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Summary

Shape-morphing and shape-locking describe objects’ ability to transform
their shape and stay in that state, respectively. These qualities often come
into play when grabbing or supporting an object. The contact area is in-
creased by changing the shape, after which sustaining the shape maintains
the support over time. We can imagine several ways of implementing this
in engineered structures. One way of implementing shape-morphing and
-locking is using kinematic movement, where a structure comprises rela-
tively rigid parts connected by joints that allow motion. This work focuses
on this type and presents a framework for analyzing it.

We identified and studied the factors determining the performance of
kinematic morphing and locking structures. Three distinct steps were em-
ployed that explore the envelope of possible designs by i) creating and
verifying a morphing modeling approach based on multibody dynamics
principles, ii) analyzing a morphing and locking structure by applying
the model, designing and experimentation, and iii) analyzing the effects
of design parameters on the morphing and locking qualities in the light
of geometrical features such as curvature. Spanning these steps, we de-
veloped several structures and fabricated them with additive manufac-
turing. These structures are i) a 3D modular system that allows easy
experimentation with layouts and joint types, ii) an essentially 2D system
that deforms in-plane and is selectively and reversibly locked by applying
magnetic fields, and iii) a 3D deforming non-assembly metallic structure
that can follow single and double curvatures and is irreversibly locked
as a whole by applying bone cement. To assess the performance of these
structures, in addition to the presented simulation approach, we developed
methods that test the physical morphing and locking qualities visually and
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X SUMMARY

mechanically. These methods included 3D-scanning and mechanical test-
ing, accompanied by digital image correlation to measure full-field strain
distribution.

The presented framework shows the potential of kinematic shape-
morphing and -locking mechanisms to endow structures with new func-
tionalities. Specifically, we showed that structures incorporating the mech-
anism can be rationally designed, manufactured, and assessed. A multi-
body model predicts the morphing behavior accurately. We can use such
a method to design the structures for specific applications such as or-
thopedic implants or soft robotics. Locking the mechanism as a whole
or per individual degree of freedom obstructed the morphing capability
effectively, whether or not in a reversible manner. Simulations and ex-
periments show that we can alter the transformation and load-bearing
performance of the structures as desired by changing their design param-
eters. The matching capacities are affected by parameters like structural
body shape, dimensional ratios, and the curvature of the to-be-attained
shape. These principles can be further developed and tailored for specific
needs in a variety of fields.

Propositions

—_

Degrees of freedom decrease freedom of design. (this dissertation)
Locking is merely a motion resistance increase. (this dissertation)
Foremost, dissertations are a testament to one’s wanderings.

The researchers’ job is to morph professors’ ideas into rationality.
Proper advice supports one’s thinking instead of pose a solution.
Discontent and inspiration are viral; they spread, skip, and linger.
Solutions are mental products; you think, try, tire ...and settle.

Every dead-end brings one closer to the right track.

© X Nt W N

Every question is an invite to commitment.

—_
o

. Every answer is non-exclusive and trivial.



Samenvatting

Vormverandering en vormvergrendeling verwijzen respectievelijk naar het
vermogen van objecten om van vorm te veranderen en in die toestand te
blijven. Deze eigenschappen zijn van belang bij het grijpen of ondersteu-
nen van een object. Door de vorm aan te passen wordt het contactopper-
vlak vergroot; vervolgens zorgt het vasthouden van de vorm voor blijvende
ondersteuning. Er bestaan verschillende manieren om dit principe toe te
passen in technische constructies. Eén benadering maakt gebruik van
kinematische beweging, waarbij een structuur bestaat uit relatief stijve
onderdelen die met gewrichten zijn verbonden en zo beweging toelaten.
Dit werk richt zich op deze benadering en stelt een analyse raamwerk
VOOr.

We hebben de bepalende factoren onderzocht die invloed hebben op
de prestaties van kinematisch vervormbare en vergrendelbare construc-
ties. Drie opeenvolgende stappen werden gebruikt om het ontwerpbereik
te verkennen: i) het opzetten en verifieren van een vervormingsmodel
gebaseerd op meerlichaamdynamica, ii) het analyseren van een structuur
met behulp van het model, ontwerp en experimenten, en iii) het bestude-
ren van de invloed van ontwerpvariabelen op vervorming en vergrendeling
in relatie tot geometrieén zoals kromming. In het kader van deze stappen
ontwikkelden en vervaardigden we diverse structuren via additieve produc-
tie. Deze structuren zijn: i) een 3D modulair systeem dat experimenteren
met opstellingen en scharnieren mogelijk maakt, ii) een voornamelijk 2D
systeem dat in het vlak vervormt en selectief, omkeerbaar kan worden ver-
grendeld met behulp van magnetische velden, en iii) een 3D metalen struc-
tuur zonder assemblage die enkel- en dubbelgekromde vormen volgt en als
geheel onomkeerbaar wordt vergrendeld met botcement. Ter evaluatie van

xi
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deze structuren ontwikkelden we, naast simulaties, testmethoden om de
fysieke vervormings- en vergrendelingsprestaties zowel visueel als mecha-
nisch te beoordelen. Deze methoden omvatten onder meer 3D-scannen,
mechanische tests en digitale beeldcorrelatie om spanningsverdelingen in
kaart te brengen.

Het voorgestelde raamwerk toont het potentieel van kinematische ver-
vorming en vergrendeling om structuren met nieuwe functionaliteiten uit
te rusten. We tonen aan dat structuren met dit mechanisme doelgericht
ontworpen, geproduceerd en geévalueerd kunnen worden. Een multilich-
aammodel voorspelt het vervormingsgedrag accuraat. Deze aanpak kan
worden ingezet voor toepassingen zoals orthopedische implantaten of zach-
te robotica. Het vergrendelen van het mechanisme in zijn geheel of per
afzonderlijke bewegingsvrijheid blokkeert vervorming effectief, al dan niet
omkeerbaar. Simulaties en proeven tonen aan dat het vervormings- en
draagvermogen naar wens kan worden beinvloed door ontwerpkeuzes. Fac-
toren zoals vorm, afmetingen en de kromming van de beoogde eindvorm
spelen hierin een belangrijke rol. Deze principes zijn verder te ontwikkelen
voor uiteenlopende toepassingen.

Stellingen

—_

Vrijheidsgraden beperken ontwerpvrijheid. (dit proefschrift)
Borging is slechts bewegingsweerstand verhoging. (dit proefschrift)
Boven alles, tonen proefschriften iemands omzwervingen.

De onderzoekerstaak is het kneden van professor’s ideeén tot logica.
Goed advies helpt iemands denken en legt geen oplossing op.
Onvrede en inspiratie zijn viraal; ze verspreiden, missen en gisten.
Oplossingen zijn mentaal: je denkt, probeert, vermoeit .. .en schikt.

Elke doodlopende weg geeft meer richting.

© P N o e W

Elke vraag is een uitnodiging tot toewijding.

—
]

. Elk antwoord is niet-uitsluitend en triviaal.



Chapter 1

Introduction
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opening bar from Shape of You (2017)

As if it were made for it, it fits like a glove [1]. A perfectly fitting shoe
follows the contours of the foot [2], a chair adapts to its user’s posture
[3], and even a cat instinctively finds comfort in the tightest spaces [4].
From playing with a shape sorter as a child to fitting an equation to
data [5], the concept of a perfect fit is deeply embedded in our daily
experiences. The phrase “If I fits, I sits” humorously encapsulates the
innate satisfaction of an object that conforms snugly to its environment.
However, this satisfaction is not only psychological; it also has tangible
functional benefits.

Beyond the personal comfort of a well-defined shoe or chair, the prin-
ciple of shape adaptation plays a critical role in various engineering and
design applications. In architecture, adaptive fagades optimize energy
efficiency and aesthetics [6]. In furniture design, modular and morph-
ing elements enhance ergonomic support [7]. Aviation engineers develop
shape-morphing wings for improved aerodynamics and fuel efficiency [8],
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2 INTRODUCTION

while soft robotics leverages compliant structures for dexterous manipula-
tion [9]. Even in biomedical engineering, implantable devices are designed
to morph and conform to biological tissues for better integration [10].
These examples are just a glimpse [11] of the broad spectrum of fields in
which shape-morphing technologies are harnessed for both functional and
aesthetic gains.

One size fits all: The need for shape-matching mechanisms.
One conventional approach to achieving a perfect fit involves designing
objects with fixed geometries tailored for specific applications. However,
this bespoke strategy is inherently limited. Custom fabrication enhances
precision but increases costs, manufacturing time, and the lack of adapt-
ability to unexpected variations. A more universal “one-size-fits-all” so-
lution would be a material or structure capable of adjusting its shape to
accommodate different contours and applications.

Consider a bed that adapts to different body types, optimizing comfort
for each user. Similarly, a robotic grasper capable of securely handling
delicate drinking glasses of varying shapes and sizes requires a mechanism
that conforms to each object while maintaining a firm grip. In such cases,
a shape-matching system must provide flexibility during adaptation and
stability once the desired shape is reached. This dual challenge, achieving
morphability while ensuring structural integrity, guides the search for an
effective and versatile solution.

Matching and maintaining: the role of locking mechanisms.
Once a structure has morphed into a desired shape, it must maintain
that configuration under operational loads. A shape that conforms well
distributes stresses evenly, potentially reducing peak forces in mechanical
systems and enabling the effective distribution of other loads, such as
thermal or chemical stresses. A structure that can morph shape and then
be locked in that shape offers these load-supporting features for different
cases with various shapes.

Nature offers inspiration in the form of materials such as clay, which
can be molded into any form before being solidified by drying or firing [12]
(Figure 1.1a). This ability to shape and set suggests an ideal approach
towards an adaptable yet stable material system. However, traditional
natural clay has certain limitations. For example, it lacks tunability in
strength, flexibility, and other material properties. Making artificial clay-



like materials, such as cement, could improve the usability and give the
desired material properties. Still, one is then restricted to tuning material
properties only. A more refined approach would be to mimic the forma-
bility of clay while integrating custom mechanical properties tailored for
specific applications. This pursuit leads to the concept of a metamaterial
system that can be shaped and then “locked” in place, providing both
adaptability and structural reliability.

Metametal: a structural approach to morphing and locking.
If we restrict our search to continuum materials, we miss the opportunity
to fine-tune mechanical properties, such as weight, strength, and biocom-
patibility features, which are crucial for application in biomedical devices
or lightweight aerospace components. Instead, by exploring metamate-
rials, we shift our focus from altering material properties to engineering
structural designs that enable morphing and locking.

A promising approach is to leverage additive manufacturing to fab-
ricate intricate lattice structures composed of relatively rigid materials,
such as metals. By incorporating movable joints, these structures gain
the capacity to deform in a restrained way while retaining the strength
and durability of metals. This principle underlies the concept of “metallic
clay” [13], where discrete kinematic structures are designed to emulate
traditional clay’s moldability and setting properties. Unlike a continuum
material, metallic clay consists of interconnected elements that provide
mechanical flexibility during morphing and structural rigidity after lock-
ing. The transition from continuum deformable materials to discrete kine-
matic architectures represents a fundamental shift in how we approach
shape adaptation. Figure 1.1b illustrates this conceptual transformation.

Craft & conquer: design, manufacturing, and analysis chal-
lenges. The shift from continuous materials to kinematic metamateri-
als presents several design, fabrication, and functional performance chal-
lenges. A major challenge is achieving sufficient deformability by intro-
ducing numerous joints, which increase the system’s degrees of freedom.
Many degrees of freedom on their part hinder the effective locking to tran-
sition from a flexible state to a rigid one. The numerous degrees of freedom
in the flexible state and the change in these degrees of freedom introduce
complexity in predicting the morphing behavior of these highly articulated
structures.
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Figure 1.1: (Caption on next page.)



Figure 1.1: Clay behavior imitated by “metallic clay”. a) Continuous morphing by
material deformation vs. b) discrete morphing by kinematic joint deformation. The
initial shape of the object displayed on the left is morphed into a substrate/goal shape
as depicted in the middle. After “firing”, the object stays in this configuration as shown
on the right.

As in many instances, design, manufacturing, and analysis are highly
intertwined. Manufacturing poses additional hurdles to the design, espe-
cially if structures are to be produced efficiently without requiring exten-
sive assembly or other post-processing. Numerous joints complicate man-
ufacturing and operation since each additional degree of freedom requires
activation in morphing and locking. In effect, computational complex-
ity in modeling and simulation is also increased. Unlike some traditional
engineering problems where behavior can be predicted using closed-form
analytical solutions, morphing kinematic systems often demand numerical
or experimental validation due to their complex motion characteristics.
These challenges necessitate a deeper exploration of these structures to
develop a robust framework for their design and application.

Scope and research approach. This thesis explores the theoreti-
cal foundations and practical implementation of metallic clay, laying the
foundation for its integration into a broader engineering framework. In
this case, the concept, i.e., a mechanism deforming with many joints that
can be locked, is explored with a foundational approach. Inspiration is
drawn from existing tools that are successfully used in creating and ana-
lyzing deforming mechanisms. However, in order to avoid the introduction
of unnecessary complexities, these are not used directly. Relying directly
upon fully developed tools might limit the directions of design and analysis
in an early stage. Instead, here we provide insight into the concept’s via-
bility and future possibilities by employing seemingly elementary methods.
These methods have not been used previously, in general in engineering
or specifically for metallic clay.

We systematically investigate the metallic clay concept. Therefore, we
research mathematical and physical principles of kinematic shape morph-
ing, the role and implications of shape locking in simulations and practice,
and the design parameters’ influence on overall system functioning in mor-
phing and locking. This naturally leads to the employment of an approach
in three stages (Figure 1.2):
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Figure 1.2: Graphical representation of the research stages: a) Morphing Model, b)
Locking Lattice, and ¢) Discerning Design.

e Morphing Model (Chapter 2). A multibody modeling approach
analyzes the fundamental morphing behavior of kinematic struc-
tures. By treating the system as an assortment of relatively rigid
parts coupled by movable joints, we focus on kinematics rather than
dynamics, enabling the precise characterization of shape adaptation.
Modular prototypes are developed to validate the applicability of
this modeling framework in real-world scenarios. The straightfor-
ward method shows how metallic clay can be simulated effectively
by focusing fully on kinematics. (Figure 1.2a, modified from [14].)

e Locking Lattice (Chapter 3). To ensure stability after morph-
ing, mechanical locking is introduced. The proposed system consists
of bodies and struts connected by hinges made from polymer-metal
composites with magnetically activated locking mechanisms. The
effectiveness of these locks is evaluated through simulation and phys-
ical testing, examining their ability to constrain degrees of freedom
and enhance structural rigidity. (Figure 1.2b, modified from [15].)

e Discerning Design (Chapter 4). The influence of geometric pa-
rameters on morphing and mechanical performance after locking is
explored using chain-mail-like structures composed of interconnected
elements with spherical joints. Non-assembly metallic structures
are fabricated, and their adaptation to single and doubly curved
shapes is investigated. The relationship between structural design
choices (e.g., triangular vs. square body patterns) and mechanical
performance is assessed through simulations and experimental test-
ing. (Figure 1.2c, modified from [16].)

Pursuing a universally adaptable shape-matching system combines el-
ements of mechanical engineering, materials science, and computational
modeling. By drawing inspiration from nature and leveraging modern
manufacturing techniques, metallic clay offers a novel approach to achiev-
ing both morphing flexibility and post-deformation stability. This thesis
aims to establish a foundational understanding of kinematic metamaterials
and their potential for future implementations in adaptive structures.
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Chapter 2

Morphing Model
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Abstract

Shape-morphing structures have the ability to adapt to various target
shapes, offering significant advantages for many applications. However,
predicting their behavior presents challenges. Here, we present a method
to assess the shape-matching behavior of shape-morphing structures using
a multibody systems approach wherein the structure is represented by a
collection of nodes and their associated constraints. This representation
preserves the kinematic properties of the original structure while allowing
for a rigorous treatment of the shape-morphing behavior of the underlying
metamaterial. We assessed the utility of the proposed method by applying

Modified from [14]



10 MORPHING MODEL

it to a wide range of 2D /3D sample shape-morphing structures. A mod-
ular system of joints and links was also 3D printed for the experimental
realization of the systems under study. Both our simulations and the ex-
periments confirmed the ability of the presented technique to capture the
true shape-morphing behavior of complex shape-morphing metamaterials.

Keywords

multibody system; shape-morphing; shape-matching; kinematic; metama-
terials.

2.1 Introduction

Shape transformation or shape-morphing is a ubiquitous phenomenon in
nature. Organic materials, such as clay, exhibit shape-morphing. Living
organisms manifest such behaviors too. Examples are plants, such as co-
dariocalyx motorius (or telegraph plants), venus flytraps, pine cones, or
animals, such as octopuses with their tentacles or tree frogs and their toe
pads [17-23]. Many biological materials can deform their bodies substan-
tially without losing their integrity in a response to external stimuli, such
as temperature, humidity, and predation. Shape-morphing then serves as a
means to facilitate other biological processes. The microstructures of such
biological materials are responsible for their (dynamic) shape-morphing
behavior.

Shape-morphing has numerous applications in (high added value) in-
dustries [23]. These include architecture [6, 24], furniture [7], automotive
(interior [25], exterior [26]), soft robotics [9], and biomedical engineering.
In those fields, we often tweak structures on the microscale to make them
morph their shape in a way that they can resemble the contour of another
object. This type of shape transformation is useful when an object needs
to maximize its contact area with another object (Figure 2.1a). Changing
the shape of grippers and fixtures to comply with the shape of the objects
they grab onto or propel over helps in distributing the contact forces in
the most favorable manner. To design shape-morphing objects that de-
liver the most favorable shape transformation properties, designers often
resort to architected materials otherwise referred to as metamaterials [27].
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Metamaterials allow us to design shape-morphing objects that incorpo-
rate other desired properties as well. Materials like clay are almost perfect
in matching shapes, but are also continua. A more porous meta-material
could have the shape-morphing properties of clay but be lighter or offer
other advantages afforded by its cavities (e.g., bony ingrowth in the case of
orthopedic implants). Furthermore, an architected metamaterial makes it
possible to realize effective (mechanical) properties that the base material
used to create the metamaterial lacks. Shape-morphing metamaterials
can, for example, fold (origami/kirigami) [28], bend [27, 29|, or deform
through kinematic joints [30]. Here, we investigate the versatility of the
shape-morphing behavior of such kinematic structures.

Kinematic structures can be created from highly stiff materials but
still exhibit shape transformations [13, 30]. One could, for example, con-
nect (relatively) rigid parts through kinematic or compliant joints that
are made from a base material with high stiffness. The complete struc-
ture then possesses the overall ability to easily adapt its shape. We see
many manifestations of physical kinematic structures [13, 30]. A success-
ful design of a metamaterial with a “universal shape-morphing” behavior
relies on the rational geometrical design of its connecting elements (i.e.,
links) and joints.

Here, we introduce a methodology to predict the shape-morphing be-
havior of architected kinematic structures. Through several examples, we
illustrate the connection between this representation and physical phe-
nomena. These predictions are essential because they enable an analysis
of the envelope of possible shape transformations for any given design.
Such an envelope of possible shapes can then be assessed in its own right.

Mobility describes the possible motions that an object can undergo.
This number of motions is captured by the degrees of freedom (DoF) of
the object. A single rigid body has six DoF in 3D: rotations around three
axes and translations along three axes. A deforming body has more DoF:
as many as there are isolated deform possibilities. Solidly deforming ob-
jects have infinitely many DoF and can, therefore, transform theoretically
into infinitely many shapes. This is illustrated in Figure 2.1a-b. Such
structures are generally studied by finite element modeling (FEM) [31-
34]. Kinematic structures, illustrated in Figure 2.1c—e, have a limited
number of DoF. The current designs and mathematical representations of
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Figure 2.1: An illustration of the ability of different structures to deform. a) A solid
deforming structure with an infinite number of DoF. A single structure can deform to
take the shape of different substrates. b) A solid deforming structure with an infinite
number of DoF, which more easily deforms along specific directions. ¢) A multibody
structure with both kinematic and compliant spherical joints, providing it with many
transformation DoF. d) A multibody structure with both kinematic and compliant
hinges, giving it a few transformation DoF. e) A multibody structure with prismatic
joint, leaving one transformation DoF. In the multibody examples, the revolute hinges
are represented by “cans” [42].

shape-morphing structures often have limited mobility and can transform,
or be deployed, from one starting shape into one final shape, as the final
shape is programmed into the mechanism’s design [28, 35-41]. The more
DoF a structure has, the more shapes it can match. For a structure with
limited mobility, it might be possible to predict the shapes it can attain.
However, even with a finite number of DoF, a structure could match a
vast number of shapes. Simulations are needed to determine whether and
how well a structure can deform into different shapes. To perform these
simulations, we turn to the theory of rigid multibody systems.

Rigid multibody systems describe the motions of structures consist-
ing of rigid bodies and (kinematic) joints. Since we are modeling kine-
matic structures, we need to make sure their integrity is not violated. In
fields that deal with shape-morphing (e.g. (meshing) in computer graph-
ics/vision [43-45]), shapes are often described using points and vertices.
Combining this approach with multibody principles assures that such a
mesh can also describe the motions of a physical structure. This would
guarantee that the integrity of the structure is preserved and that the
relations between the different sections of the structure are maintained
during the whole process of shape transformation. This idea of using
points motivates the use of a discrete multibody approach.

A discrete multibody approach defines the entire kinematic structure
by looking at specific points of interest. This is a systematic and scal-
able approach that we adopt here because we are primarily interested in
the kinematics and not so much in the kinetics of such architected ma-
terials. A morphing shape is said to resemble another shape when they
share enough contact points. To match a discrete structure to a shape,
one must move selected points within the structure toward their target
locations. This discretization of solid bodies to points is already used in



14 MORPHING MODEL

multibody dynamics [46-50]. Here, however, the approach is specifically
tailored to study shape-morphing with as few nodes as possible. Such an
approach also makes sure that kinematic structures can be modeled in
a systematic way and that the obtained simulations are free from singu-
larities. With this design representation, for any given target shape, we
can determine how well a structure design is able to approach this shape.
This could provide means to find combinations of design parameters that
result in optimal designs. We assess the utility of the developed method
by performing both simulations and experiments. The experiments are
performed using an additively manufactured (AM or 3D printed) modular
system that enables us to connect links and joints in arbitrarily complex
ways, thereby creating many possible designs of kinematic structures.

2.2 Methods

2.2.1 Structure representation

The shape-morphing model proposed here consists of two main compo-
nents, namely nodes and constraints, with which the mobility of struc-
tures can be fully described. Using this discrete approach, the overall
configuration of the structure is simply defined by evaluating the local
displacements of individual nodes in the 3D space. The analysis starts by
expressing the system in terms of nodes and constraints. Subsequently, we
find the possible motions of individual nodes and transform the complete
system into a target shape that is defined as the superposition of the local
motions of individual nodes. Further information on the kinetics of the
system (i.e., force and moments at individual nodes and links) can be also
inferred from this approach but is outside the scope of the present study.

The mathematical description of a system with such few types of ele-
ments is relatively straightforward and systematic, and relies on positional
descriptions provided by vectors and the applicable vector algebra. Fig-
ure 2.2 illustrates the usage of vectors for such mathematical descriptions.
For each obstructed DoF, we define a constraint ¢ that vanishes at all
times (i.e., ¢ = 0). In what follows, we describe the theoretical model by
going from a single node towards a full multibody system with different
joints and a large number of DoF.



2.2 METHODS 15

Nodes, links and bodies

Nodes are the basic elements in the description of our multibody systems
and define the primary points of interest. Moreover, constraints are writ-
ten in terms of the relative motions of nodes. The relative fixation and
motion of nodes can all be described in terms of vectors. A single node has
no dimensions. It, therefore, has only three DoF, including translations
along the z-, y-, and z-axis. The coordinate of a node “1” is then defined
as (Figure 2.2a)

7“1:(331 Y1 Zl)T- (2.1)

Each system can be modelled using n nodes whose relationships with each
other are described by m constraints. The overall number of DoF of the
system f can then be approximated as: f = 3n —m. Multiple constraints
may remove the same DoF. This approximation may, therefore, not hold
exactly. To describe the relative motion between different (subsets of)
nodes, we use the node locations and relate them to each other.

Links are defined as a constant distance between two nodes (Fig-
ure 2.2b). Such a constraint removes one DoF from the set of nodes.
Therefore, a link has five DoF and can be considered as a simplified body
where the rotation is undefined along the link axis. To mathematically
describe a link, the length of the vector from one node to the other needs
to be set equal to a constant. As is shown in Figure 2.2b, this is done
through the constraint ¢. With the relative vector between both nodes
defined as d, the rigid link can be formulated as d - d = d, where d is a
prescribed constant of the link. The constant value of d is, thus, calcu-
lated in the original undeformed state. Since constraints need to always
vanish, they are written as c=d-d —d = 0.

Bodies are composed of three out-of-line nodes whose relative positions
are rigidly constrained (Figure 2.2c). This is the simplest form of a rigid
body, since it requires the minimum number of nodes for a fully defined
set of six DoF. The (sub)system of nodes creating a rigid body has a
position as well as orientations along and about all three axes. In order
to not prioritize any node over another, the vectors are simply drawn in a
head-tail fashion. Any other choice of node order or vector directions in
which all minimal three nodes of a body are related to each other would
be acceptable too.
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Figure 2.2: Description of the nodes and constraints as the building blocks of our
modeling approach. Based on a multibody analysis of kinematic systems, three rigid
elements are considered: a) A single node has three DoF, b) A link is created by
constraining the distance between two nodes, leaving five DoF, c) Linking three nodes
creates a body with six DoF. d) Nodes are rigidly added to a body through projections
on a normal vector and the sides of the base plane. e)-m) Different kinds of constraints
and joints can be applied in-between bodies by using orthogonal and parallel vectors.
The presented list of nine examples is non-exclusive and non-exhaustive. Depending
on the situation at hand, the same relative motions can be defined in different ways
and more constraints can be defined in terms of the relative motions of the system
components. The triads depict the possible motions, either absolute (yellow) or relative
to another body (green).

The three components defined above (i.e., nodes, links, and bodies) are
needed to define any other relationships between the nodes. From here
on, we describe two mutually compatible ways separately. First, the body
is extended with more nodes than the base three. Secondly, we combine
nodes with links and/or bodies in order to generate large shape-morphing
structures. In a structure, we can encounter both simultaneously. Struc-
tures could have bodies with more than three nodes and many different
joints between their elements.

Body-node

The number of nodes of a body can be extended beyond three (Fig-
ure 2.2d). However, singularity issues may arise when distance constraints
are used for the extra nodes positioned within the plane formed by the
three base nodes. We, therefore, had to find a way to attach the extra
nodes while avoiding such singularities. Fortunately, the base body can be
used to define the normal vectors in such a way that singularity is avoided.

We propose to extend a body’s nodes beyond three by projecting the
relative distance vector of the extra nodes onto the vectors related to the
base plane. We start by separately projecting the relative distance vector
on either two of the three base plane vectors. This provides us with two
constraints. The remaining constraint is then obtained by setting the
normal distance to the plane using the base plane’s normal vector. To
construct the normal vector, two separate vectors of the base are used

(e.g., n = d2/1 X d3/2>.
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Kinematic joints

Kinematic joints, or kinematic pairs, were introduced between nodes,
links, and bodies to create transformation mechanisms. Every joint within
a kinematic structure allows for a certain type of motion between the nodes
of the system. There are many possible joint types of which nine examples
are presented in Figure 2.2e-m. This list of examples is non-exhaustive
and serves solely to illustrate the principles. The relative nodal behavior
of such joints can often be expressed through different definitions of con-
straints depending on what is most convenient in any specific case. The
general idea, however, remains the same in all cases: the joints are mathe-
matically described by constraining the movement of vectors with respect
to each other.

One of the basic examples of joints that only confines translation is the
plane-point joint (Figure 2.2e). This joint blocks the relative translation
of any arbitrary node (e.g., 4 in this particular example) with respect to a
node of the plane of a rigid body. We, therefore, need a single constraint
to describe this joint type. This constraint includes the normal vector of
the plane that is found by taking the cross-product of two vectors of the
plane. Subsequently, a third vector from a plane point towards the to-be-
constrained point is projected on the normal vector. Since this projection
is set equal to zero, the vector is orthogonal.

The next example of a basic joint is the line-point joint. This joint does
not involve orthogonal vectors but is, instead, based on parallel vectors.
The idea behind this choice is that a minimum number of nodes would be
required as compared to the case where orthogonal vectors are used. These
orthogonal vectors would need to be normal to the line and need an extra
node to be robustly defined [47]. This is a result of the hairy-ball theorem
and stems from the fact that a line has an infinite number of orthogonal
vectors (Section 2.6.1). We circumvent this issue by making the vectors
parallel but not necessarily equal in length. For the line-point joint, one of
the vectors defines the line while the other defines the position of the third
node with respect to one of the other nodes (Figure 2.2f). Both vectors
are subtracted from each other to make them parallel and an extra DoF
is added in the form of a multiplier A. Eventually, this joint has three
constraints but also introduces an extra DoF. The net effect of the joint,
therefore, is to remove two DoF from the system.
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A prismatic joint allows for relative translation between bodies (Fig-
ure 2.2g). It uses two line-point constraints and a parallel plane-line con-
straint. This last constraint is very similar to the plane-point joint with
the difference that the vector does not originate from the body. This al-
lows for translations as well as rotations. Other joints that allow for both
rotations and translations are the parallel plane and cylindrical joints.
Joints that only allow for rotation are the spherical, universal, and hinge
joints. The basic elements of orthogonal and parallel vectors provide the
means to define the most common types of engineering joints.

System description

Kinematic structure are fully described through their instantaneous con-
figuration and the constrained motions between their nodes. The overall
configuration of the system can be described using two main sets contain-
ing n nodal coordinates and k£ multipliers:

z=(rT »F ... D)7, (2.2)
A=\ A o). (2.3)

The mathematical relations between all these nodes are the constraints
that are stored in an m x 1 constraint set:

Cc = (Cl Co2 ... Cm)T =0. (24)

These constraints, which are usually nonlinear in x, make sure that the
configuration of the system remains within the kinematic limitations of
the structure, thereby safeguarding the overall integrity of the structure
during motions.

2.2.2 Morphing simulation

Once all the nodes and constraints are defined, kinematic transformations
can be analyzed. The simulation has to be performed in an iterative
manner from a start configuration toward a target configuration. This
iterative algorithm uses the coordinates of a target shape and minimizes
the difference between the current configuration of the structure and the
target one. This process continues as the structure goes through successive
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steps, s, that gradually bring it closer to the target shape. The simulation
stops when the change in the configuration is negligible and the algorithm
is said to have converged.

We require a measure to assess the difference between the current shape
and the target one [44]. For that, we adopted the normalized distance
error between the current configuration of all nodes, 7;, and their target
configuration, g;, which is defined as

&= % e Y (ri—g5)-(rj—gj), (2.5)

n 4
Jj=1

where n is the total number of nodes and L is a characteristic length of
the structure. This metric effectively measures the standard deviation of
the distances between the locations of individual nodes and their target
locations.

To assess the achieved shapes, we introduced a nondimensionalized
shape factor, S. The error defined in (2.5) measures how well a structure
matches a target shape but does not tell us how the different shapes of a
structure compare to each other. We, therefore, defined the shape factor

such that it measures the standard deviation of the node locations from
the instantaneous centroid of the structure:

1 |1

S = Al n Z (rj - %Z?Zl r]-> . ('rj - %Z?Zl rj), (2.6)
j=1

where %22:1 r; is the instantaneous centroid of the structure while L is
a characteristic length of the structure. While this number may be the
same for highly different structures, it allows for a quick first comparison
between different shapes.

The iterative process of morphing the structure continues until the
configuration does not change anymore. We can choose to evaluate either
& or § to decide whether the end configuration has been reached. Here,
we measured the absolute difference in error with respect to a step, £ =
|d€ /ds|, and repeated the process until £ was within a specified tolerance.
This process is illustrated in Figure 2.3.
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Goal coordinates

Every node, 7, needs to have a target location g;. We adopted a method
where the target points are chosen based on the Euclidean distance (2-
norm) between the node and a target shape. As seen in Figure 2.3a,
the structure starts off with an initial configuration & (no multiplier con-
straints). A to-be-morphed-to shape is defined by the target configuration
g. In most shape-morphing instances, the exact target location of each
node is not known beforehand. The target configuration can be updated
after each step based on the actual configuration of the structure. These
instantaneous target locations are stored in a vector ;. Note that x, al-
ways has a size of 3n x 1 but does not necessarily need the targets specified
for each node. It is also possible to provide a certain set of new location
targets for the “leading” nodes, while the target locations of the other
nodes are set equal to their current location. The “leading” nodes will
then move towards the new position while “pulling” the remaining nodes
with them.

Mobility

A multibody system with f degrees of freedom has at least f independent
ways to deform. To investigate mobility, all these possible motions will
be evaluated both in isolation and in combination with each other. The
independent modes of motion are the possible sets of variations in the
node coordinates. For a structure undergoing a 2D motion, the modes are
shown in Figure 2.3b. Having defined the constraints in the form of (2.4),
we can find all the small variations which satisfy the constraints using the

first derivative of (2.4) as
U
() o o

where J is the m x (3n + k) Jacobian of the constraints and U and ¥ are
matrices with its null spaces. The Jacobian is calculated as

J = (0c/0xy Oc/Oy ... Oc/dz, Oc/ON1 ... Oc/ON;)  (2.8)

while the null space can be subsequently determined using singular value
decomposition (SVD). The columns of the Jacobian represent small devi-
ations that are combinations of coordinate variations and can take place



22 MORPHING MODEL

a b i
u2
(u1, u2, us, u4)

take current configuration (T, AT)T use J UT \IlT)T =0
and goal configuration xg to calculate independent modes U
c d

»

O
use z» =« + U(UT (zg — z)) iterate (2T, AT)T = (2T, AD)T —Jte
and obtain next configuration until constraints are in tolerance

Figure 2.3: (Caption on next page.)



2.2 METHODS 23

Figure 2.3: An illustration of the steps involved in the shape-morphing algorithm that
is applied to a structure moving in 2D. The target of each node is to reach the nearest
bump on the surface as seen from the top view. The process iterates through steps
a)-d) until the shape error derivative £ is below a pre-defined threshold.

simultaneously. The separated modes containing the admissible variations
of  and A are then the null spaces:

Uz(ul us ... Uf), (2.9)
U= (1 ¥ ... ¥y), (2.10)

respectively of size 3n x f and k x f.

Modal superposition

Modal superposition is used to move and deform the structure to a desired
configuration. In this way, the nodes move along linear paths admissible
by the constraints up to the first order (Figure 2.3c). We selected and
combined the admissible motions stored in U by minimizing the distance
that the nodes travel towards their target ;. Then, at each step of the
motion, a change in the current configuration leads to the creation of a
new configuration according to the following relationship (Section 2.6.1):

z,=x+U(U" (z; —x)), (2.11)

where UT = (UTU)_1 UT is the left pseudo-inverse of U and both U
and U™ are evaluated in . Note that the variations in A are not used
in the modal superposition. Since the obtained information regarding the
motions is a linear approximation, multiple steps are generally required to
move to a new configuration while satisfying all the applicable constraints.

Constraint satisfaction

In each step, the nodes make a small linear movement with respect to
their initial configuration that tends to slightly violate the constraints of
the structure. As the number of steps increases, these initially negligi-
ble errors accumulate, requiring corrective measures. In fact, nodes that
are part of bodies follow a curved path that cannot be described with a
linear movement. Therefore, in each step, a constraint satisfaction step
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in the form of a Gauss-Newton algorithm is applied to the coordinates
(xl, AT to guarantee the constraints are satisfied up to a permissible
residual (Figure 2.3d). These corrections lead to new actual configurations
after each step, which are given as (Section 2.6.1):

<§"\> = <§> ~J'te, (2.12)

where J* = J7T (J J T)f1 is the right pseudo-inverse of the constraint Jaco-
bian J and ¢ includes the constraint errors, both evaluated in the configu-
ration (], AI)T. The constraints with X are affected as well and need to
be corrected too. These corrections are performed in an iterative manner
(within the overall iterative process) to guarantee the satisfaction of the
constraints up to a permissible residual.

2.2.3 Case studies

Experiments are conducted to illustrate and validate the usage of the
approach. Simulations show how different structures can be implemented
and transformed into different shapes. A reconstruction with a physical
modular system shows how the simulations compare to the physical world.

Simulations

For the simulations, the target shapes are point clouds that are either
created through the direct applications of mathematical expressions or by
converting a CAD drawing. Shapes with constant (Gaussian) curvature
are created with straightforward functions. To create more irregular sur-
faces, we used Fourier expansions. While the “organical” CAD model is
hand-drawn, any real-world physical objects could be handled similarly.
The only additional step would be some type of 3D scanning.

Two parameters were defined to run the simulations. In all the simu-
lations performed here, the characteristic length is given by

1 n
L= E Z (TjO - %Z?:l rj(]) . <’l‘j0 — % Z?:l ’I"jo), (213)
j=1
where we use the initial structure node configurations, r;o, such that S =1
at s = 0. Moreover, all the simulations stopped when || < 1-1076.
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Modular physical system

To illustrate and validate the capability of the presented modeling ap-
proach, we designed a modular system to recreate some of the various
joint types discussed here as physical models and demonstrate their phys-
ical kinematic motions (Figure 2.4a—e). In the created modular system,
spheres represent nodes in kinematic systems. These spheres were con-
nected to different parts to create rigid bodies that allowed for different
types of motion variations. The rigid body shapes can be combined with
different joint types to form shape-morphing structures (Figure 2.4f). We
used 3D printers to fabricate our physical models (Section 2.6.2). Differ-
ent pieces were combined to make different kinematic joints and structures
with different shape-morphing behaviors. The spheres were printed using
vat photopolymerization (VAT-UVL/P [51]; Form 3, Formlabs, United
States; color resin). The spheres were connected to each other to create
links and bodies. Links were printed using VAT-UVL/P [51] (Form 3,
Formlabs, United States; grey resin) while ridged shafts and bodies were
printed using material extrusion (MEX-TRB/P/PLA [51]; Ultimaker 2+,
Ultimaker, The Netherlands; silver metallic filament). Different circular
clamping pieces were made with vat photopolymerization (VAT-UVL/P
[51], Form 3, Formlabs, United States; tough 1500 resin) which could be
snapped around or into the ridges of the spheres. The shapes of these
clamps determine whether or not they can rotate and with how many
DoF. Different combinations of circular pieces create either a fixed, spher-
ical, hinge, universal, or hinge connection around the sphere. The shafts
are snapped into the other ends of the circular pieces. Furthermore, the
shafts are snapped into tubes to create cylindrical or prismatic joints,
where the prismatic joints make use of the ridges of the shafts to block
any rotations.

The modular system was first evaluated for a specific structure whose
morphing behavior is quite intuitive and was similarly captured by both
simulations and experiments. This allowed for a comparison between the
shape as predicted by the model and the physically realized shape. The
model yielded the final positions of the nodes and the corresponding shape
value. The physical representation of the system was put into different
shapes and its node locations were recorded.
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Figure 2.4: A modular system illustrating the physical behavior of multibody systems.
a)—e) Five common kinematic joints. The modular pieces were used in different com-
binations to create the different behaviors of the structures. The spheres were placed
such that they can be easily used in mathematical definitions of the joints. f) Different
kinematic joints were combined to create versatile systems, including both closed-loop
systems and systems with open ends.

Target shapes

Target shapes were physically created for the validation experiments as
well (MEX-TRB/P/PLA [51]; Ultimaker 24, Ultimaker, The Netherlands;
green filament). These substrates have an open design that provides the
opportunity to capture the structure’s configuration once it is placed on
or in the target shape. The three shapes are a circle, a cylindrical surface,
and an ellipsoidal enclosure, which were sized to be compatible with the
simulations (Section 2.6.2).

Configuration capturing

As for capturing the positions of individual nodes, we used a 3D optical
scanner (Scan-in-a-Box-FX, Open Technologies S.r.1., Italy) and extracted
the coordinates of the nodes by manually selecting the spheres from the 3D
scanned point clouds. Then, the shape factor was calculated and compared
between our simulations and the physical model. The characteristic length
for all cases (simulation and scanning) was that of the simulation’s initial
configuration as calculated with (2.13).

2.3 Results

The simulation results corresponding to case studies show that the pro-
posed design representation in the current study for modeling the shape-
morphing behavior of kinematic structures works well in terms of finding
the correct matching shape (Figure 2.5). The simulation and experimental
results were generated by considering different sample structures that were
specifically selected to showcase the different types of constraints and their
associated shape-morphing behaviors. The kinematic structures used for
the assessment of the morphing behaviors of the sample cases were created
by defining their initial node positions and the constraints limiting the rel-
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Figure 2.5: Three sample applications of our shape-morphing simulations. Nodes are
depicted by blue circles and links are represented by blue solid lines. Line-point joints
are depicted by dashed lines. For a selection of steps s, the configurations with shape
factor S is shown. The targets for the upcoming step are shown with dots. The distance
error £ indicates how far the current configuration is from the targets. a) A “pentapod”
matching its shape to a cylindrical surface with a randomly varying radius. Only the
five outer nodes were moved toward the shape. Line-point constraints were used to
make the outer nodes move in one plane (simultaneously). Next to the six DoF of
the overall motion, this structure has only one shape-transforming DoF. b) A structure
with square bodies connected by hinging links [13] was morphed into a circular shape.
Only the nodes on the edges were given target locations. Plane-point constraints were
used to restrain all the nodes in one plane. ¢) A 3D structure with spherical joints was
morphed into an organically created 3D shape. Only the nodes on the bottom and side
faces of the structure were given target locations.

ative motions of the nodes according to the generally developed principles
(Section 2.2.1). Subsequently, a generally developed morphing algorithm
(Section 2.2.2) was applied to transform the shape of the mathematical
structures into a desired one. The here presented morphing simulations
and the experimental comparison with a physical representation follow
study-specific methods (Section 2.2.3).

An overview of some sample structures and target shapes is presented
in Figure 2.5. Here, a 3D deforming “pentapod” is composed in such a
way that it only has one morphing DoF (Figure 2.5a). There is a ratio-
nally designed coupling between the nodes along different axes that makes
this possible. Although the space in which the movements take place is
3D, we can apply hinges in such a way that only 2D in-plane morphing
of structures is possible (Figure 2.5b). This structure has multiple DoF
because of the network of many hinges. A fully 3D defined structure with
spherical joints has many DoF and can transform its shape into irregular
3D shapes (Figure 2.5¢).

In the specific examples considered here, not all nodes were moved
toward the target surface. We selected the structure’s peripheral nodes
as “leading nodes” that moved toward the target shape. The inner nodes
were initially allowed to stay close to their starting positions. The internal
nodes followed the leading nodes only when they had to provide extra
movements so that the leading nodes could approach their target positions.

The simulations confirmed the capability of the structures to trans-
form into the specific target shapes. The “leading nodes” at the edges
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move toward the target shape. The nodes located at the center of the
structures remained mostly in their original positions, if they did not have
to accommodate the movement of the edge nodes. The residual error of
the “pentapod” in (Figure 2.5a) was relatively large as compared to the
other examples. That is due to the fact that its target shape is irregular
and the structure has effectively only one transforming DoF. Moreover,
the pentapod showed “expansion” with increasing shape factor while the
shape factor of both other structures reduced. These results can be used
to improve the designs of these structures in terms of shape-morphing
behavior and reduce the residual error.

A comparison between the simulated shape-morphing and the exper-
imentally obtained shapes shows that they are in agreement with each
other. The 2D structure could deform into a 1D circular shape (Fig-
ure 2.6a-b), a 2D cylindrical surface (Figure 2.6c—c-d), and a 3D el-
lipsoidal enclosure (Figure 2.6e—f). The simulations predicted this, and
although the physical dimensions and possible imperfections limited the
range of motion of the physical structure, it could approximate the shape
factor of the simulations.

2.4 Discussion

The multibody kinematic approach presented here provides the required
steps for an initial configuration to morph into a target shape. This was
initially demonstrated for different structures in a first set of simulations
(Figure 2.5). To illustrate the working principles of the approach further
and demonstrate the physical realization and compare it with our simu-
lation results, we analyzed the capabilities of the presented approach in
predicting the shape-morphing steps required for several arbitrary shapes.

A second set of experiments showed how one single structure can
morph into multiple shapes by simply defining different target shapes.
We simulated the behavior of a 2D structure that morphs into various
shapes in 1D, 2D, and 3D (Figure 2.6). The simple structure consisted of
two triangular bodies connected through spherical joints by a link. The
same structure was morphed into three different target shapes, including a
circular surface that made the structure deform in one plane along a line, a
curved surface that made the structure morph into an out-of-plane shape,
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and an ellipsoidal enclosure that required the structure to deform into a
3D shape. The different target shapes of the substrates were purposely
chosen to give the structure compelling end shapes. Situations occurred
where the combination of structure and target shape was too symmetric,
leading to bifurcations. Multiple routes to the target shape were equally
ideal which can lead to longer calculation times and undesired structure
configurations. To circumvent this, symmetry was removed by translating
or rotating the target shape slightly with respect to the morphing struc-
ture in order to break the alignment of the symmetry axes of shape and
structure.

In our physical representations, we followed the exact same steps ob-
tained from our simulations and found that the resulting shapes matched
the target shapes. We need to emphasize here that the 3D printed struc-
tures had length ratios that were identical to the simulated ones. However,
these physical experiments also made it clear that the intermediate steps
resulting from the simulations are primarily of theoretical value. The dif-
ferent steps obtained for the shape-morphing process represent the short-
est trajectory from the initial shape to the target shape. This means that
our simulations do not take into account all the physical properties of the
joints. Some of the physical properties of joints and links, such as their
thicknesses, can limit their actual range of motion. One way to apply such
limits in the range of motion of a node without changing the current way
of defining constraints is to add an additional node (Section 2.6.3). The
number and location of nodes that represent a body are chosen carefully
in the experiments to represent a physical system while using as few nodes
as possible. Adding nodes carelessly can make the calculations longer as
well as giving undesired results (Section 2.6.4).

We used a two-step Gauss-Newton iterative procedure to make sure
the shape transformation trajectory was as close as possible to the actual
physical situation. In this procedure, the nodes were moved toward their
target first, followed by corrections that ensured the constraints were sat-
isfied to the desired level of accuracy. The integrity of the system was,
therefore, maintained during the shape transformation process. Had we
solved the model simultaneously for both target-approaching trajectories
and constraint satisfaction, different final configurations would have ap-
peared that would have significantly deviated from what is physically pos-
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Figure 2.6: Simulation of the transformation of the shape of a structure with trian-
gular bodies into three different shapes. The target shapes are a)-b) a circle, ¢)-d) a
cylindrical surface and e)-f) an ellipsoidal enclosure. In each case, the simulated behav-
ior is shown for selected steps s along with the physical representation of the modular
system corresponding to the initial and final configurations. The blue circular nodes
are physically represented by orange spheres. The 3D printed structure’s shape was
captured using a 3D optical scanner. From the point cloud the yellow spheres were se-
lected manually. Both the normalized error £ between the structure and the substrate
and the normalized shape S are presented. The simulations stopped once the absolute
error difference £ was below 1-1075. All the values were normalized with respect to a
characteristic length which was chosen to be a representative value of the initial shape
at s =0.

sible. The physical “insertability” of such shapes would have, therefore,
been less predictable. Doing the constraint satisfaction in a separate step
of the iterative process is a more effective approach for maintaining the in-
tegrity of the kinematic structure as the shape transformation takes place.
The final shape of the structure will then preserve its original topology.

Given that the primary purpose of the current paper is to propose a
straightforward model for the study of the shape-morphing behavior of
kinematic structures, we did not consider some more advanced aspects
of kinematic structures, such as shape transformation in the presence of
additional constraints that limit the range of motion of individual joints.
Every joint could, therefore, move freely along its DoF. In reality, however,
the physical nature of a structure limits the range of motion of different
joints in a joint- and location-specific manner.

The primary limitation of the proposed method lies in the simplifica-
tions that make it somewhat deviate from the actual physical situation. In
particular, rigid bodies were simply defined as a collection of theoretical
nodes without volume. In the real world, physical bodies occupy volume
and cannot penetrate into each other [52, 53]. These aspects have not
yet been included in the presented modeling approach. The finite dimen-
sions of the physical structures and the limited range of motions of joints
are the other aspects missing from our approach. These omissions mean
that one needs to be careful about the selection of the nodes that lie on
the surface and the ones that do not. For a qualitative assessment of the
shape-morphing behavior, this does not pose a problem since the overall
trends are followed, but any quantitative results may be less accurate than
those of more complex models.
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The current version of the proposed method is also purely kinematic,
meaning that stiffness is excluded from the equations. The elements of
the model are, thus, either fully rigid —and thus non-deformable— or fully
free to move along their DoF'. Rigid bodies are, therefore, assumed to pos-
sess infinite stiffness while joints are inferred to have zero stiffness. To
study how compliant bodies and joints contribute to the shape-morphing
behavior of physical structures, we need to introduce forces. A theoret-
ical spring with a finite stiffness does not limit the motion of a point in
a multibody model. In reality, however, it limits the deformation that
is possible without material failure. Moreover, it can also contribute to
mobility through the deformation of parts that are considered rigid in this
multibody approach. By introducing masses and/or stiffness values [54]
into the system, it would be possible to investigate the reaction forces at
different joints. Static forces in the system can then be calculated by eval-
uating the local stiffness in-between the nodes. This would be somewhat
similar to FEM. It is important to emphasize that while multi-step simula-
tions make it look like the kinematic structures move toward their targets,
this should not be misinterpreted as a dynamic analysis. This movement
purely represents the kinematically optimal path (i.e., the path with the
shortest least-square distance) that satisfies the imposed constraints. It
is possible to extend the presented node-and-constraint model to include
kinetics. The bodies would then need to have at least four nodes with
assigned masses to be able to manifest the full kinetic effects of their mass
and moments of inertia. Implementing non-rigid bodies is possible within
the current modeling framework by assigning stiffness values to the links.

To modify the model, one can change the way through which we find
the final position of nodes. In the presented method, the nearest point on
a surface was used, but this can be changed to other norms, such as the
1-norm, a projection along an axis, or the Hausdorff distance [55]. These
methods have been used in computer graphics algorithms [44] that have
many similarities to the algorithm presented here. Another note regarding
the search for the target coordinates is that representing the target shape
as a point cloud makes the search computationally much more expensive
than if the target shape was represented by a function. It is, therefore,
advised to use a functional representation of the target shape, as this
would allow for more computationally efficient minima handling.
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2.5 Conclusions

We proposed a simple method for the study of the shape-morphing be-
havior of kinematic structures. We then applied this design represen-
tation to a number of cases to demonstrate its utility in predicting the
shape-morphing behavior of a large class of architected materials consist-
ing of links, bodies, and joints with various DoF. The simulation and
experimental results obtained for the case studies confirmed the ability of
the proposed technique to match kinematic structures to arbitrary shapes
through a variety of mechanisms. The presented approach, therefore, pro-
vides us with a way of determining a structure’s ability to transform into
arbitrary shapes particularly when the target shape is complex and does
not lend itself to other more rudimentary techniques of shape analysis.
The methodological advances made through the proposed technique pave
the way for more systematic investigations of shape-morphing phenom-
ena, including the determination of the envelope of the shape-morphing
behaviors that can be exhibited by any given kinematic structure. Such
information would be also essential for the algorithmic optimization of
kinematic structures with the aim of making them morph into any spe-
cific classes of shapes or for enlarging the envelope of possible achievable
shapes as much as possible.

2.6 Supporting information

2.6.1 Derivation refreshers
Algebraic difficulties in line orthogonals

Finding a robust algebraic expression for a normal vector of a line is impos-
sible. An algebraic expression is required when the vector is later used in
finding (partial) derivatives. If the line is part of a plane, it is straightfor-
ward to find the normal vector. That is because there is only one normal
vector. For an isolated line, however, there are infinitely many normal
vectors contained in a plane. This is a common challenge in computer
graphics. It can be shown that for a single line, any expression found for
the normal vector has a combination of entries that result in a zero nor-
mal vector. We illustrate this by first giving some examples of applicable
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numerical methods and then trying to apply them to an algebraic case.

The intuitive way (in 3D) for finding the normal vector to an isolated
line is the projection of the relative position vector of the point on two
distinct orthogonal vectors of the line. This is illustrated in Figure 2.7.
Numerically, these vectors can always be found, even in multiple ways.
Three examples are presented below:

1. One can use a (base-)vector € that is non-parallel to d. First, we
find the index i of (one of) the smallest absolute component(s) of
d. The non-parallel vector is then é; where the i*"-component is 1.
Subsequently, the normal vector is found as n = d x ;. For example,
if we have d = (3, 2, —5)T, we use é = (0, 1, 0)T which gives the
normal vector as m = d x é = (5, 0, 3)T. A second normal vector
can easily be found as ne = d x n;.

2. Another method uses the matrix product representation of the cross-
product: d x d = dd. By definition, this (skew-symmetric) matrix
d has elements for which dd = 0. Therefore, the rows and columns
of this matrix are all orthogonal to d: d= (n1, ne, ng). For a non-
zero vector d, at least two columns of d are non-zero and could serve
as useful orthogonal vectors. For example, when d = (3, 2, —5)7,
we find n; = (0, =5, —2)%, ny = (5, 0, 3)T, and n3 = (2, -3, 0)T.
Note that these vectors are not mutually orthogonal among them-
selves.

3. For any given 3D numerical vector d of size 3 x 1, it is possible to
find a vector n that is orthogonal to this vector such that d-n = 0.
There are infinitely many n that are contained in the plane of which
d is the normal vector. It follows that the orthogonal vectors n can
be found by determining the (right) null space of dT, for example,
by using singular value decomposition (SVD). The right-singular
vectors corresponding to zero singular values describe the vectors
orthonormal to d.

All of the above-mentioned methods are associated with certain issues
when applied algebraically. The method which requires working with the
base vector involves finding the minimum numerical value of the entries
of the vector, which immediately disqualifies the method. We could try
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the tilde matrix method with a vector d = (z, y, 2)*. We would then
obtain n; = (0, —y, y)*, na = (2,0, —2)T, and n3 = (—y, z, 0)T. It
can be seen that if we choose the first normal vector, ni, we would get
ny = 0 in the case d = (1, 0, 0)T. Therefore, a zero normal vector is
obtained for a nonzero vector, which is undesirable. Since it is unknown
beforehand which column of the tilde matrix must be chosen, this method
cannot be used. It appears to be the case that for any nonzero vector, one
zero normal vector is found regardless of the applied method. This issue
is related to the hairy ball theorem [56]. The line vectors d = (z, y, 2)7T
correspond to points on a sphere’s surface. The normal vectors could be
interpreted as vectors tangent to the sphere, originating from d. Therefore,
there is always a combination of x, y, and z that gives a zero n.

Finding an algebraic expression for the normal vector of an isolated
line, therefore, requires an explicit definition of that normal vector. In our
multibody system, this requirement can be satisfied through the addition
of an extra node. Given the fact that we aim to use the minimum number
of nodes, we prefer to use the multiplier method to constrain a point on a
line.

Optimising the shape transformation path

In the modal superposition step of the morphing algorithm, we would like
the nodes to move to their targets along the shortest path. Therefore, the
modes need to be selected and scaled (through the use of weighting factors)
such that their combined motion is the desired one. Mathematically, we
select modes from U and add them to the current configuration as:

T, =+ Uw, (2.14)

where w is a f x 1 weight vector that scales the contribution of each mode
to the motion.

In order to find w that results in the next configuration closest to
the target configuration, a least-squares approach is used to minimize the
error between x, and x,. This error is defined as the squared normalized
magnitude (Euclidean norm) of the difference between both vectors and
is minimized with respect to w as:

min \/(m* - a:g)T (s — ). (2.15)

w
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Figure 2.7: Constraining a point to lie on a line by using two vectors that are orthog-
onal to the line. This method of constraining works numerically, but is not robust
algebraically.

To solve this problem, we substitute (2.14) into (2.15). The minimum
error can then be found by evaluating the term inside the square root:

mui]n ((Uw +x— :cg)T (Uw +x — :cg)> . (2.16)

We take the derivative, which is zero at the minimum,

d
o ((Ufw+a:—:cg)T (U'w+a:—:cg)) = (2.17)
2UT (Uw 4z —x,) =0 (2.18)
and solve for w: .
w= (U'U) U (z, - ), (2.19)

where UT = (UTU)_1 UT is the left pseudo-inverse.

Constraint satisfaction

The violations in the constraints are corrected by applying the Gauss-
Newton method. We want to correct the configuration g, = (z1, AT in
such a way that the configuration does not violate the constraints. The
configuration is, therefore, linearized around g, to move it closer to a
configuration that fulfills the constraints,

q=q.+9, (2.20)

where é are small changes or corrections that make sure the constraints are
satisfied up to any arbitrary residual. To move to the closest of these con-
figurations (according to the least-square analysis), the 2-norm between g
and g, is minimized as:

min \/(q* ~q)" (g« — q), (2.21)

(g+—q)

which should hold for all g that fulfil the constraints in the form:

c(q) =0. (2.22)
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We solve this equation by first substituting (2.20) into (2.21) and (2.22)
and obtaining two equations. The term under the square root of (2.21)

after substitution gives
min (676). (2.23)

The minimum is then obtained by setting the derivative of this term equal
to zero:

4

5 (676) = (2.24)

26 = 0. (2.25)

The second equation is found by substitution into (2.22) with a first-order
Taylor series linear approximation as:

c(gs) +J(g.)d =0, (2.26)

where J is the Jacobian of the constraints. The linear optimization prob-
lem of (2.25) and (2.26) can be solved simultaneously by using Lagrange

multipliers:
I J% /6 0
o) G)- (%) a2

where I is the identity matrix and g are the Lagrange multipliers. From

the first row, we find
o=-J"p. (2.28)

Substituting into the second row gives u = (JJT)~lec. Plugging this last
result into (2.28) results in the correction values:

5=-3T (33" ¢, (2.29)
where J* = JT (JJ T)fl is the right pseudo-inverse.

2.6.2 Technical details of the experiments

The proposed simulation approach is fully scalable and is not affected by
absolute dimensions, only relative ones. Therefore, a lot of freedom exists
in how the actual structures are created. Nevertheless, to perform the ex-
periments, we needed to make specific designs of the modules (Figure 2.8)
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and related objects. Here, we present some more details regarding the con-
struction and design of the experiments, since a physical model requires
part dimensions and other design features.

The structures themselves are built up with a modular approach where
different components can be combined to create the structure (Figure 2.8a—
j). In this case, we chose for the spheres to have a radius of 10 mm. The
parts that need to deform more to provide snapping, such as the clamps,
are designed to enable this behavior and are printed from a tougher ma-
terial. The structure used for the validation experiment has two bodies
connected by a link. The bodies were created as a tailor-made triangu-
lar skeleton, placing the sphere centers at 60 mm from the body center.
The link between both bodies ensures that both linked spheres are at a
distance of 60 mm from each other.

We must consider the modular structure’s nature when designing the
target substrate shapes. The spheres have a finite dimension in the mod-
ular system. Therefore, if the center of the spheres is seen as the node
location, we need to consider that dimension. The created target shapes
(Figure 2.8k—m) have dimensions that take this into account, as shown in
Table 2.1. This dimensioning ensures that the sphere centers can reach
the target locations specified for the corresponding nodes in our analysis
of kinematic structures. Furthermore, these shape substrates are manu-
factured with material extrusion (MEX-TRB/P/PLA [51]; Ultimaker 2+,
Ultimaker, The Netherlands; green filament) and have holes to allow 3D
scanning of the structure in it by not obscuring it, while still allowing
the spheres to touch the substrate in the desired locations. An additional
benefit is that the use of material is minimized. One can manually put the
structures on the substrates to contact the shapes at those locations. As
a reminder, only the end shape is considered in these experiments, so the
path that the spheres move towards the shape is irrelevant in this study
and does not need to be considered in the substrate designs. Notches
are added to the substrates asymmetrically, to provide a cosmetic aid for
the 3D-scan postprocessing, where pictures from different angles must be
aligned.
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Figure 2.8: Technical designs of all the modular system parts and pictures of the sub-
strate shapes. Two projections each with uniform scale. a) Slotted spheres representing
the nodes. b) Skeleton pieces for creating bodies. c¢) Slotted shafts used as connecting
elements. d)—e) Tubular parts to create translational joints. f)—j) Clamps for creating
different rotating or fixed joints. k)-m) The 3D-printed substrate shapes.

Table 2.1: The target shape dimensions used for the simulations and experiments.

simulation  experiment (mm)

circle
radius 60.00 70.00
cylinder
radius 192.26 183.00
chord 175.00 165.93
width 163.90 163.90
ellipsoid
semi-axis 1 47.43 57.43
semi-axis 2 67.08 77.08
semi-axis 3 84.85 94.85

2.6.3 Limiting the range of motion

Without adding more elements to the current constraint descriptions, we
can already apply limits to the ranges of motion of various nodes. In
order to apply a limit to the of range of motion between two nodes, we
can use a phantom system (Figure 2.9). In this approach, an extra node
is introduced that does not represent a physical point on the structure.
This node is constrained to either one of the other nodes through distance
constraints. This has the effect that both nodes can move with respect to
each other within a range of distance. The lower and upper bounds of the
range are determined by both lengths of the phantom constraints. With
reference to the numbering in Figure 2.9, the lengths for dy/; and d3/, are
found by solving the following equations:

“ds = |doyt| = |dspe| . Tdspn = |doj| + |dsel (2.30)

where ~d3/; is the desired lower distance limit and Tds /1 is the desired
upper distance limit. Note that this distance range limitation is not a
constraint itself.



44

S range limit
L A
tdg),
—-d 03
10 3/1 7/id3 /g
d2/1 2

o (d2/1 dyyy — dl)
dz/o-d3jp —d2

Figure 2.9: (Caption on next page.)

MORPHING MODEL



2.6 SUPPORTING INFORMATION 45

Figure 2.9: Illustration of limiting the range of the distance between two nodes. The
nodes 1 and 3 are confined to move within a certain distance, from ~ds3,; to Tdy /1, from
each other. This is done by constraining phantom node 2 to them via constraints c.

2.6.4 Node representation

Selecting the location and number of nodes used to represent a structure
can affect the qualitative and quantitative outcomes of its shape-morphing
capabilities. In order to illustrate this point, further simulations were
performed with modifications in their nodal representation. In Figure 2.10,
these results are presented for one structure morphing into two distinct
shapes. The number of nodes was increased across different scenarios. In
some cases, the selection of the nodes that aim at the target shape were
changed too.

The results of this parametric study showed that, all other things being
equal, more nodes generally result in a longer calculation time, ¢, as well
as more required steps, s (Figure 2.10a). However, the average normalized
distance error of the nodes from the target, £, and the normalized shape
factor, S, which represent the average node distance from the structure’s
centroid, do not necessarily change among cases. These two quantities are
dependent on the target shape and the placement of the nodes within the
structure. In this example, all the nodes were defined within a single plane,
and the shape was curved in one direction. Employing three nodes per
body minimized the surface error, similar to a three-legged chair maintain-
ing three contact points even on curved surfaces. Adding more in-plane
nodes to the initial three-node layout with the same curved target shape
increased the average error per node. This average error was slightly re-
duced by further incorporation of nodes within the boundaries delineated
by the initial three nodes, as these nodes on average drew nearer to the
target shape. Moreover, due to a larger proportion of nodes being placed
closer to the centroid of the structure, the shape factor slightly decreased.

While the mild curvature in the previous example resulted in increased
error, the next example demonstrates that the quantitative outcome is
case-dependent, and can be addressed appropriately. In the case of an
ellipsoidal shape (Figure 2.10b), incorporating additional in-plane nodes
adversely affected the shape’s fit due to the inability of in-plane nodes
to properly approach the highly curved surface. However, it may not be
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Figure 2.10: The effects of the number of nodes on simulation output variables for
a structure transforming into different shapes. The shown variables are the number
of steps, s, error metric, £, shape metric, S, and simulation time, ¢. Both the total
number of nodes for each case and the number and location of the nodes translating
to the target shape are depicted. For each simulation involving a specific number of
nodes, the time is calculated as the mean of the computing times of 20 simulations.
a) The structure with a cylindrically curved plate as the target shape. For these four
cases the normalized values were calculated as § = s/7, £ = £/0.00734, S = §/0.825,
t =1/(0.268s). b) The structure with a varying number of nodes and different selections
of nodes moving towards the ellipsoidal target. For these four cases, the normalized
values were calculated as § = s/39, & = £/0.00693, S = §/0.629 and = t/(6.28s).

necessary to direct all the nodes towards the surface. In such instances,
one can selectively move certain key nodes towards the surface (e.g., the
corners of the body), decreasing the error values to values similar to the
initial ones.

In summary, the quantity and placement of nodes as well as the se-
lection of the targeting nodes determines the quantitative performance
of the shape-matching method presented in this study. These aspects
must be meticulously considered when using the approach proposed here.
Nevertheless, when node patterns are identical, comparable qualitative
morphing performances of structures can be achieved between different
scenarios.
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Chapter 3

Locking Lattice
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Shape morphing is the ability of objects to adapt to different shapes and
reduce stress concentrations through increased contact area. This is a com-
mon trait of natural and engineered objects and has several applications
in, among others, soft robotics and orthopedic implants. Shape morph-
ing is achieved through flexible materials or rigid components with either
kinematic or compliant joints. An additional step, namely shape locking,
is needed for sustained load support. Activation of a locking mechanism
can be done with any energy, among which magnetism is one. Here, we
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present the implementation of a magnetic locking mechanism for kine-
matically deformable metamaterial structures that maintain shape and
support loads upon locking. The structure consists of 3D printed rigid
magnetic and non-magnetic components connected by hinges. We created
several prototypes of the proposed designs using two additive manufac-
turing methods (i.e., material extrusion and multi-material jetting) and
demonstrated its application in a closed-loop grid for arbitrary shapes.
Moreover, we characterized the performance of the prototypes using me-
chanical tests and multibody kinematic system simulations. This work
highlights the viability of the locking concept and provides design consid-
erations for future applications. Further improvement and optimizations
are needed for increased efficiency and effectiveness.

Keywords

shape morphing; locking mechanism; kinematic fixation; magnetism; 3D
printing.

3.1 Introduction

Shape-morphing is a crucial aspect of load support in devices working on
the basis of contact, such as orthopedic implants [27, 57], exosuits [58],
and (soft) robotic grippers [59-62]. That is because shape morphing al-
lows such devices to adapt to different shapes, thereby distributing loads
more efficiently through increased contact area and attenuated stress con-
centrations. In fact, shape-morphing can be also observed in nature (e.g.,
in human hands and gecko toes). Shape morphing in those structures and
systems can be achieved with flexible materials or through the integration
of rigid components connected by kinematic or compliant joints [13]. In
some cases, shape morphing should be followed by shape locking to en-
sure the attained shape can be preserved for further use. To achieve shape
locking, a shape locking mechanism may need to be implemented in the
design of the device (Figure 3.1).

The locking of shape morphing structures is also essential for sustained
load support [63]. While shape morphing requires the structure to exhibit
a high degree of deformability, a locked structure must retain its shape



3.1 INTRODUCTION 51

and provide sustained support while exhibiting a significant increase in
its overall stiffness. Clay is an example of a material that demonstrates
the ideal characteristics of both shape morphing and shape locking. In
its moldable state, clay has low resistance to deformation. Once fired,
however, its resistance to deformation significantly increases. Another
example of locking can be seen in the human hand, where multiple muscles
interact with each other to lock the hand into a specific shape. In tandem,
these structural elements enable the adaptation of the shape morphing
structure and the application of gripping force to an object.

The primary challenge when combining shape morphing with shape
locking in one single mechanism lies in the fact that these two steps often
have contradictory design requirements. For example, while many degrees
of freedom (DoF') are essential for shape morphing, it complicates locking
a structure in an acquired shape. In this context, it is important to realize
that while shape morphing and shape locking are interdependent pro-
cesses, the mechanism that induces the shape adaptation often also locks
the structure in a particular configuration. That is partially because hav-
ing two separate mechanisms for shape morphing and shape locking can
highly complicate the design and fabrication of such structures. Another
route to resolve the contradictory design requirements is implementing
separate working principles for shape morphing and shape locking in the
same structure. The activation energy required for morphing and locking
can take various forms, including mechanical [63], chemical [64], thermal
[65-72], pneumatic [73], or (electro)magnetic [74-82]. Any combinations
of these mechanisms can be utilized for shape morphing and shape locking.
For instance, we can use light to alter the chemical composition, heat to
control a mechanical system [83], magnetism to both heat and deform a
structure [84-86], or mechanically block a joint [87]. The activation energy
is crucial for achieving the desired shape morphing properties [61, 62, 75],
such as locality [65], reversibility [80, 88] and continuity [89].

In this work, we examine the shape morphing and locking of structures
in a kinematic metamaterial concept, also referred to as the “metallic clay”
[13]. Kinematic metamaterials are a type of metamaterial [90, 91] com-
posed of rigid components connected by movable joints and are capable of
kinematic deformations. The shape morphing and locking of these struc-
tures can be independently controlled, offering a wide range of potential
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Figure 3.1: (Caption on next page.)
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Figure 3.1: An illustration of the shape morphing and shape locking principles using
an in-plane deforming structure. a) The structure is equipped with multiple hinges
that provide multiple DoF. b) The structure is transformed into a desired shape and a
stimulus is applied to lock the hinges in place. c¢) The locked structure retains its shape
even after being removed from the target shape.

applications. To lock the structure, the joints need to be restricted in their
motion, which can be accomplished by enhancing their stiffness through
deployment and multi-stability [92, 93]. When the stiffness is significantly
increased, one may consider the structure to have been locked. The com-
plete elimination of the DoF of a joint or the entire system is, however,
only achieved through a locking process [89]. The DoF determine the
number of possible transforms that an object can undergo. In the case of
kinematically deformable structures, there is a large but finite number of
DoF. To fully lock the shape of such a structure, all these DoF must be
eliminated, requiring both a locking principle and an activation method.

The aim of this study is to explore the fundamentals of locking of kine-
matically deformable structures [13] and to propose an approach based on
magnetic force for contactless accomplishment of this task in an otherwise
purely mechanical structure. We focus on an in-plane deforming design
that has multiple DoF and can be transformed into various shapes through
mechanical manipulation (Figure 3.1). We designed and implemented a
locking mechanism that can be triggered to lock the shape in place. A
multibody kinematic system approach was used and expanded upon to
numerically simulate the morphing behaviour of the system upon lock-
ing individual elements. Eventually, the conceptual design is 3D printed
using two different additive manufacturing (AM) techniques and is evalu-
ated using mechanical tests. The unit cells of these structures are designed
such that they can be locked individually through mechanical activation
through magnetic forces. This study, therefore, aims at providing: i)
an in-depth understanding of the challenges in locking shape-morphing,
kinematically-deformable structures, and ii) a tangible demonstration of
a magnetically-activated locking mechanism that can be utilized to con-
trol the shape of a kinematically-deformable structure. Although the in-
terlocking latch mechanism is a classic type of mechanism often used in
mechanical systems, the methodology of its implementation in this study
presents valuable new insights.
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3.2 DMaterials and methods

To investigate the challenges associated with the locking of shape morph-
ing mechanisms, we examined an existing in-plane deforming kinematic de-
sign [13] and modified it to incorporate a reversible, magnetically-activated
locking mechanism. The design consisted of a network of rigid bodies and
hinged struts, which provided the structure with multiple DoF. These DoF
are selectively locked in groups of four at the scale of individual bodies
by applying a magnetic field. The locking can be reversed to an unlocked
state by redirecting the magnetic field. By using magnetism as the ac-
tivation method, the internal locking mechanism can be triggered from
outside of the structure without the need for physical contact with the
moving parts. The shape-morphing and locking mechanism were imple-
mented in two distinct designs: a modular design and a semi-non-assembly
design.

3.2.1 Design and working principles

All the designs shared the same principle of locking as well as the same key
dimensions. A translating ring is moved by magnetism to interlock with
the connected struts and constrain their rotation. Depending on the type
of application, one can introduce a “snapping” mechanism to keep the lock
in place after the magnetic stimulus is removed. With this principle, two
distinct designs were created: a modular design and a semi-non-assembly
design.

The first (colored primarily white) design of the proposed structure
features modular components that can be connected via struts for the
ease of assembly and experimentation (Figure 3.2a). The parts were man-
ufactured using MEX-TRB/P/PLA [51], as detailed in Table 3.1. Each
component is equipped with four revolute joints, which are locked using
a central ring made of an iron composite material that is attracted to
magnetism (Figure 3.2b). The ring can be positioned and snapped into
place by using a magnetic field. This design features simple components
that can be easily assembled after printing due to the lack of need for
overhanging angles. Therefore, the modular design allows for flexibility
in adding or removing components and experimenting with them (Supple-
mentary Video 1 of [15]) such that different configurations can be explored
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(Figure 3.2c). This leads to a vast number of design possibilities, each of
which can be transformed into multiple shapes. The key dimensions of the
system, for both the modular design and its developments, are illustrated
in Figure 3.2d.

Table 3.1: The materials and manufacturing techniques used for designing components.
The table provides information regarding the properties and limitations of each com-
ponent, aiding in the determination of its suitability for the intended application.

grey (ring) white transparent
material Composite ITron PLA*  PLA white® VeroClear®
method MEX-TRB/P MEX-TRB/P  MJT-UV/P
printer Ultimaker 2+" Ultimaker 2+°  PolyJet, ObjetJ735¢
layer height  0.060 mm 0.060 mm 0.027 mm
nozzle size 0.250 mm 0.250 mm -

2Proto-pasta, ProtoPlant Inc., USA, PUltimaker BV, The Netherlands,
“Stratasys Ltd., USA.

Given that magnetic fields generally have limited strength and reach
and to ensure the effective operation of the snapping mechanism, it is im-
portant to minimize the required force F applied by the magnetic field
on the locking ring. This force is dependent on various factors, including
the properties of the magnet, the properties of the ring material, and the
friction within the system. The snapping mechanism should keep the lock
in place even after the removal of the magnetic stimulus and allow for the
release of the lock upon the application of another activation stimulus.
To achieve this, it is important to consider the potential for the magnetic
field to pull the ring through the snap in two directions. We analyzed the
repeatability of the process through the calculation of the decay D associ-
ated with the lock and release cycles. This decay was calculated for both
the locking and releasing processes and was defined as D = (F1—F9)/F,
where the subscripts indicate the cycle. As many parameters interact with
each other, an experimental approach was used to evaluate the different
designs in terms of the performance of their snapping mechanism. Four
different designs (Figure 3.3a) were fabricated and were subjected to uni-
form experimentation. All designs rely on compliant deformation of the
parts to snap into place. The test samples comprised simplified versions
of the design, with the removal of the redundant components. As shown
in Table 3.1, the locking ring was printed in grey polymer with thermally
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Figure 3.2: An illustration of the design and functionality of the magnetic locking
of a shape morphing mechanism. a) The 3D-printed components included the iron-
polylactic acid (PLA) composite locking ring (grey), connecting struts (white PLA),
and body pieces (white PLA). The ring and struts were placed on one of the body
pieces. The full assembly with one unit of each component has a single transforming
DoF (excluding the ring’s translation). b) In the unlocked state, the ring is down and
does not engage with the teeth on the struts, allowing them to rotate. The placement
of a magnet on top shifts the ring upward and locks the struts in place, removing the
DoF. The design presented here ensures that the ring remains “snapped” in place and
remains locked when the magnet is removed. ¢) Combining unit cells creates a structure
that can be locked in a desired shape. We demonstrate an open-loop and a closed-loop
structure. d) The cross-sections of the main elements for a non-assembly development
of the design with the dimension of all the implementations at hand. On the left, a basic
element is shown with a locking ring but without a snapping mechanism for the secure
locking of the ring. On the right, a design is presented with a snapping mechanism,
showing the distances from the top of the element to the magnetic ring in different
stages of the locking process.

bonded material extrusion of polymer (MEX-TRB/P/PLA [51]) and the
other part was with material jetting of polymer with UV curing (MJT-
UV/P [51]). The specimens featured enlarged, flat heads with a through
hole for easy attachment to the pin grips of a testing machine (Figure 3.3b—
¢). A Lloyd LR5K mechanical testing machine was employed to lock and
release the specimens, and the applied force was measured using a 100 N
load cell (Figure 3.3d). Quasi-static uniaxial compression and tensile tests
were conducted under displacement control at a rate of 1 mm/min until
locking and releasing were achieved for each mechanism. The machine
recorded the force F', displacement ¢, and time (with an average sampling
rate of 5 Hz) for each test. Three specimens were evaluated for each design,
undergoing two cycles of locking and releasing.

The initial unit cell design enabled the formation of a larger network
through structured organization in a grid. This resulted in an in-plane
shape-morphing structure that could be securely locked. The unit cell
design also facilitated the customization of the number of bodies in the
network, allowing for close conformity to the contours of a desired shape by
adjusting the position of the edge bodies. Furthermore, the internal bodies
provided support to maintain the structure’s shape and resist any external
loads or stress. Therewith, the network design provided versatility and
adaptability to different shapes, while ensuring the structural integrity
and stability of the structure.
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Figure 3.3: The evaluation of the snapping mechanisms using a mechanical test setup
to determine the required forces of the mechanism. a) Four examples, 1 to 4, of the
different designs of the snapping mechanism to secure the lock in the locked position,
after being pulled by a magnetic field. b) One of the four designs (specimen “4”) with
the notch on the transparent part and the locking ring on the grey part. ¢) The specimen
was initialized for the test with either part placed in one of the mounts. The locking
ring was placed in the immobile lower mount, while the transparent part was placed in
the moving upper mount. d) The upper part moved down for locking and up for release,
as the load cell measured the applied force. The load cell was connected to the upper
mount and provided quantifiable data regarding the design’s performance by measuring
the required mechanism locking force.

The subsequent (primarily transparent) designs that incorporate the
unit cells in a grid were variations of the modular design, but they were
manufactured using a different approach. The design of these specimens is
presented in Figure 3.2d. The grey iron composite ring was manufactured
using MEX-TRB/P/PLA [51], whereas the transparent components were
printed using MJT-UV/P [51] (Table 3.1). The MJT-UV/P [51] is a 3D
printing process in which multiple streams of UV-curable polymers are
selectively deposited at each spatial location, and has the potential to
produce the entire structure with a grid of unit cells in a single step,
potentially resulting in a non-assembly design [94]. The precise tolerances
this printing also enabled the creation of functioning revolute joints, given
that the design accounted for the limitations of the printing process. For
example, with an overhanging angle > 45° (measured with respect to the
horizontal plane), an integrated joint can be printed without a need for
an assembly step. The non-assembly design has advantages in terms of
structural integrity and reduced manufacturing time. However, in the case
of the present design, the components that hold the locking ring require
assembly, since the locking ring must be made of a different material.
Consequently, the main grid along with the revolute joints were printed
without the “caps” on the bodies. The separately printed locking rings
(MEX-TRB/P/PLA [51]) were then inserted into the bodies after which
they were sealed with the caps. This approach provides opportunities to
experiment with different morphing and locking mechanisms.

To further explore the versatility of the basic design, the original net-
work structure was modified to enable morphing toward shapes that ex-
tend beyond 2D. Multiple layers of the in-plane deforming structure were
combined by changing only one unit cell. The layers were connected only
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at their center which allowed the bodies on the edges to move indepen-
dently among layers. Each layer could, therefore, be deformed and locked
independently of other layers. The morphing process involved shaping the
first layer into a target shape and locking it in place. Next, a connecting
piece was used to stack the second layer on top of the first one, which in
turn was shaped and locked into the target shape at that height. This
process was repeated until the desired 3D shape was being approached
through a large enough number of stacked layers.

3.2.2 Simulation of the locking behaviour

The complexity and interconnections of a network configuration make an
analysis of the motions it can undergo non-trivial. One could determine
the number of DoF through a combination of physical reasoning and cal-
culations that take into account the number of independent constraints
[95]. In our previous study [14] (Chapter 2), we developed a multibody
kinematic approach aimed at analyzing the shape-morphing behaviour
of mechanical metamaterials. Using this approach, the structure can be
discritized into a series of nodes (or joints), bodies and links. By mod-
ifying the DoF between each node through application of independent
constraints, the motion of individual elements relative to one another can
be analyzed. This methodology serves as a predictive tool for the final
shape of the structure.

Here, we have further extended this model to include toggling the fixa-
tion of DoF. This addition allows for the complete locking of the structure
once it has morphed into a desired shape. Our analysis identified the min-
imum number of active elements and their optimal distribution required
to fully lock the deformed structure.

The structure has case-specific traits to which we apply the general
morphing algorithm. We assumed that all the bodies in the structure
were composed of four nodes, representing the joints (or hinges) between
the bodies and the links (Figure 3.4a). These nodes were algebraically con-
strained to one another through constraints ¢ with vectors d and constants
d, facilitating either relative motion or relative fixation. We constrained
the structure’s out-of-plane movements, forcing it to deform only within
a 2D plane. This construct of nodes and constraints was extended to a
larger network; a 2D mesh consisting of 25 unit cells (Figure 3.4b).
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Subsequently, the morphing algorithm transforms the structure by
repositioning the nodes. All the nodes can translate with respect to a
target shape, but the nodes are limited by the constraints in the possible
translations they can undergo with respect to each other. The peripheral
nodes at the boundaries of the structure were selected to move toward a
target shape (Figure 3.4b). The target shape was created to be a dented
circle to show that an initial square structure can deform into a circular
shape that is not per se symmetrical. Non-peripheral nodes were allowed
to move only if necessitated by the new positioning of the boundary nodes.
To move the nodes, first all the possible linear motions of the nodes U
were calculated by solving JU = 0, where J is the Jacobian of the con-
straints ¢. The morphing process then selects the allowed linear motions
and superpositions them on the node locations to translate them towards
new coordinates for all the nodes x, that resembles the target shape bet-
ter by using . = = + U((UTU)"'UT(z,; — x)), where = holds all the
current coordinates of the nodes and x; does the same for the target co-
ordinates of the nodes. Therewith, the distance error £ that represents
the Euclidean distance between the deformed structure and the target lo-
cation of the nodes was minimized by repositioning the nodes. Because
the movements of the nodes are linear, the constraints may be violated
after a movement. This was corrected with a Gauss-Newton algorithm by
applying @ = @, —J7T (JJ T)f1 c until the constraints are satisfied within
the chosen tolerance. This whole process required several iterations over
multiple steps s to come to a point where £ settles on a constant minimum
value. To assess the shape, we introduced a parameter called shape factor
S that measures the average distance of all the nodes from their collective
geometrical centroid. This parameter, therefore, provides a quantitative
metric for comparing various shapes.

To lock parts of the structure, we developed and applied additional
constraints (Figure 3.4c). Specifically, nodes were locked in groups of four
per body, thereby imposing four extra constraints and removing four DoF
around a body.

Given the presence of multiple bodies and joints in a closed loop, it is
unnecessary to lock every joint to fully lock the deformed structure. Our
multibody kinematic system approach, involving varying distributions of
active elements (Figure 3.4d-i) showed that even with not all the elements
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Figure 3.4: Simulation of shape-morphing and -locking using a multibody kinematic
system approach and different distributions of actively locked elements. a) Nodes (white
circles) and constraints ¢, comprised of vectors d and distances d, define the structure.
b) Combining a sufficient number of these nodes and constraints results in a network
of rigid bodies (white squares) and rigid links (white lines) connected via hinges. Each
simulation proceeds through multiple steps, s, during which the peripheral nodes move
toward the desired shape (green line), minimizing the distance error £ between the node
and the nearest point (green dot) on the target shape. A shape factor S was introduced
to quantify the current shape relative to its initial shape. The position of nodes at
various steps in this process are depicted. c) After the deformation, DoF were removed
by applying additional constraints at specific locations. d)-i) Final states in an effort
to return the structure to its original state, using a square target shape and altering
the distribution of the locked bodies (grey squares). A locked body restricted all its
attached links from rotating relative to that specific body which, in certain instances,
may result in an over-constrained system.

individually locked, still all DoF can be constrained. The absence of ac-
tive elements enables the structure to return to its original configuration
(Figure 3.4d). However, converting all passive joints into active ones re-
sulted in an overconstrained system, introducing singularities in our model
(Figure 3.4i). Hence, our multibody kinematic system approach provides
a platform to rationally distribute active elements within the structure,
making it possible to fully lock the system without introducing redundant
constraints (Figure 3.4f).

3.3 Results and discussion

Physical locking and releasing experiments were performed to gather in-
formation on the maximum required snapping forces and the force decay
for the four designs of the snapping mechanism (Figure 3.3). The results
were used to determine the maximum force required for each locking and
releasing cycle and for each specimen of the four designs (Figure 3.5). The
collected data was analyzed to compute the average locking and releasing
forces for each design, as well as the force decay between cycles. These
experiments offered insights into the snapping performance and can in-
form the optimization of the design for specific applications. The results
of the mechanical testing of the four snap designs indicated variability
in the maximum required forces and force decays among the different
(semi-)cycles for each design. Nevertheless, one design (i.e., design “4”
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Figure 3.5: The results of the mechanical tests for the snapping mechanisms of designs 1
to 4. a) Force F is plotted versus displacement §. Three specimens o were tested for each
design and two lock/release cycles v were performed. The maximum force values during
the locking and releasing phases were determined and were plotted as open circles (units
and quantities as per [96]). b) The processed results of the mechanical tests on the four
designs for both cycles, 1 and 2, of locking and releasing. The normalized maximum
locking and releasing forces F are indicated by open circles, with the plotted bars
representing the mean of these measurements. All the values are normalized with respect
to the maximum measured force across all the experiments for comparison purposes.
The decays D in the mean required forces between the cycles are presented as purple
dots.

where the grey locking ring has a notch that is snapped over a rim on
the body) outperformed the others. The forces required for releasing were
lower than for locking, which can be attributed to asymmetry in certain
designs and mechanism wear after a snap for all designs. This wear some-
times caused cracks to form and parts to break in either the ring or notch
components. The force decay was utilized as a measure of wear. Based
on this analysis, design “4” was selected for implementation in the struc-
tures due to its low force requirements for both locking and releasing and
its average force decay. Note that the selection of design “4” is merely
an indication of the best snapping design. Actual values are application-
dependent and contingent upon various factors, such as dimensions, ma-
terial properties (including magnetic properties), manufacturing process,
locking speed (dynamics), and the strength of the magnetic field. Further
optimization is, therefore, necessary to customize the design to the specific
needs of any particular application.

The network structures, with their different variations, could be de-
formed and locked into various shapes, displaying a range of design pos-
sibilities. The simplest way to achieve this is by incorporating a locking
mechanism in each individual body. By deforming the structure into a tar-
get shape and locking it with a magnet, the structure maintained its form
(Figure 3.6a—eand (Supplementary Video 2 of [15]). For example, the de-
formed structure could support and lift a load (Figure 3.6f). By attaching
a connecting piece to one of the slightly modified unit cells, multiple inde-
pendent layers could be stacked on top of each other, thereby offering the
possibility to approximate 3D shapes (Figure 3.7a—c). Making selective
bodies passive (Figure 3.7d—e) facilitates the possibility to achieve locking
by activating a smaller number of cells, while keeping all the unit cells in
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Figure 3.6: The final design of the in-plane shape morphing magnetic locking structures.
The structure included ferromagnetic locking rings (MEX-TRB/P/PLA [51]) that are
depicted in grey and transparent elements (MJT-UV/P [51]). a) The assembled struc-
ture prior to morphing. b) The structure after morphing into a circular shape. c¢) Shape
locking was achieved by a magnetic field. d) The locked structure maintains its acquired
shape. e) Different target shapes, such as a triangle, can also be attained. f) A potential
application is the grasping of objects.

a fixed position after locking. These passive elements were manufactured
as a single piece, eliminating the need for assembly.

Locking mechanisms can be introduced into the design of specific kine-
matic in-plane deforming structures [13]. The specific locking mechanism
introduced in the current study utilizes magnetism to mechanically block
the rotation of revolute joints and lock the system in place (Figure 3.2 and
Figure 3.6 and Supplementary Video 1-2 of [15]). This enables non-contact
shape locking, which are particularly important in such applications as
implantable medical devices where shape locking may need to be realized
during the surgery in which case the non-contact nature of our proposed
technique can both minimize the invasiveness of the surgical procedure
and reduce the risk of bacterial infections. While the proposed principle
has the potential for various practical applications beyond implantable
devices, it also serves as a representative example to study the general
features of locking mechanisms in shape morphing structures. We, there-
fore, investigated morphing and locking mechanisms and studied how the
current design fits into those considerations.

3.3.1 Activation energy

Activation mechanisms are necessary for controlling the shape morphing
and shape locking capabilities of a structure. These mechanisms can be
powered by various energy sources or a combination of them. The choice
of the activation method has a significant impact on the performance
of the structure. It also determines the reversibility and repeatability
of the shape morphing and locking processes, as well as whether they
can be applied locally or globally. It is important to note that shape-
morphing itself can function as a form of self-locking, as demonstrated by
such examples as a spring-tensioned array of kinematic joints pushed into
a cavity maintaining its shape by exerting pressure against the object [13].



68 LOCKING LATTICE

Figure 3.7: (Caption on next page.)
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Figure 3.7: Design additions to the basic design. a) Stacking multiple layers enhances
the morphing capabilities of the structure, allowing for the approximation of certain
types of 3D shapes. An insert piece was attached to the center element of the first
layer, which has been morphed and locked. b) A second layer was attached to the first
one and underwent similar morphing and locking processes. Additional layers can be
added if necessary. ¢) Each layer can be morphed and locked independently, resulting in
a stable fixation. d) Removing redundant constraints after locking by a combination of
active locking elements and passive elements that do not possess any locking elements.
e) The DoF of the structure can all still be locked.

Here, the locking mechanism is mechanical and uses magnetism for ac-
tivation (Figure 3.2a—c). This mechanism works by applying a magnetic
field perpendicular to the plane of the structure, which pulls a piece into
place that blocks the rotation of the joints. Although this design has lim-
itations in its in-plane deforming capabilities, it makes it easier to apply a
unidirectional magnetic field to activate the lock. The loads on the struc-
ture are solely related to the activation force required to lock the system
by means of friction forces. Magnetic locking offers potential advantages,
including non-contact activation from a distance and the ability to lo-
cally manipulate the shape of the structure [86]. In applications where a
strong magnetic field can be used, the design can be implemented as is,
for example to fill 2D holes. In other applications, such as (soft) robotics,
the lock activation can be performed both onboard the structure by inte-
grating electromagnets that can move the magnetic ring between the lock
and release position and remotely through external magnetic fields. The
performance of the mechanism depends on the strength and controllabil-
ity of the magnetic field and the magnetic properties of the part being
manipulated.

3.3.2 Reversibility and repeatability

The morphing and locking processes can be reversed, allowing the struc-
ture to return to its initial state. Given that this cycle can occur multiple
times, it is referred to as a repeatable process. While in some applica-
tions, such as shape-morphing orthopedic implants, permanent locking
is required, some other applications, such as robotics, require reversible
and repeatable locking. The reversibility and repeatability of the locking
mechanism is dependent on the activation energy required and its imple-
mentation in a specific design. The design also determines whether the
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reversal process occurs passively (i.e., through removal of the initial stim-
ulus) or actively (i.e., through the application of a second stimulus after
the initial).

The proposed designs exhibit both reversibility and repeatability in
their shape morphing and shape locking behaviours. The reversal process
can occur passively or actively, depending on whether a snapping mech-
anism is present in the locking mechanism. In the absence of a snapping
mechanism, the lock can be released by removing the magnetic stimulus,
either due to gravity or by implementing a spring, making it indepen-
dent of the orientation of the structure. When a snapping mechanism is
present, the lock must be released by applying a magnetic stimulus in the
opposite direction. Following the release of the lock, the structure can
be transformed and locked again. These processes can be repeated mul-
tiple times, although repeated use may induce wear as suggested by the
diminishing snapping forces depicted in Figure 3.5.

3.3.3 Selective locking

Selective locking refers to the ability to restrict or manipulate the motion
of a structure by constraining specific joints or DoF rather than affecting
the motion of the entire structure. The optimal method of constraining
depends on the application. In the case of implantable devices, for in-
stance, it is advisable to ensure maximum stability by completely locking
the mechanism using a minimum number of locking elements [13]. In soft
robotics, however, it may be beneficial to have selected region locking,
allowing certain regions of the structure to deform easily while other re-
gions remain locked. The current design locks the joints in groups of four
per body. The magnetic field can be manipulated and directed to lock
several or all joints. This localized behaviour is also applicable to the
manipulation of individual body positions.

The simulated findings of making elements passive and removing re-
dundant constraints (Figure 3.4d—i) were implemented in a physical design
(Figure 3.7d—e). Indeed, not all elements need to be locked to remove all
DoF from a structure. This approach reduced the complexity of activation.
However, it also limited the options for selective locking and decreased the
locking strength as compared to the case where redundant constraints were
used. In physical implementations, the strength of the locked structure
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decreases as passive elements are introduced. The redundant constraints
contribute to the maintenance of the structural integrity and could result
in a more stable load bearing structure. Therefore, adding too many pas-
sive elements without this consideration is suboptimal. One of the benefits
of using passive elements, especially those made of a single material, is the
feasibility of fabricating the structure using efficient, non-assembly manu-
facturing techniques, such as via MJT-UV [51] printing technology, which
could lead to reduced manufacturing costs.

3.3.4 Continuity

The locking of a morphing structure can be applied at specific stages of the
morphing process or continuously to any arbitrary shape of the structure.
A ratchet system, for example, has discrete steps at which the position is
fixed. To eliminate these steps, a mechanism that operates with deforming
materials or friction can be incorporated.

The mechanical lock in the presented designs is based on the discrete
blocking of a joint. The teeth of the non-rotating ring engage with those of
the struts ends. This lock is more straightforward and easier to implement
than a friction lock, but it has the disadvantage of having a limited number
of discrete locking positions. This may constrain the range of the shapes
and positions that the structure can assume. This design, however, also
offers the advantage of being more reliable and easier to control than a
friction-based lock, since it is less impacted by external factors, such as
temperature and humidity.

3.3.5 Applications, design, and manufacturing

Shape-morphing and locking structures can be applied across a diverse
range of research areas from biomedical engineering (e.g., orthopedic im-
plants and exoskeletal suits), to both soft and conventional robotics, and
the design of gripping systems. Within the medical implants domain, these
advanced structures facilitate the creation of adaptive implants specifi-
cally engineered to integrate seamlessly with the human anatomy [27, 57].
This enhances not only patient comfort but also the functional efficacy
of the implants and prosthetic devices. Moreover, exosuits, integrated
with shape morphing technologies, offer ergonomic and mechanically effi-
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cient support for human locomotion. These suits find diverse applications
ranging from physical rehabilitation and augmentation to specialized in-
dustrial tasks [58]. In the robotics sector, shape-morphing technologies
endow robots with the capacity to dynamically adapt their shape, thereby
enhancing their functional capabilities in terms of locomotion, manipu-
lation, and overall versatility [59-62]. Soft robotics, in particular, can
benefit from these advanced structures, as they enable more secure and
nuanced interactions with delicate objects (e.g., human soft tissue) [60].
This expansion in interaction modalities consequently broadens the scope
for human-robot interactions, for example, in minimally invasive surgeries
[60]. Regarding robotic grippers, the incorporation of shape-morphing
and locking materials into such devices provides them an ability to grasp
a wide range of objects regardless of their varied shapes and sizes [59].
This capability is particularly valuable in industrial contexts that require
flexible automation strategies. It should be noted that the applicability
of shape-morphing structures is not limited to the aforementioned cate-
gories. The design of these structures can be precisely tailored to optimize
performance across a myriad of applications, suggesting new horizons for
developing smart materials with multiple functionalities.

The design and manufacturing choices play a significant role in deter-
mining the performance of a mechanism. For instance, not all the joints
in a network need to be hinges to ensure planar deformation. Cleverly
alternating between hinges and spherical joints can ensure the desired
deformation behavior is achieved while preventing self-stress in the struc-
ture as much as possible. Reduction in the number of locked elements as
presented here is a first step toward optimization for reducing self-stress.
Further and more sophisticated mechanical analyses using finite element
models combined with optimization algorithms could further enhance the
design in terms of minimizing self-stresses and is suggested as an avenue of
future research. Another example is that a morphing structure with many
DoF and smaller components will generally perform better in reaching a
target shape. Different manufacturing methods that use various materials
result in different characteristics, including dimensions, weight, resolution,
tolerance, surface roughness, friction, wear, biocompatibility, and ease of
operation and processing. These characteristics can be fine-tuned to sat-
isfy the specific requirements associated with any application.
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This work aimed at demonstrating the concept of locking a kinemat-
ically deforming mechanism, rather than optimizing it for a specific ap-
plication. To this end, the structures were made as small as possible
using available 3D printing techniques (Table 3.1). While (some of) the
proposed designs are manufacturable using other fabrication approaches,
AM provides additional flexibility, lower costs, and shorter lead times that
make it easier for researchers to experiment with different designs. AM
also has the potential to be used for an end product because non-assembly
AM approaches could circumvent much of the challenges associated with
the assembly of large kinematic structures made using other techniques.
The post-processing required for the MEX printed parts was minimal,
while MJT printed parts required more extensive post-processing. It was
observed that the friction between the locking ring and the MEX printed
parts was less than the one between the locking ring and MJT printed
parts, possibly due to differences in their surface roughness. The selected
design presents some limitations in terms of its morphing capabilities, as
it can only deform in-plane. Nonetheless, stacking multiple layers can
approximate 3D target shapes (Figure 3.7a—c). The manufacturing tech-
niques were selected based on the ease of experimentation, which is why
3D printing was used. Ideally, the designs would be non-assembly. Given
the current state of 3D printing technology, this is only possible for spe-
cific parts of the designs. That is because the application of the magnetic
fields requires differential magnetic responses in the 3D printed materials.
This calls for the simultaneous printing of magnetic and non-magnetic
materials. Moreover, the clearances required for the kinematic joints ne-
cessitate the use of a solvent-soluble or otherwise removable support ma-
terial. There are currently no readily available multi-material 3D printing
techniques that can simultaneously print all these materials with sufficient
quality and resolution to enable smooth functioning of both shape morph-
ing and shape locking mechanisms. While we were successful in removing
many of the otherwise required assembly steps, there were still a few as-
sembly stages that were needed for incorporating all the printed materials
and components.

To improve the manufacturing of the structures, alternative methods
and materials, such as powder bed fusion of metal using a laser beam
(PBF-LB/M [51]), could be employed. PBF-LB/M [51] has a resolution
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that varies with the granulometry of the powder used and the laser spot
size and is typically in the 0.0l mm to 0.1 mm range. It also enables the
use of both magnetic and non-magnetic powders (e.g., iron, nickel, or
cobalt alloys), although most printers can print only one material at a
time. Other extrusion-based metal printing techniques may offer the po-
tential for multi-material printing and the use of biocompatible magnetic
materials [97, 98]. Another avenue for improvement is the development
of multi-material 3D printing on a small scale, which would enable the
creation of an integrated, non-assembly structure. Further improvements
in material selection, geometry, and dimensions could lead to the creation
of alternative configurations with the same basic conceptual design and
functionality. For a magnetism-based mechanism as presented here, we
need a non-magnetic as well as a magnetic material. The composition
of these materials can be polymer-based, as used here, or fully metallic
if AM techniques allow it [99]. Numerical simulation serves as a pivotal
tool in optimizing the design of these structures, as demonstrated through
the kinematic analysis presented in Figure 3.4. Additional computational
models may be utilized, for example, to predict the overall strength of
the structure. In all these choices, it is essential to emphasize that the
primary goal of locking is to stiffen the structure, enabling it to maintain
its shape and support the loads it experiences as required by the design
objectives.

3.4 Conclusions

In this study, we presented the implementation of a magnetic locking
mechanism in a shape morphing structure to support loads. The kine-
matic structure, which deforms in-plane, has revolute joints that are me-
chanically locked using magnetism. We utilized two additive manufac-
turing methods to fabricate prototypes of the conceptual designs. We
also evaluated the mechanical performance of the locking mechanism and
demonstrated its application in a closed-loop grid and showed how the
activation effort can be reduced through design iterations. Furthermore,
we extended the design of the proposed mechanism and demonstrated its
applicability for certain types of 3D encapsulations by stacking in-plane
structures. Our study highlights the feasibility of a locking concept and
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provides insight into design considerations for the locking mechanisms.
It also offers a methodology for analyzing the kinematics of the system
through simulation. With further improvements and optimization, the
designs presented here may have the potential for broader applications in
such fields as robotics, architecture, and biomedical engineering. The de-
sign can be further enhanced and optimized to increase its efficiency and
effectiveness.
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Chapter 4

Discerning Design

Abstract

Biocompatible and shape-morphing metallic structures have been pro-
posed for musculoskeletal applications to provide structural support to
bony tissues. However, fabricating these structures to conform to a wide
range of curvatures, including both single and double curvatures, remains
a significant challenge. In this study, we present and analyze structures
featuring a regular tiling network connected by spherical joints, forming
a chain mail-like mechanism capable of adapting to complex geometries
with clay-like flexibility. Simulations using a multibody kinematics model
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show that parameters such as unit cell shape, dimension ratios, and sub-
strate curvature affect the shape-matching abilities of the structure. Ex-
perimental validation using specimens additively manufactured through
laser-based powder bed fusion (from Ti6Al4V) and full-field strain mea-
surements performed through digital image correlation confirms the simu-
lation results, demonstrating that reducing structural density (i.e., fewer
bodies, struts, and joints per unit area) improves shape adaptability. How-
ever, the improved shape morphing capability often comes at the expense
of mechanical strength under uni-axial tensile loads. These findings pro-
vide a framework for optimizing structures designed to achieve efficient
surface conformance and adaptability in load-bearing applications.

Keywords

shape-morphing; shape-locking; metallic clay; laser-based powder bed fu-
sion; curvatures.

4.1 Introduction

Medical devices perform better when closely conforming to each patient’s
unique anatomy. An anatomically tailored fit improves functionality and
patient outcomes in applications requiring precise structural integration
and stability. Examples of those are orthopedic implants and casts (Fig-
ure 4.1a), or cloaking of the warping heart where the timing of each con-
traction demands precision by a stable fit [100]. However, achieving this
level of customization presents a significant challenge. Therefore, a key
question is whether medical devices should be individually tailored to each
patient or if adaptable designs can be developed to fit a wide range of
anatomies. Currently, there are two main approaches to addressing this
issue: first, fully patient-specific devices, which provide a precise anatom-
ical fit but are costly and time-consuming to produce, and second, generic
devices, which are more scalable and affordable but lack precise customiza-
tion. One of the primary geometric challenges of both approaches is ac-
commodating complex curvatures (i.e., single or double curvatures) that
vary significantly between different anatomical regions and among differ-
ent people.
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This need for adaptable, shape-matching structures extends beyond
healthcare [101]. It is also critical in fields such as robotics [9, 102],
aerospace [103], and automotive engineering [26, 104], where components
often need to interface with curved or irregular surfaces. In healthcare,
particularly in musculoskeletal applications, advances in additive manu-
facturing (AM) and image-based design techniques have enabled the de-
velopment of “patient-specific” devices that precisely match individual
anatomies [105-116]. Clinical studies have shown that these customized
devices reduce the stresses on surrounding tissues, promote faster healing,
and improve integration with bone structures, resulting in better patient
outcomes [114, 117]. However, despite these benefits, patient-specific de-
vices’ high costs and extended production times limit their accessibility.
While more affordable in manufacturing, mass-produced generic devices
often require additional surgical adjustments [118] and can lead to longer
recovery times and less favorable results [106, 119].

The trade-off between customization and cost-effectiveness highlights
a critical limitation of patient-specific devices [120, 121]. While these cus-
tomized devices offer improved clinical outcomes in treating various mus-
culoskeletal diseases [122], they are usually much more expensive than
their generic counterparts. Most of the costs of patient-specific medical
devices stem from the time-consuming and labor-intensive design process
required to tailor each device to the anatomy of individual patients. As
a result, it is often not feasible to use such medical devices to treat all
patients who might benefit from such a customization process. Moreover,
the long lead time required for the design of patient-specific implants (e.g.,
up to six weeks for some orthopedic implants) makes them unsuitable for
urgent surgical cases, such as trauma interventions. Although advanced
planning techniques and additive manufacturing in the surgical process
have helped reduce surgical times and costs [111, 120, 123-127], these
approaches still require an intermediate step between diagnosis and treat-
ment, limiting their practicality in time-sensitive situations.

To address these challenges, we proposed the concept of “metallic clay”
[13], a design approach in which medical devices, in general, and orthope-
dic implants, in particular, are engineered to exhibit both shape-morphing
and shape-locking capabilities. This concept enables the devices to adapt
to various anatomical shapes during installation and maintain the required
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Figure 4.1: (Caption on next page.)
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Figure 4.1: Illustrations of the considered lattice structures and the shapes they con-
form to. a) Three possible applications where a lattice structure takes the shape of
shapes with a variety of curvatures; an acetabulum, lower arm, and skull. b) Three
in-plane layouts of the lattice maille-like regular tiling structures: triangles (trigons),
squares (tetragons), and hexagons. The body shape of the lattice structure was fully
defined by a “radius” r and a link length I, modeled as a system of nodes (circles)
and constraints (lines). c¢) The surfaces were created from the “toroidal” expression
(z, y, z) = (pcosv, asinu, psinv), with p = a(scosu — ¢ + 1), where —7/2 < u < 7/2,
a is the length of one semi-axis ({a} = 1 in figure examples), and ¢ is a factor that
relates the second semi-axis to the first.

form once placed. Such shape-morphing behavior introduces the potential
for “collectivized” implants, standardized medical devices that can still
adapt to diverse anatomies. We could have a single implant design taken
off the shelf and applied to various medical cases at hand. Thereby, it could
extend the benefits of anatomy-matching to a broader patient population
while reducing lead times and enabling their use in urgent interventions.
The concept of metallic clay, however, is still in its infancy. While we have
previously proposed a framework for the design of shape-morphing ortho-
pedic implants [14], it has not yet been applied to complex geometrical
challenges commonly encountered in actual surgical scenarios.

We define the principles of shape-morphing and possible locking of
a structure as, respectively, the ability of the structure to take a spe-
cific shape and to maintain that shape due to constraints that remove
degrees of freedom once a specific shape is achieved [13]. The morphing
and locking can be activated through different methods [15]. In studying
how well different designs can adapt to various curvatures, the kinemat-
ics of shape-morphing behavior is more important than the exact shape-
morphing mechanism. As for the locking mechanism, we use an irre-
versible method appropriate for orthopedic implants [128, 129]. Here, we
investigate a pattern-to-pattern shape morphing [130] where the struc-
ture is shaped over a substrate through external influences, resulting in a
“molded” structure. The locking process occurs by applying an external
cement that irreversibly secures the structure over time.

Our previous studies explored the broad concept of “metallic clay”
[13, 14] and here we will investigate the characteristics of one implemen-
tation of the concept, namely a lattice structure that is inspired by chain
mail (Figure 4.1a-b). Traditional chain mail structures [131] are defined
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as a 2D sheet but can change shape to become 3D. The structure’s nature
also dictates a regular pattern in the connected moving parts. This net-
work can be altered nonetheless, both in terms of pattern and in geometry.
Hence, they are relatively simple structures that allow for experimenting
with the effects of a comprehensible set of different parameters. More-
over, these structures combine the flexibility of shape adaptation with the
structural strength required for load-bearing. This combination is par-
ticularly valuable for applications that require support around curved or
irregular objects, such as covering cavities on curved surfaces or immobi-
lizing joints on the human body. In the search for “metallic clay” lattice
structures, we explored chain mail-like structures as a promising design
principle, merging adaptability with mechanical strength. In particular,
it is not yet clear how well various designs of shape-morphing implants
can conform to complex curved surfaces, which are common in orthope-
dic applications. Here, we study how different designs of shape-morphing
3D printed metallic structures adapt to complex geometries, focusing on
the specific cases of curved surfaces. Curvature is one of the most impor-
tant geometrical features in 3D shapes [132-134]. Therefore, we explored
how various design parameters, such as the configuration of the network
connections and the length of structural struts, influence the ability of
metallic lattices to conform to single- and doubly-curved surfaces.

The principles of traditional chain mail are replicated, but its design is
adapted to gain new multibody structures. As also shown in another study
[129], ball-and-socket joints replace loosely attached chain links to connect
the rigid parts. This replacement allowed for better control over the de-
formation of the structure and increased strength. The small hinges be-
tween rigid components supplied the numerous degrees of freedom (DoF)
required for the structures to achieve the necessary flexibility for conform-
ing to diverse shapes. On this scale, powder bed fusion is an ideal, if
not the only, manufacturing technique capable of creating such complex
structures in a single, non-assembled process. However, designing these
mechanisms to be fully printable presents significant challenges, requiring
careful consideration of the limitations of current 3D printing technology.

Both simulations and experiments were conducted to evaluate how
various design parameters influence the performance of the structures. To
this end, the structures were parametrized (Figure 4.1b). Target shapes
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were varied according to one shape parameter (Figure 4.1c). The simu-
lations focused on modeling the kinematic behavior of the system, while
the experiments assessed both the shape-matching capabilities and the
mechanical properties of the 3D printed structures. The shape-matching
performance of the structures was assessed by measuring how well the
structures conformed to the contours of curved surfaces, with deviations
quantified to assess the accuracy. In addition to shape adaptability, we
also investigated the load-bearing capacity of the additively manufactured
metallic structures to ensure mechanical reliability.

For mechanical testing, digital image correlation (DIC) was used to
capture the full-field strain data during uni-axial tensile tests conducted
using custom-designed fixtures. The results from simulations and experi-
ments were analyzed qualitatively and quantitatively to evaluate the kine-
matic and load-bearing performance of the proposed designs. Through
this study, we aim to demonstrate the potential of shape-morphing metal-
lic structures as adaptable, load-bearing medical devices capable of con-
forming to complex anatomical shapes, offering a promising alternative to
fully customized implants.

4.2 Materials and methods

4.2.1 Structure lay-out

A sheet-like structure can be used to achieve surface conformity through
kinematic deformation. The different components of this structure were
arranged in a tiling, or tessellation fashion, to create a regular pattern and
reduce the number of variables involved in the design process. Moreover, in
this study, we restricted our focus on the periodic tilings with a rotational
symmetry, based on regular polygons [135-137], to simplify the design of
bodies connected through linkages and spherical joints. This periodicity
enabled us with three possible body shapes constrained by crystallographic
restriction, including equilateral triangles with three planes of symmetry,
squares with four, and hexagons with six.

Two parameters fully defined each shape: the body “radius” r and the
link length [ (Figure 4.1b). The total length h = 2r + | was kept constant
at 11.5mm across all experiments. Also, all shapes were arranged on a
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grid that fits within a square, with the distance from the center to the
corner set at (75/4/2) mm.

4.2.2 Definitions of shapes and curvatures

The shapes to which the structures conform were selected to reflect dif-
ferent signs of Gaussian curvatures. To come to a variety of curvatures in
the selected surfaces for experimenting, we turned to surfaces of revolution
[138]. The following parametric equations described these surfaces:

(2, y, 2) = (p(u) cos v, y(u), plu)sinv), (4.1)

where p is the varying radius along y. Different equations for p and y give
different sets of surfaces as depicted in Table 4.2 and Figure 4.2.

The definite set of surfaces for experimenting includes curvatures of
all signs and allows one to change curvature by adjusting one parameter.
This set is shown in Figure 4.1c. It has

p=a(scosu—¢+1), y = asinu, (4.2)

where —7/2 < u < /2, a is the length of one semi-axis, and ¢ is a factor
that relates the second semi-axis to the first (Figure 4.1c). The Gaussian
K and mean curvature H of these surfaces are given by:
Scosu
K= 4.3
a?(¢2 — g2 cos?u + cos? u)2(scosu — ¢ + 1)’ (43)

— S + 262 cosu + cos® u — ¢? cos® u — ¢2 - (4.4)
2alscosu — ¢+ 1] (¢2 + cos?u — g2 cos? u)

Note that this sign from the mean curvature comes from the (arbitrary)
definition of the surface normal that is positive when pointing “away from”
the axis of revolution. For certain values of ¢ when —7/2 < u < 7/2, we
obtain

Ccos U cosu — 1
N a?(cosu — 2) a(cosu — 2) (45)
1
=0 = K=0 H=— 4.6
S > 20’ ( )
N =1 (4.7)
¢ = == = :

For our experiments, we set a = 10(3 + 3v/5)"1h.
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4.2.3 Experimental morphing, locking, and testing

The morphing and locking process was conducted by combining the struc-
tures with shape substrates (Figure 4.3). After manufacturing, the struc-
tures were morphed into the target shapes to verify their shape-morphing
capabilities as predicted by the simulations. Once the structures were
morphed into desired shapes, they were locked for further analysis.

A specific manufacturing technique with its corresponding design prin-
ciples was chosen to achieve the desired behavior. We manufactured
the structures through laser-based powder bed fusion of medical-grade
Ti6Al4V ELI (PBF-LB/M/Ti6Al4V; SLM125, ReaLizer GmbH, Germany,
Table 4.1). Design principles followed those required for non-assembly
AM with this technique [13, 93], taking into account tolerances and over-
hang angles (Figure 4.3a-b). For example, the structures were designed
so that individual kinematic components were self-supporting, allowing
joint clearance to be created without the need for powder support, mak-
ing the structures functional immediately after removal from the building
plate and powder. For printing with powder as support and removal af-
terwards, the spherical joints needed an open side (Figure 4.3a). These
open sides also resulted in a wider range of motion for the joints on two
sides (Figure 4.3b). The struts being positioned with a diamond-shaped
cross-section during manufacturing are also a result of efficient use of the
powder as support. Making the struts as thin as possible gives a wider
range of motion and decreases the chances of long struts touching a curved
substrate. Furthermore, with an elastic modulus of about 110 GPa, the al-
loy ensured that the deformation is purely kinematic in an unlocked state.
Moreover, the material was medical grade, demonstrating the potential
for future medical applications.

Table 4.1: Manufacturing parameters used for the laser-based powder bed fusion.

contour hatch

slice height 50 pm 50 pm

laser power 88 W 88W

exposure time 20 ps 5 us

point distance 10 pm 10 pm
scanning strategy — 90° alternating
hatch distance - 150 pm

hatch offset - 80 pm
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Figure 4.2: (Caption on next page.)
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Figure 4.2: Different extracts of surfaces of revolution with Gaussian curvature K and
mean curvature H. One can see how the curvature develops over the length of the
surface, with on one half (left) the colors associated with Gaussian curvature and on
the other half (right) the mean curvature. Constant curvatures over the surface are
identified by constant colors; no gradient. Note that the direction of the surface normal
is defined positive when pointing “away from” the axis of revolution, such that the color
shading is the most convenient to interpret.

Table 4.2: Different surfaces of revolution with their radius and longitudinal coordinates.
The full set of 3D coordinates is obtained by revolving a curve around the y-axis with
(z, y, 2) = (p(u)cos(v), y(u), p(u)sin(v)). Some equations require conditions on the
parameters to ensure the shape has a correctly associated name. Note that the non-
listed plane is the only surface with K =0 and H = 0.

radius longitude notes
cylinder p=a y=1u K =0, H = constant
cone p=au Yy=1u K=0
sinusoid p=acos(ur)+b y=u b>a
catenoid p = acosh(u/a) y=u H=0
globoid p=—acos(u)+b y=asin(u) —-F>u>3Z,b>a, 13§
toroid p=acos(u)+b y=asin(u) —-F>u>%,b>a
sphere p = acos(u) y = asin(u)
spheroid p = acos(u) y = bsin(u)
hyperboloid p = acosh(u) y = bsinh(u)

“K-spheroid” p = abcos(u) y=a [, /1—b*sin’(e)de
b > 1, K = constant,
139, 140]
“K-hyperboloid”  p = abcosh(u) y=af /1-b sinh?(g) de

K = constant, [139, 140]

. 2_42 . 2 2
unduloid p= \/b 72— sin (%) + e

uw _m 1

y=a " * \/(1 - bzb}‘ﬂ sin2(z-:)) de
+b [T 1 - %72“2 sin?(e) de

b > a, H = constant, [141]

This method included custom molding and mechanical testing fixa-
tion. Substrate shapes were fabricated beforehand from silicone cast rub-
ber (Poly-Sil PS 8520, Poly-Service, The Netherlands). The negative of
the desired shape was printed with polylactic acid (PLA) using mate-
rial extrusion (MEX-TRB/P/PLA). This negative was then used to pour
the silicone rubber on, and in an overpressure, it was left to dry for a
day. The result was a rubber substrate representing a desired shape on
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Figure 4.3: (Caption on next page.)
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Figure 4.3: Design, molding, fixation, and mechanical testing of the samples. a)
Schematic of a single spherical joint with dark grey socket and light grey a strut part
with ball. b) Close-ups of a single spherical joint with different configurations. c) A
silicone rubber substrate shape (sphere in this example) with a structure laying on top
of it. d) The molding process with mixing the components, e) submerging the structure
in the cement, and molding it manually on the substrate (a sphere in this example). f)
The samples in the test setup. A detail of the custom fixture for a structure sample
(saddle in this example) suspended in the testing machine and an overview of the testing
rig with a structure and a DIC setup illuminating it. g) A schematic drawing of the
loading directions for the different body shapes, showing applied (resultant) force F'.
h) The holders for setting individual bodies with different link angles during molding.
Cement was applied to the angled joints through a syringe. i) A sample mounted in the
test setup. j) A schematic drawing of the setup, showing the applied force F' and set
angle 6. Green dots indicate the locked spherical joints.

which the structures could be positioned Figure 4.3c). A low-viscosity
two-component bone cement (PALACOS® LV, Heraeus Medical GmbH,
Germany) was prepared according to the manufacturer’s instructions (Fig-
ure 4.3d). Within two minutes of preparation, the structure was sub-
merged in the cement and was crumpled twice (Figure 4.3¢). Subsequently,
redundant cement was percolated out, and the structure was folded and
smoothed on the substrate. Finally, the cement was allowed to cure under
an overpressure of 2bar for ten minutes, after which the structures were
removed from the substrate. The whole molding process is demonstrated
in Supplementary Video 1 of [16].

A custom fixture was designed to suspend the samples in the mechan-
ical testing bench (Figure 4.3f). The main idea behind this testing was to
investigate the degree to which the samples were locked, i.e., to investigate
their deformation resistance after the cement was applied. For compari-
son purposes, the testing method should apply similar loading conditions
to all structures in all shapes to look at shape effects solely. Therefore,
we chose to take the morphed and locked structures and apply loads that
attempt to pull them back into their neutral, straightened configuration.
The shape-morphing structures underwent uni-axial tensile testing until
failure, where the fixture ensured that forces remained in the plane at each
point, minimizing any additional bending on the structure. The applied
force is distributed equally over the bodies on an edge. Harp closures were
modified to tighten them on individual bodies by screwing. On either side
of the sample, one wire (Dyneema, Avient Corporation, USA) is laced be-
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tween these harps and a “block” at the testing rig side in a zigzag manner.
The structures were oriented under the load F' as depicted in Figure 4.3g.

Separate body elements were also manufactured to test the effects of
link angles 6 on the strength under a load F' (Figure 4.3h—j). The separate
body elements were subjected to uni-axial tensile tests at different linkage
angles 6, while the spherical joints were fixed using bone cement. The
molding of the individual bodies was done by first setting the angles of
the links in custom-made holders that allowed setting the angle by adjust-
ing a screw (Figure 4.3h). The cement was then prepared, as previously
mentioned, but this time was applied through a syringe. The individual
bodies with different angles had rings (with unlocked spherical joints) that
could be fixated as shown in Figure 4.3i and pulled straight. The uni-axial
load F' and link angle 6 are oriented as shown in Figure 4.3].

4.2.4 Simulation of the morphing process

To predict the shape-morphing qualities of the structures with respect to
these shapes, we used a kinematic multibody approach developed in our
previous study [14]. The structures were modeled as systems of nodes and
constraints. The nodes defined the corners of the bodies and represented
the center of spherical joints, while distance constraints (i.e., links) con-
nected the nodes of adjacent bodies. The different structures were lattices
with 28 triangular, 49 square, and 45 hexagonal bodies (Figure 4.4a). All
simulated lattices had h = 2r 41 = 11.5 mm with varying link length over
body radius ratio I/r.

The morphing algorithm adjusts the positions of all nodes « to make
the structure conform as closely as possible to a target shape. All possible
linear motions U, subject to constraints, were computed by solving JU =
0, where J is the Jacobian of the constraint vector. Subsequently, the
nodes were moved toward their target positions on the surface x, to obtain
a new set of coordinates as z, = z+U((UTU)"1UT (z; —x)). Due to the
linear nature of the motions, this process requires several iterative steps.
Note that the target positions x; were determined by minimizing the
Euclidean distance between the current node positions and the parametric
surface described by (4.1). The residual distance error is

£ =ht\n (g — @) - (g — ), (4.8)
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with the total number of nodes n, and the constant characteristic length
h = 2r 4+ 1. This error serves as a metric for how well the structure is
able to replicate the shape, with a smaller error indicating a better fit.
When the distance error stopped to decrease between iterations (with a
tolerance of 1-107%), the minimum was reached.

We varied three parameters, including body shape, the ratio of link
length to body radius [/r, and the rotational placement angle ¢ about
the vertical axis relative to the substrate (Figure 4.4). Structures with
different body shapes were initially created in a flat configuration that fits
within the defined total grid radius with A = 11.5 mm (Figure 4.4a). The
ratio [ /r was varied from 0.2 to 5 for all three body shapes, as illustrated
in Figure 4.4b. For the rotational angle ¢, we chose three different ori-
entations, including i) alignment with a symmetry plane of the substrate,
ii) no alignment with any substrate plane, and iii) alignment with a plane
rotated by 7/4 about the vertical axis with respect to a symmetry plane
(Figure 4.4b—c).

4.2.5 Structure and substrate selection

Three structures were designed to represent the simulated grids of nodes
and links (Figure 4.5a). The different designs of the structures were lat-
tices with 45 triangular, 49 square, and 45 hexagonal bodies (note that
these numbers are different from the simulations because of structural in-
tegrity). All lattices had a thickness of 2.6 mm and h = 2r + 1 = 11.5mm
with varying [/r (link length over body radius) depending on the body
shape. The [/r values were chosen based on physical design limitations.
For instance, the sockets of the spherical joints must touch each other
to form a complete body. Consequently, the triangular bodies have the
smallest radius, followed by the squares and then hexagons. Nine differ-
ent locked structures, corresponding to different shapes, were created and
compared with the simulations. Furthermore, three different substrate
shapes were created to morph the structures into distinct shapes: saddle,
cylinder, and spheroid (Figure 4.5b). Each combination of structure and
shape was repeated three times, resulting in 27 specimens totally.

The shapes of the morphed structures were captured by 3D-scanning
(Scan-in-a-Box-FX, Open Technologies S.r.l., Italy) (Figure 4.5b). Sub-
sequently, the point clouds resulting from these scans were fitted on the
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Figure 4.4: Shape-morphing simulations of the three structures into different surfaces
of revolution. a) The different structures were lattices with a specific number of bodies
and I/r (link length over body radius) ratio per body shape. b) Three examples of
shape-morphing simulations for surfaces with a semi-axis radius a = 10(% + %\/5)7111,
with A = 11.5 mm. The shape variable ¢ determined whether the surface was a saddle,
cylinder, or ellipsoid (i.e., has negative, zero, or positive Gaussian curvature). Rotation
angle ¢ described the orientation of the structure with respect to the surface about a
radial axis. The cumulative error £ quantified how well the structure conformed to the
surface. The shading of individual nodes depicts the local error at the node location,
with a darker shading indicating a larger error. c¢) Graphs showing cumulative error
values £ for all simulations, varying ¢, [/r, and ¢. Note that the curvature shade values
were normalized as K = oK and H = aH for more contrast.

surfaces’ parametric description (4.1). The fitting algorithm considered
all points of the cloud of one scan and minimized the cumulative distance
to the surface. Finally, with every point considered as a node, the error
metric (4.8) accompanying this fit quantified how closely the structures
conformed to the target shapes.

Mechanical tests were performed to investigate how body and substrate
shape affect the structures’ strength. The mechanical testing included uni-
axial tensile tests to assess the structures’ resistance to returning back to
their initial, flat configurations after being morphed to a desired shape.
This analysis provided insight into the structure’s joint strength and over-
all structural resilience. Individual body elements with five different link
angles ranging from 0° to 60° were tested separately to get insight into the
angle effect. These as well as all the shape-morphing structures were tested
using a mechanical testing bench (LLOYD instrument LR5K, Hampshire,
United Kingdom, 5000 N load cell) at a rate of 2mm min~! until failure.
A specific specimen’s weight normalizes the structures’ reported load as
F= (mg)~'F, with a specimen’s mass m and g = 9.81 ms™2.

In total, 27 locked shape-morphing specimens (three design groups
times three shapes per three replicates) were experimentally tested. The
mechanical testing machine recorded load and displacement data. We cap-
tured the true strain 7 maps (the equivalent von Mises strains) at a fre-
quency of 1 Hz using a 3D digital image correlation (DIC) system (Q-400,
two cameras 12 megapixel each, LIMESS GmbH, Krefeld, Germany) and
its associated software (Instra 4D v4.6, Danted Dynamics A /S, Skovunde,
Denmark). For this purpose, we painted all the specimens white, followed
by the application of a black dot speckle pattern.
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Figure 4.5: Shape-morphing experiments of three structures onto three surfaces. a)
The different structures with a specific number of bodies and [ /r (link length over body
radius) per body shape. b) Visual comparison of the experiments by photographed,
3D-scanned, and simulated images. Structures were additively manufactured (PBF-
LB/M/Ti6Al4V) and shaped into molds representing the respective surfaces of revolu-
tion with a = 10(% + %\/5)71}% h = 11.5mm, and three ¢ values. Bone cement locked
them into shape. 3D-scans show how the experimental shapes compared to the sim-
ulated structures. c¢) The 3D-scans (experiments) were compared to the surfaces by
calculating the normalized errors €. For each of the six data sets (three experimen-
tal and three simulated), the errors were respectively normalized with respect to the
largest error found in the set. Note that the curvature shade values were normalized as
K = a?K and H = aH for more contrast.

4.3 Results and Discussion

4.3.1 Simulation results of the shape-morphing process

The shape-morphing simulation results showed how the design parame-
ters influenced the quality of the shape fitting (Figure 4.4b—). Overall,
the shape-fitting error decreased (i.e., the fit improved) with a reduction
in the number of body vertices for the tested {/r with £ around the or-
der of 1072 to 102 for hexagons, around the order of 1073 to 10~ for
squares, and around the order of 107% for triangles. A decrease of about
one order of magnitude (10') can be seen for an increase in I/r in the
selected range from 0.2 to 5. Moreover, the error decreased as we moved
from saddle to cylinder to spheroid surfaces with also approximately one
order of magnitude (10') for all structure types at specific {/r. For tri-
angular body shapes, in particular, the error remained consistently small,
and neither [/r nor the substrate shape significantly affected the fit (Fig-
ure 4.4¢). In contrast, the error decreased with [/r for square bodies, and
the fit improved as we moved from saddle to cylinder to spheroid surfaces.
Moreover, for the square bodies, the rotational orientation of the struc-
ture ¢ relative to the substrate influenced the error, with smaller errors
occurring when linkages were less aligned with the symmetry planes of the
substrate. Here, the error decreased from the 1072 to 10~% range to the
1073 to 107> range. The error similarly decreased for hexagonal bodies
with {/r and as we moved from saddle to cylinder to spheroid surfaces.
However, unlike square bodies, the rotational orientation ¢ has negligible
impact on the error for hexagons. By comparing all simulations per body
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shape (i.e., adding the errors per body shape for all respective orienta-
tions), we can conclude that the triangular shapes consistently provided
the best fit, followed by square and hexagonal bodies.

The observed effects of design parameters on the shape-matching error
can be explained by considering the geometry of the bodies. Triangular
bodies, with three vertices, behave like a three-legged stool. All three ver-
tices can easily contact the substrate surface on surfaces with reasonably
small curvature, regardless of the curvature’s sign or orientation. Square
bodies exhibited larger errors overall, and their orientation plays a key
role in whether all four vertices can contact the surface. When square
bodies were aligned with the principal curvature lines of the substrate,
the error was largest, while increasing the angular diversion from these
principal curvature lines reduced the error. Another significant factor for
square bodies was the [/r. Larger I/r values led to better fits, as smaller
bodies with more than three vertices positioned closer to the surface im-
proved shape conformity. Similarly, the error was smaller for larger values
of the Gaussian curvature. Hexagonal bodies showed similar trends to
square ones, but their circle-like symmetry with multiple symmetry axes
minimized orientation effects.

4.3.2 Experimental results

The 3D printed structures made from different unit cell designs were able
to morph into various shapes with different curvature values (Figure 4.5).
The structure designs, including the maximum manufacturing area, were
adjusted to meet the printer’s constraints (Figure 4.5a). On the shape-
morphed structures, we performed a qualitative analysis based on the re-
sults of the 3D-scans (Figure 4.5b) and compared these results with those
of the simulations (Figure 4.5c. For all three body shapes and their respec-
tive experimental and simulated values (six data sets), we normalized the
per-set error with the maximum error of each set. The earlier noted simu-
lation trend, where the saddle shape shows the most error, followed by the
cylinder and the sphere, is also noticeable in the experimental findings. In
other words, the trends are qualitatively the same for each body shape.
However, for the same body shape, the differences between some substrate
shapes are so minor in some instances that we cannot draw definite con-
clusions. Quantitatively comparing shape morphing among experiments
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and simulations is affected by the uncertainties in the manual molding
procedure. Absolute values were not presented because these vary among
the physical structures having finite thickness, and the model assumes zero
thickness. In the experimental structures, the finite strut thickness means
that not only the bodies but also the struts may touch the substrate if
they are long enough or if the substrate convex curvature is high. To avoid
this affecting the comparison, we ensured the struts were sufficiently thin
and short for the curvatures considered.

The experimental results partially validated the simulations. We con-
firmed that spherical shapes were easier to conform to than saddle shapes.
The fitting errors for the cylindrical shapes were between those of the
spherical and saddle ones. This might be a surprising result, since the
spherical and saddle (hyperbolic) shapes are doubly curved or non-Euclid-
ean, compared to the single curved or Euclidean cylinder shape [132, 133].
A paper sheet cannot be bent into a doubly curved surface without being
stretched in its plane. However, the structures presented here allow in-
plane motions. The individual bodies in the structure can reorient with
respect to each other under bending. Consequently, spherical shapes can
be replicated better than cylindrical shapes. The differences between in-
dividual body shapes were not evident from the raw measurements before
the normalization. Qualitatively, triangular structures morphed more eas-
ily across substrates, consistent with simulations showing they provide the
best fit among the three body shapes.

4.3.3 Load-bearing capabilities

The load-bearing performance of each individual linkage was assessed
through mechanical tests at various angles of positioning (Figure 4.6 and
Table 4.3). The average maximum force at fracture showed that a larger
linkage angle 6 relative to the neutral position resulted in lower resistance
to loads F'. The increased linkage angle enlarges the moment arm of the
applied force, and, thus, the same (bending) moment on the linkage and
joint is reached with a lower F. Given that the locking was performed
using bone cement, failures could theoretically occur either by fracture in
the struts of the lattice structure or by detachment of the bone cement at
the ball-and-socket joints. However, in our tests, all specimens exhibited
failure through fracture in the struts, with no detachment at the joints.
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Figure 4.6: Mechanical test results of individual bodies with struts fixated at different
angles. A plot of the applied force F' vs. the displacement in the force direction § for
different angles 6. Bold lines represent the average of three specimens for each angle
(thin lines with open circles show individual specimens).

Table 4.3: Mechanical test loads at fracture F'¢ of individual bodies with struts fixated
at different angles 6. The load is the average of three specimens for each angle.

6/o Fi/kN

0 0.18 £0.06
15 0.14+0.10
30 0.06 £ 0.02
45 0.03 £0.03
60 0.03 £ 0.01

The absolute strains before failure over the structures during mechan-
ical loading show similarities as well as differences for the different struc-
tures and shapes (Figure 4.7a). For all structures, the highest strains were
found at the struts with values around 2%. The strains in the individual
bodies in structures differ among body and structure shapes. Triangular
bodies overall experienced the least absolute strain (0 — 1%), followed by
square (0 — 1.5%) and then hexagonal bodies (0 — 2%). The substrate
shapes also influenced the strain distribution with analogies to thin plate
theories. We found no clear distribution for the saddle, the cylinder has
the least strain (0 — 0.5%) along the “peak ridge”, the spheroid has the
least strain concentrated around the “peak” of the dome (0 — 0.5%). The
mechanical tests reveal that their geometry and the applied loading di-
rection influence fracture and strain patterns in each structure. In the
saddle configuration, fractures occurred along axes deviating 45 degrees
from the loading direction, where the interaction of the concave and con-
vex curvatures creates high bending strains. In the cylindrical shapes,
strain was concentrated along the central axis perpendicular to the load,
while in spheroidal shapes, strain was localized at the edges, where strain
concentrations formed due to curvature uniformity disruption. Addition-
ally, cylindrical structures exhibited the highest fracture load, followed
by spheroids and then saddles (Figure 4.7b). Fracture loads increased on
average from triangular to square to hexagonal bodies respectively (Ta-
ble 4.4). Strain values were not normalized by applied load, so larger strain
values may reflect higher applied loads rather than structural behavior.
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Figure 4.7: Mechanical testing of the different designs locked in the three different
shapes, namely saddle, cylinder, and sphere. a) The structures were clamped at all
bodies on two opposing edges to evenly distribute the applied force. The shading shows
the true strain 7 distribution obtained with digital image correlation (DIC) right before
appearance of the first fracture as indicated by circles. b) Applied load F wvs. the
average displacement § for the different shapes defined by ¢. The force is normalized
with respect to the weight (F' = (mg)~'F, with mass m and g = 9.81ms~2) of the
specific specimen.

Table 4.4: Mechanical test normalized loads at fracture for the different designs locked
in the three different shapes. F'y = (mg)lef, where F't is the applied load at fracture,
m is mass of the specific specimen, and g = 9.81ms™2.

F /10? triangular square hexagonal

saddle 0.59+0.20 0.85£0.13 3.09+1.56
cylinder 1.54+£0.38 1.99+0.34 3.83+1.91
sphere 0.924+0.13 1.35+£0.36 3.19+2.58

4.3.4 General discussion

In evaluating the performance of the structures, we observe a trade-off
between shape-matching ability and locking strength. Structures with
fewer vertices and smaller body sizes exhibited better shape conformity,
but this comes at the cost of reduced locking strength when subjected to
loads that attempt to return the structure to its original flat configuration.
The triangular and hexagonal bodies represented two extremes: triangular
bodies, with fewer interconnections, deformed more freely and were easier
to crumple randomly, but also exhibited weaker resistance to deformation
once locked.

With these insights on the principles of one-size-fits-all structures in
hand, we can work more toward applications. One example is fixing defects
in the human acetabular bone. A study on this led to the development
of a novel implant [129]. The structure, featuring hexagonally shaped
bodies, serves as the base for developing the implant, as it offers the highest
mechanical strength while still exhibiting sufficient flexibility to conform
to the most pronounced acetabular curvatures.

Another option for further research is the design and creation of specific
sheet layouts. The structure is then specific to anatomical sites, but not
to individual patients. It could be possible to introduce different body
shapes in one sheet, to have some parts deform easier, while other parts
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are stronger. Methods like machine learning can aid in finding appropriate
designs. In this light of versatility, sheets like the ones presented in this
study are also of interest for fields like soft robotics. They can possibly
be manufactured from different materials and with no or an alternative
locking system. Design parameters of the structures could be optimized by
simulation in such a way that the structure fits on the surface. Then, either
different optimal structures for different surface curvatures are obtained,
or one general structure can be designed that fits best on average on all
possible curvatures. Optimized structures for different surface curvatures
can be obtained to result in a one-fit-all structure that fits best on average
on all possible curvatures and serves a wide variety of cases.

The mechanical properties were investigated from a geometric rather
than a material perspective. We were only interested in the structural
effects of the designs and considered only a single production method for
the structures. Hence, the limits of the AM method dictated the envelope
of possible structural designs. The ball-and-socket joint design allowed the
balls to rotate freely within the sockets without requiring support during
manufacturing. The struts had a diamond-shaped cross-section for the
same reason: they did not require production support. These key ele-
ments of joints and struts were kept equal among all designs to ensure
comparability. When changing joint and strut designs, the absolute load
values that the structures can withstand change, but the trends observed
between the structures with different layout designs and shapes remain
relatively similar. Moreover, we used the same material to manufacture
all the specimens. A different choice of material with similar stiffness and
a similar layer-by-layer production method is expected to result in similar
morphing behavior. Moreover, the relative performance of different de-
signs in terms of the mechanical loads they can bear is expected to remain
similar, regardless of the exact underlying material, as the structural de-
sign is the most dominant factor in determining the loading regime, stress
concentrations, and even fracture sites. If the used material and manufac-
turing method produce more compliant parts, the shape-matching abilities
may increase somewhat.

A better shape fit is expected to result in more uniform force distri-
bution and is partially responsible for smaller stress concentrations. A
larger contact area distributes the forces over a larger contact surface. If
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the structure is perfectly rigid and has equal infinite stiffness throughout
the whole structure, the peak stresses on the substrate would be smaller.
However, the forces are not distributed equally over the contacts in phys-
ical representations with varying stiffness over the geometry, like the one
presented in this study. More compliant regions can undergo lower contact
forces than stiffer regions. As said before, geometry determines material
behavior, with the thinner parts being more compliant than the thicker
parts.

Shape morphing in this study is performed while the cement is already
applied to the joints, which might thus affect the morphing. The viscosity
of the cement is comparable to that of dish soap in its initial state. The
manufacturer reports a preparation and application time of approximately
9 minutes at a room temperature of 20 °C for this cement. It was ensured
that morphing was completed within the specified time frame for all ex-
periments by applying the systematic approach depicted in Figure 4.3d—e
and Supplementary Supplementary Video 1 of [16]. Since we were work-
ing in a quasi-static manner where the dynamics was unimportant, the
cement is not expected to have affected the outcome of the morph. When
considering dynamics, one should consider that viscosity influences the
rotation rate of the joints.

The mechanical testing method with a custom fixture was designed to
test the relative strength of structures that are initially 2D and deform
to adapt to different 3D curvatures. The same loading conditions were
applied to the different shapes to facilitate comparison. An out-of-plane
compression test between two plates [137] does not ensure the same num-
ber of contact points between the structure and the plate. For example,
a spherical surface has only one contact point with a flat plate, whereas
a cylindrical surface has a contact line. This type of loading alters the
conditions on a case-by-case basis, depending on the shape. The fixture
used in this study aims to mitigate the consequences of this issue by dis-
tributing the load evenly across different shapes. The number of contact
points remains equal for the same structure in different shapes, and the
load is distributed in parallel across these contact points. The zigzagging
of the low-friction wire ensures this load distribution. Once a fracture
arises in the structure, the load conditions alter, and the measured load
values lose significance.
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4.4 Conclusions

This study investigated the kinematic deformation of additively manufac-
tured chain mail-like structures made from a medical-grade titanium alloy
regarding their shape-matching and locking capabilities. These structures,
composed of rigid parts connected by ball-and-socket joints, could rein-
force curved surfaces by forming a mesh and locking the joints once the
desired shape was achieved.

A discrete multibody modeling approach was used to predict the kine-
matic behavior. Simulations identified three key parameters affecting
shape conformity: the network pattern (i.e., body shape), the ratio of
body size to strut length, and the rotational orientation of the struc-
ture relative to the surface. Among the three patterns studied, triangular
bodies provided the best shape-matching results, followed by square and
hexagonal bodies. Increasing the strut-to-body size ratio improved shape
conformity overall. At the same time, rotational orientation, i.e., how the
structure’s pattern aligns with the shape’s curvature pattern, only played
a role for the square bodies.

Experiments were performed to validate the simulations. The designs
were manufactured from medical grade Ti6Al4V ELI metal using PBF-
LB. The specimens were placed in three generic shapes: saddle, cylinder,
and spheroid. 3D-scanning the configuration showed that the employed
multibody model can predict the shape-matching qualities of the speci-
mens. Subsequent mechanical tests showed the locking strength of the
designs. In terms of shape-morphing quality, the tiling pattern ranks in
ascending order from triangle to square to hexagon, with the triangle per-
forming about two orders (10?) better than square and four orders (10%)
better than hexagon in terms of fitting error. This behavior is the op-
posite in terms of mechanical performance, with a hexagon resisting an
approximately two times higher load before fracture than a square and
about three times higher load before fracture than a triangle.
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This work studied the shape-morphing and shape-locking of kinematic
(discrete) structures through modeling and physical realizations. The
kinematic nature of such freely deforming structures with their many DoF
opened a direction of research that was not explored before. We needed
to explore such structures’ theory and real-world realization for further
application. While specific biomedical, aviation and soft robotics applica-
tions were not extensively addressed, some more general conclusions re-
garding potential applications were drawn from the work presented here.
Although directly deployable for some applications, the presented designs
and solutions are mere examples of how some challenges can be addressed.
The core finding of this study is the demonstration of the viability of the
principle of morphing and locking mechanisms. In that sense, the current
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work has sculpted the basis for further investigation and implementation
and serves as a foundation for shape-morphing and -locking structures.

The presented modeling approach constitutes a systematic way to ef-
ficiently simulate the morphing behavior of shape-morphing kinematic
structures. Since kinematic shape-morphing leads to structures with a
discrete nature —where we are interested only in the position of specific
points— we could reduce the model to a collection of nodes and con-
straints. This resulting modeling algorithm facilitated the analysis of the
quality of the shape-morphing behavior and enabled a comparison between
the different shapes achieved by the kinematic structures. It can be con-
sidered a tool for the design of kinematic structures. Especially since the
simulations were successfully validated for their representation of reality
by manufacturing and measuring physical structures.

The shape-locking of the designed structures brought its challenges.
Having an initially flexible shape-morphing structure that turns into a
stiff structure after shape-locking represents a set of inherently contradic-
tory design requirements. We uncovered some of the important principles
behind shape-locking through a case study. In this sense, the designed
structures show a subgroup of infinitely many possibilities of locking struc-
tures. For example, we used magnetic fields for shape locking, but many
other types of stimuli could be used for the same purpose. Although be-
ing a subgroup, this design still successfully revealed some of the widely
applicable considerations in shape-locking. Interestingly, for example, it
is not necessarily required to lock all joints to remove all kinematic DoF
of a structure.

We also used another case study of structures with regular tiling to
investigate design considerations for shape-morphing and mechanical per-
formance within the context of curvature. Curvature was selected for this
purpose because it is one of the most important geometry-determining
properties. The effects of curvature on the morphing capabilities of the
structures were clear as the structures fit better on spherical shapes than
on hyperbolic ones. Varying structure design parameters, such as the
body shape (i.e., triangular, square, and hexagonal) and length ratios
(i.e., body radius over strut length), influenced the morphing capabilities
of kinematic structures as well. Triangular bodies had better fitting capac-
ities, followed by squares and hexagonals. Longer struts with smaller body
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ratios fitted better as well. Hexagonal body shapes resulted in structures
that could withstand the largest normalized loads aimed at unlocking the
attained shape.

In the process of proving the viability of the concept and laying a
base for further work, several recurring topics within the several chapters
occured. These topics turned out to be constant considerations within
the scope of shape-morphing and -locking of kinematic structures. In
what follows, these topics are gathered from the relevant chapters in three
categories and discussed further.

5.1 Multibody kinematic modeling

The model presented in Chapter 2 enabled a multibody description to
be used within the context of kinematic shape-morphing. An analysis
of the kinematics of structures with many DoF requires only a specific
area of multibody dynamics to be applied. This stripped-down version
of multibody dynamics used in the current thesis only utilizes nodes and
constraints. The constraints must be carefully defined to make this rela-
tively simple approach work for the shape-morphing under consideration.
Chapter 3 added the implementation of toggling constraints on and off to
lock and release a structure.

The method in which we find the kinematic motion modes and su-
perimpose those to morph the system requires careful definitions of the
constraints to avoid the occurrence of singularities. A node should not be
constrained in a direction by a perpendicularly defined constraint, which
can be understood in the context of a tightrope. Such a tightrope, in the-
ory, constrains movement perpendicular to its length, but there is always
some movement in practice; a force has no way to resist a perpendicular
force, which can be extended to a constraint not able to resist perpendic-
ular motion. In a mathematical representation, this results in singulari-
ties. Instead, the movement of a point is better restricted by a constraint
drafted more parallel to the to-be-prevented movement.

Constraints continued. Although the presented model can be used
as-is, we can still extend it to consider additional aspects (Figure 5.1). The
presented constraints are not an exclusive list. The aim was to present
constraint expressions that are differentiable and are computationally ef-
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ficient. Elegance is found through simplicity. More types of joints can be
conceived, but their implementation might be less elegant.

One should take care when drafting constraints and respect some
guidelines. Every constraint should be unique, meaning that the same
DoF should not be constrained by multiple constraints to prevent over-
constraining and forgetting to constrain DoF that should be constrained.
It can be such that the results of the morphing simulation are identical
between a system that is just sufficiently constrained and several cases of
overconstraining (Section 3.2.2). In drafting constraints, we also need to
consider using vectors that can turn into zero vectors by system move-
ment. Constraints relying on such vectors might give singularity issues
in the analysis. Similarly, normalization or other dependencies containing
divisions can result in division-by-zero errors.

An illustration of a common constraint that subjectively misses some
of the aforementioned simplicity is the screw/thread joint. In that case, a
rotational motion is associated with a translational motion. The thread’s
lead relates to a factor p and determines the translational movement asso-
ciated with a specific angular rotation. Figure 5.1 shows an implementa-
tion that attempts to consider the guidelines, but more elegant or robust
solutions might also be available. It was not tested, but for example, using
atan2 available in most programming languages might be more robust to
cover a 27 rotation fully.

Forces foreseen. Simulation of forces was not done in the scope
of these studies but could be an extension of the already implemented
multibody methods. The forces to dynamically steer the structures into a
certain shape may be investigated by assigning mass and, in effect, inertia
to the nodes. Even in the static domain, stiffness could be added to the
joints to analyze flexure joints that more or less act as kinematic joints.

One of the model’s extensions regarding locking could be analyzing
forces in the system. Since locking is incorporated by adding constraints
that remove DoF, we could extract constraint forces, for example, through
Lagrange multipliers. Another route to locking is the implementation of
a stiffness at the joints. Adding stiffness does not remove DoF, but with
a high enough stiffness, we essentially lock a structure for all practical
intents and purposes. Having stiffnesses would allow the extraction of
forces associated with the deformation at the joints.
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Metrics revolutions. We chose to quantify the shape-morphing here
by defining a matching error and a shape factor. The error portrays the
Euclidean distance among points of interest in the structures and the to-
be-acquired shape, drafted as a standard deviation. This distance was
the main shape-morphing performance metric used throughout this study.
Similarly to the error, the shape factor is a metric for the distance of the
structure’s nodes from the centroid of the structure, indicating the shape
of the structure. In its presented form, it is a basic number that is not
necessarily exclusive to different shapes, but it gives a rough indication,
which was sufficient for this study.

Both error and shape factor definitions could be modified to present
more information. One could think of metrics such as other distances
than the Euclidean, e.g., the bottleneck or Hausdorff distance, or other
metrics such as curvatures [44]. Exploring other metrics was not part of
this study, but the presented modeling method allows experimenting with
these metrics in shape-morphing structures.

5.2 Model-design interactions

The designs of shape-morphing structures can be investigated by simula-
tion and realization. Chapter 3 showed how simulation could be employed
to predict to what extent a structure is locked, and designs can be adjusted
accordingly. Chapter 4 contributed to analyzing altering parameters sys-
tematically and how such changes impact the shape-morphing behavior of
kinetic structures and their mechanical properties. More automation can
be implemented in all these cases to obtain better designs.

The current modeling representation of the structures has simplifica-
tions regarding the actual physical design that one might want to address,
where needed. Two examples of simplifications the model incorporates are
the lack of finite dimensions to the nodes themselves and the lack of play in
the joints. Here, the nodes represented joint geometrical centers without
having any dimensions themselves. Hence, they can reach a surface closer
than a physical design manifestation. Moreover, bodies and struts are
represented by constraints that represent no finite thickness themselves.
A lack of dimension that allows for penetration of substrates by the bodies
and struts that real designs could not achieve. In physical designs that
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Figure 5.1: Illustration of the description of a two-body system with a thread connec-
tion that allows one DoF between the bodies. Six nodes together with (not shown)
constraints define the two bodies with twelve DoF in total. The movement between the
two bodies is constrained by the six shown constraints ¢ drafted with position vectors
d. We use na = dy/1 X d3/q and ia = na/|na|, and A; is introduced as extra DoF
to describe angles of any value and relate them through factor p to the translational
position. In the presented form, the bodies are d; apart for A\;1 = 0, and p is positive for
a right-handed and negative for a left-handed thread. For example, a thread resulting
in 3mm translational movement with one rotation has p = 3/(27) mm. The extra in-
troduced DoF needs an extra constraint to leave the desired seven DoF of the complete
system (12 + 1 — 6 = 7). Note that the system could be “locked” by adding one more
constraint that dictates the angle, e.g., c = A1 — 5.

use non-assembly additive manufacturing, like the ones in Chapter 4, it is
practically inevitable to have some clearance in the joints. These differ-
ences in mobility between the model and real-life design are expected to
change the morphing capabilities of a structure. Therefore, care should be
taken when using the model as-is. Nevertheless, simulation and validation
throughout the chapters showed that the model, in its current elementary
state, at least predicts the qualitative morphing capacities of the designs
in accordance with real-life performance.

Optimizing options. By parameterizing the structures, optimizing
the presented kinematic structures for specific applications is within reach.
For example, it could be appropriate only to lock certain joints while still
having a locked structure that supports loads sufficiently. Alternatively,
shape-matching may be improved by implementing different joint types
at different locations in a structure for a specific subclass of curvatures
(Figure 5.2a). Further investigating the effects of parameters like shape
and dimensions on the morphing and strength properties, as done in a
first attempt in Chapter 4, has also relevance for further applications.

Again, because of the kinematically deforming structures’ large num-
ber of movable joints and the considerable amount of accompanying op-
tions, a trial-and-error approach is unlikely to lead to (near)optimal re-
sults. The provided multibody modeling can provide a database of options,
and subsequently, machine learning algorithms could be applied for a more
systematic design optimization. In that regard, the multibody modeling
might even be useful in ways that do not initially look like multibody prob-
lems, e.g. in optimization of guiding channels trajectories (Figure 5.2b).
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Figure 5.2: Possible future shape-morphing and -locking implementations and princi-
ples. a) We might apply assigning algorithms to systems of bodies to determine the
optimal distribution of kinematic joint types. Machine learning could be used to assign
the joint types and determine whether they should be lockable for specific applications.
b) An unsolved optimization where two pairs of channels need to be connected such
that on one side, one pair’s channels are next to each other, and on the other side, they
are opposing each other [143]. Under no circumstance can the channels intersect each
other. The multibody modeling approach can be applied when we require properties
such as equal length or curvature among the channels. ¢) Locking by dislocation per, for
example, changing the spherical shape by expanding an element by magnetism, shifting
an element mechanically from outside of the joint, or deforming the whole joint by using
materials that exhibit memory behavior activated by temperature d) The joints in a
multibody system can also be (hollow) flexures. For example, connections resembling
the bellows used in early mechanical ventilators. e) Locking by jamming a channel in
the joints, for example, by inserting a hardening resin, pushing together beads in the
channels, or using particle jamming by applying pressure at the end of the channel. f)
Using channels in the structure can introduce the question of how the channels should
be connected. For example, a specific layout may be required to reach all joints in
a structure by one channel. Finding this layout could be another optimization prob-
lem. g) Locking can also be done in prismatic and cylindrical joints, for example, by
a pen(cil)-like or ratchet-like rotating mechanism that locks upon reaching a particu-
lar translation, or a mechanism that initially can move with covered obstructions and
is locked into place by removing specific material through melting or dissolving. h)
Translational joints introduce more manners of morphing and locking a structure. For
example, in an in-plane structure, bodies can individually rotate in the plane or move
out of the plane and lock degrees of freedom in the process.

5.3 Physical design considerations

The type of shape-morphing mechanisms presented in the study also give
rise to specific design considerations. A vast number of joints can render
any design too complex to analyze. Generally, better shape-matching
behavior is obtained by a structure with smaller individual parts because
smaller parts can better follow irregularities. The smaller the parts, the
more “continuous” the structure and the more clay-like properties are
obtained. However, manufacturing on a smaller scale presents a separate
set of challenges.

Manufacturing additions. In terms of manufacturing possibilities,
additive manufacturing is the most promising method. Structures can be
produced in a single step, partially demonstrated in Chapter 3 and fully in
Chapter 4. However, if assembly is required, the efficiency of manufactur-
ing is compromised. In addition to that, some locking methods inherently
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require the addition of another material in the locking step. The appli-
cation and the design often dictate the choice of material. Fortunately,
additive manufacturing allows for a great variety in materials and designs.

3D-signed. The primary challenge in effectively designing shape-
morphing structures, ¢.e., without an assembly step, seems to lie in the
creation of fully 3D structures. Additive manufacturing requires support
structures during the manufacturing process when not carefully designed.
We demonstrated that structures can be designed in a sheet fashion with-
out requiring an assembly step. These structures can then deform in and
out of the plane to take a 3D shape. The next step is to create a non-
assembly structure that has many DoF and is fully 3D to start with, is the
next step. Support structures that can dissolve are promising, but this
currently restricts the choice of material to polymers and biodegradable
metals.

Future refurbished. Some ideas for designs were never fully devel-
oped in working prototypes. There is no claim that these ideas are new
or original if even such ideas exist. They popped up and were shaped
during many conversations and trials in the research process and are, by
all means, a joint effort. A selection is gathered here out of gratitude
and to illustrate and hopefully inspire future research and development
on shape-morphing and -locking (Figure 5.2). These research directions’
main principles and ideas can be combined and mixed for even more ad-
vanced and multi-faceted designs and analyses.
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