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Plants use highly reliable nastic movement through the oriented hygroscopic
swelling of tissue to autonomously respond to external stimuli. Buildings, on the
other hand, use highly unreliable kinematic mechanisms with multiple
failure-prone components that are dependent on electromechanical input.
Literature describing stimulus-responsive shape-changing actuators focuses
primarily on single-stage reversible movements, and therefore provides limited
insights into the methodologies needed to achieve directed multistage locomotion.
Here we describe a methodology to develop a self-propelling and programmable
robot (Hygrobot) capable of flexible locomotion with the cyclic introduction and
removal of moisture. Several multi-layer mechanisms were programmed to
actuate sequentially with changes in moisture, in a choreographed manner, to
generate locomotion. We expect that this approach can advance interest into
hygroscopic self-propelled mechanisms, as well as foster further research into the
development of more complex kinematic mechanisms, requiring articulated and
multi-stage actuation, for direct architectural or robotic implementation.
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INTRODUCTION
Wood is a hygroscopic material. With a change in
moisture content, it shrinks and swells anisotropi-
cally, affecting strength, stiffness, and fracture mor-
phology (Dinwoodie, 2000). Commonly regarded as
a deficiency (Simpson, 1983), nature has found mul-
tiple avenues to augment and expand the dimen-
sional change of cellulose tissue as a highly efficient
actuation mechanism. Unlike plant movements ac-
tively driven by turgor variations and osmotic gra-
dient, which require the plant to be alive and re-

quire metabolic energy, passive swelling and shrink-
ing of tissue can occur long after the plant is dead
- even in semi-fossilized structures (Poppinga et al.,
2018; Poppinga, 2015). In other words, the direc-
tion and magnitude of actuation is programmed in
the structure of the tissue itself and therefore oper-
ates autonomously in response to external signals
like humidity. Passive swelling drives the movement
of wheat awns, the self-burial of seeds, the shrink-
age of some types of mosses, and the opening and
closing of pinecone scales (Reyssat and Mahadevan,
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2009). Pinecone scales are a key bio-mimetic model
for bilayer material structures that curl in response to
moisture. They open when the air is dry and close
when the air is wet, a reversible and repeatable pro-
cess vital for fertilization (Figure 1B-1C). This shape-
change is passive, and is considered to be ‘biologi-
cally programmed’ within the tissue (Dawson et al.,
1997).

Stress-induced bending in bilayers was estab-
lished by Timoshenko in his work with bi-metal ther-
mostats (Timoshenko, 1925). This functional bilayer
principle has been widely referenced in the litera-
ture regarding stimulus responsive shape-changing
mechanisms. This includes hygroscopic woodmech-
anisms (Reichert et al., 2015, Ruggeberg and Burg-
ert, 2015, Holstov et al., 2015), 4D printed mecha-

Figure 1
A: Hygroscopic
bend initiated by
changing relative
humidity in air over
time in a wood
veneer and
fiberglass bilayer.
B-C: Hygroscopic
bend initiated by
increasing relative
humidity in air over
time in a pinecone
scale (t=0 and
RH=10%, to t=25
min and RH=85%).
D: Differences in
bend angle
depending on grain
direction after
moisture
introduction (t=180
s, RH=85%). E-F:
Differences in bend
direction
depending on
moisture level of
active layer at
fabrication (left
sample in both E, F
fabricated at
RH=35% and right
sample in both E, F
fabricated at
RH=85%).
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nisms (Tibbits, 2014,Woodet al., 2016, Gladmanet al.,
2016, Han et al., 2018), thermo-responsive metal bi-
layers (Sung, 2016), and hybrid wood-metal compos-
ites (Abdelmohsen et al., 2019). Samples are gener-
ally developed to achieve continuous curvature but
localized bending has also been proposed by limit-
ing the bilayer region relative to the sample, to form
hinge like mechanisms (Tibbits, 2014).

Wood is a naturally grown material with a highly
oriented structure that is highly differentiated based
on the wood grain orientation (Gibson and Ashby,
1997). Hygroscopic expansion is highly variable be-
tween wood species or even within different speci-
mens of the same tree due to natural variation (Din-
woodie, 2000). Moisture-responsive shape-changing
bilayers have been fabricated by bonding quarter
sawn maple with an inactive layer of glass fiber tex-
tile (Reichert et al., 2015, Holstov et al., 2015, Abdel-
mohsen et al., 2019), or by cross laminating maple or
beechwith spruce veneer (low hygroscopic swelling)
to create an all-wood bilayer (Wood et al., 2016,
Ruggeberg and Burgert, 2015, Dierichs, 2017). Test-
ing of glues andoptimized fabricationparameters for
wood bilayers has provided valuable insight into the
large-scale implications that this system may offer
(Vailati et al., 2017, Vailati et al., 2018). Beyond wood
lamination, there has also been ongoing research
into the potential of 3D printing in the development
of wood polymer composite bilayers, using wood or
cellulose fibers embedded in polymer inks (Gladman
et al., 2016, Erb et al., 2013, Correa et al., 2015).

In architecture, Michelle Addington (2005) states
that “SmartMaterials are essentiallymaterial systems
with embedded technological functions”. These
functions, and specifically the computational capac-
ity ofmaterials, have fascinated engineers, physicists,
and architects (Addington, 2005; Harding, Miller, and
Rietman, 2008; Toffoli and Margolus, 1991). Using
this “material intelligence” (Kwinter, 2001), in con-
junction with the cyclical changes in humidity and
temperature, these hygroscopic actuation mecha-
nisms can have a key role in reducing energy con-
sumption and carbon emissions in the built environ-

ment (Poppinga et al., 2018). Applications of hy-
groscpopic wood actuators in architecture include
building skins (Reichert et al., 2015), larger scale
shading mechanisms (Vailati et al., 2017), and a solar
trackingdevice for photovoltaic applications (Rugge-
berg and Burgert, 2015). However, all of these exist-
ing actuators are fixed in place, and at the moment
there is limited literature that investigates their po-
tential as untethered systems capable of moving in-
dependently. Research by Dierichs and Wood has
addressed the potential of granular climate respon-
sive components capable of re-configurable self-
assembly (Dierichs, 2017), but no known research ex-
ists that has particularly looked at locomotion as the
key performance driver for hygroscopicmechanisms.
The presented paper accordingly outlines a proof of
concept that demonstrates a primitive four-legged
robot (Hygrobot) programmed to self-propel with a
change in humidity. We demonstrate and quantify
the potential for a localized bilayer region to limit the
angle of curvature and produce a joint-like bending
effect for multistage locomotion.

MATERIALS ANDMETHODS
SystemVariables
The stimulus-responsive behaviour of a hygroscopic
bilayer system is affected by a series of parame-
ters. These parameters can be controlled to calibrate
when, and how, a bend will occur.

Active Layer Type and Thickness. Quarter-sawn
maple veneer with 0.8 mm thickness was used as the
active layer. Maple was selected given its lowermod-
ulus of elasticity, grain direction homogeneity, and
decay resistance (Reichert et al., 2015). A quarter-
sawn veneer cut was selected due to greater con-
sistency in grain and radial expansion (Dinwoodie,
2000). Consistency in the grain direction is important
as this directionality is directly correlated to the di-
rection of swelling. Changing the angle of grain ori-
entation in the sample correlates to a change in the
direction of bending (Figure 1D).
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The actuation response time is directly affected
by the rate of moisture diffusion throughout the
component. Therefore, larger thickness in the active
layer requires more time to reach equilibrium, hold-
ing off natural deformation for longer (Reichert et al.,
2015). The time required for the bilayer to shape-
change is determined by the speed of change in the
relative humidity and the rate of moisture intake by
the sample.

Inactive Layer Type. The restrictive layer constrains
the expansion of wood. Based on the referenced lit-
erature and preliminary testing, either an epoxy and
fiberglass layer (Figure 1), or a strictly epoxy layerwas
used throughout this work.

Relative Humidity. Moisture is the primary driver
of movement in hygroscopic bilayers, and specifi-
cally relative humidity (RH). RH represents the ratio
of the vapour pressure of the air to the saturated
vapour pressure of the air (Dinwoodie, 2000). For a
given vapour pressure and air temperature, there is
an equilibrium moisture content for wood where no
vapour will travel in or out. As the vapour pressure or
temperature changes, so too does the moisture con-
tent of the wood, attempting to reach equilibrium
(Dinwoodie, 2000). When wood is bonded to an in-
active layer, environmentally sealed on one side, a
stress gradient occurs between the two layers, result-
ing in the bending of the bilayer. As such, we can de-
fine the behaviour of a hygroscopic bilayer bend in
terms of the relative humidity of its surrounding air.

RH can also be defined as a function of the abso-
lute moisture content in the air and the air temper-
ature. Warm air can hold more water than cold air,
meaning for a given amount of moisture in the air, as
temperature increases, the % RH will decrease. Ac-
cordingly, % RH can be changed by adjusting the ab-
solute moisture content in the air while leaving the
temperature, or by adjusting the temperature while
leaving the absolute moisture content (Dinwoodie,
2000). Because of the above relationship, changes
in temperature can have a direct effect on % RH. As
such, experiments were conducted in a sealed envi-
ronmental chamber, or a room with a consistent air

temperature (approx. 23° C). To change humidity, a
series of ultrasonic humidifiers were used through-
out the research.

Moisture Content of Active Layer at Bond. The
shape of the wood layer and moisture content at the
time of lamination corresponds with its rest condi-
tion. A bilayer laminated at low moisture will bend
upon moisture intake. Oppositely, a bilayer lami-
nated at high moisture will bend during moisture
desorption. Any bilayer can be programmed to bend
at a specific humidity, depending on the moisture
content of thewood at the time of lamination. Figure
1E-F shows a bilayer laminated at low moisture con-
tent and abilayer laminated at highmoisture content
first in low RH and then in high RH. The addition of
moisture into the air can be seen to have the oppo-
site shape-change effect on each bilayer.

Preliminary Experiments
Grain orientation and moisture content of the active
layer at bond were tested individually. For both ex-
periments active samples (maple veneer) were laser
cut to the same square shape, 10 cm x 10 cm in size.
In the first experiment, samples were cut at a differ-
ent angle relative to the grain, ranging from 0° to 83°.
The samples were prepared in a low RH environment
using a drying oven for 30 minutes at 100° C, and
lamination and curing was conducted in low RH (ap-
prox. 10% RH at 23° C). The samples were exposed to
a change from35%RH to 85%RH,while the tempera-
turewas kept constant at 23° C (Figure 1D). In the sec-
ond experiment, samples were bonded at either low
(approx. 10% RH at 23° C) or high RH (approx. 70%
RH at 23° C), and the effect of moisture introduction
and removal was observed (Figure 1E-F).

Hinge Experiments
To study the effect of hinge location on bilayer sam-
ple bending, eight veneer samples were fabricated
measuring 5 cm x 15 cm each. Samples were pre-
pared in a low RH environment (approx. 10% RH at
23° C). Samples were fabricated with controlled lo-
cal bilayer regions (as opposed to the full length of
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the sample). Each regionwas created by pressing the
maple veneer layer against a stamp of a controlled
size, sealing the veneer samples within the region
of contact only. The size of the contact region re-
mained consistent throughout this experiment (15
mm x 5 cm), and the location was varied experimen-
tall (Figure 3B-C). To study the effect of hinge size on
bilayer sample bending, eight bilayer samples were
fabricated in the samemanner as above. In each case,
the stamp thickness varied in size. The location of the
contact region centre remained consistent, about 4
cm from the fastening axis (Figure 3D-E).

Hygrobot Fabrication
The Hygrobot uses four actuated legs attached to an
inactive acrylic body. Each leg measures 8 cm long
and 1.75 cm wide. The legs were prepared using
the epoxy stamping methods described above, and
stampswere appliedhalfwayupeach leg to create lo-
calized bending, mimicking the effect of a knee joint.
The feet of the legs were given claws to increase fric-
tion during movement. The 0.75 mm thick acrylic
body was hollowed out to reduce weight. The legs
were attached to the body using fishing cord and
two-part epoxy resin. Figure 4 (right) shows the Hy-
grobot at rest.

RESULTS
Preliminary Experiments
Individual testswereperformed todemonstrateboth
the relationship between grain direction and mois-
ture content of the active layer at bond to shape-
change. This preliminary experimentation is consis-
tent with previous literature (Reichert et al., 2015),
demonstrating that the angle (Figure 1D) and direc-

tion (Figure 1E-F) of a bilayer bend can be controlled
through the calibration of the material preparation
and the fabrication process.

Computational Model
A geometric model was designed to approximate
the curvature observed in physical samples when
exposed to humidity (Figure 2). A linear relation-
shipwas then establishedbetween sample curvature
and humidity and was used in this model to accu-
rately predict bend severity between 35%-85% RH.
The sample curvature change in bending was de-
fined along a single arc, and was thus simplified to
account only for uniaxial bending caused by the ex-
pansionor contractionof cellulose tissue in the active
wood veneer component of the bilayer.

Location of Hinge
The relationship between the location of a targeted
bilayer and the overall bend of a sample was tested.
The bilayer location was changed relative to the fas-
tening axis across eight samples, varying in distance
(14mm intervals), beginning at 3.5 mm from the axis
(Figure 3B-3C). Equation 1 in Figure 3 shows the lin-
ear relationship between the seal location centre, x,
in mm from the fastening axis, and percent aperture
opening, f(x), as viewed from the normal to the bi-
layer surface at C. The percent aperture opening is
calculated by dividing the temporary aperture area
(created with the bilayer bend) by the overall bilayer
area at rest.

Size of Hinge
A subsequent experiment was conducted to test the
relationship between the size of a targeted seal and
the overall bend of a bilayer. The length of the local

Figure 2
Physical model (left)
against
computational
model (right) with a
change in humidity
and time
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Figure 3
A: The effect in the
variation of
targeted stamping
location with
moisture
introduction on
bend degree.
Samples at t=45
min, RH=85%. B-C:
The effect in the
variation of
targeted stamping
location with
moisture
introduction on
bend degree. The
grey rectangles
represent the
location of the
stamp, and
targeted bend axis.
D-E: The effect in
the variation of
targeted stamping
size with moisture
introduction on
bend degree. The
grey rectangles
represent the
location of the
stamp, and
targeted bend axis.

targeted bilayer increased from 1 mm to 15 mm, in-
creasing by intervals of 2 mm (Figure 3D-3E). Equa-
tion 2 in Figure 3 shows the linear relationship be-
tween the length of the seal, x, in mm, and the per-
cent aperture opening, f(x), as viewed from the nor-
mal to the bilayer surface at E. The percent aper-
ture opening is calculated in the samemanner as de-
scribed above.

These tests demonstrate that a lamination
methodology can be effectively used to control the
degree of a bilayer bend. From this, we can program
bilayer samples to achieve specific bending curva-
ture in a reversible and repeatable manner.

Four StageMovement of Hygrobot
Based on the presented control mechanisms, we
developed a robot (Hygrobot) that could achieve
independent locomotion, self-support, and self-
propelled displacement across a given surface over
time based on relative humidity changes in the envi-
ronment. In nature, several biological organisms use
friction to propel, or to amplify, their applied move-
ment. For example, snakes rely on surface roughness
to initiate their movement, and many other animals
rely on obstacle or surface friction to climb or dig
(Denny, 1980). Similarly, seeds use cellulose-based
nastic motors to dig themselves into the ground

(Burgert and Fratzl, 2009). Existing literature presents
various examples of abstract models that attempt to
translate similar animalmovement robotically (Shep-
herd et al., 2011). In our case, the movement of Hy-
grobot is based on a repeating set of fourmoves. Fig-
ure 4 displays each of these moves in order, illustrat-
ing cyclic motion.

The first step targetsmovement in the front legs,
actuated through the local depositing of moisture
via spray in an otherwise low-humidity environment.
These legs were programmed to bend with high
moisture (approx. 85% RH locally), such that when
moisture is deposited, bending occurs at the bilayer
joint. The moisture-induced bend causes the “lock-
ing” of the front legs to the ground, at which point,
unable to overcome static friction, pull the back legs
and body towards them (Figure 5A).

The second step targets movement in the back
legs. Like the front legs, the back legs were pro-
grammed to bend with high moisture (approx. 85%
RH locally), such that when moisture is deposited,
bending occurs at the bilayer joint. The moisture-
induced bend brings the back legs up towards the
front legs (Figure 5B).

The thirdmove involves furthermovement in the
back legs. The back legs, which are currently bent,
are actively dried using heat from a drier to flatten,
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Figure 4
Left: Four step
cyclic movement of
the robot with
targeted humidity
introduction and
time. Right: Plan
diagram of
Hygrobot at rest
(approx. 35% RH).

coming back to equilibrium moisture. This flatten-
ing motion pushes the robot forward, unlocking the
front legs from the ground (Figure 5C).

In the fourth move the front legs return to equi-
librium, flattening as they dry, and leaving the robot
back in its rest state in a new position (Figure 5D).

The four-step cycle was repeated four times
over the course of 127 minutes. Each cycle lasted
roughly 30 minutes and the robot moved a total of
43 cm. The temperature andhumidity in the room re-
mained constant throughout the experiment (T=24°
C, RH=35%) as moisture was introduced only locally
to the legs. Figure 6 displays the progression of the
Hygrobot over time.

DISCUSSION
We have fabricated a hygroscopic robot that can
move with targeted moisture introduction and re-
moval. This device is actuated using a four-step cycle,
generated by locally depositing and removing mois-
ture to the front and back legs in a coordinated se-
quence.

Limitations
The low thickness of the system’s legs gives an ad-
equately fast response to moisture changes in the
air, but also proves to be a structural liability over
time. Over-saturation can cause plastic deformation
of the wood, rendering it non-elastic, and less re-
sponsive to humidity. Unevenmoisture introduction

across the grain can also cause microstructural dam-
age in the material, further reducing its responsive-
ness to humidity (Reichert et al., 2015). In almost
all the sample experiments, noticeable differences in
the responsiveness of the legs over time (> four cy-
cles) were observed, and we speculate that the over-
saturation from our experimental process was the
cause. The time-scale for movement presents fur-
ther challenges. The average speed of the Hygrobot
through an entire cycle of movement is around 2.5
mm/min, far slower than many mechanized robotic
systems.

Future Research
Hygrobot relies on targeted moisture introduction
for locomotion. It is speculated that by programming
the front and back legs to bend and dry at differ-
ent moisture, a natural humidity cycle could drive lo-
comotion entirely. For example, its back legs could
be programmed to bend at a higher humidity than
the front legs such that, with an increase in humid-
ity to a fixed point, only the front legs would bend
and, with a further increase in humidity to a second
fixed point, the back legs would bend. Theoretically,
if non-localized moisture cycles could be effectively
demonstrated as drivers of movement, robots could
be calibrated to move according to the outdoor, or
indoor, humidity cycles in various locations, permit-
ting predictable and repetitive moisture patterns.
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Figure 5
Locomotion of
Hygrobot. A: The
first move, with
targeted movement
of the front legs (left
side of body). B: The
second move, with
targeted movement
of the back legs
(right side of body).
C: The third move,
with targeted
movement of the
back legs (right side
of body). D: The
fourth move, with
passive drying
releasing the body
back to rest.

While moisture-induced movement due to daily
fluctuations in arid regions would likely be dramatic
but slow, tropical regions might allow for more rapid
humidity fluctuations that could occur within a mat-

ter of hours. Future applications for locomotion re-
main speculative, but the ability to move through a
landscape in search of specific environmental crite-
ria,much likeplant’s seedsdo, couldprovide valuable
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Figure 6
Hyrgobot
progression over
time (in hours and
minutes). Final red
progress bar (2:07)
is 43 cm in length.

opportunities for terraforming. Furthermore, mois-
ture induced changes in geometry could provide po-
tential applications to reduce soil erosion and pre-
vent landslides.

A variation in the curing process between right
and left legs or in the angle of fastening relative to the
grain could allow for turning capabilities, and thus
multi-axismovement. Terrain conditions and feet ge-
ometry could also be further investigated.

Finally, there exists potential in expanding self-
propelling robotic movement beyond hygroscopic
systems. Similar mechanisms could be devised using
temperature (thermal expansion inmetal bilayers), or
a combination of both active and passive systems as
drivers and controllers of movement.

CONCLUSION
In this paper, we demonstrate a hygroscopically ac-
tivated robot, capable of self-propelled locomotion
and self-supportwith targetedmoisture introduction
and removal. Future studies should further investi-
gate locomotion in direct relation to naturally occur-
ring humidity cycles and with multi-directional flexi-
bility.
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