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Abstract. In the built environment, the typical means of achieving
responsive changes in the physical features of a structure is through
energy-intensive actuation mechanisms that contradict the intended
goal of energy-efficient performance. Nature offers several alternative
energy-free examples of achieving large-scale shape change through
passive actuation mechanisms, such as the intrinsic response of
water-absorbing (hygroscopic) materials to humidity fluctuations. We
utilize this principle of passive actuation in the context of chitosan
biopolymer, a material demonstrating a combination of mechanical
strength and hygroscopic potential that enables it to serve for both
load-bearing and actuation purposes. By inserting biocomposite
films of chitosan as dynamic tensile members into a space truss, a
structural system is constructed whose variable structural performance
is manipulated and expressed as a large-scale, programmable, and
fast-acting shape change. We present a method for rationalizing
this responsive structural system as an assembly using a combination
of materials engineering and digital design and fabrication. As a
proof-of-concept, a two-meter-long fiber-reinforced cantilevering truss
prototype was designed and fabricated. The truss transforms in minutes
from one shape that shelters the interior from rain to another shape that
acts as an air foil to increase ventilation.
Keywords.
Passive Actuation; Chitosan; Structural Assembly;
Digital Fabrication.

1. Introduction
1.1. PASSIVELY-ACTUATED STRUCTURES

Responsive structures, buildings, and infrastructure maintain high performance
levels in fluctuating environmental conditions through programmed changes in
their physical properties, surface features, or form (Loonen, Trčka, Cóstola,
Intelligent & Informed, Proceedings of the 24th International Conference of the Association for
Computer-Aided Architectural Design Research in Asia (CAADRIA) 2019, Volume 2, 441-450. © 2019
and published by the Association for Computer-Aided Architectural Design Research in Asia (CAADRIA),
Hong Kong.
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& Hensen, 2013). Transformation of shape through controlled motion is a
contemporary challenge seen across many disciplines such as robotics (Laschi,
Mazzolai, & Cianchetti, 2016), manufacturing (Raviv et al., 2015), materials
science (Oliver & Seddon, 2016), interface devices (Yao et al., 2018), and
biomedicine (Gao et al., 2016). Currently, the means of enabling shape-changing
motion in architecture operates within an electromechanical paradigm, relying
on energy-intensive active mechanisms that are complicated and also costly in
terms of design, construction, operation and maintenance (Correa et al., 2015).
In contrast, biological systems offer alternative examples of water-responsive
kinematic structures relying on material properties (Reyssat & Mahadevan, 2009).
Material-based passive actuated systems reduce the need for electrical systems,
while cutting down points of failure; such material systems are also sustainable
and have the potential to simplify the design of the assembly (Correa et al., 2015).
The application of water-based actuation for architectural systems is a physical
materialization challenge with significant energy-saving benefits that several
notable research projects (Correa et al., 2015) (Reflexive Architecture Machines),
(Reichert, Menges, & Correa, 2015), (Rüggeberg & Burgert, 2015) have already
undertaken. While they demonstrate the exciting potential of hygroscopic-based
passively actuated systems, it has been noted there are still two primary challenges
facing the development, adoption, and deployment of hygroscopic built structures:
firstly, the ability of these structures to bear significant load, and secondly, the
time required for water absorption and therefore for the actuated shape changes to
occur. The hygroscopic systems of these state-of-the-art projects were designed to
sustain only their self weight and respond to alterations in humidity, such that their
capacity to achieve significant and quick expansion when saturated with moisture
was not exploited; as a result, full actuation typically required several hours.
1.2. CHITOSAN BIOPOLYMER

Hygroscopy is not limited to cellulose-based materials like wood. Chitosan
is a highly hygroscopic deacetylated form of chitin, which is the second most
ubiquitous natural biopolymer on earth after cellulose. Chitin is found in the
exoskeleton and internal structure of invertebrates (Dutta et al., 2004) (Goosen,
1997). In addition to fast-acting hygroscopic potential in its derivative form,
chitin can have an ultimate strength capacity of up to approximately 60 MPa - a
performance that is comparable to the lower bound tensile strength of aluminium
alloys (typically 70-700 MPa), and superior to conventional plastic polymer used
in standard additive manufacturing (Fernandez & Ingber, 2012). This unique
combination of mechanical strength and hygroscopicity is the reason chitosan
has been explored in several industrial and engineering applications such as
biomedicine, agriculture, pharmaceutical products, and food packaging.
1.3. CHITOSAN-BASED SHAPE-CHANGING STRUCTURES

Considering the limitations mentioned in section 1.1, we opted to use chitosan as
an alternative hygroscopic material that possesses both potential for fast actuation
and the strength to sustain full-scale load-bearing of shape-changing structures.
By inserting biocomposite chitosan films as dynamic tensile members into a space
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truss, a structural system was constructed whose variable structural performance
was manipulated and expressed as a large-scale, programmable, and fast-acting
shape change. The mechanism that this work was based on is the variability of
chitosan’s mechanical properties with water content. As chitosan films become
saturated, their stiffness and strength decrease markedly (Alvarado et al., 2015).
Thus, when the chitosan is inserted as a critical structural member in an assembly,
the assembly’s structural performance depends on the chitosan’s water content.
This is expressed particularly clearly in the performance of a cantilever. Weak
tensile members (i.e. saturated films) cause a cantilever to “fail” and sag, while
strong tensile members (i.e. dry films) allow the cantilever to remain aloft. If
these deformations happen in a programmed way and the stresses on the films and
members do not overtake their strength, the apparent “collapse” and resurgence
of the cantilevering structure can be expressed as a high-deformation shape
change. We present a method for rationalizing this responsive cantilevering truss
structure as an assembly using a combination of materials engineering and digital
design and fabrication. As a proof-of-concept of this materialization methodology
and the resultant passively-actuated system’s capabilities, a two-meter-long truss
prototype was designed and fabricated which transformed in minutes from one
shape that creates shelter from rain to another that acted as an airfoil to provide
increased ventilation.
2. Material Characterization - Water absorption and Pulling force test
Two types of material characterization were conducted: water absorption and
pulling force test. The ability of the chitosan films to absorb water results in linear
expansion that contributes to the shape change of the assembly. Therefore, it is
important to quantify this expansion. Water absorption studies were conducted
by following ASTM standard D570 - Standard Test Method for Water Absorption
of Plastics. While this test is typically focused on gauging the weight change
of hygroscopic samples due to water absorption, we opted to record both the
weight and length changes of the film samples. For this experiment, three gauze
reinforced films were cut into 6 x 2 cm strips and conditioned in the oven at 60 ºC
for 24 hours, then the weights and lengths were measured. Next, the films were
immersed in distilled water for two hours to achieve complete saturation. It was
noted, however, that the films could achieve saturation in as little as a few minutes
due to their minimal thickness with rolls and twist in the film {Figure 1} during the
test. The films were removed from the water and wiped using a dry cloth to remove
the excess water on the film. Wet weights and lengths of the film were measured
and percentage water absorption for each film were calculated using the formula
below {see Table 1 for results}. Hygroscopic materials that have the capacity
to absorb large amounts of water undergo large internal forces as the materials
dries and the water evaporates. In the case of this research, the drying actuation
shape change of the assembly was dependent on the films’ internal drying forces
being sufficient to lift the weight of the truss structure. For this reason, it was
important to quantify this internal drying force, which the authors have termed
”pulling force”. At present, there are no test methods or standards are available
to test this parameter so a custom test method for pull force was created. The test
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was performed on an Instron 5943 - 1 kN tensile testing machine {Figure 2(a)}.
W eightIncrease

(1)

Figure 1. Rolls and twists in the film during water absorption test.

Figure 2. (a) Pulling force test setup; (b) Pulling Force v.s. Time .

The pull force test was initiated by wetting the film until it was saturated and
mounting it between grippers (with tabs to avoid slipping) in the tensile testing
machine. The initial load of 40 N was applied to the film with 1 mm/min as rate
of grip separation in order to pretension the film. Once the ram reached 40 N,
the machine held the film at this state. The film would then commence to dry,
retracting back to its original size through internal drying forces which were plotted
as pulling force vs time. The maximum pulling force observed was 19.5 N {Figure
2(b)}, which is equivalent to the film being able to pull 1.95 kg in truss weight. The
truss assembly had to therefore be designed according to these material constraints.
3. Truss Shape Change Simulation
In order to predict the motion of the truss with reference to increasing or decreasing
water content of the chitosan, the truss geometry was digitally modeled and a
simulation using the Rhinoceros-Kangaroo physics engine was developed. The
ties that represented the films were attributed the ability to change their length,
reflective of the films’ physical ability to expand and contract, while the other
struts and ties in the geometric model were given fixed lengths. By feeding
the material properties of the film and truss geometry into the iteration-based
simulation tool, the shape changes of the assembly over time were visualized and
the final expectant geometry output was done. {Figure 3(a),(b),(c)} shows the fully
dry curvature profile, initial (partly saturated, zero curvature) profile, and fully wet
curvature profile of the cantilevering truss, given the expansion properties of the
films.
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Figure 3. Different curvature profiles a) Fully dry curvature profile; b) Initial profile (partly
saturated, zero curvature); c) Fully wet curvature profile.

In the simulation model, rotations about the truss nodes were assumed to be
free, and it was the culmination of the rotations about each node that defined
the overall shape change of the assembly. By experimenting with different
truss curvature profiles and chitosan expansion properties, the assembly could be
intuitively designed and shape change could be programmed. The performance
criteria for deciding the final wet and dry state curvature profiles of the prototype
were the ability to create shelter from rain in the wet state, and an airfoil-like profile
that encourages ventilation in the dry state. Once satisfactory wet and dry shapes
were selected, the required nodal rotations and strut and tie configurations of the
truss in its noncurved state were then forwarded to the solid modeling process for
subsequent parts fabrication.
4. Fabrication of Truss and Film Production
4.1. TRUSS FABRICATION

To simplify the design of the passively actuated structure, the goal was to
rationalize the truss as a modular, easy-to-assemble kit of parts in which the films
could be inserted. The truss kit consisted of three types of material components:
the truss members (the collection of struts and ties), the transversal beams spanning
the truss width, and the rotational joints. To ensure that the weight of the truss
was within the limits of the chitosan films’ pulling force, the truss members were
fabricated from hollow carbon fiber composite tubes. Carbon fiber composites
feature an excellent strength-to-weight ratio (Bhatt & Goel, 2017), and the tubes
were readily available in the required sizes. The transversal beams, and more
importantly the joints, were the aspects of the assembly that required customized,
irregular details. The simulation results demonstrated that the nodal joints of the
truss required increasing rotation around their axis along the length of the truss
in order to achieve the desired shape changes. In addition, the angles at which
the truss members converged at the joint, as well as the thickness of the members,
altered along the length of the truss due to its gradual decrease in depth. Thus,
each joint demanded a variable morphology {Figure 4(a), (b)}. Like the joints, the
transversal beams required male extrusions in order to fit the tubes, and so these
parts also featured custom geometry. For this reason, 3D printing technologies
were implemented for the fabrication of these parts. Traditional fused deposition
method (FDM) printing on the Fortus 450mc with ASA material was suitable for
the transversal beams, considering that they were predicted to take very little load.
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Figure 4. Parts designed with bespoke geometries a) Transversal beam design; b) Joint design
between two trusses; c) Design of internal fiber arrangements in joint using Eiger software.

FDM and ink jetting printing processes were explored for the joints, with the
conclusion that carbon fiber-reinforced FDM printing on the Mark II Markforged
printer was required for the large-scale prototype to increase the structural capacity
of the joints. After being modeled in Solidworks, the joint designs were imported
into the Markforged software Eiger and the internal fiber arrangements were
designed to provide the best compromise between structural performance, weight,
and material usage {Figure 4(c)}. After printing and finishing, ball bearings were
inserted with glue into the joints to reduce rotational friction.
4.2. FILM PRODUCTION

Production of chitosan film {Figure 5(a),(b),(c),(d)} comprised of four steps: i)
solution preparation, ii) casting, iii) neutralization, and iv) drying.
i. To prepare the chitosan solution, 3 wt.% 85%-deacetylated chitosan powder
of medium molecular weight, 1 wt.% diluted acetic acid, and 96 wt.% distilled
water were mixed in a beaker and stirred until no more solid particles were
visible. The solution was then covered with aluminium foil and kept for 3 days to
completely dissolve. The solution was then centrifuged at 2000 rpm for 5 mins and
degassed at 2000 rpm at 20 psi for 12 mins to remove impurities and air bubbles.
ii. A rectangular mould of size 350 x 350 mm was designed and laser cut from
acrylic stock material. To prepare the fiber reinforcement, the cotton gauze was
pre-stretched, placed at the bottom of the mould, and oriented. The solution was
carefully poured to avoid air bubble formation. The mould was then placed in an
oven at 60°C for 24 hours.

Figure 5. Film production process a) Preparing the chitosan solution; b) Pouring chitosan
solution in mold; c) Neutralizing the film: d) Securement of film during final drying and gauze
orientation.

iii. The film was then removed from the mould and neutralized with sodium
hydroxide (NaOH) for 15 minutes. The purpose of neutralization was to align
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the chitin chains at molecular level, facilitating improved strength (Fernandez &
Ingber, 2012). The film was then washed with water.
iv. The film then required a second round of drying. A stepwise scheme of
three acrylic frames around which the film was wrapped. This allowed the films
to pull inwards while being held, with the film shrinkage being translated to sliding
of the bottom frames upwards until they all laid on the same plane. This method
resulted in the successful creation of flat films.
5. Assembly and Experimental Setup
The assembly was first tested in a series of small-scale models that provided
feedback on the film behaviour, joint performance, tolerance for fitting of the tubes,
fastening details, and design aesthetics {Figure 6(a),(b)}.

Figure 6. Assembly a) Fully assembled small scale model b) Exploded view of all assembly
components.

The final two-meter-long cantilever prototype {Figure 7} was an assemblage
of thirteen triangular trusses, joints, and films. The overall assembly weighed
just 1.2 kg, which was within the limits of the chitosan films’ pulling force
(1.95 kg). A support scaffold was constructed using aluminium profiles with
an attached acrylic plate for mounting the truss. For testing, the structure was
subject to alternating periods of wetting until full saturation of the films and
drying until complete dehydration. Means of wetting were tested in different ways,
from manual spraying to dousing using low-pressure shower heads to simulate
rain. Drying occurred through air drying with different test conditions such as
the presence of natural breezes, sunlight, and/or fans. States of fully wet and
completely dry were determined based on an absence of noticeable changes in
truss curvature over extended periods of time. The data that were being sought
from these tests consisted of: 1) the actuation time for both wetting and drying
shape changes; 2) the semblance of the shape changes to the simulated profiles;
and 3) confirmation of the structural integrity of all the material components.
6. Results & Discussion
6.1. ACTUATION TIME

The average actuation time for the response from the initial truss shape to the
programmed wet shape was found to range predictably based on the manner of
wetting the films.
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Figure 7. Full scale demonstrator of chitosan based passively actuated structural assembly.

For manual spraying of the films at intermittent intervals, this actuation
required 32 minutes, but was shortened to as little as 4.5 minutes when
simulating rain by using the low-pressure shower head. For both conditions, the
actuation time was drastically lower than previous research projects investigating
hygroscopically-actuated structures and pushes the boundary of how responsive
a passively-actuated structure can be. Actuation time to reach the programmed
dry shape from the wet shape similarly varied, with air drying in little daylight and
minimal air flow lasting for 74 minutes and cutting down to a record of 35 minutes
in the presence of sunlight and breeze. The large difference in actuation time
between drying and wetting was expected given chitosan’s hydrophilic nature.
6.2. SHAPE CHANGE COMPARISON

Comparison between the predicted and actual truss profiles was based on the
simulations and physical tests, respectively {Figure 8(a),(b),(c),(d)}.

Figure 8. Shape change comparison a) Simulated truss profile in wet state; b) Simulated truss
profile in dry state; c)Actual truss profile in wet state; d) Actual truss profile in dry state.

Generally, the simulation predicted the overall conformation of the assembly
in both the wet and dry states reasonably well. There were, however, slight
differences between the expected and actual results. The simulation is currently
purely geometric and does not take into account any loads such as self-weight,
which can contribute a degree of mechanical strain to the films located at the
beginning of the truss in addition to their hygroscopic strain.
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6.3. STRUCTURAL PERFORMANCE

In terms of the structural performance, there was no evident signs of breakage
or failure for any of the films, truss members, or truss joints. As demonstrated
in the material tests, the films’ capacity to pull was sufficient to lift the 1.2-kg
lightweight structure into the programmed dry state from the wet state. By
involving the hygroscopic material as a key load-bearing component of the
assembly, large-scale, fundamental shape changes of the entire structure were
achieved. The light weight of the truss had one major downside in that the structure
did not feature optimal lateral stiffness, tending to experience torsion due to wind
as a result of the minimized size of the joints and beams. In the next prototype,
mechanical joints and films have to be strengthened in response to the expected
wind loads. In the digital realm, the simulation could be augmented to include
analysis steps considering mechanical properties of the assembly components,
testing to see if the film’s pull strength is adequate to lift the fortified truss at
different points of saturation. In addition to improving the structural rigidity
of the trusses and pulling capacity of the chitosan films, the durability of the
bio-based films to fend off predatory microbial organisms must be increased
before implementation in outdoor environments for extended periods of time can
commence.
7. Conclusion
In summary, we have developed materials engineering, digital design and
fabrication methods for rationalizing a water-actuated, chitosan-based responsive
structural assembly as a kit-of-parts. To validate these methods, a large scale
prototype was created as a proof-of-concept. The assembly featured large-scale
shape change into programmed conformations, and in doing so, proved the
ability of a fiber-reinforced hygroscopic material to bear the weight of the entire
structure while simultaneously actuating it. This feat was particularly impressive
when considering that the truss came in at a total weight of 1.2 kg, while the
films themselves only weighed about 3.6 g each, an over 300-fold difference.
In addition, the timescale of the dry-to-wet-state actuation was minimized to
only 4.5 minutes, which far exceeds the speed of any hygroscopically-actuated
architectural assembly to date, to the authors’ knowledge. The particularity that
went into producing and controlling the responsive biopolymer, which requires
more involved forming processes than other traditional polymers or construction
materials, was rewarded with enhanced capabilities and new opportunities. This
work hopes to push the research field a few steps closer to overcoming the material
and fabrication boundaries that currently pervade the widespread adoption of
low-to-no-energy passively actuated systems.
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