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Abstract

The mechanical contribution to tissue behaviour is an important part of tissue development, homeostasis,
and disease. Mechanical models of tissues are used in many areas of study including simulations, tissue
engineering and the development of replacement parts for the body, and Optical Coherence Elastography
where models are used for verification. Discovering some of the behaviors of tissue due to the structure
alone will give more insight into the mechanics and behavior tissues. Structures that have tension as a
main component of their architecture are called tensegrities and have different behaviors from normal

structures that are mainly built to withstand compression.

A model consisting of a single layer of three cells and their attachments was developed using simple
tensegrities as a base structure. Tensegrities are formed of a truss structure of strings and bars where the
tensioned strings hold the structure upright. Having only two base parameters of elasticity one for the
strings and one for the bars make the model more efficient computationally. The model was made into
three forms representing squamish tissue — short model, cuboidal tissue — medium sized model, and
columnar tissue — tall model. These models were then tested using physiological ranges of size, force,
attachments and prestrains in both tension and compression. The resulting force-distance and stress-strain
curves were evaluated and found to have both linear and non-linear slopes. The stress-strain curves were
shown to model real tissue in tension and compression. The models developed were compared to data
from tissue and found to closely match the data for the tissue. The factors that influence the mechanics of
the tissue model are the cytoskeleton, the cell attachments and the base attachments, and these are the
known factors that influence the mechanics of cell sheets. The models are adjustable by modifying the

values of the strings and bars of the tensegrity models and the test conditions.
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1.0 Introduction

Epithelia are a main animal tissue type in the body and are the covering for organs and form skin and other
diverse tissues such as the alveolar sacks of the lung. They are the tissue that protects our body from the

exterior environment.

Epithelial tissue has a distinctive mechanical form where cells are attached to each other with a tight —
adherens junction complex connecting cells through trijunctions at the corners of three cells and more
junctions as necessary. There is an actomyosin ring at the apical side of the cells which connects through
the tight-adherens junctions creating a connected confluent tissue that can tighten with contraction of the
actomyosin complex. The cells basal side is connected to a basement membrane using integrin complexes

which are also composed of cell cytoskeleton components.

The structure is kept in tension and is considered to be a tensegrity structure with the cell cytoskeleton
acting as the parts of the tensegrity. Knowing what the mechanics of the structure is important in

understanding the overall mechanical behavior of epithelial tissue.

The mechanical properties of tissues are important to their form and function in living systems. Epithelial
tissues are on the exterior of the body or body parts. They separate the organs, line the digestive tract and

lungs and are our skin or integumentary system.

Discoveries of the effect the mechanics of cells and tissues, on cell morphology and genetic expression
have been shown to be an integral part of cell physiology (Kalukula et al., 2022). Modeling the mechanics
of cells is becoming an important part of studying cell mechanics and many models of epithelial cells have
been made in the past. Most of the epithelial tissues have been modeled as single cells (Smallwood, 2009).
Cells in a tissue behave differently than those of a single cell due to their interactions with each other
(Gjorevski and Nelson, 2012). Being able to extrapolate the viscoelasticity and other measures such as the

elasticity, shear, creep, and mechanical property of relaxation gives insight into the whole cell and tissue

physiology.

The mechanical properties of epithelia tissue allow them to act as barriers tissue and it is important to be
able to model the tissue in order to study their over all mechanics, different mechanics for healthy and
diseased state, design artificial tissue and assist in imaging tissue properties. Tissue including epithelial

tissue are viscoelastic with non-linear stress-strain curves. The stress strain curves are produced by



measuring the amount a tissue stretches as force is applied to the tissue. A typical stress-strain curve is

shown in Figure 1.1.
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Figure 1.1 Stress-strain curve for skin under tension. The boxes in areas 1 and 2 show the alignment of the
collagen fibers in skin as they are loaded. Collagen aligns with the direction of stretch (Dwivedi et al., 2022;
Fernades et al., 2019).

The curve in Figure 1 is J shaped and shows a change of state in the tissue-material where the fibers go

from unaligned to aligned. This shape of stress-strain curve is common in all tissue types.

There is a wide variety of modeling created to model cells and tissues. Some are commercially available
and open source software whole others are in house programming for specific purposes (Glazner, 2024 In
conversation). Some modeling is for molecular the molecular scale and some is for macroscale tissue level

models and everything in-between.

For mechanical modeling continuum mechanics is often used with tissues represented by spring-dashpot
models to model their behavior. Tissues are viscoelastic and are a tensioned soft matter material therefore
the spring-dashpot model works for individual situations within a limited range. The models have different

arrangements of the spring and dashpots to match the materials that are being studied.



Another common use model is to curve fit the observed behavior with hyperelastic curves such as the
Ogden model. (Lohr et al., 2022). The Ogden model measures isotropic tissue well and usually combines
shear measurements with compression and tension measurements to obtain mechanical parameters. The
model measurements in tension are between 0.0 and 2.0 strain. The Ogden model is often used in time
dependent studies and is often implemented in finite element studies. The model is insensitive to some
loading conditions and shear in tissues like epithelial tissue because epithelial tissue tends to fluidize in

shear (Atia and Fredberg, 2023).

A general model that is used for epithelial tissue is the vertex model which can be used in 3D but is mostly
used in 2D to model the behavior of cell sheets. Using CompuCell3D as an example does not give precise
forces involved in the observed process that are modeled (Glazner 2024 in conversation). This model gives

insights into cell behavior but do not precisely model the forces involved.

Models available usually don’t cover the range of strain that tissues operate under which usually occur
between 0.0 and 0.5 strain and beyond. Some examples of this are given in Fernades et al., 2019; Wozniak

et al., 2009; Xu et al., 2022; and Dwivedi et al., 2022.

Tensegrity models show non-linear stress-strain or force-displacement curves in many instances
(Fraternali, 2015). Tissues show nonlinearity in their elasticity which is the elastic modulus calculated from
the stress-strain curves they produce under load. The structure of cells and tissues are structures in tension
and are thought to be tensegrities (Ingber, 2014) and therefore it is worthwhile to investigate tensegrity

builds for use in tissue modeling. These models cover a larger range of strain than conventional models.
Objectives

Build a tensegrity model of mammalian tissue. Find the direct value of the changing Modulus of Elasticity
for a simplified tensegrity model of tissue that will be measured using stress-strain or similar force-

displacement curves. Then compare the modulus of elasticity to real tissue measurements.

2.0 Literature Review

2.1 Epithelial Tissue

Epithelial tissue has a different structure from internal body animal tissue. It is attached to a fibrous thin
film and the cells have an actomyosin belt usually at their apex of their cells and are attached to each other
at the belt to form a network. The actin and myosin complex that is incorporated into the belt acts in a

similar way to muscle and can tighten or pre-strain the belt. Epithelial tissue is a confluent or connected



tissue that is exterior or interior to the body. There are four basic types of cells Squamous, cuboidal,
columnar and pseudostratified. There are many single layered epithelial tissues but many are also many
layered — called stratified epithelia. See Figure 2. (Lemki and Nelson, 2021). Epithelia tissue has been
studied and imaged both in-vivo and in-vitro in embryology, cell physiology, wound healing and cancer.
The structure of this tissue has been mapped and cells of the epithelia are bound together with junctions

at an actomyosin ring around the circumference of the cell. This gives the tissue a unique structure.
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Figure 2.1 /llustration of the different cell shapes in epithelial tissue (Lemki and Nelson, 2021)

The different shapes allow for different functions in epithelial tissue with squamous cells used for diffusion

(ling alveoli), cuboidal secretion (ducts and glands), columnar absorption (intestine) and pseudostratified

mixed function (bronchial tubes). Epithelial cells are all attached to a basement Membrane or extracellular
matrix (ECM) at the basal part of the cell. Cells in epithelial tissue are attached on all sides except the top

or apical side with cellular junctions.
Epithelial cells are all between the width of 10 - 30 um and are of varying heights:

e Squamous 0.2 -0.5 um
e Cuboidal 5—-10 um

e Columnar 20-30 um

The size of cells depends on the species of the animal, their location in the body, and their function. A
squamous cell is defined as height/width << 1, cuboidal height/width ~ 1, and columnar height/width>>1
(Puliafito, 2017).

2.1.1 Cell cytoskeleton

Cells and tissues have a cytoskeleton with three main categories: microfilaments, intermediate filaments,

and microtubules as seen in Figure 2.2.



Figure 2.2 Animal cells stained with fluorescent labels microtubules (green), actin (red), and the nucleus
(blue) (Shipman et al., 2020)

The intermediate filaments are not show in Figure 3 as this is an image of the apical part of the cell and

the intermediate filaments are often associated with the nucleus.

Microfilaments mostly consist of actin and are found at the periphery of cells (Ni et al., 2022). In epithelial
and endothelial cells the actin fibers form a belt around the circumference of the cell (Dufort et al., 2011;
Kokkinos et al., 2010; Saraswathibhatla, 2023). The actin is often bundled into linear fibers and is often
associated with non muscle myosin at the attachment or junctions between cells called adherens junctions
(Kaunas et al., 2011; Vanderleest et al., 2018). The adherens junctions and actomyosin belt are often at
the top or apical part of the cell but on stiffer substrates the belt and adherens junction can be at the
bottom or basal part of the cell (Vanderleest et al., 2018). The myosin and actin work together to move
the actin fibers in a similar way to what occurs in muscle with the ratcheting head on the myosin moving
along the actin (Kaunas et al., 2011). This tightens the junctions between cells and shifts their boundaries
(Morris, 2021). Myosin also forms in a matt at the apical part of the cell and this can affect the cell
mechanics (Bieling, 2016). The actomyosin belt is made up of bundled fibers with other molecules such as
actinin that attach the fibers together (Kaunas et a., 2011). The elasticity of the actin is one Giga Pascal

(Ingber et al., 2014) and actin bundles are 10 nm in diameter (Pegoraro et al., 2017)

The intermediate filaments are actually a group of filaments with two of the filaments being vimentin and
keratin. The keratin intermediate filament is most prominent in epithelial cells with vimentin expressed in

motile or crawling cells (mesenchyme) cells (Schepers, 2022; Lorenz et al., 2023). Intermediate filaments



are more elastic than actin filaments and are thought to work with actin under some conditions of large
strain (Schepers, 2022). Keratin is linear until a strain of 0.7 and then they stiffen, also during cyclic strain
they elongate but keep their original strain value (Lorenz et al., 2023). Intermediate filaments are 1 um in
diameter and have elasticity that ranges form 1 to 10 MPa (Ingber et al., 2014). Networks of filaments
form due to crosslinking which are transient and affect the network value of the shear modulus. The

crosslinking unbinds more commonly at low frequencies changing the shear value (Schepers, 2022).

Microtubules are the larger and stiffer cytoskeleton element with a persistence length Lp > 1 mm (Ingber
et al., 2014; Pegoraro et al. 2017). This persistence length makes microtubules a candidate for bars in a
tensegrity structure. For microtubules to act as bars they need to be stiffened and this can occur when
microfilaments attached to the sides of microtubules pull on the microtubule in the same way a flag pole
is stiffened by guide wires. Microtubules stabilize the apical part of cells. Microtubules are stiffened by

strain. Compression can stabilise cell cytoskeleton and align microtubules with actin (Purta et al., 2023).

The combination of actin belts with adherens junctions attachments forms a network of actomyosin in
tissues. Tissue is a combined network that acts together. Cells in a tissue are not the same as the individual
cells that are taken out of that tissue. This is most striking in circulatory endothelial cells which need to
experience blood pressure, flow, and curvature to maintain their structure and function (Dessallis et al.,
2021). Cells will often undergo apoptosis if removed from their tissue and epithelial tissue can change into
motile mesenchyme tissue in what is referred to as epithelial to mesenchyme transition (Putra et al.,
2023). The model of tissue should therefore include the concept of cable networks (Coughlin and
Stamenovic, 2003). The networks include actin filaments that are prestressed and attached to a substrate.
The confluency of the tissue is an important property of tissue mechanics. Kidney cells grown in a
monolayer had lower stiffness that the same cells grown as single cells or in a wound healing assay

(Efremov et al., 2013).

Filament Type D (nm) Lp (um) | E(MPa) | Emax(MPa) | Fmax (NN) | €max(%) | B
(PN.pm?)
Actin microfilaments 5-10 10-20 2600 * 0.4 0.9 0.073
Microtubules 25/12 5000 1700 * * * 22-44
Intermediate filaments 10 1 6.4 80 14 220 0.003
Stress fibers 200- * 1.45 100 380 275 >100
1000

D —filament diameter; Lp — persistence length; E — elastic modulus; Emax — elastic modulus associated with
Fmax; Fmax — tensile force at which the filament breaks; €max - strain corresponding to Fmax; B —bending
rigidity; * no data available. Data for microtubules include inner/outer diameters.

Table 1 Types of cell cytoskeleton and their properties (Stamenovic and Wang, 2011).



The actin microfilaments and microtubules are in bundles in cells making the representative bundled actin
and microtubules at least a magnitude larger than their representative single filament. The mechanical
properties are determined by the actomyosin and other molecules that bind the bundles together

(Rodriguez et al., 2013).
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Figure 2.3 Actomyosin stress fibers. F-actin - blue , myosin — red, and actinin — green (Kassianidou et al.,
2015)

There are other molecular cross-linkers such as a-actinin (Rodriguez et al., 2013).

The cytoskeleton components are thought to be tensegrity structures. The concept of tensegrity structures
scales from cytoskeleton components at the cellular level to larger structures in the body such as muscle
-tendon and bone. Using tensegrity structures to model tissue fits with this concept and should be scalable
to bulk tensegrity representations to be computational efficient. Scalability of tensegrity structures is a
problem that needs to be carefully studied and finding equivalent structures may have to be modeled

experimentally rather than analytically (Gilewski and Al Sabouni-Zawadzka, 2021).
2.1.2 Cell Attachments

The actinomycin belt that circles epithelial cells is attached to adjacent cells in tissue by tight junctions,

adherens junctions, and desmosomes in vertebrates (Higashi, 2017).

A side view of epithelial tissue shows the connections of the cytoskeleton to the next cell, to the basement
membrane and to the nucleus inside the cell (Figure 5). The change of attachments and shape of the cell

will affect the nucleus and can cause genetic change (Kalukula et al., 2022).
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Figure 2.4 Side view of epithelial cells showing their attachments (Kokkinos, 2010 — modified)

The tight junctions help the tissue repel external substances from entering the tissue or any of the tissue

that is below the epithelial cells.

The Cadherin - adherens junctions are associated with non-muscle myosin and the actin-myosin complex

tightens the actin or actomyosin belt around the apical part of the cell.

The desmosomes attach the nucleus to the cell junctions and come into play when the cell has large

mechanical forces applied to it (Schepers, 2022)

Gap junctions allow cell cytosol contents to flow from one cell to another allowing for exchange of water

and other substances between cells in a tissue.

The attachments of the cells are to the other cells and to the substrate — Extra-cellular matrix (ECM). The
main attachments that force is transmitted through are the tight junctions, adherens junctions and the

Cell - ECM integrins.

The Tight Junctions are usually between 200-500 nm long and 11 — 15 nm wide with intermediate space
between cells at 10 nm giving the junction size at an average of 300 nm long by around 35 nm in width.
The Adherens Junctions are 200 to 300 nm long and up to 100 nm wide with intermediate space of 20 to

25 nm giving the junctions at an average of 250 nm long and 220 nm wide (Vanslembrouck et al, 2022).



Adding these two junctions together to give depth and width the whole complex situated around the
actomyosin belt gives a distance in length from apical to basal of 400 to 800 nm long and width using
adherens junction width of 220 to 225 nm. Assuming longer columnar cells have longer junctions for
modeling. In summary the length of the junctions used for the model are a length 0.2 for squamish cells
and 0.5 um for the cuboidal and columnar cells. The width of the membrane around each cell is half the

width of the adherens junction at 110 nm and approximately 0.1 um.

EPITHELIAL CELLS

&5 ActinBundle (D Tight Junctions - Linear Adherens Junctions Basement Membrane

Figure 2.5 Epithelial cell apical belt structure a) epithelial cells in a monolayer b) close-up area of
stable cell-cell adhesion in epithelial cells c) a top view of a monolayer of epithelial cells,
connected by stable linear adherens junctions (Rubtsova et al., 2021).

2.1.3 Trijunctions

The most important and complicated of the junctions in tissue is the tricellular junction where three cells
meet. The tricellular junction is the width of the actomyosin belt. There are also bicellular junctions along
the length of the cell interface with the adjacent cells as shown in Figure 2.6 (Cartagena-Rivera, 2017,

Higashi and Miller, 2017).

Tricellular junctions
Bicellular junctions

angulin

$o0h s~ 11 iIn
tricellulin

Figure 2.6 Tricellular Junctions are at the corners of the packed cells and are a complex that includes the
actin belt and the tight and adherens junctions. There are bicellular junctions around the periphery of cells.
Scale bar 10 um (Higashi and Miller, 2017).



The cellular junctions in combination with the actomyosin belt adjusts the prestress in epithelial cells.
Prestress or the stiffness in tissue is an important mechanical property that affects overall cell stiffness
(Gu et al., 2023). The prestress comes from the actomyosin complexes in cells. In epithelial cells the actin
in the actomyosin belt is associated with non-muscle myosin and force is transmitted through the

adherens and tight junctions and the actomyosin belt( Cartagena-Rivera et al. 2017).

Epithelial tissue models can be formed using hexagon tiling over a surface. In confluent tissue the hexagons
change shape and can be other shapes including octagons to squares and sometimes triangular depending
on the balance of the forces within the tissue (Boyd et al., 2017). These shapes all form a mesh like
continuous tiling. They act as a barrier between the environment and other tissues or between organs

(Higashi and Miller, 2017).

In summary the apical end of epithelial cells are exposed to the environment and this means they are
exposed to air or water type material. The basal bottom layer is attached to a thin film which is the
Extracellular Matrix or basement membrane. There is an ring around the exterior of the cell made of actin

bundles which can be tightened with the non-muscle myosin.

The distance between the actomyosin belts in cells and the gap where the junctions attached is the width
of the cell membrane and some extracellular space. The total thickness across the cell membrane is about
10 nm x 2 = 0.02 um (Naser et al. 2022). The distance between epithelial cells range from 10 to 200 nm

depending on the type of epithelial cell (Peckham et al., 2003)
2.1.4 Extracellular Matrix (ECM)

The substrate that cells attach to also determine the mechanical properties of tissue (Saraswathibhatla et
al.,, 2023). The substrate in epithelial cells is a thin network called the Extracellular Matrix (ECM) or
Basement Membrane. It varies in stiffness from soft approximately 100 Pa to hard approximately 10 KPa
and varies in thickness from hundreds of nanometers to microns (Saraswathibhatla et al., 2023) . The
cellular attachments are called integrins and they adhere to complexes in the cell that attach to the
cytoskeleton of the cell and to the basement membrane. The extracellular matrix has a large effect on
development or cell differentiation with harder ECM of 50 KPa producing bone, medium stiffness 10 KPa
producing muscle and soft ECM 50 Pa producing neural tissue (Engler et al., 2006). It has been noted that
the ECM in tension has a J-shaped — non-linear stress-strain curve (Guimaraes et al., 2020). The cellular
processes that the ECM affects are cell spreading, migration, differentiation, division, apoptosis, tumor

phenotype, morphogenesis, and matrix secretion (Saraswathibhatla et al., 2023). Cells create the ECM
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that they attach to and in turn the ECM influences how the cells create the ECM and this feedback is a
major influence on cell mechanical response (Guimardes et al., 2020). The amount of water in a cell
changes the cytoskeleton dynamics. As ECM or basement membrane stiffness increases the cell volume

decreases mainly due to efflux of water (Atia and Fredberg, 2023). This also slows the relaxation rate.
2.1.5 Cell Shape

Cell shapes also have influence on the mechanics of cells and their rearrangements or transitions (Sahu et
al., 2019). Different cell types have a variety of cell cytoskeleton structures that are specific to the cell
type and the orientation of microtubules in cells is important to their shape and function (lwanski, 2024).

The cell substrate or basement membrane is a part of the forces shaping the nucleus.

0.6 kPa small 0.6 KPa big 5 KPa Glass
clusters clusters

Figure 2.7 Shape of cells and their nucleus due to substrate stiffness Top Shape of the tissue as a
function of the substrate stiffness. Bottom Length of the rectangular boxes is 20um. The nucleus of the cells
is in blue, Actin is in red (Kaliman et al., 2021).

When the nucleus is compressed some of the nuclear pores are opened and the nuclear material is

rearranged. This rearranges the DNA in the cell causing a genetic shift in the cell (Kalukula, 2022).

In the x-y or cross section shape is an important measurement as well and is the main parameter measured
for the vertex model (Staddon et al., 2023). For large cross-section cells cross cell actin filaments will often

form across the top of the cell (Lopez-Gay et al., 2020. A cell does not usually have a hexagon shape even
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though that is the configuration that will tile a flat sheet. The epithelium cell’s apex shape shift as forces

change on the cell sheet. The basal portion of the cell is more stationary.

basal superficial

Figure 2.8 Shapes of epithelial cells Left to right - Layers of cells shown with dyes: mCherry in basal cells
and E-cadherin in basal and superficial cells - blue in basal and yellow in superficial cells. E-cadherin
remains localized at the cell periphery in both layers (Kennard et al., 2023).

The cells in Figure 9 are partly hexagon shaped and the apical or superficial parts of the cells do not align
with each other. These shapes also affect the nucleus. The apical portion of cells change shape due to
forces on the surface of the tissue and the amount of shape change from the hexagon shape are
considered to be defects or disordered tilling (Tong et al., 2022). The defects are one of the main
parameters that determine tissue mechanical properties (Staddon et al., 2023). Shape change can occur if
the sides of the cell are shortened or there is more force applied to parts of the surface than in the other

directions (Armengol-Collado et al., 2023; Morris, 2021).

Cells in the epithelial layer are confluent and in steady state are considered to be in a jammed or solid
phase where cells are trapped by their neighbours. Sometimes due to perturbations the cells can become
unjammed and form a fluidized sheet of cells that migrates. This is called unjamming transition (UJT) and
is different from the epithelial to mesenchyme cell transition that occurs when epithelial cells are

unattached from each other and become mobile crawling cells (Atia and Fredberg, 2023).
2.1.6 Chirality in Cells and tissue

Chirality exists in eukaryotic cells and organisms and is the foundation of left-right asymmetry (Inaki et al.,
2016). The main cause of the asymmetry is in the actin cytoskeleton and the actin chirality is due to its
cross-linking molecules such as alpha-actinin and myosin Il. A crosslinker called Fascin is also a cross-linker

but this molecule is not in mature epithelial cells (Zhang et al., 3023).
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2.1.7 Other factors

Other factors in finding the stress-strain relationship in tissue are the rate of the applied force (Unal et al.,
2016) and the amount of ATP available in the tissue (Ebata et al., 2023). This includes the tissue’s normal
living physiological range as well as abnormal situations such as fast acting forces (Unal et al., 2016) or
cells deprived of oxygen-ATP in hypoxia (Cortes et al., 2019). Intermediate filaments act as a protection for
cells when they are over 70% deformed (Pensalfini et al., 2023; Schepers, 2022). The intermediate
filaments are attached to desmosomes on the sides of the cells and are attached to the nucleus (Chifflet
and Hernandez, 2012; Balda and Matter. 2003). Cells can fine tune their mechanics with a change in pH as
well (Schepers, 2022). The water and salt balance in tissue also changes the Force — Compression curve in
cells (Sugimura et al.,, 2016). Cell reproduction and death will also change the mechanics of tissue
(Ambrosini, 2017). Stretch fluidizes the cytoskeleton therefore stretching and then returning to normal
configuration allows the cells to adapt to their mechanical environment. Breaking the bonds of both actin
and microtubules are part of an active cells life (Atia and Fredberg, 2023; Ermakov, 2018). Cell membranes
are reinforced with actin and sometimes keratin. This outer shell can also have a major influence on the

stiffness of cells and tissue (Shepers, 2022).
2.1.8 Measuring Force Deformation Behavior of Epithelial Tissue

Individual cells are measured in Atomic Force Microscopy (AFM) by indenting the cells and the forces of
indentation are in the nano-Newtons (nN) (Sim et al., 2015). This magnitude of force nN is observed in
cells using micro-posts (Rodriguez et al., 2013). Measuring the forces quantitatively in the epithelial layer
is an unsolved problem. Mapping the curvature of single cell layer epithelia due to known stress has been

measured using controlled geometry (Marin-Llaurado et al., 2023).
2.1.9 Stress-Strain Curves of Cells and Tissues

There are many ways to measure the stress and strain in tissue and some of them are mainly compression
measurements and others are mainly tension measurements. Some of the methods for cells are; Atomic
Force Microscopy (AFM) (compression, frequency), Micropipette aspiration (tension), Rhinometry
(frequency application), optical tweezers, laser ablation, micro pressure probes and magnetic beads plus
various lab made devices (Schwayer and Bruckner, 2023). Different resulting curves are obtained from
each type of measurement. Compression and tension curves are normally different in materials and there
are different methods of applying frequence for material measurement (Polio et al. 2018). For AFM the

frequency of the force was converted in FDC Micro-rheology for a tip velocity of 10 um s-1 equivalent
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frequency of 166 Hz, Tip velocity of 60 um s—1 (1 kHz), tip velocity of 150 um s-1 (2.5 kHz) and tip velocity
of 300 um s-1 (5 kHz) (Garcia et al., 2020).

The rate of the applied force changes the Stress-Strain or Force-Displacement curve as does the amount
of oxygen and other necessary parts of the cell such as actin, myosin, calcium, cadherin, catenin, vinculin,

actinin and Microtubules.
There is a difference in the stress-strain curve for two cell attachment depending on the strain rate shown

in Figure 2.9.

Rate of Applied Force on two cells Stress vs Strain
x| T T T T T T T T T

25

15F -

Stress (KPa)
|
|
|

e Applied Force Rate 0.005 m/s

v 4= T Applied Force Rate 0.5 m/s

g | | i | | i | | i

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Strain

Figure 2.9 Two cell attachment stress-strain showing the change in the stress-strain curve with rate of
strain (Data taken from Esfahani et al., 2020).

The rate of applied stress or force can make a large difference in the tissue response and the stress-strain

curve. Different types of cells also have different stress curves shown in Figure 2.10.
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Figure 2.10 Compression Load Stress — strain graphs for different tissue. Compression Load - 10% (yellow),
20% (blue), 35% (red), 45% (black) compressive strain. Each sample was assigned to a single strain group

and was only tested once (Wozniak et al., 2009).

Tissues that are from the same area such as the trachea and bronchi of the lungs have different Stress-

strain curves as seen in Figure 2.11.
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Figure 2.11 Lung — Porcine sample tissue in tension (Eskandari et al., 2019).
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The number of cells and their orientation also have influence on the Stress-strain curves Figure 2.12.

Oriented Cell Sheet Data compared to Squamish 5e-9 sf1000 Stress vs Strain
100 T T T T v T
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Figure 2.12 Stress-Strain curve of cell sheets measured with a stretching apparatus. Oriented cell sheets —
OCS, Not oriented cell sheets — NOCS, OCS-15 prepared on 15 um x 15 um x 5 um groove patterns Data
Taken from (Xu et al., 2022).

Other graphs in this series are OCS-5on 5 um x 5 um x 5 um groove patterns, OCS-10 cell sheets prepared

on 10 um x 10 um x 5 um grove patterns which are all higher — stiffer than the above curves.

The curves in Figure 2.13 show the influence of the basement membrane on cells also the inset of the

figure shows the unevenness of the force-displacement curve as it is not a smooth curve.

16



Force, F (nN)

"o 500 1000 1500 2000 2500 3000
Indentation, ¢ (nm)

Figure 2.13 A set of three representative force curve data acquired for 3T3 fibroblasts cultured on; Red -
glass Purple - 17 kPa polyacrylamide gel and Blue - 3 kPa polyacrylamide gel. Cells on the culture dish are
100 times stiffer than cells cultured on polyacrylamide gels. Inset is a close up of the start of the curve
(Thomas et al. 2013).

Basement membranes are estimated between 10 Kpa and 5 MPa (Kozyrina et al., 2020). The fibroblasts

grown on a basement membrane would cover the range of the graphs shown in Figure 2.13.

Fibroblasts are epithelial cells and will have a similar structure to the models of cells built in this thesis.
They are single cells so do not have the support of the surrounding tissue and will therefore not have the
same magnitude of force that goes with the volume of indentation. The yield or fracture point is not noted
in the simulations with the models because a yield point was not included in the material properties of
the tensegrity compression and tension elements for microtubule and actin bundles. Measurements of

the yield points of actin bundles and microtubule bundles has not been thoroughly studied.
2.2 Current methods of modeling tissue properties

2.2.1 Solid Mechanics and Measurement

Three standard formulas are used in defining the solid mechanics of a material formulas (1) to (4). Tissue
is mostly composed of water and is therefore an incompressible material. Poison’s ratio v is a measure of
the compressibility of a substance. Poison’s ratio ranges between 0 — 0.5 and tissue’s range is between
0.45-0.5. A Poison’s ratio of 0.5 means that the object or substance is incompressible. These values make

the measurements of Bulk Modulus and Lame Modulus very large. Therefore the values for E — the
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elasticity and for G — the shear modulus are used for tissue (Kennedy and Bamber, 2021). Two other time
related measurements are relaxation and creep. Relaxation is the change in stress or force per area
produced by a material when a strain is applied to a material and creep is the change in strain- shape that

occurs when a constant force is applied to a material.

Young’s Modulus — Elasticity E =

Poison’s Ratio - Poisson’s ratio v is the ratio of lateral to longitudinal strain in uniaxial tensile stress.

E

Bulk ModulusK = ————
u odulus = 2) (2)
Shear Modulus i = i
) TP (3)
Lame Modulus A = _VE
1+ v)(1—-2v) (4)

(Bower, 2010)

2.2.2 Standard Linear solid Model

One method used to model tissue including epithelial tissue are spring-dashpot simulations using springs
for elasticity and the dashpots for viscosity modeling. A combination of the spring-dashpot modeling is
used with a spring and dashpot in parallel modeling a viscoelastic solid — Voight-Kelvin model and a spring
and dashpot in series modeling viscoelastic liquid — Maxwell model also the Maxwell-Wiechert model for
some tissues. These models give an approximation of the mechanical behavior of tissue. Relaxation and
creep cannot be measured using this model and dynamic analysis is used to find other properties of
materials. Other methods of modeling tissue use curve fitting where the measurements of the stress and
strain are graphed and an equation is matched to the curve. An example of this is the hyperelastic model

called the Ogden method which produces a J like curve (Wikipedia — Ogden hyperelastic model, 2022).

Dynamic analysis is a method used to find the viscoelastic measurements of a material. This method uses
sinusoid or pulsed perturbations of the material to find the storage (E’) and loss (E”) moduli. The storage

moduli is the elastic measurement and the loss moduli is the energy dissipated by structural
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rearrangements (Guimaraes et al., 2020). Dynamic modulus G (G’ + jG”) is used to measure the
relationship between oscillating stress and strain. Other measures of viscoelastisity are creep and

relaxation (Wikipedia, 2023).
2.2.3 Continuum Model

This is a deformable body solid mechanics method that analyses solid mechanics or fluid mechanics
usually in three dimensions using infinitesimally small parts of the whole solid to find the forces and strains
in the entire solid or fluid. Differential equations are used to describe the object using physics to describe
the behavior of the deformable body. Concepts such as mass conservation, momentum conservation, and
energy conservation are used to create the differential equations. This method is used in Finite Element
Analysis which are usually programmed into mesh structure which closely approximates the behavior of
the solids or liquids assuming certain boundary conditions and assumptions about linearity (Wikipedia,

2023).
2.2.4 Cellular Potts Model — Artificial Life

The cellular Potts model is agent based modeling where cells are placed on a grid and their behavior is
governed by an energy function. Software specifically made for cells is Cells in Silico (CiS) (Berghoff et al,
2020). This type of modeling does not directly relate to actual cells in a tissue (Barton et al., 2017).
CompuCell 3D is an example of the cellular pots model that has been used extensively. Simulation of
chemical components as well as cells and tissues have been modeled using this method. The main
drawback of this modeling is that there are no exact measurements of forces in the models (Glazier, 2024).
Artificial Life is another simulation along the same lines as agent based modeling where life is simulated

using computer programming (alife.org).
2.2.5 Vertex Model

The vertex model was created specifically to study cells in tissue using cell shape — perimeter and volume
measurements. The two dimensional version is used to study epithelial tissue. The mechanical energy is
derived from deviations from preferred cell shape. The apical shapes of epithelial tissues are studied an
the perimeter and area of the shapes on the surface are measured. Compared to hexagon shapes the
shape index preferred parameter Po = P*6(hexagon) and the area Aq is the preferred area. There is a phase

transition in tissue when the target shape index;

Target Shape Index po = Po/y/Ay (5)
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when po > P*6 or po > 3.72 the material becomes soft-fluid (Staddon et al., 2023). When tiled with a
regular hexagon lattice the material is ridged. Using this model the shear modulus, bulk modulus Young’s
modulus and Poisson’s ratio can be calculated (Staddon et al., 2023). This model is used for studying active

matter.

There is an active vertex model that has been developed by Barton et al. (Barton et al., 2017) for studying
the mechanics of confluent epithelial tissues and covers multiple scales with tens of thousands of cells.
The model covers the mechanics of active tissue as well as cell growth and apoptosis. Programming for
this model is available in the SAMoS software package which is open source. The main problem with this

model is that it is difficult to program in 3D.
2.2.6 Active Matter Contribution to Mechanics

Active tissues add to the mechanics through motor molecules fueled by ATP and other energy molecules
that cause parts of the cell or the whole cell and tissue to move. In epithelial tissue one of the main
contributors is the actin-myosin complex similar to the system that moves muscle (Rodriguez et al., 2013).
Living tissue is active matter and produces cell and tissue behavior that is unique to active matter and not

seen in dead or passive matter (Rombouts et al., 2023).
2.2.7 Tensegrity Model

Current tissue models reduce the number of unknowns in the stiffness — elasticity matrix so that they are
reduced to two unknowns (Doyley, 2011). In a tensegrity model the unknowns can also be reduced to two
using linear elastic material for tension only elements and compression only elements. The tensegrity
structure gives non-linear responses to force and can produce a J shaped non-linear stress-strain curve.
Tensegrity models are valid over a greater range of deformation than other models which are assumed to
be linear over small range so that the reference and deformed material have the same coordinates and
the force-distance (stress-strain) graph is linear (Kennedy, 2019). This linear approach is used in large

deformations to make calculations more efficient and less time consuming.

A tensegrity structure is a modified truss where the straight elements of the structure are attached
through pin joints which are free to move in any direction. For a tensegrity the elements are either in
tension or compression or both. For the modeling of tissue the elements are either in tension and can take
tensile forces or just in compression and can take compressive forces. This allows for the reduction in the

number of unknowns to two values the Et — elasticity of the tension elements and Ec — the value of the
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compression elements. The boundary conditions for the structure are the attachments to the surface and
to the other cell elements in the structure. The prestress of the structure and attachments to the other
cells is an important part of the cell attachment boundary condition. The strength of the spring foundation

that attaches the structure to the substrate is another boundary condition.

The tensegrity model also known as the Tension Integration Model (Gu et al., 2023) has been used to
model cells and was introduced by Ingber (Ingber, 2008). For a tensegrity model structure tension
elements and compression elements are used to build a 3D structure in equilibrium. Tension elements are
like strings and only take tension stresses. Compression elements are called rods or bars and can take
compression but very little tension. Tensegrity structures are built so that the tension elements hold up
the structure when prestress is applied to them. Cells are thought to be tensegrity structures (Ermakov,
2018; Ingber 2014; Ingber, 2008). A summary of Ingber’s cell tensegrity properties;

1. “The mechanical properties of cells are determined by structured cytoskeleton rather than by
unstructured viscous continuum.

2. Prestressed cytoskeleton determines the ability of cells to deform.

3. Microtubules, which function as rods anchored to the extracellular matrix, are affected by the
tensional structures of the cytoskeleton; thus, the balance of forces in the whole cell is
established” (Ermakov, 2018).

The actin bundles in the cell are considered to be the “strings” and the microtubules are considered to be
the “bars” in the tensegrity cell structure. Microtubules are thought to carry higher compressive loads
because tension elements are attached to them for bracing like a pole can be braced by steel cables

attached to them (Brangwynne et al. 2006).

Some examples of models of tissue made with tensegrity structures include red blood cells (Pandian and
Ananthasuresh, 2017). Blood cells exist as single cells so this is a single cell model. A multi-cell model
(Zhang et al., 2021) shows how inner tissue cells can be made using tensegrity and then grouped together.
Another tissue model of an organoid was made by Fraldi et al. (Fraldi et al., 2021). This model was also of
interior cells and includes a study of cancer in cells modeled with tensegrity. Tensegrity modles of cells are
also on GitHub (Bharadwaj et al., 2023). This is a site that has coding for Finite Element Model of cells in
Matlab .m files. These cells ar individual cells and appear to be interior cells in structure — are rounded
and include a nucleus structure. Another model that uses bent strucutes for elements in the tensegrity
was done by Fraldi et al., 2019. Microtubules are known to bend inside of cells and the bend elements are

based on this fact (Fraldi et al., 2019). The first researcher to build a tensegrity structure of cells was Ingber
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(Ingber, 2008; Ingber et al. 2014) who has written many papers on the concept and has made single cell

models. These models do not model epithelial tissue which has a specific structure.
2.3 Tensegrity Model of Simple Epithelia

Tensegrity models are structures that are in tension and this is the natural state of cells and they are
tensegrity structures (Ingber, 2014; Ermakov, 2018). Tensegrity structures can be modeled using one value
of elasticity for the tension elements and one value for the compression elements and boundary
conditions of prestress and placement of nodes and substrate values and attachments. This simplifies

modeling and makes computations more efficient.
2.3.1 Tensegrity with Truss Finite Element Analysis

Truss models are made with single straight members that can take tension or compression along their axis.
Force is applied to each end of the member resulting in compression or tension along the axis of that
member. The members are pin jointed allowing them to rotate and transfer forces in the axial direction.
Trusses are usually assembled in triangular sections and are their own mesh. Tensegrities can be modeled
using trusses. Modeling with Finite Element Method (FEM) can determine the stiffness matrix for 3D

tensegrity structures (Al Sabouni-Zawadzka, 2023).

Tensegrity structures stiffen when a load is placed on them and therefore Finite Element Analysis is not
the best approach to analysing their structure (Obara and Tomasik, 2023). Finite element analysis uses
small displacements to analyse the properties of structures and tensegrities have larger movement and
the stiffness of the structure changes when a load is applied. The structure layout and its prestress are
dependant on each other. The prestress or stress in a tensegrity is part of its structure (Zhang and Ohsaki,
2015). An extreme example of this are tensegrities that change form and can do so with an incremental
change in the forces applied to them if they are near the change of state point. An example of a tensegrity

that has this bistable structure is shown in Figure 2.14 below (Hong and Hua Deng, 2023).
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Figure 2.14 Configurations of a bistable tensegrity showing the transformation between one stable form
and the other stable form (Hong and Deng, 2023).

Tensegrities depending on the properties of their components and boundary conditions will change shape
in unconventional ways with the whole structure shifting shape and tension depending on the forces

applied to the structure.

Finite Element Modeling of tensegrities using commercial software works if each force is applied to the
structure individually and the model is given time to settle or change shape and tension stiffness. The rate

of applied force is important as a factor in this modeling.

Tensegrities are a subset of trusses and the tensegrity structure that models confluent tissue will be a
tensegrity grid with repeating patterns. The pattern for epithelial cells is one with a top tension ring
attached at the corners of hexagon rings with trijunctions that are also tensegrity structures. The hexagons
are an idealized surface tiling structure and in living cells the hexagons become distorted due to the forces

on the tissue.

The tensegrity structures need to be stable within the grid but not stable on their own. Epithelial cells are
confluent so are attached to each other all of the time. They can convert to a moving sheet or into

mesenchyme tissue. The mesenchyme tissue is a type of crawling cell that does not rely on its neighbours.

In tensegrities the placement of the compression only bars are important to the stability of the overall
tensegrity. When two or more bars touch the tensegrity is indeterminant statically or kinematically see

table 2 (Gan 2020). The static condition is denoted by s and the kinematic by k.
kinematically see table 2 (Gan 2020). The static condition is denoted by s and the kinematic by k.

The following are the parameters used in the table below:
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“k(20) is the number of independent zero-energy deformation modes or rigid body mechanisms. A

structural system with k=0 means the structural system is kinematically determinate.

5(=0) is the number of independent states of self-stress mechanisms. A structural system with s=0 means

the structural system is statically determinate” (Gan, 2020).

Static and kinematic Type of solution
Class | properties
I s=0 | Statically Both equilibrium and compatibility equations have unique solutions
determinant for any loadings
k=0 | Kinematically
determinate
Il s=0 | Statically The equilibrium equation has either a solution for a particular
determinant loading or no solution. The compatibility equation has k-
k>0 | Kinematically dimensional infinity of solutions for any strains
indeterminate
I s >0 | Statically The equilibrium equation has s-dimensional the infinity of solutions
indeterminate for any loadings. The compatibility equation has a unique solution
k=0 | Kinematically for compatible strains, but no solution for incompatible strain
determinate
v s >0 | Statically Both equilibrium and compatibility equations have s- and k-
indeterminant dimensional infinities of solutions, respectively, for some particular
k>0 | Kinematically loadings or strains, but otherwise no solution
indeterminant

Table 2 Classification of the tensegrity structural system (Gan 2020)

Two ways of finding the equilibrium equations for a tensegrity are equilibrium matrix associated with
prestress or axial forces and force density equations using the node coordinates in the structure. The
equilibrium matrix is related to the prestresses of the tensegrity and is expressed as the force balance at

each node or can be directly derived from the virtual work principle (Zhang and Ohsaki, 2015).

The physical structure of the tensegrity can be represented by a connectivity matrix where two nodes are
connected by a specific member. The connections are represented by either a 1 or -1 with all other entries
in the row at 0 (Zhang and Ohsaki, 2015). The connectivity matrix allows for linear algebraic representation

of the tensegrities and the forces that are placed on them.

Tensegrity structures are complex particularly in 3D and continuum models can be made to find Young’s
modulus (E) and the shear modulus (G) (Sabouni-Zawadzka, 2023). The variables for the continuum model

are the tension to compression elements stiffness ratio and the prestress. The stiffness ratio k which is
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different from the k in Classification Table 3. K is the elasticity times the area E*A of the strings over bars

needs to be one of the parameters that is varied in the parametric studies.

(EA)string
K value k -
(EA)rod

Equation (6) (Sabouni-Zawadzka, 2023)

Other studies have looked at short and tall models of the same structure (Fraternali et al., 2015; Sabouni-

Zawadzka, 2023).

Epithelial tissue types are squamish — short, cuboidal — medium height, and columnar — tall. These

alterations in height also can be used in the model’s parametric studies.
Definitions of structures that are related to tensegrities are:

e Truss — pin jointed structure that has no prestress
e (Cable-net — only tension members attached to supports
e Tensegrity-dome — has both tension and compression members and is attached to supports

e Tensegrity — has both tension and compression members and is free standing — no supports

Epithelial cells appear to be Tensegrity-domes as they are attached to each other and support each other.
When epithelial cells are separated they tend to change cell type and change to mesenchyme cells which

are mobile cells. This is know as epithelial to mesenchyme transition (Purta et al., 2023).

Building tensegrities that are stable can be a challenge. Some programs have been specifically written to
model tensegrities such as 3D PushMePullyMe (Senatore and Piker, 2015) and MOTES Modeling of
Tensegrity Structures for minimum mass or structure control both for statics and dynamics of the
structure (Goyal et al., 2019) which uses the Matlab platform. Also software that can accommodate
tensegrities such as Grasshopper, Kangaroo and K2E (Roth and McCarthy, 2021) and also Matlab (Gan,
2020; Bharadwaj et al., 2023). Also metamaterial programming that allows analysis of fine structure as
well as bulk structure of a material to be analysed — multiscale modeling can be used for example

Simcenter3D (www.ata-e.com/software/siemens-plm-software/simcenter-3d/ ). The Vertex model for

epithelial cells describes the behavior of epithelial cell surfaces and this gives an accurate model for the
behavior of epithelial tissue. The active vertex model developed by Barton et al. (2017) uses particle based

models and might be adapted to tensegrity modeling.
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Tensegrities that are stable are often considered to be free standing tensegrities but they often change
their configuration suddenly under load. This mainly happens when one of the strings loosens because
the structure has changed configuration. Adding attachments to the top and bottom of a bi-triangle
structure will make it into more of a tensegrity-dome structure and its stability will be easier to evaluate
(zhang and Ohsaki, 2007). The structure in Figure 2.5 is a T-4 prism and is structurally stable (Oppenheim
and Williams, 1997).

F(9)=-8E-6 N Line: von Mises stf€8s (N/m?)
A 6.4x10"
x10"!
0.2 6

5
0.15

0.1 pm 3

0.05

¥ 2.76x107

Figure 2.15 A T4 tensegrity strucuture. Two basic trianglular prisms mirrored on top of each other making
a stable structure. The color bar shows the von Mises stress in each member.

Stable tensegrities can be designed using graph theory and rigidity theory. Topology and geomety can be
combined to produce stable structures with predefied shapes and predefiend self-stress states (Aloui et

al., 2019).

There are many metamaterial designs and some use tensegrity structures or can be adjusted to use

tensegrities. This type of design could be used in future to add to the sides of the tensegrity structure.
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Figure 2.16 Examples of metamaterials. These structures could be changed into tensegrities and tile the
sides of triangles or hexagon prisms to make up a cellular structure. The sides of triangle prisms and
hexagons prisms are squares (Jagielloa, 2021).

Producing a sheet of tensegrity cells connected together could be considered a metamaterial as the cells

are micrometers in size and form a larger structure.

3.0 Method

The models were built and tested in COMSOL Multiphysics 6.2 which is a Finite Element Analysis program.
Truss stationary studies using the Direct Solver with no itterations was used to test the model. The model
also used truss posts to hold up the outer edge of the cells where two cells meet. This creates a trijunction
with two cells and then the post for the third position. Originally the posts were distributed around the
outside of the model. It was found that the model worked when only three posts at the trijunctions of the

posts and cells was used.

The parametric studies will be performed on three styles of triangular tensegrity prisms, hexagone tiled
lattice with differing triangular tensegrity prisms as trijunctions. The models were tested in tension and

compression measure the stress/strain curve in the form of force/displacement measurments.
The parameters varied in the studies are:

e Prestress

e Modulus of Elasticity for both tension and compression elements
e Ratio k = E*A strings/E*A bars

e Height of the 3D models

e Varying strength of attachment of the models to the substrate (spring constant)

For the trial tensegrities the forms of known tensegrities the T3 and T4 tensegrities were used for the

trijunction attachment points. The forms were copied into a hexagon shape with the strings down the
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sides and at the top of the tensegrity with bars used as the angled sections. The bars are placed at opposite
angles on the top hexagon structure. This lack of rotation will in some instances make the hexagon and
triangular form unstable on it’s own without support structures but the hexagon structure can stand on
its own but does not support any forces. The attachments of each cell to each other and the built in posts
are essential to allow the structure to withstand forces. In epithelial tissue each cell is dependant on its
attachment with its neighbour and to attachments to surrounding tissue structures so the need for

supports for the model is expected.

Tensegrities can be modeled using discrete models and can be converted to continuum mechanics
modeling so that Finite Element modeling can be used on more complex models (Sabouni-Zawadzka,
2023). Using Finite Element modeling for tensegrities with the COMSOL Multiphysics package for
modeling the shape and physics in terms of ordinary truss modeling with high elasticity for both strings

and bars and density close to that of air and Poisson’s ratio of 0.4.

3.1 Cell Attachments

Models of epithelial tissue need to include junctions between cells and between cells and the extracellular
matrix. This includes tight junctions, adherens junctions; the bijunctions and trijunctions at the actomyosin
belt; and the integrins attached from the basal part of the cells to the extracellular matrix are the points
within the cell that resist and transmit force. The cells therefore need to be attached with each other and
to the substrate with spring attachments. The attachments in cells are protein complexes and are
themselves considered to be tensegrity structures. A simple tensegrity attachment structure is one with

strings in a rectangle with one compression unit in the diagonal.

Plain Tensegrity Opposite
Attachment Attachment Attachment

Figure 3.1 2D plain attachments vs a 2D tensegrity structure for attachments. The opposite attachment
also forms a simple tensegrity. The blue lines are strings and the black lines are bars.

28



The plain attachment doesn’t work well and the model does not work when these attachments are used.
The 2D tensegrity structure is the base module for the whole tensegrity. The sides of the tensegrity T3 and
T4 prisms are made like this and the sides of the hexagon figures in the final models were built like this.

The T3 and T4 structures described in Figures 3.3 and 3.4 are used as trijunctions in the final model.
The 2D tensegrity does not have linear movement when equal forces are applied to one side at the corners
as shown in Figure 3.2.

A 3.18x10°
x10°8

3

2.5

1.5

Tension Compression

4]
vo

Figure 3.2 Force on a 2D tensegrity square with a cross bar Force 1 x 107 N sides are 1.5 um Colored Side
Bar von Mises stress (N/m?) a) Tension force applied at top corners b) Compression force applied at top
nodes. The black lines are the original configuration. Color bar blue 0 to red 3.18 x 10 von Mises Stress.

The square with a cross bar does not bend evenly even though the force is the same on both corners at
the top of the square. This has consequences for a 3D tensegrity made with this arrangement of elements.
They twist as they are compressed or placed in tension. The following figures 13, 14 and 16 are three

types of tensegrity structures built as a 3D triangular prism.
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Figure 3.3 T3 Tensegrity triangle prism in tension and compression.. This tensegrity is self standing due to
a -30° angle of the top triangle compared to the bottom. When it is tensioned or compressed it rotates.
The color bars show the von Mises stress of each of the elements. The stress in the tension T3 prism is 6.51
x 10% with the maximum at 7.2 x 108 and the stress in the compression T3 prism is 4x10% with the maximum
at 5.98.

This is a 3D triangle representation of the 2D tensegrity in figures 3.1 and 3.2 . To use the T3 prism as a
trijunction structure the structure has to have the 30° twist angle removed making it a three sided basic

tensegrity structure and not a true T3 structure.
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Figure 3.4 T4 Double tensegrity prism in tension and compression. The structure is two T3 mirrored prisms
on top of each other. The color bars show the von Mises stress on the elements of the tensegrity. The
maximum stress in tension is 7.62 x 10 N/m? and the maximum stress in compression is 6.4 x 10** N/m?.

The movement of the Double tensegrity has less rotation as it is stretched and compressed. It has less
movement in the z direction and the structure stiffens and stays in the same configuration as force is added
after the rotation stops. Because the T4 is a mirrored structure the top and bottom triangles are aligned

and can be used as a trijunction in a larger structure. A trijunction structure that moves straight up and

F(9=-8E-6 N Line: von Mises st#&8s (N/m?)

Nim? 0.05
A 7.62x10%F
x10'®

A 6.4x10"

¥ 2.76x10’

¥ 3.20x10°

Compression

down is needed and one that moves at the same rate as the cell structure.

Choosing the basic D- bar configuration on the sides of the triangular prism gives a triangular tensegrity

prism Figure 3.5.
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Figure 3.5 Diamond - D Side Bar Tensegrity Prism in tension and compression. The tensegrity has bars along
the sides of the tensegrity that are split in the middle attached together with the string-elastic components.

The maximum von Mises stress in tension is 8.2 x 10* and in compression is 1.2 x 10*3 N/m?. In this case
the structures have not reached their maximum tolerance for stress.

The side bar tensegrity prism has a linear motion and does not twist or rotate through an angle in tension

or compression. This triangular prism did not work as a trijunction structure with the models.
3.2 Hexagon Build

The hexagon shape was chosen because it tiles a surface and it is the most energy efficient shape (Tang et

al., 2022; Barton et al., 2017).

First a hexagon was placed at height or z direction at z=0
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w+m k-m 0
s+w-m k-m 0
s+2*w—-14*m 0O 0
stwm &ktm 0
wm k+m 0

Figure 3.6 Hexagon and table of vertices. The 1.4 is the \/2, m is width of cell membrane (yellow), w is
polygon width, k is polygon height

The parameters used to build the model are the span of the hexagon s, the width w and length k of the

hexagon and the height of the two hexagons — H and HR. The elasticity of the compression and tension

elements and a force need to be listed in the parameters.

Parameters for k value of 4x 10" medium or cuboidal measurements are:

Name | Expression | Value Description
S 5[um] 5e-6 m span
k 5[um] S5e-6 m polygon height
w 3 [um] 3e-6 polygon width
m 0.1 [um] le-7 membrane width
H 3 [um] 3e-6 3d Height
HR 0.5 [um] le-8 3D Height of top ring
Et 100 [GPa] lell Pa | Tension element elasticity
Ec 200 [GPa] 2el1 Pa | Compression element elasticity
F 10 [nN] le-8 Force
Table 3 — Example of parameters in COMSOL used to create the tensegrities

Bars 0.005 um? in cross section area for bar compression elements

Bars 200 GPa Modulus of Elasticity compression only — the code for COMSOL programing is Ec =
(200*(1-0.9999*(truss.en>0))[GPa]) — Insures compression only forces on bars

Strings 0.001 um? in cross section area for string tension elements

Strings 100 GPa Modulus of Elasticity tension only — the code for COMSOL programming is Et =

(100*(1-0.9999*(truss.en<0))[GPa]) — Insures tension only forces on strings
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e Truss Post parts 200 GPa Modulus of Elasticity and are the same area as the bars and are tension
and compression elements

e Poisson’s ratio 0.4

e Density p=1.2

e Spring foundation 10 N/m to 10000 N/m and are at all the bottom vertices except the pinned
points

e Pinned points are at the edge of each post

e Initial axial stress 0.000001 N/m?

The posts that are added to the model have the same component values as the Bars. The initial axial stress
does not appear to make a difference in the outcome of the experiments but was added due to COMSOL’s
recommendation that this not be left blank. Poisson’s ration of 0.4 was also chosen due to the COMSOL
recommendation that the ratio over 0.4 would not give accurate results (Structural Mechanics Module
User’s Guide, COMSOL, 2022). The K value (Equation 6) calculated for this set of graphs was 0.4 x 10*. The
formula for the k value is String Modulus of Elasticity x Cross section area of the string/Bar Modulus of
Elasticity x Cross section area of the bar. An example of a k value that is out of range for epithelial tissue is
the k value = 0.1. The Bars = 500 MPa and the cross section is 0.01 um? and the Strings are at 50 GPa and

the cross section is 0.005 um?. This k value might represent ligaments or other stiffer tissue.

The parameters for Actin which make up the strings in this model are listed at 2.6 GPa Modulus of Elasticity.
The actin is bundled together and also branches making the string values either higher or lower depending
on the makeup of the cross-sections in the bundles and the number of the attachments. The bars also
have bundling and attachments to the sides of their structures and are listed as having 1.7 GPa Modulus
of Elasticity. An estimate of the bundled and supported microtubules elasticity could range from 1.7 GPa
to over 200 GPa depending on how they are supported. Microtubules have a longer persistence length of
5000 um than microtubules at 10 to 20 um and so are more likely to be the “bars” in the cell (Stamenovic
and Wang, 2011). The 200 GPa is the Modulus of Elasticity for steel ( Wikipedia, 2024). To demonstrate
the increase in the elasticity under these circumstances take a long small diameter area wood dowel and
attach elastics to the sides of it. When the elastics are slack the dowel bends easily, when the elastics are
pulled taunt the dowel is stiff. There is a lack of data about the Modulus of Elasticity for in vivo cells and

tissues.
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Figure 3.7 Cell shape build a) A 3D shape was made of stacked hexagons. The top hexagons form a ring to
represent the actin ring at the apex of the cell. b) The compression elements were added to the geometry
using lines and are shown in blue for this simpler configuration. The tension elements are in black.

This configuration of compression elements causes the hexagon tensegrity to twist when in tension or
compression. Using the side-bar tiling like the triangular prim for the hexagon shape would make it less
likely to break when attached to other hexagons of the same type. However, this configuration did not

work with the final models.

The single hexagon is a stable structure if the top hexagon is rotated from the bottom hexagon by 120°
or -60° (Gan 2020). To make a cell shapes that tile a plane straight hexagons without a twist were
chosen. These structures do not stand by themselves but need attachments to their neighbour cells or

supports.
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Figure 3.8 Hexagon ring structure. A tensegrity without a twist in angle. The posts hold the structure up.
Pre-strain is at 0.01.

The structure works in the range of -1.0to 0 N and 0 to 1.0 N but will not work if both positive and negative
forces are included in the run (-1.0 to 1.0 N). The maximum stress in this diagram is 3.28 x 10%? von Mises
stress (N/m?). The forces were applied at the top vertices of the structure. The tension force had not
reached its maximum so the stress the structure can withstand is probable greater that the 5 x 108 von

Mises stress.

Rectangular truss structures were chosen for supports outside the cell and tissue area. The truss structures
are similar to tensegrities being pin jointed structures but the structure parts are all the same area in

diameter and are allowed to be in both tension and compression.
3.3 Three Cell Hexagon Model Build

The model is made so that there is a gap m in between hexagon rings to represent the width of the
junctions and distance between cells m. Trijunctions are placed in the middle of the structure and at the
edges where the posts and two cells form a triangular junction and the triangular prisms T4 for the middle
and T3 for the edges are used to form the trijunctions. The size of the trijunctions are determined by the

width of the membrane m.

To make a representation of tissue three hexagon cells are copied and attached with trijunctions and other

corner junctions shown in Figure 3.9.
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Figure 3.9 The hexagon cell was copied to two other positions to make a three-cell structure. The first
hexagon is outlined in brown-orange. This diagram shows the whole structure with truss posts.

Connections at the vertices were made by adding lines between the hexagon structures and the posts.

Figure 3.10 Showing post structure and connections to the posts and other cells a) showing simple
tensegrity connection to a post b) showing a trijunction which occurs when two cells and a post meet or
when three cells meet. Trijunctions are a main feature holding the structure together. The blue lines are
the compression only elements. Only the trijunctions were used in the final configuration.

Trijunctions naturally occur when there is a membrane like gap between cells. The posts are truss only
structures that are like the tensegrity structure but are made of elements that can be in tension or

compression.

37



A

A\
—1
-
/ AY
=3
/
/)«V
\ /'/ =
AT
mt——_C. %
Pl
A LT

Figure 3.11 The whole model attachments. Post attachments in yellow and trijunctions in red. The blue
lines are the compression only elements.

The trijunctions are in the middle and at the places where the posts and two cells create a trijunction.
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Figure 3.12 Boundary conditions. Attachments to the substrate a) The pinned elements shown in blue on
the outside of the posts. The outside was chosen so that most of the structure was held by the spring
foundation. b) The spring foundation points shown in blue. The spring foundation measure is in N/m.

The boundary conditions are necessary for the structure to successfully stand on its own and withstand

forces placed on it.

38



o F(1)=-1E-7 N Line: von Mises stress (N/m?)

Figure 3.13 Forces on the model a) Force placed on the three vertices in in the middle at the trijunction in
the model. The trijunction is a T4 tensegrity and is open in the middle so the forces are placed at the
vertices of the T4 trijunction. b) The resulting stress produced running a stationary study with a force of 3
x -0.000008 N = negative 0.000024 N. The side bar shows the von Mises stress indicating that most of the
structure has low stress.

In the Figures 3.9 to 3.13 multiple posts are shown holding up the hexagons. In the final model all but

three of the posts were eliminated.

When a study is set up using automated measurement the model is unstable. The measurements have to
be accomplished using a one step process. The Stationary study — step range (-0.0, -0.0000001, -0.00800)
start at zero Newtons increment by -0.0000001 N, end at -0.00800 N was tried but did not work. The one
step process involves changing the force applied by hand and copying the result. The results were copied

into excel and the graphing was done in Matlab.

The three cell structure with a simple T3 triangle used as the trijunctions is not stable. The three cell
structure stability is improved by adding the T4 tringle prism to the trijunctions of the hexagon

configuration.

The whole structure is shown in Figure 3.14.
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Figure 3.14 Initial tensegrity three cell model. This structure is close to producing results but is unstable.
The force on each of the three triangle corners is 107 N each. The von Mises stress that can be seen in the
diagram has a maximum at around 3.5 N/m?. Larger forces do not work and generate errors.

The load was placed on the structure in the middle of the structure at the trijunctions.

3.4 Other Models

Other similar tensegrity structures were tried one with the bars across the hexagon going the same way
as the bars on the top hexagon. This structure did not stand as well as the structure where the bars were
going the opposite way to each other. The structure with the opposite angled bars is a T4 like tensegrity

and works to make a three cell tensegrity that stands on its own with trijunctions attached.

Another model that was tried is a D-Bar structure as shown in Figure 3.15 b). The basic problem with the
D-Bar structure is that it tends to splay out or in other words goes out of plane when compressed. It does
not have the structural stiffness to support a multicell model and failed with too much stress in the strings.
A similar model with an X shaped side Figure 3.15 a) was also tried but it also failed with too much stress
in the strings for a 1 nN force. A Theta tensegrity model also failed but most likely was too mobile or

unstable for a stationary study.
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Figure 3.15 Two alternative models. X-Bar and D-Bar with von Misses stress indicated.

The models did not work as they were too unstable-flexible for the finite element analysis software to
work with. These models should work in an actual build but are probably not as strong as the T4
configuration. The triangular prism models worked well in the finite element models an example of the D-
Bar triangular prism is shown in Figure 3.6. A hexagon structure by itself does not stand on its own with

this arrangement of strings and bars.

3.5 Experiments on a Stable Three Cell Tensegrity

A stable three cell tensegrity model was developed using hexagon rings with spaces between them for the
cell membrane and linkages through trijunctions at the corners of the hexagons. This configuration is

similar to that of epithelial cells in tissue. There are only three posts to stabilize the structure.
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Figure 3.16 Three heights of cell models. These models were used with two varieties of posts for the
columnar cells — thin posts which are the same size as the posts in the other two models and wide posts
which are double the diameter of the thin posts. The rods are in blue and the strings and posts are in black.

The squamish model is 1.2 um heigh with the top ring of 0.2 um, the cuboidal model is 3.5 um heigh and

the columnar is 20.5 um both with the top ring of 0.5 um.

The other experiments looked at single point and average measurements for the applied forces and a
string tensegrity top for the medium height tensegrity. The string and bar elements do not change their
elasticity throughout the experiment with rods at the elasticity of 2 GPa and the string elements have an
elasticity of 10 MPa. Further experimentation with changes to the elasticity of these components and
their cross sectional area could be done. The values were chosen to be close to what exists in cells (
Rodriguez et al., 2013; Stamenovic and Wang, 2011) with the changes that cells make to their
environments. These changes include changes in the molecules holding he actin bundles together and the

tethering of the bundles in the cells.

The structural details show the trijunction in the middle of the structure using the T4 tensegrity and the

trijunctions connected to the posts are a simple T3 tensegrity.
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Figure 3.17 The trijunctions in the models. The orange arrow shows the T4 trijunction and the yellow arrow
shows the T3 trijunction that connects to the posts.

The structure is not stable enough to measure with the finite element analysis without this configuration
of trijunctions. The T3s were connected to the posts and the T4 was connected in the middle of the

structure.

Rods — compression only
elements — blue

E =200 GPa

Strings — tension only
elements — black

E =100 GPa

Posts — tension and
compression elements

E =200 GPa

Figure 3.18 Layout of the Medium or Cuboidal three-cell tissue. The posts have the same E — Elasticity as
the Rods at 200 GPa and cross section area of 0.005 um? and the Strings are at E — Elasticity of 100 GPa
and cross section area of 0.001 um? for all models (k= 0.0004) except the k = 0.1 model. The k = 0.1 model
has Rod elasticity of 50 GPa and cross section area of 0.005 um with the strings elasticity of 500 MPa and
cross section area of 0.01 um.
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Figure 3.19 Spring Foundation one of the boundary conditions. The connection to the substrate at the blue
points. The points on the outside of the posts are pinned. Simulations were done at spring foundation
values of: 10,000 N/m, 1000 N/m, 100 N/m, 10 N/m. The springs are isotropic — the same value in any
direction.

Pre-strains of 0, 0.05, 0.1, 0.2, 0.3 values were measured similar to Fraternaili et al. measurement of a
simple T3 tensegrity (Fraternali et al., 2015). The spring foundation which is the substitute for the values
of the basement membrane were taken in the same range as that estimated for tissue ( Xu et al., 2020) at

10,000 N/m, 1000 N/m, 100 N/m and 10 N/m.

The forces on the structure were placed on the three points on the top of the middle T4 tensegrity. The
measurements for the distance traveled due to the forces were measured in the Z direction. This is similar
to other tensegrity experiments (Fraternali et al., 2015). The forces used are within measurements taken
using AFM on tissue. The force range was between 0 and 200 nN in both tension and compression taken
separately this gives a total maximum of 3 x 200 = 600 nN on the middle of the tissue. Some larger
measurements were also tried up to 800 nN per point. The measurements for the cuboidal — medium and
the squamish models were taken at one point as all points gave the same values.

This was not true of the columnar models and both single points and average measurements were taken.

For results stress-strain graphs were produced using the force applied to one point and the displacement
of that point or an average of the displacements of the three points with forces applied to them in the

middle of the structure.
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Cells that were not connected by the trijunctions were tested and found to stand freely without force
applied to them but when a small force was added the structure failed. This is similar to what happens in
confluent tissue when they loose their attachments they change to mesenchyme tissue or other diseased

states (Putra et al., 2023).

The graphs of the Force-Displacement values are in Appendix A.

3.6 Stress-Strain Graphs

The model will use Engineering stress as it will use the constant initial area that is acted on by the forces

in the models. Three forces are applied to the top of the middle of the structure as shown in Figure 3.20.

Figure 3.20 The middle trijunction model. The forces placed on the top of the model. The total force is
three times the recorded force and the area is the area of the triangle in the middle.

To compare the graphs of the model to tissues stress strain curves need to be made of the data. The force
applied needs to be the total force which is 3x the recorded force and this needs to be divided by the

triangle area to give the stress in Pascals (Pa).

The triangle area is shown in Figure 3. 21.
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Figure 3.21 Triangle representing the area of the center of the trijunction. Equilateral triangle. Height = 2m

or two times the membrane thickness; Area = % Height x Side; Side = 2 f g m?% m=0.1um;
Area =1.332 x 10

This area is used to compute the Engineering strain which is in the range of 0 to 80 Kpa or 0 to 0.08 MPa.

For strain calculations the amount that the model moves in the z direction is divided by the original size of
the cell. The squamish tissue is 1.2 um heigh, the cuboidal tissue is 3.5 um heigh, and the columnar tissue

is 20.5 um heigh. These calculations give engineering stress and engineering strain.

4.0 Results

4.1 Overview

From a controls point of view a separation of the Force — Distance or stress-strain slopes (Elasticity) in the
data and graphs allows the structures to change characteristics due to a change in mechanical
environment. The mechanics environment change in these experiments are due to changes to either
pretrains or basement attachment strength which is the spring foundation in the models. The models are
short — squamish, medium — cuboidal, and tall — columnar as well as a cuboidal models with a different k

factors.
A broad summary of the results:

e Squamish 3 Cell Model — change in compression prestrain separates the curves and also a change
in tension prestrain separates them but not as evenly as the compression curves. The tension
curves however do have a change of slope which changes the elasticity. The most even separation
is for compression spring foundations of 1000 N/m and 100 N/m and most likely for values

between and around these values.
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Cuboidal 3 Cell Model — The curves in compression in the cuboidal model with varying prestrain
do not straighten until the larger force — distance portion of the curve. For differing spring
foundations the spring foundation of 10 N/m separates from the other spring foundation values.
In tension the cuboidal model curves of varying prestrain separate well at all graphs of values
spring foundation. In tension varying spring foundation in tension the spring foundation of 10 N/m
in a similar way to the compression tests. At 0.3 prestrain the spring foundation of 1000 is out of
sequence as init is higher than the 10,000 spring foundation and the rest of the spring foundations
are lower.

Columnar 3 Cell Model — Columnar model with wide posts in compression separates the curves
with large spring foundation of 10,000 N/m and large prestrain of 0.3. In tension the best
separation of slopes occurs at spring foundation of 10,000 and large prestrain of 0.3. Columnar
with thin posts produce linear graphs that are on top of one another and therefore do not change
in elasticity for either prestrain or spring foundation.

Different k factor in the 3 Cell Model — For a k factor of 0.1 In compression the zero prestrain
separates from the rest of the prestrains and has a different slope or elasticity. In tension the
prestrain values separate with different slopes as well but the prestrain 0.1 has a large change at
spring foundation of 10,000 N/m and prestrain of 0.2 has a large change at a spring foundation of
10 N/m. Changing the k value to smaller k lowers the slopes of the graphs.

Changing the cell membrane width changes the width of the non-linearity in the Force-Distance
and Stress-Strain graphs.

Removing cell basement attachments in the middle of the model changes the Stress-Strain curve

Note: the original model k factor is 0.0004

4.2 Some Result Details

The following Force-Displacement graphs show the Displacement as the Difference in Displacment so that

all of the graphs start at zero. When placing prestrain on the structure the height of the structure changes

therefore the height difference is used to compare graphs. All the forces were applied at the trijunction

top in the z direction.

4.2.1 Comparing Characteristics of Different Model Heights

The squamish model is 1.2 um heigh, the cuboidal model is 3.5 um heigh and the columnar model is 20.5
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Figure 4.1 Hex3Cell Squamish model in Compression. Spring foundation of 1000 N/m.

Figure 4.1 shows a successful squamish cell model in compression Figure 4.1 where the cell has a
separation of Force-Displacement curves due to pre-strain. This graph is similar to the squamish sf100 or
spring force of 100 N/m graph (appendix A). The structure initially starts with a non-linear curve with the
higher pre-strain needing more displacement and force to become linear. Here the higher curve is the zero

pre-strain.

Zero pre-strain will acquire strain as the force bears down on it and this will help it hold the force or weight

being applied to it.

The nonlinearity of the beginning of the lines could add up to a different elasticity for the tissue if summed
over a large number of cells. That would give the graph a curve. The Distance-Displacement graphs are all
graphed between the Strain of 0.0 and 1.0 which can also be written as 0% to 100% strain. Most materials
have a strain between 0.0 and 0.2 (0% and 20%) and tissue between 0.0 and 0.5 (0% and 50%). Therefore
the higher values of Force and Displacement are likely not achievable in real life as the materials will yield
and break before reaching a strain of 1.0. The model achieved these higher values because a yield point
was not included in the material parameters. Tensegrity models can achieve these high rates of strain
whereas other models often only go to a strain of 0.2 such as the Ogden Model (Lohr et al., 2022). For
graphing the Force-Distance graphs the standard convention of graphing the compression curves in the

positive y axis and graphing the tension forces in the negative y axis was used. Graphing the Stress-strain
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curves was kept in the positive y axis in keeping with the literature on the measurement of the different

types of tissue.

1077 Hex3Cell Squamish spring foundation 1000 Tension Force vs Diff in Displacment
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Figure 4.2 Hex3Cell Squamish model in Tension. Spring foundation of 1000 N/m.

Figure 4.2 is the squamish cell model in tension showing a separation of lines at varying pre-strains. The

separation is not as even as the compression lines with the best separation at pre-strain 0 and 0.05.

The tension pre-strains are more linear than the compression lines and the slopes are different from one
another. The compression pre-strain lines are parallel to each other giving them the same elasticity
whereas the tension lines have different elasticity. Also the pre-strain zero and then pre-strain 0.05 occur

on the bottom of the graph inverting where the lines occur.

Changing the spring foundation does not change the graphs which are linear and on top of one another.
More experimentation of spring foundation should be carried out. The attachments are known to be
weaker in the middle of a group of cells and cells are attached at many points (Xu et al., 2020, Barreto et

al., 2014).

The cuboidal three cell tissue model has different characteristics from the squamish or columnar models.
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Figure 4.3 Hex3Cell Cuboidal model in compression. Spring foundation of 1000 N/m.

The cuboidal cell at spring foundation 1000 N/m shows a lot of non linearity with pre-strains 0, 0.05 and

0.1 being the most linear but they are not separated.
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Figure 4.4 Hex3Cell Cuboidal model in Tension. Spring foundation of 1000 N/m.
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The cuboidal cell model in tension shows a linear parallel separation of elasticity lines. The lines become
linear at different points with the pre-strain of 0.2 becoming mostly linear after a displacement of 0.65 um

and Force of 0.7 N. Both the pre-strain of 0.2 and 0.3 are slightly non-linear.

Columnar cells with wide posts show the linear parallel separation of elasticity without as much definition
as there is in the squamous cells but more than there was in the cuboidal construction. The columnar
model was measured by both recording the displacement due to force applied at individual points where
the force was applied and using the average measurement of the displacement. The individual points had

different displacements from each other but overall produced similar graphs (see appendix A).

.10 Hex3Cell Columnar sf1000 Compression Difference in Displace vs Force
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Figure 4.5 Hex3Cell columnar model wide posts in compression sf 1000 single point graph. Spring
foundation (sf) of 1000 N/m.

The pre-strain of 0.0 has a softening point that tensegrities can develop. The lines straighten by
displacement of 0.8 um. Tensegrities often develop points where the strings will not have tension on them
due to the shape change due to the forces on the tensegrity. These points are called soft modes and result

in sudden changes in the Stress-Strain curves. This is a measurement of a single point on the top triangle.
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21077 Hex3Cell Columnar Wide Posts spring foundation 1000 Tension Force vs Diff in Disp
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Figure 4.6 Hex3Cell Columnar with wide posts in Tension. Spring foundation of 1000 N/m.

The graph of changing prestrains for the Columnar wide post model shows good separation of curves with

the largest change at a prestrain of 0.3.
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Figure 4.7 Hex3Cell Columnar model with wide posts in compression sf 10. Spring foundation (sf) 10 N/m.
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This is an example of a mechanical environment that would not work for the hexagon three cell tissue
structure. There is very little change in elasticity across pre-strains and starts at small forces in a very
nonlinear way. The tension graphs for the spring foundation of 10 N/m also show little change in the

elasticity across pre-strains.

The varying spring foundation graphs for this columnar model show the spring foundation of 10 N/m to
be separate from the other spring foundation lines which are on top of each other for most of the pre-

strains (see Appendix A).

For large pre-strain of 0.3 the columnar cells show separation of linear elasticity at a variety of spring

foundations in tension.
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Figure 4.8 Hex3cell Columnar wide post in tension showing varying spring foundations. The elasticity is the
same — has the same slope except for the spring foundation of 10 N/m.

The spring foundation that needs the most force is 1000 N/m with the spring foundation of 10000 N/m

just under that.
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. 107 Hex3Cell Columnar Wide Post Average sf1000 Compression Force vs Diff in Displace
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Figure 4.9 Hex3Cell Columnar model with wide posts in Compression Averaged. Averaged distance moved
with applied force. Spring foundation of 1000 N/m.

An interesting graph was produced for the columnar cells at spring foundation 1000 N/m. At point
Displacement 0.4 and Force 40 nN the structure has a tensegrity softening and all of the slopes for the
pre-strains except for pre-strain 0 follow each other. The distance moved for each of the top nodes differed
for the columnar models. Averaging the distance moved worked well for the model graphing and was used

for overall analysis.

4.2.2 Columnar Posts

The columnar three cell tissue model was measured using both narrow posts which are the same size as
the posts used in the other models and wide posts which worked better than the narrow post models. The
narrow posts show no variation in stress-strain response and were mostly linear with the curves on top of
one another both in compression and tension. The narrow posts are the same size as the posts in the
squamish and cuboidal models but look thin next to the columnar cells. These posts cause the columnar

model to fail — have not separation of graphs due to prestrain.

54



<1077 Hex3Cell Columnar Thin Posts sf10000 Compression Force vs Diff in Displacement
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Figure 4.10 Hex3Cell Columnar model with Thin Posts in compression. Spring foundation 10000 N/m in
compression.

Thin posts in columnar cells do not create separation of graphs for differing prestrains.
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Figure 4.11 Hex3Cell Columnar model with thin posts in Tension. Spring foundation of 10000 N/m.

The columnar models with wide posts have a more varied response to applied force.
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Figure 4.12 Hex3Cell columnar model with wide posts in Compression. Spring foundation 10,000 N/m
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Figure 4.13 Hex3Cell columnar model with wide posts in Tension. Spring foundation 10,000 N/m

The separation of the curves for differing prestrain is good for both the compression graphs and the

tension graphs for the columnar wide post models.
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4.2.3 Changing the k factor

Changing the k factor Makes a large difference in the stress-strain magnitude of the tissue.

_ (EA)string
B (EA)rod

Equation (6) (Sabouni-Zawadzka, 2023)

The k factors used were k = 0.0004, k=5 x 10, 8 x 10°, and k=0.1.
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Figure 4.14 Hex3Cell Cuboidal model in compression, k = 0.1. Spring foundation 10,000 N/m.

There is not a good separation of graph lines except for the prestrain of zero and the displacement is ten

times smaller that in the k = 0.0004 graph:s.
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21077 Hex3Cell Cuboidal K=0.1 sf10000 Tension Force vs Diff in Displacement
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Figure 4.15 Hex3Cell Cuboidal model in Tension k = 0.1. Spring foundation 10,000 N/m in Tension.

The compression graph for k=0.1 shows a large separation of the restrained graphs and the zero prestrain
in compression and also a difference in tension. The graphs are a factor of three smaller in displacement
movement per force applied.

4.2.4 Modifying the distance between cells m

The distance between cells changes the amount of displacement of the nonlinearity in the Force

— Displacement and the Stress-Strain curves.
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Hex3Cell Squamish k=1e-7 sf10000 m=0.12 um Compression Stress vs Strain
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Figure 4.16 Hex3Cell squamish model in compression m = 0.12 um. k = 10”7, a cell membrane
distance of 0.12 um is at the average range in a cell.

The distance m is close to actual measurements in cells (Vanslembrouck et al., 2022). There is

nonlinearity in the curves until about 0.5 strain except for zero prestrain.
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Hex3Cell Squamish k=1e-7 sf10000 m=0.05 Compression Stress vs Strain
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Figure 4.17 Hex3Cell squamish model in compression m=0.05. k = 107. The smallest cell
membrane distance at 0.5 um.

These curves are more linear with prestrain of 0 separated out from the other prestrains which

are on top of one another.
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Hex3Cell Squamish k=1e-7 sf10000 m=1.2(um) Compression Stress vs Strain
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Figure 4.18 Hex3cell squamish in compression m=1.2 um. Extreme spacing between cells and a
large swing in the nonlinearity.

There are occasions when cells are detached or loosely attached in tissue but these cells don’t

have the same structure as the mature epithelial tissue (Putra et al., 2023).

4.2.5 Changing Top and Bottom of the Structures

Changing the top and bottom of the three cell structure can also change the stress/strain reaction of the

model. Adding a tension only structure to the top of the cuboidal model shows that this didn’t change the

Force-Displacement curve by much.
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Figure 4.19 Top of the cuboidal model with extra stings added. The strings are shown in blue and the black
lines are the rods or compression elements except for the posts.
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Figure 4.20 Comparison of compression curves a) without a top

Difference in Displacement (um)

Adding a tensegrity top to the cuboidal model to see if top structures have an effect on the force —

displacement curve.

Adding a top narrows the nonlinearity of the 0.2 prestrain curve.
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Figure 4.21 Comparison of Hex3Cell Cuboidal tension curves with and without top a) without a
top and b) with a top. Spring foundation 10000 N/m.
Adding a top structure modifies the Force-Distance curve slightly. The 0.3 prestrain is closer to the other

curves and the nonlinearity changes slightly.

It is speculated that the actin in the apical region of cells could affect the mechanical behavior of cells.
More experimentation could be done on this model to see what makes a difference in this type of
structure. There are also microtubules in the apical region often in abundance as seen in Figure 1.2 so
tensegrity configurations with actomyosin-microtubule structures are possible in the cellular environment.
The actomyosin-microtubule mesh could form a tensegrity structure therefore a cuboidal tensegrity top

model as shown in Figure 4.19.
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Figure 4.22 Hex3Cell Cuboidal curves in Compression with and without tensegrity bottom. a)
without added tensegrity bottom b) with tensegrity bottom. Spring foundation 10,000 N/m.
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A basal tensegrity is added to the bottom of the cuboidal model to see if that changed it’s stress-strain
nonlinearity response in compression. The addition of the tensegrity bottom did change the prestrain 0.2

curve and slightly altered the other curves in compression.

The basal part of cells are attached to the basement membrane in patterns (Xu et al., 2020) and this type

of patterning or lack of patterning with varying spring foundations could also be investigated.
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Figure 4.23 Experiment with detached middle spring foundation. Hex3cell Squamish model in
Compression, spring foundation 10,000 N/m with stress-strain curves.

The Hex3Cell Squamish compression prestrain curves become more linear and the prestrain 0 is
separated from the other prestrain curves increasing the elasticity of the zero prestrain curve.
This experiment could represent a diseased state. Further investigation into changing the spring
foundation points rather than a basal tensegrity would show how the basement membrane

attachments change the mechanics in tissues.

This graph stops at a strain of 0.9 or 90% due to a discontinuation of recorded data. The actual

strain that is probably achievable in an actual tissue or model is around 0.5 or 50% strain.
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5.0 Validation

The initial model and set of graphs are done at a k value of k = 4 x 10 and this is high for single cell or
tissue that has single cell characteristics. The values of k that worked to match tissue samples are k of 8 x
10° and 5 x 10°. Shown in Figures 5.1 and 5.3 are Stress-Strain curves of experiments in tension and
compression on two different tissues. In Figure 5.1 the tension data is graphed as a stress-strain curve and
is in the same range as the data for the model of squamish tissue on a stiff substrate of 10,000 N/m. The

figure shows how the model stress-strain curve aligns with the data from single cell sheets.
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Figure 5.1 Stress-Strain Tension curves of single layer of live cells and the Hex3Cell Model k= 5x
107. Tension curves with dashed lines. The squamish model prestrain of 0.1 in green and prestrain 0.2 in
blue dashed lines. The NOCs are Not Oriented Cell sheets, OCS Oriented Cell sheets with 5, 10, 15 um
grove patterns (Data from Xu et al., 2022) modified. The type of cell used for this study was rat
cardiomyocytes.

An image of the live cells in their various orientations is shown in Figure 5.2.
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Figure 5.2 Textures of the cell sheets from the florescence images of the live cells on the cell
sheets (Xu et al., 2022).

The model lines up with the OCS-15 cell sheet but has a slightly different slope partially due to its linearity.

The model is not oriented but only contains three cells plus posts. The posts are not a tensegrity and may

have influenced the linearity of the slope. A closer look at the Model curves in Figure 5.3 shows that there

is some nonlinearity in the model curves.
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Figure 5.3 Stress-strain curves for squamish cell in Tension k= 5x 10”° and spring foundation of 10,000 N/m.
Shows nonlinearity at the start of the curve.

Another Stress-strain curve is shown in the Xu et al., 2022 paper with stretch at 90° to the grove orientation

and the Model stress-strain Curve also show a similar match to the live cell sheet curves.
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Figure 5.4 Stress-Strain curves of live cell sheets and squamish Hex3Cell model. Stress-Strain Tension
curves of single layer of live cells stretched perpendicular to the orientation of the cells and the
Hex3Cell Model k= 5x 10°° . Tension model curves shown with dashed lines. Model prestrain of 0.1 in
green and prestrain 0.2 in blue dashed lines. The cells originally were cardiomyocytes. The NOCs are Not
Oriented Cell sheets, OCS Oriented Cell sheets with 5, 10, 15 um grove patterns (Xu et al., 2022) modified.

The Hex3Cell model is squamish with k= 5x 10 prestrain of 0.1 shown in green has a close match

the OCS-5 stress-strain graph.

Compression curves for excised lung tissue have been measured by Wozniak, 2009 and the Model curve

at 8x10° was matched to it in compression up to 0.2 strain as seen in Figure 5.4.

The stress-Strain curves for the tensegrity model are more linear than the cell sheet curves. This could be
due to the fact that the cell sheets have a large number of cells and the model consists of only three cells.
In a tissue cell sheet there are likely differences between cells in their attachments to each other and to
the basement membrane which in the live cell experiment is a collagen substrate. Substrates have
influence on the mechanics of tissue and the stress-strain curve and elasticity of the substrate was not
measured in this experiment. The collagen was observed via staining and found that there was a relaxation
of the collagen when stretched. The three cell model substrate are the spring foundation and are linear

springs. Live cells can change their behavior and in this case it was observed that the F-actin bundles
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(strings in the tensegrity model) increased in size to resist the tension forces (Xu et al., 2022). The three
cell tensegrity model does not simulate the increase in actin bundle size as a result of increasing tension

and this makes a difference in the stress-strain curve.

The live cells and the model show that overall the mechanics is due to the cell cytoskeleton, the

attachment between cells and the attachment to the basement membrane (Xu et al., 2022).
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Figure 5.5 Compression Stress-Strain curves of the lung and compression Stress-Strain curves of the model
at k= 8 x 10°. Spring foundation of 10000 N/m. The 10% prestrain curve of the lung tissue is shown in
yellow and the model curve for 10% prestrain is shown in green. The prestrain curves for the lung tissue
and model are blue 20% prestrain, red 35% prestrain, black 45% prestrain (Wozniak, 2009). Modified from
the Lung in Figure 2.10 and Wozniak, 2009.

The model and tissue are represented by engineering stress and strain where the original area of the tissue

and length (height) are used to evaluate the stress and strain of the tissue.

The graphs are in a reverse order to what normally occurs. The lower slope in the graphs have the higher

prestrain. This separation also happens sometimes in the tensegrity model as illustrated in Figure 5.4.
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The lung tissue data shows a non-linear stress-strain curves that follows a straight line. The lack of J curve

in these tissues may be because there is a lot of elastin in the tissue which acts as the “strings” in the

tissue. Lung parenchyma is about 30% elastin and elastin has an elastic modulus of 0.6 to 3.5 MPa. For the

k in the range of 10 the string elasticity was chosen to be 0.5 MPa (Trebacz and Barzycka, 2023). With a

smaller elasticity the whole structure will act less like a tensegrity and more like a squishy ball or squish

(Levin, 2022 in conversation).

Another observation of the data for tissue shows that the models with k = 4 x 10 the matching skin tissue.

A set of graphs showing human epithelial tissue comes from Dwivedi et al., 2022 shown in Figure 5.5.

Other data from fresh autopsy of pig skin is seen in Figure 5.3 (Dwivedi et al., 2022).
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Figure 5.6 Human skin compared to squamish and cuboidal model k= 0.0004. Human skin from freshly
autopsied younger and older skin from two individuals in tension (Dwivedi et al., 2022). Compared to
squamish (green) and cuboidal (blue) models at prestrain 0.1 spring foundation 1000 and 10000
respectively.

Since the skin is freshly autopsied it should give a similar magnitude to in vivo tissue.
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The data for squamish cells from the model shown in graph from in Figure 5.5 show similar values in
between the older skin sample and the younger skin sample shown in Figure 5.5. The cuboidal cells have

a slightly higher modus of elasticity than the younger skin.

The data from the tensegrity models is more linear than the skin graphs and other models and this is
probably due to the influence of the posts in the model and the fact that there are only three cells in the

model.

The differences in the curves may be to differences in loading rate between the model and the tissue
measurement. The loading rate is how fast the force is applied. This parameter was not tested for and

could be done at a later date.

6.0 Discussion

Building a minimalist tensegrity model for tissue using the measurements and structure of epithelial tissue
has returned results that model tissue. The individual hexagon structures work together with trijunctions
and spring foundation attachments to give an overall result. The entire structure depends on the triangular
prism attachments and base spring attachments. Without these attachments the model will not support

any force.

A triple hexagon using the simple tensegrity build and the T3 and T4 prisms used for trijunction cell
attachments produced the model for tissue. The T4 was used as the middle trijunction attachment in the
structure and the T3 prisms were used in the outer trijunction attachments to the posts. The posts are not
a tensegrity object but are a truss. The posts were necessary for the structure to work and are a stand in
for the rest of the cells in the tissue. The model is labelled Hex3Cell and was produced in short, medium
and tall forms to mimic squamish, cuboidal and columnar epithelial tissue. The parameters of pre-strain
and substrate spring foundation attachments were used as variables. Changes in the value of k or ratio of

string elasticity and area over the bar elasticity and area were investigated.

The posts may have influence on the model mechanics and maybe causing more linearity in the
mechanical output than a tensegrity would. The models as a whole have nonlinear parts but are more
linear than the examples of tissue. In columnar cells the thin posts were a failure as the graphs for all
prestrain and spring foundation were linear with the same slope and graphed on top of one another. The

wide post columnar model worked well.
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To change the k value the elasticity of the strings were changed from 100 GPa to 50 MPa. The 100 GPa
represents actomyosin in tension and the 50 MPa represents elastin the mixture of cell cytoskeleton
components. The data for the exact values of actomyosin bundles and elastin structures does not appear

to be in the literature so the values used were approximations.

The amount of elastin in the cell which lowers the k value will also have an overall effect on the mechanics.
Stiffer elasticity of strings makes a tensegrity. If the strings are stiff the structure will change its entire
shape when a force is applied. If the strings are soft elastic the force will just change the area where the
force is applied and the force will not transmit to the rest of the model. This has been observed in simple

tensegrity models and is a known factor in designing tensegrities (Levin, 2022).

Separation of curves in the models with differing prestrain was a parameter that shows the success of the
model. The models were tested with forces from 0 to 200 nN and the results were in um. The range of
forces depended on the k value with lower k values with lower forces of 0 to 2 nN. From a controls point
of view this makes sense as a tissue can change it’'s mechanical behavior by varying the tightening of the
cytoskeleton which in effect changes the prestrain. The effect of the spring foundation is more subtle
changing the Force distance curves separation, slope and places where the non-linearity occurs. All the

graphs show nonlinear behavior at lower applied forces and more linear behavior at higher forces.

A short investigation into the Spring Foundation where the middle attachment at the base of the squamish
model. The response showed a collapse of the response into similar slope and lines In the experiment for
different prestrains. It is known that the bottom attachments to the basement membrane make a large
difference in the behavior of cells. It appears that the placement of attachments and the values of the

attachments are important and should be investigated further.

Changing the cell membrane width m changes the width of the non-linearity in the Force-Distance and
Stress-Strain graphs. The value of 0.5 um for the cell membrane gives a linear curve with poor separation

of prestrain values.

Another interesting observation is that there are sometime reverse order graphs where the higher
prestrain lowers the Force-Distance or Stress-Strain curve slope or elasticity. This is the case for the
graphing of the lung in Figure 5.4. Normally the higher the prestrain the higher the curve of the elasticity
on the graph.

The model Force-Distance curves translate into the Stress-Strain curves with linear multiplication and

division for all models. The models in general show separation of the curves and nonlinearity sections at
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lower forces or stresses. The squamish model had good separation of curves in both tension and
compression. When matched with actual tissue samples they showed a large range of strain in tension
that matched the tissue and sufficiently large strain of 0.2 for compression curves. The tension curves
showed changes in slope which is a change in the elasticity of the model as well. The cuboidal curves did
not become linear until higher values Force and Distance. There was good separation of curves in both
tension and compression for the cuboidal model. The columnar model with wide post support showed
the best separation of curves at higher spring foundation of 10,000 N/m (graphs for this summary are

shown in Appendix A).

Solving tensegrity structures using Finite Element Analysis is challenging because structures in tension
tend to change in overall shape when a force is applied. This often is read as a structural failure by the
software. Careful application of the Finite Element Method to a more stable tensegrity structure with the
forces added individually gives results. The three cell tissue model developed in this thesis only works with
specific trijunction with T3 triangular prisms attached to the stabilising posts and the T4 triangular prism

attached to the three hexagon cells in the middle of the structure. Any other configuration does not work.

The top structure of cells is thought to influence the mechanics of tissue. Placing a tensegrity structure on
the top of the cuboidal cell did not significantly change the Force-Distance curves of the model. More work
should be done on this model to see if different structures on the of the top of the cell changes the

mechanical behavior of the cell.

Other variables that were not investigated are the rate of applied force and the application of bijunction
tensegrity structure were not modeled at this time. The model analysis for rate of applied force did not
work with the current finite element analysis The k factors change the slope of the stress-strain curves and
are dependent on the elasticity and area of the compression and the tension elements. Changing the k

factor in the model allows for flexibility in finding matching stress-strain curves for relevant tissue samples.
7.0 Conclusion

The tensegrity model has successfully modeled tissue in both tension and compression but is more linear
than the tissue curves. The overall observations are that the three cell tissue model mechanics is
influenced by the cytoskeleton values, the cell-cell connections, and the cell to basement membrane
attachments. This occurs in measurement of tissue and other models. The Hexagon 3 cell (Hex3Cell) model

can handle large stress and strain. Models normally handle up to 0.2 or 20% strain while tissues often yield

72



above 0.5 or 50% strain. The tensegrity model does handle stresses above 50% and therefore can handle

tissue modeling.

Adding structures to the top of the model does not change its mechanical response significantly. Adding a
tensegrity structure to the bottom of the model also has minimal effect on the mechanical response but
removing a point of attachment on the base of the structure has a large effect causing the linear curves
for the prestrains to be linear and not separated. Changing the value of the spring attachments on each

cell in the tissue to see the effects this would have is a future experiment.

The Hexagon three cell tissue model is a very simplified model and is made of linear elements. To get
curves that are J shaped the model needs to be more complicated. One possible way to do this is to

increase the complexity of each hexagon cell or to increase the number of cells.

For future work into this type of modeling many types of modifications to the structure of the model can
be made. One such as change is to modify the elasticity of the strings and bars of only one cell. . A seven
cell model should be made as a more accurate representation of tissue as well and the number of cells

increased and the shape of the cells to different hexagon like tillings could be investigated.

Other changes in the makeup of the parts of the model could be investigated. Adding metamaterial type
tilling on the sides of the triangle prism for trijunctions and adding tilling on the side of the hexagon
structure sides gives a wide range of structures. This will allow for further experimentation with the model.
Also using this model in programs specifically made for tensegrity structures would give a more complete

understanding of the model.
Other mechanical tests for future work include:

e Height/width ratios of cells

e Number of cells in the model (7 cell model)

e Bottom attachment placement and value

o Top of model structures

e Adding structures like the nucleus

e Adding other attachments to the sides of the cells
e Rate of applied force

e Creep and Relaxation

e Frequency measurements
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e Change in the elasticity or area of only one cell (simulating damage or cancer)

e Adjusted Finite Element program that can work with structures that change overall conformation

when a force is applied to the model.

Tissues have different mechanical characteristics than single cells. Epithelial tissues are built by attaching
cells to a basement membrane and then to each other using trijunctions at the corner attachments where
three cells meet. In modeling epithelial tissue the structure of the cells and their stage needs to be taken
into account. For the purposes of modeling a single layer mature cell sheet was chosen for the model. The
three cell hexagon tensegrity works to model tissue in both tension and compression and can be adjusted

to other measurements of tissue.
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Appendix A - Tensegrity Structure of Epithelial Tissue Modeling and Simulation

Stress Strain Curves for the three cell tensegrity model produced using COMSOL Multiphysics 6.1

The stress strain curves created using force and difference in displacement of movement. Starting with
the curves created due to varying pre-strain and then varying spring foundations. The pre-strains
covered are 0, 0.05, 0.1, 0.2, and 0.3. These strains are commonly used in tensegrity structure studies
(Fraternali, 2015). The spring foundations represent the basement membrane. They are 10,000, 1000,
100, and 10 N/m isometric spring strength. The forces used are 0, 0.1 - 1.0, 2.50, 5.0, 7.5, 10.0, 12.5,
15.0, 17.5, 20.0 nN. These values were chosen to match the forces placed on cells to measure their
elasticity. The range also shows the variation in the graphs at the start of applied force and is not enough
of a variation in applied force rate to change the results of the measurements. The rod elements have an

elasticity of 2 GPa and the string elements have an elasticity of 10 MPa.

Cuboidal or Medium height model

N

OD—‘Nw

10

wm

-

Hex3Cell Model medium or cuboidal height of 3.5 um.
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The blue lines are the compression elements of the tensegrity and the black lines are the tension

elements with the exception of the black square posts that are both tension and compression elements.
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Squamish or short model

- 0.5 um

The blue lines are the compression elements of the tensegrity and the black lines are the tension

elements with the exception of the black square posts that are both tension and compression elements.

Varying Pre-strain
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1077 Hex3Cell Squamish sf 10 Compression Force vs Difference in Displacement
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Tension graphs for squamish three cell hexagon

Varying pre-strain
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Varying spring foundation Tension
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Force (N)
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Columnar or tall with narrow posts

Averaging between the three top points
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Tension Graphs Varying Pretrain
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Varying Spring Foundation

Force (N)
o © R =
(=2} oo —_ N R [=>] o}

o
»

0.2

Force (N)
© o o = =2 a2 a
= =2} [e] - N R (s3] [=+]

o
[N}

T

T T T

107 Hex3Cell Columnar Thin Posts prestrain 0 Compression Force vs Diff in Displacement
2

T

Difference in Displacement (um)

111

= g /’ =
/'/
spring foundation 10000 N/m |
spring foundation 1000 N/m
spring foundation 100 N'm g
spring foundation 10 N/m
| | ] |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Difference in Displacement (um)
.. 10-7 Hex3Cell Columnar Thin Posts prestrain 0.05 Compression Force vs Diff in Displacement
I | I I I I
//-.’
=
=
" B -
- ///'.‘ : —
- spring foundation 10000 N/m |
spring foundation 1000 N/m
- spring foundation 100 N'm |
spring foundation 10 N/m
1 1 1 ] 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35



x 107

18

-
(=2}
T

-
E-N
T

-
N
T

o
o]
T

<
(=2}
T

o
»
T

D2

Force (N)
T

Hex3Cell Columnar Thin Posts 0.1ps Compompression vs Diff in Displacement
I I I

— spring foundation 10000 N/m
— spring foundation 1000 N/m
—— spring foundation 100 N'm
spring foundation 10 N/m

1.8

1.6

1.4

1.2

Force (N)

0.8

0.6

0.4

0.2

%1077

0.05 0.1 0.15 0.2 0.25 0.3
Difference in Displacement (um)

0.35

Hex3Cell Columnar Thin Posts prestrain 0.2 Compression Force vs Diff in Displace
I I T T I I

o

7

0.05 0.1 0.15 0.2 0.25 0.3
Difference in Displacement (um)

112

0.35



8 107 Hex3Cell Columnar Thin Posts prestrain 0.3 Compression Force vs Diff in Displ
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Tension graphs are all linear and very similar to each other as seen by the previous tension graphs
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Columnar wide posts

m

Image of the Hex3Cell columnar model with wide posts.
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Varying spring foundation
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107 Hex3Cell Columnar Wide posts pt 49 prestrain 0.3 Compression Force vs Diff in Disp
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Tension graphs

Are similar to the Columnar Wide posts average graphs
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Columnar wide posts Average force between three middle points
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Varying Spring Foundation
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Force vs Diff in Displacement
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10”7 Hex3cell Columnar Wide Posts prestrain 0.3 Average Compression Force vs Diff in Disp
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Cuboidal or Medium Height Model with Top

The top is added strings across the hexagons

Top view of the Hexagon 3 Cell arrangement. The blue in the above image shows the strings or tension
elements with the added strings across the hexagons.

Side view of the cuboidal Medium Hexagon 3 Cell arrangement. The strings are shown in blue and the
black lines are the rods or compression elements except for the posts.
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Varying pre-strain
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Varying spring foundations
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Tension graphs

Varying pre-strain
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. 107 Hex3cell Medium Cuboidal with Top spring foundation 10 Tension Force vs Diff in Displace
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& 1077 Hex3Cell Medium Cuboidal with Top prestrain 0.1 Tension Force vs Diff in Displace
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Cuboidal or Medium Height Model with Tensegrity Bottom

Compression Graphs
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Tension Graphs
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Cuboidal or Medium Height Model with k =0.1
Compression Graphs
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Tension Graphs

«10°7

Hex3Cell Cuboidal sf1000 Force vs Difference in Displacement
T T T T T

16

Force (N)
I

06

0.4 -

T~

prestrain 0.0
prestrain 0.05
— prestrain 0.1
prestrain 0.2
prestrain 0.3

%107

0.4 0.6 0.8 1 1.2 1.4
Difference in Displacement (um)

1.8

o
N
1

©
(o]
T

Force (N)

Hex3Cell Cuboidal K=0.1 sf10 Tenssion Force vs Diff in Displacment
I I

prestrain 0
prestrain 0.05
—— prestrain 0.1
prestrain 0.2
prestrain 0.3

-0.18

-0.12 -0.1 -0.08 -0.06 -0.04 -0.02
Difference in Displacement (um)

143



