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Abstract. This paper presents an integrative approach to adaptive
structures, which harnesses the scale and strength of natural material
actuators such as wood as well as the functional physical programming of
material properties enabled by 3D-printing. Passively actuated adaptive
systems represent a growing field within architecture, and wood’s innate
capacity for hygroscopic responsiveness can be instrumentalized for use
as a natural actuator; however, the internal compositions of wood cannot
be fully customized. With 3D-printing, it is possible to tailor the internal
substructure of physical objects. We introduce a material programming
and additive fabrication method for designing macro-scale objects with
anisotropic stiffness and elasticity of varying magnitudes using functional
patterns, and embedding natural wood actuators into the synthetic 3D-
printed structures. In place of electronics and digital control, movement
is encoded in the physical material and fabrication logic—demonstrating
how self-shaping biohybrid components can emerge from a synergy of
natural and synthetic materials.
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Mechanical metamaterials · Bio-based actuation · Autonomous systems

1 Introduction

Passively actuated adaptive systems represent a growing field in architecture
and engineering. Many bio-based materials have the capacity to change shape
based on external environmental stimuli such as heat or humidity. Wood is a sus-
tainable, readily available, easily machinable, and high-performance construction
material with a natural capacity for moisture-induced and direction-dependent
swelling and shrinking. By accessing this inherent hygroscopic and orthotropic
behavior in a bilayer configuration, wood becomes a natural actuator that can
produce shape changes in curvature through bending [12]. This adaptiveness
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alludes to the potential for buildings to be more in tune with the fluctuat-
ing climate by automatically self-shading, self-ventilating, and self-stiffening in
response to environmental changes [11]. At the same time, when used at increased
size and thickness, wood can be employed as a self-shaping mechanism for the
manufacture of curved timber components and larger structures [4,6].

The structural properties of wood specific to shrinking and swelling can be
adjusted through densification, delignification, or chemical treatment. As a nat-
ural material, however, its stark anisotropic behavior within a sheet stock cannot
be fully customized [3,5]. Tailoring the direction of hygroscopic actuation can
be achieved by combining multiple boards into larger parts, but there are limits
due to the existing structure of the material [14,15].

Meanwhile, 3D-printing has enabled the tuning of material properties and
functionalities through the manufacture of compliant mechanisms with tailored
internal substructures. 3D-printed mechanical metamaterials with a range of
functions, from elastic patterns [9] to double curvature [7] to thermally actuated
mechanisms [1], have been researched; but existing literature shows that these
laboratory prototypes lack the scale, high swelling force, and actuation speed
necessary for some building applications.

Macro-Scale Self-shaping Biohybrid Components. We introduce an inte-
grative approach to adaptive structures, which harnesses the scale and actua-
tion strength of wood bilayer actuators as well as the functional programming
of varying stiffnesses and elasticities (of defined magnitudes and anisotropies)
that extrusion-based 3D-printing enables. Utilizing industrial robotic arms, 3D-
printing has already been proven at larger scales [13,16]; it is also possible to
3D-print a working quadcopter drone with an embedded motherboard and other
electronic components [8]. But in place of electronics and digital control, we
encode movement in the physical material and fabrication logic.

Through iterative investigations, we assessed the effect of meso-scale [2] func-
tional patterns on macro-scale objects, and explored the tectonic integration
between natural and synthetic parts. Finally, we deployed our additive fabrica-
tion strategy at full scale, producing meter long components with thicknesses
up to 8 cm which are capable of autonomous, shape-changing behaviors.

2 Results

2.1 Functional Patterns for 3D-printing

We formulated a method for producing designed material behaviors within
a macro-scale object, in which desired material properties are encoded into
the physical matter through meso-scale 3D-printed functional patterns. Using
fused filament fabrication (Tec 4 3D-printer, FELIX, Utrecht, Netherlands), we
extruded functional patterns at 0.1 mm precision and created a catalogue of
functional patterns for stiffness (out-of-plane bending) and elasticity (in-plane
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Fig. 1. Functional parameters include (A) pattern height, (B) resolution, (C) grid dis-
tribution, (D) amplitude, and (E) frequency. Shown here are the designed behaviors of
(F) an isotropic pattern, deforming equally in the X and Y axes, and (G) an anisotropic
pattern, deforming only in the Y axis, under a 15 N tension force. Bending bias can
be tuned via anisotropy and thickness, as exhibited by testing coupons with one edge
on a pin joint and string pulling from the free edge (allowing rotational freedom in the
XZ plane): patterns having (H) variable height and anisotropy in the Y direction and
(I) anisotropy in the Y direction buckle under a 1 N force, while (J) a pattern with
anisotropy in the X direction resists bending of up to 5 N forces.

stretching) with tunable magnitudes and tailored anisotropies. As the base-
line, we employed a Cartesian grid that can vary in distribution between the
axes; functional patterns were instantiated in a two-dimensional array. Differ-
ent behaviors were achieved by programming the pattern height (Z thickness),
resolution (XY density), grid distribution (anisotropic XY spacing), and the
geometry of wavy structures that act as mechanisms for allowing stretching and
compression (Fig. 1 A–E). To maintain the best possible mechanical properties,
the patterns were translated into a continuous, interwoven, and 3D-printable
toolpath.
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Materials and Methods for Evaluation. To understand how the functional
patterns cause bending and stretching, tests were conducted using thermoplas-
tic copolyester filament (FlexiFil, FormFutura, Nijmegen, Netherlands) with a
0.5 mm extruded width. Physical coupons with dimensions of 50 mm × 50
mm × 5 mm and 50 mm × 25 mm × 5 mm were used to evaluate in-plane
stretching and out-of-plane bending, respectively. We quantified the material
properties of our physical samples by incrementally applying force with a spring
scale (Medio-Line Spring Scale 40025, Pesola, Schindellegi, Switzerland), causing
either pulling or deflection.

Analysis of Material Behavior. The amount of in-plane deformation is
impacted by the geometry of wave patterns; the frequency and amplitude of
the waves affect how much the object can stretch and compress (Fig. 1 F).
These parameters can also vary orthogonally to promote anisotropy (Fig. 1 G).
Varying the distributions between orthogonal directions will increase bending
stiffness in one direction, while promoting flexural compliance and thus out-of-
plane bending in the other direction. We found that under the same pulling
force, high anisotropy in the direction of loading resists bending (Fig. 1 J) while
the opposite anisotropy facilitates bending in the same direction (Fig. 1 I). The
thickness of material distributions along each direction additionally tunes the
measure of compliance (Fig. 1 H).

2.2 Strategy for Integrating Wood Bilayer Actuators

The biohybrid components gain their self-shaping abilities through natural wood
bilayer actuators embedded within the synthetic 3D-printed armature. Although
performing discrete functions, each material is programmed to work with the
other (Fig. 2 A–C). As a wood bilayer actuator bends in one direction, its 3D-
printed armature should be flexible enough to permit unhindered bending in
that direction; the neighboring functional patterns should also be aligned to
transfer loads in the direction orthogonal to bending. From another perspective,
the wood bilayer actuator provides structural integrity in the direction where
the 3D-printed armature is weakest, while the surrounding functional patterns
enable the wood bilayer actuators to extend its area of influence. To fuse the
wood-plastic interface as a holistic entity and prevent damage due to stress
concentrations where wood meets plastic, we increase the 3D-printing flow rate
of functional patterns surrounding the wood bilayer actuator.

Materials and Methods for Evaluation. We evaluated the integration of
the natural and synthetic parts by comparing biohybrid components to a naked
wood bilayer actuator. The biohybrid samples (150 mm × 150 mm) were embed-
ded with 150 mm × 30 mm sized wood bilayer actuators. A naked sample with a
single wood bilayer actuator of the same size acted as the control for this exper-
iment. The wood bilayer actuators used in these experiments were constructed
out of maple veneer and calibrated to be flat at 70% relative humidity (RH).
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Fig. 2. Integrating natural and synthetic materials necessitates the mediation between
discrete parts to work together as one entity. A biohybrid component containing one
wood bilayer actuator (A) can display multiple functionalities across areas, transition-
ing from patterns for anisotropic bending to stretching. Material properties for wood-
plastic integration and the interface of their associated patterns can be assigned using
a number of strategies; illustrated are designs with (B) two wood actuators of opposing
bending orientations and (C) four actuators arranged in radial symmetry. Captured
at 40% RH, shown here are (D) the control sample, (E) an integrated sample with
strategic patterning, and (F) an integrated sample with non-differentiated patterning.

We compared the shape change of both sample types through image captures, by
measuring the bending radii of the wood bilayer actuators at ambient conditions
(40% RH).

Analysis of Tectonic Integration. Deviations between the values of the
embedded and naked samples were reduced with anisotropic material program-
ming, demonstrating that 3D-printed functional patterns can allow its wood
actuator to deform with minimized impediments (Fig. 2 D–F). Biohybrid sam-
ples with non-differentiated patterning showed that the 3D-printed armature
creates a resistance to the shape change (Fig. 2 F). Anisotropy was used to
eliminate (as much as possible) this resistance, and promote flexibility in the
direction of bilayer bending; furthermore, programming the 3D-printed arma-
ture to stretch and compress (as each side of the bilayer expands and contracts
in response to humidity) also aids in the movement (Fig. 2 E).
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Fig. 3. The additive fabrication strategy was transferred to full scale using robotic
extrusion. The production of a biohybrid leg required (A) enough flexibility in the
direction of bending, but also (B) high stiffness to transfer loads and support self-
weight. Extrusion paths were kept as continuous as possible, (C) following an alternat-
ing layer-by-layer logic of diagonal cross-hatching to maximize mechanical performance.
The fabrication sequence involved creating containers (D) which indicate the placement
of wood actuators as well as provide for them a secure enclosure.

2.3 Multi-material Additive Fabrication and Actuation

To produce the biohybrid components, we devised a fabrication technique for
embedding wood bilayer actuators made from maple and spruce within 3D-
printed armatures of designed material properties. This requires the synthesizing
of multiple materials and processes into one sequence.

Fabrication Logic and Sequence. We equalized the wood moisture content
(WMC) of the wood bilayer actuators in a RH controlled box (MiniOne Humidity
Generator, Preservatech, Bydgoszcz, Poland) to obtain a flat surface, while also
preparing the printing environment with the same RH. Once equalized, the wood
bilayer actuators could be laser-cut or milled to tolerance, and then returned
to the RH controlled box until starting fabrication. We began the fabrication
procedure by 3D-printing the functionally patterned armature until the height
of the wood bilayer actuators, leaving voids which indicate their placement. This
ensures that the correct locations for each wood bilayer actuator will be easily
identified. At this stage, extrusion was paused while the wood bilayer actuators
were inserted by hand into their designated voids. Flush with the top of the
already 3D-printed parts, the wood bilayer actuators provided a level surface for
resuming the 3D-printing. The job was completed by 3D-printing the remaining
layers, encasing the wood bilayer actuators and encoding the component with
anisotropic stiffnesses, variable thicknesses, and shape-changing behaviors. The
completed pieces are then actuated by changing the RH of the surrounding
environment, activating the wood bilayer actuators and inducing shape change.
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Fig. 4. The biohybrid leg was fabricated with a robotic arm (A) equipped with an
end effector for large format extrusion (B). At 10% WMC, the wood bilayer actuator
is flat and thus can be embedded (C). Three biohybrid legs were assembled to form
a shape-changing tripod (D); exposure to higher humidity environments activates the
wood bilayers, shown here curving at 20% WMC and shaping the entire structure (E).

Large-Scale Additive Fabrication. As a proof of concept, we also employed
our additive fabrication strategy at full scale using robotic extrusion (Universal
Robot UR5 with BAK Extruder Micro) to produce a set of large-scale (100
cm × 50 cm × 8 cm) prototypes. As robot arms afford more freedom in end
effectors and motion planning, wood bilayer actuators can be inserted using
pick-and-place automation (instead of manual placement) and encased using
three-dimensional toolpaths (instead of 2.5D extrusion). Here the focus was on
tuning the local bending stiffnesses by mediating between actuator placement
and containment, height, and grid distribution of the armature (Fig. 3 A–D).
This study demonstrates how these methods for creating self-shaping behaviors
are adaptable for larger scale production (Fig. 4 A–E) via a combination of
3D-printed functional patterns and integrated wood bilayer actuators.

3 Conclusion

Through an integrative approach to material programming and additive fabri-
cation, we have demonstrated the ability of macro-scale biohybrid components
to intelligently interact with their environments by self-shaping. We encoded
climate-responsive movements into a hybrid system of natural and synthetic
materials, using 3D-printed functional patterns and integrated wood bilayer
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actuators. The physical material and fabrication logic, rather than any elec-
tronics or digital control, dictate the self-shaping behaviors. We formulated a
method for designing and 3D-printing material properties, such as elasticity and
compliance of varying magnitudes and anisotropies, using functional patterns.
We also detailed the tectonic interface between natural and synthetic parts of
the hybrid system. Finally, we established a strategy for producing macro-scale
biohybrid components through a sequential process of multi-material additive
fabrication.

3.1 Discussion

While our results indicate the potential of leveraging natural wood actuators
with 3D-printing, our current approach still has a number of limitations and
open questions. The wood bilayer actuators, when embedded in the biohybrid
components, must overcome the inherent resistance caused by its 3D-printed
armature. This can generally be mitigated by 3D-printing with thermoplastic
elastomers. Starting with a lower baseline elastic modulus allows the range of
tunable material properties to be expanded, as stiffness is more easily increased
through added height and density in the functional patterns. Moreover, thicker
wood bilayers could be employed for their higher actuation forces. For further
upscaling, it will be important to consider the resultant increase in the structure’s
self-weight, especially during the self-erecting process. This might be alleviated
by the strategic distribution of wood bilayer actuators in the system, coupled
with 3D-printed functional patterns that optimize the ratio between strength to
weight.

3.2 Outlook and Future Work

Biohybrid parts which move in response to the changing weather without elec-
trical power can potentially serve as a solution to energy-efficient indoor climate
control [10]. Although we have shown self-shaping at a range of spatial scales, the
adoption of biohybrid components in buildings will require further exploration
of the additional functionalities which are enabled by this material programming
and additive fabrication approach. For the application of responsive facades that
can manage the indoor climate, it will be necessary to overcome the poroelastic
time scale. In the case of irreversible self-shaping such as in deployable structures
and shells, safety mechanisms for locking the desired shape change will need to
be investigated. Beyond the use of wood, other combinations of natural material
actuators and synthetic material programming could be particularly interesting
for large-scale self-shaping systems.
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