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14.1 Introduction

Clinostats are rotational devices that have been in use ever since Julius Sachs
invented a clockwork-driven device that rotated growing plants around their
growth axis at the end of the 19th century [1]. The initial clinostat systems were
mostly used in plant studies and rotated with a relatively slow frequency on the
order of one rotation per couple of hours up to about 10 revolutions per minute.
Seeds or adult plants were fixed to the clinostat within some semisolid or soil
substrates. Although mostly used to simulate microgravity, there are some
interesting adaptations of these systems made over the years. For instance,
clinorotation was combined with centrifugation to generate a partial gravity
in order to establish the gravity threshold of various systems [2—4]. In the
1960s, Briegleb [5] introduced the concept of a fast-rotating (on the order of
60 rpm) clinostat dedicated for liquid cell culture studies. Other improvements
were implemented over time, and the most recent modification resulted in the
so-called 3D clinostat [6] and the random positioning machine (RPM) [7, 8].
The widespread use of clinostats and the often-found notation that all it takes
to eliminate gravitational effects on organism is to rotate them prompt this
description of the purpose, goals, and limits of these devices. The most impor-
tant message may well be the simple statement that clinostats, albeit intended
for this purpose, do not simulate microgravity. The detailed assumptions and
consequences of rotational movements in a static force field, such as Earth’s
gravity, are often overlooked and may result in questionable or downright
incorrect statements. Since clinostats can also be used to mimic fractional
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gravitational loads, their usefulness goes beyond averaging the gravity vector
over time; they can also be used to study the effects of hypogravity.

14.2 Traditional Use of Clinostats

The most important constraints have been recognized early on and were iden-
tified as centrifugal forces (Z = rw?, product of radius and angular velocity),
phase shifts of mobile particles as a consequence of rotation (tan ¢ = —w m/f,
the offset between the angular displacement of the rotating structure and the
rotation of a cellular particle), and friction experienced by a mass as a result of
rotation (Vy = g/((f Im)? + wQ)l/ 2. the sedimentation of a particle as a function
of its mass and the viscosity of the medium) [9]. In addition, the direction of
rotation is relevant, and related concerns led to the development of random
positioning machines whose sole purpose is to not generate constant forces
in any particular direction. Let us consider the significance of each of these
parameters.

14.3 Direction of Rotation

The intended averaging of the gravity vector can be accomplished by rotating
an object such as a plant, bacterium, or (small) animal around a horizontal axis.
However, the direction of the object is also important. While traditionally
plants were rotated around their longitudinal axis (i.e., the shoot—root axis
is positioned horizontally), gravity averaging is also possible by rotating
the long (i.e., shoot-root) axis of a plant perpendicularly to a horizontal
axis (aka vertical clinorotation). While the extended size of this axis limits
studies to relatively short seedlings, studies have shown that plants are more
sensitive to this latter type of rotation as the growth rate decreases more than
after horizontal clinorotation [10]. Thus, the direction of rotation affects the
physiology of biological objects, especially when the biological objects
themselves are rotating such as tendrils or circumnutating stems [11].

14.4 Rate of Rotation

Rotating a physical object such as a growing plant regardless of the orientation
relative to the horizontal axis of rotation shows that the radius is not constant.
Horizontal rotation affects stems to a lesser extent than leaves that have a larger
radius than stems. Thus, the centrifugal force varies within the organism based
on the distance from the rotational axis. If a biological object (plant, seedling,
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Figure 14.1 Log/log plot of radius and angular velocity (expressed as revolutions per minute
andradians per second). The different lines define the centrifugal force induced by the respective
rate of rotation. The rectangles exemplify usable dimensions and angular velocity ranges
for slow-rotating (gray) and fast-rotating (blue) clinostats. The relative acceleration based
on angular velocity and radius is shown as g-equivalent.

or other organism) is offset from the rotational axis, the centrifugal force
is minimized (zero) only for structures that are aligned with the rotational
axis. However, because gravity may be averaged but is never eliminated,
elastic bending of the stem or leaves ensues and the center of rotation
constantly shifts. Thus, the changing weight distribution causes bending stress
and non-random mechanostimulation because structures such as leaves and
petioles have a specific load-bearing design. A similar process might occur
with mammalian cells [8]. However, simplifying the complexities of body
structure and adjusting the rotational speed such that even larger dimensions
are not exposed to more than the minimal centrifugal force require a careful
consideration of applicable rotational speeds (Figure 14.1).

14.5 Fast- and Slow-Rotating Clinostats

While the slow-rotating clinostat simply considers the overall geometry and
establishes a rotational regiment that fulfills predetermined conditions (e.g.,
centrifugal forces less than 10*3g, Figure 14.1), the fast-rotating clinostat
also considers the path of sedimentation in a fluid, typically an aqueous
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growth medium for small (<1 mm) organisms. In aqueous conditions, sedi-
mentation and (slow) rotation result in appreciable side effects such as spiral
combinations of movements stemming from sedimentation, centrifugation,
and viscosity-dependent Coriolis force gy = 2wy, where g is gravity, w is
the angular velocity, and ¢ is the angle per unit time. When the frequency of
rotation is increased, sedimentation of a particle will be less than the movement
of the liquid, leading to a reduced radius that eventually becomes smaller than
the size of the particle or a cell. Under those conditions, the rotation stabilizes
the fluid around the particle, effectively eliminating gravity effects [5, 8, 12].

Related to the fast-rotating clinostat as introduced by Briegleb is the
rotating wall vessel (RWYV), which is mostly used in cell biology and tissue
engineering [13]. Basically, the RWV is a relatively large (5-20 cm diameter)
liquid-filled container that rotates around a horizontal axis at 10-20 rpm [14].
Samples within the container are prevented from settling by matching the
rotation speed to the sedimentation velocity of the sample. This velocity
depends on the specific density of the sample (cells, nodules, or others), their
volume and shape, as well as the density and viscosity of the suspending
medium. In the fast-rotating clinostat, cells rotate around their own center
and experience no direct fluid shear force; in contrast, cells and tissues in the
RWYV are constantly falling within the fluid. The sedimentation velocity and
direction combined with the rotation of the fluid generate spiral trajectories
within the vessel [15]. The samples’ motion relative to the fluid generates
shear forces on a particle surface ranging from 180 to 320 mPa for 50-um
particles [14], up to 780 mPa for 300-um spherical particles [16]. These are
significant shear forces compared to physiologically relevant shear values, for
example, endothelial cell responses that are on the order of 500-1000 mPa
[17, 18]. Also, when the mass distribution within the particle is anisotropic,
the particle may retain its orientation with respect to the gravity vector which
is to be avoided if one wants to simulate microgravity.

14.6 The Clinostat Dimension

Tradition subdivides clinostats into 1D, 2D, and 3D (three-dimensional)
systems. Of course since even the 1D clinostat operates as a three-dimensional
system, the traditional naming is totally incorrect. Rather than referring to
dimensions, clinostats may be better described by the number of rotating axes.
Thus, a one-axis (or 1D) clinostat rotates around one axis. The orientation of
this axis determines its properties. Under the correct conditions (dimension
and rotational speed), it compensates or averages the vectorial character of



14.6 The Clinostat Dimension 151

gravity. In a vertical position, it moves an object but the gravity vector is
consistently experienced toward the basal (Earth-facing) side of the object.
Positioning the axis at an angle in between the horizontal and vertical position
results in a net proportion of Earth’s gravity such that the experienced or
virtual gravity g, is equal to the sin « (the angle from the horizontal) times g.
A simulation of Moon’s gravity (1/6 g) therefore requires an angle of about
10 degrees; Mars’ gravity (~0.37 g) could be simulated by tilting the axis by
22 degrees. The advantage of using a single-axis clinostat lies in its simplicity
of establishing virtual conditions.

Things become considerably more complicated when more than one axis is
employed. However, a true rendition of all spatial orientation requires rotation
around the three axes of space; adapting aviation terminology, pitch, yaw, and
roll represent rotation around the horizontal (x) axis, the vertical (y) axis, and
the z axis, respectively. This definition only applies when the rotation center is
located inside the object of interest. Under these conditions, movement around
the three axes is described by the rotation matrix R* = Rx(a)) Ry(5) Rz(7),
where «, 0, and -y represent pitch, yaw, and roll angles.

1 0 0 cosf 0 sing
Rx(a)=[0 cosa —sina |, Ry(B) = 0 1 0 |,
0 sina cos & —sin@ 0 cosf
cosy —siny 0
Rz(y) = | siny  cosy O
0 0 1

This complete set of operation is in contrast to the two axes used in the so-
called 3D clinostat or the random positioning machine (RPM). So what is
the justification of calling a two-axis system a 3D clinostat? The simplest
explanation relates to the ability to observe the entire three-dimensional space
by moving, for example, a camera (or head) around only two axes (up/down
and left/right). This concept was illustrated using a “ball RPM,” which consists
of a sphere resting on three support points, one of which consists of a wheel
that drives the sphere by rotating in one or several directions (e.g., vertical or
horizontal). The remaining support points are passive but omnidirectionally
rotating spheres [7]. Alternatively, two drive wheels rotate around the normal
axis of the sphere at different rates. Either system can rotate the ball in one or
more planes, thus simulating a single-axis clinostat or an RPM. Regardless of
the drive mechanisms, the distance between the surface of the sphere and the
rotational axis varies and thus centrifugal accelerations can change.
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Engaging a second drive or rotating the single drive wheel adds motion
around a second axis and the superposition leads to a movement that depends
on the relative angular velocity. If both drives operate synchronously, the plane
of rotation tilts by the cross product of Rx(«) and Ry((3). If the drives operate
asynchronously, the movement of the sphere becomes complex. If the speed of
the drivers differs but is constant, a phase angle results, and the motion
of the sphere relative to the axis of rotation and the angular velocity change.
Of course, as long as the sequence of rotational changes is known, nothing
about the motion is random and the motion is reproducible. True randomness
requires changes in the velocity of the drives that are not reproducible.
However, it is doubtful whether such subtle modifications can be perceived
by biological systems on the background of constant motion. Therefore, the
“random positioning machine” might better be renamed “variable positioning
machine.”

Different ratios of angular velocity lead to well-known Lissajous figures
projected onto the surface of the sphere with the position of the trace =
A sin(wgt) + B cos(wgt). The phase shift between these two parameters
determines the “tilt” of a point on the sphere surface but any rotation will
be uniform; thus, different levels of gravity can be obtained based on the
extent of the phase shift; zero corresponding to a one-axis clinostat and a
phase shift of 10 degrees simulates Moon’s gravity, as explained above. If the
frequencies change, seemingly random patterns emerge (Figure 14.2).

Current developments also look into generating partial gravity in 3D
rotating systems like an RPM. Dutch Space (Leiden, the Netherlands) pre-
sented a software-controlled partial g RPM (European Low Gravity Research

Figure14.2 Projected traces of a surface point on a sphere that rotates with the same frequency
for two perpendicular axes (left). Changing the frequency of one axis produces a distribution
that covers the entire surface of the sphere. Calculations were performed after Kaurov [20].
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Association in Vatican City in 2013) and a group from Switzerland published
a comparable design [19].

14.7 Configurations of Axes

The previous example refers to two axes that rotate around a single point.
However, the arrangement of rotational axes can be more complicated. For
a single axis, no modifications are possible. Two rotational axes can be
configured according to the description of the hypothetical sphere above; that
is, they are part of a gimbal suspension. A second mode of arranging two axes
consists of arranging the second axis perpendicular to the first axis of rotation.
Such a device (Figure 14.3) has been implemented to examine the acceleration
sensitivity of shoots and roots [4]. The relative rotation of the vertical axis of
two wheels is used to turn “spokes” that extend from the center of the axis
(Figure 14.3). This arrangement allows the entire system to function as a
centrifuge if both upper and lower wheels rotate at the same angular velocity.
If the lower wheel remains fixed and the top gear rotates, the experimental
chambers that comprise the spokes rotate around their horizontal axis and are
thus clinorotated as explained above for the 1-axis clinostat. Any additional
movement by the lower wheel rotates the clinorotating chambers. This setup
was used to determine the acceleration threshold of roots and shoots to about
1073 and 10~* g, respectively [4].

upper

Figure 14.3 Drawing of a gearhead that translates the relative motion of a vertical shaft into a
rotational motion of lateral axes. If the two center wheels rotate at the same rate, the horizontal
axes function as a centrifuge and only yaw rotation applies. If the horizontal wheels spin at
unequal rates, the lateral axes rotate and can drive a 1D clinostat with variable yaw and roll.
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The creative arrangement of axes can be applied to the variable positioning
system. If the lateral axes in Figure 14.3 contain a two-gimbal-supported
suspension, a constant yaw acceleration is possible that averages all other
motions relative to g. The constant yaw rotation generates a centrifugal force
that is superimposed onto (1D) clinorotation. The effect of the angular velocity
allows for the determination of a g-threshold value [4].

The data in Figure 14.1 indicate that the clinostatting of plants should not
induce effects that are related to residual gravitational effects as long as the
radius of rotation is less than the calculated values. However, recent studies
clearly indicate that the rate of rotation over the magnitude of an octave (10-
fold increase in frequency) affects induced curvature after gravistimulation.
Brassica roots that were horizontally placed for 5 min and monitored for two
hours of clinorotation between 0.5 and 5 rpm showed stronger curvature at
higher frequency although the effective radius was less than 3 cm [10]. This
observation, in addition to many others [21-25], indicates that the clinostat-
associated mechanostimulation exerts largely unknown effects that prevent
labeling clinorotation even in its most sophisticated form “microgravity
simulation.” The effects of mechanical unloading that are the hallmark of
free-fall and orbital conditions do not apply to clinorotation. Nonetheless,
the fascinating possibilities of manipulating organisms relative to the gravity
vector for various times and under various conditions are bound to shed light
on important aspects of sensory biology.
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