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Materials, assemblies and reaction
systems under rotation
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Abstract | When liquids or solid materials rotate, they impart centrifugal and/or shear forces.
This Review surveys rotary devices and systems in which such forces control small-scale flows,
self-organization phenomena, materials synthesis or chemical reactivity at molecular and macromolecular levels. Centrifugal forces directed away from the rotation axis enable various separations or lab-on-a-disc systems and can shape interfaces or deposit thin films of functional
materials. When these forces act on particles lighter than the rotating fluid, they can provide the
basis for colloidal crystallization or trapping; when the direction of rotation changes, they can
simulate microgravity conditions and affect motility patterns of living organisms. Shear forces,
by contrast, can promote crystallization, couple to molecular-scale assembly and affect its chiral
outcomes. Combining centrifugal and shear forces is useful in establishing rotating reactors to
accelerate reaction kinetics, modulate chemical reactivity, enable multistep syntheses or support
complex extractions. Through these and other examples, we illustrate that rotating reaction
vessels can enable new types of chemical experimentation, with outcomes that are not always
understood. We argue that rotating systems for studying such processes will become more common given advances in remotely controlled sensors and spectrometers that can monitor the
contents of rotating vessels.
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Although rotational motion and effects associated with
it are ubiquitous — such as in shaping astronomical
objects1,2, driving cars or trains, or powering various
turbines, drills, machines or biological and molecular
motors3,4 — they have, arguably, been used more sparingly in modern materials synthesis or as a means to
control material systems or assemblies. Examples such
as glass-blowing or wheel-throwing pottery, in which
a material’s cohesion is balanced against centrifugal
forces to impart axisymmetrical shapes, the use of
lathes to shave off thin flakes of material to produce solids of revolution, or rifling to impart rotational motion
on cannonballs (to stabilize them in flight) constitute
historical technological advances but do not embody
modern materials science. Instead, one could argue that
rotating systems are today often abandoned in favour
of easier-to-control stationary architectures. A case in
point is the historical progression from gramophone
records to magnetic tape recorders, CD-ROMs and
hard disk drives — all rotating — to modern solid-state
information storage devices5,6 in which there are no
rotating parts. Yet, a conclusion that rotary systems are
outdated and not useful is, we believe, premature. The
main thesis of this Review is that, by making liquid or
solid materials rotate, one can impart forces — either

338 | May 2022 | volume 7

centrifugal or shear — that could be hard to apply and/or
maintain in stationary frames of reference and, through
such forces, control the outcomes of chemical processes
or the properties and internal organization of various
material systems. As we show, these forces are useful in
a range of modern technologies, including separations,
the fabrication of defect-free silicon wafers, the preparation of high-performance solar cells or extremely large
telescope mirrors and lab-on-a-disc microfluidics. In
addition, we discuss less known and more recent examples in which centrifugal and shear forces serve to establish chemical reactors and extractors, increase reaction
yields, accelerate crystal growth, enable chiral selection,
simulate microgravity conditions and can be engineered
to impose confinement and drive dynamic self-assembly
in two or three dimensions. These newer results point to
exciting and, in many cases, still unexplored opportunities that arise when chemical processes or the synthesis
or assembly of materials are transplanted from static into
rotating settings.
In this Review, we focus on situations in which an
entire homogeneous material or all discrete components of a material system of interest are under globally
imposed rotation and, thus, experience centrifugal and/or
shear forces. We start with a synopsis of the physics
www.nature.com/natrevmats
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governing rotating reference frames, before reviewing
applications of centrifugal forces in analytics, manufacturing and separations, followed by discussion of shear
forces in materials synthesis, crystal growth and chiral
separations. We then extend this discussion to rotating
systems that house multiple fluid phases and can guide
sequences of organic reactions and also those in which
the rotation axis varies with time. We do not survey systems in which only some internal parts of a larger system
rotate and generate local vortex flows in their vicinity;
such cases include flagellar motors3,7 and their micromotor mimics4,8, molecular machines9–11 or, at larger
scales, rotating disc electrodes12,13 or various assemblies
of rotating particles interacting through vortex–vortex
forces14–21. There have been many excellent reviews,
especially on molecular machines and micromotors, and
we direct readers to refs8,9,22,23 for discussion of these
phenomena.

Forces and shears
Recapitulating some basic physics in Fig. 1, we observe
that, in a system rotating at a fixed angular velocity
vector Ω, an object at radius vector r from the axis of
rotation experiences two kinds of acceleration: centrifugal acceleration, ar = −Ω × (Ω × r), and Coriolis acceleration, aC = −2Ω × vr, where vr denotes the velocity
relative to the rotating frame. In the systems that we
discuss, |vr| is typically much smaller than the rotating object’s linear speed, |Ω × r|, and, thus, the Coriolis
acceleration can be neglected. Notable exceptions are
high-shear systems24 in which high-velocity gradients in fluid can make |v r| comparable with |Ω × r|,
and lab-on-a-disc devices, in which the Coriolis force
acting on a liquid rapidly flowing along radial channels may prevail over the centrifugal one and can be
used for mixing or switching the flow25–29. With this
simplification, a helpful way to think about the consequences of centrifugal acceleration is based on the
equivalence principle of gravitational and inertial mass,
namely, the local action of apparent acceleration ar in a
rotating reference frame is equivalent to introducing
a fictitious gravitational acceleration ∼
g = g + a r in place
of the true gravitational acceleration, g. A straightforward example is the Archimedes formula for the sum
of the buoyancy force and a body’s weight:
F = ΔρV g∼
(1)
net

where V is the body’s volume and Δρ is the difference
between the densities of the body (ρp) and the liquid (ρl).
In particular, if |a r| ≫ |g|, Eq. 1 prescribes that objects
heavier than the liquid (Δρ = ρp − ρl > 0) will move in the
direction of ∼
g ≈a r (that is, away from the axis of rotation,
as in classical centrifugation), whereas objects lighter
than the liquid (Δρ < 0) will move towards the axis
(as in the case of rotational self-assembly discussed later
herein).
In addition to centrifugal forces, rotary flows can give
rise to shear forces that can stretch and rotate objects
within the flow. The shear rate, which is the measure
of how rapidly adjacent points of the fluid move with
respect to each other (the gradient of flow velocity taken
in the direction normal to the velocity vector; Fig. 1c),
Nature Reviews | MaterialS

in cylindrical coordinates for axisymmetrical flows is
given by

 ∂vϕ vϕ 
− 
γ ̇ = 
 ∂r
r 

(2)

where vϕ is the azimuthal component of flow velocity and
r is the distance from the axis. Note that, in the case of
solid-body rotation (that is, a rotating frame of reference
in which the system looks static; Fig. 1a,b), vϕ = Ωr in the
inertial frame and Eq. 2 becomes zero; thus, not every
circulating flow gives rise to shear forces. By contrast,
for a fluid housed between two coaxial cylinders of radii
R1 and R2 and rotating with unequal angular velocities Ω1 and Ω2, respectively (Fig. 1d), the shear rate for
this so-called Taylor–Couette flow is non-zero and is
given by30

γ˙(r ) = − 2(Ω1 − Ω 2 )

R12R 22

1
⋅
R 22 − R12 r 2

(3)

Centrifugal forces in analytics, manufacturing
and separations
Centrifuges. Perhaps the most widely used laboratory
technique based on centrifugal forces is centrifugation to
separate materials by their densities. When |a r| ≫ |g| and
Δρ > 0, particles of volume V and hydrodynamic radius
rP in a liquid with dynamic viscosity μ migrate away from
the axis of rotation with a terminal velocity
v S(r ) =

V ΔρΩ 2 r
6πrPμ

(4)

and concentrations c(r) at different radial locations and
eventually reach Boltzmann distribution:

 V Δρ 2 2 
c(r ) ∝ exp
Ω r 
 2kBT


(5)

The first ultracentrifuge, built by Svedberg in 1924
and used to separate colloids (Nobel Prize in Chemistry
in 1926), reached a centrifugal acceleration of up to
6,300 × g (ref.31). Modern laboratory centrifuges achieve
velocities of up to 150,000 revolutions per minute
(rpm) and can impart centrifugal accelerations of up to
106 × g, which is sufficient to separate objects of molecular weights ranging from a few hundred grams per
mole (such as glucose32) to many millions of grams
per mole (such as virus particles and organelles33) and
including proteins34, nucleic acids35 and carbohydrates36.
In a useful extension, a stable density gradient can be
created by adding a small but dense solute (typically,
a caesium salt37) into the rotating liquid. In this case,
different components of the analyte mixture reach sedimentation equilibrium and end up in different narrow
regions in which the ambient density matches their own.
This analytic method requires only small sample volumes (20–120 μl) and concentrations (0.01–1 g mol−1)
and is used to assess sample heterogeneity38, study
macromolecular interactions39–41, detect changes in
protein conformation42, investigate ligand binding to
macromolecules43, separate nanoparticles44 and characterize colloids45. A specialized class of centrifuges that
volume 7 | May 2022 | 339
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Fig. 1 | Forces in rotating frames of reference. a,b | Solid-body rotation viewed from
inertial (panel a) and rotating (panel b) reference frames. A density-matched tracer
object (small grey circle) is inside an incompressible fluid (not shown) in a vessel rotating
with angular velocity Ω with respect to the inertial, laboratory reference frame. In this
example, the gravitational acceleration vector g is inclined with respect to the axis of
rotation. To maintain the tracer on a circular trajectory of the solid-body rotation regime,
the liquid exerts non-fictitious forces F1 and F2 on the tracer. F2 is the buoyant force,
which cancels the gravitational force on the tracer, and F1 is the centripetal force responsible for curving the tracer’s trajectory (dashed line) in the inertial reference frame. In this
frame, the radius vector of the tracer, r(t), and the centripetal force, F1(t), rotate, as indicated by their dependence on time, t. In the rotating reference frame, these two vectors
do not change with time, whereas gravitational acceleration, g(t), and the force compensating it, F2(t), do rotate (the dashed circles are ‘trajectories’ of the tips of these vectors).
In the rotating reference frame, the tracer does not move, as forces F1 and F2(t) compensate for the influence of centrifugal acceleration, ar, and g(t), respectively. For this reason,
F1 and F2 can be viewed as components of an effective buoyancy force acting on the
tracer, reflecting the fact that, in the rotating reference frame, the liquid appears stationary during solid-body rotation. c | Flow of liquid (blue) in the gap (of thickness d) between
two parallel solid walls (grey) moving at unequal velocities U1 and U2. The flow velocity,
v, only has a horizontal component, vx, which changes linearly with y (that is, across the
gap). This gradient means that there is shear between adjacent volumes of liquid, as characterized by the shear rate, γ̇. d | Shear flow of liquid (blue) between two coaxial cylinders
(grey) of radii R1 and R2, rotating with unequal angular velocities Ω1 and Ω2, respectively.
The fluid flow velocity only has an azimuthal component, νϕ, which changes across the
gap and gives rise to shear similar to the planar case in panel c (but unlike in solid-body
rotation, which has no shear).

combine very rapid rotation with thermal convection are
used for isotope separation in the gas phase46,47, notably, for separating 235U from 238U. Centrifugation is also
used in rotating packed-bed (RPB) reactors48, achieving accelerations much higher than acceleration due to
gravity (termed high-gravity or HiGee reactors). In these
reactors, the buoyancy force (Eq. 1) is used to create a
340 | May 2022 | volume 7

strong counterflow of two phases of different densities, increasing gas–liquid mass transfer by 1–3 orders
of magnitude49 compared with packed tower reactors
at normal gravity, while reducing reactor volume and
weight50. These features make RPB reactors an important tool for distillation51,52, dehydration53, absorption54,
desorption55, seawater deaeration56, ozonation57 and
other processes, including gas–liquid reactions catalysed
by the solid surface of beds58–60. RPBs are being developed for efficient CO2 capture49,61,62, an important application given the present climate change. Furthermore,
the high-gravity reactive precipitation method exploits
the fast micromixing achievable in RPBs and its flow
features to provide a high degree of supersaturation,
spatially uniform concentration and controlled growth
time for the high-volume, low-cost production of
nanoparticles with good monodispersity63.
On the downside, conventional centrifuges are relatively expensive, bulky and difficult to deploy in field
conditions, which is a limitation for point-of-care diagnostics in resource-poor areas. Consequently, several
groups have designed portable centrifuges, including
systems based on commercial egg beaters or salad
spinners64,65. Perhaps the most imaginative low-cost
device66 is based on the so-called whirligig (Fig. 2a). In
this design, manual winding and unwinding of pairs
of strings can accelerate the centrally positioned paper
disc (perpendicular to the strings) to ~125,000 rpm,
imparting centrifugal accelerations of 30,000 × g.
When capillaries filled with analytes are attached to
the paper discs, this ‘paperfuge’ can separate components of whole blood within 1.5 min or isolate malaria
parasites from blood in 15 min, with the quality of separation comparable with traditional, electrical devices.
However, this device cannot sustain a constant and
reproducible rotation speed, which makes applications
other than simple centrifugation problematic.
Lab-on-a-disc systems. Centrifugal forces create differentials of hydrostatic pressure and can, thus, also be
used to push fluids through outward-pointing channels. This phenomenon is at the heart of ‘lab-on-a-disc’
applications25,27,67,68, in which a microfluidic circuit
is imprinted into a polymeric disc (typically made of
polycarbonate67,69,70 or polymethyl methacrylate71–73 and
less often SiO2 or borosilicate glass74) that is then rotated
around its axis, much like a CD-ROM68, at typical rotation rates of 400–3,000 rpm (Fig. 2b). When a biological sample is introduced near the axis of rotation, the
fluid is pushed radially outwards; the centrifugal force
thus replaces mechanical pumps, whose fabrication
and integration have been technological bottlenecks in
lab-on-a-chip devices75,76. For example, when applied
to lateral flow strips (such as those used in pregnancy
tests), this force can modulate liquid flow through a
chromatographic membrane, slowing the flow if sample is introduced far from the rotation axis and flows
towards it by capillarity (useful if longer incubation
times are desired77) and increases strip-to-strip reproducibility by reducing flow sensitivity to manufacturing
variances78. Furthermore, the buoyancy force (Eq. 1),
enhanced by centrifugation, allows for the simple
www.nature.com/natrevmats
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removal of bubbles that may otherwise interfere with
device performance25. As the fluid is pushed through the
channels in a sequence controlled, if needed, by valves,
operations such as mixing, sample splitting, droplet
generation, separation based on different physical or
chemical properties and, finally, detection (typically,
optical or electrochemical) can be performed. Notably,
valves can also be actuated by the centrifugal force and
follow certain sequences controlled externally using a
spinning-rate programme79–82 or internally by events on
the chip only, with no external control required25,83–89.
For further information on using centrifugal force
in conjunction with pneumatic forces for these and
other advanced operations, see ref.90. Control of flow
and micromixing can also be achieved by the Coriolis
force, which, for segments of liquids flowing rapidly in
radial channels, can dominate the centrifugal force25–29.
To illustrate applications of lab-on-a-disc technology, Fig. 2b,c show an on-disc architecture designed
to handle and analyse ultrasmall samples of proteins
in different liquid environments91. Here, samples of
six protein stock solutions, 2.5 μl each, are mixed with
different reagents in varying proportions, allowing for
the automated preparation of 120 individual solutions.
These samples are then analysed — while in the same
a

disc — by small-angle X-ray scattering. For handling
specimens collected from patients, the discs are often
equipped with intricate filtration and separation systems. In an interesting demonstration, such discs rapidly isolated extracellular vesicles92. The process takes
30 min and recovers 95% of extracellular vesicles from
the urine of patients with cancer, extracting ~100 times
more messenger RNAs than the gold-standard ultracentrifugation methods of extracellular-vesicle extraction.
In another example of automated aliquoting, metering
and mixing operations for 104 reactions were performed
on a single disc93 for bacterial endotoxin testing using
limulus amebocyte lysate, requiring ten times less lysate
per sample than conventional protocols. In a system
for small-molecule detection, the target protein was
sandwiched between antibody-coupled paramagnetic
particles and fluorescent antibodies. Centrifugal force
was then used to self-assemble the beads into hexagonally packed monolayers, enabling fluorescence detection at single-bead resolution94,95 (although, in its later
commercial version, Quanterix Simoa HD-1 Analyser,
the centrifugal force was replaced by a pressure gradient applied with a pump96). The resulting detection limit is on the order of femtograms per millilitre
and is 50 times more sensitive than the conventional
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Fig. 2 | Unconventional centrifuges and lab-on-a-disc systems. a | Ultralow-cost paper centrifuge suitable for haematocrit analysis. The top and middle photographs illustrate cyclic winding and unwinding of the device, respectively.
The bottom image shows a plastic capillary loaded with 20 μl of human blood being placed into hollow plastic holders
attached to the centrifuge’s paper discs. 8 μl of blood plasma per capillary can be separated from whole blood in <1.5 min.
b,c | Lab-on-a-disc device (panel b) for small-angle X-ray scattering (SAXS) analysis of protein interactions with different
chemical environments. Six ultralow-volume samples of proteins (2.5 μl per sample) are mixed with different buffers in varying proportions (20 different conditions for each protein sample). The disc with these just-prepared aliquots is placed
on a rotating positioner and scanned by an X-ray beam (panel c). Panel a reprinted from ref.66, Springer Nature Limited.
Panels b and c adapted from ref.91, CC BY 3.0.
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enzyme-linked immunosorbent assays. A notable
advantage of lab-on-a-disc systems is the lack of movable parts other than the disc itself, translating into
robustness under field conditions. Several such devices
have been commercialized 25 by Samsung, Abaxis,
Roche/Panasonic, Gyros AB, LaMotte and others and
are being used for point-of-care blood parameter analy
sis by the Brazilian Olympic Committee’s Olympic
Laboratory97 and for water analysis in swimming pools
and fish farms. However, the requirement for an electric
rotation motor with programmable speed remains an
obstacle for lab-on-a-disc systems to meet the World
Health Organization’s criteria of “extreme point-of-care
diagnostics” in resource-poor settings 98,99. In this
respect, it would be desirable to implement manually
powered100,101 devices, perhaps by means similar to those
used in the paperfuge discussed above.
Centrifugal casting. Turning to larger-scale processes
and manufacturing, we briefly consider ‘centrifugal
casting’, in which large centripetal forces drive the deposition of a solidifying material or materials onto the
inner surface of a mould (such as a pipe, flywheel or
an engine cylinder liner, although non-cylindrically
symmetrical shapes are also possible) rotating around
a fixed axis102. The notable feature of centrifugal casting, compared with deposition in static settings, is
that it decreases the porosity and number of impurities embedded in the cast; it also preserves axial symmetry not only in shape but also in the distribution of
internal features, crystallization defects and thermal
shrinkage zones. Although this method dates back
to the mid-nineteenth century, having been introduced to
mass industry by Alfred Krupp, it continues to find new
applications in modern materials, including the deposition of graded composites103–105, composites structured
by magnetic fields106, highly aligned nanosheets107 and
gradient nanoparticle films that enable directional transport of charge carriers (‘quantum funnels’)108. In terms
of industrial production, the bottleneck of centrifugal
casting is that only one product at a time can be made
within the mould109.
Spiral separators. Centrifugal forces are also appreciable when the rotation of a liquid results from the
imposed geometry. A case in point are spiral separators
(sometimes called spiral concentrators), which look
like large screws with a vertically oriented axis. These
devices separate liquids, liquids with particles (slurries)
or powders descending spirally down a helical slope by
density or particle size, relying on the interplay between
the drag, gravity and centrifugal force due to the helical path. Typically, large and/or heavy particles descend
near the axis, while small and/or light particles move
near the outer rim of the spiral. These separators have
long been recognized as environmentally friendly, cheap
and low-power devices for the separation of minerals110
down to particles of 30 µm in size. Curiously, although
spiral separators have been used widely for more than a
century111, theoretical understanding of the fluid flow
remained elusive until more recently112,113, as it required
modelling of 3D multiphase flows and turbulence.
342 | May 2022 | volume 7

Rotation-induced confinement for self-assembly
and trapping
Continuing with the |a r| ≫ |g| regime, we next consider the situation when the objects to be manipulated are less dense than the rotating liquid (Δρ < 0).
Under these conditions, the centrifugal forces acting
on these objects, FC (r) = −(ρl − ρp )V rΩ 2, are directed
inwards (rather than outwards) towards the axis of
rotation and establish a confining harmonic potential, E (r ) = (ρl − ρp )Vr 2Ω 2/2 (Fig. 3a) . Historically,
this phenomenon has been used in spinning-droplet
tensiometers114,115, in which the deformation of a gas
bubble or droplet in a rotating fluid enables the measurement of the liquid–gas or liquid–liquid interfacial
tension. More recently, a confining fluidic potential was
used in the non-equilibrium self-assembly116,117 of small
particles in horizontal, rotating tubes. When the confining force dominates the upwardly directed buoyant
force (typically, at Ω of a few thousand rpm), the particles or bubbles suspended in the liquid localize near
the axis of rotation and form tubular crystals of various
symmetries and compositions (Fig. 3b–d). Such axially
symmetrical, tubular assemblies have been studied theoretically (including in rotating systems118,119) and for
their relevance to biological self-organization (such as
phyllotaxis120, the organization of bacteriophage tails,
bacterial flagella and microtubules121) and various
material systems (for example, foams122, colloids123 and
nanoparticles124). For at least some of these applications,
the rotating-fluid system can be more conveniently compared with the rigid cylindrical enclosures typically used
for assembling tubular structures. Of note, the smallest
particles that can be crystallized by this method117,125
have a radius of ∼ (3kT/2Ω 2 π Δρ)1/5; at room temperature, with Ω = 10,000 rpm and Δρ = 0.1 g cm−1, this
translates into a radius of only ~2 µm.
The limitation of this arrangement is that radial
forces alone can form only axially symmetrical structures. However, the linear confinement can be extended
to fully fluidic 3D trapping by supplementing radial
forces with axial ones due to the vortices generated
inside the rotating fluid125. The vortices are generated by
placing two aluminium cylinders at the ends of the
rotating tube and, outside of the tube, two permanent
magnets. When the magnets approach the cylinders,
they induce eddy currents and slow the rotation of the
cylinders with respect to the tube; this differential in
angular velocity translates into conical vortices emanating from the cylinders towards the centre of the tube
(Fig. 3e). Although such vortex flows by themselves do
not create a stable point, the radial outflow near the midplane (blue streamlines in Fig. 3f) is counteracted by the
centrifugal confining force due to the system’s rotation
(orange arrows in Fig. 3f). Within the strong trapping
region thus created, it is possible to assemble various 3D
structures, including particle clusters, cages and interlocked architectures (Fig. 3g–j). The smallest particles
that can be trapped are on the order of micrometres,
which makes this method complementary to traditional optical or magnetic tweezers126 (especially given
that fluidic traps do not necessitate any special optical or
magnetic properties of the objects to be manipulated).
www.nature.com/natrevmats
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Fig. 3 | Self-assembly and trapping in rotating liquids. a | Harmonic potential (E(r),
where r is the radial coordinate; orange arrows) experienced by particles (red) in a
denser, rotating fluid. b,c | Examples of tubular structures formed from 1.588-mm polypropylene beads immersed in a slightly denser mixture of water and agarose at an angular velocity (Ω) of 2,000–3,000 rpm. Experimental images are shown on the left; 3D and
cross-sectional cartoons are shown on the right. d | Two-component tubular packing. The
ratio of the shell (grey) to core (red) particle diameters is 0.67. The lighter and larger particles experience stronger confining forces and preferentially localize at the axis of rotation, while the smaller and denser particles organize around them. e | A vortex–vortex
hydrodynamic trap established inside of a ‘globally’ rotating fluid. Aluminium cylinders
near the ends of the tube rotate slower than the tube (Ω2 < Ω1), owing to magnetic braking (magnets not shown). This difference in rotational speeds creates two vortices
(orange spirals) that meet near the centre (red star) — a point with axial inflow and radial
outflow. f | Illustration of the forces that create the trap along the cross section of the
tube shown in panel e: drag along the flow lines (blue) creates lateral confinement,
while the radial outflow is counteracted by the net centripetal force (orange) pointing
towards the axis of rotation (dashed horizontal line). g | Ordered clusters assembled from
different numbers of 0.25-mm particles in the vortex–vortex trap. h | Binary structures in
which one (left) or two (right) rings of smaller, 0.25-mm particles surround a larger, 1-mm
particle. i | Self-assembly of a tetrahedral cage from four triangular plates that confine
a spherical particle. j | A rotaxane-like assembly formed by one rod-like and three 4-mm
ring-shaped particles. Panels b–d adapted with permission from ref.117, Wiley. Panels e,g–j
adapted with permission from ref.125, Wiley.

Centrifugal forces for surface shaping and
thin-film formation
Liquid mirror telescopes. As we have seen, centrifugal
acceleration can be viewed as a manifestation of potential force with an effectively parabolic potential energy.
When a liquid — contained in a cylindrical vessel and
rotating about a vertical axis z — presents a free top
surface, this potential can deform this surface into a
circular paraboloid of revolution (Fig. 4a,b). In this case,
the potential energy of fluid element m at radius r is
E p(z , r ) = mgz − mΩ 2 r 2/2 and, therefore, equipotential
surfaces E p(z , r ) =2 E 0 are surfaces that satisfy the
E
Ω
equation z = mg0 + 2g r 2, which is an equation of a circu
lar paraboloid. This feature underlies a method for the
self-organization of liquid parabolic mirrors for telescopes, as originally proposed by Ernesto Capocci127 in
1850, first implemented by Henry Skey128 in 1872 and
later explored in detail by Robert Wood129 in 1909. Such
liquid mirrors can be large (Fig. 4c) and also achieve
Nature Reviews | MaterialS

optical perfection with a surface accuracy130 of 30 nm.
More recently, liquid mirror telescopes as large as 6 m in
diameter131 were used for studying galaxy evolution132
and for LiDAR studies of the Earth’s atmosphere127 but
can observe only in the directions close to the zenith131
because the liquid mirror’s axis must stay parallel to the
gravity vector g. Parabolic profiles generated by rotation
are today used in the initial shape formation of solid
mirrors made from borosilicate glass. For example, the
Richard F. Caris Mirror Lab manufactures 8.4-m segments of the Giant Magellan Telescope primary mirror
using a huge rotating oven with molten glass133. These
are the largest single mirrors in the world today and initial liquid shaping enables a focal ratio of f/2.14 to be
achieved, which was previously unattainable for mirrors
of this size.
Spin coating. Another situation in which a liquid with a
free top surface is subject to rotation is the well-known
spin-coating technique that relies on the balance
between centrifugal acceleration, viscous forces and
evaporation of solvent from a liquid film134. The ability
of spin coating to prepare smooth thin films of photoresists with a controllable thickness135 is at the heart of
photolithographic techniques136,137. In recent years, spin
coating has been widely used to prepare high-quality
thin films of perovskites for solar cell applications138–140,
luminescent films for chemosensing and biosensing141,
nanoporous block copolymer films142, open-lattice
colloidal crystals 143, uniformly doped graphene 144
and composites containing partly oriented nanotubes145
(for potential uses in computing146,147).
Spinning disc reactors. The application of liquids onto
rotating discs or the inner surfaces of tubes is also the
basis of spinning disc reactors148–151 (SDRs; Fig. 4d)
and rotating tube reactors148,152, respectively. Owing to
centrifugal acceleration, the thin (25–200-µm) liquid
films are highly sheared148–150, considerably increasing heat-transfer and mass-transfer rates153, which is
especially useful for carrying out fast exothermic reactions and processes otherwise limited by mass-transfer
rates149. Applications of both SDRs and rotating tube
reactors have been covered extensively148,154–156 and
include, for example, the synthesis and processing
of nanoparticles148,155, polymerization149,150, organic
synthesis148,157 and biotransformations158. On the downside, these devices suffer from short residence times
(typically <1 s for a 10-cm diameter SDR148) and relatively high volumes (>50 ml)159 of liquids required
for maintaining constant shear intensity in the fluids
flowing over the rotating surfaces.
Vortex fluidic devices. Vortex fluidic devices (VFDs)
are another type of rotary reactor system that facilitate
a range of chemical processes in counter-intuitive and
still not fully understood ways159,160 (for other types
of rotary reactor configurations, we refer interested
readers to ref.156). In these devices (Fig. 4e), fluid is
fed into a glass tube open at one end and rotated at a
rate of several thousand rpm. As the fluid impacts the
tube’s inner surface, it forms a thin film that gradually
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climbs the tube159. Several feeds can deliver liquids,
including mutually immiscible ones161, at predefined
locations along the tube159,160,162, enabling the readily
scalable few-step synthesis of simple molecules (such as
α-aminophosphonates163 or lidocaine164) while avoiding
fouling or clogging problems144.
Remarkably, several chemical reactions proceed
faster or give yields substantially higher in VFDs
than in ordinary stirred reaction vessels (including
amide coupling163, esterification165, Diels–Alder cyclo
addition 166, photoredox reactions 167,168 and azide–
alkyne cycloaddition169), while others show interesting
chemoselectivity (Michael addition over Schiff base
formation160,170) or favoured kinetic versus thermodynamic products (in the synthesis of macroc yclic
resorcin[4]arenes and pyrogallol[4]arenes171). In materials synthesis, VFDs facilitate processes as diverse
as the disassembly of molecular capsules 172, exfoliation of graphite or hexagonal boron nitride into
individual sheets173, bending of single-walled carbon
nanotubes174, the decoration of carbon nano-onions
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Fig. 4 | Free liquid surfaces and thin films under rotation. a | Self-shaping of the free
surface of a rotating fluid into a circular paraboloid. A fluid (blue) in a rotating cylinder
with an open top experiences centrifugal acceleration (radial) and true gravity (g; downward). The parabolic shape of the fluid (coordinate z as a function of radius, r) is derived in
the main text. b | Experimental model illustrating the parabolic shapes of multiple interfaces under rotation. Three immiscible liquids (red, orange and transparent) of different
densities and a small bubble of air are confined in a cylindrical vessel that is rotated
around its vertical axis at 200 revolutions per minute (rpm), resulting in parabolic profiles
of the liquid–liquid interfaces234. c | Photograph of a rotating dish (6 m in diameter) filled
with liquid mercury that serves as the primary mirror of the Large Zenith Telescope.
d,e | A spinning-disc reactor (panel d) and a vortex fluidic device (panel e). In both
devices, reactants are released along the axis of rotation, mixed by shear forces, spread
over the rotating surface and moved towards the output collector by centrifugal force.
The thin, moving films can also be exposed to irradiation, heat and a gas atmosphere
within the chamber. Panel c reproduced by permission of IOP Publishing (ref.131). ©The
Astronomical Society of the Pacific. All rights reserved. Panel d adapted with permission
from ref.151, American Chemical Society.
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with platinum or palladium nanoparticles175, formation
of carbon dots from multiwalled carbon nanotubes176
and laser-induced slicing of carbon nanotubes without the use of surfactants and harsh chemicals177,178.
Combining a VFD with a pulsed laser was also effective
in forming metal nanoparticles162,179, including magnetite composites180. With biological specimens, VFDs
decrease protein refolding times by 100–1,000 times181
or increase enzymatic activity182,183. The method has
also been used to synthesize biomedically relevant
protein-based or polymer-based nanoparticles184,185 and
in food-processing applications (for example, to shorten
the times of enzymatic hydrolysis and pasteurization
of raw milk or to simplify encapsulation in oil-inwater emulsions without expensive homogenization
equipment186,187).
Although some of the reaction enhancements offered
by VFDs can be attributed to increased shear and micromixing in the thin dynamic layers, the fact that most
require vibrations of the tube (and resultant Faraday
waves) is more puzzling. Moreover, reaction yields are
maximized for only certain inclination angles of the tube
and specific rotational speeds165 and, in the preparation of
nanostructures, the resulting morphologies vary greatly
with solvent and rotational speed24, suggesting some resonant condition. These phenomena have been tentatively
attributed to an interplay between the Coriolis-driven
circular flow, which is dependent on rotational speed,
and the Faraday wave double-helical flow24. As VFDs
are a novel technique, these theoretical descriptions
will likely be fine-tuned in the future. In the meantime,
we envisage interesting synthesis applications in which
the low-catalyst loadings used in biphasic VFD systems
could offer ‘greener’ alternatives to existing methods.
Indeed, this approach was recently demonstrated with
the important click reaction169 and could be applied to
other synthetically powerful metal-catalysed couplings
(such as Suzuki or Heck, for which unconventional and
industrially efficient methods are sought188).

Shear flows for materials synthesis
Rotation is a particularly convenient way to generate
continuous shear flows, whereas the purely translational
motion of two surfaces or objects past each other cannot
be sustained indefinitely (Fig. 1c) — eventually, an edge
will be reached. A circular geometry, by contrast, provides a periodic boundary condition. Although appreciable shears accompany the formation of thin films,
discussed above, the system of choice for creating shear
flows for materials synthesis is the Couette flow established between two coaxial cylinders30 rotating at different rates, in which shear forces persist over time and are
controlled over macroscopic dimensions. This Taylor–
Couette cell (Fig. 1d) has been applied in numerous scientific applications189–193. In materials synthesis, one of its
most impactful applications is in the Czochralski process,
in which the rotation of a crystal seed in a melt is crucial
for growing large inorganic (notably, semiconductor)
monocrystals; in part due to the Couette-like flows, this
rotation induces in the melt. When there is no rotation of
the crucible, natural convection dominates, moving hotter
molten silicon towards the centre along the top surface.
www.nature.com/natrevmats
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But when the crucible rotates, this molten silicon cannot
move to the centre because of centrifugal force and this
regime is beneficial for crystal growth194,195. In practice,
both crucible and seed are rotated at different rates but
the exact regimes of this rotation are closely guarded
know-hows. What is generally known is that obtaining
cylindrical crystals of uniform diameter requires active
feedback to continuously tune the temperature of the
crucible and suppress inherent instabilities of the process: one instability causes the diameter to spontaneously
decrease while another, called flaring growth, causes it
to increase. In this context, it has been discovered196 that
crystals can grow into spiral (and even corkscrew-like)
shapes as a result of coupling between the flaring
instability and automatic diameter control.
Shear flow can enhance197–201 or suppress199,200,202–210
aggregation in suspensions of colloids and other structured liquids, yet, the reported outcomes vary greatly
with material and conditions, predictions vary with
theoretical approach and there is no consensus regarding the underlying mechanisms. From a practical standpoint, using shear to increase the nucleation rate211
results in smaller crystals, albeit in greater quantities,
and, therefore, is not advised if large crystals are desired
(such as for single-crystal X-ray diffraction).
Nevertheless, it was recently shown212 that shear flow
can accelerate the growth of large and high-quality inorganic, organic and macromolecular crystals from solution through a mechanism fundamentally different to
that in colloidal suspensions or the Czochralski process.
In this case, the Couette cell illustrated in Fig. 5a contains not only the substance to be crystallized but also
a (preferably polyionic) polymer (at a concentration of
~400 mg ml−1). Under rotation and with an applied shear
rate 1–100 times larger than the polymer’s natural relaxation rate, shear disentangles and stretches the polymer
chains such that they require more solvent molecules to
be solvated (Fig. 5b,c). This competition for solvent effectively ‘salts out’ the substance one wishes to crystallize.
In addition, local shear rates are higher around larger
particles (Fig. 5d) and, thus, the growth of larger crystals is
favoured relative to smaller ones (this effect even applies
to crystals such as metal–organic frameworks for which
classical Ostwald ripening is not operative212). Various
types of crystal, including organic molecules, inorganic
salts, metal–organic complexes and even some proteins
(Fig. 5e–h), grow considerably bigger — and much faster
— when stirred than when stationary. Crystals of X-ray
quality can be grown in this way on typical timescales of
only tens of minutes and there is an ~15-fold increase
in the longest linear dimension compared with those
grown in control experiments without, for example,
polymers and stirring. Crystals grow to larger sizes at
higher shear rates and in the presence of longer polymers
(Fig. 5i). At present, the major limitation of this method
is the use of custom-synthesized polyionic polymers.
For wider adoption, these syntheses should be scaled up
and the polymers made commercially available (which
is not unlikely, given that the protocols are relatively
straightforward202).
Shear also affects the gelation of certain polymers213 and, in some cases, affects macromolecular
Nature Reviews | MaterialS

conformation. For instance, vortex flows were used to
control the structure of silk fibroin214, a biotechnologically relevant biopolymer with exceptional mechanical
properties, biocompatibility and controllable degradation rates. In the absence of shear, the polymer was
present in the random coil conformation, but when subjected to vortex flows, the content of β-sheets gradually
increased, affecting the post-vortexing self-assembly and
hydrogelation kinetics. This effect was attributed to the
shear flow increasing concentration fluctuations in
the aqueous silk solution, effectively driving selfassembly of β-sheet-rich clusters and exposing hydrophobic domains of the polymer to water. Similarly,
vortex flows were used to drive selective aggregation
of the disulfide-linked A versus B chains of insulin215.
In a reducing environment and when subject to shearing flow, the B chains formed aggregates normally seen
under non-reductive conditions; by contrast, the less
rigid A chains became amorphous under vortexing.

Shear flows for chiral selection
In addition to altering macromolecular conformations,
rotary shear flows can affect the chirality of molecular
assemblies. In a classic example of stirring affecting
enantiomeric excess216, when NaClO3, itself achiral, is
crystallized in a stirred solution, almost all of the crystals
that form (>99%) have the same chirality — although
there is no correlation between direction of stirring and
chirality. This effect was attributed to the initial formation of a primary nucleus and rapid, autocatalytic proliferation of secondary nuclei of the same handedness
(suppressing the growth of nuclei and crystals of opposite chirality). Although originally a hypothesis, this
mechanism was later visualized by video recording crystal growth in a stirred solution and by polarized-light
microscopy of the resulting crystals217. Subsequently,
however, it was revealed218 that complete optical purity
can be achieved even if NaClO3 crystals of both chiralities are present. In this case, in addition to being stirred,
the crystals are continuously mechanically ground by
glass balls present in solution. This degradation process
detaches small nuclei from larger crystals. These nuclei
then grow autocatalytically and at the expense of the
mother crystals; thus, crystals initially present in excess
produce more nuclei and their autocatalytic proliferation ultimately leads to crystals of only one chirality
(for a mathematical model of this so-called solid-state
deracemization, see ref.219).
Whereas these experiments are now well understood, the experiments of Ribó et al. — in which a specific direction of rotation was claimed to induce specific
chirality of macromolecular assemblies — continue to
present a puzzle. In 2001, it was reported220 that stirring
of a dilute, aqueous solution of an achiral, functionalized
porphyrin causes the formation of stacked aggregates,
held together by electrostatic interactions and hydrogen
bonding, whose chirality is determined by and follows
the chirality of flow. This conclusion was based on circular dichroism spectra in which signals that indicate
chirality persisted long after stirring ceased. The effect
was attributed to the interaction of small building blocks
of the assemblies with the vortices. In the proposed
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Fig. 5 | Shear-enhanced growth of crystals in the presence of polymers.
a | Experimental setup for studying shear-enhanced growth of crystals.
A cylindrical rotor is immersed into a growth solution and is rotated to create
shear flow between itself and the cylindrical outer wall. b,c | Plausible
mechanism of shear-enhanced crystallization in Couette flow in the presence
of a polymer: the polymer and crystallizing substance compete for the shared
solvent. The amount of solvent required to solvate the folded and entangled
polymer when shear flow is absent (panel b) is less than that required to
solvate the polymer after it has been unfolded by shear flow (panel c). As the
polymer unfolds, it ‘steals’ this additional solvent from the molecules of
the crystallizing substance, causing these molecules to attach to the nearby
crystal (the black arrow in both panels points to the same particle). The yellow
arrows illustrate the vector field of fluid velocity in the case of a mean shear
flow. d | Theoretical map of the shear rate near a long, freely rotating rod in

0.02 mm

horizontal Couette flow (distance between walls is 1 mm and the mean shear
rate is 167 s−1). The rod’s axis points into the page and the rod’s cross section
is a square (with edges of 20 μm) with rounded corners (with a radius of
corner curvature, rc, of 2 μm). As it is freely rotated by the shear flow, the rod
maintains a constant clockwise angular velocity. The black curves are
streamlines and the black cones indicate the velocity direction and
magnitude. e–h | Comparisons of crystals grown over the same time period
with and without shear: trimesic acid (panel e), NaI (panel f), the protein
thaumatin (panel g) and the CC3-R porous molecular cage (panel h). i | Size
distributions of trimesic acid crystals grown for 3 h from the same trimesic
acid powder under shear in (top to bottom) pure N,N-dimethylformamide
(DMF), the monomer of a polyionic liquid in DMF and solutions of the
polyionic liquid in DMF (with two different molecular weights indicated in
the legends). Adapted from ref.212, Springer Nature Limited.

picture, such minuscule oligomers, subject to thermal
noise, would follow swirling trajectories that “nearly
reproduce the funnel-like streamlines created by the
vortex, before collapsing into the practically motionless
large size aggregates”. However, this picture does not
seem entirely convincing. Indeed, although the same
team later observed long-range order in the helical folding of nanoscale ribbons of porphyrin J-aggregates by
atomic force microscopy221, the origin of the reported
effects has been questioned, suggesting that the circular
346 | May 2022 | volume 7

dichroism signals might be artefacts arising from partial,
flow-induced solute alignment or even imperfections
of the circular dichroism instrument222,223. The debate
is certainly not over and new examples and counterexamples are being proposed224–229 (including microfluidic
implementations230), of which at least some are not controversial, although in such undisputable cases, chiral
ordering involves larger components. One example is
the incorporation of achiral rhodamine B luminophores
into a gel that forms under stirring231. Depending on the
www.nature.com/natrevmats
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Fig. 6 | Concentric liquid layers and their use as chemical reactors. a | A tube containing four immiscible liquids is initially at rest and the liquids stack vertically in a classic
‘density column’. Upon increasing the rotation rate to 5,600 rpm within 2 min, the liquids
transition to an arrangement of thin, concentric layers. The transition is continuous
(no layers break) and is also fully reversible234. b | A system of 22 pairwise immiscible
layers. Each layer was added to a stack rotating at 5,400 rpm. The layers alternate
between aqueous (transparent; with density adjusted by addition of sodium polytungstate, sodium metatungstate or caesium chloride) and organic (dyed; densities adjusted
by the proportions of tetrabromomethane, dibromomethane, 1,4-dibromobutane and
n-decane). c | A seven-layer system with a total thickness of <5 mm, comprising dyed
aqueous salt solutions and transparent mixtures of halocarbons and hydrocarbons.
d | Synthesis of diloxanide furoate in a system of four layers with the rotational speed
Ω periodically changed between 750 and 850 rpm. The four-step sequence starts in the
innermost layer 4 with deprotonation of N-methyl-p-aminophenol sulfate, followed by
phase transfer of the free amine to dichloromethane (DCM)/hexane in layer 3, acylation
to form an amide, transfer of the amide to the second water layer 2 (in which phenol
is deprotonated), transfer of the phenolic anion to the outermost layer 1 (mediated by
tetrabutylammonium bromide) and the final acylation step therein. e | Three-layer system
for acid–base extraction. A quinine nitrobenzoate ester from the middle organic layer
is separated into quinine, which is extracted to the acidic layer as a hydrochloride, and
into nitrobenzoate, which transfers into the basic layer as a sodium salt. f | Three-layer
system for the selective extraction of phenylalanine (Phe) from a fermentation-like broth.
The graph plots the time dependence of phenylalanine concentration in layer 3 (for
layers with thicknesses of 3 mm (layer 1), 2.5 mm (layer 2) and 3.6 mm (layer 3)). D2EHPA,
bis(2-ethylhexyl) phosphate; DMSO, dimethyl sulfoxide; PCE, perchloroethylene; t, time.
Adapted from ref.234, Springer Nature Limited.

direction of stirring, the gelated material exhibited circularly polarized luminescence of corresponding chirality, indicating that the gel transferred its chirality to the
orientation of the rhodamine B guests. We note that, in
this case, gelation occurs on length scales commensurate
with the scales of the flow and, thus, the imprinting of
chirality into the gel (and then its transfer to the lumino
phores) is more easily understood than in the case of
putative alignment of individual porphyrins in dilute
solutions.
The effects of chiral flows have also been investigated
on much larger particles. A millimetre-sized particle in
a 2D Taylor–Couette flow was shown to experience
radial drift, the direction of which depends on the particle’s chirality232. Theoretically, the smallest size, L, of
the particles that can be separated using this effect is
L ≫ (kBT/ηΩ)1/3, where kB is the Boltzmann constant,
T is the temperature, η is the dynamic viscosity and Ω
is the outer-wall angular velocity of the Taylor–Couette
cell. For example, in water (η = 1 mPa s) at room temperature and with Ω = 10,000 rpm, L > 100 nm. A subsequent patent233 claimed that 200-nm-long silica ribbons
or 1-µm-long supramolecular chiral assemblies in a
3D Taylor–Couette flow experience axial drift (up to
50 µm s−1), with the direction depending on the chirality
of the particles, but the underlying physics is unlikely to
be the same as for radial drift in a 2D flow.

Multilayered rotating systems for chemical
synthesis and separations
So far, we have discussed systems housing only one
liquid phase. When a rotating vessel contains several
mutually immiscible liquids, centripetal forces can be
used to organize them into concentric layers according to density, with the density increasing outwards234
(that is, the densest liquid, which experiences the largest centrifugal force, is at the container’s walls; Fig. 6a).
348 | May 2022 | volume 7

In a more elaborate variant, liquids can be added one by
one to an already rotating ‘stack’; when this is done carefully, up to ~25 layers can be stacked, including arrangements in which only neighbouring layers are pairwise
immiscible (that is, alternating organic–aqueous stacks;
Fig. 6b). Two points need to be noted here. First, for
macroscopic-sized vessels on the order of centimetres
and angular velocities of single thousands of revolutions
per minute, centrifugal forces completely dominate surface tension effects and, thus, the layers can be made
very thin, down to a few hundred micrometres (Fig. 6c).
Second, periodic acceleration and deceleration induces
circulation of liquids along both angular and radial coordinates, in effect, causing internal mixing inside each
layer, without disrupting the entire rotating stack. These
effects are important because transport through the layers becomes very rapid and is not diffusion-limited as in
so-called static density columns235–238 (in which for the
layers to be stable, they must be much thicker and cannot
be easily mixed).
When the concentric layers contain different reagents, substrates migrating from one layer to another
can undergo ‘preprogrammed’ sequences of reactions,
as illustrated by the synthesis of anti-amoebic diloxanide furoate across four layers234 (Fig. 6d). In such syntheses, concentric-layer stacks can be constructed as a
self-organizing alternative to systems of batch reactors239
or flow-chemistry designs240,241 (both requiring more
elaborate engineering).
Arguably, concentric-layer reactors offer the most
unique and impactful opportunities in separations.
Advantages of this system over traditional organic chemical protocols are illustrated in simultaneous acid–base
extractions. In a stationary separatory funnel, one can
realize a three-layer, static configuration in which an
organic layer to be extracted is sandwiched between two
aqueous layers, acidic and basic. However, the moment
the system is vigorously shaken or mixed, which is essential for extraction, the initially separated layers touch and
the acid and base will neutralize, ruining any selective
extraction. For this reason, acid and base extractions
are generally performed in a stepwise fashion. In sharp
contrast, in a rotating system, the layers remain stable
and separated even during acceleration or deceleration,
which promote mixing near interfaces and improve
extraction. Figure 6e illustrates how this concept works
in practice for the extraction of quinine p-nitrobenzoate:
under gentle interfacial mixing, quinine is extracted
into the acidic layer, whereas sodium p-nitrobenzoate is
extracted into the basic layer.
The industrial potential is even greater for systems
in which one of the rotating layers contains chemical
shuttles that operate between non-neighbouring layers and selectively extract valuable components from
complex mixtures. For example, in the three-layer
system illustrated in Fig. 6f, the outer aqueous layer 1
at pH 3.8 imitates a fermentation broth242 (comprising
the amino acid phenylalanine, glucose, lactic acid and
inorganic salts234), from which it is desirable to selectively extract only the amino acid. To this end, the
middle organic layer 2 contains bis(2-ethylhexyl) phosphate (D2EHPA), which serves as carrier molecules.
www.nature.com/natrevmats
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At the interface between layers 1 and 2, D2EHPA forms
an ionic pair with protonated phenylalanine (Phe+) while
transferring its proton into layer 1. The Phe+–D2EHPA
ionic pair migrates through layer 2 until it reaches
the interface with the inner aqueous layer 3 (at pH 0),
where D2EHPA exchanges Phe+ for a proton, leaving
Phe+ in layer 3. Protonated D2EHPA migrates back to
the layer 1–layer 2 interface, where it ‘catches’ another
Phe+ molecule and the cycle repeats, powered by the
gradual equilibration of the pH gradient and selectively
extracting up to ~80% of the phenylaniline from layer 1.
Concentric-layer reactors based on rotation are
more robust and scalable than droplet-in-droplet
(water/oil/water) emulsions — known as liquid emulsion membranes242–244 — the commercial applications
of which have been hampered by emulsion instability
and by the elaborate stirring mechanisms required to
sustain the emulsions. Moreover, with the use of positively charged carriers (such as long-chain aliphatic
amines and their salts, as used in certain liquid emulsion
membranes245,246), the application of concentric reactors
could be extended to the selective extraction of negatively charged species from complex mixtures. Other
applications of concentric liquid reactors in chemical
and biotechnological settings include non-lethal bacterial extractions and bacterial communication across
multiple layers234.

Time-varying rotation axes and microgravity
experiments
Finally, we consider situations in which the magnitude of centrifugal acceleration is smaller than that of
gravity, |a r| ≪ |g|, and the axis of rotation can vary in
time. Systems meeting such conditions have proved
useful in ground-based microgravity (weightlessness)
simulators247,248 for biological specimens, which are of
particular interest for space science and technology and
are used for screening drugs249,250, to study increased
pathogenicity and antibiotic resistance of bacteria in
space251, for preflight studies and hardware testing248,
as well as for the production of 3D cell cultures (spheroids) for Earth-based pharmaceutical and biological
research252. These applications capitalize on the fact that
the g vector due to true gravity, although static in an inertial reference frame, rotates in a rotating reference frame
(Fig. 1b; unless g is parallel to the axis of rotation) and the
time-averaged g can be made close to zero. Specifically,
so-called rotating wall vessels253 or random positioning
machines247,254,255 slowly rotate (at a few revolutions per
minute) around one or two axes with unequal angular
velocities or randomly change the magnitude and direction of the instantaneous angular velocity vector254,255.
If the axis of rotation is normal to g, the time-averaged
value of g perceived by the gravity-sensing organism
from its rotating reference frame becomes much smaller
than its nominal value in the inertial frame, provided it
is averaged over a timescale τ longer than the period of
rotation T = 2π/Ω (ref.255). If g is at an angle α to the axis of
rotation (z axis in Fig. 1a,b), such that its components are
(gx, gy, gz), then component gz = g cosα remains constant
even in the rotating reference frame (Fig. 1b), while the
other two components change with time (t) in the rotating
Nature Reviews | MaterialS

frame, gx (t ) = g sinα cosΩt and g y (t ) = g sinα sinΩt , and
it can be shown that their time averages over τ are both
smaller than (g sinα )(T/πτ ) and can be neglected if τ ≫ T.
By contrast, axial component gz = g cosα is not affected
by time averaging and, therefore, dominates the overall
vector g(t ) τ . Thus, it is possible to continuously tune
the effective gravitational acceleration felt by inhabitants of the rotating reference frame by controlling the
inclination angle α of the rotation axis, going from very
small magnitudes ∣⟨g(t )⟩τ ∣ < g Tτ π2 at α = π2 up to nominal Earth gravity g(t ) τ = g when the rotation axis is
parallel to g (that is, α = 0). A partial Earth gravity load
thus attained was used in simulators of moon-like and
Mars-like gravity256.
A wide range of biological specimens — from
plants 247,254 to mammalian cells 248 and zebrafish
embryos257,258 — have gravity and acceleration sensors that operate on timescales >1 s. As g on Earth is
constant, there is no need to evolve rapid sensors of
g if the organism does not move (in the case of plants)
or to measure accelerations at timescales much shorter
than those of its own movement. In studies using early
versions of microgravity simulators of this type, named
clinostats259, a low cut-off for timescales of biological
processes sensitive to gravity was expected and the simulators were, therefore, operated at higher Ω (typically,
60–90 rpm) and, thus, suffered from non-negligible
|a r| in the range 0.1–1 × g. In comparison, later rotating
wall vessels work at 2–4 rpm. Use of such microgravity
simulators has revealed sensitivity to gravity not only in
organisms that have special vestibular organs (such as
fish, Drosophila and rhizoids of characean green algae)
but also in unicellular organisms (Paramecium and
Euglena) and mammalian cell cultures247. Sensory deprivation can cause abnormal development of vestibular
systems. For example, zebrafish (Danio rerio) embryos
grown in microgravity later behaved identically to a
control group when illuminated from above, but when
illuminated from below, they swam dorsal surface up
in helical paths, vertical loops, zigzags and even upside
down257 (however, reproducing these experiments was
not always successful258).
Last, but not least, a widely used application of slowly
rotating systems is granular materials processing260, such
as winnowing, concrete mixing and mineral refining.
At very low rotation rates, when |a r| < 10−5|g|, dry granular
matter in a tumbler either does not flow or undergoes
intermittent avalanches261. This regime transitions to
a continuous-flow (or ‘rolling’) mode262 at |a r| between
10−4|g| and 10−1|g|. It is often desirable to tune the operation mode for a particular system to either mix or separate granular components by their physical properties
(such as density, friction, size and shape)260,263, although
imperfect mixing or imperfect separation are a common
problem aggravated by a lack of a unified predictive
theoretical framework263.

Outlook
There are a range of systems in which rotation of a macroscopic vessel controls the transport, organization or
chemical reactions of its contents. Although for many of
these systems the underlying physics is well understood,
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as in centrifuges, lab-on-a-disc devices or in systems
driving colloidal self-assembly, new applications are
emerging. For instance, the physics underpinning the
multilayered reactors shown in Fig. 6 may be trivial but
the types of multistep syntheses or extraction processes
these reactors can support merit further study and open
up new avenues for research in process chemistry. For
some other systems, the fundamentals are less clear
and many questions arise. For example, it remains to
be established whether rotary flows can transfer chirality to (macro)molecular assemblies and why molecules
confined to rotating thin films sometimes react more
efficiently than in the bulk. To chemists, some of the
most intriguing questions centre around the effects of
shear. To what extent can shear forces established in a
simple Couette cell control macromolecular conformations? Moreover, can they control the progress of chemical reactions and perhaps even mutual orientations of
reacting partners and, consequently, influence the diastereoselectivity or regioselectivity? This idea may not be
that far-fetched, given that routinely achievable shears of
~105 s−1 can affect the orientation of molecules of a few
nanometres in size, with rotational relaxation scaling
inversely with molecular volume264 (although to overcome the rotational diffusion rate of a small molecule
such as rose bengal in heptanol requires shear rates as
high as ~108 s−1)265.
The timing of these, and other, experiments with
rotating vessels is now in synchrony with the technology to interface them with the outside world. Although
rotary unions that supply fluids to rotating systems,
slip rings (including mercury-wetted ones) for electrical connections and fibre-optic rotary joints266,267 have
been known for decades, it is only relatively recently that
they have become commercially available in modular
forms from companies such as Moog, Senring, Moflon,
Deublin, Duff-Norton and many others. Moreover,
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