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Abstract

The first experiments using machines and instruments to manipulate gravity and thus learn about its impact to this force onto living
systems were performed by Sir Thomas Andrew Knight in 1806, exactly two centuries ago. What have we learned from these experiments
and in particular what have we learned about the use of instruments to reveal the impact of gravity and rotation on plants and other
living systems? In this essay I want to go into the use of instruments in gravity related research with emphases on the Random Positioning
Machine, RPM. Going from water wheel via clinostat to RPM, we will address the usefulness and possible working principles of these
hypergravity and mostly called microgravity, or better, micro-weight simulation techniques.
� 2007 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Exactly two centuries ago it was sir Thomas Andrew
Knight who used an instrument to study the effect of grav-
ity on plants (Knight, 1806). He germinated garden bean
seeds mounted onto a rotating waterwheel and showed that
plants orient themselves along the resultant gravity vector
resulting from Earth gravity and artificial gravity by rota-
tion (Fig. 1). This was probably the first hypergravity
experiment published. Countless centrifuges have been
built and used since. Not only for life sciences studies but
also in areas such as material and fluid sciences (Regel
and Wilcox, 1994) or geology (Mitchell, 1998). In time
not only hypergravity but also reduced gravity became of
interest. In the main part of this paper, I will address some
points using clinostat and 3D systems as tools to simulate
reduced gravity. Other very interesting facilities are the

Free Fall Machine, FFM, (Mesland et al., 1996) which is
based on gravity sensitive periods or windows within a cell
(Mesland, 1992) has been used only sparsely. Van den Ende
(see in Mesland et al., 1996) showed a positive correlation
between the FFM and real microgravity experiments,
although these effects could also be explained by a good
mixing of the fluids around the Chlamydomonas cells. A
similar explanation for the FFM effects was also postulated
by Schwarzenberg et al. (1998) using lymphocytes. (Optical
(Ashkin, 1971) and especially magnetic levitation (Berry
and Geim, 1997) have also been postulated as possible
microgravity simulations for biological samples, although
for the latter technique a distinction has to be made
between compensating weight and stopping convection,
as compared to real microgravity (Poodt et al., 2005).

2. The Clinostat

It took nearly a century after Knight’s waterwheel until
Julius von Sachs constructed his clinostat, a machine to
abolish or nullify the effects of gravity or, as we now say,
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simulate microgravity or better micro-weight (von Sachs,
1879). The clinostat is, up until today, a very well estab-
lished paradigm to simulate microgravity. However, there
are various concerns regarding the principle of horizontal
rotation, especially in plant studies (Newcombe, 1904; Fit-
ting, 1905; Larsen, 1962; Lyon, 1970; Dedolph et al., 1971;
Dedolph and Dipert, 1971; Brown et al., 1976; Laurinavi-
cius et al., 1998). All of these initial systems, mostly used
in the plant physiology domain, were rotated relatively
slowly, one rotation per couple of hours up to a maximum
of about 10 rpm. Seeds or adult plants were fixed to the
clinostat within some semi-solid or soil substrates.
Although mostly used to simulate microgravity there are
some interesting adaptations of these systems where clino-
rotation is combined with centrifugation in order to estab-
lish g-threshold of various systems (Galland et al., 2004;
Gordon and Shen-Miller, 1966; Laurinavicius et al.,
1998). The paradigm of rotation around a horizontal axis
is also used for smaller systems like single cells. In contrast
to plants, single cells require an aqueous or semi-solid solu-
tion to thrive. It was Wolfgang Briegleb who postulated the
idea of a fast rotating clinostat (Briegleb, 1965, 1967). Such
a system consists of a tube filled with culture medium and
the cells of interest. The tubes have an internal diameter of
a couple of millimeters and rotate at a speed between 60
and 90 rpm depending on the specific density of the cells
as well as the density and viscosity of the medium. When,
on Earth, a cell is at some point in a static vessel and the
vessel is rotated 90� the cell will settle in the direction of
the bottom (see Fig. 2). We can repeat this for a full trajec-
tory. When we increase the frequency of rotation (<t) the
traveling distance gets smaller (Fig. 2a). If we perform this
rotation constantly, generating a circular path and increase
the rate we finally end up rotating the cells around its own
axis (Fig. 2b). This controlled rotation not only applies to
the cells but also its surrounding liquid phase. It is argued
that the coupling between the cells and its respectively
static surrounding liquid is the main reason for this micro-

gravity simulation paradigm. See also a paper by Klaus
(2001).

3. The random positioning machine

The two-dimensional rotation provided by either slow
or fast rotating clinostats is widely applied as a practical
method to simulate microgravity. However, this 2D rota-
tion induces some unwanted effect especially in plants.
See overview by Brown et al. (1976). The idea of a 3D rota-
tion came about in order to more closely simulate near
weightlessness conditions especially for larger objects by
elimination of possible 2D effects of this omnilateral stim-
ulation. A paper by Kraft et al. (2000) show a better simu-
lation for real microgravity in an RPM as compared to a
classical 2D clinostat.

One of the first brief reports on a 3D clinostat was by
the Italian scientist Aristide Scano in 1963, although no
further studies were published using this machine (Scano,
1963). Some decades later Japanese researchers developed
a more modern version of a 3D clinostat used initially
for plant research (Murakami and Yamada, 1988; Hoson
et al., 1992, 1997). Mesland first described a similar
machine developed in the Netherlands in 1996. Later the
Dutch system stood as a model for a 3D clinostat built in
Germany (Hemmersbach et al., 2006). An additional slow
rotating machine was also developed by a combined Brazil-
ian/English group (Russomano et al., 2005). Both the Jap-
anese and the Dutch 3D systems are commercially
available by Mitsubishi Heavy Industries and Dutch Space,
respectively.

However, one of the first 3D systems used in gravity
research was not developed for plant research but used to
study the labyrinth – eye reflex in rabbits. It was developed
by Rudolf Magnus of the University Utrecht in The Neth-
erlands (Magnus, 1924). The animals were fixed onto a
rotating platform mounted in another independently rotat-
ing frame (Fig. 3a). The system was used to position the

a b

Fig. 2. Simplified rationale of the fast rotating clinostat. When a liquid
body including a (higher density) particle is quickly repositioned 90�, the
particle will settle along the gravity vector (a). When this is done in a
gradual manner the particle will follow a circle like trajectory (b). When
the frequency of rotation is increased the perimeter of the circle will
decrease, finally ending up in a circumference smaller than the actual size
of the particle, e.g. a bacterium. The particle is actually rotating within
itself. See also Briegleb (1965, 1967).

Fig. 1. Knight’s waterwheel showing for the first time experimental proof
for gravitropism in plants. Picture taken from Davy Davy, 1813.
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animal with respect to the g-vector. However, it was not
used to simulate space flight conditions as was later pro-
posed by Muller for human studies (Muller, 1959).

Although the 3D clinostat was derived from the 2D sys-
tem the use of it is quite different for the various systems.
The Japanese and the Dutch systems are not rotating on
a constant speed, which is a prerequisite for a classic clino-
stat, especially the fast rotating ones. These 3D systems
have independent motor drives for each frame and these
are commanded such to constantly move the frames to

the next position within the 3D volume. They can do this
at random speeds and directions, hence the term Random
Positioning Machine, RPM. In that sense using the term
‘‘3D clinostat’’ for randomly rotating systems is not
preferred.

Especially in the 2D clinostat the rotation rate must be
constant, rapid enough to prevent gravitropic responses,
slow enough to avoid development of significant accelera-
tive forces, particularly centrifugal forces greater than that
of the sensitivity threshold for the system being studied.
Therefore, the location of the sample within a rotating
microgravity simulator, as well as the speed of rotation is
important. An increased distance from the center of rota-
tion at the same speed will result in increased accelerations
at the outer edges of the sample. In a fast rotating clinostat
running at 60 rpm and a cuvet diameter of 2 mm, the resid-
ual g is between 10�3 and 10�2g. See Fig. 4 for a graphical
display.

Using 2D or 3D clinostats and RPM’s, we should dis-
tinguish between attached and nonattached, free flowing,
suspension samples. In classical clinostats using plants,
we apply a constant rotation with respect to the sample.
In fast rotating clinostats, running at a constant speed,
the free-floating cells are in a defined position more or
less fixed with respect to its immediate surrounding
liquid phase. For a 3D clinostat or RPM with unat-
tached cells the working principle is not at all estab-
lished. In a pilot study in our lab using a simple snow
globe attached to an RPM with on-line video observa-
tion, we noted that when the system is set at random
speeds and random directions the fluid behavior in the
globe is very chaotic. This behavior is different for heavy
and lighter particles within the fluid.

Fig. 3. (a) A rabbit fixed onto a two-frame positioning system (Magnus,
1924). This was probably one of the first experimental set-ups using two
rotating frames in which the impact of gravity on a living system was
investigated. (Picture with kind permission of Springer Science and
Business Media). (b) A recent version of the random positioning machine
as used in Amsterdam and built by Dutch Space (Leiden, NL) (Mesland
et al., 1996). Note the similarity in between the two machines.

Fig. 4. Display of the residual g with regard to sample location and speed
of rotation. Fc = mac = mx2r where Fc is the experienced centripetal force
(N), m is mass (kg), ac is the centripetal acceleration (m/s2) generated by
the rotating system, x is the angular velocity (either rad/s or �/s) and r the
radius or distance of the sample to the center of rotation (m). The gray
area in the lower left hand corner represents the area in which most
experiments using 3D clinostats or RPM’s are located.

J.J.W.A. van Loon / Advances in Space Research 39 (2007) 1161–1165 1163



4. RPM as mechanostimulation

Gravity compensation or nullification in a clinostat or
RPM, even if completely effective, of course does not
remove chronic gravitational stimulation. Therefore when
for example a RPM is not completely ‘effective’ in simulat-
ing real microgravity results, it is this stimulation that
might be perceived by mechanosensors within a cell and
starts the cascade of mechanotransduction processes. The
artifact, in this respect, might by many be referred to as
‘‘residual-g’’ as mentioned above. One should realize that
in attached cells this residual g may not be regarded as a
regular g-force applied to the cells. It is in fact an inertial
shear force and directed perpendicular as compared to
g-force generated by Earth. It is comparable to the inertial
shear force as has been described for centrifuge studies (van
Loon et al., 2003). So when attached cells are rotated in a
clinostat or RPM they might display, a small but maybe
significant, displacement of their total mass or intracellular
structures. Because of the irregular shape of the cells with
respect to its substrate and the inherent internal anisot-
ropy, the g-force perpendicular to the substrate might
provoke different effect as compared to the inertial shear
acting parallel to the substrate. The time scale of ion chan-
nel activation, initiation of intracellular calcium gradients
or other possible mechanoreceptor mechanisms are in the
sub-second range and equivalent to the rotation rates used
clinostats and RPMs. See also Fig. 5.

5. Discussion/conclusion

Ground research tools such as centrifuges and micro-
gravity simulators have been applied extensively, and the
current situation regarding the limited opportunities to
conduct real microgravity studies guarantees an even
increased use. Different experiments using 2D and 3D
clinostats as well as RPM’s are difficult to compare mostly
because the papers do not indicate location of the samples
within the system nor the operational modes of constant or
variable speeds and directions. It seems like regional heri-
tage dominates to use either slow or fast rotations in a ran-
dom positioning machine in the East and West,
respectively. Maybe this is due to the historical background
being slow rotating plant studies in Japan and more fast
rotating free-floating single cell experiments in Europe.
While the use and physical characterization of a 2D clino-
stat is quite well understood, the environmental conditions
for a RPM needs a better understanding. In this regard,
detailed studies on the chaotic fluid motion within an
RPM, or 3D clinostat, need to be undertaken.

While theoretically there should not be any fluid
motion in a closed container exposed to linear accelera-
tions, this is not so for angular accelerations, and our
pilot experiments, as mentioned earlier, show this. In
addition, fluids may not be ideal, container geometry
has an impact, and, especially for free-floating cells, there
is a density difference between cell and surrounding med-
ium. More detailed fluid dynamic studies are required to
elucidate the behaviour for various parameter sets. Also
the use of clinostats or RPM’s operated at different
speeds, but with the same experiment setup, will teach
us more about the environmental conditions and proba-
bly artifacts within these studies.
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