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Abstract

When overcoming environmental constraints, nature shows the capacity to generate
hybrid hard-soft morphing continuum structures at very low cost at almost any scale.
Human attempts to replicate nature-like systems to overcome modern engineered
solutions, based on classical rigid mechanics, commonly lead to hyper-redundant and
complicated designs. Novel trends like soft robotics or continuum robotics are showing
new successful directions but mostly at small sizes. It is still a challenge to achieve
accessible and cost-e Lcieht scalable nature-like solutions.

The earliest research towards digital materials focused on proving reversibility of
their assembly, their low relative densities vs. ultra-high stilndss ratios and scal-
ability properties. Now we can find architected metamaterials with many kinds of
exotic physical properties. This thesis will focus on digital materials with custom
mechanical properties. Recent work showed the capacity to generate controlled me-
chanical anisotropies as embedded compliancy, chirality, and auxeticity. That enables
generating continuum macroscopic foams with controlled deformation that could pre-
serve some properties and help bring simplicity to overcome tasks that, with classic
rigid-joint mechanical systems, would require a very complex system.

Equally important, many of the modern engineering solutions that would require
digital materials are very dependent on their outer shape. Literature shows less
acclaim for providing an accurate shape to these digital materials. Some of the
strategies proposed have been based on hierarchical strategies or reducing the overall
size of the building blocks but these findings conflict with the many of the claimed
premises. This thesis is proposing a folded solution that will integrate onto the
continuum structure and provide a desired shape that is structurally e [cieht while
respecting its intrinsic degrees of freedom.

As a whole, this thesis explores if heterogeneous digital materials can provide all
the mechanical needs of a movable structure integrated. This thesis tries to mimic
nature’s engineering strategies by joining the kinematical and shape-form needs into a
single material system composed of a discrete building block core and a folded outer-
mold-line layer. As examples, this thesis recreates a water snake and a morphing
wing inspired by birds camber morphing.
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Chapter 1

Introduction

“Nature does nothing uselessly. If one way be better than another, that you may be
sure is nature’s way.” Aristotle’s statement still resonates after thousands of years in
modern academic directions as nature is a constant source of inspiration for modern
engineering research trends and solutions.

Modern engineering challenges require material properties that uniform materials
have di Cculty providing and complex systems integration. The two main pillars this
thesis found in nature’s success are its system integration strategies and its ability to

generate biological materials with custom mechanical properties.

System integration

On the one hand, nature integrates systems in a way that humans cannot replicate
with classic mechanical approaches [4]. Multicellular organisms are a perfect integra-
tion of structural, sensing and actuation systems, such as a unique part composed
of nerves, bones, muscles and skin. Almost any kind of smart structure developed
by humans shares the same system requirements: structural, sensing and actuation
devices. But our classical way of integrating them is to design them all separately
and pay the price of a complex integration with high cost in time and price.

As an example, focusing on solutions for transportation, mimicking the way under-
water multicellular organisms travel with wavelike body motions drastically increases

the e [ciehcy of any human-made solution[47]. Many fish resonate with their flexible
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bodies and extract energy from their own vortices, converting thrust out of their own
drag[3] . The first successful human attempt to replicate this e [edt resulted in the
famous MIT Sea Grant robot RoboTuna[48], that succeeded in the premise but was

composed of more than 3000 unique parts delicately assembled with very high cost,

time and labor penalties.

Figure 1-1: A)RoboTuna. B)Boston Dynamics Spot. C) MIT Cheetah

Another successful example is the replication of the motion of agile quadrupeds.
The MIT cheetah [5] is the results of years of multiple people research. The costs
of the smaller version under 10kg of payload is under 10K$. Its industrial version,

Boston Dynamic Spot, able to handle a payload of 14 kg is the results of almost 35
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years of industry research and its price was 74K$ [1].

In the 1990s, soft robotics appeared as an alternative to the classic mechanical
approach. The key component was combinations of compliant and sti[_rhaterials
to mimic nature-like structural movements. Examples of this novel engineering and
design perspective are soft manipulators for underwater delicate sampling [13], an
inflatable large-scale soft robot that moves is by growing in a certain direction [20],
and an entirely soft autonomous robot [49]. Soft robotics have also shown modular
soft structures [33]. Continuum robotics also shares the modular mindset with an
array of discrete joints with infinite DOF [7] but relying less on elastomeric materials
and more on elastic deformation of their truss members[35]. Although this discipline
born to provide grippers with almost unlimited accessibility for medical usage and are
only conceived as beam robots, the design strategy is very interesting for this thesis
because of its tendon actuation analysis.

Even though these new ways to embed structure and systems point towards a new
direction that is more nature based, both fields still face issues while scaling materials,

manufacturing processes or actuating their models. [28]

Materials

On the other hand, nature uses geometry to improve and customize material’s me-
chanical properties. Intricate cellular structures appear in body zones where light
weight and high sti[ndss are needed [40], as for example in bird’s beaks and bones.
Those architected materials are driven by their geometrical composition rather than
material composition. One of the first sources of inspiration was how nature generates
at low scales cellular solids, composing very light materials with a high sti [ndss value,
as inner bones. This inspired researchers to make state of the art foams; it is very
di Ccult to distinguish a microscopy of human vertebrae and polyether foams. This
research field popularized complex truss structures and even allowed architected ma-
terials to behave in ways that cannot be found in nature. Metamaterials have shown
negative Poisson’s ratios [2], chirality[32], custom electromagnetic behavior [25], high-

est value of relative density-sti [ndss [11], and nonpositive thermal expansion [2].
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Figure 1-2: A) Polyether Foam. B) Spine bone SEM. Images taken from [14]

The appearance of Digital Manufacturing enabled the masses to manufacture those
complex geometries[16]. Architected materials greatly benefited from this new build-
ing strategy. It allowed to start thinking about the possibility of encoding information
into the material. Lattices with heterogeneous custom properties to controll defor-
mations were developed [27] or lattices printed with multiple materials to control its
Poisson’s ratio as desired [10]. But from a monolithic perspective, even with digital
fabrication, a structure can be as big as the mean of manufacture allows and it will
contain a global stochastic error that will increase as the mean of manufacture and

the structure increases in size.

CBA alumni Kenneth Cheung [11] demonstrated how Digital Cellular Solids can
be discretely assembled, like Lego building blocks, with no mechanical behavior penal-
ties, olering world-record performance on Young’s modulus versus relative density.
Thanks to its drastically low relative density and that discrete assembled lattices can
be theoretically arbitrarily large, it was also shown that these solids can be scaled
up between the linear and quadratic regime [19]. What is still a challenge is the
accessibility to mass manufacture its unit cell because the cost of molds for intricate

shapes can be on the order of 10k$.

A step towards accessibility and simplicity of the unit cell was given by Benjamin
Jenett. In Discretely Assembled Mechanical Materials [21] a new decomposition of the
cubic octahedron lattice was o Lerkd, reducing the costs of molds and parts drastically.

This new faceted approach enabled the introduction of di Lerent geometries per facets,
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