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ABSTRACT

The Spin-Valence kirigami space frame is an innovative deployable structure invented by Emily
Baker, Assistant Professor at the University of Arkansas in the Fay Jones School of Architecture
and Design. Professor Baker's motivation and research approaches concerning the creation of this
original frame draw from "disciplined play" with patterns in search of creative, structurally refined
solutions (Baker 2014, 2018).

Kirigami is a Japanese tradition which corresponds to a variation of origami, which includes
cutting of paper (from Japanese "kiru" = to cut, "kami" = paper) rather than only folding the paper
as is the case with origami. Through her process of design and invention, she developed an
empirical approach to structural design. Manipulating shapes, cutting patterns, and making
physical models enables her to elaborate the Spin-Valence kirigami space frame, which is
particularly promising from both the architectural and structural points of view. Indeed, the Spin-
Valence deployable system converts a continuous sheet of steel into a structural space frame, to
simultaneously achieve lightweight transparency with span that is large relative to its thickness.

The paper aims to establish and present the structural characterization of the Spin-Valence frame.
To achieve this goal, theoretical calculations and experimental testing, both conducted at the
Massachusetts Institute of Technology, have been compared.

Analytical exploration of the Spin-Valence are developed in this study to reach an improved
understanding of the structural behavior of this creative space frame. The goals of these
identifications being to eventually suggest a full characterization of the Spin-Valence in terms of
capacity.

Thesis Supervisor: Gordana Herning
Title: Lecturer of Civil and Environmental Engineering
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Chapter 1. INTRODUCTION

1.1 Motivation

1.1.1 Designing Space Frames

Spatial structures are made of linear or surface elements arranged to create a geometric pattern that

strengthens the system while allowing large spans and efficient material use. They have attracted

a lot of interest appearing in the field of construction in the late 1 9th century. As a matter of fact,

The Eiffel Tower is a landmark long-span 3D space grid iron structure constructed in 1889. Built

to be temporary for the 1889 Exposition Universelle, now it is over 100 years old. Robert Le

Ricolais, considered as the father of spatial structures, led the first innovative investigations of

space frames in the early 2 0th century. Very early, as a pioneer and a visionary, Le Ricolais

understood the potential inherent to building space frames. "Zero weight, infinite span" - this is

how Le Ricolais envisioned spatial frames, a weight powerful tool that could enable humans to

better deliver in the build environment having access to phenomenal spans. Also, Le Ricolais, in

advance of his time, envisioned the following: "... however strange it appears, despite the diversity

of our pursuits and the variety of objects, our main preoccupation was, in a way, making holes

... ". Le Ricolais already knew that spatial frames would enable designers to develop methods for

efficient use of material and reach large spans in their designs like illustrated in Figure 1-1. He

opened the path to one of the most relevant considerations of the modern times, which is the proper

use of building materials to economize resources on Earth (Motro, 2007).
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Figure 1-1: Network Systems (Motro, 2007).

Deployable structures, identified as structures that present the ability to quickly be deployed or

folded, combined with space frame principles have then raised a lot of interest. Indeed, they can

take a wide range of forms and shapes. Hanaor and Levy (2001) have suggested a definition and

classification of spatial structures specifically related to deployable systems. They established two

purposes for designing spatial frames. The first one is to build "temporary structures", and the

second one is to have access to "inaccessible or remote places". Indeed, space frames can be

deployed as a structure in order to meet immediate needs for temporary occasions (such as

exhibitions, cultural events, or athletic competitions), or when a natural catastrophe like an

earthquake, or a flood, happens. Also, the army is interested in this industry and participates in

fostering it especially since they often deal with hard-to-access and remote areas. Hanaor and Levy

(2001) explored different families of spatial frames regarding their morphology and kinematics

like presented in Figure 1-2. Deployable space frames include a wide range of configurations

including rigid link structures such as pantographic ones, or deformable structures such as strut-

cable systems and tensioned membrane.
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Figure 1-2: Deployable structures-classification chart (Hanaor and Levy, 2001).

Several scales are to be considered when it comes to space frames - from the nano scale to long

span large scale structures. However, several constraints limit the use and development of those

very promising new kind of structures. The difficulty to build the nodes and the connections of the

spatial frames makes it more challenging to implement and to use them especially for long span

purposes in the field of construction. This is the reason why the research areas devoted to space

frames continue to be driven by practice-oriented design questions including constructability,

economy, performance, and aesthetics.
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1.1.2 Introducing the Spin-Valence Kirigami Space Frame

Emily Baker, Professor at the University of Arkansas, has led an investigation of a specific

typology of space frames, the kirigami deployable structures. Baker (2014) debated the possible

use and implementation of her innovative idea: The Spin-Valence kirigami space frame using an

aesthetic and pragmatic approach to a deployable space frame design. Later in 2018, she published

another paper and presented it at the International Association for Shell and Spatial Structures in

Boston. Her last result of investigation is called the "Spin-Valence Kirigami Space Frame" (Baker,

2018). Using Computer Numerical Control (CNC) technology and a cutting- pattern, developed

on the software Rhinoceros, Baker transformed a single sheet of steel into a kirigami deployable

space frame, Figure 1-3.

Figure 1-3: Rhinoceros model of the Spin-Valence Kirigami Space Frame (Baker, 2018).
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Figure 1-4: Single unit of the Spin-Valence kirigami space frame (Baker, 2018).

After the cutting pattern is applied to the sheet of steel, the legs are manually deployed. Then, the

long diagonals are folded to form an angle thanks to a lacing system implying 2, 3, or 4 connecting

points to strengthen the columns and then the frame. Eventually, the legs are welded to the base as

well as the interior angles to form triangulated elements which tie single units into a whole spatial

frame that benefits from interconnected modules with improved stiffness and global capacity.

A single unit of the Spin-Valence Kirigami Frame is made of 4 legs, 2 plates and 2 angles (1300),

linking two hollow squares, Figure 1-4.

The multi-unit used is composed of 9 single units, each presenting 4 battened and tapered legs,

Figure 1-5. Some differentiations can be observed concerning the legs of the edges which are

plates and not angles.

Figure 1-5: Fabrication of the Spin-Valence Kirigami Space Frame.
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1.1.3 Inspiring Deployable Spatial Structures and their potential

Deployable structures have great potential especially because they are able to combine several

characteristics very valuable for construction. Being light, flexible, and quick to execute make

them very attractive and considered for several different kinds of design.

They have been designed to suit the needs of the health field and especially rescue tents. And, they

have also been thought for building deployable bridges, or houses. Lastly, deployable structures

are highly appreciated to designing tools that are going to serve in the space.

In this way, the Spin-Valence Kirigami Space Frame has a predicted great potential, especially

thanks to its structural arrangement, using triangulation systems, that are supposed to make the

structure more efficient.

Its structural characterization still need to be defined in order to assess how it is going to be possible

to use it. Among the potential uses of the kirigami space frame, we are currently considering:

support for faqade needs, reinforcement in slabs, reinforcement in columns, help to cast both slabs

and columns, as well as walls, Figure 1-6. However, this space frame faces issues and challenges

among them the fact that it is very difficult to produce it for large scale purposes. Also, the need

to weld all the connections makes it even more difficult to produce and as well as to scale it.

Figure 1-6: The Spin-Valence Kirigami Space Frame used as a fagade.
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1.2 Problem Statement

1.2.1 A Need for Characterizing Structurally the Behavior of Elements, Units, and the Frame

The Spin-Valence kirigami space frame has been assessed from an architectural point of view and

through empirical refinements aimed at increasing its structural performance. Combining

creativity, aesthetic, and ingenuity, Emily Baker (2018) was able to develop a promising

deployable space frame, Figure 1-7. However, at this date, the Spin-Valence has not been

considered for structural matters such as capacity. Then, the aim of this thesis is to structurally

solve the Spin-Valence kirigami space frame in order to add value to this work. This entails to

characterize the structural behavior of the legs of the Spin-Valence (columns), the single unit, as

well as the multi-unit frame.

Figure 1-7: Early chipboard structural units, displaying opposite chirality (Baker, 2018).

18



1.2.2 Thesis objectives: Analytical and Experimental Explorations

This thesis has two main objectives which are to conduct both an analytical and experimental

explorations of the Spin-Valence Kirigami space frame.

To achieve this, the single unit of Emily Baker's frame will be first analytically evaluated thanks

to hand calculations in order to better understand and apprehend the behavior of the frame. This

way, this first analysis will give us access to a first idea of the capacity of the Spin-Valence,

enabling us as well to perform comparisons with experimental evaluation of the frame.

Subsequently, the multi-unit frame of Emily Baker's invention will be then analytically

determinate thanks to hand calculations as well. In regard to this analysis, the experimental testing

of the multi-unit, as well as its set up, will be achieved.

1.3 Chapters layout

This thesis presents 7 chapters in order to cover the analytical and experimental investigations of

the Spin-Valence kirigami space frame:

o Chapter 1 - Introduction: This chapter provides a general presentation of deployable

structures, space frames, as well as the Spin-Valence kirigami that is the main study of this

thesis.

o Chapter 2 - Literature: This section presents a review of the state-of-the-art regarding

deployable space frames. In particular, it gives several examples of deployable structures

and space frames.

19



o Chapter 3 - Methodology: This division first presents and develops the Euler Buckling

Theory. Then it explains the methodology applied to use graphic statics. Lastly, it gives

explanations concerning the way this thesis has been thought and built.

o Chapter 4 - Structural Investigation: This chapter introduces the analytical study of the

Spin-Valence kirigami space frame. It includes analysis of the columns that constitute the

Spin-Valence frame. It also presents the analysis of the Spin-Valence kirigami single unit

and multi-unit frames.

o Chapter 5 - Experimental Investigation: This section develops the testing of the Spin-

Valence kirigami space frame. It includes the testing of the columns that constitute the

Spin-Valence frame. It also presents the testing of the Spin-Valence single unit and multi-

unit frames.

o Chapter 6 - Conclusion: This chapter serves as a conclusion for the thesis. It especially

consists in a summary of contributions, presentation of future works, and concluding

remarks.

o Chapter 7 - References : This section aims to gather and summarize all the references of

this thesis.

20



Chapter 2. LITERATURE REVIEW

2.1 Deployable structures and space frames

2.1.1 Deployable structures

Deployable structures can be quickly deployed or folded to suit the needs of their users. In a short

amount of time, their ability the expand from a small folded size to a large deployed structure have

made them very interesting. Deployable structures are defined as structures that can span the space

thanks to light and geometric arrangement of bars and connections. Many industries predicted the

potential of those kind of structures and are currently exploiting them such as the space industry

or the construction one. Indeed, deployable structures have been frequently used as deployable

solar panels to supply the latest satellites with their power demand. This is the case for Hubble

Space's solar panels, seen in Figure 2-1, which are a very well-known illustration of the use of

deployable structures in the space (Cawsey, 1982).

Figure 2-1: The solar panels of the Hubble Space unfolding (Google image).
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Moreover, there is also a high interest in deployable structures on earth and their use cover a wide

range of applications. Retractable roofs for stadium enclosure purposes are an example such as the

Skydome of the Toronto Blue Jays baseball team, seen in Figure 2-2. "The roof's retraction

mechanism incorporates programmable logic controllers and low-horsepower motors to drive

bogies along tracks" (O'Conner, 1992).

Figure 2-2: The Skydome of the Toronto Blue Jays baseball team (Google image).

2.1.2 Existing space frames

A space frame, in the field of architecture and structural engineering, is a stiff, delicate, structure

that looks like a truss. Space frames are built based on the assembly of elements respecting a very

systematic geometric design. They are commonly used for long span structures in environments

that need lightweight support system. Space frames can have a substantial strength due to the fact

that they are made from a triangulated systems. In this way, the axial loads are transferred to the

elements as compression and tension loads only. Space frames offer an opportunity for creative

design, in addition to their capabilities to evenly distribute loads along each rod and external

22



constraints. The capacity of steel space frames allows for the creation of intricate, complex, and

light weight structures. Space frames also provide increased resistance against fire, earthquake,

and explosion damages thanks to their inner highly hyper-static system. Space frames are

constructed in a modular fashion, made from manufactured elements that are designed with

extreme dimensional precision, Figure 2-3 and 2-4.

Figure 2-3: Queen Elizabeth II Great Court BuroHappold Engineering (Google image).

Figure 2-4: Roof of King's Cross Station London John McAslan + Partners design (Google
image).
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2.1.3 The kirigami influence on deployable and space trusses

Kirigami is an old tradition that belongs to Japanese culture and implies the cutting and folding of

paper to form spatial shapes. It is an art close to Origami which does not involve any cutting in its

realization. Nowadays, a lot of investigations have been run in a wide range of practices in order

to implement and use Kirigami concepts. Indeed, the fields of aerospace, architecture, structural

engineering, and robotics are exploring ways to build and take advantage of Kirigami in their

expertise.

Explorations and examinations are conducted to demonstrate its promising potential for a

multitude of challenges such as folded wood columns (Del Broccolo, 2017), or Poisons ration

investigation of materials (Grattas, 2018). Kirigami tradition is then applied from the macro scale

to the nanoscale. When it comes to considering the nanoscale, Kirigami have been thought to

implement substrates for optoelectronic tools thanks to their geometry that enables considerable

efficiency regarding strain energy losses.

The matter of this thesis is to investigate its interesting potential for long span roof and wall

implementations for construction purposes. This way, the geometry and the arrangements of the

kirigami play a crucial role when it comes to evaluate the structure long-lasting performance when

it undergoes repeated loading. "To maintain a long serving life, it is required that kirigami

structure-based devices can maintain their elastic performance after a large number of cyclic

loadings", (Chen, 2018). This implies that the deformations and deflections of the kirigami space

frame must be very reasonable to maintain elastic behaviors.
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The field of architecture has especially been exploring kirigami arrangements. Indeed, kirigami

shapes enable to trigger innovation in their field especially by playing with the impact of light

trough kirigami dispositions. The capacity of the kirigami to deploy and fold gives access to the

operator to monitor the quantity of light that is going to affect the structure or its enclosure space.

For instance, this technology has already been used and implemented in France for the faqade

construction of the Institut du Monde Arabe in Paris designed by the French architect Jean Nouvel,

Figure 2-5.

Figure 2-5: Faqade of the Institut du Monde Arabe featuring kirigami technology used to

monitor the level of ambient light, Paris (Google image).

It is with this spirit that the architect Emily Baker investigated possible ways to monitoring

daylight exposure for faqade implementations in the world of construction (Baker, 2014).

2.2 Capacity determination of columns with non-uniform cross-section

Columns made of steel with non-uniform cross-section over its length have been commonly

employed in numerous edifices for a long time. This is because of the material's shrewd sectional

repartition and stiffness all over the column's length. Indeed, tapered and double tapered columns

(Figure 2-6) are designed to undergo high level of loading while constituting at the same moment
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a proficient and cost-effective structural design (Zhang et al., 2013). As an example, axially loaded,

a double tapered solid column simply supported will enable 13% of steel material savings in

comparison to a uniform cross-section column, simply supported as well (Dinnik 1962).

(a) stepped column (b) tapered column (c) double tapered column

Figure 2-6: Steel columns with non-uniform cross-section (Zhang et al., 2013).

Non-uniform cross-sectional steel columns' elastic stability has been explored intensively. At first,

variable inertia columns' critical loads were established based on equilibrium equations leading

buckling theories and energy fundamental equations. Gere and Carter (1962) have lead analysis

concerning various kind of tapered columns. They were able to establish accurate resolution of

equilibrium equations governing their behavior. By using the method of successive approximation,

Timoshenko and Gere (1961) were able to present a range for the critical load of these columns.

Also, energy methods have been studied and investigated by Smith (1988), who implemented this

method by developing analytical equations for tapered columns to establish critical loads.

Furthermore, Ermopoulos conducted an elaborated study of I-section tapered columns stressed by

axial loads. Considering in his study the buckling equilibrium equations, he applied the loads at

different spots of the columns' axis. Afterwards, considering several cases of boundary conditions,

he recapitulated a set of computational representations (Ermopoulos, 1986).
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When it comes to non-uniform cross-section columns, the equilibrium equations that best describe

their behavior are differential equations presenting variable coefficients. This is why, it is complex

to establish straightforward an analytical resolution of this problem. For this reason, a lot of

numerical approaches have been generated and implemented. Coskun and Atay (2009) established

the critical load for columns whose present variation in their flexural rigidity governed by

exponential functions or power laws. They determined these critical loads they solved nonlinear

differential equations applying variational iteration method. Besides, recent numerical approaches

have been achieved to determinate variable inertia columns' critical loads and then capacity. Finite

difference method has been conducted and applied to non-uniform cross-section columns by

Girijavallabhan (1969). This way, he suggested resolutions for the buckling study of non-uniform

columns. Moreover, the finite element method has been implemented in many studies as well in

order to put forward a resolution to this problem. As a matter of fact, Shiomi and Kurata (1984)

focalized on the analysis of the buckling behavior of tapered elements by splitting them into several

uniform members.

On the other hand, to reach the goal of evaluating the critical loads of non-uniform cross-sectional

columns with precision, further considerations concerning geometrical and material nonlinearities

have to be discussed and analyzed. By this way of thinking, initial imperfections should be also

examined and reviewed with caution since they might impact consequently both the analysis and

the results. In this way, Raftoyiannis and Ermopoulos (2005) debated the unfavorable influence of

initial imperfections when it comes to assess the stability of both tapered and stepped columns.

The asymmetrically double-tapered column (Figure 2-7) is the more efficient and cost-effective

choice when it comes to design a column to be able to bear axial and transverse load applied
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simultaneously with simply supported boundary conditions; the transverse resistance being

provided by the cross-section having the largest stresses. Up to now, hardly any researches have

been tackling this advanced variety of non-uniform cross-section columns. This is why, there is

very few established design procedures to anticipate the critical capacity of these columns (Zhang

et al., 2013).
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presentation of steel columns with non-uniform cross-section showing
(Zhang et al., 2013).

However, in an attempt to suggest an answer to this problem, Lubliner and Papadopoulos (2010)

first discussed entasis columns and amplified the aesthetic use of those columns (Figure 2-8). An

entasis is a convex curve applied to the shaft of a column in order to rectify the optical illusion of

concavity generated by a straight shaft. Then they gave an analytical answer to this concern.

Indeed, they provide the field of structural engineering with an approximative analytical

expression to define the ultimate bearing capacity of symmetrically double-tapered columns

developing and adapting the Rayleigh method.
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Figure 2-8: Column with entasis: (a) classical illustration, (b) modern illustration, (c) equivalent
simply supported column (Lubliner and Papadopoulos, 2010).

Therefore, they came with the following approximation to assess the critical load for

symmetrically double-tapered columns after having implemented and adapted the Rayleigh

method to suit the needs of the problem tackled. In their expressions, PEO is the Euler buckling

critical load calculated for the smallest section and a is a coefficient that takes into account the

geometry of the symmetrically double-tapered columns like illustrated in Figure 2-8 (c), as

follows:

PCr = PE 2 + 23 +-a4

With, PEO =

And, a = CM - CO
CO

2.3 Graphic statics exploration

Statics is the evaluation of the impacts and spread of forces on structures that persist in idle state

over time. Graphic statics is an approach to statics studies based on graphical techniques (Zalewski

and Allen, 1998). The origins of graphic statics are from the futuristic works carried by Leonardo
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da Vinci and Galileo Galilei back in the 15 th and 1 6 th centuries. Varignon, French mathematician,

gave the force polygon as well as the funicular polygon in his unprecedented study published in

the 1 8 th century (Varignon, 1725). Later in 1748, the masonry dome of St. Peter's Basilica in Rome

was structurally evaluated thanks to graphical considerations in a study published by Giovanni

Poleni.

It is in 1864 that Maxwell and Taylor made public their determining technique to graphically

analyze and establish forces in trusses (Maxwell, 1864). At this time, this approach was neither

recognized nor trusted until Bow demonstrated and elaborated it in his studies in 1873. Karl

Culmann, German engineer who lived in the 1 9 th century, is traditionally granted as the graphic

statics' father. Culmann gave in 1866 the very first undeviating and exhaustive record of graphical

methods. He instigated a large number of graphical approaches and explained how and to what

extent these methods could be applied in order to resolve and deal with a large range of structural

considerations (Culmann, 1866).

The forward-thinking developers of graphic statics have definitively impacted the field of

structural engineering. The way modern structures are designed still carry the marks of their

immense talent. As a matter of fact, Maurice Koechelin, co-designer of the Eiffel Tower, was the

student of Culmann. The famous Spanish architect, Antonio Gaudi, the vault designer, Rafael

Guastavino (Figure 2-9), and the structural engineers Eduardo Torroja and Santiago Calatrava

were all taught graphic statics during their academic path. Their designs carry the heritage of the

pioneers of graphics statics and are studied in terms of structural efficiency and merit (Zalewski

and Allen, 1998).
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Figure 2-9: Guastavino's masonry shells analyzed applying graphic statics.

Furthermore, Zalewski and Allen (1998) developed graphic statics methods to design various

structures and especially complex shapes. This way, they gave comprehensive and detailed

resolutions of structural problems applying the fundamental principles of graphic statics like

illustrated in Figure 2-10.
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Figure 2-10: Graphical determination of forms and forces for a vault (Zalewski and Allen, 1998).
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Chapter 3. METHODOLOGY

The Spin-Valence kirigami space frame is a complex deployable structure. Its specificity is to be

the result of the juxtaposition and arrangement of numerous triangulation systems resulting in the

design of a new sort of double-layer grids illustrated in Figure 1-3. Its design involves several

sophisticated structural techniques such as battened-columns or tapered elements.

In order to better apprehend this original and unique structure, the problem has been broken down

into several studies which aims to result in a comprehensive study of the Spin-Valence. This

chapter develops then the global methodology and strategy applied to structurally solve the Spin-

Valence. Two main approaches are considered: the analytical one as well as the experimental one.

3.1 Euler Buckling Theory

The aim of this first section is to establish and investigate Euler's formula for the critical load of

an axially compressed column with pinned ends (Figure 3- 1 (a)) applying the equilibrium method.

First of all, going through the theory of buckling is essential for this thesis since a comprehensive

understanding of the phenomenon is needed to be able to properly analyze the columns of the Spin-

Valence kirigami space frame. Indeed, this research represents a consequent part of the topics

addressed in this thesis.

This way, we are going to examine the pin-ended column illustrated in Figure 3-2 (a). The free-

body diagram of the lower part AB of the column is also illustrated in Figure 3-2 (b). Here, the

positive moment M(x) is determined as being in the clockwise sense. Then, considering the

equilibrium of moments about point A, we find that F MA = M(x) + Py = 0, which means that,
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M(x) = - Py

(a) (b) AN ) s

Pt

I

Figure 3- 1:Column with pinned ends (a) and free-body diagram of lower part of column (b)
(Boresi et al., 1993).

Equation (3.1) expresses the state of neutral equilibrium of the pinned-end column considered.

Thanks to the beam theory, we know that the moment M(x) is linked to the radius of curvature

R(x) of the centerline of the column in the displaced position by the relation,

M(x) = x (3.2)

Where El corresponds to the flexural stiffness for bending in the plane of Figure 3-1 (b).

Considering that the slope dy/dx of the displaced position is very small, thaks to the formula

implying R(x), we find that,

_ () 42
R - [1+(dy/dx) 2]3/ 2  d dx 2  (3.3)

Thus, equations (3.2) and (3.3) result in,

M(x) = iEI (3.4)
- dX

2
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Where for defined global axes the plus sign is consistent with the case where M(x) is designated

to create a curvature with 0 center on the positive side of the y axis like shown in Figure 3-2 (a).

Correspondingly, the minus sign is chosen when a positive moment is designated to create a

curvature with center 0 on the negative side of the y axis like shown in Figure 3-2 (b).

X

Ux) =+ Fly" M(x) = - Eft"

0y

(a) (b)

Figure 3- 2: Sign convention for internal moment. (a) Positive moment taken clockwise. (b)
Positive moment taken counterclockwise (Boresi, et al., 1993).

Since in Figure 3-1 (b) we have defined the positive moment M(x) as being in the clockwise sense,

creating then a curvature with center 0 on the positive side of the y axis, as a result we choose the

plus sign in equation (3.4).

Thus, after dividing by EI, equations (3.1) and (3.4) result in,

d 2Y+ k 2y=0 (3.5)
dX 2

Where,

k 2 - P
El

Equation (3.5) is related to the following boundary conditions,

y = 0, forx=0 and x=L

(3.6)

(3.7)
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For randomly chosen P values, equations (3.5) et (3.7) admit the trivial solution y = 0 only.

Nevertheless, non-zero solutions of equation (3.5) can be determined for particular eigenvalues k,

as will presently be established.

Equation (3.5) admit the following general solution,

y = A sin kx + B cos kx (3.8)

Where A and B are constants established thanks to the boundary conditions Equation (3.7). Hence,

equations (3.7) and (3.8) result in,

A sin kL = 0, B = 0 (3.9)

To find a non-zero solution (A * 0), equation (3.9) needs sin kL = 0, which implies that,

kPn _= fl n = 1,2,3, ... (3.10)

Thus, for every value of n, thanks to equation (3.8), for k = k, we can establish a non-zero solution,

(3.11)y, = An sin n7

From equation (3.10), we find that the corresponding Euler loads are,

n = 1,2,3, ... (3.12)

The least Pn appears for n = 1. It is the smallest load for which a non-zero solution can be

established. This is the critical load for the column.

From equation (3.12), for n = 1, we determine that,

7 

= EI r

P, L
2

- c
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As mentioned previously, equation (3.13) is called the Euler formula for the buckling of a column

with pinned ends. The column's buckled shape can be plotted based on equation (3.11) and is

illustrated in Figure 3-1 (a).

y1 = A, sinx (3.14)L

Nonetheless, the constant A 1 is indeterminant. It corresponds to the buckled column's maximum

amplitude and cannot be established via the equilibrium method. It has to be establish thanks to

the theory of the elastica. Equation (3.12)'s interpretation for values of n superior to 1 does not

need to be conducted since this case will not be addressed in this study (Boresi et al., 1993).

3.2 Graphic statics approach and application

The principle of graphic statics can be applied to solve triangulated systems made of articulated

bars such as trusses. The aim of this method is to determinate the forces developed in each element

of the truss.

The problem-solving method is the following one:

1. Sketch the problem considered in order to properly define the parameters of the truss. The

sketch should include the boundary conditions, length of the element, as well as the loading

case studied.

2. Numbered each nodes of the truss in an logical way. For example, the upper nodes can be

even value and the lower ones odd value. Attribute designations to the support like A,B,C.

3. To establish the exterior equilibrium, define the exterior areas of solicitations (space on the

sketch that is in between two loads) and named then like X,YZ.

4. To establish the interior equilibrium, define the interior areas of consistency (space enclose

by a triangulated system) and named then like a, P, y.
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5. Suggest a scale that will be applied to draw the polygon forces. An example of scale can

be, 1 inch W 1,000 lbs.

6. Begin the polygon force by drawing the resultant for the exterior equilibrium applying the

scale. This implies to go over the sketch (1) and take into considerations the loads applied

as well as the reaction supports.

7. Then, look for the interior equilibrium of the truss. Begin by the first node. This means that

one should first consider the node located at the extremity of the truss. This node is usually

loaded and located at a support location.

8. Draw the polygon force that reflects the equilibrium of the each nodes successively

applying the scale defined earlier.

9. Once the force polygon is drawn, measure the length of the element on the force polygon

and apply the scale to them. This gives access towhich results in finding the forces in each

element of the truss, Figure 3- 3.

10. Lastly, if it is intended to find the deflection of the truss at a particular node. Disregard the

actual loading case and apply a uint force at the node where the deflection needs to be

established. Then run again the method described in this section.

11. The energy method gives then access to the desired deflection. The expression (3.15) is the

one to be considered to come to the final result.

Deflection = Ei NiN li (3.15)ESi

With,

Ni = actual force in the element i, kips.

N* = virtual force in the element i, no unit.

lI =length of the element i, in.
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E = Young's Modulus = 29,000 ksi.

Si = cross-section area of the element i, in2.
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Figure 3- 3: Graphical determination of forms and forces for a truss (Zalewski and Allen, 1998).
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3.3 Analytical investigation of the Spin-Valence frame

In order to achieve the analytical determination of the Spin-Valence frame, it is chosen to break

down the study into the examination of its major constitutive elements.

First, the analysis of the columns is realized. This study implies to define all the columns

constitutive of the frame as well as their potential design. A particular attention is given to establish

their ultimate bearing capacity regarding their topology.Then, the single unit of the Spin-Valence

is analyzed. The triangulation systems that it features are defined and its ultimate capacity is

determined. Lastly, hand calculations-based determination of the Spin-Valence frame deflection

is suggested. Graphic statics is then applied to solve a truss used to analyze 2-way action of the

frame.

3.4 Experimental testing of the Spin-Valence frame

The experimental investigation of the frame follows the methodology applied to achieve its

analytical one.

Four unique configurations of the frame's columns are tested in compression in order to assess

their critical load. Then, a single unit of the Spin-Valence is tested and its ultimate bearing capacity

is obtained. Lastly, the Spin-Valence frame is tested as well. This gives us access to its ultimate

bearing capacity. It is also possible to observe and note the structural behavior of this frame;

especially establishing which element governed its behavior.
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Focusing first the constitutive elements of the Spin-Valence, then its single unit configuration, and

finishing by analyzing its frame configuration enables to scale the problem. This enables a

comprehensive understanding of the Spin-Valence. It enables also to compare the analytical results

with the experimental ones
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Chapter 4. STRUCTURAL INVESTIGATION

This chapter describes the structural investigation of the Spin-Valence kirigami space frame.

Hand-calculations are used to apply Euler buckling theory to several models of columns

considered for the elaboration in the unit of the Spin-Valence frame. A parametric analysis of three

battened-column configurations shows axial capacity gains based on the connections between the

legs of the angle shape.

Then, an analysis of the single unit of the Spin-Valenceis performed. This analysis will incorporate

a discussion regarding its predicted structural behavior.Lastly, a study of the multi-unit Spin-

Valence kirigami space frame is conducted. The stiffness and deflection of its elements will be

suggested as well as a prediction regarding its structural behavior.

4.1 Examination of column models

In this first subsection of the chapter, several topology of columns are addressed such as the plate

configuration or the tapered one. This subsection ends with a discussion regarding the influence

of the topology choice of the column shape regarding its ultimate bearing capacity. To achieve

this, the Euler buckling theory is first explored.

The columns assessed in this section are the smallest legs present in both the single unit and the

multi-unit frame as shown in Figure 4-1.
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Figure 4- 1: Single unit and mutli-unit frame featuring simple plate columns.

The simple plate columns are bi-axially symmetric which means that they are double-tapered

columns with entasis with the largest section at mid-height. A simple plate has a uniform cross-

section throughout its length as shown in the Figure 4-2 (a).

h = 0.375"

(a) H

L = 4.3"

h 2 = 0.375"

(b)

hi=0.5"

h 2 = 0.375"

(c)

hi=0.
L = 4.3"

h2 = 0.375"

Figure 4- 2: Simple plate column configurations. Simple plate column (a). Tapered plate column
(b). Symmetrically double-tapered plate column (c).
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For simplification purposes, all columns in the frame are considered with pinned boundary

conditions due to significant section reduction at each joint (h=0.2 inch), to accommodate folding

of the elements. The capacity of the simple plate column, according to the Euler theory, is as

follows:

Pcr = (4.1)

h x b3

With, I = 12 3 4.08 x 10- in 4 , and E = 29,000 ksi

This leads to,

Pcr = 632 lbs

Applying the chapter 3 of the AISC (2017), it has been found that the design compressive strength

of this column is 499 pounds. The AISC code is appropriately conservative regarding the design

of columns.

Also, we note that the Euler theory is applicable for columns with a high slenderness ratio as shown

in Figure 4- 3 after the equation E2-3 of the AISC code. Indeed, for short columns with small

slenderness ratio, the Euler buckling theory seem less applicable as noticeable in Figure 4-3 before

the equation E2-2 of the AISC code.

This study is an investigation of the Spin-Valence kirigami space frame. Even if the Euler theory

seem to overestimate the critical buckling load for intermediate and short column, its

approximation is close enough to conduct this study.
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Figure 4- 3: Column slenderness parameter in function of the maximum stress (Vinnakota,
(2006).

Tapered plate column has a non-uniform cross-section over its length varying from 0.5 inch at its

base to 0.375 inch at its top as shown in Figure 4-2 (b).

The capacity of this column can be determined using the Euler theory adapted to tapered column

(Zhang et al., 2013):

cr -2 42PC r = I 12Ef (4.2)

With, - h, x b 11 = 5.44 x 10-s in4
12

And,1=h x b3
And, 12 12 ~ 12 = 4.08 x 10 5 in4

12

This leads to,

PCr = 729 lbs
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The width of the symmetrically double-tapered column varies as shown in Figure 4-2 (c).

Zhang et al. (2013) studied the capacity of this kind of columns and determined the expression that

gives access to their ultimate bearing capacity based on equilibrium equations and Euler theory.

We can observe that the elastic buckling coefficient K impacts the critical load's expression of the

symmetrically double-tapered column, equation (4.3). This coefficient can be defined as a function

of the tapered ratio y, equations (4.4) and (4.5), (Zhang et al., 2013).

PC = 4r 2 -]2x E 1M1 (4.3)~cr [1+ (1+0.853y)']
2  L2

With, K = 2 (4.4)
[1+ (1+0.853y)-1] 2

And, y =h- h2 = (4.5)

And, 11 x12b = 1 1 = 5.44 x 10-5 in4

And,12 = 2

And, 12 =h2 xb3 =12 = 4.08 x 10-5 in4

This leads to,

Pcr = 922 lbs

The buckling critical load for the different design of the column are summarized in the Table 4-1.

Table 4-1: Influence of the column's design over its ultimate bearing capacity of the plate column.

Column shape P, - Ultimate bearing capacity (lbs)

Simple plate column 632

Simply-tapered plate column 729

Symmetrically double-tapered column 922
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Based on this analysis of the column, tapering it to suit its deflection shape serves to increase its

buckling critical load. Indeed, the Spin-Valence frame considerations for the design of the column

has evolved to end in a symmetrically double-tapered column presenting the largest section (0.5

inch) at its middle where its deflection is the largest.

Therefore, Baker (2018) was appropriately looking for an efficient use of material in her empirical

design in order to increase the global capacity of the columns.

4.12 Analysis of battened-columns

The American Institute of Steel Construction describes in its chapter E, "Design of Members for

Compression", how to design members for compression (AISC 2017). More specifically, the

subsection E6 develops a full methodology in order to design and assess the capacity of built-up

members. In this section, the subsections E3, "Flexural Buckling of Members without Slender

Element"s and E6, "Built-up members" are used to determine the capacity of the Spin-Valence

battened-columns.

Hosseini Hashemi and Jafari (2009), conducting an experimental evaluation of elastic critical load

in batten columns, presented a full development regarding the theoretical and analytical

considerations for batten columns. They suggested that the buckling behavior of built-up columns

in mainly affected by two main aspects: the shear deformation, and compound buckling, which

corresponds to the interplay between the global buckling mode and the local buckling of flange

pieces between connectors. The first aspect can be taken into account applying Timoshenko beam

theory rather than Euler theory, and the second one can be addressed using the column's effective
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axial stiffness replaced in the buckling formula (Duan et al., 2002). Hosseini Hashemi and Jafari

(2009) developed the built-up column's differential equation taking into account the influence of

the two discussed aspects applied to the Southwell theory.

The columns that were assessed are the diagonals whose cross-section resembles an angle. These

elements, referred to as 'angle-columns', are present in both the single unit and the multi-unit

frame as shown in Figure 4-4.

Figure 4- 4:Single unit and mutli-unit frame with angle-columns highlighted.

In the frame they are present on the edges as shown in the Figure 4-3. They are a part of the

perimeter triangulation system forming and constituting the spatial frame.

The frame elements considered in this part are symmetrically double-tapered, battened, angle-

columns, as shown in the Figure 4-5.
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0.25"

0.5"' 6.7" 5.25"

130"

Figure 4- 5: Typical Battened-column in the Spin-Valence frame.

The typical battened-column in the Spin-Valence multi-unit frame has a length of 6.7 inches and

its connectors are 5.25 inches apart. Its largest section is located at its middle length, where the

battened-column has a width of 0.5 inch. Its smallest sections are located at its top and bottom

where one member of the battened-column has a width of 0.25 inch. The 12-gauge steel sheet used

to cut and deploy the Spin-Valence kirigami space frame corresponds to the depth of the section

of the battened-column equal to 0.1093 inch. Lastly, the battened-column features an angle

between its two plates of 130*.

In order to assess the critical load of the battened-columns constituting the Spin-Valence, first

analysis was conducted in order to establish the second moment of inertia at its largest section (at

its middle length) as well as at its smallest section (at his top and bottom length), Figure 4-6.
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Figure 4- 6: Sketch of the middle section of the battened-column that served to determine its
inertia.

Then calculations have been done in order to find the principal axes of the column. This will enable

afterwards to find the weak axis; the one toward which the bending of the column is going to

happen, and consequently the smallest inertia regarding this axis (Hibbeler, 2008). The average of

the moments of inertia at the narrowest and the widest points in the column is chosen as the

moment of inertia of the battened-column. It served for the future calculations when needed.

Approximation to establish the inertia of complex members has already be done in the past.

Especially Atanackovic and Glavardanov (2004) have approached the inertia of the rod they

considered in order to find its optimal shape.

Eventually, the moment of inertia of the battened-column found is 1.06 x 10- in4.

In order to determine the ultimate bearing capacity of the battened-column, a modified slenderness

ratio needs to be calculated (AISC 2017).
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(4.6)(Lr)m = ()2 (a)

With,

(Lc) M

(LrcX
= modified slenderness ratio of built-up member.

= slenderness ratio of built-up member acting as a unit in the buckling direction being

addressed.

LC = effective length of built-up member, in.

Ki = 0.50 for angles back-to-back

= 0.75 for channels back-to-back

= 0.86 for all other cases

a = distance between connectors, in.

ri = minimum radius of gyration of individual component, in.

Fe = Tt2 E(C)2 (4.7)

(4.8)

(4.9)

And, Fcr 0.877 x Fe

And, Pu =Fcr x Ag

Where,

2Ag = gross cross-sectional area of member, in-.

E = modulus of elasticity of steel = 29,000 ksi.

Fe = elastic buckling stress, ksi.

r = radius of gyration, in.

Pu = nominal compressive strength, kips.

Based on this study of the built-up members of the Spin-Valence kirigami space frame, it appears

that the capacity of the battened-columns can be increased. Indeed, increasing the numbers of

connectors of the battened-columns enables to decrease the slenderness ratio of these columns
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which leads in the increasing of their buckling critical capacity. The several kind of battened-

columns present in the Spin-Valence kirigami frame are presented in Figure 4-7.

..............[1.31 in
14.

1.31 in

4..........................
4.

2.63 in

I......

6.0............. 4........

1.31 in 2.63 in

5.25 in

4..............6..........4... ....-....

Figure 4- 7: Parametric presentation of the connectors configuration of the Spin-Valence frame's
battened-columns.

The battened-columns that form the frame are made of two connectors. Even if, at first glance, it

might appear interesting to develop those battened-columns with three connectors in order to

increase their capacity, this does not imply that this modification would increase the ultimate

bearing of the Spin-Valence frame since the columns might not be governing its structural

behavior. If that is the case, increasing the number of connectors of the Spin-Valence built-up

column would only increase the complexity of its production and deployment.

Table 4-2: Summary of the battened-columns' capacity regarding its number of connectors.

Number of connectors 2 3 4

Buckling critical load 840 lbs 1,840 lbs 2,252 lbs
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4.2 Analysis of the single unit

The single unit Spin-Valence is conceived with triangulation systems each composed of a double-

tapered column and a double-tapered and battened column as shown in the Figure 4-8. This section

aims to establish the repartition of the forces in the Spin Valence single unit frame at the critical

loading.

The simple plate column seems to be structurally controlling the behavior of the single unit.

Indeed, they are standing in the single unit more straightly, thanks to an angle measured in regard

to the base of the unit, larger (75*) than the angle of the battened-column formed with the base

(45*). We can then predict that under a distributed load applied on the top, the plate columns are

going to have larger axial load. This enables us to anticipate that the tapered plates are going to

structurally govern the behavior of the single unit Spin-Valence. This is why, establishing the

capacity of these columns was determinant.

6.7"

4.3"
750 45* ...

7.5"

Figure 4- 8: Parametric presentation of the triangulation of the Spin-Valence single unit frame.
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However, this does not hold when it comes to the analysis of the multi-unit frame, much more

complex to analyze due to a different geometry and inner triangulation systems. Also, the 3 x 3

multi-unit Spin-Valence frame only features the plate columns on its periphery which does not

make it evident that they might control the behavior of the frame at all unless multiple frames are

combined in a wall or roof structure.

The ultimate bearing capacity obtained experimentally for the Spin-Valence single unit frame is

2,396 pounds. This result is exposed in the section 5.2 " Experimentation of the Spin-Valence

single unit frame". This implies that we consider for the loading of a triangulation system, one

quarter of this amount of load, which means 599 pounds. Based on this information, it then possible

to express and develop the forces that will be generated in the different elements of the Spin-

Valence single unit frame as illustrated in Figure 4-9.

599 l bs
599 lbs

599lbs 599 Ibs

S

Figure 4- 9: Repartition of the forces in the Spin-Valence single unit frame at the critical
loading.
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It appears that at the critical loading of the Spin-Valence single unit, the plate columns are going

to govern the behavior of the frame without reaching their ultimate bearing capacity. This is

because the plate columns capacity has been explored only for pure axial loading. Actually, this

column might probably undergo as well torsional and flexural-torsional buckling. Indeed, when

the units were deployed (Figure 4- 10), the joints deformed with rotation resistance. This is

noticeable in Figure 4- 11. Indeed, the single unit that was stiffer and more force was required to

overcome the rotational resistance of the joints.

Therefore, additional loading due to torsional and flexural-torsional buckling of the elements might

explain why the column buckled before reaching its ultimate bearing capacity as developed in the

chapter E4 of the AISC (2007).

54



Figure 4- 10: Deployment of a unit of the Spin-Valence multi-unit frame.

40

40

Figure 4- 11: Load vs Position for the pulling of the units of the Spin-Valence multi-unit frame.

4.3 Analysis of the multi-unit frame

The multi-unit Spin-Valence kirigami is a space frame constitutes of nine units interconnected

thanks to a network of triangulated systems. Two main triangulation are present in the multi-unit

frame. The first type, located on the periphery of the frame, is the same as the one present in the

single unit model of the Spin-Valence illustrated in Figure 4-8. The second type is a made of two

battened-column linked at the base by the plate of the frame. This configuration is featured and

highlighted in Figure 4-12. This subsection comports an analysis and determination of the stiffness

of both a typical triangulation system, and a typical truss system. Then, graphic statics is applied

to two configurations of a typical truss of the frame in order to calculate its deflection.
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4.31 Stiffness determination of the triangulated frame and truss

This part is dedicated to the determination of the stiffness of the main elements constituting the

multi-unit Spin-Valence space frame. The stiffness of a typical triangulation system is first

assessed and calculated.

The multi-unit space frame is composed of several triangulated frames that are linking the upper

chord with the lower chord. These trusses are oriented in two directions. The triangle being the

shape the more stable, this interesting configuration and organization employing the triangle theory

as the main factor of the frame makes it relevant for structural characterization and determination.

A triangulated frame is either composed by two battened-columns and the lower chord at its center

part, or by one battened-column, one plate column, and the lower chord at its edges. On the Figure

4-9 is illustrated a triangulation system of the multi-unit frame.

Not

Figure 4- 12: Multi-unit frame with triangulated frame highlighted.
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A typical triangulation system of the Spin-Valence is conceived of two battened-column. Each

battened-column has a length of 6.7 inches. The base of the triangle is a plate of 11 inches of

length. Each battened-column forms with the base of the triangle an angle of 45* like illustrated in

the Figure 4-13.

6.7"
6.7"

511"

Figure 4- 13: Parametric presentation of a typical triangulation system of the multi-unit Spin-
Valence space frame.

Principles of the graphic statics were applied to a typical triangulation system in order to

determinate its stiffness afterwards using the energy method.

Figure 4- 14: Sketch of a typical triangulated frame of the multi-unit Spin-Valence frame.
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Figure 4- 15: Form diagram of a typical triangulated frame of the multi-unit Spin-Valence frame
stressed by a unit load.

- IS j

Figure 4- 16: Force polygon of a typical triangulated frame of the multi-unit Spin-Valence frame
stressed by a unit load (Figure 4-15).

Then applying the energy method, it comes that:

.tt

Deflection = EiNi (4.10)

Deflection = 2.94 x 10-3 inch under 1 lb load

Lastly, it comes that the stiffness of a typical triangulation system of the multi-unit Spin-Valence

space frame is:

PKtriangle = Deflection (4.11)
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Ktriangle = 340 lbs/in

The stiffness of a typical truss of the frame is assessed and calculated next. A central truss of the

frame is used in this analysis to represent the two-way action of the space frame. Two such

central trusses align with each diagonal direction of the frame. It includes an upper chord and a

lower chord that are linked via four triangulated frames. Two triangular elements nearly align

with the plane of the truss, and two others are not in this plane as shown in Figure 4-17. The

configuration of these trusses is also shown in the Figure 4-18.

Figure 4- 17: Cooperative triangulation in multi-unit system (Baker, 2018).

Figure 4- 18: Multi-unit frame with truss system highlighted.
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In order to assess the stiffness of central typical trusses, the graphic statics method is used

(Zalewski and Allen, 1998). The energy method is then adapted to graphic statics in order to find

the deflection that will enable determining the stiffness of the truss under an unit load.

Figure 4- 19: Sketch of a truss of the multi-unit Spin-Valence frame.

P.s Li 049A

Figure 4- 20: Form diagram of a typical truss of the multi-unit Spin-Valence frame stressed by a
unit load.

60



A.A

&t)

Figure 4- 21: Force polygon of a typical truss of the multi-unit Spin-Valence frame stressed by a
unitarian load (Figure 4-20).

Then applying the energy method, it comes that:

Deflection = E (4.10)

Deflection = 2.45 x 10-5 inch under 1lb load

Lastly, it comes that the stiffness of a typical triangulation system of the multi-unit Spin-Valence

space frame is:

K truss = Deflection

Ktruss = 40,816 lbs/in

4.32 Graphic Statics applied to define the deflection of a triangulated truss

The graphic statics method was applied in this section to the typical truss described in the Figure

4-18. 2D hypothesis are made here in order to be able to tackle the frame that is actually a 2-way
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action frame because of the two triangulation systems that are out-of-plane. This way, the truss is

projected in 2D in order to be able to analyze it thanks to the graphic statics theory. The sketch of

a typical truss of the multi-unit Spin-Valence frame is already suggested in Figure 4-19.

,1SOO C,. 11600

C C C C

C. C.~

Figure 4- 22: Form diagram of a typical truss of the multi-unit Spin-Valence frame.

V-1

Figure 4- 23: Force polygon of a typical truss of the multi-unit Spin-Valence frame.

The form diagram of a typical truss of the multi-unit Spin-Valence frame stressed by a unitarian

load as well as the force polygon of a typical truss of the multi-unit Spin-Valence frame stressed

by a unitarian load have been suggested respectively in Figure 4-22 and Figure 4-23..

Then applying the energy method, it comes that:
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Deflection = Ei NiNI (4.10)ESi

Deflection = 0.078 inch

After applying 2D design hypothesis to a typical truss of the frame, and after developing the

graphic statics methodology combined with the energy method, it was found that the deflection of

the frame at the buckling critical loading of the battened-columns was about 2 millimeters. This

deflection was determined when the truss is subjected to two times 1,500 pounds at its upper chord

as shown in Figure 4-22.

4.33 Graphic Statics applied to define the deflection of a 2-way action frame

In order to take into account the 2-way action of the frame, one intersecting truss in a perpendicular

direction may be represented as an axial spring support as shown in Figure 4-24. By combining

the resultant deflection at the bottom chord at mid-point, an approximate stiffness of the frame can

be evaluated. The frame consists of two parallel central trusses that intersect with another pair of

parallel trusses, thereby representing reasonably well the spatial structural action.

Figure 4- 24: Form diagram of a typical truss of the multi-unit Spin-Valence considering it as a
2-way action frame.
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Chapter 5. EXPERIMENTAL INVESTIGATION

This chapter presents the investigation realized in order to conduct the physical experimentation

of both the single unit and the multi-unit frame of the Spin-Valence kirigami space frame. The

testing that is presented and developed have for aim to establish as accurately as possible the

structural characteristics of the Spin-Valence frame such as its ultimate bearing capacity, behavior,

and integrity. Experimentations of samples of all the columns used to build the Spin-Valence are

first presented. These testing focus on determining the critical buckling capacity of the various sort

of columns. Then, the testing of samples of the single unit of the Spin-Valence frame is suggested.

This instigation defines the single unit's behavior and ultimate bearing capacity. This experiment

is also intended as an introduction and preparation for the final testing of samples of the 3 x 3

multi-unit Spin-Valence kirigami frame. These last testing end the section. They are run in order

to have access to a better understanding of the frame mode of behavior. A special effort is lastly

produced to establishing the ultimate bearing capacity of the Spin-Valence frame.

5.1 Experimentation of plate and batten columns

In this first subsection, the experimentations of several samples of both plate and batten columns

is exposed. The aim of these testing is to experimentally establish their buckling critical load. This

subsection ends with a discussion concerning the findings observed and determined during the

experimentations.

The samples of plate and batten columns that are considered are issued from the first Spin-Valence

frame after that this last was tested with welds facing up. Indeed, this was possible since during
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the testing of this frame these columns did not structurally engage any behavior. This is explained

in the subsection 5.3, "Experimentation of the Spin-Valence multi-unit frame". This choice was

made for process purposes and because of a scarcity of those samples. Moreover, the battened-

columns presenting three and four connectors have been extracted from the single units of the

Spin-Valence once their testing was finished as well. Indeed, these battened-columns did not

structurally engage any behavior neither, which thus enables to re-use them. This is also explained

in the subsection 5.2, " Experimentation of the Spin-Valence single unit". Living in a world that

cares more and more about proper use of materials and their recycling, this choice was obvious.

These columns are featured in Figure 5-1.

Figure 5- 1: Types of columns tested.

Before testing the sample of columns available, their parameters have been carefully measured and

reported in Table 5-1. The columns present parameters that can fluctuate in a reasonable range,

even when they present the same topology. This is explained by the fact that the Spin-Valence
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frame has been manually deployed. The batten-columns have been also manually folded with a

spark plug wrench influencing the angle that is created. Also, the columns have been extracted

from the frames by being cut and then polished at end points where axial load was applied. This

process have also brought a slight uncertainty regarding the final parameters of length of the

columns considered.

The columns considered are then tested for compression under an axial loading as shown in Figure

5-2 (a). The testing considered is a crushing test. It aims to stress the column to reach their critical

load described by the Buckling Euler Theory, equation (3.13).

(a) (b) &(C)

Figure 5- 2: Setup of a battened-column with 2 connectors (a). Buckling shape of a standard
column with pinned ends (Boresi et al.,1993) (b). Buckling shape of a battened-column after

testing (c).

The columns tested were governed, as predicted, by their buckling critical load. The recognizable

deflection due to buckling can be observed on the columns once their testing is finished as shown

in Figure 5-2 (c) for a battened-column with 2 connectors.
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It is possible to note the typical buckling shape of a column solicited for compression on the Figure

5-2 (b). Moreover, these columns are symmetrically double-tapered columns. They have been

designed to benefit from the largest section only at their middle length in order to counteract the

deflection at this usually critical point for ordinaire columns, Figure 5-2 (b).

Designing columns with entasis was used back in the ancient Greek times. It was then first

appreciated for aesthetical and optical illusion purposes. Indeed, the "swelling given to a column

in the middle part of the shaft for the purpose of correcting a disagreeable optical illusion, which

is found to give an attenuated appearance to columns formed with straight sides, and to cause their

outlines to seem concave instead of straight" (Penrose, 1888). The entasis principles are also

appreciated for optimal and efficient use of material (Thompson et al, 2007).

The tapered design of the battened-columns results in their buckling at their weakest point that is

henceforth where the section's width is the smallest; just at the connector point as shown in Figure

5-2 (c) and Figure 5-3.
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Figure 5- 3: Enlarged on the critical point of the battened-column for buckling highlighted in
Figure 5-2 (c).

Once the columns were tested, their parameters have been measured again, Table 5-1.Several first

observations can be noted. All the columns were subject to shrinking. Thus, the battened-columns

presented, after the testing, an effective length 0.6% shorter on average than their initial one. The

plate columns presented, after the testing, an effective length 0.5% shorter on average than their

initial one.

After the testing, in all the battened-columns angle increased or decreased in value by 0.9% on

average. The angle was more likely to open up or close depending on the way they have been

manually folded.

The testing showed the magnitude of load that the columns were undergoing in function of the

displacement of the machine's cylinder. The graphs resulting from the testing were then generating
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for both the plate and batten columns, Figure 5-4 and Figure 5-5. They enabled to assess the

buckling critical load of the columns.

Uiad #bs)vs Displcen (in'.-b.001 inch

........................... + -1,290 Ibs

Figure 5- 4: Load vs. Position for the testing of the plate column number 9 of the Spin-Valence
frame.

oad (Ibs) vs Dispiacement (in)

_W( 4W f S1f- Mi2 &X

-0.012 inch

......... -....a- ........... + -840 1 bs

Figure 5- 5: Load vs. Position for the testing of the battened-column number 4 of the Spin-
Valence frame.
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Hereafter is the results summary of the testing once these last have been achieved and their data

analyzed.

The average buckling critical load of the battened-columns presenting 2 connectors, 3 connectors,

and 4 connectors are respectively, 812 lbs, 621 lbs, and 508 lbs. It is then possible to

experimentally conclude that decreasing the slenderness ration of these columns increasing their

number of connectors results in decreasing their bucking critical capacity instead of increasing it.

This may be due to the fact that the battened-columns presenting 3 and 4 connectors were more

difficult to fold and then present a larger angle exposing them more to buckling.

On the other hand, the plate columns, being shorter than the battened-columns, benefit from a

larger buckling critical load that is on average of 1,129 lbs.

Table 5- 1: Columns' length and angle before and after testing, and their critical load for
different topologies.
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(nh) Qneh)

1 Batten -2 conBtUMS .4 _1_M3 3 110.69
2 Batten -2 cnectors 4 110.9 6.3 11 .7
3 Batten -2 conitctrs 63 117-5 .37 117.9 6
4 Batten - 2 conneats 6.43 9.5 6.41 98.3 4
5 Batten -3 connectors 6.45 . . 13. -- .
6 Batten - coMtors 6.4 131.1 .41 11.8 63
7 Batten - 4 connectors - 122 6.3 121.6 5

S Battmn- 4 connectors IT- 13 .6" 12..5 512
9 Plat 3.95 - 3.93 - 1,290
10 P1 . -4 - 1,07
11 P1 - -
1 Plat 17 - .5 - 1U

5.2 Experimentation of the Spin-Valence single unit frame

In this subsection, the testing of the Spin-Valence single unit is developed. This part focuses on

determining the ultimate bearing capacity of the single unit as well as observing its structural

behavior.

A steel plate of 10 inches x 10 inches x 3 inch is positioned at the top of the single unit and serves

to distribute the load coming from the one-point compression testing machine like illustrated in

Figure 5- 6. This way the point load that is applied via the machine is distributed equally among

the four corners of the single unit. The plate has been chosen thick enough so that its bending and

deflection are negligible under the applied load; without distorting the results. Also two sensors

have been positioned at the middle of two different battened-columns in order to have access to

the strain of these columns as shown in Figure 5-6. Lastly, the test that has been chosen is to plot
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the load applied by the testing machine regarding the displacement of its cylinder that is in contact

with the plate.

Figure 5- 6: Experimental set up of the single unit Spin-Valence kirigami space frame.

Like predicted, the smallest plate columns underwent buckling under the compression load as can

be observed on the Figure 5-7.

Figure 5- 7: The single unit Spin-Valence kirigami space frame during the testing with the
buckling deformation of the plate columns observable.
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The ultimate bearing capacity of the first single unit Spin-Valence kirigami space frame is

observed for a displacement of the machine's cylinder of 0.09 inch for a load of 2,549 pounds. We

can observe on the Figure 5-8 that beyond this point, the single unit is not able anymore to take

more loads and that its capacity decreases to stabilize in the plastic area around 500 pounds on

average. Also, this single unit was made of two battened-columns with three connectors and two

other battened-columns with four connectors.

Load (Ibs) vs Position (in)
J3MC

2,549 lbs 2

low

0.
0.09 inch

OS S.s 3 3-5

Figure 5- 8: Load vs. Position of the testing of the first single unit Spin-Valence kirigami space
frame highlighting the ultimate bearing capacity point.

The ultimate bearing capacity of the second single unit Spin-Valence kirigami space frame is

observed for a displacement of the machine's cylinder of 0.13 inch for a load of 2,243 pounds. We

can observe on the Figure 5-9 that passed this point, the single unit is, like the previous single unit,

not able anymore to take more loads and that its capacity decreases to stabilize in the plastic area
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around 500 pounds on average. Moreover, it was noticed that this second single unit has suddenly

lost a large amount of its bearing capacity at two points that are circled in the Figure 5-9. This

moments correspond to two instants when the weld of the joint cracked. This rupture of the

integrity of the structure lead to sudden loss of its bearing capacity. Also, this single unit was made

of four battened-columns with two connectors.

2,243 lbs

Figure 5- 9

sm4

0.13 inch 1-5 2

Load vs. Position of the testing of the first single unit Spin-Valence kirigami space
frame highlighting the ultimate bearing capacity point.

2.5

Experimentally, it was assessed that on average the ultimate bearing capacity of the Spin-Valence

single unit is 2,396 pounds.
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Also, it was possible to observe on the Figure 5-9 several peaks. They correspond to moment

during the testing when the welded joints cracked under the compression load applied to them.

Consequently, this implied a decrease in the bearing capacity of the single unit.

Lastly, it has not been possible to come to conclusions regarding the data collected from the sensors

since the battened-columns did not engage a structural behavior during the testing of the first unit;

the strain collected in the data being negligible. When the sensors were placed on the plate columns

in the second unit test, the data was inconclusive as the point of buckling was at of the columns'

length, while the sensor was at the mid-point. This potentially indicates a difference in rotational

restraint of the columns at top and bottom, as opposed to the pin-pinned support condition

assumed.

5.3 Experimentation of the Spin-Valence multi-unit frame

A steel plate of 10 inches x 10 inches x 3/4 inch is positioned at the top of the central single unit

and serves to distribute the load coming from the one-point compression testing machine. The

thickness of the plate has been checked to be able to undergo the testing. It has been found that the

deformation of the inch thick plate is negligible under anticipated 6,000 pounds and geometry

shown in Figure 5-10 (McCormac, 2012).
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Figure 5- 10: Sketch of the experiment featuring the cylinder of the machine and the plate used
to distributed the load.

This way the point load that is applied via the machine is distributes equally among the four corners

of the single unit. Also two sensors have been positioned at the middle of two different battened-

columns in order to have access to the strain of these columns. Also, the test that has been chosen

is to plot the load applied by the testing machine regarding the displacement of its cylinder that is

in contact with the plate. It has also been chosen to test the frame as simply supported, reason why

a whole frame has been built in order to have access to this kind of boundary conditions.

76

II



Figure 5- 11: First experimental set up of the Spin-Valence multi-unit kirigami space frame with
the welded joints facing up.

When it has come to discuss the desired boundary conditions for the testing, two main options

have been raised, compared, and debated.

A potential application of the Spin-Valence frame is as a wall. It has then been considered to test

the frames as cantilevers as shown in Figure 1-6. Testing the frames with one end fixed and the

other one free for a distributed loading represents the most critical case to be tested. The second

option raised was to test the frame as simply supported for a distributed load as well. The Spin-

Valence being also considered to be used for fagade designs, this testing case would represent the

situation in which the frame spans between two stories of a building and subjected to wind

pressure. This testing concept is less extreme and would be less challenging for the frame.
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Because building the boundary condition, that would enable us to test the frame as a cantilever,

was too complex in our lab and considering the timeline, it has been decided to choose to test the

frames as simply supported. The choice of these boundary conditions remains consistent and will

help us afterwards to consider a possible use of the Spin-Valence for fagade designs.

The frame that was built to test the Spin-Valence space frame as simply supported is made of two

bars of aluminum of 28 inches long linked at their extremities and at their middle by three other

bars of aluminum of 28 inches long as well. These last one are going to help maintain the frame in

place. Two rods of steel are put on the supporting aluminum bars. They are 30 inches long and

present a diameter of 1 inch as shown in the Figure 5-12. They allow rotation of the frame at

supports, which is represented by pinned with roller constraints.

4

i

Figure 5- 12: Section and elevation of the support for the experimental set up of the Spin-
Valence kirigami space frame.

Eventually, to fix the frame to the supports, two steel plates, presenting a section of 4 inches x 0.5

inch and long of 30 inches, are welded to the frame. For the testing, the frame lays directly on the

rods like illustrated in Figure 5- 13.
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Figure 5- 13: Side view of the experimental set up of the Spin-Valence kirigami space frame.

The 3D model as well as the actual realized set up of the Spin-Valence multi-unit frame are

presented in the Figure 5- 14.

Figure 5- 14: 3D view of the experimental set up of the Spin-Valence kirigami space frame and
the actual realization ready for testing.

The first experiment was run with the welded joint facing up. Then, the second experiment was

this time realized with the welded joint facing down as Baker (2019) is imagining it for the use

of her invention during personal correspondence.
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Figure 5- 15: Second experimental set up of the Spin-Valence multi-unit kirigami space frame
with the welded joints facing down.

Despite the fact that we may have predicted that the columns may structurally play a role in the

critical capacity of the frame, this has not been the case. It is possible to observe that in the Figure5-

16. Indeed, we can note that the columns did not structurally engage any behavior and the

negligible strain measured by the two sensors confirm this observation. These are the upper and

lower chords that have been controlling the structural behavior of the frame especially by buckling

and deflecting in the plastic range as shown in Figure 5- 16.

80



Figure 5- 16: Deformation of the upper and lower chord of the Spin-Valence multi-unit space
frame after the first testing; joints facing up.

During the testing, data related to load generated by the machine's cylinder regarding its position

was collected. The results of the testing are then plot and presented in the Figure 5-17 and Figure

5-18.

Load (bs) vs Pos ton d

(b)

981 bs ..............

~ : (a)

0.45 inch 1.19 inch

Figure 5- 17: Load vs Position of the testing of the first Spin-Valence multi-unit kirigami space
frame. (a) Elastic limit. (b) Ultimate bearing capacity.
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The ultimate bearing capacity of the first Spin-Valence kirigami space frame tested is observed for

a displacement of the machine's cylinder of 1.19 inch for a load of 1,448 pounds as shown in

Figure 5-17 (b). We can observe on this figure that passed this point, the frame is not able to take

more loads and that its capacity decreases. Also, the frame does not behave in the elastic range

past the point (a) of the Figure 5-17 which corresponds to 0.45 inch displacement of the machine's

cylinder for a load of 981 pounds.

Load (bs) vs Position (in)

(b)
1,477 Ib~s ..""""""""""..... "".. "

1,148 1lbs ........
(a)

2 t

0.37 inch 1.24 inch

Figure 5- 18: Load vs Position of the testing of the second Spin-Valence multi-unit kirigami
space frame. (a) Elastic limit. (b) Ultimate bearing capacity.

The ultimate bearing capacity of the second Spin-Valence kirigami space frame, tested with the

welds facing downward, is observed for a displacement of the machine's cylinder of 1.24 inch for

a load of 1,477 pounds as shown in Figure 5-18 (b). We can observe on this figure that passed this

point, the frame is not able to take more loads and that its capacity remains constants around 1,400

pounds. Also, the frame does not behave anymore in the elastic range past the point (a) of the
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Figure 5-18 which corresponds to 0.37 inch displacement of the machine's cylinder for a load of

1,148 pounds. Also, past 2.5 inches of the machine's cylinder displacement, the capacity of the

frame increased because it touched the base of the machine. Indeed, during this testing the

maximum deflection allowable that was about 2.5 inches was reach. This part of the graph should

not be taken into account.

Structurally not determinant in the study of the ultimate bearing capacity of the frame, the columns

of the frame behaved either in tension or in compression like illustrated in the Figure 5-19.

(a) (b)

Figure 5- 19: Behavior of the principal battened-columns of the Spin-Valence kirigami space
frame. (a) Tension. (b) Compression.

During the testing of both frames, it was confirmed that the upper chords were carrying

compression. This lead them to buckle and deflect in a way that governed the structural behavior

of the frame. The top chord (welded joints) are also symmetrically double tapered plates. However,

contrary to the plate columns, they present their smallest section at the middle of their length. This
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is the reason why the upper plates chord buckled at their middle length, where their section is the

smallest as shown in Figure 5-20.

Figure 5- 20: Deformed shape of the upper chord of the Spin-Valence kirigami space frame
showing the initial section's width of the symmetrically double-tapered plates.

On the other hand, the lower chords of the Spin-Valence kirigami space frame were carrying

tension. The columns that were in tension were pulling the lower chords, leading them to work in

bending as shown in Figure 5-21.

Figure 5- 21: Deformation shape of the lower chord of the Spin-Valence kirigami space frame
showing the support column pulling the lower chord seen in multiple locations in the lower

chord.
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Eventually, the deflections of the upper and lower chord are summarize in the Figure 5-22.

(a) (b)

Figure 5- 22: Presentation of the element deformation undergone by the first frame. (a) Upper
chord in compression. (b) Lower chord in tension.

The second frame tested behaved as the first one except that the end support of the battened-

columns underwent a noticeable plastic deformation that was not observed during the testing of

the first frame as shown in Figure Figure 5-23.

Figure 5- 23: Plastic deformation of the end support of the battened-column after the testing of
the second Spin-Valence multi-unit space frame.
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Contrary to what might have been thought, the battened-columns did not control the behavior of

the Spin-Valence kirigami space frame. The upper and lower chords of the frame actually governed

its structural behavior undergoing buckling leading to important deflections.

Also, Baker's intuition with considering her frame with the welded joints facing down was right.

Indeed, in this configuration the elastic range of the frame in increased by 17%. However, this

configuration enables as well an increasing of the ultimate bearing capacity by 2%.
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Chapter 6. CONCLUSION

6.1 Summary of contributions

First of all, this study establishes, both analytically and experimentally, the capacity of the plate

columns of the Spin-Valence kirigami space frame. Analytically, it has been shown that the

symmetrically double-tapered plate column presents a critical load of 922 pounds as seen in Table

4-1. On the other hand, it has been experimentally found that the symmetrically double-tapered

plate column presents a critical load of 1,129 pounds. This 22% difference in the capacity of the

symmetrically double-tapered plate column can be explained by the fact that the theory applied to

analytically establish its capacity is appropriately conservative. Also, only four specimens have

been tested.

This study presents the parametric analysis of the battened-columns. The focus of this study was

to evaluate how the number of connectors of the battened-columns was impacting its capacity and

if designing those columns featuring several connectors was relevant. It has been theoretically

shown that the capacity of the battened-columns was increasing when designed with additional

connectors according to the chapter 6 of the AISC. Indeed, increasing the number of connectors

between the elements results in decreasing the slenderness ratio of the column and necessarily

results in increasing its buckling critical load. It has been exposed that for 2, 3, and 4 connectors

the critical load of the battened-columns was 840 pounds, 1,840 pounds, and 2,252 pounds

respectively. However, experimental tests showed that the critical load of the battened-columns

for 2,3, and 4 connectors was 812 pounds, 621 pounds, and 508 pounds respectively.

Experimentally, we have shown that the critical load of the battened-columns is not in agreement
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with what predicted the AISC (2017) for 3 and 4 connectors. This is explained by the fact that the

battened-columns presenting 3 and 4 columns were more difficult to manually fold and then

presented a larger angle than the 2 connectors battened-columns. Therefore, imperfections

introduced by column making and limited number of tested specimens may be the reason why

additional connectors negatively impacted battened-columns capacity.

Concerning the experimental analysis of the Spin-Valence single unit frame, it has been observed

that the buckling of the plate columns was controlling the structural behavior of the single unit. It

has been then established experimentally that the ultimate bearing capacity of the Spin-Valence

single unit space frame was 2,396 pounds. It has been analytically determined and shown in Figure

4-8, that this corresponds to 420 pounds of load in the plate columns. This amount of force

represents 46% of the critical load admissible by the plate columns (922 pounds). This might be

explained by the fact that this column was not undergoing pure axial loading. On the contrary, the

force developed in the battened-column is 240 pounds as shown in Figure 4-8. This is about 29%

far from its critical buckling load (821 pounds). It is then possible to conclude that the buckling of

the plate columns structurally controls the behavior of the Spin-Valence single unit frame leading

it to its ultimate bearing capacity.

Lastly, concerning the testing of the Spin-Valence multi-unit space frame, it has been

experimentally demonstrated that using the frame with the joints facing up instead of facing down

results in a slight, nearly negligible, increase of its ultimate bearing capacity. Indeed, the multi-

unit frame has shown an ultimate bearing capacity of 1,477 pounds and 1,448 pounds when its

joints were respectively facing up and down. This represents a 2% increase in the ultimate bearing
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capacity of the Spin-Valence multi-unit frame. In addition, the elastic limit of the multi-unit frame

was 1,148 pounds and 981 pounds when its joints were facing up and down respectively. This

represents a 17% increase in the elastic limit of the Spin-Valence multi-unit frame. This results are

particularly complex to verify by hand analytically and open the way for future work.

6.2 Future work

The first main future work that would need to be conducted is to build a Finite Element Method

model of the Spin-Valence kirigami space frame in order to verify and corroborate the

experimental results found concerning the multi-unit frame. Indeed, these verifications seem to be

too complex to be realized by hand because of the complexity of the frame's geometry. This is the

reason why, this could not be part of this Master of Engineering thesis even if preliminary

calculations have been presented in this paper.

Further work would be needed to try to better distribute the load on the multi-unit frame. This

distribution have represented a limit in this study and would need further work and analysis to be

achieved in order to observe the behavior of the multi-unit frame under in a situation that would

be closer to a distributed loading.

Also, realizing the testing of the multi-unit frame applying other boundary conditions such as

fixed-free ( cantilever) is something that need to be considered. Indeed, testing the multi-unit frame

for different exterior possibilities can be very interesting as it could highlight other mode of

behavior of the frame that may not have been predicted.
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Lastly, testing the frame in traction (as it would be the case if used to support windows loading in

fagade application) would be a very interesting future work regarding the development of this

thesis experimentally speaking. This would enable to observe the structural behavior of the multi-

unit frame when stressed for different conditions.

6.3 Concluding remarks and potential impact

It has been shown in this thesis that Baker's intuition of using the frame with the welded joint

facing down is the good one. This way, the lower chords, with welded joints, are subjected to

tension and the top chords elements, that have larger cross-section and lower lengths, are in

compression which is better for buckling resistance. This configuration enables the Spin-Valence

multi-unit space frame to take advantage of a larger elastic limit as well as a larger ultimate bearing

capacity.

Moreover, it has been instigated during the testing of the Spin-Valence frames that the battened-

columns were not structurally governing the frame's stiffness. Since they are too strong for the

frame configuration, it is then possible to decrease both their complexity for fabrication purposes

as well as their capacity. It is to structurally optimize the Spin-Valence frame that we suggest to

replace the symmetrically double-tapered battened-columns with a simple plate presenting a width

of 3/4 inch and the usual 12 gauge. After applying the Euler Buckling Theory to this column, it

appears that its critical load is 520 pounds. This amount of load matches approximatively with the

one that was developed in the battened-column of the triangulation system of the single unit of the

Spin-Valence frame as shown in Figure 4-8. Applying this remark to Baker's cutting pattern will

then enable a proficient use of material. Indeed, this would decrease the width of the former
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battened-column by 0.25 inch (from 1 inch to 34 inch). This 0.25 inch would then be used where

needed, in the upper chord of the multi-unit frame, that is actually structurally controlling the

behavior of the frame. The width of the middle section of the plate (Figure 5-20) will then increase

by 0.25 inch to become 0.59 inch, which is very interesting.

The Spin-Valence 3 x 3 multi-unit frame has shown a very interesting elastic limit of 1,477

pounds. This load capacity is equivalent to 236 psf since the frame dimensions are 30 inches x

30 inches. When one considers that the wind load design in New York area is about 70 psf for

high-rises, one understands the great potential of the Spin-Valence frame.
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