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Random positioning machines (RPM) are commonly used to simulate microgravity for plant growth and
cell culturing experiments, but not properly in multi-phase flow studies, e.g., emulsions. The implications
of fluid motion induced by RPM movement patterns have only been studied for one-phase system using
computational fluid dynamics (CFD). This study investigates the impact of fluid motion of 5 different
RPM motion modes (0 g, 0.4 g, clinostat of different frame rates) on dispersed droplets (dz, = 0.1-70 pum)
applying scaling analysis. These computations are based on well-established fluid-dynamic laws and
correlations, thereby giving microgravity researchers easier tool to evaluate potential deficiencies in
their study design compared to CFD. We found that the clinostat modes (80 deg s~ 100 deg s%
120 deg s~ induce a transitional flow regime in the continuous phase, and considerate shear rates
acting on the dispersed droplets. Under certain conditions, the shear rates might even impact the
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1. Introduction

Emulsions are a popular and practical formulation technique
for combining hydrophobic and hydrophilic components in
one system. One component is dispersed in the other, and the
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similar to true microgravity (0 g motion mode) and partial gravity (0.4 g motion mode).

resulting droplets are stabilized using a surface-active emulsifier.
Emulsions are applied in drug delivery and pharmaceuticals®
to foods>™ and cosmetics,” while they are also interesting
as a reaction environment for the synthesis of chemicals and
materials.® Due to their widespread use, emulsions are attractive
for in-space manufacturing, i.e., the on-demand manufacturing in
space to facilitate long-term space exploration. Products and
materials that are required during long-term space missions are
produced from bulk materials, space resources and space-grown
plants as they are needed, therefore saving valuable storage room
on space shuttles.” Emulsions have the potential, for example, to
advance personalised health care in space. Personalised health
care describes a recent approach in medicine that argues for
monitoring individual health data, environmental factors, lifestyle,
and genetics to prevent disease as well as manage disease more
efficiently instead of the current-day practise of impersonal care of
acute disease.® During the in-space manufacturing of medicine
and functional foods, their formulation could be adjusted based
on individual exposure data from health monitoring sensors. For
instance, our laboratory is developing a beverage system® that
enables personalisation of the beverage’s formulation by adjusting
nutrient content while providing a choice in flavours.

This journal is © The Royal Society of Chemistry 2025
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As space is a vastly different environment to Earth, it is
critical to understand the influence of the local conditions on
the respective manufacturing endeavour. In case of emulsions,
space conditions can not only influence the in-space emulsifi-
cation but also impact the long-term stability of emulsions,
including emulsion-based products taken-along from Earth.
Considerable space conditions are the significant increase in
cosmic radiation due to being outside the Earth’s protective
atmosphere and the significant reduction in gravitational
forces leading to a perceived weightlessness. In this study
particularly, we are focusing on the impact of microgravity on
emulsion stability.

Emulsions are thermodynamically unstable systems, ie.,
both phases will eventually separate over time, and different
mechanisms contribute to emulsion separation. Apart from
leaking droplets, the main driver in emulsion instability on
Earth is gravity: the density difference between the dispersed
phase and continuous phase leads to sinking (sedimentation)
or rising (creaming) of the dispersed phase, and therefore
phase separation. Droplet-droplet interactions like floccula-
tion, coalescence, and Ostwald ripening may enhance the effect
of creaming and sedimentation.'® As the main driver of emul-
sion instability is absent in space, emulsion instability is
mainly driven by diffusion," potentially leading to a consider-
ably different outcome in emulsion evolution.

However, studying the impact of microgravity is difficult as
the access to in-space laboratory space on the ISS is highly
limited and associated with considerable costs. Researchers
typically resort to alternative experimental setups on Earth
(parabolic flight, drop tower, benchtop lab-devices) and in
low earth orbit (LEO; sounding rockets, satellites), see illustra-
tion in the SI. While sounding rockets and satellites allow to
conduct experiments in space, studies require considerable
preparation and potentially an automated experimental setup,
as both are lacking the option of crewed missions. For micro-
gravity studies on Earth, parabolic flights and drop towers can
only simulate microgravity for a few seconds, as they are limited
by how long an object is exposed to a free fall. For example,
ESA’s main drop tower, operated by ZARM and located at the
University of Bremen, provides a free fall of 120 m leading to
4.74 s of microgravity."” Both the parabolic flight and the drop
tower also come with the limitation of hypergravity (g > 1)
present during deceleration (e.g., 50 g for drop tower"?). Bench-
top devices such as the clinostat (2D and 3D) and the random
positioning machine avoid exposure to hypergravity, are the
easiest to access, and offer long-term exposure to simulated
microgravity. A 2D-clinostat device consists of a horizontally
positioned mount, which exposes a sample to a rotation in
vertical direction to the gravitational vector (consistent move-
ment via rotation around 1 axis). In comparison, both the 3D-
clinostat and the RPM have a more complex setup: two frames
are interconnected in a way which enables rotation in all
directions. While the 3D-clinostat can randomly vary the rota-
tional speed, RPMs can additionally also change randomly the
direction of the rotation.”® In all cases, the controlled move-
ment is designed to equalise the gravity vector."* This type of
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microgravity simulation cannot simulate some of the unique
physical effects present in space, e.g., the Marangoni effect, but
via consistent movement or acceleration against the downward-
facing gravity vector, the gravity vector becomes negligible over
extended exposure to these movement pattern. Due to the
extended exposure required to reach a mircogravity-like state,
this kind of microgravity simulation is only suitable for slow
processes taking place over long time scales.” For this study,
the authors had access to the RPM device designed by Airbus
for ESA (RPM 2.0, now managed by Yuri),"®"” which apart from
randomised (speed, direction) 3D-rotation also offers a clino-
stat motion mode, in which the outer frame is fixed in place,
thereby only allowing rotation around one axis. To the author’s
best knowledge, Airbus’ RPM device is the most used, commer-
cially distributed RPM, with one other company providing a
similar-sized RPM in Northern America (equiprobe random
positioning machine).'® Otherwise, using a self-designed
device for microgravity simulation has been reported, most
notably the RPM designed by the polish analog astronaut
training center.'® Other examples involve a dual axis rotating
frame machine in combination with appropriate software as
RPM, however, these can be restricted in angular excursion.”®
Design approaches via 3D printing have been investigated for
3D clinostat devices to obtain systems customised in size.*"*>

While RPM and clinostat devices are popular for cell**°
and plant cultivation,’*® the authors could only find one
example of a study investigating the impact of simulated
microgravity on nanoemulsion stability, with most studies
evolving around active and passive soft matter having been
conducted in low earth orbit.?>*° In the study of nanoemul-
sions exposed to microgravity simulated by a 3D-clinostat
(model not mentioned), nanoemulsions remained stable over
a time of 7 days.”® Yet, the study did not discuss the effect that
the randomised 3D movement might have on the samples.
The extended rotation induces forced convection in fluid
samples, ie., a fluid motion that is caused by an external
source. In this regard, simulated microgravity differs vastly
from true microgravity in space. Depending on the effect of
the fluid motion on the samples, the simulation of micro-
gravity could be considerably corrupted. The induced fluid
flow might even impact the characteristics of the samples
studied (e.g., change in average droplet size in emulsions),
which could be misidentified as an effect of microgravity. Not
addressing the effects of fluid dynamics in simulated micro-
gravity experiments can therefore lead to a major misinter-
pretation of experimental findings.

To the authors’ best knowledge, there are only two studies
investigating specifically the fluid-dynamics of vessels filled
with liquids on an RPM,*"* yet only one-phase systems are
considered. Both studies find that a considerable flow motion
occurs during RPM experiments, which needs to be taken into
consideration in experimental design to avoid a depletion
of the simulated microgravitational effect. In both studies,
flow simulations based on a mathematical model solved via
numerical methods are applied to predict the behaviour of the
fluid, otherwise called computational fluid dynamics (CFD).

Soft Matter, 2025, 21, 8300-8322 | 8301
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While CFD offers the to-date most accurate way of predicting
fluid flow (given appropriate assumptions and boundary con-
ditions), it requires profound understanding about continuity
and momentum relations, typically via solving the Navier
Stokes equation, as well as advanced knowledge of applying
numerical methods. This makes CFD less accessible for
researcher of other backgrounds and prevents scientists to
incorporate fluid-flow considerations in their study design on
simulated microgravity. As alternative to CFD, the authors
suggest applying scaling analysis, e.g., reported correlations,
force balances, and dimensionless numbers, for fluid flow
estimation, particularly for systems with a dispersed phase
(e.g., droplets, particles, cells/bacteria). While giving no infor-
mation about the flow differences inside the experimental
vessel, it allows for a quick evaluation of the state of flow in
the continuous phase averaged over the whole experimental
vessel as well as the fluid flow surrounding the dispersed
phase. Scaling analysis via dimensionless numbers have been
used to describe nanoemulsion formation via high pressure
homogenization and ultrasonication.>® The methods pro-
posed could serve as an easier tool for researchers of all
backgrounds to estimate whether the forced convection
induced by the RPM has an impact on their dispersed phase,
and if necessary, adjust the movement settings to achieve the
desired effect. While this study focuses on Airbus’ RPM, the
methods proposed are suitable to be transferrable to other
microgravity simulations, given the devices offer a way to
record their movements over time as location coordinates.

In summary, it is essential to know the true influence of
microgravity in the respective systems to accelerate the devel-
opment of new in-space manufacturing technologies. To be
able to use alternatives to costly and difficult-to-access studies
in space, their limitations in simulating microgravity needs
to be considered in order to avoid corrupting experimental
findings. Therefore, the aim of this study is (i) to assess the
methods of scaling analysis via dimensionless numbers for the
fluid flow in the experimental vessel and (ii) to evaluate
the effect of microgravity and partial gravity simulated by an
RPM in different motion modes on emulsions, while focusing
particularly on the following questions:

e What is the fluid flow regime in the continuous phase?

e Can the shear forces induced by forced convection impact
the average droplet size of the dispersed phase?

e How do the droplets move relatively to the movement of
the continuous phase?

e Can the RPM generate a state of simulated microgravity
comparable to true microgravity?

2. Methods

2.1. Overview of symbols, notations, and dimensionless
numbers

Tables 1 lists all symbols and notations used in the following,
while Table 2 gives a short explanation of the relevant dimen-
sionless numbers.
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2.2. Random positioning machine

2.2.1. Layout of the random positioning machine. The
random positioning machine (RPM 2.0, Airbus Netherlands
B.V,, Leiden, the Netherlands, nowadays distributed by Yuri
GmbH, Meckenbeuren, Germany) is a benchtop device (foot-
print: 38 x 31 x 35 cm?, weight: 7.5 kg'”) to simulate micro-
gravity (0 g) and partial gravity (0 g < partial gravity < 1 g)
under terrestrial gravity conditions via 3D and 2D movement
(space in x-, y-, z-direction and plane in y-, z-direction, respec-
tively, in Fig. 1(b)). The operational principle is to equalize
the vector of the terrestrial gravitation (defined as acceleration,
unit m s?) over time by random movement (speed and/or
direction, applied for microgravity or partial gravity motion
modes, see next section and SI) or alternatively, achieve a state
of extended free fall via constant rotation (speed and direction,
applied for clinostat motion mode, see next section and SI). The
3D movement is achieved via two interconnected frames (see
Fig. 1(a) and (b)). The outer frame, which is mounted to the
stand, can rotate horizontally (around the z-axis, see Fig. 1(b))
while the inner frame, which is connected to the outer frame,
can rotate vertically to the position of the outer frame. With the
outer frame fixed in place, the inner frame rotates only around
the x-axis (clinostat motion mode, see Fig. 1(b)). Combining the
movement of both frames simultaneously enables a movement
in all 3 dimensions (x-, y-, and z-axis in Fig. 1(b)). The inner
frame provides 5 fixtures (see Fig. 1(c)) to install the experi-
mental platform to. The experimental platform serves as a
mount for experimental setups (up to 1.5 kg and smaller than
15 x 15 x 15 ecm%' e.g., agar plates, greenhouses, vials).
Changing the position of the experimental platform via the
fixtures allows to change the distance to the centre of rotation,
i.e., the radius of platform’s rotation rieation (2.3-7.5 cm in
1.3 cm increments).

2.2.2. Modes of operation of the random positioning
machine. The RPM offers different movement options for
the frames in its accompanying software, so-called motion
modes (for a detailed overview see Table S1 in SI). Apart from
motion modes which provide random 3D movement (random
direction and speed) and constant 3D movement (random
direction, constant speed), there are motion modes to simu-
late microgravity (0 g) and partial gravity (0.1-0.9 g in 0.1 g
increments, lunar gravity, Martian gravity). For these motion
modes, the frames will follow a predefined motion path (3D
movement) to constantly change the position of the experi-
mental vessel relative to the gravitational vector. The motion
path also predefined the frame speed of both the inner and
outer frame at any time, with the frame speeds changing
constantly (max. frame speed: 15 deg s~ ', see also SI). Both
the control of speed and position of the experimental vessels
allows to average the gravity vector to the anticipated values.
The predefined motion path is automatically looped to obtain
the desired experiment duration. Additionally, there is a
clinostat setting, which aims to simulate microgravity by
circular 2D movement. With the outer frame fixed horizontally
in place, the experimental platform rotates at constant speeds
around the x-axis (see Fig. 1(b)), moving the experimental

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm00436e

Open Access Article. Published on 21 October 2025. Downloaded on 6/20/2026 6:53:43 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Table 1 List of symbols and notations; items are listed in order of appearance
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Symbols and notations Description Unit
g Gravity m s>
ZEarth Terrestrial gravity ms 2
ZMars Martian gravity ms 2
Zmoon Lunar gravity ms 2
Trotation Radius of the rotation of the experimental platform of the random positioning machine (RPM) m
X;9; 2 Location coordinates, output the RPM —
At; t; t, Time interval location coordinates are recorded; time; start time of the RPM S
g Simulated gravity at time ¢ g
Xaverage, 5 Yaverage,t; Zaverage,t Averaged location coordinates at time ¢ —
ng ny Number of location coordinates recording; number of location coordinates recording —
excluding ramp-up phase
Baverage Simulated microgravity averaged over runtime excluding ramp-up phase g
! Simulated microgravity at radius r to the centre of rotation g
0} Frame speed of the RPM rad s~*
SOR Surfactant-to-oil ratio —
Mgurfactant Mass of surfactant present in oil phase g
Mol Mass of oil present in oil phase g
- Indicates a vector n/a
Droplet Parameter defined for dispersed droplets n/a
cont Parameter defined for the continuous phase n/a
Fg Buoyancy N
Fg Gravitational force N
Fp Drag force N
W rest Stationary relative particle velocity for a resting system ms*
r Radius m
p Density kg m?
Fq Stokes’ drag N
u Dynamic viscosity Pa s
A; B RPM platform moves from point A to point B within A¢ —
Qy; Ay as; by bo; by Location coordinates for point A and point B m
)ﬁ) Connecting vector of point A and point B m
o Angle between point A and point B to the centre of the inner frame °
L Circular arc L between point A and point B m
VAL B Platform velocity between point A and point B ms*
Weont Velocity of the continuous phase ms !
Weont,average Velocity of the continuous phase averaged over RPM runtime excluding ramp-up phase mst
Recont Reynolds number of the continuous phase —
Characteristic length of geometry m
dhya Hydraulic diameter m
Aduet Cross-sectional area of a duct m?
Uduet Wetted perimeter of the cross-section of a duct m
AWghear Work induced by the shear forces acting on the droplet ]
Grorm Free energy of emulsion formation ]
Fg Shear force Pa
¥ Shear rate s
Adroplet Cross-sectional area of the droplet m?
AW Change in free energy of the interface ]
AS Change of entropy in the system JK
o Interfacial tension Nm*
AAgirface Change in surface area of the droplets induced by emulsification m?>
Bo Bond number —
4 Drag coefficient —
W conv Stationary relative particle velocity for a system with forced convection ms !
W abs Absolute droplet velocity ms !
Re, Reynolds number for particles —
Rey, solid Reynolds number for solid particles —
Ar Archimedes number —
v Kinematic viscosity m?s!
Reyp liquid Reynolds number for liquid particles —
Ri Richardson number —
Gr Grashof number —
B Linear expansion coefficient °c!
T Temperature °C

vessel on an yz-plane. In this case, the frame speed is
not predefined but is set in the control software by the user
(max. frame speed: 120 deg s~ ', see also SI). For accurate

This journal is © The Royal Society of Chemistry 2025

microgravity simulation in clinostat motion mode, it is man-
datory to position the outer frame horizontally prior to starting
the RPM.
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Table 2 List of dimensionless numbers
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Symbol Name Description Characteristic values
Recont Reynolds number Ratio of inertial forces to viscous forces Pipe and duct geometry:
(continuous phase) in the continuous phase Recone < 2300: laminar flow;
2300 < Regone < 4000: transition region;
Recone > 4000: turbulent flow;
Re, Reynolds number Ratio of inertial forces to viscous Re, < 0.1: Stokes flow;
for particles forces around the particle 0.1 < Rep < 20: flow streamlines lose symmetry;
Re, > 20: flow streamlines detach;
Bo Bond number Ratio of the gravitational forces to the surface forces Bo < 1: surface forces dominate;
Bo > 1: gravitational forces dominate;
Gr Grashof number Ratio of buoyancy to viscous forces Gr < 1: viscous forces dominate;
Gr > 1: buoyancy dominates;
Ri Richardson number Ratio of natural convection to forced convection Ri < 10: forced convection dominates;

1-mound

2 - outer frame

3 -inner frame

4 - experimental platform

5 - centre of rotation

6 - radius of the platform’s circular
movement

7 - fixtures for experimental platform,
distance to 5:
a-23cm
b-3.6cm

c-49cm
- J

d-6.2cm
e-7.5acm

Ri > 10: natural convection dominates;

Fig. 1 Layout of the random positioning machine (RPM): (a): picture of the RPM 2.0 obtained from Airbus; (b) illustration of the RPM showing major parts

and geometry; (c) close-up of fixtures for the experimental platform.

This study focuses on the 0 g and clinostat motion mode
(frame speeds: 80 deg s™', 100 deg s ', 120 deg s ') to
simulate microgravity and the 0.4 g motion mode to simulate
partial gravity. The 0 g motion mode was chosen as it is
the standard approach to simulate microgravity with the
RPM 2.0 at a set range of low frame rates (max. 15 deg s~ '),
while the clinostat motion mode allows to set higher frame
speeds for a microgravity simulation (max. 120 degs™"). 0.4 g
motion mode was chosen as an example for a partial gravity
simulation close the Mars gravity (0.39 g), which operates

8304 | Soft Matter, 2025, 21, 8300-8322

at the same frame rates as the 0 g motion mode (max.
15 deg s ).

2.2.3. Determining the simulated microgravity and partial
gravity based on RPM movement data. The RPM gives the
option to record the movement of the platform over the
duration of the experiment. For this study, dimensionless
location coordinates for x, y, and z were recorded every approx.
1.1 s (= A¢) over the course of 24 h using the 0 g motion mode
(microgravity), 0.4 g motion mode (partial gravity), and

the clinostat motion mode at frame speeds of 80 deg s,

This journal is © The Royal Society of Chemistry 2025
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100 deg s~ ', and 120 deg s~ . At the start time t,, of the RPM the
gravity is 1 g, i.e., terrestrial gravity. As the RPM starts moving,
the gravity decreases gradually until it reaches the intended
gravity values (ramp-up phase). Averaging the location coordi-
nates (eqn (1)), allows to calculate the simulated gravity g; at
time ¢ (unit: g) after ¢, of the RPM>** (eqn (2)).

1 &
Xaverage,t — = X (1)
n; 4
i=1
& = \/xavcmgc,lz + yavcragc,t2 + Zavcragc,t2 (2)

As the RPM changes velocities consistently over the run time
to average the terrestrial gravity, the values for the simulated
gravity change slightly between different time points. The
average simulated gravity gaverage Was obtained by calculating
the average of g, over the run of the RPM, excluding the initial
ramp-up phase. For this study, the ramp-up phase was assumed
to be one hour for all motion modes.

1 ny
&Zaverage = ntzgl (3)

ti=1*

The average simulated gravity gayerage i Only valid at the
centre of the rotation (7otation = 0) at indefinitely small dimen-
sions of the experimental vessel. However, this does not reflect
realistic experimental conditions. Depending on the experi-
mental vessel and the equipment used, a positioning in the
centre of the rotation is not possible, or experimental vessel
dimensions exceed largely the centre of the rotation. Eqn (4)
estimates the average simulated gravity at radius r to the centre
of the rotation g’.*?

0)21’

g = (4)

&Earth

2.3. Emulsion data used for fluid-dynamic characterisation

2.3.1. Emulsification principle for model emulsions. To
investigate the impact of the RPM’s movement on dispersed
droplets in an emulsion, it is advisable to consider a range of
droplet sizes from nanoemulsions (diameter < 200 nm) to
conventional emulsions (diameter > 200 nm). We decided that
a data set of a model emulsion system with particle sizes
ranging from 100 nm to 70 pm, which was obtained during
an earlier study,’ was best suited. The emulsions were gener-
ated using a new emulsification method, i.e., the combination
of a solvent-free variant of the spontaneous emulsification
with a microfluidic process. The spontaneous emulsification
is a low-energy emulsification method, which facilitates self-
assembly of droplets via physicochemical properties of the
emulsion components involved. In this case, the surfactant
polysorbate 80 was employed which can be dissolved both in oil
and water, but has a higher hydrophilicity as indicated by its
hydrophilic-lipophilic balance (HLB) of 15.°° When initially
dissolved in the oil, polysorbate 80 diffuses rapidly into the

This journal is © The Royal Society of Chemistry 2025
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aqueous phase upon the formation of an interfacial area,
forming small droplets in the process,*” >’ see Fig. 2(a). In the
following, the term oil phase is defined as a lipophilic phase
containing the oil medium-chain triglycerides and polysorbate
80. The spontaneous emulsification is significantly influenced
by surfactant concentration, often characterised in the form of
surfactant-to-oil ratio considering the masses of both compo-
nents of the oil phase.*’

SOR = Murfactant (5)
Mol

Microfluidics is a term for a type of continuous chemical
reactors, in which all fluid channels have a diameter below
approx. 1 mm. This allows for precise fluid control (flow,
temperature) under unique physical conditions (laminar flow
prevails, strong capillary forces, enhanced mass transport).*'~*?
In this case, a single-contact microfluidic mixer of simple
geometry, ie., a tee connection (or T-mixer) was used. The
T-mixer fed the oil phase into the aqueous phase, so that initial
droplets would be formed via shear forces caused by the current
of the aqueous phase, with the initial droplets then disintegrat-
ing into many smaller, secondary droplets via the spontaneous
emulsification,’ see Fig. 2(b).

2.3.2. Production of beverage emulsions. The oil phase
consists of varying ratios (SOR: 0.05-1.5) of medium-chain
triglycerides (pharmaceutical grade, Vials Direct, Salamander
Bay, NSW, Australia) as oil and polysorbate 80 (Tween® 80,
Sigma-Aldrich Truganina, VIC, Australia) as surfactant.
To prepare the oil phase of the respective SOR, oil and surfac-
tant at the required mass were stirred at 600 rpm (RCT Basic
magnetic stirrer, IKA™, Staufen, Germany) for 30 min at room
temperature. The aqueous phase consists of 5 mM phosphate
buffer (1 M stock solution from Sigma-Aldrich Truganina, VIC,
Australia; diluted with Milli-Q water). For the continuous
emulsification, the oil phase was placed at the inlet of pump
A, while the aqueous phase was placed at the inlet of pump B
(both Azura P4.1S 10 ml Knauer, Berlin, Germany). In case of
high viscosities (working limit of pumps: 100 mPa s), the oil
phase was heated to approx. 40 °C while stirred at 400 rpm, and
a heating mat (seedling heat mat, 10" X 20.75", Tyax = 42 °C)
was placed around the inlet and pump A to elevate the
temperature in the immediate surrounding. A T-mixer with
an internal diameter of 0.5 mm (Tee LP PEEK 1/4-28 1/16"
0.040”, Upchurch Scientific®, IDEX Health & Science, Lake
Forest, USA) was connected via transparent tubing (internal
diameter 1 mm, 1/16” OD, 0.040” ID) to the outlet of the pumps
(see Fig. 2(b) for accurate setup). The outlet of the T-mixer led
via tubing to a beaker, which collected the formed emulsion.
Prior to experimentation, pump A was purged with ethanol to
reduce the risk of jellification of the oil phase at low water
concentrations which can lead to blockages and equipment
damage. After starting the pumps (volumetric flows were deter-
mined to obtain concentrated emulsion with 10 wt% oil, for
volumetric flows and their determination see Section S2 in SI),
emulsion generated within the initial 7 min was discarded to
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(a) Visualisation of the spontaneous emulsification: 1 — oil and aqueous phase come into contact, 2 — deformation of interface, 3 — diffusion of

surfactant into the aqueous phase with simultaneous droplet formation; (b) visualisation of the experimental setup.

allow the system to reach equilibrium conditions. Then, emul-
sion was collected for 5 min at the outlet while being stirred at
600 rpm. After sample collection, the emulsion was stirred for
10 min, which allowed thorough combination of both phases.
To obtain beverage emulsions (0.1 wt%), the concentrated
emulsion was diluted manually with phosphate buffer (5 mM).

2.3.3. Characterisation of the surfactant, oil, oil phase and
beverage emulsions. To characterise the surfactant, oil, and oil
phase, density and dynamic viscosity were determined. For the
oil phase, these characteristics were determined in relation to
the SOR (0.05-1.5). For density, 10 mL of oil or respective
oil phase were drawn up from bulk into a syringe (size: 10 mL,
luer slip, concentric tip, Terumo®, Laguna, Philippines) and
weighted with a precision balance (PRseries, Ohaus®™, New
Jersey, USA) in a temperature-controlled room (room tempera-
ture: 22-24 °C). In the case of a mixing gap (SOR < 0.5), the oil
phase was stirred during sample collection. The measurement
was repeated at least 10 times, and the average density was
determined.

For dynamic viscosity, a sample of the surfactant, oil, or oil
phase given on the plate fixture of a rotational rheometer (cone
and plate fixture, 20 mm, Universal Stress Rheometer SR5,
Rheometric Scientific™). The temperature was set to 20 °C via

8306 | Soft Matter, 2025, 21, 8300-8322

a temperature controller (Universal Stress Rheometer SR5
Enviromental System, Rheometric Scientific™) connected to a
water circulator (F25, Julabo GmbH, Seelbach, Germany).
A dynamic frequency sweep test (shear rate range: 0.01-10 s~ )
was performed. As in all cases, the relation between shear stress
and shear rate was linear, it was concluded that the oil phase
and its constituents were Newtonian fluids, and their viscosity
was determined as slope of the shear stress in relation to the
shear rate. The measurement was repeated 4 times, and the
average viscosity was determined. Due to the mixing gap below
SOR of 0.5, dynamic viscosities were determined via linear
regression of experimentally determined oil phases of SOR 0.5-
2.0 with pure medium-chain triglycerides oil set as y-intercept.
To characterise the beverage emulsion, the particle size d;,
(Sauter diameter) was determined in relation to the oil phases’
SOR. Measurement was done immediately after emulsifica-
tion to reduce effects of potential, time-dependant instability
mechanisms using a static light scattering instrument (Master-
sizer 2000 with a Hydro 2000MU Unit, Malvern Instruments
Ltd, Malvern, UK). Concentrated emulsion was slowly added
into the wet sample dispersion unit (filled with 5 mM phos-
phate buffer, stirred at 750 rpm) until a suitable turbidity is
reached. The refractive index of medium-chain triglycerides

This journal is © The Royal Society of Chemistry 2025
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was set to 1.445.*° Each measurement determined particle size
in triplicate and particle size measurement was repeated 3 times
for each emulsion. The average particle size was determined.

2.3.4. Characteristics of the oil, surfactant, oil phase and
the beverage emulsions. The medium-chain triglyceride oil
stems from coconut oil, which has been fractioned to obtain
medium-chain triglycerides®* (triglycerides containing 2-3
medium-chain fatty acids, in this case mainly capric and
caprylic fatty acids; density p at RT: 953.9 kg m*; kinetic
viscosity p at 20 °C: 31.7 mPa s). Polysorbate 80 (systematic
name: polyoxyethylene (20) sorbitan monooleate, formula:
Ce4H1240,6; molar mass M as provided from the manufacturer:
1310 g mol % density p at RT as provided from the manufac-
turer: 1060 kg m™~?; kinetic viscosity u at 20 °C: 727.9 mPa s) is a
synthetic, non-ionic surfactant.

Increasing the surfactant content, or SOR, in the oil phase
increased both the density and viscosity of the bulk oil phase,
see Fig. 3(b) and (d). At the same time, increasing the surfactant
content in the oil phase influenced strongly the spontaneous
emulsification. Up to an SOR of 0.75, the droplet size decreased
with increasing surfactant content. Above an SOR of 0.75, the
droplet size remained constant with increasing surfactant con-
tent. It is assumed that in this area, the spontaneous emulsi-
fication is limited by the emulsification setup: the setup does
not allow to further decrease the droplet size with increasing
surfactant content, as the smallest droplet size obtainable with
a continuous single-contact microfluidic mixer is already
reached. Limiting factor might be the size of the initial droplets
created via the mixer’s internal geometry and flow regime. The
influence of the surfactant content in the oil phase is also
reflected in Fig. 3(c) and (e), which visualize the relation
between the average droplet size (x-axis) and density (y-axis in
Fig. 3(c)) and viscosity (y-axis in Fig. 3(e)) of the oil phase. For
the full data set, please refer to Section S3 in the SI.

2.3.5. Assumptions for subsequent modelling. The follow-
ing assumptions on the emulsion system have been made for
the modelling:

(1) The oil droplets are equally distributed in the aqueous
phase.

(2) Due to the low oil content in the emulsion, the distance
between single droplets is large enough to avoid particle-
particle interactions, including particle swarm behaviour and
instability mechanisms such as flocculation and coalescence.

(3) No temperature or concentration gradient is present in
the emulsion, otherwise causing natural convection and dro-
plet movement.

(4) The continuous phase and the final emulsion have
approximately the same viscosity and density as water
(997 kg m—* and 1.002 mPa s, respectively).

(5) Leaking of the surfactant into the aqueous phase is
negligible. Instead, it remains mainly at the surface of the droplet
or in case of excess surfactant, inside the droplets. Therefore, both
the dispersed phase and the continuous phase have the same
characteristics (viscosity, density) as the bulk phase.

During exposure for simulated microgravity, it is assumed
that emulsions are contained in common sample vials which

This journal is © The Royal Society of Chemistry 2025
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do not contain air bubbles. Specifically, we considered small-
volume vials (7 mL clear screw top vials with polypropylene
hole caps with a PTFE/silicone septum, Supelco®™, Bellefonte,
Pennsylvania, USA). 10 different vials were measured to obtain
accurate dimensions (see Fig. 5(c)).

2.4. Overview of the model cases

Three different cases (a)-(c) have been chosen to evaluate the
effect of the RPM’s different motion modes on emulsion
stability, i.e., (a) a resting system in terrestrial gravity, (b)
simulated microgravity in terrestrial gravity with the working
principle based on forced convection, and (c) true microgravity
as observed in space (see Fig. 4).

(a) Resting system in gravity

The first case represents a resting system in gravity, ie., a
system without any external movement and therefore without
forced convection. The dispersed droplet is exposed to the

buoyancy ?B), the gravitational force FG), and the drag force

Fp. The buoyancy acts in the opposite direction to the gravita-
tional force, which pulls the droplets towards the centre of the
respective object with gravitational attraction (typically celestial
bodies, e.g., Earth: terrestrial gravity, moon: lunar gravity, and
mars: martian gravity). The difference in density between
continuous phase and dispersed droplets determines the direc-
tion of movement of the droplet: if the droplet’s density is
higher than the continuous phase’s density, gravitational force
prevails, and the droplet sinks to the bottom. If the droplet’s
density is lower than the continuous phase’s density, buoyancy
prevails, and the droplet rises to the surface. The drag force is
directed in the opposite direction of the overall movement of
the droplet. In general, when an object moves through a fluid,
the drag force is composed of the form drag (= differences in
pressure on the front and rear of the object) and the viscous
drag (= friction between the fluid and the object’s surface). The
drag force can be determined by the resulting balance of forces,
see eqn (6):

— —  —
Fp = Fg — Fp (6)

(b) Simulated microgravity in terrestrial gravity

The second case represents a liquid sample installed on the
RPM. The movements of the RPM lead to forced convection in
the liquid and induces a liquid flow. In this case, it is assumed
that the liquid moves at a constant speed within the time
interval At, resulting in a stationary particle movement. Since
the RPM enables 3D movement, the volume flow can occur in
any direction within the vial. Since the RPM is used on Earth,

the terrestrial gravitational force F_G),Emh pulls the droplet

towards the centre of the Earth, while the buoyancy ?B)‘Emh
acts in the opposite direction of the terrestrial gravitational
force. Again, the difference in densities determines whether
buoyancy or gravity dominates. In case of a laminar flow, in
which droplet movement is not influenced by turbulences in
the continuous phase, droplets can move upward (lower droplet
density compared to density of continuous phase) or downward

Soft Matter, 2025, 21, 8300-8322 | 8307
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Fig. 3

(a) Average particle size ds; in relation to surfactant-to-oil ratio SOR; (b) density of the oil phase poiiphase at room temperature in relation to

surfactant-to-oil ratio SOR; (c) density of the oil phase piiphase in relation to average particle size dzp; (d) dynamic viscosity of the oil phase pgiphase at
20 °C in relation to surfactant-to-oil ratio SOR; (e) dynamic viscosity of the oil phase ioiiphase at 20 °C in relation to average particle size dx; all emulsions
are oil-in-water emulsions (oil phase: mixture of medium-chain triglycerides and polysorbate 80, aqueous phase: phosphate buffer, 5 mM) obtained via
spontaneous emulsification carried out in a continuous, microfluidic process (T-mixer with internal diameter of 1 mm), adapted from ref. 9.

(higher droplet density compared to density of continuous
phase), while carried along by the direction of flow. Droplet
separation can be prevented when the flow of the continuous
phase is sufficient to counterbalance any dominating gravity or

buoyancy. The drag force o (result of form drag and viscous
drag) acts in opposite direction to the direction of the droplet
movement, i.e., the direction of volume flow. Eqn (7) describes
the resulting balance of forces, which act on a dispersed droplet

8308 | Soft Matter, 2025, 21, 8300-8322

or particle in a moving continuous phase:

Fo = Fo — Fs )
(c) Microgravity
The third case represents a system in space. As it was not
possible for us to conduct experiments in space, we can only
consider this case with a theoretical approach. When travel-
ling to space, the distance between a celestial body with

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Different forces (TB': buoyancy; TG’: gravitational force; E: drag force) acting on a droplet dispersed in a liquid for three different cases: (a)
resting system with terrestrial gravity considering density differences between the two phases; (b) simulated microgravity in terrestrial gravity considering
density differences between the two phases; (c) microgravity; pgropiet: density of the dispersed droplet; pcontinuous: density of the continuous phase.

gravitational attraction and an object exposed to that attraction
increases significantly, so that the resulting gravitational force
according to Newton’s law of universal gravitation decreases
with distance. Eventually, the gravitational force becomes
so small that it is negligible, i.e., a state of weightlessness
is reached. Therefore, gravity-induced emulsion instability
mechanisms caused by density gradients, i.e., creaming and
sedimentation, are not a concern for emulsions in space. If
temperature gradients are absent, droplet movement is deter-
mined by diffusion and Brownian motion and instability
mechanisms are dominated by surface and viscous forces.
Thus, any emulsion system on Earth in which surface and
viscous forces dominate over gravitational forces can be com-
parable to a system in microgravity.

2.5. Characterisation of case (a): resting system in gravity

The movement of a droplet in an emulsion without forced
convection, ie., a resting system, can be described via the
stationary relative particle velocity wq res: (relative to the velocity
of the continuous phase), determined via the drag force in the
balance of forces in eqn (6). As it is assumed that the droplets
are of spherical shape, the gravitational force and the buoyancy
can be defined according to eqn (8) and (9), respectively.

4
Fo = pdropletgnrdroplet3g (8)

4
Fg = pcomgnrdroplet3g (9)

The drag force acts in opposite direction of the movement of
the droplet. If the spherical droplets move slowly and at
constant speed through the continuous phase, the drag force
can be obtained via Stokes’ law (eqn (10)). In this case, the drag
force is referred to as Stokes’ drag F4, which applies for spheres
moving at stationary, terminal velocity, i.e., Wqres, and very
small Reynolds numbers through a viscous liquid.

Fd = 6Tl:,u(:contrdrol:)let]'vd,rest (10)

This journal is © The Royal Society of Chemistry 2025

Inserting eqn (8)-(10) into eqn (6) and solving for wqres
leads to eqn (11):

2
2
Sl droplet™ & (pcont - pdroplet)

(1)

Wd rest = L
cont

Any directed droplet movement in gravity is therefore a
result by density differences between the dispersed and the
continuous phase. The droplet moves vertically downwards
when the droplet’s density is higher than the density of the
continuous phase, and W res¢ is negative. In this case, wqrest iS
the sedimentation velocity. The droplet moves vertically
upwards when the droplet’s density is lower than the density
of the continuous phase, and wq e is positive. In this case,
Wq rest iS the creaming velocity.

The stationary relative particle velocity wgqresc has been
calculated for terrestrial (ggarn = 9.807 m s ), Martian
(gmars = 3.71 m s ?), and lunar gravity (gmoon = 1.62 m s ?)
using the data set from our previous study. Mars and the moon
have been chosen due to their high interest in current and
future space missions.*’

2.6. Characterisation of case (b): simulated microgravity in
terrestrial gravity

2.6.1. Characterising the flow in the continuous phase via
the RPM platform velocity. The dimensionless location coordi-
nates of the RPM movement recordings were multiplied by the
radius of platform’s rotation 7yetion t0 Obtain location coordi-
nates in metre. The location coordinates allowed then to
calculate the length of the connection vector, which describes
the movement of the platform from point A to point B within At
if it moved the direct way, see eqn (13).

arp X b1 X2
A= a = Trotation | Y1 |;B = b2,2 = T'rotation | V2
as; z1 b3y z

(12)
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‘ﬁ‘ = \/(bl,z - 01,1)2+(b2.2 - 112,1)24-([7372 - a3,1)2 (13)

The length of the connection vector allows to calculate the
angle « between point A and point B to the centre of the inner
frame using the law of cosines, see eqn (14).

2 5

| )AB‘ —2Frotation

a=cos | —
—2rrotation”

The angle « allows to calculate the circular arc L via eqn (15),

on which the platform moves from point A to point B.
L = omtrrotation (15)

It is assumed that the velocity of the platform movement

between point A to point B is constant, as the measurement

time intervals are sufficiently small with 1.1 s. Therefore, the
circular arc L was divided by At to obtain the velocity of the
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platform between point A and point B:

VASB = 1= Weont (16)

The emulsion sample vials (see Fig. 5(a)) on the RPM’s
experimental platform move with the same velocity as the
platform. Due to the low viscosity of the aqueous phase, it is
assumed that the velocity of the vial directly translates to the
velocity of the aqueous phase, and any drag is negligible. At the
same time, turbulences caused by back flow of the aqueous
phase are neglected. Thus, the flow velocity of the aqueous
(continuous) phase W is dependent on the radius of plat-
form movement (can be varied via the fixtures) and the dis-
tance, that the platform covers within At (can be varied via the
motion modes). Weone was determined for each time interval A¢
of the 24 h run of the RPM. The average flow velocity of the
aqueous phase Weone, average Was then calculated excluding the
RPM'’s ramp-up phase.

17)

1 HI
Weont,average = ~— § Weont
" 4
i=1*

yl\

O
< go'@“o

a

. 7
' .
distance between platform
and centre of inner frame

XY

Fig. 5 Due to the 2-frame setup of the RPM, vials installed on the experimental platform move along a sphere around the centre of the inner RPM frame:
(a) shows the sphere with the centre at (0]0]0); (b) shows how to calculate the circular arc L on which the RPM platform travels from A to point B within
the time interval At (for simplicity in 2D), (c) shows the dimensions of the sample vial.

8310 | Soft Matter, 2025, 21, 8300-8322

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm00436e

Open Access Article. Published on 21 October 2025. Downloaded on 6/20/2026 6:53:43 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

The flow regime in the continuous phase can be determined
via the Reynolds number:

Weont,average hp cont

Recorn = (18)

.uconl

The characteristic length # needs to be defined for the
different motion modes. In case of the 0 g and 0.4 g, the
RPM moves constantly in different directions, changing
the direction of fluid flow constantly, as well as the associated
geometry. For simplicity, only the smallest and largest char-
acteristic length are considered for calculating the Reynolds
number, excluding the screw top of the vial. For the smallest
characteristic length, the fluid flows parallel to the long side of
the vial, resembling a circular pipe. Therefore, the charac-
teristic length is the inner diameter of the vial (d; ;). For the
largest characteristic length, the fluid flows parallel to the short
side of the vial, resembling a rectangular duct at the cross-
sectional area. Thus, the characteristic length is the hydraulic
diameter dyyq (eqn (19)).

4ADucl

19
UDuct ( )

hyd =

In the case of the clinostat motion setting, the circular
movement of the platform is carried out only around the
z-axis. As the vials are lying on the platform, the fluid flow
can only take place in parallel to the short side of the vial.
Therefore, only the hydraulic diameter is used to calculate the
Reynolds number for the clinostat motion setting.

2.6.2. Determining the impact of shear forces on the
droplets. The forced movement of the aqueous phase, i.e., the
forced convection induced by the movement of the RPM, is
acting in form of shear forces on the oil droplets. To determine
the impact of shear forces on the droplets, the work AWy ear
induced by the shear forces on one dispersed droplet is
compared to the free energy of emulsion formation AGgorm,
that would be required to split the droplet into two droplets
of the same size. If AWy, is larger than AGgerm, the droplet
size decreases.

Au/shear > AGForm (20)

AWghear is a product of the shear force and the droplet
diameter. Assuming that the oil phase of the droplets is a
Newtonian liquid, AWy, can be determined via eqn (21).

Au/shear = Fderoplet = .udropletj’Adropletddroplet (21)

The shear rate j can be obtained by dividing the flow velocity
of the aqueous phase with the characteristic length, in this case
the droplet diameter dqroplet-

’)_) _ Wc;zl,average (22)
roplet
To obtain AGgerm, it is assumed that the process of the
spontaneous emulsification is completed, i.e., the diffusion of
the surfactant from the bulk of the oil phase to the droplet
interface is completed and there is no further decrease in

particle size. AGgorm is defined according to eqn (23). Typically,
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the change of entropy in the system is considerably smaller
than the change in free energy of the interface. Therefore, it is
assumed that AS is negligible compared to AW. For AAgurface, it
is assumed that the droplets split into two droplets of the same
volume. Therefore, AGrom, is dependent to the surface tension
¢ and the increase of surface area AAdg, face Of the newly formed
droplets.

AGrorm = AW — TAS ~ AW = 6AAgurtace (23)

J. Komaiko and D. J. McClements demonstrated that mea-
suring the interfacial tension between the oil phase (medium
chain triglycerides and Tween surfactant) and an aqueous
phase (buffer solution) via a droplet shape analysis device is
difficult, as even low polysorbate 80 concentrations lead to a
loss of the pendant drop shape of the oil phase when immersed
in the aqueous phase.’® Therefore, for calculating the free
energy of emulsion formation, the literature value of the inter-
facial tension between only medium chain triglycerides and
a buffer solution (0.0282 N m™')*® is used for determining
AGgorm-

2.6.3. Determining the stationary relative particle velocity
via the drag force. It is assumed that within Az the movement of
the platform is stationary, e.g., the platform moves at a constant
velocity without accelerating or slowing down. Therefore, the
droplet movement within A¢ is stationary. In this case, the drag
force Fp, for a spherical droplet can be obtained via eqn (24):*°

2
2Wd conv

2

Fp = C/)comgddroplel (24)

The stationary relative droplet velocity wq cony describes how
fast the droplets move in relation to the velocity of the aqueous
phase. Taking eqn (7) into account, Wy cony can be calculated via
the equation of droplet motion:*°

4 |pdroplel — Pcont }
Wd,conv = EgEarth ddroplctéi
cont

(25)

The absolute droplet velocity wq .ps is obtained by adding
the stationary relative droplet velocity to the velocity of the
continuous phase.*®

Wd,abs = Wd,conv *+ Weont (26)

The drag coefficient is essential in determining the station-
ary relative droplet velocity. For fluid particles, the drag coeffi-
cient is typically experimentally determined, as the movable
phase boundary surface and the occurrence of internal fluid
circulations makes it difficult to establish a valid correlation.
However, as the drag coefficient is a function of the Reynolds
number for particles Re,, which describes the flow regime
immediately surrounding dispersed particles, there are two
approaches in determining the drag coefficient for our system:

(i) Drag coefficient for a quasi-solid droplets

Since the surfactant accumulates at and stabilises the water/
oil interface in our emulsion system, it is assumed that the oil
droplets are quasi-solid particles with a rigid surface and no
internal fluid circulation. For spherical solid particles in a
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flowing fluid, the Reynolds number can be obtained via
eqn (27):*

VA
Repoia = 18 [ 1/ 1+ Tr —1 27)
The Archimedes number is defined as follows:
Ar — }pdroplet - pconl| gEarthddroplel3 (28)

2
Pcont Veont

For Re, « 1, a creeping flow (= Stokes flow) prevails.
At Stokes flow, the flow streamlines in front and behind the
particle in flow direction are symmetrically identical, whereas
above Re,, = 0.1, the flow streamlines lose their symmetry, and
at Re, = 20, the flow streamlines detach from the particle’s
downstream side to form stationary, laminar ring vortices.
At Stokes flow, the drag coefficient for solid particles is reci-
procally dependant on Rep ojia:"”

24

—_— 29
Reptsolid ( )

Csolid =
(ii) Drag coefficient for liquid droplets
As approach (i) determined a Stokes flow in the liquid
surrounding the dispersed quasi-solid particles, it is assumed
that the same flow regime prevails for fluid particles, too. For a
Stokes flow, the Navier-Stokes-equation can be solved using a
theoretical approach, leading to eqn (30) for the drag coeffi-
cient for liquid droplets.*®*°
2
24 3 AuC()nl
Rep liquid | 4 Hdroplet

Hdroplet
+ droplet

Cliquid = (30)

nuCOI'll

Solving the equation of droplet motion (eqn (25)) for the
Archimedes number (as described in eqn (28)) leads to an
alternative definition of the Archimedes number:

3
Ar = —Rep,nquidzc liquid (31)

4

Inserting eqn (30) into eqn (31) allows to determine the
Reynolds number for liquid particles, and subsequently the
drag coefficient.

2.6.4. Scaling law analysis. Scaling law analysis allows to
evaluate the impact of the different forces (gravitational force,
surface tension forces, natural convection, forced convection,
viscous forces) on the dispersed droplets. In this case, the Bond
number, the Richardson number, and the Grashof number are
considered.

The Bond number (sometimes referred to as E6tvos number)
describes the ratio of gravitational forces to surface tension
forces.

2
__ 8Earth Ap ddroplet
g

Bo (32)

The Richardson number describes the ratio of natural con-
vection to forced convection. Both approach (i) and (ii) are
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1 Rep2 ( )
The Grashof number Gr is defined via eqn (34).
Gr = gEarlh,B(Tdroplel _27—'0011l)ddr0plel3 (34)
Vcont
The linear expansion coefficient f is defined as:
ﬂ _ 1 (Sl) ~ 1 (pcont - pdroplet) (35)
Pcont dT p Peont Teont — Tdroplet

Solving eqn (35) for the term f (Tgroplet — Tcont) and inserting
it in eqn (34) leads to an expression of the Grashof number,
which is adjusted for mass transfer, ie., describes natural
convection caused by concentration gradients instead of tem-
perature gradients.

Gr = Ang'aurthddroplct3 (36)

2
Pcont Veont

2.7. Workflow

As summary, Fig. 6 visualises the different steps undertaken to
evaluate the presented system. Arrows indicate the input of
data required for each step.

3. Results and discussion

3.1. Assessment of the simulated microgravity of a random
positioning machine

The simulated gravity decreased quickest using any of the
clinostat motion modes than the 0 g or 0.4 g motion mode
(approx. 6 min compared to approx. 25 min, see Fig. 7(a)). This
shows that simulating microgravity via movement is only suited
for slow processes, where the initial start-up phase is negligible.
At the centre of rotation, the 0 g motion mode simulated
microgravity at a magnitude of 107> g, while the clinostat
motion modes reached lower simulated microgravity at a
magnitude of 107*-107° (see Fig. 7(b)). Both the faster decrease
in simulated gravity and the lower values for microgravity are
caused by the clinostat motion mode’s significantly higher
frame speed of 80-120 deg s~ ', as set by the operator prior to
experimentation. In comparison, the 0 g and 0.4 g motion
modes were pre-set at maximum frame speeds of 15 deg s~
(random speed) according to their motion path files. For the
clinostat motion mode, a frame speed of 80 deg s ' reached
overall the lowest average simulated microgravity of 5.1 x 10>
g, however, with a standard deviation of 6.4 x 10> g, it showed
the widest spread in simulated microgravity (see Fig. 7(a)).
Standard deviation was considerably lower at clinostat motion
modes at 100-120 deg s, and values for average simulated
microgravity indicate a slight decrease with increased frame
speeds.

Considering the influence of an off set of an experimental
vessel to the centre of rotation, the simulated microgravity

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Visualisation of the workflow of the steps undertaken to evaluate the droplet movement in a system at rest (case a) and in a system with forced
convection caused by the random positioning machine (case b) as well as the microgravity simulated by the random positioning machine; arrows indicate

the input of data for each step.

generally increased with increasing distance (see Fig. 7(c)
and (d)). However, at a frame speed of 15 deg s, g/ was overall
predicted to be considerably lower than the average simulated
microgravity of the 0 g motion mode (see Fig. 7(c)). Yet, the
function to determine g, only considers uniform movement at
constant frame speeds, while both the 0 g and 0.4 g motion
modes change their direction of movement and frame speed
randomly to simulate anticipated gravity values. Thus, the g,
function cannot distinguish between the 0 g and the 0.4 ¢
motion mode and offers only limited informative value in these
cases. For the clinostat motion mode, g, was overall predicted
higher than at the centre of the rotation and g increased with
increasing frame speed at a given ryoation (See Fig. 7(d)). Even
though there is a considerate increase in simulated micro-
gravity in the form of several magnitudes with increasing
distance to the centre of rotation and increasing frame speed,
even in a worst-case scenario at a radius of 7.5 cm (fixture (e),
see Fig. 1(c)), the simulated microgravity is with approx. 0.03 g
still considerably below 0.1 g. Still, due the significant changes

This journal is © The Royal Society of Chemistry 2025

in simulated microgravity with 7;otation, the findings indicate that
size and placement of the sample vessel are important factors for
microgravity studies, aligning with previous research.™

3.2. Characterisation of case (a): resting system in gravity

The relative stationary droplet velocity wq esc decreases with
decreasing droplet diameter (see Fig. 8(a)). As the droplet
diameter decreases, the droplet density increases due to a
higher surfactant concentration which drives self-assembly
of the smaller droplets. At very small droplet diameters, the
droplet velocity is negative, leading to sedimentation. With
increasing droplet size, the droplet velocity increases and has
positive values as soon as the droplet density is smaller than
the density of the aqueous phase, leading to creaming
(ds» approx. 200 nm). Above droplet diameters of 10 pm, the
droplet velocity increases rapidly. For a given droplet diameter,
the droplet velocity decreases with decreasing gravity, as the
buoyancy and the gravitational force decrease with decreasing
gravity (see Fig. 8(a) and (b)).

Soft Matter, 2025, 21, 8300-8322 | 8313
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Fig. 7 (a) Simulated gravity g; of 5 RPM motion modes (0.4 g, O g, clinostat

Rotation

at 80 deg s7%, 100 deg s~ and 120 deg s™%) over the first two hours after

starting the RPM; (b) simulated gravity Gaverage averaged over the RPM run (24 h) excluding the ramp-up phase (1st hour) for the different RPM motion
modes; (c) simulated microgravity g/ in relation to radius r to the centre of rotation for a frame rate of 15 deg s~ (d) simulated microgravity g in relation

to radius r to the centre of rotation for a frame rate of 80-120 deg s~*.

In theory, the most stable emulsion can therefore be
achieved when the dispersed phase has the same density as
the continuous phase, as the droplet would not be affected by
gravitational forces. In practicality, the impact of gravitational
forces on the droplet can be disregarded at creaming/sedimen-
tation velocities of 1 mm day " or 0.0116 um s~ *,*° depicted as
the critical droplet velocity Wy critical in Fig. 8(b). For our system
in terrestrial gravity, droplets with droplet diameters below
approx. 1.3 pm (= critical droplet diameter, i.e., droplet dia-
meter at Wq critical) feach droplet velocities below the critical
droplet velocity, and can therefore be considered unaffected by
gravitational forces, i.e., the instability mechanisms sedimenta-
tion and creaming. Droplet movement occurs undirected via
Brownian motion, which can cause coalescence of colliding
droplets, i.e., Brownian flocculation.>®

Thus, our findings demonstrate that for our emulsion
system, a critical droplet diameter of 1.3 um and below in a
system at rest would be suitable to simulate microgravity,
avoiding the use of specific equipment. In general, the critical

8314 | Soft Matter, 2025, 21, 8300-8322

droplet diameter is dependent on the viscosity of the contin-
uous phase and the differences in density between the contin-
uous and dispersed phase (see eqn (11)). For our model system
at droplet diameters of 1.3 pm and below, the differences
in density are comparatively low. For dispersed systems
with greater density differences, the critical droplet diameter
decreases, requiring overall smaller particles for a microgravity
analogous and making the use of specific equipment for
microgravity simulation more likely.

3.3. Characterisation of case (b): simulated gravity in
terrestrial gravity

3.3.1. Characterising the flow in the continuous phase.
All determined velocities of the continuous phase w,, showed
a considerate variability over time (see Fig. 9(a) and (b)). This is
expected for 0 g and 0.4 g motion modes due to their mode of
operation of changing frame speed between time intervals
(random movement), however unexpected for the clinostat
modes, indicating that the RPM might not be able to hold a

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Platform velocity in relation to time for (a) increasing radius of platform movement at a RPM motion mode for O g and (b) at a radius of platform
movement of 2.3 cm with different RPM motion modes (0 g, 0.4 g, clinostat 80 deg s, clinostat 100 deg s, clinostat 120 deg s™; (c) Reynolds
numbers of the continuous phase Recopn in relation to the radius of platform movement for 5 different RPM movement motion modes (0 g; 0.4 g;
clinostat 80 deg s™%; clinostat 100 deg s~%; clinostat 120 deg s™%). For 0 g and 0.4 g motion mode: lower and upper Reynolds numbers of the continuous
phase have been calculated based on the lower and upper characteristic lengths of the experimental vials resulting from the constant change in direction
of the fluid flow. The vial's lower and upper characteristic lengths have been determined by simplifying the vial's geometry to a pipe (flow parallel to the
vial's long side) and duct geometry (flow parallel to the vial's short side), respectively. The area between the upper and lower Reynolds numbers
represents Reynolds numbers that occur when the direction of flow is at an angle, as the RPM platform can move in any direction during its run. For
clinostat motion mode: circular motion around the z-axis, the Reynolds number has been calculated for the hydraulic diameter, as the fluid flow can only
occur in parallel to the short side of the vial.
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constant frame speed, and might be the reason for the observed
variance in simulated microgravity in Section 3.1.

In general, w.on increased with increasing radius of rota-
tion, as it increases the distance the platform moves within a
time interval (see Fig. 9(a)). The motion modes for 0 gand 0.4 g
led to similar weone. In comparison, values for weo, were at a
significantly higher level using the clinostat motion modes.
Weont 15 €xpected to increase with increasing frame speed of the
clinostat motion mode, yet frame speeds of 100 deg s~' and
120 deg s~ led to same values considering experimental error
(4.82 cm s7'). This indicates that the frame speed of 120 deg s ™"
was not met, ie., the RPM is not able to reach frame speeds
above 100 deg s~ " although giving the option in the software.

The Reynolds number of the continuous phase Re oy in
relation to the radius of circular movement was determined
via the velocity of the continuous phase averaged over time
Weont,average: BOth the 0 g and 0.4 g motion mode led to very
similar Re o in the range of 70-420, increasing with the radius
of platform movement. Therefore, Re ., are well below the
critical Reynolds number of 2300 (pipe geometry) and laminar
flow is present under all circumstances in both the 0 g and
0.4 g motion mode.

In case of the clinostat motion mode, the Re .y, increased
significantly with both circular motion radius and set frame
speed, although Ren for frame speeds of 100 and 120 deg st
were almost identical (see Fig. 9(c)), implying again that the
RPM cannot reach frame speeds above 100 deg s~ '. In most
circumstances, laminar flow is present in the vials. However,
the combination of high circular motion radii with frame
speeds of 100-120 deg s~ * led to flow regimes in the transition
region between laminar and turbulent flow (Re > 2300). In this
region, the flow streamlines of the continuous phase lose their
symmetry, with the flow fluctuating in velocity and pressure
while small addies can form. Dispersed particles might be
exposed to more movement compared to the laminar flow
regime, causing the effect of forced convection from the RPM’s
movement to multiply (e.g., forces acting on the droplets), even
without considering the effect of any turbulences caused by
drag or back flow. It is therefore advisable to avoid a transi-
tional flow in liquid samples for simulated microgravity stu-
dies, i.e., avoid high fame speeds in microgravity simulations.

3.3.2. Determining the impact of shear forces on the
droplets. The work AW, induced by shear forces on one
dispersed droplet is dependent on both RPM experiment para-
meters (motion mode and radius of platform movement influ-
ence platform velocity leading to higher shear forces, see
eqn (16) and (21)) and droplet characteristics (cross-sectional
area of the droplet and viscosity of the oil phase, see eqn (21)).

Within an RPM motion mode, AWy, increases continuously
with increasing radius of platform movement (see Fig. 10(a)). Yet,
in general, the motion mode as a greater influence on AWpeqr
than the radius of platform movement: while AW, is in the
same range for both 0 g and 0.4 g motion mode, it increases
significantly with the clinostat setting. Within the clinostat set-
ting, AWinear increases with increasing frame speeds due to the
significantly higher platform velocities. However, based on their
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similar platform velocity, clinostat settings with 100 deg s~ " and
120 deg s~! show no change in AWypear

In the SOR range of 0.75-1.5, the surfactant content is
independent on the droplet size (approx. 100 nm) as the
viscosity of the oil phase decreases, leading to a decrease in
AWghear (see Fig. 10(c)). Between droplet diameters of 108 nm
(SOR = 0.75) to droplet diameters of 53 pm (SOR = 0.25) AWgpear
increases logarithmically with a logarithmic increase in droplet
diameter. In this area, there is a direct correlation between
viscosity decrease and droplet size increase due to the decreas-
ing surfactant content. At surfactant content below an SOR of
0.25 (= droplet diameters of 50-70 pm), AWgpear iS approxi-
mately constant, as the decrease in surfactant content is
approximately linear to the increase in droplet diameter in
this area.

Comparing AWgpear to the resulting free energy of emulsion
formation AGgorm, AWshear iS lower than AGgerm, in most cases
(see Fig. 10(c)). Therefore, the average droplet size would mostly
not be influenced by the shear forces present. Only at small
droplet diameters of approx. 100 nm in combination with
clinostat settings of 100-120 deg s ' and radii of platform
movement of 4.9-7.2 cm or a clinostat setting of 80 deg s~ and
7.5 cm radius of platform movement, is AGgom equal or
smaller than AW, (see Fig. 10(b)). In this case, the shear
forces acting on the droplet would potentially be sufficient to
split an oil droplet into two droplets, representing a serious
corruption of experiments conducted in simulated micrograv-
ity. However, in this case the surface tension was only esti-
mated with the value of the pure oil without surfactant present.
Considering that the addition of surfactant in general lowers
the surface tension at the oil-water interface, the true free
energy of emulsion formation might be below the determined
values and therefore also larger droplets could be affected by
the shear forces present. Even prior to any change in average
droplet size, shear forces might be large enough to change the
shape of the droplets, which would also represent a serious
corruption in study design. Experimental studies are required
to confirm the influence of shear forces caused by forced
convection on the droplet characteristics.

Thus, even though the clinostat motion modes can simulate
lower microgravities while reaching anticipated values consid-
erably quicker, they come with a trade-off of a transitional flow
regime and higher shear forces acting on dispersed particles.
Excessive shear forces, potentially present at high frame speeds
in combination with large radii of circular movement, might be
able to affect the average particle size or particle shape. These
conditions should be avoided when planning studies in simu-
lated microgravity to avoid a corruption of study findings.

3.3.3. Stationary relative particle velocity. The stationary
relative particle velocity wq cony Tesults from the interaction of
the gravitational force, buoyancy, and drag force (as reaction to
forced convection) on the dispersed droplet. Determination of
W conv 1S, in case of Stokes flow, possible via the Reynolds
number for particles Re, which describes the flow pattern
immediately surrounding the dispersed droplet (see Fig. 11(a)).
In both approaches (i) and (ii) for quasi-solid particles and liquid

This journal is © The Royal Society of Chemistry 2025
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droplets, respectively, Re,, is a function of the Archimedes num-
ber, as the motion of dispersed particles is influenced by density
differences of the dispersed and the continuous phase. For
approach (i), Rep siiq ranges between approx. 5.7 x 10 '*-0.008
and increases with increasing droplet diameter. Thus, Rep, soiq 18
below the critical Reynolds number of 0.1, below which a Stokes
flow is prevalent around the particle. For approach (ii), Rep, jiquia
ranges between approx. 6.8 x 10~ *-0.01, confirming the assump-
tion of Stokes flow. For liquid droplets in particular, the symme-
trical flow streamlines of the continuous phase within a Stokes
flow imply that droplets are likely to keep their spherical shape.
Both approaches (i) and (ii) lead to values of Wqcony in the same
order of magnitude in relation to the respective droplet diameter,
and the trend of their resulting curves is identical due to their
strong dependence on the droplet diameter (see Fig. 11(b)).
However for all droplet sizes, the values of Wy cony,liquia based on

This journal is © The Royal Society of Chemistry 2025

approach (i) are approx. 20 £ 1.5% above Wq conv,solid; Dased on
approach (ii) with the difference slightly increasing with increas-
ing droplet diameter. As it was not possible for us to confirm
relative droplet velocities experimentally, it is concluded that both
approaches seem to be valid to approximate the relative droplet
velocity instead of giving exact values.

In general, Wq cony is considerably small for both approaches:
the distance the droplets move within At relative to the move-
ment of the continuous phase is below the droplets’ diameter
in most cases (ds, < 60 um) (see Fig. 11(c)). Above a diameter of
approx. 60 pm the movement of the droplets becomes more
pronounced, as the distance droplets move within At is greater
than the droplets’ diameter, however, is still below twice
the droplet diameter (108-134 um at the largest droplet
size, depending on the approach). Thus, in all cases is the
droplet movement relative to the continuous phase very small.

Soft Matter, 2025, 21, 8300-8322 | 8317
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Droplets’ movement might express itself as a trembling relative
to the movement of the continuous phase. This would suggest
that while the droplets get carried with the movement of the
continuous phase, their movement relative to the continuous
phase is negligible, similar to e.g., a person sitting in a train.

The determination of wq conv presented here is only applic-
able when a Stokes flow is present around the dispersed
droplet, while it does not consider the flow regime in the
continuous phase (see eqn (25)). However, since previous
sections indicated a transitional flow regime and elevated shear
forces in the clinostat mode at high frame rates, it is considered
unlikely that a Stokes flow is present around the dispersed
droplets under these conditions. Therefore, the findings on
Wq,conv are only considered likely for the 0 g and 0.4 g motion
mode, where a laminar flow prevailed in the continuous phase.
Still, the results need to be verified experimentally, as under all
motion modes, the flow in the continuous phase has shown a
strong variability, which might impact the stationary relative
particle velocity. Additionally, since the direction of flow
changes constantly for the 0 g and 0.4 g motion modes, the
droplets might be more affected by drag and back-flow.

3.3.4. Scaling law analysis. The Bond number describes the
ratio of the gravitational forces to the surface forces acting on
the droplet for a static system, i.e., assuming that flow-induced
effects such as inertia are neglectable. In this case, the Bond

8318 | Soft Matter, 2025, 21, 8300-8322

number is ranging between 9.3 x 10" (SOR = 1.5) and 7.1 x
107" (SOR = 0.05). This is well below the critical Bond number
of 1 (see Fig. 12(a)), which separates systems that are domi-
nated by gravitational forces (Bo > 1) from systems that are
dominated by surface forces (Bo « 1). Therefore, our model
system, when simplified to an emulsion made of medium-
chain triglycerides and a buffer solution (surface tension:
0.0282 N m™'), is dominated by surface forces for all droplet
diameters considered, and gravitational forces can be neglected.
Adding surfactant to the system leads to a decrease in surface
tension, and subsequently to an increase of the Bond number.
To reach the critical Bond number, the surface tension would need
to decrease t0 1.64 x 10> Nm™ " (SOR=1.5)t01.26 x 10 °Nm ™"
(SOR = 0.05). It is considered unlikely that the amount of surfactant
added to the oil phase could decrease the surface tension in such
an extent that the critical Bond number is reached.

The Grashof number describes the ratio of natural convec-
tion in form of buoyancy in relation to viscous forces. Due
to the assumption of constant temperature throughout the
sample vial, the buoyancy is in this case driven by gravity-
interactions with concentration gradients instead of tempera-
ture gradients (see eqn (35)). As the Grashof number is below
the critical value of 1 for all droplet diameters (see Fig. 12(b)),
viscous forces dominate over the buoyancy, and therefore
gravitational forces.

This journal is © The Royal Society of Chemistry 2025
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Fig. 12 (a) Bond number Bo in relation to average droplet diameter ds,; (b) Grashof number in relation to average droplet diameter ds,; (c) Richardson
number Ri in relation to average droplet diameter ds,; (d) Grashof number Gr in relation to Richardson number Ri; (e) Grashof number Gr in relation to
Bond number Bo.

The Richardson number is a ratio of Grashof number to the (see Fig. 12(c)), at which natural convection dominates, and
squared Reynolds number for particles, i.e., a ratio of natural forced convection is negligible.
convection to forced convection. For both approach (i) and (ii), Setting all three dimensionless numbers in relation to each
the Richardson number is well above the critical value of 10 other (see Fig. 12(d) and (e)), the system can now be compared
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to true microgravity in space. In space, liquid systems not
exposed to forced convection would be dominated by viscous
forces and surface forces, while natural convection, driven by
gravity—density-interaction caused by temperature or concen-
tration gradients, does not exist. For a microgravity simulation
under gravity, natural convection must dominate over forced
convection to avoid study corruption. To then minimize the
effect of natural convection, viscous forces and surface forces
must dominate over natural convection.

While viscous and surface forces dominate over gravita-
tional forces for all droplet sizes on the RPM (depicted as
RPM icon in Fig. 12(e)), for a liquid system at rest (depicted as
vial icon in Fig. 12(e)), gravitational forces dominate over viscous
and surface forces once the droplets exceed a certain size (dz; >
1.3 pm). While a liquid system at rest might be a suitable analogue
for some dispersed systems, an RPM is able to simulate micro-
gravity for a larger range of systems. In this study, droplets of a size
of up to 70 pm in diameter were suitable for the RPM and based
on the trend of the Grashof and Bond number, even larger
particles might be suitable. However, since emulsions of larger
droplet sizes are more prone to instability mechanisms, there
might be limitations stemming from the time scale of their
instability mechanism. The time scale of emulsion instability
mechanisms can be shorter than the time required by the RPM
to simulate a microgravity-like effect on the dispersed droplets,
rendering emulsions unsuitable for this type of microgravity
simulation. To identify emulsions with droplet sizes suitable for
the RPM, experimental studies are required.

Still, microgravity can only be sufficiently simulated if forced
convection is negligible. While under laminar flow (continuous
phase) in combination with Stokes flow (dispersed particles),
this condition is met for all particle sizes (depicted as RPM icon
in Fig. 12(d)), findings of the previous sections suggested that
an increase in frame rates increases the Reynolds-number in
the continuous phase which was associated with increased
shear forces on the dispersed droplets (i.e., loss of the droplet’s
spherical shape and/or influence on average droplet size) and
potentially a lack of Stokes flow around the droplets. The
authors therefore conclude that the clinostat motion mode
under frame rates of 80-120 deg s~ ' is at risk to be dominated
by forced convection, thus not be able to simulate microgravity
for dispersed systems with characteristics as considered here.

In conclusion, only the 0 g and 0.4 g motion mode can
provide a suitable simulation of microgravity and partial gravity
for experimental studies of dispersed systems on Earth. For
future investigations, it is advisable to investigate the clinostat
mode at low frame rates as well as other RPM motion modes
(e.g., random movement) at low frame rates. At the same time,
experimental studies are required to confirm these findings.

4. Conclusions

Experimental parameters need to be chosen carefully to avoid
corruption of findings of simulated microgravity studies. For
emulsion studies using a random positioning machine (RPM
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2.0 by Airbus/Yuri), we proposed a computational method to
evaluate the quality of the simulated microgravity under differ-
ent motion modes and identify potential shortcomings in study
design. While we focus on an emulsion model system, our
methods can also be applied to solid particles and cells,
if certain characteristics (e.g., density, particle size, etc.) of the
dispersed phase are known. Similarly, our methods can be
applied to other microgravity simulation devices of different
dimensions and movement patterns, as long as they provide a
logging option of their location coordinates.

While the clinostat motion mode at frame speeds of
80-120 deg s~ ' reached stable microgravity values considerably
quick (approx. 6 min), it came with a trade-off: the continuous
phase is close to or in a transitional flow regime, generating
potentially high shear forces on the dispersed droplet. These
shear forces might change the shape of the droplets or even the
average droplet size, which must not be mistaken for effects
of simulated microgravity. The forced convection is likely
to dominate over natural convection, which is outside the
conditions suitable for simulated microgravity studies. Thus,
clinostat motion modes at frame speeds of 80-120 deg s~ ' are
not recommended.

The 0 g and 0.4 g motion modes, on the other hand,
indicated laminar flow in the continuous phase and Stokes
flow around the particles. Under these conditions, droplet
movement relative to the continuous flow was negligible, while
viscous and surfaces forces dominated over natural convection,
which in turn dominated over forced convection, which describes
a state similar to true microgravity in space. Therefore, 0 g and
0.4 g motion modes are recommended to simulate microgravity or
partial gravity.

The presented findings need to be confirmed with experi-
mental studies in the future, as multiple simplifications have
been assumed in order to apply the scaling analysis via dimen-
sionless numbers. Additionally, it is advised to investigate the
clinostat motion mode at lower frame rates (<80 deg s ') as
well as alternative motion modes the RPM offers.
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Data availability

The supplementary information (SI) provides additional infor-
mation on experimental setups to simulate microgravity in
terrestrial gravity (especially the Random Positioning Machine),
for the continuous, microfluidic emulsification (how to deter-
mine volumetric flow rates based on the oil phase’s density),
the full data set characterising the obtained emulsions and for
the characterisation of the oil phase (linear regression of
experimental data to determine the dynamic viscosity below
SOR of 0.5). See DOI: https://doi.org/10.1039/d5sm00436e.
The movement recordings for the different motion modes
(0 g; 0.4 g; clinostat 80 deg s~ '; clinostat 100 deg s '; clinostat
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120 deg s~ ') of the random positioning machine is archived
and publicly available in the Nottingham research repository
(DOL: https://doi.org/10.17639/nott.7406).
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