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Abstract
Inspired by phenomena in the plant world, a meteoro-sensitive rotational actuator is developed.
The design uses a hygro-active shell, whose water-based swelling is restricted at selective
locations to form a helicoid structure. The influence of geometrical parameters on the
performance is investigated using a numerical analysis of various geometries, by looking at
resulting rotation and torque during this rotation. Prototypes are built of five key geometries in
the design space, to validate the simulations and to investigate the behaviour of the design
experimentally. These prototypes are submerged in water to investigate their deformation, after
which they are placed in a torsion machine to investigate the torque during rotation. The
experiments result in similar rotations and torques as the simulations. The designed
Hygromorphic Rotational Actuator is capable of passively rotating its own structure, thereby
expanding the possibilities of engineers and designers when designing passive autonomous
systems.

Supplementary material for this article is available online

Keywords: hygromorphic, multi-stable, zero-moment, meteoro-sensitive, actuator, adaptive
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(Some figures may appear in colour only in the online journal)

1. Introduction

In engineering, swelling and shrinking of a material in
response to absorbing or desorbing water is generally some-
thing to avoid. Plants, however, often use this phenomenon to
their advantage [1–3].

Hygroscopy is frequently used by plants as basic move-
ment initiator to create a passive motion. Fibrous tissue swells
because it equilibrates its water content with the ambient

Original Content from this work may be used under the
terms of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

humidity [4]. This swelling is selectively resisted to amplify
the movement [5], for instance by a layer of non-hygroscopic
material. The resulting bilayer structure will bend when
exposed to water [6]. Well-known examples are the opening
of seedpods such as pinecones [7] or the movement of wheat
awns [2].

Other amplificationmechanisms that plants use to amplify a
basic movement initiator, are based upon what humans would
call failure mechanisms. Various seed catapults rely on frac-
ture to release stored energy, shooting their seeds away [1, 8].
Flower opening often relies on differential elongation of the
edge with respect to the midrib, causing a snap-through buck-
ling [9, 10].

The combination of water-driven swelling or shrinking of
structures with a selective restriction of this swelling or shrink-
ing enables the autonomous movement of plant structures
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without costing energy. Sensing, actuating and moving hap-
pens within the same structure, saving space and increasing
efficiency [5, 11].

In some disciplines, methodologies are developed to incor-
porate natural working principles in the design process
[12, 13]. Engineers and designers are gradually adopting these
hygromorphic shell structures in their designs [14–16]. Most
notably, hygro-active building envelopes are being developed
to passively regulate the shading and ventilation of build-
ings, in response to the surrounding humidity [17–19]. Hygro-
morphic bilayers are even being used for the locomotion of
small hygro-active robots [20].

These examples show that passive hygromorphic actuat-
ors can benefit various engineering fields. They move com-
pletely autonomous based on environmental stimuli and do
not require a supply of energy, making them suitable for inter-
esting applications. However, the majority of existing hygro-
morphic shell actuators are based on bending or translation [3,
14–16, 21]. Although some twisting hygro-active structures
have been developed, they are built out of composite multi-
layer segments that deform simultaneously and as a result their
rotation can not be precisely controlled [22].

In order to expand and improve the possibilities of these
passive autonomous structures, this research focusses on the
development of a hygroscopic shell that rotates with increas-
ing environmental humidity. Its rotation can be controlled by
careful selection of the main dimensional parameters.

Two working principles found in the plant world are com-
bined. Hygroscopic swelling is used as a basic movement ini-
tiator to start the motion. Selective restriction of this transla-
tional swelling is used to cause differential edge elongation.
This elongation serves as the amplification mechanism, which
transfers the small swelling to a larger rotation.

The design is analysed by building a finite element model
based on an isogeometric framework. The influence of the
main geometrical parameters on the resulting rotation and
torque is investigated. Finally, a set of prototypes is fabricated
to validate the behaviour of the design experimentally and to
verify the simulated model.

2. Methods

2.1. Conceptual design

To generate a hygromorphic rotation with a shell structure, two
of the aforementioned working principles from the plant world
are combined (see figure 1). The presented hygromorphic
rotational actuator (HRA) consists of a rectangular plate of
orthotropic hygroscopic material. When exposed to water, this
material only extends in the vertical direction. A common
example of a material with these properties is wood [23].

This hygroscopic expansion is selectively resisted by apply-
ing constraints. While in a bilayer system the constraint con-
sists of a complete second non-hygro-responsive shell attached
to the first one [2], here only a constraint restricting expansion
across the vertical centreline of the shell is applied. Further-
more, both the top and bottom horizontal edges are forced to
maintain a right angle with this centreline. Their movement is

Figure 1. Schematic of events leading to the movement of the HRA.
The hygroscopic expansion of the shell in vertical direction is
selectively restricted on the vertical centreline, thereby forcing the
edges to become longer than the centre. This causes the top and
bottom edge to rotate with respect to one another, twisting the
geometry. The constraints and the deformation they cause are also
depicted in figure 2.

still allowed in the xy-plane. See figure 2(a) for a schematic of
the constraints applied to the design.

These selective restrictions impose a gradient on the
amount of vertical elongation that is possible, being zero at
the shell centre and increasing towards the shell edges. While
this edge elongation causes a snap-through buckling with the
petals of a lily [9], here it forces the shell to twist into a helicoid
shape due to the right angle constraint. It thereby rotates the
top and bottom edges with respect to each other, while staying
parallel to the xy-plane (see figure 2(b)).

2.2. Analytical model of geometrical parameters

In the deformed state, the surface will take on a shape resem-
bling a helicoid. With a known hygroscopic expansion, the
theoretical achievable angle can be determined based on the
main geometrical parameters r (radius, measured from shell
centreline to shell edge) and h (height of shell, measured across
its centreline) by looking at the length of the edge Le of the sur-
face.

In figure 3, a helical curve is projected onto a cylindrical
surface. This surface is then cut with this helical line and
rolled out flat, so that a triangular shape is formed [24]. The
length of this helix is defined by the height of the cylinder
and the amount of circumferences the helix completes, using
Pythagorean theorem.

Li =
√
h2 +C2

i =
√
h2 +(2πi)2 · r2, (1)

where h is the height of the cylinder,Ci= 2πi · r is the travelled
distance in terms of a fraction i of the circumference, r is the
radius of the base circle and Li is the length of the helix.

The movement of the presented design is driven by edge
elongation and has rotation as the dependent variable. This
elongation is caused by the hygroscopic strain of the material
in vertical direction. Since the original geometry is a rectan-
gular shell with vertical edges of equal length, the new length
of the outer edge Le after deformation is

Le = h · (1+ Sh), (2)

where Sh is the engineering strain caused by hygroscopic
swelling.
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Figure 2. Schematic of the HRA, before (a) and after (b) being
exposed to water. Radius r, height h and thickness t are the main
geometric parameters that are being investigated. θ is the resulting
angle. The movement is based on the differential elongation of the
vertical edge Le with respect to the length of the vertical centre h.
The top and bottom horizontal edges are rigid and are forced to
maintain a right angle with the vertical centreline.

Substituting equation (2) into equation (1) and rearranging
terms to obtain the relation for an arbitrary rotation yields

h · (1+ Sh) =
√
h2 +(2πi)2 · r2, (3)

2πi=

√
(h · (1+ Sh))2 − h2

r2
. (4)

This result can then be generalised to provide the angular rota-
tion in degrees for each set of Sh, h and r:

θh =
180
π

√
(S2h + 2Sh)

h2

r2
. (5)

This analytical model shows that the rotation due to hygro-
scopic swelling θh is proportional to the height h and inversely
proportional to the radius r of the shell, while being independ-
ent of its thickness t. The extent to which these relations cap-
ture the behaviour of an HRA is subject of investigation in the
following sections.

2.3. Numerical simulation

To investigate the influence of the three main parameters on
the performance of the HRA, numerical simulations are per-
formed. The shell is modelled as a NURBS-surface using an
isogeometric analysis (IGA) framework [25]. The Kirchoff–
Love plate theory is used as constitutive relation and a linear
orthotropic material law is applied. Furthermore, a quasi-static
behaviour is assumed, meaning that dynamic effects are neg-
lected. Thus the analysis consists of a series of static analyses

Figure 3. Schematic of dimensional properties of a rolled-out helix.
The length Li of the helix is defined by the height h of the cylinder
that it envelops and the amount of circumferences Ci= 2πi · r it
completes.

corresponding to the levels of applied strain. The non-linearity
of the response is solved using a standard Newton–Rhapson
algorithm. Only one half of the surface is simulated, since
symmetry along the vertical axis is assumed.

Radius r and height h are discretized to 10 control points in
u-direction (horizontal) and 100 in v-direction (vertical). To
realize the constraints of the design, the control points along
the bottom edge are fixed to restrict translation in all directions,
realizing a clamping constraint. The control points on the top
edge are constrained in z-direction only, allowing for move-
ment in the xy-plane but maintaining the right angle between
the central axis and top edge. To further simulate a clamp-
ing condition, the control points of both the top and bottom
edges are rigidly connected to their vertical neighbours and
these connections are forced to maintain a right angle with the
xy-plane.

To enable symmetry, the nodes along the centreline are
constraint in all directions of translation. Their rotations are
unconstrained in order to allow the surface to twist. The top
and bottom control points of the vertical centreline are defined
as clamping points and can be used to measure or impose
torques and rotations about the z-axis. See figure 4(b) for an
overview of the constraints imposed on the model.

A main geometry is chosen, with dimensions 30mm by
70mm by 0.62mm (r · h · t). From this geometry, radius,
height and thickness are independently varied in positive and
negative direction to generate a variety of geometries. For each
of these geometries, the hygroscopic engineering strain Sh is
imposed on the shell in the (initially vertical) v-direction, by
stepwise increasing the strain on element-level. In essence, the
imposed strain value changes the neutral length of the ele-
ments but does not directly impose a given length to the ele-
ments in the deformed state. The stresses that result from the
change in neutral length drive the deformation. As the geo-
metry deforms, the resulting angle of the HRA can be determ-
ined. An initial disturbance and a small initial twist are imple-
mented to help the simulation overcome buckling, and to force
the deformation to be anticlockwise to its undeformed state
(see figure 2).

To compare the angles resulting from the analytical model
with those resulting from the numerical simulations for each
parameter of interest, a Root Mean Square Error (RMSE) is
used. It is defined as
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Figure 4. Schematic of the geometry as implemented in the
numerical model. A surface is parameterized by defining nodes in
u-direction and v-direction. By definition, these directions are
tangent to each location of the surface. The implemented
translational constraint along the vertical centreline and the
clamping constraints along the horizontal top and bottom edges are
also shown.

Table 1. Dimensions of the geometries that were subjected to
torque-simulations. Versions denoted in capitals (A–E) were also
produced and tested as prototypes.

Version
Radius r
(mm)

Height h
(mm)

Thickness t
(mm)

A 30 70 0.62
B 30 40 0.62
C 30 100 0.62
D 10 70 0.62
E 50 70 0.62
F 30 70 0.32
G 30 70 1.22

RMSE=

√√√√1
n

n∑
i=1

(θha,i− θhs,i)2, (6)

where n is the amount of solved geometries for each parameter
of interest. Angles θha,i and θhs,i are the analytical and numer-
ical resulting angles of geometry i, respectively.

To investigate torque, seven deformed geometries are
chosen (table 1): the main geometry, and for each design para-
meter a value near the beginning and end of the simulated
range. In the table, the geometries that were also used for the
prototypes are denoted in capitals. A rotational displacement is
gradually imposed on the upper clamping point of the surface,

Figure 5. Schematic showing the different rotations subjected to the
geometries, depicted from above. The hygromorphic rotation (θh) is
caused by exposure to water. The stretching rotation (θa) and the
torque measurement rotation (2θa + 2θh) are caused by applying a
rotation on the top clamping point.

while measuring the torque exerted on the bottom clamping
point about the z-axis. In this part of the analysis, the Newton–
Rhapson solver is displacement-driven. This overcomes pos-
sible difficulties to go by limit-points of the solution curve
caused by, e.g. multi-stability of the system.

This rotation consists of two steps. Before starting to meas-
ure the torque on the bottom clamping point, an additional anti-
clockwise rotation θa of 30◦ is imposed, stretching the geo-
metry beyond its deformed state. Second, a clockwise rotation
is imposed while measuring the torque. This final clockwise
rotation consists of twice the resulting angle θh and twice the
additional angle θa, stretching the geometry again. These steps
are taken to determine the behaviour beyond the hygromorphic
deformation. Figure 5 shows the complete sequence of rota-
tion, including the initial resulting angle θh.

2.4. Prototype realisation

In order to validate the simulations, five different geomet-
ries were built and tested. These geometries were chosen to
correspond with the choices made for the simulated geomet-
ries. The central geometry A was built, as well as geometries
towards the ends of the simulated spectrum of height (geomet-
ries B and C) and radius (geometries D and E), in both positive
and negative direction. The thickness has not been varied in the
physical tests, due to the lack of availability of veneer slices
with the same properties but different thickness. See table 1
for an overview of the dimensions of the prototypes.

Because of its orthogonal properties, most notably the
direction-dependant expansion [23], wood was chosen as
hygro-responsive material. Performance of thin slices of wood
(veneer) has proven to be sufficient for actuator applica-
tions [19].When exposed to water, these veneer slices elongate
perpendicular to their fibre direction only; they maintain their
length parallel to the fibre.

The veneer slices were glued in 3D printed PLA clamps
(Prusa Mk3s) with their fibres oriented horizontally. These
clamps keep a perpendicular angle between the vertical
centreline and the top and bottom edges of the shell. The

4



Smart Mater. Struct. 30 (2021) 025008 S Joosten et al

Table 2. Overview of the dry and wet material properties used in the numerical simulations.

Young’s modulus Shear modulus Poisson’s Strain
EL (MPa) ET (MPa) GLT (MPa) νLT (-) ET (-)

Dry 5619.5 207.2 356.9 0.048 —
Wet 4369.2 174.2 277.4 0.048 0.084

Figure 6. Dry and wet state of prototype D, with a radius of 10mm
and a height of 70mm. The thin slice of darker wood serves as the
centreline constraint and is glued on the veneer at both sides. The
grey 3D printed parts serve both as constraint of top and bottom
edge, and as connection interface between prototype and torsion
machine.

necessary constraint along the vertical centreline was realized
by taking two narrow rods of wood with the fibre in the ver-
tical direction and gluing them to the middle of the veneer on
either side. This bond of wood on wood proved to maintain its
integrity in most cases, even after being exposed to water with
the resulting large deformations. An example of a produced
prototype is shown in figure 6.

2.5. Prototype material properties

To investigate the behaviour of the HRA experimentally, and
to validate the analytical model and the numerical analysis,
prototypes were made. Beech veneer was chosen as the hygro-
active material for the HRA prototypes. In preliminary tests,
it showed to have a sufficient elongation while maintaining its
structural integrity during large deformations.

Some material properties needed to be determined for
implementation in the orthotropic material model, before it
could be used in the numerical simulations. Hygroscopic
expansion was measured by soaking five slices of veneer in
water and measuring their dimensions before and after soak-
ing. This resulted in an average elongation of 8.4% perpendic-
ular to the fibre direction. No elongation parallel to the fibre
direction occurred.

The Young’s moduli were determined by performing a
three-point bending test on five slices of veneer in both dry
and wet state, resulting in a Young’s modulus perpendicular to

the fibre (ET) of 174.2MPa and a Young’s modulus parallel to
the fibre (EL) of 4369.2MPa.

These values are lower than those found in literature,
although values in literature vary substantially [26–28]. This
is potentially due to the fact that in this case, the wood is com-
pletely saturated, whereas values in literature are based on a
lower water content [27]. Furthermore, the wood used could be
a different species of beech with a different density. Young’s
moduli of wood are known to decrease with increasing water
content and vary with different species and densities [23].

The shear modulusGLT and Poisson’s ratio νLT are needed.
The shear modulus was determined by calculating the ratio
between mean values of EL and GLT from literature [26] and
applying this ratio to the experimentally determined EL of the
veneer, resulting in a value of 781.3MPa. Since the Poisson’s
ratio does not vary substantially with varying water content,
it was determined from literature [26], resulting in a value
of 0.048. An overview of the material properties is given in
table 2.

2.6. Test protocol

Each of the five prototype variations was fabricated five times,
resulting in a total of 25 specimens. Each specimen was first
soaked in water until no further rotation was noticed. It was
then photographed from above. The resulting angle θh was
determined using the image analysis software ImageJ [29].

Next, the specimen was placed in a torsional test bench
(Zwick Z005 with HBM T20WN 0.5 Nm torque meter). A
rotation was gradually imposed, while measuring the torque
T on the bottom clamping point around the vertical axis. The
same approach was taken as with the simulations, with addi-
tional rotations beyond the resulting angle θh of the deformed
geometry (see figure 5). In this case however, a smaller θa ran-
ging from 5◦ to 2◦ was applied, so that the prototypes would
not break before test completion.

From the angle measurements, boxplots were created to be
able to compare the experimental resulting angles to the angles
derived from the analytical model and the numerical simula-
tions. For each of the prototypes A to E, the torque-rotation
graphs of the successful specimen were interpolated to obtain
the average torque-rotation graph for that specimen. These
graphs could then be compared to the results of the torque sim-
ulations.

3. Results

3.1. Hygromorphic rotation

Figure 7 shows the angle resulting from the simulations for
increasing height (orange dots, figure a) and radius (blue dots,
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figure b) respectively. Additionally, the grey lines show the
resulting angle according to the analytical model, calculated
using equation 5.

The numerically simulated angles from geometries with
varying height and radius follow the same path as the analytic-
ally calculated angles, albeit with a difference. The RootMean
Square Error (RMSE) between the analytically and numeric-
ally calculated angles when varying the height is 5.4◦. When
varying the radius, the RMSE is 8.1◦.

The influence of the thickness t on the resulting angle is
depicted in figure 8. The numerically calculated angle fluc-
tuates around the constant angle predicted by the analytical
model, with an RMSE of 4.7◦.

The development of the vertical engineering strain at each
horizontal location of the geometries A to E is depicted in
figure 9, normalised as a percentage of the radius. Although
the initial vertical strain imposed on the shell is 0.084 along its
entire radius, the resulting vertical strain calculated from the
actual elongation is not uniform along the radius. As imposed
by the constraints, it is zero at the shell centreline. It increases
towards the shell edge and overshoots the imposed strain. The
amount of overshoot increases when radius decreases, being
50% in the case of geometry D.

The graphs predicted by the numerical simulations show
discontinuities. Figures 10(a) and (b) show the geometries
highlighted in figure 7(b), before and after a discontinuity with
a drop in resulting angle. These geometries differ in radius by
only 0.1mm, while having a difference in resulting angle of
15.51◦.

Taking a closer look at the deformed geometries at these
discontinuities of the numerical simulation graphs, different
buckling modes and edge wrinkles can be seen. A simplified
representation of the wrinkling of the edge per segment of the
resulting angle graph obtained from the numerical simulation
is shown in the insets in figures 7 and 8.

This edge-wrinkling is present to varying extent at all
solved geometries. As seen in figure 7(b), the shell edge main-
tains a similar shape per segment when increasing radius. At
small radii a few wrinkles with a small amplitude are present,
growing in size and numbers at segments with larger radii.
Varying height (figure 7(a)) shows a different behaviour. Here,
the end of a segment showsmultiple larger wrinkles, which get
smoothed out when jumping to a next segment with a higher
resulting angle. When the height increases further, wrinkles
form again, until the next jump in resulting angle.

The boxplots in figure 7 show the angular deforma-
tion of the tested prototypes. They show the same beha-
viour when radius or height varies, but their resulting
angle is on average 20% lower than that of the numer-
ical simulations. An example of a hygroscopically deform-
ing prototype is displayed in movie S1 (is available online
at stacks.iop.org/SMS/30/025008/mmedia), showing a time-
lapse of a specimen of prototype D being exposed to
water.

The prototypes also show similar buckling modes and
wrinkling behaviour as the simulations. Within the same pro-
totype there is a spread in resulting angle. This is most notable
when looking at various specimen of prototype E, depicted in

Figure 7. Resulting angle of geometries with constant radius and
varying height (figure a), and geometries with constant height and
varying radius (figure b). Results of the simulation are depicted
using dots. The grey lines show the angle from the theoretical
calculation (equation 5). The results of the tested geometries are
depicted with boxplots, with their labels corresponding to the
prototype versions in table 1. The insets show a 2D-representation
of the wrinkles of the edge at the numbered segments of the graphs.

figures 10(c) and (d). Its resulting angle ranges from 7.1◦ to
30.5◦.

3.2. Torque upon applied rotation

The torque-rotation graphs of the five main geometries have
been determined both numerically and experimentally. The
left column of figure 11 shows the hygromorphically deformed
geometry that is used as starting point for the torque simula-
tions, together with the undeformedmain geometryA (red out-
line). The middle column shows the numerical results (orange
line) and the interpolated result of the tests (blue line) for each
of the five geometries A to E. Additionally, the grey lines show
the simulated torque during a rotation of a dry and undeformed
shell.
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Figure 8. Resulting angle of geometries with constant radius and
height, and varying thickness.

Figure 9. Engineering strain per vertical segment of the shell, for
each of the five simulated geometries A–E. The grey dashed line
represents the strain imposed on the shell in v-direction. At 100% of
the radius, the strains of the geometries overshoot the imposed
strain. Note that the radii of the five geometries are normalized.

The right column shows how each of the interpolated lines
originates from the tested specimen. The grey lines show the
different specimen that were tested per geometry. The torques
of the tested geometries have been scaled by 0.5, since the
prototypes consisted of two shells and the simulations only
of one due to the symmetry across the centreline. Note that
not all tests succeeded; some specimen failed during hygro-
scopic deformation, some failed halfway through the rotation
sequence. Each tested prototype has at least three successfully
tested specimen.

During rotation, the torques of thewet geometry are close to
zero. As soon as the resulting angle is reached, however, torque
increases. The dry rotation shows this increase immediately
when being rotated, without a region of zero torque.

No real trend is observed when looking at the torque graphs
of different radii or heights, other than the transition region

Figure 10. Comparison of buckling modes of deformed geometries.
Figures (a) and (b) show an example of a simulated geometry with a
slightly different radius just before (a) and after (b) a discontinuity
in resulting angle. The specific moment of this example is depicted
in figure 7 with red circles. Figures (c) and (d) both show a wet
specimen of prototype E, with a radius of 50mm and a height of
70mm.

from positive to negative torque being larger with a larger res-
ulting angle. The magnitude of the transition region of geo-
metry E is highest, followed by geometry C.

The prototypes show similar behaviour. Their graphs show
a region of low torque, too. The torque in their region has smal-
ler fluctuations but generally has a positive offset, whereas the
torque in the transition region of the simulated geometries fluc-
tuates around zero. Themagnitude of the transition region fluc-
tuates around 0.007N·m for prototypes A, B and D, around
0.015N·m for prototype C, and around 0.02N·m for proto-
type E.

As shown in figure 12, the rotation-torque graphs of geo-
metries with a varying thickness following from the simula-
tions show similar behaviour as those of the rotation-torque
graphs of geometries with varying radius and height. Within
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Figure 11. Deformed geometries and torque-graphs of the five simulated and tested geometries. The left column displays the hygroscopicly
deformed geometries before being rotated back, together with the outline of the undeformed main geometry A in red. The middle column
displays the torques of simulated geometries (orange lines) and the interpolated result of the tested prototypes (blue lines). Additionally, the
simulated torque of a dry and undeformed geometries is shown in grey. The right column shows how the interpolated line for each prototype
is determined from the tested specimen. Note that the scale of the y-axis is different from the one in the middle column.
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Figure 12. Torque during simulated back-rotation of three instances
of geometry A, each with a different thickness.

the hygromorphically deformed angular range, torque fluctu-
ates around zero. Rotating the geometry beyond this range
increases the torque. The height of the fluctuations does vary
however. The peak-to-peak distance increases as the thickness
of the shell increases.

4. Discussion

4.1. Influence of geometric parameters on resulting angle

Looking at figures 7(a) and (b), height and radius prove to be
valid parameters to design for a certain rotation of an HRA.
Depending on the specific application and corresponding size,
one of the two can be chosen, after which the other follows
from the desired angular output.

The numerical simulations confirm the relation between h,
r and θh from the analytical model of equation 5. The result-
ing angle θh increases proportionally as height h increases, and
decreases as radius r increases. Unlike suggested by the ana-
lytical model, figure 8 shows that the resulting angle is not
entirely independent of the thickness of the shell. Due to the
increasing and decreasing number of wrinkles of the shell,
the resulting angle fluctuates around the analytical value when
thickness is increased. This fluctuation is minimal however.

The difference between the resulting angles found in
the analytical model and the numerical simulations can be
explained by looking at the development of the strains in
figure 9. The actual vertical engineering strain overshoots the
imposed engineering strain Sh at the shell edge. This means
that the length of the outer edge of the shell Le will be longer
than calculated in equation 2, resulting in a larger rotation.

Another difference between the analytical model and the
numerical simulations, are the discontinuities in the graphs
of the simulated angles. Taking the deformed geometries in
figure 10 as an example, shown in figure 7 with red circles, a
reason for these discontinuities can be seen. Although their
radii differs only by 0.1mm, the geometry in figure 10(a)
buckles extensively, resulting in wrinkles along its edge. The

part of the elongation that is used to create those wrinkles
is not converted in a rotation. The edge of the geometry in
figure 10(b), however, is almost smooth and therefore a larger
resulting angle is achieved.

Each line segment of the numerical calculations in figures 7
and 8 is thought to correspond to a certain buckling mode
of the shell. Multiple parallel lines may exist, from which
only segments are found when the numerical simulation jumps
from one to the other. Multiple modes can exist in the same
geometry, meaning that the same geometry can have differ-
ent stable deformed instances, each of them with a different
resulting angle. This behaviour resembles that of other multi-
stable compliant shell mechanisms [30–33] and is shown in
movie S2.What exactly causes this multi-stable behaviour and
how it can be designed to fully exploit its benefits, remains
subject for future research.

The observed buckling modes and multi-stability are also
present within multiple specimen of the same prototype. Some
specimen display a small angle with large wrinkles on the
edge, but can bemanually rotated to their maximum angle with
smooth edge and maintain this position. Figures 10(c) and (d)
show an example of this phenomenon. The specimen of proto-
type E in figure 10(c) displays more and larger wrinkles, con-
verting less elongation in a rotation than the specimen of pro-
totype E in figure 10(d).

4.2. Influence of geometric parameters on torque

Once deformed, the HRA behaves like a zero-moment ele-
ment, essentially straightening and elongating the crossover
region from positive to negative torque. In its wet and
deformed state, the geometry can be rotated back with a torque
close to zero, until the negative hygromorphic angle is reached.

Radius and height do not seem to have an influence on the
magnitude of the torque, besides the fact that the zero-moment
region is larger with a smaller radius or larger height. The
thickness of the shell does have an influence on the peak-to-
peak value of the oscillations in the zero-moment region of
the rotation and on the slope of the rotation-torque graph out-
side of the zero-moment region. Both increase as thickness
increases, suggesting that thickness can be used to tweak the
torque-output during rotation. Further research is needed to
quantify the influence of thickness on the torque.

The fluctuations of the torque in the zero-moment region of
both the simulated and tested geometry are caused by wrinkles
being formed or being stretched flat. This is displayed in more
detail in movie S3, showing the back-rotation of a specimen of
geometry C together with its torque-graph. Initially, a wrinkle
will resist rotation, causing an increase in torque. Beyond a
certain threshold, the shell rapidly jumps to another mode,
releasing the build up stress. This manifests itself in the torque
graphs as fluctuations around a value close to zero.

The positive offset of the torque graphs of the prototypes
is supposedly due to the visco-elastic behaviour of the wood.
The angle-torque graphs depend on the direction of the rota-
tion. The graphs in the right column of figure 11 only show
one direction; if the geometry would have been rotated back
to the start position of the torque-test, a loop would form.
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More research is needed to further investigate the visco-elastic
aspect of wood as a material for the HRA.

4.3. Comparing numerical simulation and prototype
experiments

The observed differences between numerical simulations and
experiments are small. The biggest difference lies within the
zero-moment region of the torque graphs, which has bigger
fluctuations in the simulations. The geometry is modelled
as a perfect uniform shell, whereas the veneer used in the
prototypes has imperfections. A perfect shell buckles more
abruptly than an imperfect shell. This could explain the dif-
ferences observed in the torque-graphs. Further investigation
may improve simulation accuracy.

The lower resulting angles of the tested geometries can be
explained by looking at the differences between the simulated
model and the constructed prototypes. The most notable dif-
ference is the implementation of the constraint. The added thin
slices of wood at each side of the shell stop the middle from
elongating, but they also add extra rotational stiffness. This
additional stiffness will resist angular deformation and there-
fore the deforming geometry reaches a smaller resulting angle.
Likewise, the bonding between the slices of wood and the shell
sometimes fails as a result of large buckling, as can be seen in
figure 10(c). This also causes a lower resulting angle.

The choice of veneer as a material for the HRA has proven
to be advantageous for the creation of an initial prototype. It is
easily available and low-tech. However, some challenges arise
from its inhomogeneity and unpredictability. Wood is known
to have imperfections, which in this case causes a spread in
behaviour between specimen and sometimes specimen fail
before test completion. After two to five cycles, most proto-
types were broken. Furthermore, the shell is not perfectly sym-
metrical across its centreline because of these imperfections,
causing differences in the shape of the edge wrinkles on either
side. The general movement remains symmetrical however,
due to the rigid clamps on the top and bottom edges. Investig-
ating different hygroscopic materials that remain intact during
repeated movement cycli will greatly improve prototype per-
formance.

Additionally, the form-freedom of veneer is limited to flat
or developable shells. For some applications it would be bene-
ficial to develop a more controllable material that can be
shaped to a spatially curved shell, while maintaining its hygro-
scopic directional properties.

4.4. Potential applications

The geometries treated in this paper can be of use in a number
of applications. According to the analytical model, equal scal-
ing of height h and radius r yields the same resulting angle
θh. Scaling will be limited by material availability however,
as the circular cross-section of trees limits the size of veneer
with parallel fibres that can be produced. To design an HRA
for larger applications, a different hygro-active material might
be needed.

Similar to already existing systems [19], multiple HRA’s
could be placed on a building façade, regulating the airflow
through the building in response to the environmental humid-
ity. Due to the cylindrical movement space, they can be placed
inside a pipe and will therefore stick out less than existing
meteoro-sensitive façades.

Developing the placement inside pipes even further, the
HRA could also be used to regulate waterflow in for instance
irrigation systems. It can be designed to open a container of
water during a period of drought, closing the container again
when a certain volume of water has passed. A precise control
of the rotation based on the influx of water in the material will
be needed.

Alternatively, a different look on the HRA might provide
another application. In zero-moment systems, also referred to
as neutrally stable systems, pretension is needed to perform
the zero-moment behaviour. By fixing both ends of the shell,
the HRA provides a way of adding or subtracting pretension,
thereby activating the system to enable its functionality.

Finally, the concept of a rotational motion due to select-
ive restriction of an expansion does not limit itself to hygro-
scopic swelling only. Passive actuators could be designed to
take advantage of other environmental gradients such as tem-
perature, making the concept accessible for more high-tech
applications and materials.

5. Conclusion

A Hygromorphic Rotational Actuator has been designed by
selectively restricting the direction-dependent hygroscopic
elongation of a compliant shell. The HRA is capable of
deforming its own geometry, and therefore matches the
observed behaviour in the plant world and that of other hygro-
morphic actuators. The simplicity of the HRA is its greatest
asset; it operateswithout the need of additional sensors, motors
and control units, and it does so with a minimum amount of
parts.

The presented design adds to the possibilities of passive
hygromorphic actuators and can be used as a building block in
larger compliant systems. Its range of motion can be tweaked
by selecting the radius and height of the shell. The shell’s
thickness does not have a notable influence on its kinematic
behaviour. It does seem to influence the magnitude of the
torque. This effect should be investigated in more detail.

The multi-stable and zero-moment behaviour are interest-
ing aspects of the HRA that can further expand its usage.
Being able to precisely control these aspects remains subject
for future research,
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