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Abstract A Random Positioning Machine (RPM) is a
laboratory instrument to provide continuous random
change in orientation relative to the gravity vector of
an accommodated (biological) experiment. The use of
the RPM can generate effects comparable to the effects
of true microgravity when the changes in direction are
faster than the object’s response time to gravity. Thus,
relatively responsive living objects, like plants but also
other systems, are excellent candidates to be studied on
RPMs. In this paper the working principle, technology
and control modes will be explained and an overview of
the previously used and available experiment systems
will be presented. Current and future developments
like a microscope facility or fluid handling systems on
the RPM and the option to provide partial gravity
control modes simulating for instance Mars or Moon
gravity will be discussed.
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Introduction

Microgravity simulation by means of continuous
change of orientation of objects relative to the gravity’s
vector can generate effects comparable to the effects
of true microgravity when the changes are faster than
the objects response time to gravity. Thus, relatively
responsive living objects, like plants are excellent can-
didates to be studied on clinostats, 3D clinostats and
the Random Positioning Machine (RPM). The clinostat
provides rotation around one horizontal axis. The ob-
jects in such a clinostat experience gravity continuously
rotating in one vertical plane. Especially for larger
objects it was recognized that the 3D random rotation
could provide a better simulation of the weightlessness
conditions as compared to the classical 2D clinostat
(Kraft et al. 2000).

To describe the working principle of an RPM we
can use the analog of a sphere fountain, a round mar-
ble stone supported by a concave water bearing. We
assume the marble perfectly symmetrical around two
axis and the water stream providing no rotation forces
to the marble. Imagine walking on top of the marble
and think of the effect to the geometrical centre of the
spherical item. Now the gravity vector points to the
opposite direction with respect to the walker.

If walking in a straight line the marble will rotate
around one axis (clinostat mode). The walker, and
therefore also the imaginary gravity vector, is always
crossing one meridian. We can define walk paths over
the ball continuously changing the direction of the
gravity vector with respect to the sphere’s center. But
by just varying the orientation we are not sure that this
motion is effective in averaging gravity. To effectively
simulate microgravity, symmetry in the walk path over
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the sphere is required in order to average the orienta-
tion in two axes the walker has to spend the same time
on each surface section of the marble.

This concept of a rotating sphere for microgravity
simulation was breadboarded in 2001 by a student team
at Dutch Space (Fig. 1). Access to the sphere’s interior
where the sample could be suspended in the centre of
the sphere was possible by detaching the two halves.
Although the system did work and it was easily possible
to create random rotation with the drive system, this
project did not lead to a product since it was difficult
to produce a segmented sphere with perfectly smooth
outer surface. A perfect sphere is required to allow a
rotation of the sample without vibrations and linear
accelerations. Within this concept it was also difficult
to provide power and data connections to the inside of
the sphere.

A system that comes close to the rotational freedom
of the sphere is the use of two perpendicular and in-
dependently driven frames (Fig. 2). Application of this
mechanism was first introduced by von Sachs (1879).
This concept has been adopted by all the manufacturers
of 3D clinostats and RPMs see also the history and the
development of the RPM that has been described by
van Loon (2007). The discrete rotation axes allow the
implementation of slip rings to provide power and ex-
change data with the experiment that can be mounted
onto the inner frame. The control of the two rotating
frames is, however, not straightforward. There are a
number of control modes that can be selected. We will

Fig. 1 Ball RPM. The ball RPM is supported on two freely
rotating contact points. The third contact point is a wheel con-
nected to a motor that drives the rotation of the large sphere.
The orientation of this motor and drive wheel can be varied by
a second motor. The combined control of these motors allows a
free walk path over the sphere, resulting in a continuously change
in orientation of the sphere with its suspended sample system

Fig. 2 RPM with two independently driven perpendicular frames

also describe a number of experiment systems which
have been developed in order to allow the execution
of automated experiments on the RPM.

The RPM Control Modes

We want to manipulate the sample on the RPM ran-
domly to different orientations, therefore we need to
control the RPM in a way no dominant orientation
prevails during an experiment run. This can be achieved
in two ways. The walk pattern can be made regular
with, as input parameter, the even distribution of ori-
entations. Another approach is to use the random walk
pattern. When the walk path is truly random, the path
coverage over the sphere surface will become equally
distributed after a long time. The use of the random
walk control principle has also the advantage that the
rotation does not expose a predictable motion environ-
ment to the specimen which could be relevant since
some living organisms might adapt to such a predictable
motion pattern.

Clinostat Mode

The first mode is the classical clinostat mode. In this
setting the RPM control drives only one of the two
frames with a constant speed. The other axis is oriented
horizontally (Fig. 3a, b).

3D Clinostat Mode

In the 3D clinostat mode (Fig. 4a, b) the two axes
are rotated at a constant speed. Although this is a 3D
motion, it is clear that the 3D clinostat based on two
perpendicular frames does not provide a symmetric
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Fig. 3 a Gravity values in a standard clinostat mode. Y and Z
are changing sinusoidal between +1 g and −1 g. b The clinostat
mode results in a 2D motion trajectory, in this graph projected on
an imaginary sphere. The abscissa in a as well as the three axes in
b are accelerations expressed as ‘g’. Time displayed in seconds is
displayed at the ordinate in b

coverage of all orientations. Such a trajectory is repeti-
tive and predictable, therefore random motion is to be
introduced in order to cover all possible orientations.

3D Random Mode

With random mode settings the individual frame speed
and in this example the rotation direction are randomly
varied this results an unpredictable and symmetrical
path. See Fig. 5a, b. In 1986 Japanese researchers de-
veloped the first modern version of a 3D clinostat used
initially for plant research (Murakami and Yamada
1988; Hoson et al. 1992, 1997).

In 1994 the notion of “true random positioning” was
advocated by Dr. D Mesland of the European Space
Agency, ESA (Mesland 1996). Dutch Space developed
the first prototype instrument using the random walk
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Fig. 4 a Gravity values measured on the RPM, rotated in 3D
clinostat mode, the inner and outer frame rotate (in this example)
both at a constant speed of 60◦/s. b Motion trajectory 3D clinostat
mode with constant speed for both frames of 60◦/s, displayed on
an imaginary sphere. The abscissa in a as well as the three axes in
b are accelerations expressed as ‘g’. Time displayed in seconds is
displayed at the ordinate in b

principle. The current control of the RPM provides
different operational modes to apply such parameters
(see earlier).

It is important to accommodate an experiment ex-
actly in the center of an RPM. The rotation of the
sample induces also centripetal acceleration. Placing
the sample in the centre of the RPM this effect will be
negligible but when using larger samples volumes or
multiple samples especially in combination with high
rotation speeds these residual accelerations may
become relevant (van Loon 2007).

Finally an option is provided to generate a file with
control parameters that can be reviewed and re-used;
a pre-generated random scenario. This random file
option allows repeating experiments with the same
random walk sequence each time.
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Fig. 5 a Gravity values measured on the RPM, rotated in random
speed and random direction mode, the inner and outer frame
rotate (in this example) are at a varying speed between 60–120◦/s.
It should be noted that most users apply a speed of +/−60◦/s for
both frames. b Motion trajectory in random speed and random
direction mode, displayed on an imaginary sphere. The abscissa
in a as well as the three axes in b are accelerations expressed as
‘g’. Time displayed in seconds is displayed at the ordinate in b

Experiment Accommodation

Experiment Control during RPM Experiments

The performance of an experiment on the rotating
RPM often requires interaction with the samples on
the experiment platform in order to e.g. activate and
fix samples. With the COBRA (COmpact BioReactor
Assembly) system, actuators on the platform can be
operated while the RPM is running. A test set up
consisting of actuators (commercial valves, pumps,
motors, heaters etc.) including their feedback can be
operated via a Windows based personal computer.
Communication and power is provided via the slip-
rings of the RPM.

Running a simple script allows the execution of an
accurate and repeatable timeline. The same equipment
but not installed on the RPM can be used as 1-g
reference.

When using liquids on the RPM we have to fill
the experiment volume without gas bubbles and avoid
loss of liquid during rotation. Gas bubbles result in
unwanted fluid motion and associated shear stress to
the sample due to the moving gas bubbles in the liquid
volume (van Loon 2007). Fluid motion will not only
be driven by density differences of the rotated volume,
but also by the inertia of the fluid in combination with
the accelerations of the RPM. It is therefore proposed
to choose a motion profile with low accelerations. As
1-g control experiment it would be useful to expose the
sample to comparable fluid motion, as can be simulated
performing a motion profile around the vertical axis
with the same accelerations as has been used in the 3D
random mode.

The COBRA is based on the use of commercial
available microslides, multiwells, syringes, and two
peristaltic pumps provide the fluid exchanges (Fig. 6).
A combined septa/seal provides leak-tightness for the
multiwells and allows gas free filling of the experiment
volume.

Temperature Control

For most experiments that are performed on the RPM,
temperature control and often also humidity control
are important. To control these parameters there are
two options. The first is the installation of the complete
RPM into an incubator as can be seen in Fig. 7. This
is the most used and most straightforward solution.
Therefore the desktop RPM has been designed to fit

Fig. 6 COBRA facility on a desktop RPM. In this set up fibrob-
lasts cells were used attached to round micro slides placed in the
central cell of the multiwell plate
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Fig. 7 Desktop RPM in a standard incubator

into a 50 × 50 × 50 cm incubator. To allow easy inte-
gration in a commercial incubator we can make use
of the standard available electrical feed through in the
back wall in order to connect the RPM to its controller.
The RPM functions well when exposed to temperatures
up to 40◦C even in a high humidity (non condensing)
environment.

The other option for experiment temperature con-
trol is the installation of a small incubator on the RPM
platform. This option can be used for temperature
environments that are not compatible with RPM re-
quirements (>40◦C and a condensing humidity envi-
ronment). One can also make use the small thermal
inertia of the local incubator to control a dedicated
temperature profile. Long duration microgravity exper-
iments like in the International Space Station (ISS)
often provide a temperature environment that can be
controlled during the actual experiment but not dur-
ing the whole mission. After the mission the temper-
ature history can be reproduced. The flight experiment
can be repeated in order to have a well matched 1-g
ground control or an RPM (simulated flight) exper-
iment. The TAIPAN (Temperature Accommodation
Incubator for Post flight Analysis) provides the means
to control the temperature for RPM experiments. The
configuration in Fig. 8 shows a TAIPAN for a set
of four standard ESA Type I/E experiment contain-
ers used in parallel. The facility also provides power
interfaces to the experiment units simulating for in-
stance a Kubik or Biobox facility. A first evaluation
model of the TAIPAN was produced for the Biokin
experiment from Dr. Krooneman (BioClear, Gronin-
gen, The Netherlands) launched in October 2007. This
experiment is sensitive to temperature variations also
during transport. The ground reference experiments
(both 1 g and simulated micro-g) after the actual
flight will be performed with actual flight transport and
in-flight temperature profile.

Fig. 8 The temperature controllable TAIPAN facility on the
desktop RPM

Technological Developments

There are two strong demands from the users of RPMs.
One is to allow microscopy on the RPM and the other
is the wish to allow experiments at partial g-levels
(between 0 and 1 g).

RPM Microscopy

As is the case for most flight experiments the analysis
of any microgravity effects is done after fixation of
the specimens. It would be very relevant to monitor
the experiment during actual microgravity. Especially

Fig. 9 A newly designed fluorescent/confocal microscope
mounted onto a full size RPM
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with the developments like GFPs (Green Fluorescent
Protein) it is possible to monitor living cells and tissues
in vitro. This opens possibilities to look at possible
microgravity effects in real time during the course of
the incubation time instead of only having the end point
samples after fixation. Regarding ISS experiments this
would require a microscope facility in the ISS. For sim-
ulated microgravity a microscope on the RPM would be
an option. Currently we are investigating the possibili-
ties of confocal microscopy on a full size RPM (Fig. 9).

Future Developments

On Earth 1-g as well as hyper gravity experiments
can relatively easily be performed. Simulated micro-g
experiments are more difficult but can be done as de-
scribed above. Experiments between 0 and 1-g require,
for instance, a centrifuge running in a microgravity
environment. Such experiments have been performed
in centrifuges in e.g. the Biorack (Mesland et al. 1987;
Brillouet et al. 1995), the NIZEMI (Friedrich et al.
1996) and the Biopack (van Loon 2004).

It would be interesting to have the possibility to
generate simulated hypogravity to mimic for instance
0.38-g (Mars) or 0.17-g (Moon) gravity levels. This
allows studying biological processes in support of future
planetary exploration programs. Another more funda-
mental research application is to use the partial g func-
tion to determine the threshold for gravity response of
various organisms.

Conclusion

Since the introduction of the very first machine to
nullify gravity by von Sachs in 1879 various 2D and
3D clinostats and RPM’s have been developed (van
Loon 2007). The wealth of scientific publications using
these systems demonstrate the valuable contribution
of such technology in our understanding of the effects
of gravity on living systems. The systems are used for
stand alone studies or in preparation for real space
flight experiments (van Loon et al. 1999). Based on
this further developments are needed to increase the
experimental setup possibilities of such devices by im-
plementing systems for automated fluid handling or
advanced microscopy.
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