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ABSTRACT

Reconfigurable structures are structures that can change their shapes to change their
functionalities. Origami-inspired folding offers a path to achieving shape changes
that enables multi-functional structures in electronics, robotics, architecture and
beyond. Folding structures with many kinematic degrees of freedom are appealing
because they are capable of achieving drastic shape changes, but are consequently
highly flexible and therefore challenging to implement as load-bearing engineering
structures. This thesis presents two contributions with the aim of enabling folding

structures with many degrees of freedom to be load-bearing engineering structures.

The first contribution is the synthesis of kirigami patterns capable of achieving
multiple target surfaces. The inverse design problem of generating origami or
kirigami patterns to achieve a single target shape has been extensively studied.
However, the problem of designing a single fold pattern capable of achieving multiple
target surfaces has received little attention. In this work, a constrained optimization
framework is presented to generate kirigami fold patterns that can transform between
several target surfaces with varying Gaussian curvature. The resulting fold patterns
have many kinematic degrees of freedom to achieve these drastic geometric changes,

complicating their use in the design of practical load-bearing structures.

To address this challenge, the second part of this thesis introduces the concept of
multi-configuration rigidity as a means of achieving load-bearing capabilities in
structures with multiple degrees of freedom. By embedding springs and unilateral
constraints, multiple configurations are rigidly held due to the prestress between
the springs and unilateral constraints. This results in a structure capable of rigidly
supporting finite loads in multiple configurations so long as the loads do not exceed
some threshold magnitude. A theoretical framework for rigidity due to embedded
springs and unilateral constraints is developed, followed by a systematic method for
designing springs to maximize the load-bearing capacity in a set of target configu-
rations. An experimental study then validates theoretical predictions for a linkage
structure. Together, the application of geometry synthesis and multi-configuration

rigidity constitute a path towards engineering reconfigurable load-bearing structures.
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Chapter 1

INTRODUCTION

1.1 Motivation

There is a fundamental relationship between the shape of a structure and its function.
Reconfigurable structures are a class of structure capable of transforming their shape
to achieve multiple functions. The ability to change shape is a powerful concept
that enables structures to adapt to different operating conditions or manipulate their

properties on demand.

An incredibly broad range of applications is enabled by reconfigurable structures
spanning many engineering disciplines. In aerospace engineering, the geometry of
airplane components, such as wings and engine inlets, drives their functionality.
Thus, reconfigurable components allow aerodynamic properties to be tailored to
different flight conditions [1-3]. An example of a variable camber wing concept is
shown in Figure 1.1a. In architecture, active facades can reconfigure for efficient
thermal management in buildings [4], shown in Fig. 1.1b. Robots can benefit from
shape changes to fit into small spaces [5], shown in Figure 1.1c, and reconfigurable
wheels can adapt to the terrain [6]. Reconfigurable structures in electronics enable
optical sensors with adaptive focusing [7, 8] and antennas that can manipulate their
radiation pattern through shape change [9]. While this list is far from exhaustive,
it highlights the role of reconfigurable structures as an enabling technology across

many fields.

1.2 Concepts in reconfigurable structures

Echoing the wide range of applications, there are many approaches for achieving
reconfigurable structures. However, there are common requirements that must be
addressed by all reconfigurable structures. Generally, a reconfigurable structure

must satisfy the following:
1. Geometry: the structure can achieve a set of desired rarget configurations.

2. Stiffness: the structure can hold its target configurations under loading.

3. Reconfigurability: the structure can be actuated between the target configura-

tions.



Figure 1.1: Examples of reconfigurable structures enabling multi-functionality
through geometric changes. (a) Variable camber wing concept [10]. (b) Adap-
tive facade of the Al Bahar towers in Abu Dhabi (photos courtesy of Terri Boake).
(c) NASA JPL’s Puffer robot [5].

The first requirement is that the geometry of the structure can achieve a desired
set of target configurations, which are driven by the application at hand. Concepts
for achieving reconfiguration fall on a spectrum from smooth deformations of con-
tinuous structures to localized deformations of discrete structures. In continuous
structures, target geometries are achieve through smooth deformations, for example
in morphing shell structures [11] and soft robotic actuators [12]. On the other end of
the spectrum, discrete structures exploit localized deformations at joints or hinges
to achieve geometric changes. Variable geometry trusses, for example, can change
shape through deformation localized at pin-joints [13, 14]. Another prominent con-
cept for discrete reconfigurable structures is origami, where a network of flat plates
connected by hinges exhibits localized deformation at the hinges [15]. Finally, there
is a spectrum between continuous and discrete, where there are both localized and
smooth deformations. This occurs, for example, in origami-inspired structures with

smooth folds [16, 17] or truss structures with deformable beams [18].
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The second requirement is stiffness in each target configuration, which allows each
configuration to maintain its shape under loads. In any application, load-bearing
capacity is relevant, though the level of stiffness required highly depends on the
application. A morphing wing must withstand aerodynamic loads, so its target
configurations must be sufficiently stiff. On the other hand, a soft robot may be
less concerned with load-bearing capacity. Regardless, the target configurations
must be maintained under some external loading, and stiffness is a crucial aspect of

reconfigurable structures.

The third requirement for reconfigurable structures is the ability to reconfigure be-
tween target configurations. An actuation scheme must be capable of changing
the geometry between the target configurations. Actuation concepts range from
discretely placed actuators to continuously distributed actuation. Discrete actuators
apply forces or displacements at a set of points throughout the structure, and can
be used alongside continuous [11] or discrete [13, 14] structural geometries. Alter-
natively, distributed actuation can be achieved through active materials that induce
deformations throughout a structure, which is the case in the morphing wing of

Figure 1.1a.

These three requirements unite the many concepts in reconfigurable structures and
also highlight why the design of reconfigurable structures is a difficult task. The
challenge of reconfigurable structures stems from the contradiction between re-
quirements. The ability to deform between different target configurations requires
geometric freedom, which is synonymous with flexibility, contradicting the require-

ment of stiff target configurations.

This thesis is motivated by the challenge of developing reconfigurable structures
that are load-bearing, easily reconfigured, and have substantial geometric freedom.
We address these challenges in the context of a particular reconfigurable structures

problem: a reconfigurable surface.

1.3 Reconfigurable surfaces

A particularly interesting and challenging reconfigurable structures problem is to
create a morphing surface that can change its Gaussian curvature. Changes in
Gaussian curvature require metric-changing geometric transformations, meaning

that lengths along the surface change.

Reconfigurable surfaces enable a range of applications, from adaptive optical sensors

[7, 8] to architecture [15]. One appealing application is morphing phased array
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antennas, which provides inspiration for the research in this thesis. Phased arrays are
arrays of antennas that collectively produce a desired radiation pattern. Traditional
phased arrays have fixed geometry. However, the ability to change the shape of a
phased array surface offers a means of adapting its electromagnetic properties. For
example, properties such as field of view and gain can be manipulated by changing
curvature. This enables antennas with multiple operating shapes, each with different

properties [19].

Motivated by the high potential for application, the geometry and mechanics of
reconfigurable surfaces is an emerging research area that has recently gained pop-
ularity, largely in response to recent advances in manufacturing technology. Many
concepts for achieving curvature change have been explored, ranging from contin-

uous to discrete approaches.

One approach for curvature change is to deform a continuous surface. However,
changing the Gaussian curvature of a continuous surface requires stretching and
therefore a soft material capable of stretching. Programmable stretching to achieve
curvature change has been explored [20] and has proven useful for applications
such as optical sensors [21]. Figure 1.2a shows an elastomer membrane supporting

optical sensors that can stretch from a flat to hemispherical surface when pressurized.

Alternatively, discrete grids of deformable elements offer a path to reconfigurable
surfaces that avoid pure stretching. Examples include grids of elastomer strips
[22] (shown in Figure 1.2b) or beams [23-25], as well as architected sheets with
non-periodic cut patterns [26-28]. Multi-stability offers a promising approach for
achieving stiffness in multiple target configurations and simplified actuation between
configurations. Examples of bi-stable reconfigurable surfaces can be found in [29]
(Figure 1.2c) along with [27, 30]. However, the load-bearing capacity of multi-
stable surfaces is often overlooked and may not be scalable to support large loads in

engineering applications.

Finally, origami and its variants such as kirigami, which allows holes, offer a path to
reconfigurable surfaces through folding. Inspired by the ancient art of origami, flat
sheets can be folded into extraordinarily complex 3D shapes. Curvature-changing
transformations are possible by origami-inspired folding concepts, which provides
an approach for reconfigurable surfaces [32]. Figure 1.2d show an example of a
fold pattern, which is a generalization of Resch’s origami pattern [31], capable of

folding from flat sheet into a spherical surface.



() (d)

Figure 1.2: Concepts for reconfigurable surfaces. (a) X-ray tomography image of
an elastomeric morphing surface that changes curvature through stretching [21]. (b)
Robotic surface composed of stretchable liquid crystal elastomer strips [22]. (c)
Multi-stable reconfigurable surface based on bi-stable units [29]. (d) Generalization
of Resch’s origami pattern [31].

Among the many concepts that have been explored to achieve curvature change,
there is no single approach that is the most effective towards applications. In the
emerging research area of reconfigurable surfaces, several concepts have shown
potential to enable curvature change, motivating research to carry these concepts
towards engineering applications where load-bearing capacity is essential. Towards
maturing the collective knowledge of reconfigurable structures, metrics must be
developed to assess the load-bearing capacity, which would represent a step towards
designing reconfigurable surfaces for engineering applications. This thesis focuses
on origami-inspired folding concepts as a means for curvature change and develops
optimal design methodology and metrics for load-bearing capacity that advance the

state of folding structures.

1.4 Curvature change through folding

Folding has emerged as a powerful concept for achieving curvature change. The
geometry of curvature change through folding has been a prominent topic of research
as origami has evolved into an engineering tool [32]. While folding itself is an
isometric transformation (no stretching occurs) that cannot change the intrinsic
curvature of a sheet, apparent curvature can be created where a subset of faces or
vertices of a fold pattern approximate a curved surface. However, the application of

folding surfaces as engineering structures is a major challenge that requires further
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research into the mechanics of folding structures, particularly towards developing

understanding and design methodology for achieving load-bearing capacity.

Rigid-folding origami and kirigami patterns, which are comprised of rigid faces
connected by hinges, can be classified as having a single kinematic degree of
freedom (DOF) or having multiple degrees of freedom. Single-DOF fold patterns,
such as the Miura-ori [33], fold along a one-dimensional kinematic path (though
there may be multiple branches of one-dimensional kinematic paths [34]). Single-
DOF folding structures are appealing because they are easy to reconfigure, which is
useful in practical applications [6, 35]. Multiple approaches have been developed for
designing single-DOF fold patterns that can fold from flat sheets into a curved target
surface [36-38]. However, single-DOF fold patterns are limited to configurations
along a one-dimensional kinematic path. Thus, a flat sheet can be folded into a
single curved surface, but achieving multiple surfaces with varying curvature is a

challenge for single-DOF patterns.

Alternatively, multi-DOF fold patterns can take on a range of configurations within
a multi-dimensional configuration space. Multi-DOF fold patterns capable of cur-
vature change were explored in the early work of Resch [39, 40]. Subsequently,
design tools have been developed to synthesize multi-DOF fold patterns capable
of achieving arbitrary curved surfaces [31, 41, 42]. Multi-DOF patterns have the
ability to achieve a range different curved surfaces with varying curvature [32],
though previous research has not addressed the inverse problem of designing a sin-
gle fold pattern to fold into multiple curved target surfaces. Achieving multiple
target surfaces with the same fold pattern is highly appealing for applications that
could exploit several different operating configurations.

Multi-DOF patterns are extremely appealing from the geometric perspective due
to their potential to transform between a set of shapes with varying curvature.
However, due to their high flexibility, a profound challenge is presented to apply
multi-DOF fold patterns as engineering structures that can support loads and be
easily reconfigured, which provides motivation for the research presented in this

thesis.

1.5 Research goals and layout of thesis
This thesis develops a framework for designing reconfigurable folding structures
with many kinematic degrees of freedom. Towards this overall goal, there are two

research objectives. The first is to create a single fold pattern capable of achieving
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multiple target surfaces with varying curvature, which is approached by exploiting
the geometric freedom of multi-DOF fold patterns. The second objective is to
achieve load-bearing capacity in multi-DOF structures, which is approached by
embedding springs and unilateral constraints. Towards these objectives, this thesis
presents two contributions that together provide a path to realizing multi-DOF fold

patterns as engineering structures:

1. Geometry synthesis of kirigami surfaces
An optimal design framework is presented to synthesize kirigami patterns that

can take on multiple surfaces with varying Gaussian curvature.

2. Multi-configuration rigidity
The concept of multi-configuration rigidity is developed, where a structure
is held rigidly in multiple configurations due to prestress between embedded

springs and unilateral constraints.

The first contribution of kirigami pattern synthesis is significant because origami and
kirigami patterns are typically synthesized to fold from a flat sheet to a single three-
dimensional target shape. In this work, a novel optimization-based framework to
design kirigami patterns capable of achieving multiple target surfaces is presented.
The resulting kirigami patterns exhibit the ability to transform between a set of
surfaces with varying Gaussian curvature, but in turn they have many kinematic
degrees of freedom. This introduces the challenge of how to reconfigure between

target configurations and support loads in each target surface configuration.

To address the challenges associated with high kinematic freedom, the concept
of multi-configuration rigidity is introduced, where the prestress between embed-
ded springs and unilateral constraints rigidly holds a set of target configurations.
Such configurations are initially rigid, capable of supporting finite loads without
displacement. Upon the application of a load above some critical magnitude, the
prestress is overcome and the structure can move. Multi-configuration rigidity offers
a solution for introducing load-bearing capacity to structures with many kinematic
degrees of freedom. Additionally, it offers a path to simplified actuation since each
rigid configuration corresponds to a local energy minimum on the kinematic bound-
ary introduced by the unilateral constraints, though the focus of this thesis is on

load-bearing aspects and actuation is not studied.



The thesis is organized as follows:

Chapter 2 introduces geometry synthesis and multi-configuration rigidity through
a set of introductory examples. The purpose of this chapter is to build intuition
and understanding through examples. A prototype of a morphing kirigami antenna
surface provides a proof-of-concept for multi-configuration rigidity, which motivates

and provides direction for the research presented in the remainder of the thesis.

Chapter 3 formulates a geometry synthesis framework for kirigami surfaces that can
take on multiple configurations. Itis exemplified by generating a fold pattern capable
of reconfiguring between six target surfaces with varying Gaussian curvature, which
is realized in a physical prototype. The challenge posed by these patterns are their
high number of kinematic degrees of freedom, which motivates the study of multi-

configuration rigidity in subsequent chapters.

Chapter 4 proceeds to develop theoretical formulations for rigidity due to unilateral
constraints and embedded springs. A lower bound on the load-bearing capacity
of a rigid configuration is derived, which provides a quantitative metric to assess
load-bearing capacity. This lower bound enables a systematic design process to
achieve multi-configuration rigidity where load-bearing capacity is maximized in
each configuration. This chapter is presented in the context of statically determinate

unilateral constraints.

Chapter 5 further develops the theory and design methodology by extending the
results of Chapter 4 to the statically indeterminate case. This allows for the design
of multi-configuration rigidity in large structures with many unilateral constraints.
This chapter culminates with an example of designing a reconfigurable surface with
18 degrees of freedom, whose geometry is generated in Chapter 3, to have two rigid

configurations with maximal load-bearing capacity.

Chapter 6 presents an experimental study of a linkage that has multiple rigid con-
figurations. Experiments are performed to measure the load-bearing capacity of
rigid configurations, which validates analytical predictions for critical forces. Ad-
ditionally, parameter uncertainty is shown to play a significant role in influencing
load-bearing capacity, prompting a Monte Carlo analysis to quantify the effects of

parameter uncertainty.

Finally, Chapter 7 concludes the thesis. The key contributions of this work are

summarized and paths to future research are discussed.



Chapter 2

INTRODUCTORY EXAMPLES

Research presented in this chapter has been adapted from the following publication:

C. Dorn, Y. Li, S. Pellegrino, “Structures with multiple rigid configurations due to
prestress and unilateral contacts,” ASME IDETC, 2021.

2.1 Introduction

This chapter provides an example-focused introduction to the two core topics of this
thesis: geometry synthesis of kirigami surfaces and multi-configuration rigidity.
First, an intuitive overview of the concept of multi-configuration rigidity is presented,
followed by an example of a single degree of freedom (DOF) linkage. Then,
we present the design of a reconfigurable kirigami surface that has 24 kinematic
degrees of freedom to have two rigid configurations, allowing it to support loads
in each rigid configuration and to be easily reconfigured. The geometry synthesis
and multi-configuration rigidity design of the 24-DOF surface follows a simplified,
intuition-based process as a proof-of-concept that shapes the remainder of the thesis.

Multi-configuration rigidity is defined as when a structure with one or more internal
mechanisms is made rigid in multiple configurations due to the prestress between
embedded springs and unilateral constraints. In each rigid configuration, finite
loads can be supported without causing displacement, but loads above some critical

magnitude will overcome this prestress to move the structure.

Multi-configuration rigidity is particularly appealing for origami-inspired structures
with many internal mechanisms, defined as the degrees of freedom of the structure.
Practical application of origami is often limited to patterns with single or low-DOF,
such as the Miura-ori [33] and other quadrilateral mesh patterns [36] since they can
be reconfigured easily. However, the geometry of low-DOF structures is inherently
limited by their low dimensional configuration space. In contrast, many-DOF
patterns such as Resch’s pattern [40], as well as the kirigami patterns synthesized in
Chapter 3, have many kinematic degrees of freedom, allowing remarkable geometric

changes to be achieved.

Many-DOF structures are alluring for engineering applications due to their geo-

metric versatility, but actuation can be prohibitively complex [43]. The “brute
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force” actuation strategy of simultaneously controlling a number of actuators equal
to the DOFs of the structure is impractical to physically implement for many-DOF
patterns. Active materials show promise for actuating many-DOF patterns, which
might utilize thermal or electrical stimuli to locally activate folding [44—47], but are
suited for smaller scale applications without significant load-bearing capabilities.
Another approach for reconfiguring many-DOF structures is through multi-stability,
as proposed in [48]. Springs are embedded throughout a structural mechanism, and
the spring parameters are designed such that each target configuration corresponds
to a stable equilibrium configuration. The actuation of a multi-stable structure
is straightforward since transferring between stable configurations can easily be
achieved. However, it may be difficult to achieve high stiffness in all stable config-

urations of a multi-stable structure.

Multi-configuration rigidity is different from multi-stability. Whereas multi-stable
structures have analytical (smooth) energy minima at each stable configuration, in
multi-configuration rigidity the kinematic boundary introduced by the unilateral
constraints introduces a sharp local energy minimum for each rigid configuration.
Multi-configuration rigidity offers key advantages compared to multi-stability, such
as the ability to resist finite perturbation loads without significant deflection (theo-

retically, zero deflection).

The idea of utilizing unilateral constraints to aid in structural reconfiguration has
been previously considered to control shape changes in many-DOF metamaterials
[49]. Contact has been used to simplify reconfiguration of a linkage [50], and also
rigidity of structures due to contact is found in bio-inspired structures such as scales
[51]. Furthermore, insightful parallels can be drawn to concepts in the robotic
grasping literature [52, 53], which aims to immobilize objects using unilateral

contact.

To introduce multi-configuration rigidity through examples, in this chapter we study
a single-DOF linkage and a 24-DOF kirigami surface. The single-DOF linkage
example is presented to build intuition for the concept of multi-configuration rigid-
ity and to draw distinctions from multi-stability. Then, a 24-DOF kirigami sur-
face is considered by first presenting the geometry synthesis of the fold pattern.
Then, through an intuitive design process, springs and unilateral contact are placed
throughout the pattern to achieve two rigid configurations. A prototype of the
pattern is constructed, which is outfitted with antenna tiles to create a morphing

phased array antenna to demonstrate a practical application. This complex example
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provides a proof of concept, showcasing that multi-configuration rigidity is a pow-
erful tool for designing many-DOF structures that are both load-bearing and easy to
reconfigure. This provides motivation for subsequent chapters that present a general
geometry synthesis framework for kirigami surfaces and develop a rigorous theory

for multi-configuration rigidity.

2.2 Interpretations of multi-configuration rigidity

Two interpretations of multi-configuration rigidity are provided by a robotic grasping
analogy and by considering a ball moving on a hill, in two dimensions. These
interpretations are generalized to higher dimension in Section 2.4 in the context of
a 24-DOF structure.

The first interpretation considers a robotic grasping problem, which is useful in
understanding how a single configuration is immobilized by contact. Figure 2.1a
shows an object grasped by three frictionless unilateral constraints. Since the force F
is present and pushes into the constraints, contact with the constraints is maintained
and the object is immobilized. This is referred to as force closure in the grasping
literature [52]. Force closure occurs when an external force acts to maintain contact
with unilateral constraints to immobilize an object (note that the precise definition
of force closure varies in the literature [53, 54]). When subjected to a perturbing
force, the object will not move unless the perturbing force has an upward vertical
component larger than F, and is thus rigid up to some finite perturbation. This
grasping analogy offers a useful interpretation of structural rigidity from unilateral
constraints, where F is analogous to the force in the springs, which pushes against

the unilateral constraints to block any possible motion.

A second interpretation is the classical “ball on a hill” analogy, shown in Figure
2.1b, where the walls represent the unilateral constraints. Points A and C are local
minima with respect to kinematically admissible positions that respect the unilateral
constraints, corresponding to the hill sloping into the wall. If a perturbation force
is applied to the ball, it will not move unless the weight of the ball is overcome by
the force. Thus, points A and C identify two rigid configurations. In contrast, point
B is a smooth local energy minimum, which corresponds to a stable equilibrium

configuration.

2.3 Single-DOF example
This section presents a simple single-DOF linkage that is designed to achieve rigidity

in two target configurations. Consider the four-bar linkage shown in Figure 2.2 with
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Figure 2.1: Interpretations of rigidity due to unilateral constraints. (a) Object
grasping analogy. The square is in force closure, immobilized due to contact with
unilateral constraints, which is maintained due to the force F. (b) Ball on a hill
analogy. Points A and C are held rigidly due to contact with the wall, while Point B
is a stable equilibrium position.

bar lengths AB = 0.8, BC =1.16, CD = 1.3, and AD = 0.95. This linkage itself
represents the skeleton structure, which is kinematically indeterminate with one
degree of freedom. The kinematics can be described in terms of a single variable,

which will be taken as 64. An analytical relation between 6p and 64, from [55], is

given by
A .y
6p = m — arctan (A—z) + arccos | ————— , 2.1
! A2+ A2
where
A} =2AB-CDcosl4 —2AD - CD (2.2)
Ay =2AB - CDsinfy4 (2.3)
A3 = AD> +CD? + AB*> —= BC? —2AB - AD cos 04. (2.4)

The kinematic path in the space of 84 and 6p is plotted in Figures 2.3a and 2.4a.
The two configurations shown in Figure 2.2 are taken as target configurations. The
first target configuration has angles 64 = —191° and 6p = 90° while the second has
04 = 83° and 6p = 90°. Note that positive values of 84 and 6p are shown in Figure
2.2b. Linear torsion springs of stiffness « are introduced on joints A and D. The
moments m 4 and mp in the two springs are given by

ma = k(a4 =)

2.5
mp = —k(0p — 6%), 2
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where 69‘ and HOD are the rest angles of the two springs. The energy stored in the
springs is

1 02 1 0\2
E:EK(HA—QA) +§K(9D—9D) . 2.6)

The rest angles of the springs constitute the two design variables in the problem,
which can be designed to make the structure have two rigid (Section 2.3.1) or stable
(Section 2.3.2) configurations. Since both springs have the same stiffness, the value
of the stiffness does not affect the shape of the energy landscape and only acts as a

scaling factor.

c
B
HA HD
o) e &)\ .
A D

(a)
(b)

Figure 2.2: Four bar linkage geometry with torsion springs on A and D shown in red.
(a) Target configuration 1 with 84 = —191° and 8p = 90°. (b) Target configuration
2 with 64 = 83° and 6p = 90°.

2.3.1 Multi-configuration rigidity
To achieve multi-configuration rigidity, we introduce a unilateral constraint to restrict

the angle 6p such that

90° - 6p < 0. 2.7)

This constraint is active (§p = 90°) in both target configurations. That is, both
configurations lie on the boundary of the kinematically admissible configurations.
Associated with this unilateral constraint is a reaction moment . The problem
at hand is to design the rest angles of the torsion springs such that both target
configurations are rigid due to contact with the 90° stop. Conditions for rigidity in

each configuration can be derived through an equilibrium analysis.
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The equilibrium conditions in the presence of constraints can be obtained using
the principle of virtual work. The work of the springs through virtual angular
displacements 664 and 66p is ma004 + mpdfp. The work associated with the
unilateral constraint is uo6p, where u is the reaction moment of the unilateral

constraint. A compatible angular displacement must obey 60p = deD ~004, where

dép -
64

the work of the springs to equal the work of the unilateral constraint, leading to

is computed by differentiating Eq. (2.1). The principle of V1rtual work requires

dop dop
— 60 ——804 = 2.
(mA+de0 )5A ﬂd05A 0. (2.8)
This must hold generally for any nonzero 66,4, which leads to the equilibrium
equation
dop dHD
+ +u =0. 2.9
ma+mp—— 6, dGA 2.9)

Additionally, the following conditions associated with the unilateral constraint must
be satisfied:

w>0 (2.10)
1(8p —90°) = 0. 2.11)

Collectively, Eqs. (2.9)-(2.11) are known as the Karush-Kuhn-Tucker conditions
[56]. Equation (2.9) represents a moment balance and (2.10) enforces the condition
that the contact moment in the unilateral constraint must be non-negative. Finally,
Eq. (2.11) requires that ¢ can only be nonzero if there is contact with the constraint,

known as complementary slackness.

Examining Eq. (2.11), if u > 0, then 6p must remain equal to 90° and the structure
is rigid. To achieve multi-configuration rigidity, we seek values of 99\ and GOD that
correspond to a positive u in both target configurations. Solving for u in Eq. (2.9)

and requiring its positivity yields

dop\ (dop\ ™
'D 2.12
n= (mA+de9A)(d9A) ( )
dop\ (dop\ ™
=« (64 — 6% + (6p — 6" — 0. 2.13
K(A (D )d@A)(dQA) > ( )

Enforcing u > 0 in both target configurations leads to a system of two linear

inequalities restricting 9% and 9%. The solution to this system is the blue shaded
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region in Figure 2.3a. Designing the rest angles in this region leads to rigidity in

both target configurations.

The energy profile along the kinematic path corresponding to 6 = 0 and 69, =
—180°, a design in the blue shaded region of Fig. 2.3a, is plotted in Figure 2.3b.
Each target configuration is a sharp energy minimum, lying on the boundary of the

kinematically admissible domain.

An alternative approach to the rigidity of this linkage is obtained by consider-
ing a perturbing moment acting on the structure. A rigid configuration can resist
perturbing moments without any displacement, up to some finite value of the pertur-
bation when contact is lost. Consider, for example, a counterclockwise perturbation
moment M, applied at point A in target configuration 1. The moment balance

accounting for the perturbing moment becomes

dop dop .
+mp——b + fi—= + My =0, 2.14
myg+mp 6, ,udeA A (2.14)

where /i is the reaction moment after the perturbing moment is applied. Solving for
[ gives

3 dop -\ (dop\~! _ (dop\ 7!
= — Do (222 = - (22 2.1
a mA+de6A+ A)(dQA) 7. A(dHA) (2.15)

Here, u is the reaction force in the absence of the perturbation from Eq. (2.12).

Assuming that the rest angles fall within the blue region of Figure 2.3a, u is positive.
Therefore, since ‘fl%: is positive in configuration 1, as long as My < ,u‘flgTZ, the
reaction i is positive and 8p must remain at 90°. In other words, the structure can

rigidly resist perturbation moments up to a finite magnitude.

2.3.2 Distinction from multi-stability

Itis important to distinguish between multi-configuration rigidity and multi-stability.
The two concepts are similar in the sense that they both correspond to the presence
of multiple local energy minima. However, multi-stability corresponds to smooth
energy minima away from kinematic boundaries while multi-configuration rigidity
corresponds to boundary energy minima. Due to this difference, multi-configuration
rigidity has key advantages when compared to multi-stability, which can be exem-

plified by studying the 4-bar linkage.

We aim to compute the rest angles that lead to bi-stability in target configurations

1 and 2. At each target configuration, with respect to 84, the first derivative of
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Figure 2.3: Four bar linkage solution for rigidity at both target configurations. (a)
Plot of the kinematic path and rest angles that lead to multi-configuration rigidity, in
040p-space. (b) Energy profile along the kinematic path corresponding to 92 =0
and HOD = —180°, which is a design in the blue region of (a). The dark shaded
regions violate 8p > 90°.

the energy must be zero (equilibrium) and the second derivative must be positive
(stability):

E_K(GA_GA)-i_K(HD_QD)E_O (216)
d’E dop* 0\ d*0p

— =k |l+— 6p — 06 0. 2.17
o’ K( +d9A)+K(D D) do? g 17)

Enforcing Eqs. (2.16) and (2.17) at both target configurations, there is a unique
solution for the torsion spring rest angles of 99‘ =45.9° and HOD = 32.2°. Figure 2.4a
shows the rest angle solution that leads to bi-stability. The energy along the kinematic
path is shown in Figure 2.4b, where it is clear that both target configurations are

smooth energy minima, in contrast to the boundary minima in the previous section.

By comparing the rigid and stable examples, two advantages of multi-configuration
rigidity are observed. First, a large set of allowable rest angles leads to rigidity
compared to a unique solution in the bi-stability case. This is because bi-stability
requires an equation (Eq. (2.16)) and an inequality (Eq. (2.17)) to be satisfied
at each target configuration. However, the rigidity conditions are less strict, only
requiring a single inequality (Eq. (2.13)) to hold in each configuration. In practice,

it is useful to have a set of allowable designs to give a margin for error when building
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Figure 2.4: Four bar linkage solution for bi-stability. (a) Plot of the kinematic path
and rest angles that lead to bi-stability, in 840 p-space. (b) Energy profile along the
kinematic path for the bi-stable design 03 =45.9° and 6% =32.2°.

physical structures, since precise values of stiffness and rest angles cannot be exactly
achieved. The second advantage of multi-configuration rigidity is the ability to resist
loads (below some critical value when contact is lost) without any displacement.
Thus, there is an infinite initial stiffness with respect to perturbation forces, under
the assumptions that the linkage consists of rigid bars and there is rigid contact with
the unilateral constraint. In contrast, for multi-stability, the structure will deform
elastically in response to any perturbation and the energy minima may have low

stiffness.

2.4 A 24-DOF surface with two rigid configurations

To demonstrate multi-configuration rigidity in a complex structure, an example
is presented of a 24-DOF kirigami pattern that can morph between a spherical
configuration and a flat configuration. A set of angle stops are added throughout the
structure to restrict the fold angles. Torsion springs are embedded along every fold
of the structure, and the stiffness and rest angles of these springs are designed such
that both the flat and spherical configurations satisfy the conditions for rigidity. The
usefulness of multi-configuration rigidity for practical engineering applications is
demonstrated by constructing a prototype of the morphing surface that is outfitted

with antennas to create a functional morphing phased array antenna.
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2.4.1 Geometry synthesis

Figure 2.5 shows the geometry of the morphing surface. The geometry consists of a
set of square tiles, shown in green, that are connected by trapezoidal folds, shown in
gray. The pattern can morph between flat and spherical surfaces, where the tiles lie
on a sphere in the spherical configuration and are co-planar in the flat configuration.
The pattern itself is non-developable, so it cannot be entirely flattened such that all

faces (both green and gray) become co-planar.

Synthesis of this fold pattern follows a two-step process. First, the tiles are arranged
on the surface of a sphere, shown in Figure 2.5a. The tile arrangement problem is
formulated as a constrained optimization problem and is presented in detail in [30].
In this study, a sphere with a radius of 2.9 times the tile edge length is considered.
The second step in the geometry synthesis process connects the adjacent tiles with
valley folds, shown in gray in Figure 2.5b. The gray faces are added perpendicular
to the tiles so all mountain folds are at 90° in the spherical configuration. Finally,
upon closing the valley folds a flat configuration is achieved where the tiles come

together to make a planar square grid, shown in Figure 2.5c.

Mountain fold Valley fold

(a) (b)

Figure 2.5: Geometry of the morphing surface kirigami pattern. (a) Arrangement
of tiles on a sphere. (b) Valley folds are inserted perpendicular to the tiles to connect
adjacent tiles, resulting in the spherical configuration. (c) Upon closing the valley
folds, the flat configuration is achieved.

The fold angles are defined such that an angle is zero when the plates on either
side of the fold are coplanar; at +180°, there is contact. In the flat configuration,
the mountain folds are at 90° and the valley folds are at 180°. In the spherical
configuration, the mountain folds are at 90°, while the valley folds take on a range
of angles between 150° and 160°.
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2.4.2 Kinematics
The geometry of the structure is defined by vertex coordinates x € R3* where n is
the number of vertices in the pattern. Denote 6, € R"™ and 6y € R" as vectors

containing the angles of the n); mountain folds and ny valley folds, respectively.

The kinematics of the structure can be captured by a pin-jointed bar model, which
is outlined in Appendix A. In this kinematic model, a set of n; bilateral constraints
are used to capture the rigid-folding kinematics. The bilateral constraint gradients,
or the compatibility matrix, is given by C” € R™>3" An admissible displacement
from configuration x,, given by d,, = x — x, € R3", takes the form d,, = W,,a.
The matrix W,, has dimension 3n X m, where the columns are basis vectors for
the m-dimensional null space of C®. The vector @ € R” contains amplitudes of
the mechanisms. The number of mechanisms of this pattern (excluding rigid body

motion), also known as the number of degrees of freedom, is m = 24.

In addition to the bilateral constraints, a set of unilateral constraints are embedded
throughout the fold pattern in the form of restrictions on the fold angles, which are
introduced to achieve multi-configuration rigidity. Observing that both the flat and
spherical configurations have 90° mountain fold angles, we choose to restrict the

mountain fold angles to be greater than 90°. The unilateral constraints take the form
90° - Opj(x) <0, j=1,...,ny. (2.18)

The gradients of the unilateral constraint functions are defined as C* € R"™ X3n
where

98

Cc' = e (2.19)

Full expressions for the gradients of hinge angles with respect to vertex coordinates

can be found in Appendix A.

2.4.3 Equilibrium

Linear torsion springs are introduced on each fold of the structure, which will be
designed to achieve rigidity in the spherical and flat configurations. To simplify the
problem, it is assumed that all springs on the mountain folds are identical and all

springs on the valley folds are identical. Hence, the springs moments take the form

—kp (O — 6° i=1,...,n
m; = M( M Mt) M (220)

_KV(QVi_H(‘)/i) i=ny+1,.. ny+ny,
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where ks and 924 are the stiffness and rest angle of the mountain folds, and «xy and
9?, are the stiffness and rest angle of the valley folds. Since scaling of the stiffness
does not affect the shape of the energy landscape, only three design variables must

be considered: ky/ky, 624, and 88.

Now that a set of springs has been introduced, the equilibrium conditions can be
derived using the principle of virtual work. Specifically, we derive equilibrium
conditions in each target configuration by considering the virtual work through a

first-order compatible displacement d,, = W, c.

The work of the springs through the virtual displacement is m’ 860 where 66 is
a vector of corresponding angular displacements. To be compatible with d,,, the
angular displacements must satisfy 60 = C°d,,. Here, the compatibility matrix
of the springs is defined as C*° = %, with dimension (np + ny) X 3n. The work
associated with the unilateral constraints is u’ 66,,. The vector u € R™ contains
generalized reaction forces in the unilateral constraints, which for angle constraints
correspond to reaction moments and for rigid bar constraints correspond to bar
forces. A compatible angular displacement of the mountain folds 66, satisfies
60y = C"W,, . Equating the work of the springs and the unilateral constraints, we

obtain
T Hu _ T s
wC'Wyaa=m'C°'W,a. (2.21)

This must hold generally for nonzero @. Thus, the conditions for equilibrium take

the form
ul'C'w,, = m'Cc’w,, (2.22)
wi=0, i=1,...ny (2.23)
wi(Oyi —90°) =0, i=1,...,npy. (2.24)

Equation (2.22) represents a generalized force balance, while Eq. (2.23) requires
the unilateral constraint reactions to be non-negative. Equation (2.24) is the com-
plementary slackness condition, which states that a unilateral reaction can only be

nonzero if there is contact with the constraint.

Given a set of spring parameters, which determine the spring moments m, the
constraint reaction forces can be computed. Equation (2.22) is a linear system with

respect to g, which can be written as

Wy =wlcTm. (2.25)
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Here, the matrix WEC “T has dimension m X ng, where m = 24 mechanisms and
ny = 80 unilateral constraints, so the system is underdetermined and the reaction
forces are not unique. However, if a solution exists where all components of u are
positive, then the configuration is rigid. Rigorous formulation and proof of this

rigidity condition is presented in Chapter 5.

2.4.4 Designing for multi-configuration rigidity

0
M’

that both the flat and spherical configurations are both rigid. Rigidity occurs when

A design problem is posed to select spring parameters «y/ky, 65,, and 93 such
positive unilateral reactions u satisfy equilibrium, since there are 80 unilateral
constraints (stops on the 80 mountain folds), which are enough to block motion
along the 24 mechanisms. The design space is limited to only three variables,
allowing for a direct search of the design space to evaluate which designs lead to
rigidity.

A search was performed in the region —360° < 03,1 < 360°, —360° < 9?, < 360°,
0.1 < «y/ky < 10. At any given point in this region, the solution to Eq. (2.25) can
be evaluated in both configurations to check for positive unilateral reactions. By
evaluating many designs, the design space can be partitioned into regions where the

rigidity condition is satisfied for each configuration.

Figure 2.6 shows the regions of the design space where rigidity is achieved in
the spherical and flat configurations. The axes of these plots correspond to the rest
angles of the mountain and valley folds. In the black regions, equilibrium is violated
for all values of the valley to mountain stiffness ratio, xy /. In the white regions,

the rigidity conditions are satisfied for some or all values of «y /ky.

The design chosen for building the prototype in the next section has 0?, = 180° and
024 = 0°, and corresponds to the red dot in Figure 2.6. For these rest angles, as long
as ky/ky < 1.33, the structure satisfies the rigidity conditions in both the spherical
and flat configurations. These rest angles are desirable since they not only satisfy

the rigidity conditions, but they are straightforward to fabricate.

2.4.5 Prototype

A prototype of the 24-DOF kirigami surface was constructed to demonstrate multi-
configuration rigidity in a physical structure. Following the spring design analysis,
both the flat and spherical configurations are rigid if 69, = 180°, 69, = 0, ky/ky <

1.33, and stops restrict all mountain folds to 6,; > 90°.
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Figure 2.6: Design space of the 24-DOF morphing surface. (a) Spherical config-
uration. Region [ satisfies rigidity for any stiffness ratio, while region IV violates
equilibrium for all stiffness ratios. In region II, rigidity is maintained above some
value of ky /ky and in region 11, rigidity is maintained below some value of ky /k ;.
(b) Flat configuration. The partition holds for all xy/ky;. The red dot marks the
design used for the prototype, (67,64, = (180°,0°).

To fabricate compliant folds with these properties, lamina emergent torsion (LET)
joints [57] were used. LET joints connect two plates with a series of slender cutout
beams. The beams twist as the plates rotate with respect to each other, which
imparts stiffness to the fold. Specific stiffness values can be obtained by tailoring
the dimensions of the beams and several values of the rest angles can be achieved

by cutting the plates as separate components and attaching them at an angle.

To achieve a compliant valley fold with a rest angle of 180°, a LET joint was created
using two separate plates, as shown in Figure 2.7a. The plates were connected with
screws to form a compliant fold with a fully closed rest angle, as shown in Figure
2.7b. To achieve a compliant mountain fold with a rest angle of 0°, the LET joint
was cut from a single flat sheet. Figure 2.8a shows a component consisting of a
square tile attached to four plates with a zero rest angle LET joint. A clip was added
to the mountain folds to restrict the angle to greater than 90°. The clip was cut from
a 0.51 mm thick stainless steel sheet and bent to an angle that, when attached to the
mountain fold, restricted its angle to greater than 90°. A photo of one mountain fold
with the clip applied is shown in Figure 2.8b. Both the mountain and valley folds

were cut from 0.635 mm thick spring steel by waterjet.

There is no specifically required valley-to-mountain fold stiffness ratio. For any value

less than 1.33, both configurations satisfy the rigidity conditions. An approximation
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(b)

Figure 2.7: Photos of the compliant valley fold design. (a) Initially cut as two
separate plates. (b) The plates were attached with screws and held partially open.
This creates a compliant fold with rest angle 180°.

Figure 2.8: Photos of compliant mountain fold design. (a) Initially cut from a flat
sheet. (b) Partially assembled with 90° clip attached to one mountain fold. The
mountain fold has rest angle 0 and is restricted to greater than 90° by the clip.

of the torsional stiffness of a LET joint can be made using a simple beam torsion
model [57]. Using this approximation, the stiffness of the valley and mountain
folds are estimated to be 59.9 and 72.9 N mm/rad, respectively. The corresponding
stiffness ratio of 0.82 falls within the required range for rigidity in both configurations

with margin for error.

Using the LET mountain and valley folds as the primary building blocks, a full
prototype of the surface was assembled. The scale of the structure was set by the tile
side length of 6.75 cm. The radius of the corresponding target spherical surface is

19.6 cm. Since the pattern is non-developable, it must be fabricated as an assembly
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of separate components. Fabrication and assembly of the prototype was a two-step
process. The inner 3-by-3 grid of tiles and the outer tiles were assembled separately,
then joined to complete the structure. Cut patterns for the inner and outer tiles are

shown in Figure 2.9.

Mountain foid INNer tiles Outer tiles

-~
Place miniature hinges Elastic “pin-joint” connection

b
@) (b)

Figure 2.9: Prototype cut pattern, consisting of (a) inner tiles and (b) outer tiles. To
assemble, 90° clips were attached to each mountain fold. Then, valley folds of the
inner tiles were attached with screws. The inner tiles were placed inside the outer
tiles and the connecting valley folds were fastened.

The inner 3-by-3 grid of tiles was cut as 9 individual components. Each component
consists of a square tile and the surrounding four facets. The edges of the square
tile are compliant mountain folds. The first step in the assembly process was to
attach the clip to each mountain fold, as shown in Figure 2.8b where the clip has
been attached to one mountain fold. Once the mountain folds were held to 90° by
the clips, adjacent tiles were connected. Connections between adjacent tiles are

compliant valley folds following the design of Figure 2.7.

The outer loop of 16 tiles was cut from a single sheet. In the fold pattern, the
corners of adjacent squares lying on the outer perimeter are joined. To emulate
the kinematics of a pin-joint connection, a beam attaches the corners of the outer

squares as shown in Figure 2.10.

The folds connecting the outer tiles are too small to use LET joints. Thickness of
the plate and kerf of the waterjet are limiting factors on the minimum size of the

LET joints. Instead, miniature hinges (8 by 10 mm when flat) were used for the
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outer folds, as shown in Figure 2.10. While these are not compliant hinges, the

compliance of the folds on the inner tiles is sufficient to achieve rigidity.

Elastic “pinjoint! —»

Figure 2.10: Design of the folds connecting the outer tiles. Miniature hinges were
used instead of LET hinges due to the small geometric features. An elastic beam
connects the outer corners of adjacent squares to imitate pin-joint kinematics.

(b)

(a)

Figure 2.11: Prototype of the 24-DOF morphing surface. (a) Spherical configura-
tion. (b) Flat configuration.

Finally, the assembled inner tiles were attached to the outer tiles. Miniature hinges
were also used for the valley folds connecting the inner tiles to the outer tiles due to
the small size of the fold. A photo of the complete prototype is shown in Figure 2.11.
The structure was mounted by clamping the center tile to a vertical post underneath

the structure.

As expected, the structure is rigid in the spherical and flat configurations. No
intermediate stable configurations were observed. Actuation between the two con-
figurations is straightforward and does not require 24 actuators, despite the 24-DOF
kinematics. For example, upward forces on the four corners transform the structure

from the spherical to the flat configuration while downward forces on the corners
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transform the structure from the flat to the spherical configuration. Simple mechani-
cal actuation schemes, such a linear actuator or an actuation cable, would be suitable

for automated reconfiguration between the two configurations.

While the prototype exhibits two rigid target configurations, these configurations
deviate from the ideal flat and spherical shapes. In particular, the flat configuration
is not perfectly planar. There are two primary factors contributing to the prototype
deviating from the ideal shapes. First, the parameters of the physical prototype
slightly deviate from the ideal values of the design. Particularly, the angle stops
on the mountain folds do not perfectly hold the folds at 90°. The second factor
is elastic compliance of the physical components, which were modeled by perfect
plate-hinge kinematics. LET joints are known to have unwanted kinematics beyond
those of a perfect rotational hinge, such as relative torsion and tension between the
plates connected by the joint [58]. Despite these undesired sources of compliance,

the prototype qualitatively produced the desired behavior.

To demonstrate a practical application of this work, the prototype was outfitted with
antenna elements above each tile to create a phased array antenna. The prototype
with antennas mounted is shown in Figure 2.12. Details regarding the architecture
and performance of the antenna from the electrical engineering perspective are

presented in [19].

Finally, the ability to support antenna tiles demonstrates the load-bearing capability
of the rigid configurations. The self-weight of the prototype structure is 1.05 kg
while the antenna payloads have a net weight of 0.85 kg. Thus, 1.9 kg is supported in
each configuration. While this causes some visible deformation due to the elasticity
of the plates and angle stops, both the spherical and flat configurations can support

this loading.

2.5 Conclusion

This chapter presented an introduction to the concept of multi-configuration rigidity
through examples. Two structures were studied: a single-DOF four bar linkage and
a 24-DOF kirigami surface. The advantages of multi-configuration rigidity, when
compared to multi-stability, are evident in the single-DOF linkage example. First,
multi-configuration rigidity is advantageous because each configuration can rigidly
resist perturbation forces up to a finite magnitude. Second, the design space of
spring parameters leading to rigidity is larger, which is especially useful for physical

implementation. For the 24-DOF example, a prototype was built with flat and
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(b)

(a)

Figure 2.12: Prototype structure with phased array antenna tiles. (a) Spherical
configuration. (b) Flat configuration.

spherical configurations designed to be rigid using torsion springs and angle stops.

The prototype was outfitted with antenna tiles to create a functional phased array

antenna.
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Chapter 3

SYNTHESIS OF KIRIGAMI TILED SURFACES

Research presented in this chapter has been adapted from the following publication:

C. Dorn, R. Lang, S. Pellegrino, “Kirigami tiled surfaces with multiple configura-

tions,” In preparation.

3.1 Introduction

Origami offers a platform for transforming a flat sheet into three-dimensional sur-
faces by folding. Although rigid folding cannot change the intrinsic Gaussian
curvature of a sheet, surfaces approximated by tiles connected by “hidden” con-
nections can vary their apparent Gaussian curvature [32]. The inverse problem of
synthesizing fold patterns capable of transforming a flat sheet into a surface with
specified apparent curvature has attracted significant interest in recent years. An
extension of the inverse problem is to create fold patterns capable of achieving sur-
faces with different apparent curvatures, which has received little attention despite its
broad potential for application. This chapter presents the synthesis of kirigami fold
patterns capable of approximating several specified target surfaces with differing

Gaussian curvature.

A significant body of work has focused on synthesizing fold patterns capable of
realizing curved surfaces from a flat sheet. The early work of Resch [39, 40]
proposed several origami patterns that can achieve curved surfaces. Subsequently,
various computational methods have been developed for fold pattern synthesis. One
means of achieving surfaces with specified curvature is by generalizing patterns
such as the Miura-ori [37, 59] and Resch’s patterns [31]. General algorithms such
as TreeMaker [60] and Tachi’s Origamizer [41] can create fold patterns to achieve
an arbitrary 3D shape. Alternatively, kirigami patterns, which allow cuts to be made

in the sheet, can be designed to realize arbitrary 3D surfaces [16, 61].

Less work, however, has focused on creating fold patterns capable of achieving
multiple configurations, sometimes referred to as pluripotent patterns. One approach
is to superimpose multiple fold patterns on the same sheet, activating one set of
folds at a time [62]. Others rely on switching the mountain-valley fold assignments
to achieve multiple target shapes. Universal origami [63, 64] and kirigami [65]
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patterns exist that can approximate any arbitrary shape, but they are limited to
step-approximations of the shapes. Smoother approximations of multiple target
surfaces are achieved by [34], where quadrilateral crease patterns are systematically
designed to realize multiple target shapes. While a generic quadrilateral mesh is
rigid, a generic triangular lattice is not only flexible with many degrees of freedom,
but the number of distinct branches of motion increases exponentially with the
number of vertices in the pattern [66].

In this chapter, a family of kirigami patterns is introduced that can achieve multiple
specified target surfaces with different Gaussian curvature. The patterns consist of
an arrangement of tiles connected by sub-folds and, although the patterns cannot
vary their intrinsic curvature, the apparent surfaces approximated by the tiles can
achieve a wide range of Gaussian curvatures. Unlike existing pluripotent patterns
that rely on switching the mountain-valley assignment to achieve multiple target
configurations, the physical mechanism for the transformation used in this research

is changing the angles of the sub-folds.

The geometric synthesis of these patterns is framed as a tile arrangement problem,
involving identical tiles that are required to approximate to all target surfaces.
A set of geometric constraints is formulated to ensure compatibility between the
arrangements corresponding to the target surfaces. Once the tile arrangements
have been computed, the fold pattern synthesis is completed by adding sub-folds
between adjacent tiles in any one of the arrangements. Since the tile arrangements
corresponding to each target surface are already compatible, the pattern can be
reconfigured into all of the target arrangements. The resulting patterns are rigidly
foldable with many kinematic degrees of freedom, allowing rigid folding paths
between the target surface configurations. Kinematic simulations are presented to
demonstrate the reconfiguration between the target surfaces. The fold patterns have
a relatively simple geometry, which is desirable from a manufacturing standpoint.
A demonstration prototype is constructed that can achieve six target shapes. The

prototype is built from 3D printed plates connected by steel pin hinges.

3.2 Preliminaries

Given a set of target surfaces, Fig. 3.1(a), consider a pattern in a planar configu-
ration consisting of a set of files connected by sub-folds, Fig. 3.1(b). The tiles are
highlighted in green and the sub-folds in gray and the pattern consists of loops of

tiles connected by sub-folds. The apparent surface is defined as the surface tangent
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to the tiles; the sub-folds are disregarded. The pattern is designed such that varying
the sub-fold angles allows the apparent surface to approximate each target surface,
Fig. 3.1(c).1-3. By closing the sub-folds, a flat apparent surface is achieved where
the edges of adjacent tiles are coincident, Fig. 3.1c.4.

Tiles

Sub-folds

(b)

reconfigure

A

reconfigure

(c).3

close

(€)-2 l close
sub-folds
close
sub-folds sub-folds

(c)4

Figure 3.1: Overview of the proposed kirigami patterns. (a) Target surfaces with
different Gaussian curvature. (b) A kirigami pattern that can approximate these
surfaces. (c) Reconfigurations of the kirigami pattern into target surfaces and a flat
configuration.
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The chosen architecture of loops of tiles connected by sub-folds allows the pattern
to approximate a wide range of apparent surfaces. The presence of holes plays
an important role by introducing many kinematic degrees of freedom, allowing a
rich configuration space accessible by rigid folding. Kinematic freedom inherently
comes from the boundary of the pattern. Including holes in a pattern increases the
number of boundary edges in the pattern, leading to more degrees of freedom. The
equation for the number of kinematic degrees of freedom of a general fold pattern
was derived by Tachi [15]:

DOF:B—3H+S—3—Z(k—3)Pk, (3.1)

k>4
where B is the number of edges on the boundary, H is the number of holes, S is the
number of redundant constraints (states of self stress), and P is the number of faces
in the pattern with k sides. This determines the number of internal mechanisms of

the fold pattern and does not include rigid body motion.

In this chapter, we consider patterns with triangular or square tiles that are connected
by trapezoidal sub-folds. For these patterns, only k = 4 appears in the summation
in Eq. (3.1). The number of quadrilateral faces in the pattern is P4 = 2N + N; 44,
where N, is the number of sub-folds and N; ,, is the number of square tiles in the
pattern. For patterns with triangular tiles, N;;, = 0. The number of degrees of

freedom of these patterns can be expressed as
DOF =B -3H+S—-3-2Ng — N; . (3.2)

It is evident from Eq. (3.2) that the presence of holes increases the number of
degrees of freedom since each hole introduces boundary edges. For each hole, there
are at least three boundary edges that define the hole. Thus, the B — 3H terms in
Eq. (3.2) increases as the number of holes increases, as long as the holes have more
than 3 sides.

Consider, for example, a loop of four square tiles connected by sub-folds, as shown
in Fig. 3.2. There are B = 24 boundary edges, H = 1 hole, N, = 4 sub-folds, and
Nisq = 4 square tiles. Generically, there are no states of self stress (S = 0) in the
loop, which can be verified using the kinematic model in Appendix A. From Eq.
(3.2), the loop has 6 degrees of freedom. The presence of the hole contributes to
the number of degrees of freedom since there are 8 boundary edges associated with

the hole, which is larger than the —3H term associated with the hole.
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Figure 3.2: A loop of square tiles connected by sub-folds with 6 kinematic degrees
of freedom.

3.3 Intrinsic vs. apparent curvature

Gauss’s Theorema Egregium states that the Gaussian curvature of a surface is
invariant under isometric transformations [67], which applies generally to both
smooth and discrete surfaces. In the context of discrete surfaces, rigid folding is an
1sometric transformation and hence the discrete Gaussian curvature of a fold pattern
is an intrinsic property, which cannot be changed through folding. However, the
patterns presented in this work are capable of approximating multiple surfaces with
different Gaussian curvature, motivating the distinction between the infrinsic and

the apparent discrete Gaussian curvature of the pattern.

Before defining discrete curvature, the Gaussian curvature of a smooth surface can
be defined in the context of the Gauss map of a contour on the surface. Consider a
closed loop C on a smooth surface, as shown in Fig. 3.3a. The Gauss map of C is
constructed by mapping the surface normal vector along C to the unit sphere, shown
in Fig. 3.3b. The Gaussian curvature at a point P on the surface can be defined
through the ratio of the spherical area A(C’) enclosed by C’ on the Gauss map of
the area A(C) enclosed by C on the surface as C approaches P [67]:

C—P A(C)

(3.3)

Note that A(C’) is the signed area and the direction of transversal matters.

The definition of Gaussian curvature in (3.3) does not directly apply to discrete
surfaces; since curvature of a discrete surface is concentrated at points, the ratio of
A(C’) to A(C) is singular in the limit of a shrinking contour. This motivates the
definition of the discrete Gaussian curvature K as the area on the Gauss map of the

trace of a closed loop on the surface:

K =A(C). (3.4)
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(a) (b)

Figure 3.3: Definition of the Gauss map. (a) Contour C on a smooth surface, with
the normal vector shown at one point. (b) Gauss map C’ of the contour with the
corresponding normal vector at one point shown.

A discussion of the discrete Gaussian curvature can be found in [68] and Gauss
maps are discussed in [69] in the context of origami. This definition of discrete
Gaussian curvature is meaningful even for discrete surfaces with holes, which is
relevant to the patterns presented in this chapter. An example of the Gauss map of
a discrete loop is shown in Fig. 3.4. Note that this definition of discrete Gaussian
curvature is an integrated quantity, not a point-wise measure of curvature. See [68]

for a discussion of estimating point-wise curvature from discrete curvature.

(a)
(b)

Figure 3.4: Gauss map of a loop on a discrete surface. (a) Discrete loop C, with
the normal vector of one face shown. (b) Gauss map C’ of the loop, with the
corresponding normal vector of one face shown.

The discrete Gaussian curvature of Eq. (3.4) allows us to define the intrinsic
curvature of the presented kirigami patterns by examining loops in the pattern. The
area enclosed on the Gauss map of a discrete loop is equal to the angular defect
A of the loop [70], which is obtained by cutting and flattening the loop. Figure
3.5 shows loops of tiles connected by sub-folds with positive, zero, and negative
intrinsic curvature. The case with zero intrinsic curvature, shown in Figure 3.5b,
is developable since it can be flattened without cutting. Developability is often
desirable from the manufacturing standpoint, since many fabrication techniques

involve cutting an initially flat sheet.
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Figure 3.5: Loops of tiles with different intrinsic curvature. (a) Cut and flattened
loop with positive intrinsic curvature. The isosceles trapezoid formed by gap 1 is
highlighted in red. (b) Flattened loop with zero intrinsic curvature (developable).
(c) Cut and flattened loop with negative intrinsic curvature.

The angular defect of the loops shown in Figure 3.5 depends on the geometry of the
gaps between the tiles. It will be shown in Section 3.4 that for the kirigami patterns
developed in this study, the polygon connecting the edges of two adjacent tiles is

always planar and forms an isosceles trapezoid.

In Figure 3.5a, the trapezoid for gap 1 is defined by the tile vertices A, B, C, and D,
as highlighted in red. The orientation of the trapezoidal gap determines how the gap
contributes to the angular defect A of the loop. If the short side of the trapezoid lies
on the outside of the loop, the gap contributes positively to the angular defect, which
is the case for the highlighted trapezoid. If the gap is a rectangle, the contribution
to A is zero. Finally, if the short side of the trapezoid lies on the inside of the loop,

it makes a negative contribution to A.
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In the case of equilateral triangular tiles, the intrinsic discrete Gaussian curvature

of the loop, K, can be obtained from:

K=A=>"» (3.5)

where 7y is the angle of the isosceles trapezoid corresponding to gap &, as defined in
Fig. 3.5a. Note that the sign of y depends on the orientation of the trapezoid: y; > 0
if ||BD|| > ||AC|| and y; < 0if ||BD|| < ||AC]||. To achieve a developable loop,
either all of the gaps must be rectangles or there must be gaps of both orientations
present whose angles y; sum to zero. The case where both orientations of gaps are
present is of greatest interest, because it allows a range of apparent curvatures to be

achieved.

While the intrinsic discrete Gaussian curvature is invariant, we define the apparent
discrete Gaussian curvature as the discrete curvature of the surface formed by the
tiles joined by trapezoids and disregarding the sub-folds. Figure 3.6a shows a loop
of tiles connected by sub-folds. In Fig. 3.6b, the sub-folds have been removed and
the resulting gaps have been filled with isosceles trapezoids. These added faces are
highlighted in blue and the points A, B, C, D that correspond to the tile edges for
one gap are labeled.

Remove sub-folds, add
trapezoids

(a) (b)

Figure 3.6: The apparent surface is defined by only considering the positions of the
tiles. For the sake of defining apparent curvature, the gaps between tiles are filled
with faces, which are highlighted in blue.

By considering the loop of tiles connected by the blue trapezoids, the apparent
angular defect A, of a loop of tiles can be defined, which corresponds to the apparent
discrete Gaussian curvature K, of the loop. Similarly to the intrinsic curvature,
the angular defect of the loop depends on the orientation of the trapezoidal gaps

between tiles. Trapezoids with the short side outside contribute positively to the
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angular defect while trapezoids with the short side inside contribute negatively. In

analogy to Eq. (3.5), the apparent curvature of a loop can be obtained from:

Ki=0a= ) B (3.6)

where Sy is the angle of the trapezoid corresponding to gap k, which is defined in
Figure 3.6. The sign of S is positive for trapezoids with the short side out and

negative for the opposite orientation.

Note that the sign of B; matches the sign of y; for each gap. Therefore, each
gap contributes either positively or negatively to both the intrinsic and apparent
curvature. However, the magnitude of Sy varies as the sub-fold changes angle.
Therefore, simply changing the sub-fold angles provides a mechanism for varying
the apparent curvature. Furthermore, if a loop contains gaps of both orientations, the
apparent curvature can assume both positive and negative values. Figure 3.7 shows
the same loop with positive, zero, and negative apparent curvatures, illustrating the
mechanism of apparent curvature change. The loop contains three gaps of each
orientation. In Fig. 3.7a, the gaps with 8; < 0 are nearly closed (8; ~ 0) while the
gaps with B; > 0 are kept open, so the sum of gap angles, which is the apparent
curvature, is positive. If all sub-folds are closed, then gy = 0 for all gaps and
a zero apparent curvature is obtained, as in Fig. 3.7b. Finally, Fig. 3.7c shows a
configuration where the gaps with 8y < 0 are open, leading to a negative apparent

curvature.

(a) (b)

(©

Figure 3.7: Three configurations of the same loop of tiles, which can achieve
apparent curvature change by varying the sub-fold angles. (a) Positive apparent
curvature; (b) zero apparent curvature; (c) negative apparent curvature.

This mechanism for curvature change can be replicated for larger patterns consisting
of many loops, which can realize multiple surfaces with different curvatures. Each
individual loop in the pattern can vary its apparent curvature, allowing a wide range

of apparent surfaces with different curvatures to be created.
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3.4 Gap conditions

The geometry of the gaps between the tiles has to satisfy conditions of two types.
The first condition ensures that a sub-fold can be inserted between adjacent tiles,
such that the edges of the tiles become coincident when the sub-fold is closed.
The second condition ensures the compatibility of two gaps, meaning that the same
sub-fold can span both gaps by varying only the fold angle. These conditions on
the gaps between two tiles are used later, in Section 3.5, as constraints in the tile

arrangement problem used to synthesize fold patterns.

3.4.1 Single sub-fold conditions

Consider two flat rigid tiles in three-dimensional space. We aim to derive conditions
on the relative positions of the tiles to ensure that a single sub-fold can be inserted
between the tiles such that upon closing the sub-fold, the tile edges become coinci-
dent. Figure 3.8 shows an example of tiles that satisfy these conditions, where edge
AB and CD are brought together when the sub-fold is closed.

B D B D
2 BD
A,’82
A C 4% c
(a) (b)

(©
Figure 3.8: Two tiles with a gap that satisfies the single sub-fold conditions. (a)
Definition of edges AB and CD (top view). (b) A single sub-fold, shown in gray,
connecting edges AB and CD (top view). (c) When the sub-fold is closed, edges
AB and CD become coincident (perspective view).

a

To develop general constraints on the relative positions of the tiles, we seek condi-
tions for when points C and D can be brought to points A and B by rotating about
some axis s through an angle ¢, which is equivalent to closing a sub-fold. For an
arbitrary point s; on the axis of rotation s, the length of vector As; from A to s;
and the length of vector Cs; must be equal since these segments coincide when the
sub-fold is closed. The same argument can be made for a point s;, leading to the

conditions
[|Asi|| = [|Cs1]]

||Bs2[| = [|Ds2]|.

Therefore, s must lie in planes P and P,, which perpendicularly bisect line segments

3.7

AC and BD, respectively.
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There are three possible cases concerning planes P; and P;, which are illustrated in
Fig. 3.9. In case 1, P and P; intersect in a line. In this case, the only candidate axis
of rotation s is the intersection line of the two planes. However, different rotation
angles ¢ are generally required to bring C to A and D to B. In case 2, planes P
and P; are parallel, leaving no possible rotation axes. Finally, in case 3, planes P

and P, are coincident, leaving infinite candidate rotation axes from which s can be

selected, which is the case of interest.

Figure 3.9: Three cases of a pair of tiles arranged in 3D space. (a) Case 1: planes
P and P, intersect in a unique line s. (b) Case 2: planes P; and P; do not intersect.
(c) Case 3: planes P; and P, coincide.

Two conditions are needed to ensure that P; and P, coincide. First, points A, B, C,
and D must be coplanar. This can be enforced by requiring that the triple product

of vectors meeting at vertex A is zero:
BAXCA-DA =0. (3.8)

This condition requires the volume of the parallelepiped generated by BA, CA,
and D A is zero, enforcing coplanarity of A, B, C, and D. Equation (3.8) could be

equivalently expressed in terms of vectors meeting at points B, C, or D.

The second condition arises from symmetry. Within the plane of points A, B, C,
and D, edges AB and CD must be mirror symmetric with respect to the bisecting
plane. Therefore A, B, C, and D form an isosceles trapezoid, which is equivalent
to stating:
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IIAD|| = ||BC]|. (3.9)

The conditions in Egs. (3.8) and (3.9) ensure that edges AB and CD can be brought
together through the rotation of a sub-fold.

3.4.2 Gap compatibility
Two gaps are defined as compatible if they can be obtained by rotation of the same
sub-fold. In the pattern synthesis process, this will be the key condition that allows

multiple configurations to be achieved by the same fold pattern.

Consider a pair of tiles connected by a sub-fold. Figure 3.10a shows a top view of
the pair of tiles for two different sub-fold angles. We aim to establish a condition on
A,B,C,D,C’ and D’ that ensures the compatibility of Gap 1 and Gap 2.

Gap 1 Gap 2
B 9 D

A 9 C

(b)
(c)

Figure 3.10: Diagrams for deriving gap compatibility constraints. (a) Top view of
two gaps. (b) Perspective view of one gap. (c) Diagram of the sub-fold viewed along
the sub-fold axis, looking along the arrow shown in (b). Note that the dashed lines
are true length as they are parallel to the viewing plane. Solid lines are projections
onto the viewing plane.

Consider the perpendicular projections of Gap 1 and Gap 2 onto a plane perpendic-
ular to the sub-fold axis, s, Fig. 3.10c. The solid lines from s to A and s to B, and
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from s to C and s to D in Gap 1 are the projections of the faces of the sub-fold.
Similarly for Gap 2, the solid lines are the projections of the sub-fold faces. The
dotted lines representing segments AC, BD, AC’, and BD’ are true lengths, since

they are parallel to the projection plane.

By examining Gap 1 in Figure 3.10c, it is observed that

(P 82— 81
sin (—) == (3.10)
2 2||AB||,
. (P 82
sin (£) = : (3.11)
2 2||sB||,
where || ||, denotes the length of the projection. Similarly, by examining Gap 2,
(¢ _ G2-Gy
sin|—| = —— (3.12)
(2 ) 2||1AB||,
(¢ G»
sin|—=1] = . (3.13)
( 2) 2||sB||,

Assuming that Gap 1 and Gap 2 are two different configurations of the same sub-
fold, for different angles ¢ and ¢’, the projected lengths [|AB||, and ||sB||, are the
same for Gap 1 and Gap 2. By combining Egs. (3.10)- (3.13), the following relation

between the two gaps is obtained:

82 G,

- G,-G
82 —81 _ G2 L (3.14)
The condition in Eq. (3.14) is equivalent to the statement that g"‘g;zgl is invariant as
the sub-fold changes angle. Equation (3.14) can be used as a condition on any two

gaps to ensure that they can be obtained as two different configurations of the same
sub-fold.

3.5 Pattern synthesis

The synthesis of kirigami fold patterns capable of achieving multiple target surfaces
with different Gaussian curvature is formulated as a tile arrangement problem. The
objective is to compute a single tile arrangement that can be reconfigured, by varying
the sub-fold angles, to achieve each target surface. The tiles are simultaneously
arranged on all of the target surfaces, while ensuring that the following conditions

are satisfied:

1. Adjacent tiles can be connected by a single sub-fold (Egs (3.8) and (3.9)).

2. Corresponding gaps between tiles in each target surface tile arrangement are
compatible (Eq. (3.14)).
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The computation of the tile arrangements involves the solution of a constrained
optimization problem, which can be solved using standard nonlinear optimization
techniques. After generating a valid set of tile arrangements on each of the target
surfaces, the sub-folds are added to any one of the arrangements to fill in the
gaps. This completes the synthesis of the fold pattern. Since the tile arrangements
corresponding to each target surface are compatible by design, the pattern can be

reconfigured with the tiles taking on any of the computed arrangements.

An overview of the pattern synthesis process is presented in Figure 3.11. First, a set
of initial guesses of the tile arrangements are generated, corresponding to each target
surface. The initial guesses can be generated systematically using a discretization of
the target surfaces. A flat target surface is included to achieve a developable pattern.
The constrained optimization problem uses the initial guesses as a starting point,
and outputs valid arrangements of the tiles on each target surface. Then, sub-folds
are added to the arrangement corresponding to the flat target surface, completing

the developable fold pattern.

3.5.1 Constrained optimization problem

Valid arrangements of the tiles corresponding to each target surface are obtained by
solving a constrained optimization problem. The vector v; € RVt contains the
vertex coordinates of an arrangement of N; identical tiles corresponding to target
surface Tj(x,y) : R? — R. Various tile shapes can be considered and the number
of vertices per tile is n,,. There are N; tile arrangements, each corresponding to one

of the N target surfaces. The set of tile arrangements is parameterized by

Vi

V=|v|. (3.15)

_VNS_

where V € R3¥NNs is a vector of tile vertex coordinates in all Ny arrangements.
Each arrangement of tiles has N, gaps, which determines the connectivity of the

tiles as each gap is replaced by a sub-fold after the tile arrangements are computed.

To generate a set of tile arrangements, a constrained optimization problem is posed

to minimize a cost function E subject to a set of equality constraints:

m‘}nE(V) SUbjeCt to Ctiles(V), Cgaps(V), Ctarget(v)a (316)
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Initial guesses
Target surfaces (Violates constraints) Optimization output

Compatible I
Place tiles Constrained arrangements
on surfaces optimization
e —

Compatible I

arrangements
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o

Add sub-folds to one
tile arrangement

Figure 3.11: Overview of pattern synthesis process. First, an initial guess is created
by arranging tiles on each target surface. By solving a constrained optimization
problem, compatible tile arrangements corresponding to each target surface are
computed. Then, sub-folds are added to connect adjacent tiles in one of the tile ar-
rangements. By adding sub-folds to a flat target surface arrangement, a developable
pattern is created that can be reconfigured to achieve the other tile arrangements.

where the choice of the cost function E depends on the specific application. A
suitable option for the cost function is proposed in Section 3.5.3. The constraints

have been divided into three sets: Cyijes, Coapss Crarger-

The first set of constraints, Cyj.s, defines the shape of the tiles. In the case of
equilateral triangle tiles, denote by L,,; the length of tile edge m in arrangement ;.
The length of all tile edges in all arrangements is set equal to Ly and hence,

Ctriangle — {Lmj =Ly, m=1,...,3N,, j=1,...,Ng}. 3.17)

tiles

For square tiles, extra constraints are needed to define the shape of the tile. Again,
the length of edge m in arrangement j is fixed at Ly. The length of the diagonal LI.L;
of each tile i in arrangement j is fixed at V2Lo. An additional constraint is added to

enforce the coplanarity of the four vertices of each tile. For square tiles with edge
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length Lo and corner points (¢1, g2, g3, q4), the corresponding tile constraint set is

C;‘l’z;”e ={Ln; = Lo, m=1,..,4N;, j=1,....,N; (3.18)
LY = V2L, i=1,...Ns j=1,..,N; (3.19)
(q2q1 q3qr X q4q1),~j =0, i=1,...,.N;, Jj= 1, ...,NS}. (3.20)

Equations (3.18) and (3.19) define the side lengths and diagonal length of the square,
and Eq. (3.20) enforces the planarity of the tile. Other tile shapes could also be

considered, and would be formulated in a similar way.

The second set of constraints, Cgqps, ensures a valid set of gaps in all tile arrange-
ments. Following Section 3.4, C,, s ensures that a single sub-fold can be inserted
in each gap between adjacent tiles and that corresponding gaps in each of the target

surface tile arrangements are compatible. The gap constraints can be written as

Coaps = { (BAXCA -DA);; =0, k=1,...,Ng, j=1,...,N;, (3.21)
(IIAD|| = |BC]l)y; . k=1,...,Ng, j=1,...,N;, (3.22)
(M) :(M) . k=1,..,Ng j=2,...N;} (3.23)

82k /; 82k ) j=1

where k indexes each gap in target arrangement j. Equations (3.21) and (3.22)
enforce the condition that a single sub-fold can be added in each gap. Equation
(3.23) ensures compatibility of corresponding gaps in the arrangement of the tiles
for each target surface. For brevity of notation, it is omitted that all constraints are

functions of V.

The third set of constraints, C;ge;, ensures that each target surface is closely
approximated by its corresponding tile arrangement configuration. Sections 3.5.2-

3.5.4 discuss appropriate target surface constraints.

3.5.2 Ideal target constraints
To obtain the closest approximation of the target surfaces, a tile arrangement is
defined as ideal if each tile is tangent to the target surface at the tile center. Then,

the constraint set C/4?! is defined to strictly enforce that the arrangements are all

target
ideal.

The centroid coordinates of tile i in target arrangement j are (X;;, yij,Z;;). The
unit normal vector of the tile is ﬁlt.]. € R?. The target surface j, defined by the
function T} (x, y), has unit normal vector ﬁj. (x,y) € R3. In this work, it is assumed

that the analytical expressions for the target surfaces are known, however, similar
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constraints could be formulated in terms of a set of numerically defined target
surfaces. The constraints that force all arrangements to be ideal approximations of

the target surfaces are:

Cﬁﬁff;fit ={zij = T;j(xi}, yij), i=1,...,N, j=1,...,N; (3.24)
@, =0, i=1,.,N, j=1,..,Ns}, (3.25)

where the angle ©;; is the angle between the unit normal vector ﬁﬁj of tile 7 in
arrangement j and the unit normal vector ﬁj. of surface T;, evaluated at the tile

center
©;; = cos™ (ﬁzt'j 'ﬁj-(fij,?ij)) : (3.26)

The first constraint, Eq. (3.24), ensures that the tile centers lie on the target surface.
Equation (3.25) ensures that the tile normal is aligned with the surface normal at

the center of the tile, so that the tile is tangent to the surface.

Although it is difficult to make general statements about the existence of feasible
solutions to systems of nonlinear equations, a constraint and free variable counting
argument can be used to determine if the system is generically overdetermined or
underdetermined. When subject to the ideal constraints, each tile effectively has
three free parameters. The centroid coordinates X and y of each tile are free, but Z
follows from Eq. (3.24). If Eq. (3.25) is satisfied, the only remaining free parameter
is an angular rotation about the tile normal vector. Therefore, by considering all
N, tiles in Ny arrangements, there are effectively 3NN, free variables. Since Cyjj.s
and Ciqrger have already been accounted for while counting the free variables, the
number of free variables can be compared to the number of constraints in Cggps.
From Eqgs. (3.21)-(3.23), there are (3N, —1) N, gap constraints. If the number of gap
constraints is greater than the number of free variables, the system is overdetermined

and, in general, there will be no solution.

Table 3.1 summarizes the number of free variables versus gap constraints if the
ideal target constraints are enforced. The freedom in the tile arrangement problem
is defined as the number of free variables minus the number of gap constraints,
denoted by F. If F > 0, the problem is underdetermined and feasible solutions

should exist, while ' < O indicates that the problem is overdetermined.

Whether or not the system is overdetermined depends on the connectivity of the
tiles, particularly the number of tiles N;, the number of gaps N,, and the number

of target surfaces Ny. Section 3.6 analyzes the freedom in the tile arrangement
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problem for tiles with different connectivity. The analysis suggests that the ideal
target constraints are often too restrictive and tend to over-constrain the system. This

motivates the relaxation of some target constraints, discussed in the next sections.

Table 3.1: Count of free variables and constraints for three target constraint cases.

F = Free variables

Free variables Gap constraints )

— Gap constraints
Ideal target
constraints 3NN, (3Ns—1)Ng  3Ng¢N; — (3Ny - 1)N;,
Relaxed target
constraints SN N; (3Ns = 1)Ng 5NN, — (BN; - 1)N,
Relaxed target
constraints and  5(Ny — 1)N; +3N, (3N, — )N, 5(Ns = 1)N; + 3N,

ili —(3Ny; - 1)N,

developability

3.5.3 Relaxed target constraints and cost function

Depending on the connectivity of the tiles, the ideal target constraints may over-
constrain the tile arrangement problem. In such cases, it is of interest to consider
relaxing the constraints to obtain feasible solutions. A relaxed target constraint set
is proposed that maintains the constraint that the tile center must lie on the target
surface, but relaxes the constraint that the tile normal must be aligned with the

surface normal. The resulting constraint set is

crelax = {7 = Ti(%ij, 9ij)s  i=1,.,N;, j=1,.. N} (3.27)

target

A similar constraint counting argument to that presented in Section 3.5.2 can be
applied to the relaxed constraints. The placement of each tile has five free variables:
two free variables to describe the tile center coordinates X and y and three angular
orientation variables, since the tile normal vector is no longer constrained. The
count of free variables and gap constraints for the relaxed target constraint case is
included in Table 3.1.

Since the tile normal vectors are no longer required to be aligned with the sur-
face normal vector, the deviation between the tile and the surface normals can be

incorporated in the cost function in Eq. (3.16). A suitable cost function is:
E = Enormal + WEgap- (3.28)

The first term in the cost function is

Enormat =||[@11,-, 04 .. 0w (3.29)
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which is the norm of a vector whose entries are the angles between the tile nor-
mals and the surface normals, ©;;, defined in Eq. (3.26) for all tiles in all target
arrangements. This term penalizes the misalignment between the tiles and the target
surface. However, including only E,,,,,4; in the cost function would allow optimal
solutions with undesirable tile spacing. For example, some gaps between adjacent
tiles could be very large and others very small. To address the tile spacing, a second
term, Eg,p, has been introduced in Eq. (3.28) to control the gap sizes. This term is
defined as:

Egap = |G = Garlls (3.30)

where G € R?MsMs is a vector of gap lengths g and g, for each gap of each

arrangement. It is given by:

G = |g111, 8211 - &lkj» 82kj» s &INgNy» &2N,N, | > (3.3D)

where k indexes gaps of arrangement j. The term E,,;, penalizes the deviation from
a specified vector of target gap sizes G, € R*MsVs. The relative weighting between

the two terms in the cost function in Eq. (3.28) is w.

3.5.4 Including the developability target
A developable pattern can be obtained by including a flat target surface. However, it
should be noted that in the case of the relaxed target constraints, the tile arrangement

corresponding to the flat target surface may not be exactly planar. A third set of

Crelax,dev

target constraints C; ;...

is proposed that treats the flat target surface with ideal
constraints and all other target surfaces with relaxed target constraints. Let target

surface 1 be flat; the relaxed developable constraint set is

Ctr;’{g)ec;dev = {Zij = Tj(fij,)_/ij), i=1,...,N,, ] =1,...,N; (332)
©; =0, i=1,..,N, j=1} (3.33)

Again, the free variables and gap constraints can be counted. By requiring that
tile arrangement 1 is satisfied exactly (ideal target), there are 3N, free variables
associated with the tiles in arrangement 1 and 5N, (N; — 1) free variables associated
with the other target arrangements. The count of free variables versus gap constraints

is presented in Table 3.1.

Since the flat target arrangement is restricted to lie exactly in the plane, a developable
pattern can be made by adding sub-folds to a flat tile arrangement. This results in a

planar configuration that defines the fold pattern.
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3.5.5 Implementation

The constrained optimization problem of Eq. (3.16) can be implemented numerically
to compute the optimal arrangements that satisfy the constraints. Standard nonlinear
optimization algorithms can be used to perform the optimization. The fimincon utility
in Matlab was used to compute optimal tile arrangements in the examples presented

in this chapter.

First, the type of tile, the number of tiles, and their connectivity are chosen. Then,
depending on the chosen connectivity and whether or not the pattern is to be
developable, the appropriate target constraint set is chosen. Next, the numerical
implementation of the pattern synthesis process begins. An initial guess of the tile
arrangements for each target surface is made. Since the initial guess may violate the
constraints, it can be created by placing tiles on discretizations of the target surfaces.
First, a uniform grid of equilateral triangles or squares, depending on the tile shape,
is created in the xy-plane. A discretization of each target surface can be created
by mapping the vertices of that grid to each target surface T;(x,y). Then, a tile is
placed in the center of each face of the discretized target surface to produce an initial

guess tile arrangement for each target surface.

In all of the subsequent examples, the cost function proposed in Eq. (3.28) was used
to derive optimal tile arrangements and the target gap size G, must be specified for
each gap. Upon computing an optimal arrangement of tiles, the sub-folds must be
added to one of the tile arrangements to complete the pattern. To create a developable
pattern, the sub-folds can be added to the flat arrangement of tiles in the plane of
the tiles. In this case, care should be taken to ensure that the gaps of the flat tile
arrangement are larger than corresponding gaps in the other arrangements, which
can be achieved by setting a larger target gap size in the cost function for the flat tile
arrangement. To create a non-developable pattern, sub-folds can be added to any of
the tile arrangements. In this case, the size of each sub-fold can be chosen freely.
For example, the distance from point s; of Fig. 3.8 to the plane of the tile edges
can be specified. After inserting the sub-folds, the pattern synthesis is complete and
numerical simulations can verify that the resulting pattern can be reconfigured into

each of the target surface arrangements.

3.6 Pattern connectivity
Before implementing the pattern synthesis process, the shape and connectivity of

the tiles must be decided. Both the shape and connectivity of the tiles determine
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the number of constraints in the optimization problem of Eq. (3.16). This section
provides insight into the role of tile connectivity by analyzing various sizes of
equilateral triangle and square tile patterns. Specifically, the freedom F in the tile
arrangement problem and the number of kinematic degrees of freedom are presented

for both triangular and square tiles forming patterns of different sizes.

From Table 3.1, for the ideal target constraint set:
Figeal = 3NgN; = (3Ng — 1) N, (3.34)
and for the relaxed target constraints with the developability constraint,
Fretax,dev = S(Ns = 1)N; + 3N; — (3N; — 1) N,. (3.35)

The number of target surfaces, N,, the number of tiles, N;, and the number of
gaps, N,, determine whether the tile arrangement problem is overdetermined or

underdetermined.

To understand the role of tile connectivity, we first study triangular tile patterns.
Beginning with a single loop of tiles and adding loops, the pattern connectivities
considered are all six-fold rotationally symmetric. Figure 3.12a shows the tile

connectivity for the 7- and 13-loop cases.

In Figure 3.12b, the freedom provided by the tile arrangement constraint set is plotted
for both the ideal constraints and the relaxed constraints including the developability
constraint. The limiting cases of two target shapes (N = 2) and an infinite number
of target shapes have been considered. In both cases, the ideal target constraint set
leads to an overdetermined system (F < 0) for all of the patterns considered, with
the exception of the single loop. However, for the relaxed constraints, the freedom in
the tile arrangement problem increases as the pattern size is increased. The relaxed
constraints without the strict developability constraint provide even greater freedom.
Note that even in the limiting case as the number of target surfaces N goes to infinity,
there is freedom in the tile arrangement problem with the relaxed constraints. This
suggests that solutions may be possible for a high number of target shapes, though
this constraint counting study does not bring insights about the quality of possible

solutions.

Square tiles arranged in a square grid have also been considered. Patterns with 4
loops and 9 loops are shown in Fig. 3.13a. The ideal target constraints lead to an

overdetermined constraint set except for the single loop connectivity, as shown in
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Figure 3.12: Analysis of connectivity of equilateral triangle tile patterns with six-
fold rotational symmetry. (a) 7-loop and 13-loop patterns. (b) Freedom of tile
arrangement problem plotted against number of loops. (c) Kinematic degrees of
freedom plotted against number of loops.

Fig. 3.13b. However, the relaxed constraints including the developability constraint
lead to an underdetermined constraint set only for the smaller patterns, unlike in the
triangle tile connectivity cases previously considered. This difference is because the
number of gaps N, compared to the number of tiles N, is generally larger in square

tile patterns than in triangular tile patterns.

Along with the freedom in solving the tile arrangement problem, the connectivity
of the tiles determines also the number of kinematic degrees of freedom of the
fold pattern, which was computed using Eq. (3.2) with no states of self stress. It
was verified using the bar-hinge kinematic model in Appendix A that the patterns
presented in this chapter generically have no states of self stress. The number of
kinematic degrees of freedom versus the number of loops have been plotted in
Figures 3.12c¢ and 3.13c for the triangular and square tile patterns. For both the
triangular and square tile patterns, the number of degrees of freedom increases as

the pattern increases in size.
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Figure 3.13: Analysis of connectivity of square tile patterns with four-fold rotational
symmetry. (a) 4-loop and 9-loop patterns. (b) Freedom of tile arrangement problem
plotted against number of loops. (c) Kinematic degrees of freedom plotted against
number of loops.

3.7 Examples

To demonstrate the pattern synthesis process, three example patterns are presented.

Both triangular and square tiles are considered and various numbers of target shapes

are considered. A set of target surfaces is defined in Eq. (3.36) below, and the six

surfaces are used throughout these examples:

Tll
TQZ

T32

z=0
7=+4/20 —x2 —y?
2o

—isin Ex cos 3 (3.36)
=38y 4

_ 1.3 2

z= 32()c 3xy©)

5y
68

The scaling of the target functions is with respect to a unit tile side length. The target

functions include surfaces with a range of Gaussian curvatures. Target surface 77 is
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flat (zero curvature), which can be included to create a developable pattern. Surface
T, is spherical (positive Gaussian curvature). Surface 73 is a hyperbolic paraboloid,
which defines a saddle shape (negative Gaussian curvature). In 74, a sinusoidal
surface, there are some regions of both positive and negative curvature. Surface 75
is known as a monkey saddle, with negative curvature everywhere except the origin,
which has zero curvature. Finally, 7§ is an ellipsoidal surface with positive Gaussian

curvature. Figure 3.14 shows plots of the target surfaces.

Figure 3.14: Target surfaces used in the pattern synthesis examples.

The following sections present the synthesis of three kirigami patterns. After the
pattern synthesis process computes the fold pattern, we verify that each pattern
is rigidly foldable and continuous kinematic paths connect each target configura-
tion. This is verified through kinematic folding simulations using the pathfinding
algorithm in Appendix B.

3.7.1 Triangular tiles, three target surfaces

The first example considers equilateral triangular tiles with the 13-loop connectivity
illustrated in Figure 3.12a. Three target surfaces are used: 71, T2, and T3. Following
the analysis of freedom in the tile arrangement problem in Section 3.6, the relaxed
developable target constraints are adopted. Subject to these constraints, based on
the free variable and constraint count of Table 3.1, the tile arrangement problem has

F /N, = 38 free parameters per tile arrangement.

The tile arrangement optimization problem is implemented according to Section
3.5. For T, the target gap size is set to 0.8Lo where L is the tile side length. A
smaller target gap size of 0.4L is used for 75 and 73 to ensure that when sub-folds

are added to the flat tile arrangement, the 75 and 73 configurations can be achieved.
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Figure 3.15: Analysis of optimal tile arrangements corresponding to target surface
T; with varying cost function weight w for the 13-loop triangular tile example with
3 target surfaces. (a) Optimal tile arrangements corresponding to three values of w.
(b) Characterization of the optimal tile arrangement for varying w, measured by the
mean misalignment between tile and surface normals and mean distance to target
gap size.

To explore the solution space, the weight w in the cost function of Eq. (3.28) is varied
from 1/30 to 30. Figure 3.15 characterizes the tile arrangement corresponding to
target surface 73 as w varies. A similar study could be performed for the other tile
arrangements, but we focus on the 73 arrangement to understand the role of w. The
optimal tile arrangement corresponding to 73 is shown in Fig. 3.15a for three values
of w. For w = 1/30, the tiles align closely to the surface, but the tile spacing is
irregular. Conversely, w = 30 produces closer to uniform tile spacing at the cost of
tiles poorly aligned to the target surface. A balance is achieved with w = 1. Figure
3.15b quantifies the tile alignment and distance to the target gap size of the optimal
tile arrangements as w varies. A desirable value for w may depend on the specific
application of interest. However, to proceed with this example, w = 1 is selected.
The corresponding mean and maximum tile misalignment and distance from target

gap size are summarized in Table 3.2 for each target surface tile arrangement.
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Table 3.2: Mean and maximum angle between tile and surface normal for the two
target surface configurations.

Target surface T; i) T3
mean(®) (degrees) 0 6.94 8.50
max(®) (degrees) 0 10.22  10.91
mean(|G — G;,|) 0.09Ly 0.07Ly 0.08L
max(|G — Gy |) 0.29Ly 0.30Ly 0.37Lg

After computing the tile arrangements, sub-folds are added to the flat tile arrange-
ment in the plane of the tiles, resulting in a planar fold pattern. The fold pattern can
then be folded into the 7, and 73 configurations. Upon closing the sub-folds, a flat
apparent surface can be created which we denote 7y. The Ty configuration does not
correspond to a target surface, but it is guaranteed to exist by the gap constraints of

Section 3.4. Figure 3.16 shows the four configurations of the pattern.
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Figure 3.16: Example of a developable kirigami pattern with equilateral triangle
tiles designed to achieve target surfaces 71, 7>, and 73.

In Figure 3.16, one loop of triangles is highlighted in blue. As shown in the T
configuration, the pattern can be flattened so the intrinsic curvature of the loop is
zero. To achieve zero intrinsic curvature, trapezoidal gaps of both orientations are
present in the loop. This follows the discussion of Section 3.3, since the angles of

the trapezoidal gaps around the loop must sum to zero for developability.

The apparent curvature of each loop varies between each configuration. In the 7;
configuration, the pattern exhibits positive apparent curvature, and the blue loop has
an apparent angular defect of A, = 6.0°. Alternatively, the 75 configuration exhibits
negative apparent curvature, and the blue loop has an apparent angular defect of
Ay =-T7.1°.
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3.7.2 Square tiles, two target surfaces

This example demonstrates the pattern synthesis process for square tiles. We con-
sider a pattern with two target surfaces, 7; and 73; by omitting the flat target surface,
a non-developable pattern is created. A pattern connectivity with nine loops is
considered. With N; = 16, N, = 24, and N; = 2, the relaxed constraints (without
developability) lead to a tile arrangement problem with /N, = 20 free parameters

per tile arrangement.

Target gap sizes 0.8L¢ and 1.2L¢ are used for the spherical and saddle tile arrange-
ment, respectively. The cost function weight is taken as w = 0.25, favoring normal
vector alignment over gap spacing. In Table 3.3, the mean and maximum tile mis-
alignment along with the deviations from target gap sizes are listed for the optimal

tile arrangements.

Once the tile arrangements are computed, sub-folds are added to the 75 tile arrange-
ment. The size of the sub-folds is determined by specifying the distance from s; to
plane ABCD for each gap, as labeled in Figure 3.8. This distance is chosen to be
0.4L for all sub-folds, resulting in the pattern shown in Figure 3.17.

Figure 3.17: Example of a non-developable kirigami pattern with square tiles de-
signed to achieve two target surfaces.

Table 3.3: Mean and maximum angle between tile and surface normal for the square
tile pattern with two target surfaces.

Target surface T T;

mean(®) (degrees) 7.92 10.43
max(®) (degrees) 9.07 11.95
mean(|G — G;,|) 0.23Lyg 0.25L
max(|G — Gur|) 0.49Ly 0.76L
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3.7.3 Triangular tiles, six target surfaces

In the final example, we demonstrate the capability of the pattern synthesis process
by including all six target surfaces. Again, triangular tiles in the 13-loop connectivity
are considered. For the target constraints, the relaxed developable set is used. In
the cost function, the target gap size is set to 0.8L for the 77 tile arrangement and
0.4L¢ for all other tile arrangements. The cost function weight is set at w = 1.
Once the optimal tile arrangements are computed, sub-folds are added to the T;
tile arrangement in-plane to ensure developability. The resulting pattern is shown
in Figure 3.18 in the configurations corresponding to target surfaces 77 through Tg

along with 7p where the sub-folds are fully closed.

Figure 3.18: Example of a kirigami pattern with equilateral triangle tiles designed
to approximate six target surfaces.

Table 3.4 lists the mean and maximum tile misalignment along with the deviations
from target gap sizes for the optimal tile arrangements. Compared to the case with
only three target shapes, the normal vector offset and distance to target gap size of 77,
T, and T3 are slightly larger. Since the problems were set up with identical target gap
sizes and cost function weight, this suggests that adding extra target shapes sacrifices
the quality of the tile arrangements. However, this generally would depend on the

specific target surfaces, tile connectivity considered, and cost function parameters.

3.8 Prototype

The presented family of fold patterns exhibit relatively simple geometry from the
manufacturing standpoint, since they avoid having dense, detailed creases and they
can be made developable. This is demonstrated by a physical prototype of the

triangular tile pattern with six target surfaces. The aim of this prototype is to
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Table 3.4: Mean and maximum angle between tile and surface normal for the 6
target surface pattern.

Target surface T, T T3 T, Ts Ts
mean(®) (degrees) 0 7.59 8.55 11.15 9.38 6.25
max(0) (degrees) 0 11.18 14.04 1933 1599 11.29
mean(|G — Gs,|)  0.12L¢p 0.07Lyp 0.08Ly 0.10Ly 0.11L¢ 0.06Lg
max(|G — Gy |) 0.31Ly 0.27Ly 0.38Lyp 0.36Ly 0.26L, 0.20L

capture the rigid folding kinematics of the pattern to achieve the six target surface

configurations.

The model is constructed from 3D printed plates made of nylon 12 plastic connected
by steel pin hinges. This fabrication concept is appealing because it offers clean
rigid-folding kinematics since the plates are stiff and the pin hinges have a well-
defined axis of rotation. Although the entire model consists of many individual
pieces, assembly simply requires sliding in the pin connections. It should also
be noted that while this prototype is developable, the fabrication concept does not

require developability.

Photos of the hinge design are shown in Figure 3.19 for two tiles connected by a
sub-fold. The pins have a 1 mm diameter and the plates are 2.5 mm thick, making the
plates sufficiently stiff to exhibit nearly rigid-folding kinematics. To accommodate
the thickness of the plates, both faces of the sub-fold are split in half. A slender arm
reaches from one face of the sub-fold to the other to ensure alignment of the hinge.
With this design, the sub-fold is capable of fully closing and the desired kinematics

are preserved, accommodating for the plate thickness.

A prototype of the entire pattern is created by applying the sub-fold design concept
shown of Figure 3.19 to the dimensions of each sub-fold in the pattern. The prototype
is shown in Figure 3.20 in each of the six target surface configurations, as well as
the 7o configuration with the sub-folds closed. Since the pattern has 84 kinematic
degrees of freedom, positioning the pattern into each target surface configuration
is a challenge. To address this challenge, a 3D printed support structure for each
configuration is used. The support structure consists of triangular posts under the
position of each tile in the target configuration. A groove on the underside of the
tiles allows the prototype to fit on the support structure. Figure 3.21 shows the
support structure with and without the prototype for the 73 (saddle) configuration.
Once the prototype is properly positioned on the support, a small amount of glue is

placed on each hinge allowing the prototype to hold its configuration when removed
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(b)

Figure 3.19: Hinge design concept demonstrated on two tiles connected by a sub-
fold. (a) Exploded view of the 3D printed plates and pin hinges. (b) A configuration
with the sub-fold partially open. (c) A configuration with the sub-fold closed.

Figure 3.20: Prototype in the six target surface configurations and the 7 configura-
tion with the sub-folds closed.

from the support structure. The bond of the glue on each hinge can then be snapped,

freeing the hinges so the next target configuration can be achieved.
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(b)

Figure 3.21: A 3D printed support structure is used to position the prototype in the
target surface configurations. (a) Support structure for the 73 (saddle) configuration.
(b) The prototype positioned on the support structure.

3.9 Conclusions

In this chapter, the synthesis of a new family of kirigami patterns has been presented.
These patterns are capable of approximating multiple target surfaces of varying
Gaussian curvature. The patterns, which consist of a set tiles connected by sub-folds,
can vary the apparent curvature of the surface comprised of only tiles. Changing the
sub-fold angles serves as a mechanism for changing the apparent curvature of the

pattern, leading to patterns capable of achieving a large range of apparent curvature.

A numerical framework for pattern synthesis has been presented, which is posed
as a tile arrangement problem. Arrangements of tiles corresponding to each target
surface are simultaneously computed by solving a constrained optimization prob-
lem. The constraints are formulated to ensure that sub-folds can be added between
adjacent tiles and that each arrangement is compatible with the others. Additionally,
constraints are included to ensure that the arrangements closely approximate the
target surfaces and both developable and non-developable patterns can be created.
Upon computing tile arrangements, sub-folds are added to connect adjacent tiles in
one arrangement, completing the pattern synthesis. Since all tile arrangements are
compatible, the pattern is capable of reconfiguring to realize each target surface tile

arrangement.

While these fold patterns exhibit the freedom to take on a range of curved surfaces,
their many kinematic degrees of freedom present a challenge. To achieve practical
application of such patterns, load-bearing capacity in each target configuration and
reconfiguration between target configurations must be addressed, which presents a

challenge for fold patterns with many degrees of freedom. This provides motivation
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for the remainder of the thesis, which develops the concept of multi-configuration

rigidity to address these challenges.
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Chapter 4

MULTI-CONFIGURATION RIGIDITY: THE STATICALLY
DETERMINATE CASE

4.1 Introduction

This chapter develops a theoretical foundation and systematic design process for
multi-configuration rigidity. As demonstrated in the introductory example of Chap-
ter 2, embedding springs and unilateral constraints to achieve rigidity in multiple
target configurations is an effective solution for achieving load-bearing capacity in
many-DOF structures. The kirigami patterns of Chapter 3 provide further motiva-
tion for rigorously developing a design methodology for multi-configuration rigidity,

which is formulated generally for discrete structures.

Discrete structures comprised of rigid components, such as rigid bars connected
by pin-joints or rigid plates connected by hinges, are typically categorized as rigid
structures or as mechanisms. Rigid structures cannot deform at all, under the as-
sumption that all components of the structure are rigid. Conversely, mechanisms
are kinematically indeterminate, meaning that the structure can move without de-
forming its components. The fundamental question of whether a structure is rigid
or kinematically indeterminate is the subject of the theory of rigidity [71]. Rigidity
theory is a kinematic theory; the classification of a structure as rigid or kinematically
indeterminate is entirely defined by its geometry. In this chapter, we bring a new
perspective to rigidity by studying structures that are not rigid when considering
only kinematics, but can be made rigid by the combination of unilateral constraints
(e.g., contact or cables) and an applied force that engages the unilateral constraints.
Such a structure is rigid, but only up to some finite perturbation force where the
unilateral constraint reactions (e.g. contact or cable forces) are overcome. In this
chapter, the statically determinate case is considered, when the unilateral reactions

are unique, which is explicitly defined in Section 4.3.2.

Structures with unilateral constraints have been studied from the perspective of
rigidity theory. The rigidity of tensegrity structures, which contain tension-only
cables and compression-only struts, is covered by an extensive literature [72—74].
Furthermore, linkages that are rigid due to self contact give another example of

rigidity due to unilateral constraints [75]. These studies, however, do not consider
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the case of a structure with unilateral constraints that becomes rigid only under the

application of an external force.

To achieve rigidity due to unilateral constraints and an applied force, it is of particular
interest when the force is passively applied by a set of springs embedded throughout
the structure. Specifically, we consider structures comprised of three ingredients: (i)
a kinematically indeterminate skeleton structure, (ii) a set of unilateral constraints,
and (ii1) a set of springs. A design problem is posed to compute spring parameters
such that a set of target configurations are rigid. Since the conditions for rigidity in
each target configuration involve linearized kinematics, the resulting design problem

can be formulated as a linear program.

In Section 4.2, a simple example is presented as a conceptual introduction. Section
4.3 derives conditions for when a configuration is held rigidly by an applied force and
unilateral constraints. Building upon these conditions, Section 4.4 poses a design
problem to embed springs throughout a structure to rigidify multiple configurations
while maximizing the critical perturbation forces in each configuration. In Section
4.5, an example is presented where a 2-degree-of-freedom linkage is designed to

have four rigid configurations.

4.2 A simple example

To illustrate the concept of rigidity due to a force and unilateral constraint, we begin
with a simple example. Consider a rigid bar of unit length pinned at one end, as
shown in Figure 4.2. The bar represents the skeleton structure, a one degree of
freedom mechanism described by the rotation 6 about the pinned end. The tip of the
bar has coordinates (x, y). A unilateral constraint restricts the bar to y > 0, which
is depicted in Figure 4.1 as a rigid platform that the bar cannot pass through. The
reaction force in the unilateral constraint is u. A force f is applied to the tip of the

bar.

Y
AN NN i\;x
N

Figure 4.1: Introductory example of a bar pinned at one end made rigid due to an
applied force f that maintains contact with a unilateral constraint.

This example can be viewed from two perspectives. The first is that there are no

admissible displacements, which arises from the two conditions associated with the
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unilateral constraint:

0
H= (4.1)

uy = 0.
That is, the contact force must be non-negative and the contact force must be zero
if there is no contact. From the second condition, it is evident that a nonzero u
requires the tip of the bar to stay at y = 0. In other words, displacements are not
allowed as long as p > 0. The condition for rigidity is that f,, the y-component of

[, 1s negative. This leads to a positive u and therefore rigidity.

The second perspective comes from considering perturbation forces. If an upward
perturbation force P is additionally applied to the tip of the bar, the bar will not move
for P < —f;. In this case, the reaction force 4 = —f, — P > 0 becomes smaller due
to P, but stays positive requiring that contact still occurs. For a large enough P, u
must be negative to satisfy equilibrium; since a negative contact force is forbidden,
the bar will lift off the contact. The critical perturbation force P* = — f, represents

the smallest force that overcomes the unilateral reaction.

Building from the concept of rigidity due to a force and unilateral constraints, multi-
configuration rigidity occurs when the force is applied by a spring. Consider a linear
extensional spring with stiffness k and rest length [° connecting the tip of the bar to
the point (0, —1), as shown in Figure 4.2a. The spring force is o = k(V2 - [°). The
requirement for a positive contact force (therefore rigidity) is that the y-component
of the spring force is negative: k(V2 —1°)/V2 < 0, which is satisfied if 0 < V2. If
another unilateral constraint is added at 6 = 7, as in Figure 4.2b, there are two rigid

configurations. At both 8 = 0 and 6 = 7, the spring force causes a positive reaction.
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Figure 4.2: Two rigid configurations can be achieved, at § = 0 and 6 = =, due to
unilateral constraints and a spring.
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In the remainder of this chapter, the notion of rigidity due to unilateral constraints
and an applied force is formulated for structures with multiple degrees of freedom.
An analysis of critical perturbation forces is presented, leading to a systematic

method for designing springs for multi-configuration rigidity.

4.3 Rigidity due to unilateral constraints and a force

In this section, conditions are developed for when a mechanism is rigid due to an
applied force that engages a set of unilateral constraints. Linearized kinematics
about a specific configuration of a discrete structure are used to derive conditions

for infinitesimal rigidity, which is a sufficient condition for rigidity [71].

4.3.1 Kinematics

Consider a bar and hinge structure parameterized by vertex coordinates x € R,
where 7 is the number of vertices and d is the number of spatial dimensions. The
kinematics of the structure are defined by a set of bilateral constraints & (x) and

unilateral constraints g(x):

hi(x)=0 i=1,...n (4.2)
gi(x) <0 j=1,..n, 4.3)

These formulations are presented in the context of general bilateral and unilateral
constraints, which can model a variety of discrete structures. The bilateral con-
straints can represent, for example, pin-joint structures or plate-hinge structures.
Appendix A formulates a kinematic model for plate-hinge structures as a set of
bilateral constraints. The unilateral constraints can represent contact as well as
tensegrity elements such as cables and no tension struts. In the context of the simple
example of Figure 4.1, x = [x, y]7
the bilateral constraint is 4(x) = yx2 + y2 — 1 = 0, and the unilateral constraint is

g(x) =-y <0.

contains the coordinates of the tip of the bar,

Linearization of the constraints about a configuration x, yields

h(e) T
hi(x; +d) = h;j(x;) + 0 l)(cx) d=0, i=1,...n 4.4)
Xt
ag;(x)" .
gj(x;+d) = g;(x)+ d<0, j=1,..,n, 4.5)
Xt

where d € R is a displacement of the vertices about configuration x;. The gradients

of the bilateral constraints C? € R¥>" and unilateral constraints C* € R¥*" give
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the compatibility matrices of the constraints, defined as

0h;(x)

b i

b = 4.6

ik axk v, ( )
0g;j(x)

ct, = 2! , jelv 4.7

Jjk 8xk X, J € ( )

Here, the unilateral constraint gradients C* are defined only for the active unilateral

constraints, which belong to the set

1= {j | g;(x:) = 0}, (48)

where the set /¢ indexes the n, active constraints. Constraints that are not active in

the configuration x; do not need to be considered.

Assuming that configuration x, satisfies the constraints, the linearized constraints
of Egs. (4.4) and (4.5) become

Cld=6hRh=0 (4.9)
C'd=6g <0. (4.10)

The first-order changes in the bilateral and active unilateral constraints due to dis-

placement d are 6h € R"> and §g € R"+, respectively.

Following Eq. (4.9), a first-order compatible displacement must be within the null
space of C?. Defining W,, € R¥>" as an orthonormal basis of the m-dimensional

null space of C?, a first-order compatible displacement d,, takes the form
d,=Wya, 4.11)

where a contains displacement coordinates with respect to the mechanisms, or the
columns of W,,. A kinematically indeterminate structure has m > 0 or, equivalently,
there exist first-order compatible displacements. The quantity m defines the number

of degrees of freedom of the structure.

4.3.2 Equilibrium

Consider a force f € R applied to the vertices of the structure. This section derives
conditions for equilibrium, corresponding to when the reaction forces in the bilateral
and unilateral constraints balance the applied force. The generalized reaction forces
associated with the bilateral and active unilateral constraints are denoted 4 € R"?

and g € R". The unilateral constraint reactions must satisfy the conditions

ui =0, i=1,...,n,4 4.12)
uigi=0, i=1,..,n,4 4.13)
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In Equation (4.12), a sign convention is adopted where the unilateral reaction forces
must be non-negative. For example, if the unilateral constraint represents contact,
only compressive forces can be supported, so a positive reaction u corresponds to a
compressive contact force. If the unilateral constraint represents a cable, only tensile
forces can be supported, so a positive reaction u corresponds to a tensile cable force.
Equation (4.13) represents the complementary slackness condition, which states that
the unilateral reaction can only be nonzero if the constraint is active. For example,

a contact force can only be nonzero if there is contact.

To derive the equations of equilibrium, the principle of virtual work is applied. The
external work corresponding to the applied force f through displacement d is f7d.
The internal work associated with the constraints is A7 6k + u”8g. Equating the

internal and external work,
frd =AT6h + u' 6g. (4.14)

In the virtual work equation, the kinematic variables d, 6k, and 6g must be com-
patible, and we can substitute d = W,,a, 6h = 0, and 6g = C*W @ to obtain

fTW,a = u' C*W,a. (4.15)

Finally, this must generally hold for an arbitrary nonzero . This leads to a set of m

equilibrium equations
WIf=wlc'Tu (4.16)

that correspond to equilibrium in the direction of the mechanisms of the skeleton
structure. The bilateral constraint reactions have been eliminated from the problem
and the resulting equation requires that applied force f balances the unilateral
constraint reactions in the direction of each mechanism. Equation (4.16) can be

redefined in concise notation as

f=Au (4.17)

where
f=wlyr (4.18)
A=WIcT, (4.19)

The matrix A € R™*"« can be interpreted as a matrix that maps unilateral reaction

forces to the mechanism directions. The vector f € R™ represents the projection
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of the applied force onto the mechanism directions. In the context of the simple
example of Figure 4.2, f contains only the y-component of the applied force, since
the W,, = [0, 1]7.

Depending on the number of mechanisms and unilateral constraints, there are three
cases regarding the equilibrium equation. The firstis when A is square and invertible,
which can occur when there are as many active unilateral constraints as mechanisms
so n, = m. This is the statically determinate case, where the unilateral reactions u
are unique. The second case occurs when there are more active unilateral constraints
than mechanisms n, > m. This is the statically indeterminate case; a solution may
exist, but the unilateral reactions are not unique. Finally, ifn, < m, rigidity cannot be
achieved because there are not enough unilateral constraints to block all mechanism
directions. The remainder of this chapter focuses on the statically determinate case

while Chapter 5 develops the statically indeterminate case.

4.3.3 Conditions for rigidity: statically determinate case

For the case of statically determinate unilateral constraints, Theorem 4.1 states
conditions for when a configuration is rigid. Since these conditions are developed
based on linearization about a specific configuration, they represent conditions for

infinitesimal rigidity, which are sufficient conditions for rigidity.

Theorem 4.1. A configuration is rigid due to unilateral constraints and an applied

force if
Cb
null ([C”D =0 (4.20)

u=A"f>0. 4.21)

and

Proof. 1f Eq. (4.21) holds, then all unilateral constraints are strongly active, with
nonzero reaction forces. From complementary slackness, Eq. (4.13), strongly active

unilateral constraints must hold to the equality:
ui>0 = gi(x)=0. (4.22)
The linearized strongly active unilateral constraints must also hold to the equality,

C'd=0. (4.23)
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A first-order compatible displacement must not only be within the null space of C?,

but also be within the null space of C“ since all active unilateral constraints are

<]
d € null . (4.24)
Cl/t

Finally, if Eq. (4.20) holds, there are no first-order admissible displacements and

strongly active,

the configuration is infinitesimally rigid, and therefore rigid. [

The rigidity conditions can be interpreted as a kinematic condition in Eq. (4.21)
and a static condition in Eq. (4.20). The kinematic condition requires that there
are enough unilateral constraints such that if they are all held to the equality, the
structure is rigid. Then, the static condition ensures that the force is applied in a
direction that causes positive reactions in all unilateral constraints, allowing them

to be treated as bilateral constraints.

4.3.4 Geometric interpretation of the rigidity conditions
Equation (4.21) takes the form of a set of linear inequalities. A powerful geometric
interpretation of the rigidity conditions comes from examining the structure of the
linear inequalities. The system of linear inequalities of Eq. (4.21) can be interpreted
as an intersection of half-spaces in R™ that pass through the origin, also known as
a convex polyhedral cone. The m half-spaces that make up the cone are defined by
the normal vectors n;, which are the rows of the matrix Al
n,
ATl =], (4.25)

A

Equation (4.21) requires that the applied force projected onto the mechanisms f
must belong to the interior of this cone:

fe(finlf>0, i=1,.,m}. (4.26)

Figure 4.3a illustrates this geometric interpretation in the two-dimensional case,
where m = n, = 2. The shaded region represents the cone defined by the two
normal vectors in R, Any applied force whose projection belongs to the interior
of the cone leads to positive unilateral constraint reactions, and thus rigidity. This
geometric interpretation provides a useful tool for analyzing perturbation forces
applied to a rigid configuration.
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*
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Figure 4.3: Geometric interpretation of the rigidity conditions for the two-
dimensional case. (a) The polyhedral cone in R? defined by the intersection of
two half-spaces with normal vectors n| to n,. (b) Example of a projected force f 0
that lies within this cone, thus satisfying the rigidity conditions.

4.3.5 Critical perturbation forces

The rigidity conditions were developed in the context of requiring no admissible
displacements. Alternatively, a rigid configuration can resist arbitrary perturbation
forces without displacement, up to some critical magnitude. If a large enough
perturbation force is applied, the reaction forces in the unilateral constraints are
overcome and the configuration is no longer rigid. The critical perturbation forces
at which rigidity is lost are of interest because they correspond to the load-bearing

capacity of a rigid configuration.

Consider a force f, that, when applied to the structure, satisfies the rigidity condi-
tions. Now, consider a perturbation force of magnitude P in the direction of the unit

vector f, that is also applied to the structure. The net force is

f=fo+Pf,. (4.27)

The structure will remain rigid if the net force satisfies the rigidity conditions. The
critical force P* in direction f, at which rigidity is lost is the solution to the linear

program
max P subjectto A~'W! (f0+pr) > 0. (4.28)

In the context of the geometric interpretation of the rigidity conditions, the critical
perturbation force can be interpreted as the distance from the projected force f 0=
W £, to the boundary of the polyhedral cone along direction projected perturbation
md 0 y poly g proj |y
. . ro_ T
direction f, =W, f .

Finally, we note that this type of linear programming analysis resembles the classical
literature on the limit loads for plastic collapse of frames [76], another class of

discrete structure with unilateral constraints.
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4.3.6 An exact lower bound on the critical perturbation force

Utilizing the geometric interpretation that the critical force is the distance from the
applied force f o to the boundary of the polyhedral cone, a lower bound on critical
forces can be computed. The distance from f o to the hyperplane with normal n;

can be computed through the dot product

n’

])>k = L fO’ I = 1, ey Mgy (429)
|m]]

where P represents the critical force in direction —n;. The distance from f o to the
closest boundary of the polyhedral cone is
P, =min{P}, ..., P, }. (4.30)

*

Among all possible perturbation force directions, the smallest critical force is P, . ,

in the direction normal to the closest boundary of the cone. This provides a lower

bound on the critical perturbation force magnitude,

P . <P (4.31)

min —

In other words, a perturbation force in any direction is guaranteed not to cause
displacements if its magnitude is less than P; . . Figure 4.3b illustrates the lower
bound on the critical perturbation force in a two-dimensional example, where the

. *
distance P in

from f o to the closest boundary is highlighted.

The lower bound for the critical force provides a powerful tool for assessing the
load-bearing capacity of a structure. Particularly, it provides the basis for the
design of structures in the following section, where the lower bound critical force is

maximized.

4.4 Spring parameter design

In this section, the design problem of embedding springs and unilateral constraints
throughout a structure to achieve multi-configuration rigidity in specified target
configurations is posed. Building from the rigidity conditions derived in Section 4.3,
we seek to design springs such that the spring forces satisfy the rigidity conditions

in multiple configurations.

The process for designing structures with multiple rigid configurations has three
steps. First, n; target configurations of a skeleton structure with m degrees of

freedom are chosen. Then, a set of linear elastic springs are placed throughout the
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structure. Figure 4.4 shows an example of a five-bar linkage, which represents a
skeleton structure, embedded with two extensional springs and five torsion springs.
Each spring introduces two design variables, the stiffness and the rest length or
angle. Finally, m active unilateral constraints are placed in each target configuration
such that Eq. (4.20) is satisfied.

The focus of this section is on designing spring parameters given a skeleton structure
with n, target configurations and a set of unilateral constraints satisfying Eq. (4.20)
in each target configuration. The spring parameters must be designed such that
all unilateral constraint reactions are positive, satisfying Eq. (4.21), in each target
configuration, which corresponds to multi-configuration rigidity. For this problem,
we present a general method for designing spring parameters. Moreover, a solution
can be computed that maximizes the lower bound critical force in all configurations,
effectively maximizing the load-bearing capacity of all target configurations. The
spring design problem is formulated as a linear programming problem, which can

be efficiently solved with guarantees of optimality.

Figure 4.4: Example of a planar five-bar linkage with p = 2 extensional springs and
q =5 torsional springs.

4.4.1 Spring design problem setup

We pose a design problem to make rn; target configurations rigid by embedding linear
extensional and torsion springs. The coordinates of each target configuration are x ;
where j = 1, ..., n;. In each target configuration, m active unilateral constraints have
been placed, satisfying Eq. (4.20). A set of p linear extensional and g linear torsion
springs are embedded throughout the structure. Extensional spring i has stiffness k;
and rest length l? while torsion spring k has angular stiffness «; and rest angle 92.
Overall, there are 2(p + ¢g) spring parameters, which make up the design variables

that must be chosen to achieve multi-configuration rigidity. Extensional spring i has
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current length /; and torsion spring k has current angle 6. The forces o € R” in

the extensional springs and moments m € R in the torsion springs are given by

o = -k (l; = 19) (4.32)
my = —ki (6 — 69). (4.33)

The rigidity conditions derived in the previous section are formulated in terms of
an applied force on the vertices of the skeleton structure. The spring forces and
moments must be mapped to their equivalent forces on the vertices. This mapping
can be achieved using the equilibrium matrix of the springs. For consistency of
notation, we first define the compatibility matrix of the springs C* € RP+9)xdn,

which contains the gradients of / and 6

ol

s =|0x|. (4.34)
06

ax
The transpose of the compatibility matrix yields the equilibrium matrix [77], which

maps spring forces to forces on the vertices of the structure,

f:CsT
m

o
] . (4.35)

Here, f is the force exerted on the skeleton structure by the springs, which now fits
the framework of the rigidity conditions. Inserting Eq. (4.35) into Eq. (4.18), the

projection of the spring forces onto the mechanisms is

f=wlcT

o
] . (4.36)
m

The design problem at hand is to choose spring parameters such that the correspond-

ing f satisfies the rigidity conditions in multiple configurations.

To formulate the spring parameter design problem, we begin by listing a set of
constraints. For rigidity in each configuration, positive unilateral reactions are
required from Eq. (4.21), which must hold in all target configurations. Inserting
Eq. (4.36) into (4.21) at each configuration, the conditions for rigidity in all target

configurations can be written as:

A-'wr et

ag
U >0, t=1,..n, (4.37)
"\,
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where (); denotes evaluation at configuration x;. For each target configuration,
Eq. (4.37) contains m inequalities, leading to n,m total inequalities required for

multi-configuration rigidity.

Along with the conditions for rigidity, bounds on the spring parameters are in-
troduced to limit the design space to practical spring parameters. Solutions with
negative stiffness or extremely large stiffness springs are not of interest. We re-
strict the spring stiffnesses to the range between 0 and some upper bound &, and

Kmayx- Similarly, the extensional spring rest lengths are bound by l?nin and lfﬁm and

the torsion spring rest angles are bound by 0211.” and 69 . The spring parameter
constraints are written as:
K| _ [Knar
0< < (4.38)
7K Kmax
o1 0] [0
90 < g0 < e (4.39)

Therefore, we seek a set of spring parameters that collectively satisfy the multi-
rigidity condition of Eq. (4.37), that is within the bounds of Eqgs. (4.38) and
(4.39).

4.4.2 The most rigid solution: Chebyshev center

There may be many sets of spring parameters within the bounds that satisfy the multi-
configuration rigidity conditions. However, not all solutions lead to desirable and
practical designs. If the lower bound on the critical force in a target configuration is
small, that configuration can only support small loads in the direction corresponding
to the lower bound. Thus, we seek a set of spring parameters that maximizes the

lower bound on critical force in each target configuration.

Recalling Section 4.3.6, the minimum critical force in each configuration is the
distance from the projected spring force f to the nearest boundary of the polyhedral
cone describing the rigidity conditions. Therefore, spring parameters are sought that
maximize the distance to the nearest boundary. The distance from f to boundary i
of the polyhedral cone in configuration x; can be computed in terms of the spring

forces and moments by inserting Eq. (4.36) into Eq. (4.29), yielding

o
] ) . (4.40)
J

‘ [lnif| ™

n’
Plj = [—=w5LCT
m

For springs satisfying the rigidity conditions, P7|; is positive for all boundaries i

and configurations j. A positive scalar r is introduced such that P}|; > r for all i
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and j. Now, an optimization problem can be formulated to maximize r, equivalently

maximizing the smallest value of P}|;:

maxr subject to

T
n. o
P = =Wl >r, i=1,..m, j=1..,mn
||| m||.
0 Kk 3 K, (4.41)
B K B Kmax

10._ 1° 1°

This optimization problem is formulated in terms of the spring parameters kK, «, [ 0,
6°, and r. The optimal solution corresponds to the spring design with the largest

minimum critical force in all target configurations.

This solution is referred to as the Chebyshev center. The Chebyshev center solution
represents the design that maximizes the lower bound on critical force, where
this optimal lower bound corresponds to the Chebyshev radius. The corresponding
spring parameters are denoted k., k., [ (c), B(C). This set of spring parameters represents
the design that has the largest lower bound critical force P, . = r. while respecting
the bounds on spring parameters. This gives a guarantee that any perturbation force
smaller than r., applied in any direction to any target configuration will not cause

any displacement of the structure.

The Chebyshev center, which is defined generally in [78], represents the center of
the largest sphere inscribed in a set and the Chebyshev radius r,. is the radius of
this sphere. Equivalently, it corresponds to the point furthest from the boundary
of a set, where the distance from this point to the closest boundary is r.. The
Chebyshev center is not necessarily unique, but the Chebyshev radius is. For
example, a rectangle does not have a unique center for its largest inscribed circle,
but the corresponding radius is unique. For further discussion of uniqueness, see
[79]. A variety of fields have found use for Chebyshev centers; it appears in robust
controller design [80, 81], classification problems [82], state estimation for dynamic

systems [83], and machine learning [84].

As written in Eqs. (4.41), the optimization problem to compute the Chebyshev
center is parameterized by the spring parameters k, I°, , and 6°, noting that o

and m are functions of the spring parameters from Eqs. (4.32) and (4.33). In this
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parameterization the optimization problem is nonlinear since the rigidity constraints
contain the product k,-ll(.) from Eq. (4.32) and « jQ? from Eq. (4.33). However, with
a change of variables, all constraints can be written as linear inequalities so that the

Chebyshev center computation becomes a linear program.

4.4.3 Linear programming formulation
With a change of variables, the rigidity constraints can be formulated as linear
inequalities. To avoid the nonlinearity introduced by the product of stiffness and
rest length/angle, a change of variables is introduced as

ol = Kk1°

(4.42)

0 _ 0
m; =Kj9j,

where 0¥ € R? corresponds to the extensional spring force at zero length and m° €
R9 corresponds to the torsion spring moment at zero angle. In this parameterization,

the spring forces take the form

o; = =Kl + O'l-o
(4.43)
mj=—k;0;+ m?.
Equivalently in matrix form, )
B k
g = M1 0_0
- (4.44)
B K
m = Mz mO
where the matrices M| € RP*?P and M, € R7%%4 are defined as
M, = [diag(l) | —1,,]
(4.45)

M, = [diag(O) ‘ —Iq] .

The p X p and g X ¢ identity matrices are denoted I, and I,. The operator diag()
maps a vector to a matrix with the vector along its diagonal. Inserting Eq. (4.44)

into the multi-configuration rigidity conditions of Eq. (4.37), we obtain

AW ¢St >0, j=1,...n, (4.46)

M, 0
0 M,

.5‘3 x qo w.
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which is a set of mn; linear inequalities with respect to k, 0, k, and m°.

In addition to the rigidity conditions, the bounds on spring parameters must be
formulated in this new parameterization. The bounds on stiffness in Eq. (4.38) can
be enforced directly. However, Eq. (4.39) must be reformulated in terms of o™° and

m". Multiplying by the stiffness of each spring,

Kilds < kil) <Kill s i=1,..p )
K,Hg”-n,i < Kl-GlQ < Kiegm’,., i=1,..,4q,

which is valid since all stiffness variables are non-negative. Now, the bounds on rest

lengths and angles can be written as linear inequalities on K, oV, k, and m" as

k

M; 0 0
3 7 <o (4.48)

0 M4 K

mO

where the matrices M3 € R2*?P and M, € R*4*?4 are defined as

— di lmin -1
w1, = | ioeoin) | =1,

»dlag(_lmax) ‘ Ip (4 49)
w1, - | 88 @nin) | =1

_dlag(_amax) ‘ Iq

In summary, the constraints that define the multi-configuration rigidity design prob-
lem, Eqgs. (4.37), (4.38), and (4.39), can be rewritten as linear inequalities with
respect to K, oV, k, and m°

(4.38), (4.48).

. These linear inequalities are given by Eqs. (4.46),

Finally, the computation of the Chebyshev center can be reformulated as a linear

program, taking the form:



76

maxr subject to

k
T 0
n: M 0 o
Pl = |——wicT|" ! >r, i=1,.,m, j=1,.,n
[|n;]| 0 M| |«
J 0
OS k < kmax
K Kmax
k
0
M3 0 g SO.
0 M4 K
mO

(4.50)
There are a total of mn; +4p +4q inequality constraints in the linear program, which
optimizes over the 2p +2¢g + 1 unknowns K, o0, k, mY, and r. Since linear programs
can be solved efficiently with optimality guarantees, the Chebyshev center can be
easily computed and is guaranteed to be the globally optimal solution. Additionally,
if this linear program is infeasible, then there are no spring parameters in the given

bounds that satisfy rigidity in all configurations.

Finally, upon computing the solution, the rest lengths and angles can be retrieved

from 0¥ and m? as

0 0
g’ m: .

[0 =< g0 - 4.51)
ci kci cj ch

If a spring has zero stiffness, the rest length or angle is not defined and there is

effectively no spring in this case.

4.4.4 Energetic interpretation

Multi-configuration rigidity has so far been formulated without any notion of energy.
However, a useful interpretation comes from considering the energy in the springs.
Specifically, in a configuration satisfying the rigidity conditions, the energy has a
positive slope in all kinematically admissible directions. Thus, a rigid configuration
corresponds to a sharp local energy minimum on the boundary of kinematically

admissible configurations.
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The energy stored in the extensional and torsion springs is given by
o 1 0,2 o1 0\2
E(x) = zlj SKili(e) =197 + Zl SHi(0:0x) = 6. (4.52)

The slope of the energy along a mechanism direction d,, = W,

OET IE ol \" IE 36\"
The spring forces and moments are related to the energy by dE/dl = —o and

0E /060 = —m. In terms of the spring forces and moments along with the compati-

bility matrix of the springs from Eq. (4.34), we obtain

oE Td o g CW

R = a

ox " m " (4.54)
= _fTWWlav

where f contains the nodal forces applied by the springs from Eq. (4.35). Substi-
tuting in the equilibrium equation, Eq. (4.16),
OE"

— d,=-u'C"'W,a. 4.55
o 7 a (4.55)

Rewriting as a sum over the active unilateral constraints gives

OET

Ng
oo dn=- ;ui (C"W,0); . (4.56)

The rigidity condition of Eq. (4.21) requires that all reactions y; > 0. Recalling the
linearized unilateral constraints of Eq. (4.10), the vector dg = C*W,,,a@ must have
non-positive components. This leaves two possible cases. If g has at least one
nonzero component, then the directional derivative of the energy is positive in all
admissible directions. Alternatively, if all components of §g are zero, the directional
derivative of the energy is zero. The latter case is prohibited by the condition of Eq.
(4.20), which is equivalently written as null(C*W,,) = 0. Therefore, C*W,,a must

have at least one negative entry for any nonzero «. Finally, we conclude that

oET
—xd>0 Vd e {d|C’'d =0, C"'d <0, d +0}. (4.57)
Therefore, at a rigid configuration, the slope of the energy of the springs is positive

in all kinematically admissible directions.
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From the energetic perspective, multi-configuration rigidity corresponds to having
multiple local energy minima, where each energy minima exhibits property of Eq.
(4.57). That is, each local minimum is a sharp minimum with the energy sloping
into the boundary in all kinematically admissible directions. To draw comparison
to multi-stability, multi-stable structures have smooth energy minima at multiple
configurations. The key difference between the two concepts is that the slope of the

energy is nonzero in rigid configurations and zero in stable configurations.

4.5 2-DOF linkage example

To demonstrate multi-configuration rigidity, an example is presented of the design
of a linkage. Unilateral constraints and springs are embedded to achieve rigidity in
four target configurations.

4.5.1 Problem setup

In this example, the skeleton structure is a linkage comprised of four pin-jointed
bars. Both ends of the linkage are pinned and the resulting linkage has m = 2 degrees
of freedom. The aim of this example is to embed springs and unilateral constraints
to achieve rigidity in the four target configurations shown in Figure 4.5. Unilateral
constraints are introduced in the form of angle stops on hinges 1 and 5, restricting
the range of these hinges to between 0 and 7/4. The angle stops are represented
by the black brackets around 6 and 65 in Figure 4.5. Finally, linear torsion springs
are placed on each hinge. This introduces 10 design variables corresponding to the
stiffness k € R> and rest angle #° € R of each spring. The design problem at hand

is to select the 10 spring parameters such that each target configuration is rigid.

We present this example with realistic units, which both accommodates intuitive
understanding of the problem and corresponds to the prototype presented in Chapter
6. The bar lengths are L; = Ly = 75 mm and L, = L3 = 94.75 mm, while the
ends of the linkage are Ls = 238.65 mm apart. The hinge angles in the four target

configurations are listed in Table 4.1.

Table 4.1: Target configuration hinge angles (in radians)

Configuration 1 2 3 4
0 /4 0 /4 0
0, m/2 2.063 1.052 2.731
03 n/2 0985 1.426 1.426
N n/2 2063 2.731 1.052

05 /4 0 0 /4
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< Ly >
Ll L4
Lo Ls
(a) (b)
(c) (d)

Figure 4.5: Two-DOF linkage geometry. The red coils at each hinge represent linear
torsion springs and the brackets on hinges 1 and 5 represent unilateral constraints
on the fold angle. (a) Target configuration 1. (b) Target configuration 2. (c) Target
configuration 3. (d) Target configuration 4.

Since hinges 1 and 5 are pinned, the structure can be parameterized by the coordinates
of the free vertices at hinges 2, 3, and 4, x = [x2, y2, X3, V3, X4, y4]T. The lengths of
the four bars are L(x) : R® — R* The kinematics of the linkage can be captured

by a set of bilateral constraints /& (x) fixing the lengths (in mm) as

75
94.75

h(x)=L(x)- =0. 4.58

() = L) =g, s (4.58)

75

The unilateral constraints corresponding to the angle stops on hinges 1 and 5 take

the form
[ 61(x) | [n/4
_ —91(x) _ 0
g(x) = 65.6) r/4 <0. (4.59)
_—95()&') 0

Of the n, = 4 unilateral constraints, in each target configuration n, = 2 unilateral

constraints are active, leading to static determinacy among the unilateral constraint
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reaction moments since n, = m. Linearization of the constraints to compute the
constraint compatibility matrices C*, C?, as well as the other relevant matrices in
each configuration, is outlined in Appendix C. Upon computation of C* and C? in
each configuration, it can be verified that Eq. (4.20) is satisfied in each configuration.
Therefore, if the spring parameters admit positive unilateral reactions in each target

configuration, all four target configurations are rigid.

The moments in the ¢ = 5 torsion springs are m; = —k;(0; — 6?) fori =1,...,5.
The compatibility matrix of the springs C* is also computed in Appendix C, which
maps the spring moments to their equivalent nodal forcing on the skeleton structure
through Eq. (4.35). Bounds are introduced on the spring parameters to reduce the

design space to practical designs that are physically achievable. For this example,
0

may are taken as .

all components of 021”1 are taken as —m and all components of 6
Each torsion spring is restricted by the same upper bound on stiffness, «;;4,, which

is left unspecified and acts as a scaling factor for the critical force solution.

4.5.2 The Chebyshev center solution

In this example, there are many solutions that satisfy multi-configuration rigidity and
the spring parameter bounds of Eqgs. (4.37)-(4.39). Of particular interest, however,
is the solution that maximizes the smallest critical perturbation force, which is the
Chebyshev center solution formulated in Section 4.4.2. The Chebyshev center can

be computed by solving the following linear program:

maxr subject to

n! K
Pl = (mw;cﬁMz) ["’0] >r, i=12, j=123.4

J (4.60)
0<«k< Kmax

M

This linear program follows from Eq. (4.50) for the specific problem at hand,
which has only torsional springs, four target configurations, and m = n, = 2. The
matrices required to formulate the constraints are given in Appendix C. Solving the
linear program yields the Chebyshev center spring parameters &, and m? along with

the Chebyshev radius r.. The spring parameters k. and 0? corresponding to the



81

Chebyshev center, with the rest angles computed from Eq. (4.51), are

o
0.79 69,

ke=| 1 |Kmaxs 0. = ||, (4.61)
0.79 69,
L O B

where H(C) is in radians and the stiffness scales linearly with «,,,,. Since x| and ks
are zero, there are effectively no springs on hinges 1 and 5, so the rest angles are not
defined.

The corresponding Chebyshev radius, which is also output from the linear program,
1S re = 7.78kmax, Where r. has units of Newtons if k4, 1s specified in Nm/rad.
As a benchmark, the prototype of the linkage presented in Chapter 6 uses spring
with nominal stiffness of 0.230 Nm/rad; if this value is taken as k;,y, the resulting
Chebyshev radius is 1.79 N. However, the maximum stiffness of the springs can
be scaled to achieve a larger Chebyshev radius and therefore a larger load-bearing

capacity.

The Chebyshev radius brings the guarantee that applying a load to any of the
four target configurations in any direction will not cause displacements so long as its
magnitude is less than r.. However, most loading directions can support larger loads
than the Chebyshev radius since it provides a lower bound. Since the Chebyshev
center is computed by solving a linear program, its optimality is guaranteed. There
is no set of spring parameters that leads to a larger value than r.. A larger value could
potentially be achieved by increasing the bounds on spring parameters, introducing

new springs, or considering different unilateral constraints.

The geometric interpretation of the rigidity conditions presented in Section 4.3.4 is
useful in understanding the Chebyshev center solution. For each target configura-
tion, Figure 4.6 plots the polyhedral cone of projected forces that satisfies the rigidity
condition, which is shaded blue. For example, the shaded region of 4.6a is the inter-
section of half-planes defined by the normal vectors n;|; = [-95.7107, 45.7107]"
and ny|; = [45.7107, 95.7107]", which are computed in Appendix C. Each plot is
in the space of the mechanism directions evaluated in each respective target con-
figuration. That is, fi|; is the component of the force in the direction of the first

column of W,,|;.
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Figure 4.6 also plots for each configuration the projection of the spring force of
the Chebyshev center spring parameters, f .- This is computed by first computing
spring moments m . corresponding to the Chebyshev center spring parameters using

Eq. (4.32), then projecting onto the mechanisms using Eq. (4.36).

Configuration 1 Configuration 2 Configuration 3 Configuration 4
4 " 0 4 .
Feh Fela
falr 2 fala -2 fola fala 2
0 -4 0
-4 2 0 2 0 2 4 2 0 2 4
Sih Jil2 fila
(@) (b) (d)

Figure 4.6: In each target configuration, the shaded region is the polyhedral cone
defining the rigidity condition of Eq. (4.21). The projected spring force of the
Chebyshev center solution f . 1s the solution that maximizes the distance to the
boundary of the cone in all configurations, while respecting the spring parameter
bounds. The units of all four plots are Newtons.

The Chebyshev center is the solution that maximizes the distance from £, to the
boundaries of the cone in all target configurations, while respecting the spring pa-
rameter bounds. The spring parameter bounds impose restrictions on the magnitude
of f . in each configuration (otherwise the linear program would be unbounded).
The Chebyshev center solution f . 1s close to bisecting the boundaries of the cone in
each configuration, which results from maximizing distance to the closest boundary.
In each configuration, we can compute the distance to the closest boundary P} . of
the cone, from Eq. (4.30). In configurations 2, 3, and 4, the distance to the closest
|2 =P,..l3 =P,

min min

boundary is P’

rin l4 = 7.78Kmayx. Again, if k4 is specified in

Nm/rad the critical forces take units N. In configuration 1, P} . |1 = 9.52k,4x, Which
is larger than for the other configurations. Recall that the Chebyshev center formu-
lation requires the spring force is at least . from each boundary, but the distance to

a boundary can be farther, which is the case for configuration 1.

4.5.3 Perturbation force analysis

To gain a deeper understanding of multi-configuration rigidity and the Chebyshev
center solution, critical forces are computed for various loading cases applied to
target configuration 2. A similar analysis could be carried out for each of the four

rigid configurations. Ceritical perturbation loads in the unit direction f, can be
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directly computed through the linear program of Eq. (4.28). Additionally, the
geometric interpretation of critical forces is discussed to build intuition. We present

three perturbation load cases to highlight the structure of the rigidity conditions.

The first perturbation direction we consider is f ol = (0,0, 1,0,0,0]7, which corre-
sponds to the +x direction of vertex 3 as shown in Figure 4.7a. Directly from the lin-
ear programming computation, the critical force in this direction is P* = 12.17k,4x-
To plot the geometry of this load case, the projected perturbation direction is
fpl = W,Y,;lzfpl = [-0.52,-0.61]7, where W, |, is computed in Appendix C.
Figure 4.8a plots the projection of this loading direction on the space of the mech-
anisms, which adds to the projected spring force vector. As long as the resultant
vector lies inside the cone, the structure remains rigid. The critical force is the

distance from the tip of f c|2 to the boundary along the direction f,;,
dashed line of length 12.17k,4-

shown by a

The second perturbation direction we consider is the direction corresponding to
the minimum critical force. Recalling Eq. (4.29), the shortest distances to the
two boundaries are along the —n|, and —n;|, directions. In this example, the
spring force vector exactly bisects the cone and the distance to each boundary is
equal; we examine the —n; |y direction. There is a family of directions f, € RS
whose projection f » 1s parallel to —ni|,. However, only one direction corre-
sponds to the minimum critical force, when || f || = || f »Il = 1. In other words,
the unit vector f, pushes exactly in the direction of the mechanisms and has
no component perpendicular to the mechanisms. Therefore, its projection onto
the mechanisms is also a unit vector. This vector, denoted f,,, is given by
fp2 = —W,,|on1|2 = [0,0.69, —0.64,0.34, 0,0]”, which is a force vector that pushes
exactly in the mechanism directions, aligned with —n|,. The critical magnitude in
this direction is P, . = r. = 7.78kmax, which corresponds to the Chebyshev radius.

Figures 4.7b and 4.8b plot f ,, on the linkage and in the space of the mechanisms.

The final load case we study is in the direction f 3= [0,0,0,-1,0,0]7, plot-
ted in Figure 4.7c. Its projection onto the mechanisms is f 2 = WL, f 2 =
[0.44,-0.37]7. In this direction, the perturbation force is directly counteracted by
the unilateral constraints. That is, a large perturbation in this direction leads to large
positive reactions in the unilateral constraints. Theoretically, an infinite perturbation
force can be withstood in this direction. In the geometric interpretation of Figure

4.8c, the projection f 3 points in an unbounded direction of the cone.
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Load case 1 Load case 2 Load case 3
0.69 i
1—> 3 <«— 0.64
0.34
(a) (b) (©)

Figure 4.7: Three cases of perturbation loads applied to configuration 2. (a)
Load case 1, where fpl = [0,0,1,0,0,0]7. (b) Load case 2, where fp2 =
[0,0.69,-0.64,0.34,0,0]". (c) Load case 3, where f 3 = [0,0,0,-1,0,0]".

Load case 1 Load case 2 Load case 3

nilo

Figure 4.8: Geometric interpretation of the three load cases. The projection Cheby-
shev center spring force vector onto the mechanism directions, f |2, 1s plotted
in blue. The projection of the perturbation direction onto the mechanisms is
f p = WL f »» Which is added to the tip of the spring force vector. (a) Load
case 1. (b) Load case 2. (c) Load case 3.

These three load cases exemplify the geometric structure of the rigidity conditions.
In some directions, the cone is unbounded and an infinite load can be counteracted.
In other directions, any perturbation force below some critical value (the distance to
the boundary) will remain inside the cone, but a large enough load will overcome
the contact forces. Finally, there is a very specific loading direction corresponding
to the minimum critical force. This direction pushes exactly along the mechanism
directions, and provides a lower bound for the magnitude of any critical force applied

to the structure.

4.5.4 Spring energy

Although the rigidity conditions are formulated without any consideration of en-
ergy, examining the energy of the linkage is insightful especially for comparison
to multi-stability. By computing the energy of the torsion springs in each kine-

matically admissible configuration of the linkage, it is evident that each rigid target
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configuration corresponds to a sharp energy minimum at the boundary of admissible

configurations, which follows from the discussion of energy in Section 4.4.4.

In Figure 4.52, energy stored in the torsion springs is plotted for every kinematically
admissible configuration. Here, the two degrees of freedom of the linkage are pa-
rameterized by 6; and 5. With this parameterization, the kinematically admissible
domain ranges from 0 < 61, 05, < n/4, where the limits are defined by the angle
stops. For each kinematically admissible configuration, the spring energy is com-
puted by inserting the Chebyshev center spring parameters of Eq. (4.61) into Eq.
(4.52).

The four corners of the kinematically admissible domain correspond to the four
target configurations. Each of the four rigid target configurations corresponds to
sharp local energy minimum, which occur since the target configurations lie on
the boundary of the admissible domain. In accordance with Eq. (4.57) and the
discussion in Section 4.4.4, the slope of the energy is positive along all kinematically

admissible directions from each rigid target configuration.

By considering energy, the similarities and differences between multi-configuration
rigidity and multi-stability can be highlighted. In both concepts, there are multiple
local energy minima. However, the energy minima for rigidity are a special type of
minima located at a corner of the kinematically admissible domain with a nonzero
slope of the energy in all directions. This nonzero slope corresponds to the spring
forces that engage the unilateral constraints, which leads to rigidity. In contrast,

multi-stable structures have smooth energy minima.

4.6 Conclusion

This chapter has presented the theory and a design process for multi-configuration
rigidity in the statically determinate case. First, conditions for when a configuration
is rigid due to an applied force and unilateral constraints are derived. In the case of
rigidity due to an applied force and unilateral constraints, a rigid configuration can
withstand finite perturbations without displacement, up to some critical threshold
magnitude, which depends on the direction of the perturbation. A lower bound on
the critical forces can be easily computed as the distance to the closest boundary of

the polyhedral cone that describes the rigidity conditions.

The lower bound on critical forces offers a useful quantitative metric for assessing the
load-bearing capacity in rigid configurations. Furthermore, it allows for systematic

optimal design of embedded springs to achieve multi-configuration rigidity. A
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Figure 4.9: Energy in the springs corresponding to the Chebyshev center spring
parameters, plotted for all kinematically admissible configurations (61, 65 from O to
n/4) of the linkage. Each target configuration is rigid, and thus corresponds to a
sharp energy minimum at the boundary of kinematically admissible configurations.

design problem was formulated to embed springs throughout the structure such
that multiple configurations are made rigid with maximal load-bearing capacity by
computing the Chebyshev center solution. Since the conditions for rigidity are based
on linearized kinematics about the target configurations, the design problem can be
formulated as a linear programming problem bringing guarantees of optimality of
solutions. Furthermore, the solution is scalable; the load-bearing capacity in each

configuration scales linearly with the upper bound on spring stiffness.
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Chapter 5

STRUCTURES WITH STATICALLY INDETERMINATE
UNILATERAL CONSTRAINTS

5.1 Introduction

Static indeterminacy occurs when equilibrium alone is insufficient to determine the
reaction forces in a structure. This indeterminacy can be resolved by considering the
constitutive behavior of structural members [77]. Throughout this thesis, however,
it is assumed that all structural members (bars of a linkage or facets of a kirigami
pattern) are rigid. For statically indeterminate structures, the assumptions of rigidity

lead to non-uniqueness of internal forces.

Static indeterminacy has been extensively studied since the work of Maxwell [85] on
computing the degree of indeterminacy, which is the difference between unknown
internal forces and number of independent equilibrium equations. Pellegrino and
Calladine formulated a rigorous approach for characterizing static indeterminacy
based on matrix analysis [86]. Static indeterminacy is a fundamental indicator of
the load-bearing capability of a structure [87] and is utilized in both nature and

engineering to achieve robust load-bearing structures [88, 89].

In this chapter, we extend the theoretical developments of Chapter 4 to the statically
indeterminate case. Specifically, we formulate the Chebyshev center design process
to the case when the unilateral constraint reactions are non-unique. To accommodate
the non-uniqueness of the unilateral constraint reactions, we leverage concepts in
convex geometry. In Chapter 4, the geometric structure of the equilibrium conditions
as a convex polyhedral cone was utilized. In this chapter, we further exploit the
properties of polyhedral cones to develop rigidity conditions and a lower bound
on critical forces in the context of static indeterminacy. In past work, Quirant has
studied static indeterminacy in tensegrity structures, which have cables as unilateral
constraints, using the geometry of polyhedral cones [90, 91]. They studied statically
indeterminate rigid tensegrity structures from the perspective of polyhedral cones,
as opposed to the case of rigidity due to unilateral constraints and a force that we

develop.

Static indeterminacy is beneficial for designing multi-configuration rigidity. We

show in this chapter that having more unilateral constraints can increase the critical
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perturbation forces. It follows that having highly indeterminate unilateral constraints
can lead to spring designs with a larger Chebyshev radius and therefore a larger
load-bearing capacity in rigid configurations compared to the statically determinate
case. As a design principle, more unilateral constraints are desirable. For static
determinacy, exactly as many unilateral constraints as the number of degrees of
freedom of the skeleton structure must be introduced, which poses a difficult problem
of where to place unilateral constraints out of a potentially enormous amount of
possible combinations. Alternatively, placing as many unilateral constraints as
possible is an appealing approach, which leads to static indeterminacy. This offers
a practical route to designing multi-configuration rigidity of large structures with

many unilateral constraints.

Rigidity conditions and critical perturbation force calculations for the statically
indeterminate case are formulated in Section 5.2. Then, Section 5.3 discusses the
spring design process followed by a 3-DOF linkage example in Section 5.4. To
demonstrate multi-configuration rigidity in a large structure, an 18-DOF kirigami

surface with two rigid configurations is presented in Section 5.5.

5.2 Rigidity with statically indeterminate unilateral constraints

In this section, we develop a theoretical framework for rigidity due to an applied force
and unilateral constraints with static indeterminacy. We are specifically considering
static indeterminacy among unilateral constraints. Following the formulation of
equilibrium in Section 4.3.2, only equilibrium in the direction of the mechanisms
needs to be considered, which eliminates the bilateral reaction forces A from the
analysis. That is, the equilibrium conditions f = Apu with g > 0 from Eq. (4.17)

are written only in terms of the unilateral constraint reactions p.

Static indeterminacy among the unilateral constraints occurs when n, > m, recalling
that the dimensions of A are m X n, where n, is the number of active unilateral
constraints in the configuration of interest and m is the number of degrees of freedom
of the skeleton structure. In this case, given a force f , the linear system f =Apuis

underdetermined and does not admit a unique set of unilateral reactions p.

In the statically determinate case, A is square and invertible, which allows for
computation of the lower bound on critical perturbation forces using A~' (see
Section 4.3.6). This lower bound provides the foundation for the optimal spring
design process. However, in the statically indeterminate case, A is not invertible.

By re-examining rigidity due to an applied force and unilateral constraints from
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the lens of convex geometry, formulations are developed that apply to the statically

indeterminate case.

5.2.1 Two representations of equilibrium

The equilibrium conditions in the presence of unilateral constraints require that
the applied force f belongs to the convex polyhedral cone C, which is defined
by C = {f | f = Au, u > 0}. This constitutes the vector representation, or
V-representation, of the equilibrium cone C. In this representation, f is a conic
combination (a linear combination with non-negative coeflicients) of the vectors in

the columns of A

i=1 (5.1)

where a; is column i of A.

A well-known result in convex geometry is that polyhedral cones have two equivalent
representations. They can be represented as a conic combination of vectors, or
equivalently as the intersection of a set of half-spaces through the origin. From

Theorem 1.3 of [92], the following representations of the cone C are equivalent

C={flf=Ap, n>0} (5.2)
c={f|Nf >0} (5.3)

Along with the V-representation of Eq. (5.2), the cone C can equivalently be
represented as the intersection of half-spaces passing through the origin in Eq. (5.3).

The rows of the matrix N € R’ contain normal vectors to these half-spaces:

N=|:]|. (5.4)

This is denoted as the half-space representation, or H-representation of the cone.
The number of half-spaces s in the H-representation can vary widely, which is

discussed in Section 5.2.2.

The V-representation of equilibrium naturally arises in the principle of virtual work
in Section 4.3.2 and A is directly computed from the linearized kinematics about
a target configuration. Yet, the H-representation of equilibrium is a useful tool for

studying perturbation forces. This is evident from the statically determinate case,
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where it is straightforward to compute the corresponding H-representation since A
is invertible, leading to N = A~!. With the H-representation in hand, we showed in
Section 4.3.6 that the lower bound on critical perturbations forces can be computed,
which is the basis for the Chebyshev center spring design problem of Section 4.4.
Since the H-representation allows for the lower bound critical perturbation force
to be computed, it is desirable to convert from the V- to the H-representations in

statically indeterminate problems as well.

In the statically indeterminate case, computing the matrix N, given A, is not as
straightforward as in the determinate case, yet it is a well-studied problem called the
facet enumeration problem. The objective of the facet enumeration is to compute
the half-spaces that define a polyhedral cone given its V-representation. The facet
enumeration problem is closely related to the convex hull problem that converts
vertices of a bounded polytope to the facets of a polytope [93]. There are well-
established algorithms for facet enumeration, such as the double description method
[94] based on Fourier-Motzkin elimination [92], and pivoting tree-search methods
[95, 96].

5.2.2 An upper bound on the number of half-spaces

An interesting aspect of facet enumeration problems is that the number of half-
spaces h in the H-representation can vary greatly given the dimensions m and n, of
the A matrix. That is, two V-representation cones in the same dimension with the
same number of vectors can have H-representations with a very different number
of half-spaces h. Generally, 4 can only be determined by fully solving the facet
enumeration problem. This can pose a challenge for problems set in high dimension,

since h can potentially be very large.

There is an upper bound on the number of half-spaces in the H-representation, which
provides a useful guide in the context of large problems. To obtain the upper bound
on h, the bound on the number of faces of polytopes can be utilized, which can be
converted to bounds on the number of faces of a polyhedral cone. Polytopes are
bounded geometric objects defined either by the convex hull of a set of points or as
the intersection of half-spaces [92]. McMullen’s upper bound theorem [97] states
that a polytope with a vertices in b dimensions, has at most #,,,, half-spaces in the

H-representation where, using the notation of [98],

) e
has (@, b) = (a aEZ J)ﬁu(“ aEZ J). (5.5)
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The floor function is denoted by | |. This upper bound for polytopes can be adapted to
polyhedral cones since the projection of a cone in R™ onto a hyperplane corresponds
to a polytope in R”™~!. Figure 5.1 illustrates the projective transformation from cone
C to polytope £. This allows the upper bound for polytopes to be adapted to
cones since the number of vectors in C equals the number of vertices in ¥ and
they both have the same number of facets. For a deeper discussion of projective
transformations of cones, see Section 2.6 of [92].

Figure 5.1: The cone C in m-dimensional space, which is defined by vectors a;
where i = 1,...,n,4, can be projected onto a polytope £ in (m — 1)-dimensional
space.

The upper bound theorem can be adapted to the equilibrium cone, which consists of
n, vectors in m dimensions. Computing the polytope upper bound for a = n, and

b = m — 1, the upper bound for the number of facets of C is

m m+1
Bnas (s ) = ( na =15 ) + (” - LTJ) . (5.6)

ng—m+1 ng—m+1

This represents an upper bound on the number of rows of N in the H-representation
given the number of unilateral constraints and degrees of freedom of the skeleton
structure. Although the actual size of N may be much lower than the upper bound, it
provides a useful guide when considering structures with many degrees of freedom

unilateral constraints.

5.2.3 Rigidity conditions using the V-representation
Conditions for rigidity due to a force and statically indeterminate unilateral con-
straints are formulated using both the V- and H-representations. We start by con-

sidering the V-representation.
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In the statically determinate case, the two conditions for rigidity are that all unilateral
reactions are positive and that there are enough unilateral constraints to block motion
of all mechanisms, from Theorem 4.3. In the indeterminate case, there is not a unique
set of unilateral reactions. However, it is the existence of an entirely positive set of
reactions among all possible sets of reactions satisfying equilibrium that corresponds

to rigidity.

Theorem 5.1. A configuration is rigid due to unilateral constraints and an applied

force if
Cb
null ([C”]) =0 5.7

Au | f=Au, w>0,i=1,.. n,. (5.8)

and

Proof. For any first-order admissible displacement d,, = W,,& away from the
configuration, the unilateral constraints must do no work. Recalling Section 4.3.2,

the work of the unilateral constraints corresponding to this displacement is given by
u'sg =pu'C*"W,a =0. (5.9)

If Eq. (5.8) holds, then any solution to the linear system f = Ay can be written in
the form p = p, + p;,. Here, p, is a particular solution with all positive entries and

My, is a homogeneous solution in null(A). Inserting p = p, + p;, into Eq. (5.9),

(), + pj)C* W = 0 (5.10)
u,C'Wa =0, (5.11)

noting that u7 C*W,, = 0 since p;, is in the null space of A = WT C"T. Rewriting
Eq. (5.11) as a summation,

Na

Z (i (C*W @), = 0. (5.12)
i=1

All components of u,, are positive if Eq. (5.8) holds and all components of C*W,,«
are non-negative from Eqs. (4.10) and (4.11), so the left-hand side of Eq. (5.12) is
a summation of entirely non-positive terms. The only way to satisty Eq. (5.12) is if

all terms of the summation are zero, requiring

@ € null(C*W,,,). (5.13)
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Finally, Eq. (5.7) is equivalently stated as

null(C?) N null(C*) = 0 (5.14)
C'W,a=0=>a=0 (5.15)
null (C*W,,) = 0, (5.16)

where Eq. (5.15) follows from (5.14) since W, € null(C?). Equations (5.16)
and (5.13) require that @ = 0. This implies that there is no first-order admissible
displacement d = W, and the configuration is infinitesimally rigid. [

Theorem 5.1 is a generalization of Theorem 4.1, which applies whether or not there

is static indeterminacy.

As with the statically determinate case, a rigid configuration can resist perturbation
forces of any direction up to a finite magnitude. For a force f, that satisfies the
rigidity conditions, the question at hand is whether the resultant force f = fo+Pf,
after applying a perturbation force of magnitude P in direction f, still satisfies the
rigidity conditions. Computation of critical perturbation forces in a given direction
can be achieved using the V-representation by solving the linear program
max P subjectto W2 (fo + pr) =Au
(5.17)
n=>0.

The lower bound on critical perturbation forces, however, cannot be directly com-
puted using the V-representation. This is where the utility of the H-representation

becomes evident.

5.2.4 Rigidity conditions using the H-representation

Conditions for rigidity can also be stated in terms of the H-representation, which
are developed under the premise that a configuration that is rigid due to contact and
an applied force can rigidly resist a perturbation force in any direction up to some

finite magnitude.

Theorem 5.2. A configuration is rigid due to unilateral constraints and an applied
force if Eq. (5.7) is satisfied along with

Nf>0. (5.18)

Proof. Equation (5.16) is equivalently stated as null(AT) = 0. This implies that the

column space of A is full-dimensional with dimension m; the columns of A span
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R™. Therefore, the cone C has a nonempty interior: int(C) # (. Equation (5.18)
requires that f € int(C). By definition, if f € int(C), then a finite scalar € exists
such that f +ef » € int(C) for any vector f » € R™. Therefore, a finite perturbation

force in any direction can be resisted, which corresponds to rigidity. 0

Theorem 5.2 is equivalent to Theorem 5.1, noting that the existence of a positive
p in the V-representation corresponds to f being interior to C, since C is full

dimensional, by Lemma 3.2 of [99].

Critical perturbation forces can also be computed using the H-representation. For a
perturbation force applied about f in direction f, with magnitude P, the critical

perturbation force is the solution to the linear program
max P subjectto NW! (f0+pr) > 0. (5.19)

The critical magnitude P* is equivalent whether computed by Eq. (5.19) or Eq.

(5.17) since the V and H-representations equivalently describe C.

The advantage of working with the H-representation is that a lower bound can be
computed on the critical forces. The minimum distance from f o to each half-space
of the cone is

T

" fo, i=1,..,h (5.20)
[|ma|] " °

n

P =

The only difference here from Eq. (4.29) in the statically determinate case is that

there are h half-spaces instead of n,.

The lower bound on the critical perturbation force corresponds to the distance from
f o to the closest half-space, which is simply the minimum of the distances to each
half-space:

P*

min

= min{P%, ..., P} }. (5.21)

The ability to compute the distance to each half-space and a lower bound on critical
forces, which requires the H-representation, provides a basis for the spring design

problem by allowing the Chebyshev center to be computed.

5.2.5 Positive independence and the benefit of static indeterminacy
Static indeterminacy is desirable from the perspective of the load-bearing capacity

of a rigid configuration. Generally, more unilateral constraints will lead to larger
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perturbation forces. In other words, adding more vectors in the V-representation
(where each vector corresponds to a unilateral constraint) can lead to a larger

equilibrium cone C.

This becomes evident through the concept of positive independence. The set of

vectors {ay, ..., an,} is a positively independent set if and only if
aj=) wa, n>0, (5.22)
7

has no solution for all vectors in the set, j = 1,...,n, [100] (referred to as conic
independence in some texts [101]). That is, the set is positively independent if and

only if no vector can be described as a conic combination of the other vectors.

If a set of vectors is positively independent, then removing any vector from the set
will decrease the size of the corresponding cone. This is evident in Figure 5.1;
removing any vector reduces the interior of C. Alternatively, adding a vector to C
in Figure 5.1 would increase its size if the added vector is outside of C. However,

adding a conically dependent vector that is inside C will not increase its size.

A useful guiding design principle for multi-configuration rigidity arises from this
thinking. Introducing more positively independent unilateral constraints leads to
larger load-bearing capacity of a rigid configuration. Thus, for large problems, it is

beneficial to place many unilateral constraints.

Finally, we note that in two-dimensional space, a pointed cone (cones that contains
no lines, which is the case for all examples in this thesis) can only have two positively
independent vectors. However, in three dimensions or higher, there is no limit on
the number of positively independent vectors [101]. For this reason, the simple
example considered in Section 5.4 is a 3-DOF linkage to highlight the benefit of
static indeterminacy, instead of continuing the 2-DOF linkage previously studied in
Chapter 4.

5.3 Spring design problem

Now that the concept of rigidity due to an applied force and statically indeterminate
unilateral constraints has been developed, the multi-configuration rigidity design
problem can be revisited. A procedure for designing structures with multiple rigid
configurations is presented that, by incorporating static indeterminacy, opens the
door to the design of large, many-DOF structures. First, the design problem is set

up by placing unilateral constraints and springs throughout the skeleton structure.
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Then, the spring parameters are systematically designed to satisfy rigidity in all target
configurations such that the lower bound on critical force in each configuration is

maximized.

5.3.1 Design problem setup

Given a set of target configurations of a skeleton structure, the goal of the design
problem is to embed springs and unilateral constraints to achieve rigidity in each
target configuration such that the smallest critical perturbation force of all target

configurations is maximized.

First, a set of unilateral constraints is placed throughout the structure to be active
in the target configurations. As discussed in Section 5.2.5, it is advantageous to
place as many unilateral constraints as possible. However, after placing unilateral
constraints throughout the structure, there must be a kinematic path connecting
all target configurations; otherwise the structure could not reconfigure between
target configurations. This condition complicates the unilateral constraint placement
step for large structures with many-DOF. In this work, kinematic simulations are
conducted to verify that a kinematic path exists between the target configurations
after placing unilateral constraints. It can be a challenging problem to verify if two
configurations are connected by a continuous kinematic path for multi-DOF folding
structures, which have highly nonlinear kinematics. However, if a kinematic path is
found that does not violate the unilateral constraints (for example, by the algorithm
of Appendix B), those constraints can be used. If a path is not found using some
kinematic pathfinding algorithm, it is generally difficult to guarantee that a path
does not exist between two configurations. That is, if the pathfinding algorithm of
Appendix B does not find a solution, a more sophisticated pathfinding algorithm
(e.g., a random tree search [102]) may be able to find a path. For the examples in
this thesis, we verify that a path exists for chosen unilateral constraints, but a general
constraint placement method respecting the condition that all target configurations

remain connected by kinematic paths remains an open problem.

The next step in the problem setup is spring placement. Embedding as many springs
as possible is desirable for the sake of maximizing the number of design variables.
The primary restriction for spring placement arises from fabrication considerations;

for practical application, springs must be able to be physically realized.
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5.3.2 Systematic spring parameter design

Once the unilateral constraints and springs are placed throughout the skeleton struc-
ture, what remains is to compute spring parameters. Spring parameter design is
an entirely systematic process, achieved by modifying the Chebyshev center design

methodology of Chapter 4 for the statically indeterminate case.

First, the matrix A is computed in each configuration, which gives the V-
representation of C. The matrix A is entirely determined from the unilateral and

bilateral constraint gradients for each target configuration.

Second, the matrix N is computed in each target configuration by solving the facet
enumeration problem with A as the input. There are several numerical implemen-
tations for solving the facet enumeration, such as Irslib [103] and cddlib [104]. The
facet enumeration problem can be computationally expensive for problems with
many unilateral constraints in high dimension. The upper bound of Section 5.2.2 is

useful for assessing the worst case size of V.

The final step for spring design is to solve the Chebyshev center linear program to
compute spring parameters, which requires N. Generally, the Chebyshev center
cannot be computed directly from the V-representation [79], which is why the facet
enumeration step is required. The Chebyshev center computation takes the same
form as for the statically determinate case of Eq. (4.50), except that there are &
normal vectors in the statically indeterminate case. The linear program for the

statically indeterminate case is given by:

maxr subject to

k
n! M 0 0
Py =|——wleT |7 T i=1,..,h j=1..n
' ||n;]] 0 M,|) |«
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mO

(5.23)
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This is a linear program with hn; + 4p + 4q linear inequalities and 2p + 2qg +
1 variables. For problems with very large h, this represents another potentially
expensive computation. However, efficient linear program solvers exist that can
handle large problems. The example presented in Section 5.5 has on the order of

107 constraints.

5.4 3-DOF linkage example

The first example we present is the design of a 3-DOF linkage with two rigid
configurations. This low-dimensional example allows for the equilibrium cone C to
be visualized, providing intuitive insights into the statically indeterminate rigidity

formulations.

5.4.1 Problem setup
To obtain a 3-DOF linkage (m = 3), we added an extra bar to the 2-DOF linkage of
Chapter 4. The resulting linkage is shown in Figure 5.2 in two target configurations.
The bar lengths in mm are L| = Ls =75, Ly = Ly = 94.75, and L3z = 37.5. The
corresponding bilateral constraints are

s ]
94.75
h(x)=L(x)-|37.5]|=0. (5.24)
94.75
L 75 .

The hinge angles in target configuration 1 are 6, = 6¢ = n/4, 6, = 5 = n/2, and
03 = 04 = 3n/4. The hinge angles in target configuration 2 are 6; = 6¢ = 0 and
0y =03 =64 =05 =2.063.

For the unilateral constraint placement step, we choose to place n, = 4 active
unilateral constraints in each target configuration in the form of angle stops. More
constraints could be placed, but we limit this problem to four for simplicity, which is
the smallest number that leads to static indeterminacy. Angle stops are introduced

on hinges 1, 2, 5, and 6 that limit the hinge angles to between their two target
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(a) (b)

Figure 5.2: Three-DOF linkage geometry. The red coils at each hinge represent
linear torsion springs and the brackets on hinges 1, 2, 5, and 6 represent unilateral
constraints on the fold angles. Hinges 1 and 5 have pinned boundary conditions. (a)
Target configuration 1. (b) Target configuration 2.

configuration values. The corresponding unilateral constraints are

[ 61(x) | [ -n/4 ]
-01(x) 0
02(x) | |-2.063
g(x) = _965'2(5:)) + _;{) 263 <0. (5.25)
—05(x) n/2
B6(x) -n/4
_—96()6)_ | 0.

It is straightforward to verify that a path exists between the two target configurations
that respects the unilateral constraints. For example, the symmetric path between
target configurations, where 6; = 6¢, 82 = 05, and 6, = 64, does not violate the

unilateral constraints.

The final step in the design problem setup is spring placement. A torsion spring
is placed on each hinge, leading to g = 6 torsion springs and 12 design variables:
Ki, H?, i =1,...,6. The rest angles of the springs are restricted to between —m and
n, following the previous example of Chapter 4. The maximum allowable stiffness

Kmax Of each spring is left unspecified, which acts as a scaling factor for the solution.

5.4.2 Spring parameter computation

What remains is to compute the spring parameters that correspond to the Chebyshev
center solution, which is an entirely systematic process. The first step is to compute
A, which follows directly from the constraint gradients. In this example, we omit

the computation of intermediate matrices, but their computation follows the same



procedure presented in Appendix C for the 2-DOF example.
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The resulting A

matrices have m = 3 rows and n, = 4 columns. In the two target configurations,

Al =

Al =

[—0.0031

0.0079

-0.0017
[ 0.0044

-0.0075

|—0.0044

0.0016
0.0053
—-0.0085

0.0010
-0.0140
-0.0010

—-0.0012
—-0.0034
0.0095

—-0.0023
0.0083
—-0.0110

0.0054
0.0016
0.0065

-0.0057
0.0019
-0.0077

(5.26)

These matrices constitute the V-representation of the equilibrium cone C. Fig-
ure 5.3a plots the columns of A[, to illustrate what the V-representation of the

equilibrium cone looks like for a target configuration.

The H-representation of the cone is computed by solving the facet enumeration
problem. We used the lexicographic reverse search (LRS) algorithm [95] for facet
enumeration. The Irslib implementation of this algorithm [103] and its Matlab in-
terface [105] were used for the facet enumeration computations. The corresponding

matrix N of half-space normal vectors in each configuration is

-0.5240 0.8208 0.2272 0.8115 0.0979 —0.5761]
_|-0.6151 0.7174 0.3271 _10.5678 —-0.5960 -0.5678
= 0.8165 0.4082 0.4082|° 2= —0.8899 —0.4335 -0.1418|°
0.8811 0.4007 0.2511 -0.7071  0.000 -0.7071

(5.27)

Both configurations have an H-representation with & = 4 facets. This is equal to
the upper bound on the number of facets from Eq. (5.6), hy. = 4, though the
upper bound is more useful for assessing high-dimensional problems. To illustrate
the H-representation, the facets of C for target configuration 2 are shaded in Figure

5.3b, where each facet is defined by the normal vectors that are the rows of N|;.

From the illustrations of the two representations of C in Figure 5.3, we can gain
insights about rigidity and static indeterminacy. In the V-representation, there are
ng, = 4 vectors in m = 3 dimensions, corresponding to static indeterminacy since
n, > m. The four vectors are positively independent since none of the vectors lie
in the cone of the other three. Therefore, removing any of the four vectors reduces
the size of C. This illustrates the reason why static indeterminacy is beneficial from
the perspective of perturbation forces; having four unilateral constraints instead of
only three leads to a larger equilibrium cone C and therefore a larger load-bearing

capacity.
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f1 fi
(a) (b)

Figure 5.3: Equilibrium cone C for target configuration 2 of the 3-DOF linkage.
(a) V-representation of the cone defined by vectors a;, a;, as, and a4. (b) The
H-representation of the cone is defined by /& = 4 facets highlighted in gray.

The final step in the spring design process is solving the Chebyshev center linear

program of Eq. (5.23), which yields the solution

[0.11] 7]
1 b4
1 0 b4
Ke = Kmax» 0" = (5.28)
1 b4
1 b4
0.11 T

The corresponding Chebyshev radius is . = 3.96k,,,, Where r. is in Newtons if
Kmax 18 specified in Nm/rad. This provides a guarantee that any load with magnitude
less than r. applied to either configuration can be resisted without causing any
displacements. For reference, if the torsion springs of the prototype in Chapter 6,
which have a nominal stiffness of 0.230 Nm/rad, define the maximum stiffness, the

corresponding Chebyshev radius is 0.91 N.

5.4.3 Comparison to statically determinate constraints

To exemplify the fact that having more positively independent unilateral constraints
leads to a higher load-bearing capacity, we can draw comparison to the statically
determinate case. So far, we have considered four active unilateral constraints
in each target configuration of the 3-DOF linkage. Removing one active unilateral

constraint in each target configuration leads to static determinacy. Since the columns
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of A are positively independent in each target configuration, removing one constraint
will reduce the size of C leading to a smaller Chebyshev radius and thus a smaller

lower bound on critical perturbation forces.

We can quantitatively show this by considering all possible statically determinate
combinations of the unilateral constraints. To achieve static determinacy in both
target configurations, one of the four active constraints in each configuration can
be removed. This leads to 16 possible combinations of active constraints between
the two target configurations. For each of these combinations, we can compute
the Chebyshev center. Of all 16 combinations, removing stops on hinges 3 and
4 in configurations 1 and 2, respectively, leads to the largest Chebyshev radius,
re = 3.09k,4x. As expected, this is smaller than the Chebyshev radius of 3.96«,,,,x
if all four stops are included in each configuration. This verifies that the load-
bearing capacity of each target configuration is reduced if less unilateral constraints

are considered.

5.5 18-DOF morphing surface example
To demonstrate design process on a large structure, a kirigami surface is designed to
have two rigid configurations. This provides a connect between multi-configuration

rigidity and the kirigami pattern synthesis framework of Chapter 3.

5.5.1 Problem setup
In this example, we design the kirigami pattern from Section 3.7.2 to have two rigid
configurations: the spherical and saddle configurations shown in Figure 3.17. This

fold pattern has m = 18 degrees of freedom.

For unilateral constraint placement, angle stops are placed on all 48 mountain folds
to be active in both configurations. Specifically, denote 0, as a 48-dimensional
vector containing the mountain fold angles. The unilateral constraints are placed

according to
min{Ou;l1, Omil2} < Omi(x) < max{Ou;l1, Omil2}, (5.29)

which limits each mountain fold angle to range between its value in target config-
uration 1 (spherical) and target configuration 2 (saddle). This results in n, = 48

active unilateral constraints in both target configurations.

After placing these unilateral constraints, it must be verified that a kinematic path
exists connecting the two target configurations. In this case, the pathfinding algo-

rithm of Appendix B can find a path between target configurations that obeys the
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unilateral constraints. Figure 5.4 plots the mountain fold angles along this path. The
path starts at the saddle configuration and ends at the spherical configuration. Fold
angles are plotted against the arc length along the kinematic path. The key feature
of this path is that all of the mountain fold angles remain between their start and
end values throughout the path. The existence of this path gives a guarantee that
the pattern can be continuously reconfigured between target configurations after the
unilateral constraints are placed. Since the pattern has many degrees of freedom,
there may be many such paths, but we only need the guarantee that at least one such

path exists.

The final step in the design problem setup is spring placement. Torsion springs
are placed on all mountain and valley folds of the pattern. This introduces g = 72
springs, leading to 144 design variables corresponding to the stiffness and rest angle
of each spring. Again, the rest angles are limited to the range between —n and .

The edge length of the tiles is set to 4 cm to reflect a physically realistic length scale.

21

0 /4 F—=

Arc length along path

Figure 5.4: Mountain fold angles along a path from the saddle to the spherical
configuration. The fold angles stay between their start (saddle configuration) and
end (spherical configuration) values, indicating that angle stops can be placed on all
mountain folds in both configurations without cutting off a kinematic path between
the two configurations.

5.5.2 Spring parameter computation

Following the placement of unilateral constraints and springs, the spring parameters
are systematically computed. First, the constraint gradients are computed in each
configuration. Bilateral constraints for the rigid-folding plates of the kirigami pattern
are formulated according to the kinematic model of Appendix A. Throughout the
analysis, a single tile is fixed in space to remove rigid body motion; the fixed
tile is highlighted in blue in Figure 5.5c. The corresponding A matrix in each

configuration has m = 18 rows and n, = 48 columns. The 48 columns of A are a
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positively independent set of vectors in both configurations, indicating that removing
any of the unilateral constraints would decrease the size of C. Positive independence
can be checked through linear programming to determine if any vectors in the set
belong to the cone defined by the others [101].

Next, facet enumeration is performed to compute the matrix N that defines the
H-representation. Again, the Irslib [103] and its Matlab interface GeoCalcLib
[105] are used to perform facet enumeration. The resulting H-representations have
h|1 = 5,910, 381 half-spaces in the spherical configuration and 4|, = 10, 626,252
half-spaces in the saddle configuration, where N|; has dimension 4|; X m and N|;

has dimension /|y X m.

The large difference in the number of half-spaces exemplifies the large variation in
the output of the facet enumeration problem. In fact, the upper bound corresponding
to m = 18 and n, = 48, from Eq. (5.6), is hy,qx = 123,047,496, so the number of
half-spaces in this problem is an order of magnitude below the upper bound for both

target configurations.

Once the normal vectors of the H-representation are computed, the Chebyshev center
linear program is solved to compute the optimal spring parameters. The linear
program of Eq. (5.23) has 145 variables and 16,536,777 inequality constraints. The
MOSEK solver [106] was used to compute a solution.

The resulting spring parameters corresponding to the Chebyshev center solution are
plotted in Figure 5.5. The rest angles corresponding to springs with zero stiffness
were set to zero for the sake of plotting. The corresponding Chebyshev radius is
re = 6.39k4¢, Which has units of Newtons if «,,,, is specified in Nm/rad. This
brings the guarantee that any force of magnitude less than r. can be applied to
the spherical or flat configuration without causing any displacements. This lower
bound is especially powerful for complex structures such as this since it offers a single
number that exactly quantifies the load-bearing capacity in the worst case loading
direction. For reference, if a maximum stiffness of 0.230 Nm/rad is considered,
corresponding to the torsion springs used in Chapter 6, the resulting Chebyshev
radius is 1.47 N.

The Chebyshev radius provides a lower bound on the critical perturbation force;
in most loading directions, the critical force is higher. Two loading directions are
considered to demonstrate this. For a load applied upward to one of the corner

vertices of the pattern, depicted in Figure 5.6, the critical force is P* = 31.6k,,4y in
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Figure 5.5: Chebyshev center solution. (a) Torsion spring stiffness values. (b)
Torsion spring rest angles. (c) Fold numbering scheme, shown in the top view of
the saddle configuration. The blue tile is fixed to remove rigid body motion.

the spherical configuration and P* = 33.2«,,,, in the saddle configuration, which
take units of Newtons if ;. 1s specified in Nm/rad. This value can be computed by
either Eq. (5.17) using the V-representation or Eq. (5.19) using the H-representation,
both giving the same result.
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() (b)

Figure 5.6: Two load cases and their corresponding critical forces for the 18-DOF
square tile pattern. (a) Spherical configuration. (b) Flat configuration.

5.6 Outlook for larger problems

While we have demonstrated the multi-configuration rigidity design process on an
18-DOF structure, there are possible computational limitations when considering
even larger problems. It would certainly be feasible to solve problems at a larger
scale, considering that the facet enumeration problem for the 18-DOF example was
solved on a laptop without parallelization. The LRS algorithm for facet enumeration
has demonstrated near linear speedups with parallelization on up to 1200 cores [107],

leaving room for larger problems to be solved.

However, the combinatorial nature of polyhedral cones will eventually provide
limits on what can practically be solved. This becomes evident by computing the
upper bound on the number of half-spaces in the H-representation for the 84-DOF
morphing surface pattern of Section 3.7.3. If unilateral constraints were placed on
all 162 folds of the pattern, the upper bound for n, = 162 and m = 84 is on the
order of hyg, ~ 1032, Though the number of facets could be much lower, it requires
solving the facet enumeration problem to find out. Methods have been developed to
provide estimates for the number of facets without solving the full problem [108],
which could be useful when approaching large problems. Of course, the number of
unilateral constraints could be reduced to decrease the size of the computation, but
this could decrease the load-bearing capacity. For discussion on the performance of

facet enumeration algorithms, see [107, 109].

5.7 Conclusion

This chapter has extended theoretical formulations and design methodology for
multi-configuration rigidity to accommodate statically indeterminate unilateral con-
straints. There are two equivalent representations for equilibrium with unilateral

constraints, which represent a polyhedral cone. The V-representation can be di-
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rectly computed from the constraint gradients, while the H-representation is useful
for computing the lower bound on critical forces. The Chebyshev center spring
design problem, which maximizes this lower bound in a set of target configurations,
relies on the H-representation, and facet enumeration must be performed to convert
between representations. Furthermore, it was demonstrated that placement of as
many unilateral constraints as possible is advantageous for the sake of increasing
the load bearing capacity of rigid configurations.

By accommodating for static indeterminacy, structures with many degrees of free-
dom and unilateral constraints can be considered. This is demonstrated through the
design of an 18-DOF kirigami surface to have rigid spherical and saddle configu-
rations. The resulting Chebyshev center design comes with the guarantee that any
load smaller than the Chebyshev radius applied to either target configuration can be
rigidly resisted. Furthermore, since the Chebyshev center design problem is cast
as a linear program, it brings guarantees of optimality. Through this example, we
show that multi-configuration rigidity is a practical tool for achieving load-bearing
capacity in structures with high kinematic freedom, providing a path for using the

kirigami surfaces synthesized in Chapter 3 as practical engineering structures.
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Chapter 6

EXPERIMENTS AND UNCERTAINTY ANALYSIS OF A
LINKAGE

6.1 Introduction

The concept of multi-configuration rigidity offers a promising path for designing
structures to be both reconfigurable and capable of bearing loads. However, it is a
mathematical concept that relies on the assumptions of rigid-body kinematics. It is
crucial to understand how the concept of multi-configuration rigidity translates to
physical structures and if the analytical critical force predictions, which assume all
components of a structure are perfectly rigid, are valid for a physical structure. In re-
ality, any physical structure is made of compliant elements. Furthermore, geometric
imperfections and deviations from ideal spring parameters are unavoidable, moti-
vating experimental study to validate theoretical predictions and quantify sensitivity

to uncertainty.

Understanding the role of imperfections and uncertainty is an essential step towards
engineering applications of reconfigurable structures. Tremendous efforts are made
to characterize uncertainty of traditional engineering structures. As we develop
the concept of multi-configuration rigidity, it is critical to explore the role of im-
perfections and uncertainty. Previous research has investigated imperfections in
various types of discrete structures, including linkages [110-112], origami [113],
and tensegrity structures [114]. These studies highlight the importance and poten-

tially high impact of small imperfections on structural properties.

In this chapter, a prototype of the 2-DOF linkage from Chapter 4 is constructed
and quantitatively studied. Probing experiments are performed, where the force-
displacement curve is measured as a load is applied to a rigid configuration of the
structure. These experiments demonstrate how multi-configuration rigidity trans-
lates to physical structures where no components can be perfectly rigid, as well as
the sensitivity to imperfections. To obtain quantitative agreement with analytical
predictions, geometric imperfections and spring parameters must be carefully char-
acterized, highlighting the sensitivity to small parameter variations. To understand
this sensitivity, an Monte Carlo analysis is performed to analyze the predicted crit-

ical reaction forces in the context of uncertain geometric and spring parameters.
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This chapter provides an experimental grounding for the theoretical concepts of

multi-configuration rigidity and constitutes a step towards practical application.

6.2 Prototype
To demonstrate the concept of multi-configuration rigidity in a physical structure,
a prototype of the 2-DOF linkage was constructed. In Figure 6.1, the prototype is

shown in each of the four rigid target configurations.

The bars of the linkage are constructed from 2.38 mm thick steel plates joined by
steel pin hinges. Hinges 1 and 5 are connected to rectangular aluminum columns,
which are mounted to a base plate. Two identical angle stops are placed on hinges 1
and 5, one on the top and one on the bottom of each hinge. The angle stops, which
are made of aluminum cut by CNC mill, are mounted on the pins of hinges 1 and 5.
Hinges 1 and 5 are free to rotate within the range of 0 and 7 /4 radians, but come into
contact with the stops at 0 and /4. The top angle stop on hinge 5 is shown from the
top view at its limits in Figures 6.2a and 6.2b. The segments of the angle stops that
make contact with the plate and mounting column are rounded. By rounding the
edge of the angle stops, there is a well-defined line of contact between the stop and
the plate/column. This is the result of an iterative design process; it was found in
early design iterations of the angle stops that having a plane of contact between the
stop and the plate/column was highly sensitive to misalignment. To accommodate
the small hinge angles in configurations 3 and 4, hinges 2 and 4 were split in half to

avoid self contact, which can be seen in Figure 6.1.

Hinges 2, 3, and 4 each have two identical torsion coil springs mounted around their
pins. Each spring has a nominal stiffness of 0.115 Nm/rad and a rest angle of 7.
Thus, the spring parameters of the prototype are x» = k3 = k4 = 0.230 Nm/rad and
99 = 0(3) = 62 = nr. This choice of spring parameters is guided by the Chebyshev
center solution of Eq. (4.61), but the stiffness of hinges 2 and 4 is rounded up to
Kmax = 0.230 Nm/rad so that identical springs can be used on each hinge. These
spring parameters satisfy the rigidity conditions in all four target configurations,
but are easier to physically implement than the exact Chebyshev center. A closeup
photo of hinge 3 is shown in Figure 6.2c, which shows the springs mounted on the
hinge. 3D printed mounting blocks (white) align and guide the legs of the springs
as the hinge folds.

Qualitatively, the prototype behaves as expected; contact is maintained in all four

target configurations to hold the structure in place. The following sections develop
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(b)

(d)

Figure 6.1: Prototype of the 2-DOF linkage. Target configurations 1 to 4 are shown
in (a) to (d), from a perspective view.

quantitative experimental studies to characterize the behavior of the structure and

compare to theoretical predictions.

6.3 Load cases

To quantitatively study the prototype, loads are applied to the structure as a means for
comparison between experiment and theory. We focus our attention to configurations
1 and 2 and define a perturbation load case for each configuration. In configuration
1, a force is applied in the —y direction on hinge 3, which corresponds to the
perturbation direction f » = [0,0,0,-1,0, O]T. The second load case is a force
in the +y direction on hinge 3 in target configuration 2, which corresponds to the
perturbation direction f p = [0,0,0,1,0,0]”. The critical forces in each test case are
denoted P§y|1 and P§y|2’ respectively. The two load cases are illustrated in Figure
6.3. These perturbation force directions are chosen since they are straightforward

to implement experimentally.
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Figure 6.2: Components of the linkage prototype. (a) Top view of the angle stop
on hinge 5 at 65 = 0. (b) Top view of the angle stop on hinge 5 at 65 = n/4. (c)
Closeup of hinge 3 in configuration 1.

1
(a) (b)

Figure 6.3: Perturbation load cases. (a) Probing hinge 3 in the —y in configuration
1. (b) Probing hinge 3 in the +y direction in configuration 2.

Assuming ideal geometry in each configuration and nominal spring parameters of
k = 0.230 Nm/rad and 6° = 7, predictions for the critical forces can be computed by
solving the linear program of Eq. (4.28). The resulting predictions are P3y[; = 4.09
N and P3y|2 = 6.61 N. However, these critical forces are sensitive to geometric
imperfections and variations in spring parameters, which are investigated in the
following sections. Section 6.4 presents a detailed experimental characterization of
the actual geometry and spring parameters of the prototype linkage. This charac-
terization is used to update the analytical predictions, which is necessary to achieve

agreement with the experiments of Section 6.5.
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6.4 Experimental characterization

The linkage prototype inherently exhibits variations from the intended design pa-
rameters. For this structure, the geometric parameters (bar lengths and stop angles)
along with the spring parameters (stiffnesses and rest angles) are of interest. We
aim to understand the affect of variations in these parameters on the load-bearing
capacity of the structure. To do so, the geometry and spring parameters are charac-
terized experimentally. Based on the measured parameters, the analytical prediction
for critical perturbation forces is updated to reflect the actual parameters of the

structure.

There are several factors that lead to variations from ideal parameters in the proto-
type. Regarding the geometric parameters, the primary sources of imperfection are
machine tolerances of components, clearance in the pin hinges, and misalignment
in the bolts that fasten the plates to the hinges. Regarding the spring parameters,
stock torsion springs are used that exhibit variations in stiffness and rest angle from
the manufacturing process. Furthermore, misalignment in mounting of the springs

on the hinges influences the effective stiffnesses and rest angles of the hinges.

6.4.1 Geometry measurement

To characterize the geometry of the prototype, both target configurations were
scanned with a non-contact laser scanner (FaroArm Edge 14000 with the ScanArm
HD attachment), producing a point cloud measurement of both configurations. The
point cloud data was processed to compute vertex positions by computing the center
point of each pin, allowing bar lengths to be computed. Additionally, planes were
fit to each plate allowing hinge angles to be computed. From these planes, it was
also determined that all of the plates are at most 0.18° from vertical. This indicates
that out-of-plane effects are negligible and the prototype is effectively modeled with

two-dimensional geometry.

The measured two-dimensional geometry of each configuration is plotted alongside
the ideal geometry in Figure 6.4. Measured lengths and angles are listed in Table 6.1.
The bar length measurements were all within 1 mm of their ideal values while the
angle measurements had deviations up to 0.085 radians (4.85°). These deviations in
stop angle reflect the sensitivity of angles to small misalignments, tolerances, and
clearance in the pin-hinges. The stop angles are sensitive to these imperfections
since the contact between the angle stops and the plates is relatively close to the axis

of rotation of the hinge.
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Table 6.1: Measured versus ideal geometric parameters

Configuration 1 Configuration 2
Ideal  Measured Ideal =~ Measured
Ly (mm) 75 75.06 75 75.37

Ly (mm) 94.5 94.49 94.5 94.02
Lz (mm) 94.5 94.69 94.5 94.41

Ly (mm) 75 75.99 75 74.80
Ls (mm) 238.64 239.18 238.64 238.59
0y (rad) /4 0.87 0 0.003
Os (rad) /4 0.85 0 -0.023

Ideal geometry
Measured geometry

(a) (b)

Figure 6.4: Comparison of ideal linkage geometry to the measured geometry of the
prototype for (a) target configuration 1 and (b) target configuration 2.

6.4.2 Spring parameter measurement

Along with deviations in geometric parameters, there are also deviations in the
spring parameters. Stock torsion springs were used, with a nominal stiffness of
0.115 Nm/rad and rest angle of m radians, though the actual spring parameters

deviate from their nominal values.

The moment-angle response of each spring was measured on the bending test ma-
chine shown in Figure 6.5a. Each of the six springs were characterized individually.
To characterize a spring, the spring was mounted on a hinge connecting two plates.
The spring mounting scheme is identical to the prototype mounting scheme, where
a 3D printed mounting block, shown in white, guides the legs of the spring as the
hinge folds. The plates on each side of the hinge were mounted to the test machine
to measure the moment-angle relationship. Each plate was mounted above a hollow
shaft outfitted with strain gauges connected to a Vishay P3 strain amplifier. The
strain in each shaft was calibrated to an equivalent moment. One end of the test
machine is fixed while the other is free to translate, as shown in Figure 6.5a. A

rotation can be applied to each end by a gear and worm screw assembly. A rela-
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Figure 6.5: Experimental characterization of springs. (a) Experimental setup for
moment-angle measurements. (b) Example of a moment-angle measurement for the
top spring of hinge 2.

tive rotation was applied to the two plates such that the two shafts see equivalent
moments indicating that a pure moment was applied to the hinge. As the relative
rotation was incrementally increased, the moment-angle response of the hinge was

measured.

One example of a measured moment-angle response is shown in Figure 6.5b corre-
sponding to the top spring of hinge 2. As observed in the plot, the response is well
captured by a linear fit, which is used to compute stiffness and rest angle values.
The measured stiffness and rest angle values for all six springs are listed in Table

6.2. Note that two springs (referred to as top and bottom) are embedded on hinges
2,3, and 4.

Table 6.2: Measured spring parameters

Stiffness (Nm/rad) Rest angle

Hinge 2 top 0.119 181°
Hinge 2 bottom 0.120 179°
Hinge 3 top 0.149 152°
Hinge 3 bottom 0.159 148°
Hinge 4 top 0.142 175°
Hinge 4 bottom 0.133 188°

6.4.3 Updated critical force predictions

Predictions for the critical forces P; 1 and P§y|2 are computed to reflect the mea-

|
y
sured geometry and spring parameters of the prototype. To do so, the linearized
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kinematics are computed about the measured target configurations, using the mea-
sured vertex positions, bar lengths, and stop angles. These computations follow the
procedure of Appendix C, but using the measured instead of the ideal parameters.
Updated predictions for critical forces are computed using the linear program of Eq.
(4.28). The updated predictions are P§y|1 =3.01 N and P§y|2 =5.65N.

6.5 Probing experiments

In this section, a set of experiments are presented where the prototype structure is
loaded according to the two load cases of Figure 6.3 and the force-displacement re-
sponse is measured as the structure is loaded. This provides a means for comparison

and validation of analytical predictions for the critical forces.

The setup for the probing experiments is shown in Figure 6.6 in the two loading
configurations. A linear actuator (Progressive Automations PA-14P) is used to
probe the structure by applying a y-direction displacement to the pin of hinge 3. A
force sensor (ATI Industrial Automation Nano17) is mounted to the linear actuator
to measure the force applied to the structure as the actuator moves. A 3D printed
probing tip is mounted to the force sensor, which makes contact with the pin of hinge
3. In configuration 1, a narrow probing tip was used, shown in red in Figure 6.6a.
In configuration 2, a wider probing tip was used to accommodate a small amount of

horizontal motion of the pin as the structure moves.

Linear actuator

(a) (b)

Figure 6.6: Probing experiment setup, where a force sensor is attached to a linear
actuator to measure a force-displacement curve along a perturbation direction. (a)
Probing vertex 3 in the —y direction in configuration 1. (b) Probing vertex 3 in the
+y direction in configuration 2.

While we are particularly interested in the initial response in each load case, the
actuator continuously applied a displacement beyond this initial response to clearly

distinguish when contact with the stops is lost. That is, the actuator kept moving



116

until the probing force became zero and the structure dynamically transitioned to
the other rigid configuration. The force displacement curve is plotted in Figure 6.7
for each load case. Five trials were performed for each load case. The average of

the five trials is plotted in blue, along with the envelope of the trials in gray.

N W~ OO

Force (N)

0 10 20 30 40 50 0 10 20 30 40 50
Displacement (mm) Displacement (mm)

(a) (b)

Figure 6.7: Measured force-displacement curve for (a) load case 1 and (b) load case
2. The blue curve represents the mean of five measurements and the gray region
is the envelope of the five measurements. The dashed red line is the analytical
prediction of critical force for contact loss.

The force-displacement curve has a steep initial slope, which corresponds to the
region where there is contact with the stops. Then, a maximum force is reached,
where contact with the stops is lost. Beyond this point, the force decreases as the
displacement increases. This is a displacement control experiment as long as the
probing force is positive. Once the probing force becomes zero, contact between
the probe and the hinge is lost and the structure dynamically transitions to the other
rigid configuration. Note that the envelope of the force-displacement response over
the five measurements is larger in load case 1 than in load case 2, though this is

exaggerated in Figure 6.7 since the two plots are scaled differently.

The theoretical analysis of Chapter 4 assumes perfectly rigid bars and contact along
with perfect pin-joint kinematics. Under these assumptions, the force-displacement
curve is predicted to be initially vertical, until the critical force is reached and the
structure begins to move. The analytical predictions for critical force (using the
measured geometry and spring parameters) are plotted as dashed red lines in Figure
6.7. It is evident that the peak in the experimental force-displacement curve closely
matches the analytical predictions. However, since the components of the prototype

are not perfectly rigid, the configurations that are theoretically rigid manifest as
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initially stiff. A contributing factor to the initial response is the imperfect contact
between the angle stops and plates. There is a line of contact between the stop
and the plate and contact may not instantaneously be lost; there may be a region
of partial contact before the stop fully lifts off the plate. Furthermore, clearance
in the pins of the hinges allows for some small movements of the prototype while

maintaining contact with the stops.

Overall, these experiments validate that the modeling assumptions capture the load-
bearing capacity of each target configuration. Despite the idealizations of the
theoretical model, which assumes perfect pin-joint kinematics, rigid bars, and rigid
stops, a meaningful prediction of the load-bearing capacity is achieved. However,
mathematically initially rigid configurations manifest as initially stiff configurations
due to the inherent compliance of the bars and stops along with clearance in the pin
hinges. Furthermore, the detailed experimental characterization of Section 6.4 was
necessary to obtain quantitative agreement between experiments and the analytical

model.

6.6 Uncertainty analysis

The load bearing capacity of the prototype is sensitive to variations in the geometric
and spring parameters. It is evident from the experimental characterization in
Section 6.4 that there is uncertainty in these parameters, which influences the load
bearing capacity of the prototype. This detailed experimental characterization was
needed to achieve agreement between analytical and experimental critical force
values. In this section, we investigate the influence of uncertainty on the critical
forces for the two load cases. Specifically, we pose the following question: if
another prototype is constructed, what range of critical forces can be expected given
uncertain geometric and spring parameters?! To answer this question, a Monte Carlo

analysis is conducted, which quantifies sensitivity to parameter uncertainty.

The Monte Carlo analysis begins by sampling geometric and spring parameters from
a distribution. Specifically, the bar lengths Ly, Ly, L3, L4, stop angles 6|, 62,
051, 05>, and spring parameters «, 8° for all six springs are treated as uncertain.
The experimental characterization of Section 6.4 provides a baseline for what ranges
in parameters can be expected. Bar lengths within +£1 mm of their ideal length and
stop angles within +5° of their ideal value are considered. A range of spring
stiffnesses between 0.119 and 0.155 Nm/rad and rest angles between 148° and 188°
are considered, which are the ranges of measured spring parameters in the prototype.
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A more detailed uncertainty quantification procedure could produce tighter bounds
on individual parameters, but this study adopts these reasonable bounds to highlight

the influence of uncertainty.

For each realization in the Monte Carlo analysis, each parameter is sampled from
a uniform distribution over the specified range. Based on the values of bar length
and stop angles, vertex coordinates are computed for both target configurations.
Constraint gradient matrices are then computed about this configuration, following
the procedure of Appendix C but using the sampled parameters. Then, the linear

program of Eq. (4.28) is evaluated for each load case to compute the critical forces.

An analysis of 50,000 realizations was performed. Histograms of the critical forces
are plotted in Figure 6.8. The mean value of P3| is 3.00 N with a standard deviation
of 1.38 N. The mean value of P3|, is 3.91 N with a standard deviation of 2.00 N.
Some realizations did not satisfy the rigidity conditions (equilibrium could not be
satisfied with positive unilateral reactions). These realizations are omitted from
the histograms leading to a sharp cutoff at a critical perturbation force of 0. In

configurations 1 and 2, 1.74% and 2.33% of realizations did not satisfy the rigidity

conditions.
0.06 0.06
0.05 0.05
Z 004 Z 004
§ 0.03 g 0.03
T 002 T o002
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Figure 6.8: Probability distributions of critical forces from a Monte Carlo analysis
with 50,000 samples. (a) Critical force for load case 1. (b) Critical force for load

case 2.

These results reflect a large variation in critical forces stemming from parameter
uncertainty. Especially surprising is the result that a portion of the samples violated
the rigidity conditions, suggesting that if another prototype was built, there is a

chance that the target configurations are not all rigid configurations. This highlights
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the need for understanding the role of parameter uncertainty, which can have large

impact on the properties of a structure.

The large role of parameter uncertainty also emphasizes the value of the Chebyshev
center design process. The Chebyshev center design represents the design with
the largest load-bearing capacity. Variations from ideal spring parameters can be
equivalently thought of as applying a perturbation load to a structure with ideal
spring parameters. From this perspective, the Chebyshev center design is the most
robust design to spring parameter uncertainty. However, robustness to geometric
parameter uncertainty is not accounted for in the Chebyshev center design process

and would be a useful path of future research.

6.7 Conclusion

This chapter presents experiments and an uncertainty analysis to investigate multi-
configuration rigidity in the context of a physical structure. A set of experiments were
performed where perturbation forces were applied to a 2-DOF linkage prototype.
The probing experiments highlight that each mathematically rigid configuration has
an initially stiff force-displacement response upon loading. However, the idealized
theoretical model of the structure with rigid components and pin-joint kinematics
produces accurate quantitative predictions for maximum load-bearing capacity of the
target configurations, providing validation for the analytical predictions of critical

forces.

To obtain agreement between the analytical predictions of the critical forces and the
experiment, a detailed experimental characterization of the prototype was required,
which involved measuring its spring parameters and geometry in each target config-
uration. This prompted further study of the influence parameter uncertainty on the
critical forces in each configuration. A Monte Carlo analysis shed light on the large

impact of parameter uncertainty on the load-bearing capacity of each configuration.



120
Chapter 7

CONCLUSIONS AND FUTURE WORK

7.1 Summary and main contributions

The research presented in this thesis provides a new framework for designing recon-
figurable structures with many kinematic degrees of freedom. In the kirigami pattern
synthesis process presented in Chapter 3, fold patterns capable of achieving several
target surfaces are developed, highlighting the appeal of structures with many-DOF
kinematics. To address the challenges associated with this high kinematic freedom,
springs and unilateral constraints can be embedded to achieve initial rigidity in
multiple target configurations. The geometry synthesis framework together with the
multi-configuration rigidity design process provide a path to reconfigurable surfaces

with load-bearing capacity in multiple configurations.

This proposed approach to reconfigurable structures advances the state-of-the-art by
providing a systematic design process to achieve load-bearing configurations based
on a quantitative metric, which is the lower bound on load-bearing capacity in each
target configuration. Furthermore, the load-bearing capacity is experimentally ver-
ified on a prototype linkage structure, providing grounding for the design process in
a physical structure. Finally, multi-configuration rigidity is appealing because it is
scalable. The load-bearing capacity in a rigid configuration scales with the spring
parameters. That is, larger load-bearing capacity can be achieved by considering
stiffer springs, indicating that multi-configuration rigidity has potential for applica-
tion at a range of scales. Collectively, this work provides a clear path to engineering

structures with many kinematic degrees of freedom.

7.1.1 Geometry synthesis

In Chapter 3, a kirigami pattern synthesis framework was presented to generate
fold patterns capable of achieving multiple curved surfaces. This represents a novel
solution to an open problem of inverse design of a fold pattern that can achieve

multiple target shapes.

Synthesis of this new family of kirigami patterns is framed as a tile arrangement
problem. A constrained optimization problem is formulated to simultaneously ar-

range a set of tiles on multiple surfaces while enforcing compatibility between the
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tile arrangements. Upon computing compatible tile arrangements that approxi-
mate each target surface, sub-folds are added to connect tiles in one arrangement,
completing the fold pattern. The resulting fold patterns are capable of reconfiguring
between all target surface tile arrangements. While these patterns are able to achieve
multiple target surfaces with varying Gaussian curvature, in turn they exhibit many

kinematic degrees of freedom.

The main contributions from this work are:

* A computational framework for inverse design of kirigami surfaces that can

take on multiple target configurations.

* A prototype of a kirigami pattern that can take on six target surfaces, fabricated

using 3D printed plates and pin hinges.

7.1.2 Multi-configuration rigidity

Chapters 4, 5, and 6 developed the concept of multi-configuration rigidity, where a
reconfigurable structure is held rigidly by the prestress between embedded springs
and unilateral constraints in multiple configurations. While the development of
multi-configuration rigidity is specifically motivated by the many-DOF kirigami
patterns of Chapter 3, theoretical formulations were presented from a general per-

spective.

Chapter 4 formulated a theory for multi-configuration rigidity in the case of statically
determinate unilateral constraints. First, conditions were derived for rigidity of a
single configuration due to a force applied to the structure that engages unilateral
constraints. Rigidity can be achieved in multiple configurations if the force that
engages the unilateral constraints is applied by embedded springs. This leads to
a design problem where the parameters of embedded springs are chosen to satisfy
rigidity in multiple target configurations. The Chebyshev center solution to this
design problem is the design that maximizes the lower bound on critical perturbation

forces, effectively maximizing the load-bearing capacity in all target configurations.

Chapter 5 extended the rigidity conditions and the Chebyshev center design pro-
cess to the statically indeterminate case when unilateral constraint reactions are
not unique. To accommodate static indeterminacy, the geometric structure of the
equilibrium conditions as a convex polyhedral cone was exploited. One extra step
in the spring design process is required in the statically indeterminate case, which is

the conversion of the vector representation of the equilibrium cone to the half-space
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representation, which is required to formulate the Chebyshev center linear program.
Static indeterminacy is beneficial from the perspective of load-bearing capacity; the
presence of more unilateral constraints generally leads to a larger lower bound on
critical perturbation forces. This allows for the design of multi-configuration rigidity
in large, many-DOF structures with many unilateral constraints. An example was
presented designing an 18-DOF kirigami surface, which was synthesized in Chapter

3, to satisfy rigidity in a spherical and saddle-shaped configuration.

Finally, Chapter 6 presented experiments on a prototype of a 2-DOF linkage. Ex-
periments were conducted to measure critical perturbation forces for certain load
cases. The critical forces to overcome contact closely match between experiment
and analytical prediction. However, detailed experimental characterization of the
prototype geometry and spring parameters was required to achieve agreement, sug-
gesting that the load-bearing capacity is sensitive to parameter uncertainty. This
sensitivity is quantified in a Monte Carlo analysis, highlighting the potentially large

effect of parameter uncertainty on load-bearing capacity of rigid configurations.

Collectively, the research presented in Chapters 4, 5, and 6 developed the concept of
multi-configuration through theoretical, computational, and experimental analysis.
We showed that multi-configuration rigidity offers a means of achieving load-bearing
capacity in multiple target configurations of a structure with high kinematic freedom,

and a systematic design process was presented to maximize load-bearing capacity.

The main contributions regarding multi-configuration rigidity are:

* A theoretical framework for rigidity of a structure due to unilateral constraints
and a force for both statically determinate and indeterminate cases. The lower
bound on critical forces offers a general characterization of the load-bearing

capacity of rigid configurations.

* A systematic spring design framework to achieve rigidity in multiple config-
urations that maximizes load-bearing capacity, which is ultimately demon-

strated on an 18-DOF kirigami surface.

» Experimental validation of critical perturbation loads on a 2-DOF linkage

prototype.

7.2 Future work
This thesis lays a foundation for multi-DOF reconfigurable structures to be ap-

plied as engineering structures. Proof-of-concept for the geometry synthesis and
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multi-configuration rigidity framework is presented through a series of prototypes,
highlighting the feasibility of the contributions of this thesis. Several directions
of future research can extend the work of this thesis towards the development of

practical engineering structures.

The proof-of-concept prototypes presented in Chapters 2, 3, and 6 provide insights
into realization of multi-configuration rigidity that can guide future work. The
theory of multi-configuration rigidity relies on assumptions of perfect plate-hinge
or pin-joint kinematics along with rigid unilateral constraints and rigid plates or
bars. In Chapter 2, the prototype exhibited compliant hinges with undesirable
deformation modes and the unilateral constraints had substantial compliance, which
led to error in the shapes of the target configurations. In contrast, the linkage
prototype of Chapter 6 exhibited stiff plates and contacts along with well-defined
pin hinges, leading to a prototype whose load-bearing capacity quantitatively agrees

with theoretical predictions.

Future prototypes of reconfigurable surfaces should focus on achieving clean kine-
matics and stiff components, which would lead to predictable target configurations
and load-bearing capacity. Based on the prototyping insights developed throughout
this work, a promising approach in future work is to further develop the concept
of 3D printed plates with pin hinges presented in Chapter 3. The pin hinges are
well-defined hinges that offer clean folding kinematics. Stiff materials could be used
for the plates, which could range from hard plastics to metals depending on the scale
of interest. One appeal of 3D printing is that angle stops could be directly printed
into the plates, allowing for custom stop angles to be achieved in an integrated
design. Springs could then be embedded in the structure, either as coil torsion
springs mounted on the hinges or as elastic extensional springs placed throughout
the structure. To increase load-bearing capacity, stiff springs could be used; prac-
tical limitations on spring stiffness would be useful to develop. While very stiff
springs could be beneficial to achieve high load-bearing capacity, at a certain scale

the large internal forces associated with stiff springs would be a limitation.

In addition to further developing prototyping concepts, future work on theoretical
and computational aspects of geometry synthesis and multi-configuration rigidity
can advance these concepts towards practical applications. Building from the geom-
etry synthesis contributions of the thesis, one direction of future work is to further
explore the design space. Relaxing tile shape constraints to allow, for example,

non-equilateral triangular tiles could increase the freedom in the design problem
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and enable new solutions. Furthermore, exploring the range of curvatures that can
be achieved with a single fold pattern could give insights into the range of target

surfaces that can be achieved.

Regarding multi-configuration rigidity, research on actuation and pathfinding is a
natural next step. Actuation schemes between rigid configurations could be designed
with the goal of achieving simplified actuation using fewer actuators than kinematic
degrees of freedom since the energy in the springs provides a guide between rigid

configurations.

Additionally, further exploring the spring and unilateral constraint design space
would be a valuable extension of this work. Systematic unilateral constraint place-
ment schemes that account for more than two target configurations poses a challenge
that would be useful to address. Combining multi-stability and multi-configuration
rigidity could be an effective approach for achieving several target configurations in
complex structures, where target configurations could exhibit a mixture of smooth

energy minima and boundary minima.



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

125
BIBLIOGRAPHY

S. Barbarino, O. Bilgen, R. M. Ajaj, M. 1. Friswell, and D. J. Inman, “A
review of morphing aircraft,” Journal of Intelligent Material Systems and
Structures, vol. 22, no. 9, pp. 823-877, 2011.

J. Sun, Q. Guan, Y. Liu, and J. Leng, “Morphing aircraft based on smart
materials and structures: A state-of-the-art review,” Journal of Intelligent
Material Systems and Structures, vol. 27, no. 17, pp. 2289-2312, 2016.

F. Previtali, A. F. Arrieta, and P. Ermanni, ‘“Performance of a three-
dimensional morphing wing and comparison with a conventional wing,”
AIAA Journal, vol. 52, no. 10, pp. 2101-2113, 2014.

A. Karanouh and E. Kerber, “Innovations in dynamic architecture,” Journal
of Facade Design and Engineering, vol. 3, no. 2, pp. 185-221, 2015.

J. T. Karras, C. L. Fuller, K. C. Carpenter, A. Buscicchio, D. McKeeby,
C. J. Norman, C. E. Parcheta, I. Davydychev, and R. S. Fearing, “Pop-
up mars rover with textile-enhanced rigid-flex PCB body,” in 2017 IEEE
International Conference on Robotics and Automation (ICRA), IEEE, 2017,
pp- 5459-5466.

D.-Y. Lee, J.-K. Kim, C.-Y. Sohn, J.-M. Heo, and K.-J. Cho, “High-load
capacity origami transformable wheel,” Science Robotics, vol. 6, no. 53,
2021.

K. Zhang, Y. H. Jung, S. Mikael, J.-H. Seo, M. Kim, H. Mi, H. Zhou, Z. Xia,
W.Zhou, S. Gong, et al., “Origami silicon optoelectronics for hemispherical
electronic eye systems,” Nature Communications, vol. 8, no. 1, pp. 1-8,2017.

B. Wang, “Kirigami electronic eye for shape-adaptive imaging,” Matter,
vol. 4, no. 8, pp. 2653-2655, 2021.

X. Liu, S. Yao, B. S. Cook, M. M. Tentzeris, and S. V. Georgakopoulos, “An
origami reconfigurable axial-mode bifilar helical antenna,” IEEE Transac-
tions on Antennas and Propagation, vol. 63, no. 12, pp. 5897-5903, 2015.

D. M. Elzey, A. Y. N. Sofla, and H. N. Wadley, “A bio-inspired high-
authority actuator for shape morphing structures,” in Smart Structures and
Materials 2003: Active Materials: Behavior and Mechanics, International
Society for Optics and Photonics, vol. 5053, 2003, pp. 92-100.

S. Neuhaeuser, M. Weickgenannt, C. Witte, W. Haase, O. Sawodny, and
W. Sobek, “Stuttgart smartshell—a full scale prototype of an adaptive shell
structure,” Journal of the International Association for Shell and Spatial
Structures, vol. 54, no. 4, pp. 259-270, 2013.



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

126

F. Connolly, C. J. Walsh, and K. Bertoldi, “Automatic design of fiber-
reinforced soft actuators for trajectory matching,” Proceedings of the Na-
tional Academy of Sciences, vol. 114, no. 1, pp. 51-56, 2017.

K. Miura, H. Furuya, and K. Suzuki, “Variable geometry truss and its

application to deployable truss and space crane arm,” Acta Astronautica,
vol. 12, no. 7-8, pp. 599-607, 1985.

G. Senatore, P. Duffour, P. Winslow, and C. Wise, “‘Shape control and whole-
life energy assessment of an ‘infinitely stiff’ prototype adaptive structure,”
Smart Materials and Structures, vol. 27, no. 1, p. 015022, 2017.

T. Tachi, “Geometric considerations for the design of rigid origami struc-
tures,” in Proceedings of the International Association for Shell and Spatial
Structures (IASS) Symposium, Elsevier Ltd, vol. 12, 2010, pp. 458-460.

E. A. P. Hernandez, D. J. Hartl, E. Akleman, and D. C. Lagoudas, “Modeling
and analysis of origami structures with smooth folds,” Computer-Aided
Design, vol. 78, pp. 93—-106, 2016.

Y. Kim, H. Yuk, R. Zhao, S. A. Chester, and X. Zhao, “Printing ferro-
magnetic domains for untethered fast-transforming soft materials,” Nature,
vol. 558, no. 7709, pp. 274-279, 2018.

N. S. Usevitch, Z. M. Hammond, M. Schwager, A. M. Okamura, E. W.
Hawkes, and S. Follmer, “An untethered isoperimetric soft robot,” Science
Robotics, vol. 5, no. 40, 2020.

D. E. Williams, C. Dorn, S. Pellegrino, and A. Hajimiri, “Origami-inspired
shape-changing phased array,” in 2020 50th European Microwave Confer-
ence (EuMC), IEEE, 2021, pp. 344-347.

Y. Klein, E. Efrati, and E. Sharon, “Shaping of elastic sheets by prescription
of non-euclidean metrics,” Science, vol. 315, no. 5815, pp. 11161120,
2007.

Y. M. Song, Y. Xie, V. Malyarchuk, J. Xiao, I. Jung, K.-J. Choi, Z. Liu,
H. Park, C. Lu, R.-H. Kim, et al., “Digital cameras with designs inspired by
the arthropod eye,” Nature, vol. 497, no. 7447, pp. 95-99, 2013.

K. Liu, F. Hacker, and C. Daraio, “Robotic surfaces with reversible, spa-
tiotemporal control for shape morphing and object manipulation,” Science
Robotics, vol. 6, no. 53, Art—No, 2021.

J. Panetta, M. Konakovié-Lukovié, F. Isvoranu, E. Bouleau, and M. Pauly,
“X-shells: A new class of deployable beam structures,” ACM Transactions
on Graphics (TOG), vol. 38, no. 4, pp. 1-15, 2019.

J. W. Boley, W. M. van Rees, C. Lissandrello, M. N. Horenstein, R. L. Truby,
A. Kotikian, J. A. Lewis, and L. Mahadevan, “Shape-shifting structured
lattices via multimaterial 4d printing,” Proceedings of the National Academy
of Sciences, vol. 116, no. 42, pp. 20 856-20 862, 2019.



[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

127

C. Baek, A. O. Sageman-Furnas, M. K. Jawed, and P. M. Reis, “Form finding
in elastic gridshells,” Proceedings of the National Academy of Sciences,
vol. 115, no. 1, pp. 75-80, 2018.

M. Konakovié¢, K. Crane, B. Deng, S. Bouaziz, D. Piker, and M. Pauly,
“Beyond developable: Computational design and fabrication with auxetic
materials,” ACM Transactions on Graphics (TOG), vol. 35, no. 4, pp. 1-11,
2016.

T. Chen, J. Panetta, M. Schnaubelt, and M. Pauly, “Bistable auxetic surface
structures,” ACM Transactions on Graphics (TOG), vol. 40, no. 4, pp. 1-9,
2021.

P. Celli, C. McMahan, B. Ramirez, A. Bauhofer, C. Naify, D. Hofmann,
B. Audoly, and C. Daraio, “Shape-morphing architected sheets with non-
periodic cut patterns,” Soft Matter, vol. 14, no. 48, pp. 9744-9749, 2018.

T. Chen and K. Shea, “Computational design of multi-stable, reconfigurable
surfaces,” Materials & Design, vol. 205, p. 109 688, 2021.

Y. Li, A. Chandra, C. J. Dorn, and R. J. Lang, “Reconfigurable surfaces
employing linear-rotational and bistable-translational (Irbt) joints,” Interna-
tional Journal of Solids and Structures, vol. 207, pp. 22-41, 2020.

T. Tachi, “Designing freeform origami tessellations by generalizing resch’s
patterns,” Journal of Mechanical Design, vol. 135, no. 11, 2013.

S. J. Callens and A. A. Zadpoor, “From flat sheets to curved geometries:
Origami and kirigami approaches,” Materials Today, vol. 21, no. 3, pp. 241-
264, 2018.

K. Miura and R. J. Lang, “The science of miura-ori: A review,” Origami,
vol. 4, pp. 87-99, 2009.

P. Dieleman, N. Vasmel, S. Waitukaitis, and M. van Hecke, “Jigsaw puzzle
design of pluripotent origami,” Nature Physics, vol. 16, no. 1, pp. 63-68,
2020.

S. A. Zirbel, R. J. Lang, M. W. Thomson, D. A. Sigel, P. E. Walkemeyer,
B. P. Trease, S. P. Magleby, and L. L. Howell, “Accommodating thickness in

origami-based deployable arrays,” Journal of Mechanical Design, vol. 135,
no. 11, 2013.

T. Tachi, “Generalization of rigid-foldable quadrilateral-mesh origami,”
Journal of the International Association for Shell and Spatial Structures,
vol. 50, no. 3, pp. 173-179, 2009.

L. H. Dudte, E. Vouga, T. Tachi, and L. Mahadevan, “Programming curvature
using origami tessellations,” Nature Materials, vol. 15, no. 5, pp. 583-588,
2016.



[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

128

X. Dang, F. Feng, P. Plucinsky, R. D. James, H. Duan, and J. Wang, “Inverse
design of deployable origami structures that approximate a general surface,”
International Journal of Solids and Structures, 2021.

R. D. Resch, Self-supporting structural unit having a series of repetitious
geometrical modules, US Patent 3,407,558, 1968.

R. D. Resch, “The topological design of sculptural and architectural sys-
tems,” in Proceedings of the June 4-8, 1973, National Computer Conference
and Exposition, 1973, pp. 643—650.

T. Tachi, “Origamizing polyhedral surfaces,” IEEE Transactions on Visual-
ization and Computer Graphics, vol. 16, no. 2, pp. 298-311, 2009.

E. Peraza Hernandez, D. Hartl, and D. Lagoudas, “Design and simulation
of origami structures with smooth folds,” Proceedings of the Royal Society
A: Mathematical, Physical and Engineering Sciences, vol. 473, no. 2200,
2017.

D. J. Balkcom and M. T. Mason, “Robotic origami folding,” The Interna-
tional Journal of Robotics Research, vol. 27, no. 5, pp. 613-627, 2008.

S. Jape, M. Garza, J. Ruff, F. Espinal, D. Sessions, G. Huff, D. C. Lagoudas,
E. A. P. Hernandez, and D. J. Hartl, “Self-foldable origami reflector an-
tenna enabled by shape memory polymer actuation,” Smart Materials and
Structures, vol. 29, no. 11, p. 115011, 2020.

Y. Zhu, M. Birla, K. R. Oldham, and E. T. Filipov, “Elastically and plasti-
cally foldable electrothermal micro-origami for controllable and rapid shape
morphing,” Advanced Functional Materials, vol. 30, no. 40, p. 2003 741,
2020.

E. Hawkes, B. An, N. M. Benbernou, H. Tanaka, S. Kim, E. D. Demaine,
D. Rus, and R. J. Wood, “Programmable matter by folding,” Proceedings
of the National Academy of Sciences, vol. 107, no. 28, pp. 12441-12 445,
2010.

J.-H. Na, A. A. Evans, J. Bae, M. C. Chiappelli, C. D. Santangelo, R. J.
Lang, T. C. Hull, and R. C. Hayward, “Programming reversibly self-folding
origami with micropatterned photo-crosslinkable polymer trilayers,” Ad-
vanced Materials, vol. 27, no. 1, pp. 79-85, 2015.

Y. Li and S. Pellegrino, “A theory for the design of multi-stable morph-
ing structures,” Journal of the Mechanics and Physics of Solids, vol. 136,
p- 103772, 2020.

C. Coulais, A. Sabbadini, F. Vink, and M. van Hecke, ‘“Multi-step self-guided
pathways for shape-changing metamaterials,” Nature, vol. 561, no. 7724,
pp- 512-515, 2018.



[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

129

A. Zareei, B. Deng, and K. Bertoldi, “Harnessing transition waves to realize

deployable structures,” Proceedings of the National Academy of Sciences,
vol. 117, no. 8, pp. 4015—4020, 2020.

R. Ghosh, H. Ebrahimi, and A. Vaziri, “Contact kinematics of biomimetic
scales,” Applied Physics Letters, vol. 105, no. 23, p. 233701, 2014.

J. K. Salisbury and B. Roth, “Kinematic and force analysis of articulated
mechanical hands,” Journal of Mechanisms, Transmissions, Automation in
Design, vol. 105, no. 1, 1983.

A. Bicchi, “On the closure properties of robotic grasping,” The International
Journal of Robotics Research, vol. 14, no. 4, pp. 319-334, 1995.

J. C. Trinkle, “On the stability and instantaneous velocity of grasped fric-
tionless objects,” IEEE Transactions on Robotics and Automation, vol. 8,
no. 5, pp. 560-572, 1992.

J. M. McCarthy and G. S. Soh, Geometric design of linkages. Springer
Science & Business Media, 2010, vol. 11.

M. S. Bazaraa, H. D. Sherali, and C. M. Shetty, Nonlinear programming:
Theory and algorithms. John Wiley & Sons, 2013.

J. O.Jacobsen, G. Chen, L. L. Howell, and S. P. Magleby, “Lamina Emergent
Torsional (LET) joint,” Mechanism and Machine Theory, vol. 44, no. 11,
pp- 2098-2109, 2009.

I. L. Delimont, S. P. Magleby, and L. L. Howell, “Evaluating compliant hinge
geometries for origami-inspired mechanisms,” Journal of Mechanisms and
Robotics, vol. 7, no. 1, 2015.

X. Dang, F. Feng, P. Plucinsky, R. D. James, H. Duan, and J. Wang, “Inverse
design of surfaces by deployable origami,” arXiv preprint arXiv:2008.02349,
2020.

R. J. Lang, “A computational algorithm for origami design,” in Proceed-
ings of the Twelfth Annual Symposium on Computational Geometry, 1996,
pp- 98-105.

F. Wang, X. Guo, J. Xu, Y. Zhang, and C. Chen, “Patterning curved three-

dimensional structures with programmable kirigami designs,” Journal of
Applied Mechanics, vol. 84, no. 6, 2017.

X. Liu, J. M. Gattas, and Y. Chen, “One-dof superimposed rigid origami
with multiple states,” Scientific Reports, vol. 6, no. 1, pp. 1-9, 2016.

N. Benbernou, E. D. Demaine, M. L. Demaine, and A. Ovadya, “A
universal crease pattern for folding orthogonal shapes,” arXiv preprint
arXiv:0909.5388, 2009.



[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

130

A. Ovadya, “Origami transformers: Folding orthogonal structures from uni-
versal hinge patterns,” Ph.D. dissertation, Massachusetts Institute of Tech-
nology, 2010.

D. M. Sussman, Y. Cho, T. Castle, X. Gong, E. Jung, S. Yang, and R. D.
Kamien, “Algorithmic lattice kirigami: A route to pluripotent materials,”

Proceedings of the National Academy of Sciences, vol. 112, no. 24, pp. 7449—
7453, 2015.

B. G. Chen and C. D. Santangelo, “Branches of triangulated origami near
the unfolded state,” Physical Review X, vol. 8, no. 1, p. 011034, 2018.

D. Hilbert and S. Cohn-Vossen, Geometry and the Imagination, 87. Ameri-
can Mathematical Soc., 1999.

A. 1. Bobenko, J. M. Sullivan, P. Schroder, and G. Ziegler, Discrete differ-
ential geometry. Springer, 2008, vol. 38.

R. J. Lang, Twists, tilings, and tessellations: Mathematical methods for
geometric origami. CRC Press, 2017.

K. Crane, F. De Goes, M. Desbrun, and P. Schroder, “Digital geometry pro-
cessing with discrete exterior calculus,” in ACM SIGGRAPH 2013 Courses,
2013, pp. 1-126.

R. Connelly, “Rigidity,” in Handbook of convex geometry, Elsevier, 1993,
pp. 223-271.

R. Connelly and W. Whiteley, “Second-order rigidity and prestress stability
for tensegrity frameworks,” STAM Journal on Discrete Mathematics, vol. 9,
no. 3, pp. 453-491, 1996.

B. Roth and W. Whiteley, “Tensegrity frameworks,” Transactions of the
American Mathematical Society, vol. 265, no. 2, pp. 419-446, 1981.

C. R. Calladine, “Buckminster fuller’s “tensegrity” structures and clerk
maxwell’s rules for the construction of stiff frames,” International Journal
of Solids and Structures, vol. 14, no. 2, pp. 161-172, 1978.

R. Connelly, E. D. Demaine, and G. Rote, “Infinitesimally locked self-
touching linkages with applications to locked trees,” Contemporary Mathe-
matics, vol. 304, pp. 287-312, 2002.

A. Charnley, C. Lemke, and O. C. Zienkiewicz, “Virtual work, linear pro-
gramming and plastic limit analysis,” Proceedings of the Royal Society of
London. Series A. Mathematical and Physical Sciences, vol. 251, no. 1264,
pp- 110-116, 1959.

K. Miura and S. Pellegrino, Forms and Concepts for Lightweight Structures.
Cambridge University Press, 2020.

S. Boyd and L. Vandenberghe, Convex optimization. Cambridge University
Press, 2004.



[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

131

K. G. Murty, “Ball centers of special polytopes,” Department of Industrial
ad Operations Engineering, University of Michigan, 2009.

G. C. Goodwin, H. Haimovich, D. E. Quevedo, and J. S. Welsh, “A moving
horizon approach to networked control system design,” IEEE Transactions
on Automatic Control, vol. 49, no. 9, pp. 1427-1445, 2004.

K. E. Lucas-Marcillo, D. A. P. Guingla, W. Barra, R. L. P. De Medeiros,
E. M. Rocha, D. A. Vaca-Benavides, S. J. R. Orellana, and E. V. H. Muentes,
“Novel robust methodology for controller design aiming to ensure DC micro-
grid stability under CPL power variation,” IEEE Access, vol. 7, pp. 64 206—
64222, 2019.

M. Doumpos, C. Zopounidis, and E. Galariotis, “Inferring robust decision
models in multicriteria classification problems: An experimental analysis,”
European Journal of Operational Research, vol. 236, no. 2, pp. 601-611,
2014.

H. Wu, W. Wang, H. Ye, and Z. Wang, “State estimation for Markovian jump
linear systems with bounded disturbances,” Automatica, vol. 49, no. 11,
pp- 3292-3303, 2013.

M. Jordan, J. Lewis, and A. G. Dimakis, “Provable certificates for adver-
sarial examples: Fitting a ball in the union of polytopes,” arXiv preprint
arXiv:1903.08778, 2019.

J. C. Maxwell, “L. on the calculation of the equilibrium and stiffness of
frames,” The London, Edinburgh, and Dublin Philosophical Magazine and
Journal of Science, vol. 27, no. 182, pp. 294-299, 1864.

S. Pellegrino and C. R. Calladine, “Matrix analysis of statically and kine-
matically indeterminate frameworks,” International Journal of Solids and
Structures, vol. 22, no. 4, pp. 409—-428, 1986.

M. von Scheven, E. Ramm, and M. Bischoff, “Quantification of the redun-
dancy distribution in truss and beam structures,” International Journal of
Solids and Structures, vol. 213, pp. 41-49, 2021.

A. Eriksson and A. G. Tibert, “Redundant and force-differentiated systems
in engineering and nature,” Computer Methods in Applied Mechanics and
Engineering, vol. 195, no. 41-43, pp. 5437-5453, 2006.

F. Biondini, D. M. Frangopol, and S. Restelli, “On structural robustness, re-
dundancy, and static indeterminacy,” in Structures Congress 2008: Crossing
Borders, 2008, pp. 1-10.

J. Quirant, “Selfstressed systems comprising elements with unilateral rigid-
ity: Selfstress states, mechanisms and tension setting,” International Journal
of Space Structures, vol. 22, no. 4, pp. 203-214, 2007.



[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

132

J. Quirant, K. Aoual, and R. Laporte, “Tensegrity systems: The application
of linear programmation in search of compatible selfstress states,” Journal
of the International Association for Shell and Spatial Structures, vol. 44,
no. 1, pp. 33-50, 2003.

G. M. Ziegler, Lectures on polytopes. Springer Science & Business Media,
2012, vol. 152.

K. Fukuda, “Frequently asked questions in polyhedral computation,” ETH,
Zurich, Switzerland, 2004.

K. Fukuda and A. Prodon, “Double description method revisited,” in Franco-
Japanese and Franco-Chinese Conference on Combinatorics and Computer
Science, Springer, 1995, pp. 91-111.

D. Avis and K. Fukuda, “Reverse search for enumeration,” Discrete Applied
Mathematics, vol. 65, no. 1-3, pp. 21-46, 1996.

D. Avis and K. Fukuda, “A pivoting algorithm for convex hulls and vertex
enumeration of arrangements and polyhedra,” Discrete & Computational
Geometry, vol. 8, no. 3, pp. 295-313, 1992.

P. McMullen, “The maximum numbers of faces of a convex polytope,”
Mathematika, vol. 17, no. 2, pp. 179-184, 1970.

M. M. Bayer et al., “Combinatorial aspects of convex polytopes,” in Hand-
book of convex geometry, Elsevier, 1993, pp. 485-534.

J. V. Burke and J. J. Moré, “On the identification of active constraints,”
SIAM Journal on Numerical Analysis, vol. 25, no. 5, pp. 1197-1211, 1988.

C. Davis, “Theory of positive linear dependence,” American Journal of
Mathematics, vol. 76, no. 4, pp. 733-746, 1954.

J. Dattorro, Convex optimization & Euclidean distance geometry. Meboo
Publishing, 2010.

Z. Guo, T. Tachi, and H. Yu, “Folding process planning of rigid origami
using the explicit expression and rapidly exploring random tree method,”
Journal of Mechanisms and Robotics, pp. 1-51, 2021.

D. Avis, Lrslib, 2021. [Online]. Available: http://cgm.cs.mcgill.ca/
~avis/C/lrs.html.

K. Fukuda, “Cdd/cdd+ reference manual,” Institute for Operations Research,
ETH-Zentrum, pp. 91-111, 1997.

R. Schaich, Geocalclib: A matlab interface for the lrs library,2018. [Online].
Available: http://worc4021.github.io/.

MOSEK ApS, The MOSEK optimization toolbox for MATLAB manual.
Version 9.0. 2019. [Online]. Available: http://docs.mosek.com/9.0/
toolbox/index.html.


http://cgm.cs.mcgill.ca/~avis/C/lrs.html
http://cgm.cs.mcgill.ca/~avis/C/lrs.html
http://worc4021.github.io/
http://docs.mosek.com/9.0/toolbox/index.html
http://docs.mosek.com/9.0/toolbox/index.html

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

133

D. Avis and C. Jordan, “Mplrs: A scalable parallel vertex/facet enumeration
code,” Mathematical Programming Computation, vol. 10, no. 2, pp. 267-
302, 2018.

D. Avis and L. Devroye, “Estimating the number of vertices of a polyhedron,”
Information Processing Letters, vol. 73, no. 3-4, pp. 137-143, 2000.

D. Avis, D. Bremner, and R. Seidel, “How good are convex hull algorithms?”
Computational Geometry, vol. 7, no. 5-6, pp. 265-301, 1997.

V. Parenti-Castelli and S. Venanzi, “Clearance influence analysis on mech-
anisms,” Mechanism and Machine Theory, vol. 40, no. 12, pp. 1316-1329,
2005.

M.-J. Tsai and T.-H. Lai, “Accuracy analysis of a multi-loop linkage with
joint clearances,” Mechanism and Machine Theory, vol. 43,n0. 9, pp. 1141-
1157, 2008.

S. Dubowsky, M. Norris, E. Aloni, and A. Tamir, “An analytical and ex-
perimental study of the prediction of impacts in planar mechanical systems
with clearances,” Journal of Mechanisms, Transmissions, and Automation
in Design, vol. 106, no. 4, pp. 444-451, 1984.

K. Liu, L. S. Novelino, P. Gardoni, and G. H. Paulino, “Big influence of
small random imperfections in origami-based metamaterials,” Proceedings
of the Royal Society A, vol. 476, no. 2241, p. 20 200 236, 2020.

J. Cai, R. Yang, X. Wang, and J. Feng, “Effect of initial imperfections
of struts on the mechanical behavior of tensegrity structures,” Composite
Structures, vol. 207, pp. 871-876, 2019.

M. Schenk and S. D. Guest, “Origami folding: A structural engineering
approach,” Origami, vol. 5, pp. 291-304, 2011.

K. Liu and G. Paulino, “Nonlinear mechanics of non-rigid origami: An
efficient computational approach,” Proceedings of the Royal Society A:
Mathematical, Physical and Engineering Sciences, vol. 473, no. 2206,
p- 20170348, 2017.

S. Pellegrino, “Structural computations with the singular value decomposi-
tion of the equilibrium matrix,” International Journal of Solids and Struc-
tures, vol. 30, no. 21, pp. 3025-3035, 1993.

T. Tachi, “Simulation of rigid origami,” Origami, vol. 4, no. 08, pp. 175—
187, 2009.

E. A. P. Hernandez, D. J. Hartl, and D. C. Lagoudas, Active Origami:
modeling, design, and applications. Springer, 2018.

Y. Li, “Motion paths finding for multi-degree-of-freedom mechanisms,”
International Journal of Mechanical Sciences, p. 105709, 2020.



134

Appendix A

PLATE-HINGE KINEMATICS

The kinematics of structures composed of rigid plates connected by hinges can be
captured by a set of bilateral constraints representing pin-jointed rigid bars [48,
115]. To develop a set of kinematic constraints, the edges of each plate are treated
as rigid bars. Then, rigid bars are added to triangulate any non-triangular plate, as
illustrated in Figure A.1. The bars added to triangulate plates are treated as fixed
hinges to ensure that the plates remain planar. The corresponding set of bilateral

constraints is
h(x) =0, (A.1)
where

L;(x) — Ly; i=1,...,n
() = 1) TR ¢ (A2)
gol-(x) i=ng+1,..,ng+ng.

The plate-hinge structure containing n vertices is parameterized by vertex coordi-
nates x € R*. The lengths L € R"? of the np bars are fixed at Ly € R"2, enforcing
that the bars are inextensible. The rotations ¢ € R" about the ngy bars added
to triangulate the non-triangular plates are restricted to zero. The total number of

bilateral constraints is n, = ng + ng.

The bilateral constraint gradients C® € R">*3" which form the compatibility matrix

of the bilateral constraints, are given by

ol
oh |7z
ct = o= ox| (A.3)
X 090
ox

The gradients of bar lengths and hinge rotations with respect to x make up C”.

To define the gradients of the bar lengths, consider bar k& with length L; whose
endpoints are defined by x; = [x; y; z;]” and x i=1lxjyjz j]T. The gradient of the



Figure A.1: Pin-jointed bar model for plate-hinge kinematics. (a) A hinge con-
necting two quadrilateral plates. (b) The equivalent pin-jointed bar model of the
plates. The red lines represent bars added to triangulate the two plates. The bilateral
constraints enforce that all bars, including both the black and red segments, have
fixed lengths and that the angles about the added bars, shown in red, remain at zero.

I-ﬁnge r

Figure A.2: Diagram of a hinge for defining angle gradients, based on [116].

length of the bar with respect to its endpoints is

0Lk: Xi—X; Yi—Yj Zi—Zj (A4)
axi Lk Lk Lk
aLk: XjmXyj Ty 4 muf (A5)
6xj Lk Lk Lk

The gradients of L; with respect the endpoints of bar k represent the only nonzero

entries in row k of C?.

The gradients of the angle of a hinge are defined with respect to four points that
define the hinge. Consider a general hinge r in three-dimensional space, as shown
in Figure A.2. Four points can be used to define the hinge. Points x ; and x are two
points that define the rotation axis of the hinge while points x; and x; each lie on

one of the plates that intersect at the hinge. The gradient of hinge angle with respect
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to these four points, which is derived in [116], takes the form

a0 |7l

__ , A6
ox; = ImlP (4.0
90 lryl
_— = n, (A7)
ox; ||n|?
06 ii " Tki 00 “Fri 06
—:—(r’ i —1)—+M—, (A.8)
ax;  \Trgl? ) ax: el o
06 Fii - Tii 00 rii-rig; 06
_:_(k’ ’;f_l)_+ /T4 08 (A9)
axe - \Trgl ax; " r 2 ox;

where r,, = x, —x, and the normal vectors m and n are givenby m = r;; Xr;; and
n = ri; X ry. Here, we adopt the convention of [48] for defining the hinge angle.
Equations (A.6)-(A.9) can be used to compute the components of C? associated
with the fixed hinges.

Using the compatibility matrix, the linearized bilateral constraints about a configu-

ration x, take the form
Cc’d =0, (A.10)

where d = x — x; € R¥ is a displacement of the vertices and the gradients that

define the compatibility matrix are evaluated at x;.

The singular value decomposition (SVD) of the compatibility matrix can be utilized
to compute its null-space, which gives the first-order compatible directions, or the
mechanisms of the structure [117]. The SVD is given by

Cb

ol Uvwr. (A.11)

The right singular vector matrix W is composed of two sub-matrices
W= [W,C Wm] (A.12)

where W, has r. columns and r.. is the rank of the compatibility matrix. The matrix
W, has m columns, which form an orthogonal basis of the m-dimensional null space
of the compatibility matrix. The number of kinematic degrees of freedom is defined

as m, which corresponds to the number of linear mechanisms of the structure.
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Appendix B
KINEMATIC PATHFINDING

A kinematic simulation framework for multi-DOF plate-hinge structures is formu-
lated in the context of the bar-hinge model of Appendix A. A pathfinding algorithm
is outlined, which can simulate reconfiguration of a fold pattern between target

configurations.

The objective of the kinematic simulations is to verify that a path exists between
target configurations of a fold pattern corresponding to different target surfaces. To
simulate rigid folding between configurations, a kinematic pathfinding algorithm
is outlined. Several pathfinding techniques have been developed to simulate rigid
folding of origami [118-120]. Specifically, we follow the work of [120] to perform

pathfinding simulations.

In the problem at hand, the initial configuration of the pattern x! is known, which
contains all vertex coordinates of the fold pattern, including both the tile and sub-
fold vertices. A path is sought from x! to a configuration with target tile vertex

coordinates v, € R3v.

A step toward the target tile vertices is given by

di = (Vt)j_x; J S ny

7 (B.1)

0 ] > Ny

Here, d' is a displacement of only the vertices on the tiles. By project d’ onto the

null space of the compatibility matrix, a first-order-compatible displacement is
dy, = Wi li(Wa) d', (B.2)

where W,,|; is W,, evaluated at configuration x’. Finally, an incremental step toward

the target surface that satisfies the linearized constraints is

i+l _ i i

¥ =x"+nd,, (B.3)
where

PN
T

(B.4)
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and 7 is the step size. Since the step is taken within the space of linear mechanisms,
it will induce higher order errors in the bilateral constraints. Correction steps can
iteratively be applied until the constraints of Eq. (A.2) are satisfied. The correction
step is taken orthogonal to the null space of the compatibility matrix,

do (%) = -Weli (V,o)7' Ure)] (B.5)

e(i”l)]
90()7?“'1)

where e = L — L is the extension of the bars.

A pathfinding algorithm is summarized in Algorithm 1. The algorithm returns a set
of configurations {x'} along the path from the initial configuration to the final target

configuration.

Algorithm 1 Kinematic pathfinding algorithm
1: while ||d’|| > € do
2: Compute a?llm from Egs. (B.2)-(B.4)

3: Xii <—x,~+77¢Al;n

4: while > e do

5: Xiv) — X1 +do(Xi11)
6: e (—L(fH])—LQ

7: ¢ — o(Xi1)

8: end while return x;;; = X1
9: I—i+1

10: end while

The outer while loop increments the steps along the path, terminating when the
configuration is within a tolerance €; of target tile vertex coordinates. The inner
while loop iteratively applies correction steps until the bilateral constraints are

satisfied within tolerance e;.
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Appendix C

2-DOF LINKAGE MATRIX COMPUTATIONS

This appendix supplies details on the computation of the matrices supporting the
2-DOF linkage example. The bilateral constraints of Eq. (4.58) take the form
of fixed-length bar constraints. The gradients of bar lengths, also known as the

compatibility matrix of the bars, takes the form

o2 9 0 0 0

Ly Ly
X2=X3  Y2—Y3 X3—=Xp Y3~)2
Cb — oL — Lo L L, Ly 0 0 (C 1)
ox 0 0 X3—X4  Y3=V4  X4—X3  Y4—)3 :
Ls L3 L3 Ls
X4 Y4
o o0 o0 o0 & X

When evaluated in the four target configurations, the compatibility matrix of the

bars takes the values

[0.7071  0.7071 0 0 0 0
coy, _ [707071 07071 07071 —0.7071 0 0
0 0 -07071 —-0.7071 0.7071 0.7071
0 0 0 0  -0.7071 0.7071
1 0 0 0 0 0 |
col, _ [T04728 08812 04728 08812 0 0
0 0  —0.4728 —0.8812 0.4728 0.8812
0 0 0 0 -1 0
: (C.2)
0.7071 0.7071 0 0 0 0
Chl, _ |70:2630 09648 02630 -0.9648 0 0
0 0 -09169 —0.3991 0.9169 0.3991
0 0 0 0 -1 0 |
1 0 0 0 0 0
Col, = |700169 03991 09169 03991 0 o |
0 0  —-02630 —-0.9648 0.2630 0.9648
0 0 0 0  -0.7071 0.7071

where C?|; denotes the bar compatibility matrix evaluated in configuration i.
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Orthonormal bases for the null spaces of C b l1, C b |2, C b|3, and C? |4 are computed

as
[ 0.4512  -0.2155] ) 0
—0.4512  0.2155 —0.7166 0.0498
0.6667 0.2357 0.5172  0.6059
Wm|1 = Wm|2 =
—0.2357 0.6667 —0.4391 0.3749
0.2155  0.4512 0 0
0.2155  0.4512 ~0.1616 0.6999
- . - : (C.3)
0.5290 —0.0548 0 0
~0.5290 0.0548 0.4302 —0.8223
0.2864  0.3331 0.0702  0.4337
Wm|3 = Wm|4 = s
~0.5952  0.1605 0.5914 0.1741
0 0 0.4797 0.2297
0.0627  0.9259 | 0.4797  0.2297

where each have m = 2 columns corresponding to the two mechanisms of the linkage.
Note that this choice for the basis of the mechanisms is not unique. The gradients
of the unilateral constraints of Eq. (4.59) must be defined separately for each target
configuration since each configuration has different active unilateral constraints. In

each target configuration, the gradients of the active unilateral constraints are

(200 00 g 9 0 0
CYly=|%2 o 905 00
5 5
0 0 00 % 5]
00 00
cip, - “G %00 0 0
*“lo o0 00 -2 _
| Ox4 dya 1o (C.4)
91 9% g o o 0 | '
Cu|3: 0x) ayo y 20
_09%  _0b5
0 0 00 -5& -2
00 00 ]
cil, - % 00 0 0
0 0 00 9% %
| X4 Yal4

To evaluate the active unilateral constraint gradients, the derivative of an angle with
respect to the points that define the angle must be computed. In the two-dimensional
setting, Figure C.1 defines three points, p;, p,, and ps3, which define the angle 6.
The unit normal vectors to segments p, p, and p, p; are N1, and N3, respectively.

The derivative of 6 with respect to the points p;, p,, and p5 are given by
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p3

Figure C.1: Definitions for computation of the gradient of a hinge angle with respect
the points that define the hinge in two dimensions.

69 - _ le _ N23 (CS)
op, lp1p2ll  llP2psll

99 _ N C6)
op, llpipall

06 _ _Nn : (C.7)
ops  |lp2psl

These equations for hinge angle gradients represent a simplified version of Egs.
(A.6)-(A.9) for the two-dimensional setting. Equations (C.6) and (C.7) allow the
active unilateral constraint gradients to be evaluated in the four target configurations.

By inserting numerical values for each configuration, we obtain

C"|

-0.0094 0.0094 0 0 0 0
0 0 0 0 0.0094 0.0094

(0 —0.0133 0 0 0 0
0 0 00 0 -00133

[—0.0094 0.0094 0 0 0 0 ]

CY,
(C.8)

C“ls
0 0 0 0 0 -0.0133

(0 —0.0133 0 0 0 0
0 0 0 0 0.009 0.0094]

CYl4

Now, the matrix A = W2 C*T can be computed in each configuration,

[_0.0085 0.0041 [ 0.0096  0.0022
Al = A

| 0.0041  0.0085 |—0.0007  -0.0093

[~0.0100 —-0.0008 Al [~0.0057 0.0090
 0.0010  -0.0123 4  0.0110  0.0043 |

(C.9
Al3 =
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The normal vectors to the polyhedral cone that defines the rigidity conditions, which

are the rows of A~ are

A7

A7,

A7

Ay

nll
311
ni|
1312
nlls
313

nlly

7314

[_95.7107
45.7107

106.3629
| ~7.5637

99,5437
| -8.3288

[_34.9212
88.4042

45.7107
95.7107

24.5553
—108.8982

(C.10)
6.7458 ]

—-80.4400

72.9415
46.2510| "

Finally, we can define the compatibility matrix of the springs C*, introduced in Eq.

(4.34). Since this example has only torsion springs, the spring compatibility matrix

contains the derivatives of the hinge angles with respect to the vertex coordinates.

It is given by

00
ox

CS

[ 961
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06,
(9)62
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0x7

0
0

991
s 0 0
96, 06, 06y
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0 9 064
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0 0 0

0 0
0 0
A
ox: ot (C.11)
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Using the identities of Egs. (C.5), (C.6), and (C.7), the derivatives of angles with

respect to the vertex coordinates can be evaluated as

C’ly

C',

C’l3

C'ly

[—0.0094

0.0019
—-0.0075
0
0

[ 0.0000
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0
0
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(C.12)
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