystallization behavior, process
dynamics, and scale-up strategies required for manufacturing
applications. The field appears to be transitioning from
exploratory fundamental studies toward more application-
driven investigations. However, realizing the full potential of
crystallization for low-Earth orbit (LEO) manufacturing or
future in-space manufacturing (ISM) will require systematic
kinetic studies, standardized experimental methodologies and
equipment,146 and quantitative evaluation of crystallization
performance under microgravity conditions in real time. In
addition, this transition will also require enabling infrastructure
for manufacturers and regulatory frameworks.220 Addressing
these gaps will be essential to move from proof-of-concept
experiments toward robust and scalable crystallization
processes for the manufacture of materials with superior
properties.
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XRD X-ray diffraction

ZBLAN
Zirconium fluoride−barium fluoride−lanthanum
fluoride−aluminum fluoride−sodium fluoride
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(182) Vojtečh, D.; Barta, C. .̌; Barta, C. .̌; Görler, G. P.; Otto, G.

Non-Equilibrium Primary Crystallisation in Silver−Germanium Alloy
under Microgravity Conditions. Mater. Sci. Technol. 1999, 15 (11),
1266−1272.
(183) Wang, W.; Hu, W. R. Effects of the Orientation of

Microgravity on the Concentration Distribution in Crystallization
from Solution. Adv. Space Res. 1998, 22 (8), 1261−1264.
(184) Fontana, P.; Pettit, D.; Cristoforetti, S. Sodium Chloride

Crystallization from Thin Liquid Sheets, Thick Layers, and Sessile
Drops in Microgravity. J. Cryst. Growth 2015, 428, 80−85.
(185) Abd Rahman, R. N. Z. R.; Mohamad Ali, M. S.; Sugiyama, S.;

Leow, A.; Inoue, T.; Basri, M.; Salleh, A.; Matsumura, H. A
Comparative Analysis of Microgravity and Earth Grown Thermo-
stable T1 Lipase Crystals Using HDPCG Apparatus. Protein Pept. Lett.
2015, 22 (2), 173−179.
(186) Lorenz, S.; Perbandt, M.; Lippmann, C.; Moore, K.; DeLucas,

L. J.; Betzel, C.; Erdmann, V. A. Crystallization of Engineered
Thermus Flavus 5s Rrna under Earth and Microgravity Conditions.
Acta Crystallogr. 2000, 56, 498−500.
(187) Lorber, B.; Sauter, C.; Robert, M. C.; Capelle, B.; Giegé, R.

Crystallization within Agarose Gel in Microgravity Improves the
Quality of Thaumatin Crystals. Acta Crystallogr. 1999, 55, 1491−
1494.
(188) Liu, Y.; Wan-chun, C.; Pei-wen Interface Shape and

Concentration Distribution in Crystallization from Solution under
Microgravity. Acta Phys. Sin., 8(12), 881.
(189) Safonova, T. N.; Mordkovich, N. N.; Polyakov, K. M.;

Manuvera, V. A.; Veiko, V. P.; Popov, V. O. Crystallization of Uridine
Phosphorylase from Shewanella Oneidensis MR-1 in the Laboratory
and under Microgravity and Preliminary X-Ray Diffraction Analysis.
Acta Crystallograph. Sect. F Struct. Biol. Cryst. Commun. 2012, 68 (11),
1387−1389.
(190) Eistrikh-Heller, P. A.; Rubinsky, S. V.; Samygina, V. R.;

Gabdulkhakov, A. G.; Kovalchuk, M. V.; Mironov, A. S.; Lashkov, A.
A. Crystallization in Microgravity and the Atomic-Resolution
Structure of Uridine Phosphorylase from Vibrio Cholerae. Crystallogr.
Rep. 2021, 66, 777−785.
(191) Vonortas, N. S. Protein Crystallization for Drug Development: A
Prospective Empirical Appraisal of Economic Effects of ISS Microgravity;
Final Report; NASA, 2015; p 31. https://www.ige.unicamp.br/wp-
content/uploads/sites/51/2015/07/Report-NASA_Modeling-Drug-
Development-and-Protein-Crystals_2015.pdf (accessed 2026−05−
14).
(192) Varma, S.; Prasad, S. E.; Ahmad, A.; Wheat, T. A. Effect of

Microgravity on Crystallization in Heavy Metal Fluoride Glasses
Processed on the CSAR-I Sounding Rocket. J. Mater. Sci. 2001, 36
(8), 2027−2035.
(193) Torres, A.; Barr, R. The Development of a Heated-Stage

Optical Microscope for ZBLAN Microgravity Crystallization Studies.
Microgravity Sci. Technol. 2016, 28 (4), 367−380.

(194) Torres, A.; Ganley, J.; Maji, A. Experimental and Analytical
Techniques for Studying ZBLAN Crystallization in Microgravity. Exp.
Technol. 2016, 40 (2), 501−512.
(195) Song, H.; Ilegbusi, O. J.; Sacco, A. Kinetics of Zeolite NaA

Crystallization in Microgravity. Mater. Lett. 2005, 59, 2668.
(196) Cazzaniga, A.; Maier, J. A. M.; Castiglioni, S. Impact of

Simulated Microgravity on Human Bone Stem Cells: New Hints for
Space Medicine. Biochem. Biophys. Res. Commun. 2016, 473 (1), 181−
186.
(197) Zhang, H.; Kamotani, Y.; Ostrach, S. Zeolite Crystallization

Process Modeling and Comparison with Microgravity Flight Results.
J. Spacecr. Rockets 1995, 32 (1), 110−116.
(198) Sano, T.; Mizukami, F.; Kawamura, M.; Takaya, H.; Mouri,

T.; Inaoka, W.; Toida, Y.; Watanabe, M.; Toyoda, K. Crystallization
of ZSM-5 Zeolite under Microgravity. Zeolites 1992, 12 (7), 801−805.
(199) Aibara, S. Crystallization of Wheat γ-Gliadin under a

Microgravity Environment Using Space Station MIR. J. Cryst. Growth
1995, 155 (3−4), 247−253.
(200) Schlagheck, R. A.; Trach, B. L. Microgravity Research Results

and Experiences from the NASA/MIR Space Station Program. Acta
Astronaut. 2003, 53 (12), 983−996.
(201) Zhu, Z.; Ge, P.; Chong-Ru, H.; Chen, D.; Li, C. Stable Shape

of Crystal Growth Face in Crystallization from Solution under
Microgravity. J. Cryst. Growth 2001, 13 (12), 1009−1963.
(202) McPherson, A.; Malkin, A.; Kuznetsov, Y. The Science of

Macromolecular Crystallization. Structure 1995, 3 (8), 759−768.
(203) Timofeev, V. I.; Ivanovsky, A. S.; Marchenkova, M. A.;

Rakitina, T. V.; Kuranova, I. P. Growth of Protein Crystals in
Microgravity: History and Present Status. Crystallogr. Rev. 2024, 30
(4), 236−260.
(204) Groover, M. Fundamentals of Modern Manufacturing Materials
Processes and Systems, 4 th ed.; John Wiley & Sons, Inc.: Hoboken, NJ,
2010.
(205) Space Manufacturing and Resources: Earth and Planetary
Exploration Applications, 1 st ed.; Hessel, V., Stoudemire, J.,
Miyamoto, H., Fisk, I. D., Eds.; Wiley, 2022.
(206) Eistrikh-Heller, P. A.; Rubinsky, S. V.; Samygina, V. R.;

Gabdulkhakov, A. G.; Kovalchuk, M. V.; Mironov, A. S.; Lashkov, A.
A. Erratum to: Crystallization in Microgravity and the Atomic-
Resolution Structure of Uridine Phosphorylase from Vibrio Cholerae.
Crystallogr. Rep. 2021, 66 (7), 1333.
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