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Abstract

The applications of inflatable membrane structures are increasing rapidly in the var-
ious fields of engineering and science. The geometric, material, force and contact
non-linearities complicate this subject further, which in turn increases the demand
for computationally efficient methods and interpretations of counter-intuitive be-
haviors noted by the scientific community. To understand the complex behavior of
membranes in biological and medical engineering contexts, it is necessary to under-
stand the mechanical behavior of a membrane from a physics point of view.

The first part of the present work studies the pre-stretched circular membrane
in contact with a soft linear substrate. Adhesive and frictionless contact conditions
are considered during inflation, while only adhesive contact conditions are consid-
ered during deflation. The peeling of membrane during deflation is studied, and a
numerical formulation of the energy release rate is proposed. It is observed that
the pre-stretch is having a considerable effect on the variation of the energy release
rate.

In the second part, free and constrained inflation of a cylindrical membrane is
investigated. Adhesive and frictionless contact conditions are considered between
the membrane and substrate. It is observed that the continuity of principal stretches
and stresses depend on contact conditions and the inflation/deflation phase. The
adhesive traction developed during inflation and deflation arrests the axial move-
ment of material points, while an adhesive line force created at the contact boundary
is responsible for a jump in stretches and stresses at the contact boundary. The
pre-stretch produces a softening effect in free and constrained inflation of cylindri-
cal membranes.

The third part of the thesis discusses the instabilities observed for fluid contain-
ing cylindrical membranes. Both limit points and bifurcation points are observed
on equilibrium branches. The secondary branches emerge from bifurcation points,
with their directions determined by an eigen-mode injection method. The occur-
rence of critical points and the stability of equilibrium branches are determined by
perturbation techniques. The relationship between eigenvalue analysis and symme-
try is highlighted in this part of the thesis.

Descriptors: Membranes, Hyperelastic models, Constrained inflation, Energy re-
lease rate, Adhesive contact condition, Stability, Critical points
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Sammanfattning

Uppblasbara membranstrukturer anvénds i 0kande grad inom olika tillimpnings-
omraden inom teknik och naturvetenskap. Analysen av dessa ar komplicerad genom
att de paverkas av geometriska och materiella ickelinjariteter, men ocksa icke-
linjariteter i belastningar och kontaktvillkor. Detta okar behoven av effektiva
berdknings- och tolkningshjalpmedel for de ofta icke-intuitiva responsaspekterna.
For att forsta det komplexa beteendet hos membran i biologiska och medicin-
tekniska sammanhang ar det nodvandigt att kunna analysera det mekaniska och
fysiska beteendet av membran.

Den forsta delen av det aktuella arbetet studerar ett for-strackt cirkulért memb
ran i kontakt med ett flexibelt linjart skikt. Adhesiva och friktions-16sa kontaktvill-
kor jamfors under uppblasning, medan endast adhesiva kontakter beaktas under
avlastning. Avskalningen av membranet fran skiktet under avlastning studeras.
En numerisk beskrivning av energi-frigérandet foreslas for detta fenomen. Studien
visar att for-strackningen av membranet har en betydelesefull effekt pa den energi-
frigbring som sker.

I den andra delen av studien studeras fri och villkorad uppblasning av ett cylin-
driskt membran. Adhesiva och friktionslosa forhallanden mellan membranet och
begrénsningsytan beaktas. Studien visar att kontinuiteten i huvudtojningar och
-spanningar beror pa de antaganden som gors for kontakten, men ocksa pa i vilken
fas analysen sker. De adhesiva kontaktspanningar som uppstar under uppblasning
och avlastning bromsar materiella punkters axiella rorelser. En adhesiv linjekraft
i kontaktgransen leder daremot till en diskontinuitet i tojning och spanning. For-
striackningen leder till ett mjuknande i responsen under fri och villkorad uppblasning
av de cylindriska membranen.

Den tredje delen av avhandlingen diskuterar de instabiliteter som observerats
for vatskefyllda cylindriska membran. Bade grans- och forgreningspunkter existerar
pa jamviktskurvorna. Sekundéra l6sningskurvor utgar fran férgreningspunkterna,
med riktningar som kan bestdmmas via en metod som innebar en injektering av
egenmoderna i forgreningen. Forekomsten av kritiska jamviktspunkter bestams
med hjalp av perturbationstekniker. Relationen mellan egenvardesanalyser och
strukturens symmetriegenskaper ar en aspekt som diskuteras i avhandlingen.

Nyckelord: Membran, Hyper-elastiska modeller, Begriansad inflation, Energifri-
goring, Adhesiv kontakt, Stabilitet, Kritiska punkter






Preface

This thesis discusses inflation mechanics of inflated hyperelastic membranes of
different geometries. Semi-analytical and numerical formulations are proposed in
this thesis. It thereby gives the basis for qualitative verifications of results obtained
by other methods and experiments. A brief introduction to the basic concepts and
methods is presented in the first part. The second part contains three articles. The
papers are adjusted to conform with the present thesis format for consistency, but
their contents have not been changed as compared with their original counterparts.

Paper 1. AMIT PATIL, ANIRVAN DASGUPTA & ANDERS ERIKSSON, 2014
Contact Mechanics of a Circular Membrane Inflated Against a Soft Adhesive Sub-
strate. Submitted to International Journal of Solids and Structures.

Paper 2. AMIT PATIL, ARNE NORDMARK & ANDERS ERIKSSON, 2014
Free and Constrained Inflation of a Pre-stretched Cylindrical Membrane. Proceed-
ings of Royal Society A, 470, 20140282.

Paper 3. AMIT PATIL, ARNE NORDMARK & ANDERS ERIKSSON, 2015
Instability Investigation on Fluid-loaded Pre-stretched Cylindrical Membranes. Sub-
mitted to Proceedings of Royal Society A.

The following publications are not included in the thesis, but related to the
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Overview






CHAPTER 1

Introduction

1.1. Background
1.1.1. Definitions

The definition of a membrane varies from application field to field. A few of these
definitions will be included here.

From a mechanics point of view, a membrane is a two-dimensional elastic con-
tinuum that does not resist or transmit bending moments (Hagedorn & DasGupta
2007). In general, a membrane can be viewed as a two-dimensional plane stress
problem with in-plane and out-of-plane loadings.

From a micro-technology perspective, a membrane is a special type of thin film
with very small thickness compared to the other dimensions (Schomburg 2011).
Their thickness is in the range of 0.5-500 pm, while the lateral dimensions are typ-
ically in the range of 100 pm to 10 mm.

From a biology and chemical perspective, membranes are thin selective barri-
ers who permit certain components and retain other certain components of mixture
(Cheryan 1998).

A membrane can be further classified according to a) material: silicon, oxides,
polymeric and metals; b) structure: porous and non-porous; ¢) application: bi-
ological, micro-technological and structural; d) mechanism of action: absorption,
diffusion, ion exchange and inert, et cetera.

For this research, a polymeric, non-porous, inert membrane for structural ap-
plication was considered, with applicability to models with relevance for the bio-
engineering field. The membranes made of polymeric material are called elastomers,
and can be described as hyperelastic material models. Well known materials for
structural membranes are natural rubber, Hevea rubber, Polyethylene, Ethylene-
propylene rubber, etc. For a computational point of view, the hyperelastic mem-
brane are modeled by neo-Hookean, Mooney-Rivlin, Ogden, Arruda-Boyce models
and many more (Selvadurai 2006).

1.1.2. Membrane structures applications

Due to numerous advantages, membrane structures are widely used in space en-
gineering, medical sciences, bio-engineering, civil structures and mechanical engi-
neering with many applications to be found in literature (Fung 1990; Jenkins 2001;
Wan 2001). Only some of the applications are discussed in this section.

1.1.2a. Space applications. Deployable membrane structures have much lower weight,
higher packaging efficiency and lower cost than conventional space structures, so
the membrane structures are becoming preferable for space applications. The appli-
cations of inflatable technology in space engineering are numerous, including solar

3



4 1. Introduction

Figure 1.1: a)Thermal shields by James Webb Space Telescope NASA USA (http:// www. jwst. nasa.
gov/). b) Solar sails by Japan Space Agency, Japan (http://www. isas. jaxa. jp/)

sails, scientific balloons, thermal shields, pressurized habitats in space, solar arrays,
and telescope mirrors. The thermal shield developed by NASA and solar sails de-
veloped by the Japan space agency are the examples of growing applicability of
deployable structures in space.

1.1.2b. Architecture and civil structures. The inflatable structures can be classified
into two types. The first type of structures, known as air supported structures
consists of membranes restrained by cables on the ground and pressurized by air
from below with several civil structure applications. The second type of membrane
structures are closed and inflated by pressurized air, e.g. airbags in automobiles.
One of the reasons for using membrane structures in architecture and civil engi-
neering is the possibility to easily reshape them under different load conditions to
adapt to environmental changes. The tensegrity structures along with membrane
structures are used as stadium roofs (Fig. 1.2).

Figure 1.2: Inflated membrane structure, Allianz Arena stadium, Munich, Germany (https: //www.
allianz-arena.de)

1.1.2c. Mechanical engineering. The closed membrane structures inflated by some
kind of gas are used as load carrying or impact absorbing appliances. The fluid
inflated rubber tubes for tractors is a common example, while air inflated membrane
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structures can be used as airbags in automobiles to absorb impact load during
accidents (Fig. 1.3).

Figure 1.3: Inflated membrane as airbags (http://www. carsp. ca)

1.1.2d. Bio-engineering and medical engineering. The contact of cells within them-
selves or with a soft substrate, the function of vesicles and the contact mechanics
of a balloon with stent and blood vessels can be better understood by studying
inflation mechanics of membranes. The application of an inflated balloon for an
expanding stent in balloon angioplasty is explained in Fig. 1.4.

Stent Stent Stent remains in

insertion expansion  coronary artery
FADAM.

Figure 1.4: Stent expansion in Balloon Angioplasty by inflated membrane (http://www.adam.com/)

1.2. Aim and outline of the thesis

The main objective of this thesis is to study free and constrained inflation of hy-
perelastic membranes with different parameters like pre-stretch, loading medium,
constraining properties and contact conditions. The numerical analysis of mem-
branes encounters numerous non-linearities like geometric non-linearity due to large
displacements, and material non-linearity due to large strains, force non-linearity
due to displacement dependent loading, and also contact non-linearity. These non-
linearities make computations complex, and poses many mathematical challenges.



6 1. Introduction

They will also frequently give results which show counter-intuitive behavior. This
underlines the necessity to investigate membrane structures with different parame-
ters, geometries and material models. The objective of the study can be summarized
into the following parts

1. To study contact mechanics of a homogeneous, isotropic, incompressible
initially flat, pre-stretched circular membrane against a substrate under ax-
isymmetric conditions with frictionless and adhesive contact conditions.

2. To study free and constrained inflation of a homogeneous, isotropic, in-
compressible, pre-stretched cylindrical membrane under axisymmetric con-
ditions with frictionless and adhesive contact conditions.

3. To investigate instability phenomena associated with bifurcations, limit points,
and wrinkling for fluid-loaded pre-stretched cylindrical membranes.

The problem of contact between an inflated membrane and an elastic surface
appears in various contexts in different scientific applications. The contact of elas-
tomers is best modeled using dry adhesive friction theory as noted by Savkoor
(1987). For adhesive contact problems, continuum theories considering elastic de-
formation of the bodies involved have been presented by Johnson, Kendall and
Roberts (JKR) (Johnson 1997) and Derjaguin, Muller and Toporov (DMT) (Der-
jaguin et al. 1975). Researchers, like Long et al. (2010); Long & Hui (2012); Sri-
vastava & Hui (2013a,b) have studied delamination and energy release rates for
circular and rectangular membranes. The first part of this thesis focuses on the
contact mechanics of circular membrane with a soft substrate with adhesive and
frictionless contact conditions. The delamination of the membrane during deflation
is considered.

The second part of the thesis is devoted to free and constrained inflation of a
pre-stretched cylindrical membranes. The constrained inflation of cylindrical mem-
branes are of practical importance for problems like blow moulding of plastic bot-
tles, balloon angioplasty, and thermoforming. Recently, Patil & DasGupta (2013b)
demonstrated a stretch-induced softening/stiffening phenomenon during free infla-
tion of unstretched and prestretched hyperelastic circular flat membranes. The
same phenomenon needs to be investigated for cylindrical membranes. Friction-
less and adhesive contact conditions are considered during inflation, while adhesive
contact conditions are considered during deflation.

Due to the highly non-linear nature of membrane structures, they are prone
to become unstable under displacement dependent loads like gas or fluid pressures.
This aspect is studied in the third section of the thesis. The stability investigation
of inflated membranes is concentrated on three main topics: limit point instability,
bifurcation instability and wrinkling. A previous experimental investigation (Pam-
plona et al. 2001) has shown a bifurcation of the membrane prior to the limit point
with fluid volume as the control variable. Axisymmetric and asymmetric equilib-
rium solutions are detected on the primary and secondary equilibrium branches,
and connected at a set of critical points. Stability analysis of equilibrium solutions
are carried out on the primary and secondary branches.



CHAPTER 2
Inflation of a circular membrane against a soft substrate

Contact and interaction of membranes with other structures is unavoidable in many
applications of inflatable structures. The treatment of such problems is complex in
nature. Contact of cells with other cells or surroundings, adhesive contact of thin
films, contact of a balloon with stent or artery, and contact of a toroidal rubber tube
on a steel rim are a few examples. The contact mechanics of bi-layer membranes
can be useful in order to estimate mechanical properties (Evans 2009). In the past,
contact mechanics of membranes have been well studied with rigid substrates, [Feng
& Yang (1973); Kumar & DasGupta (2013); Long et al. (2010)]. The constrained
inflation problem with a soft substrate, however, remains to be explored. The flex-
ibility of the surface brings further complexity into the mechanics, as the substrate
surface deforms with inflation and relaxes with deflation, giving interesting behav-
iors. The continuity of stretches and stress resultants depend on the continuity of
field variables which in turn depend on contact conditions during the inflation and
deflation phases. The constraining surface can be modeled in different ways. In
many applications, the constraining surface possesses geometric as well as material
non-linearities. For our analysis, we have considered a linear spring foundation,
which is stiff in the radial direction compared to the axial direction. This assump-
tion restricts the generality of the model, but is useful for many applications where
the membrane is compliant compared to the substrate, which is a common case.
The constrained problem can be solved by numerical techniques like finite element
analysis (Khayat & Derdouri 1994a,b). A semi-analytical technique proposed in
this thesis is believed to be more convenient and can be used as a verification tool
for finite element simulations.

The contact between a membrane and a substrate, or between two membranes is
of complex nature. Chernyak& Leonov (1986) have mentioned that the Amontons-
Coulomb law is not applicable to elastomeric friction on a smooth solid surface,
which is adhesive in nature. The elastomeric friction can be best modeled by an
adhesive friction theory, as advocated by Savkoor (1987). We have considered con-
tact between membrane and substrate at a macroscopic level. A popular technique
to measure the adhesion between a soft and a hard solid is the Johnson Kendall
Roberts (JKR) test (Johnson et al. 1971). In the JKR test, a soft hemisphere is
brought into contact with a flat surface by a compressive force. Since the contact
area increases with adhesion for the same applied force, a measurement of the con-
tact area versus force can be used to find out the work of adhesion, of the surfaces
in contact. Important work on adhesion measurement and contact mechanics has
been reported by Shanahan (2000) and Wan (2001). Recently, Long et al. (2010)
have developed expressions for the energy release rate in terms of contact angle,
stretches and stresses at the contact boundary. They used a fraction mechanics ap-
proach to deduce energy release rate. Researchers like Srivastava & Hui (2013a,b)
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8 2. Inflation of a circular membrane against a soft substrate

have extended this approach and used it also for rectangular membranes. To un-
derstand the lamination and delamination of a membrane from the substrate, it
is better to view the gap between the membrane and the substrate as an external
crack and apply fracture mechanics approach. During inflation, the crack recedes
and adhesion energy is released to the system. During deflation, the crack advances
and elastic energy is released by the system to create new surfaces. The energy re-
lease rate is defined as the energy released by the elastic system per unit contact
area created. The condition for making or breaking contact is when the energy
release rate equals to the effective work of adhesion of the interfaces.



CHAPTER 3
Constrained inflation of a cylindrical membrane

Constrained inflation of cylindrical membranes finds application in manufacturing
processes like blow moulding of plastic bottles (Khayat & Derdouri 1994a,b) and in
medical engineering like balloon angioplasty. Here, the focus more is on the balloon
angioplasty applications. Many possibilities exist for analysis in order to optimize
the stenting procedure based on patient-specific needs. The balloon angioplasty
is well studied in recent years with the help of finite element analysis and experi-
mental methods with elaboration on the stenting procedure (Martin & Boyle 2013;
Morgan & Walser 2010). Gasser & Holzapfel (2007) studied balloon angioplasty
by considering an elastic-nonelastic behavior for the artery in simulating balloon-
artery interaction with a point-to-surface strategy. However, Holzapfel et al. (2002)
developed a model of angioplasty which is based on the magnetic resonance imaging
and mechanical testing. As cylindrical membranes are used for widening narrowed
or obstructed arteries in angioplasty, an extensive study is a demanding task. With
some assumptions on the constraining surface, contact conditions and model scal-
ing, we aimed to develop a simple model for balloon angioplasty.

The free inflation of a cylindrical membrane has been studied by researchers
such as Pamplona et al. (2001, 2006a), whereas confined inflation of a cylindri-
cal membrane is studied by Khayat & Derdouri (1994a,b). Several research works
in the past have considered the membrane contact problem with rigid frictionless
surfaces. However, contacts with no-slip and adhesion on soft surfaces have been
scarcely discussed. Adhesion on soft surfaces is more complex than contact prob-
lems involving hard surfaces, because the surface conforms (relaxes) with inflation
(deflation). In the case of an inflated membrane interacting with a soft adhesive
substrate, changes in contact conditions with inflation and deflation have a further
level of complexity owing to material and geometrical nonlinearities.

Mooney-Rivlin and neo-Hookean material models for membrane and linear elas-
tic foundation for substrate were considered for the numerical analysis, while a prin-
ciple of stationary potential energy was used to obtain equilibrium equations along
with boundary conditions. A finite difference approach was used to discretize the
resulting differential equations into a set of algebraic equations. For most applica-
tion of non-linear mechanics, Newton-like methods are most popular for obtaining
equilibrium states, due to their straight-forward numerical implementation. How-
ever, this type of algorithms is sensitive to the initial guess to the solution, and
becomes expensive in the computations of the Jacobian matrix and its inverse.
So, a fictitious time integration method (FTIM) proposed by Chein-Shan & Atluri
(2008) was used for this study to obtain an algorithm where the inverse of the
Jacobian matrix is not required for solution.

When adhesive inflation is considered, the contact area depends on the history
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of contact and has to be determined incrementally by imposing a kinematic con-
straint on all material points in the contact zone. For adhesive deflation on the
other hand, the contact area attained at the end of the inflation phase is assumed
to remain constant with different deflation pressures.



CHAPTER 4
Stability analysis of a fluid loaded cylindrical membrane

Inflatable membrane structures are very sensitive to stability phenomena, due to
inherent material, geometric and force non-linearities. Although fluid pressure is a
displacement-dependent follower force, a potential for this force can in most cases
be written, so the system remains conservative. The principle of potential energy
was here used to obtain the needed governing equations. Even if the concept of
stability is dynamic in nature, time can be taken out and stability criteria strictly
become static for conservative system. For the inflated membranes, quasi-static
analysis were carried out, where thermal and dynamic (inertia, damping) effects
were neglected. The tangent stiffness matrix was obtained from double differenti-
ation of potential energy with respect to displacement field, which determined the
stability of conservative system, according to the following criteria.

e If the tangent stiffness matrix is positive definite; then all eigenvalues are
positive, and the potential energy is strictly minimum and all variations
demands added energy. In result, the equilibrium solution is stable.

e If the tangent stiffness matrix is positive semi-definite; then one or more
eigenvalues are zero. In result, the equilibrium solution is probably a critical
point.

e If the tangent stiffness matrix is indefinite; then one or more eigenvalues
are negative, and the potential energy has a saddle point. In result, the
equilibrium solution is unstable, and certain incremental displacements will
occur with release in energy.

The stability of a system is a local property, and the stability of an equilibrium
solution can be evaluated without consideration of the path needed to reach this
state. For conservative systems, the stability of the system changes only at critical
points on the equilibrium path, so one solution between each pair of critical points
is sufficient to predict whether a path is stable or not. The equilibrium path can
be classified as primary or secondary. On primary equilibrium paths, solution of
cylindrical membrane maintains symmetry, while the equilibrium solution breaks
symmetry on secondary equilibrium branch. At a bifurcation point, one or more
secondary equilibrium branches emerge from the primary path.

The stability investigation of inflated membranes is concentrated on three main
topics: limit point instability, bifurcation instability and wrinkling. The limit and
bifurcation points are critical points on the equilibrium paths. At a limit point, the
tangent to the equilibrium path is transversal to the loading axis, while at a bifur-
cation point, two or more equilibrium branches emerges. Detailed investigations of
limit point instabilities, with some experimental results, are discussed by Alexan-
der (1971a), Alexander (1971b), Eriksson & Nordmark (2012), Patil & DasGupta
(2013b), Verron et al. (1999), and Tamadapu et al. (2013). The results on stability

11



12 4. Stability analysis of a fluid loaded cylindrical membrane

and bifurcation of membranes are discussed by Alexander (1971b), Haughton & Og-
den (1979), Haughton & Ogden (1978), Eriksson (2014), Chaudhuri & DasGupta
(2014),and Biscari & Napoli (2009), Khayat et al. (1992), and Chen (1997). At a
bifurcation point, several methods have been proposed for calculation of the sec-
ondary branches [Kouhia & Mikkola (1989, 1998); Riks (1979); Shi (1995); Shi &
Moita (1996); Wagner & Wriggers (1988)], but also in relation to generalised path-
following [Eriksson (1994); Kouhia & Mikkola (1999)]. Wrinkling corresponding
to more or less localized regions of compressive stresses, often occur for inflated
membrane structures, and can be seen as related to geometric effects. Wrinkling
is normally not directly observed from the tangent stiffness matrix of the system.
Important contributions on this topic are given by Evans (2009), Li & Steigmann
(1994a), Li & Steigmann (1994b), Pipkin (1986), and Steigmann (1990).



CHAPTER 5
Summary of papers

Paper 1

Contact Mechanics of a Circular Membrane Inflated against a Soft Adhesive Sub-
strate

In this paper, finite inflation of a hyperelastic flat circular membrane against
a soft adhesive substrate, and peeling upon deflation is studied. The membrane
is modeled by either a homogeneous, isotropic and incompressible Mooney-Rivlin
or a neo-Hookean model. The soft substrate is assumed to be a distributed linear
stiffness in the direction normal to the undeformed surface. It is assumed that
the substrate is more stiff in the radial direction than in the transverse direction.
The adhesive contact is considered to be perfectly sticking with no tangential slip
between the dry surfaces of the membrane and the substrate. During adhesive in-
flation and deflation, the area of contact depends upon the history of contact.

The principle of stationary potential energy is used to obtain the governing
equations and boundary conditions, which are transformed to a non-linear two-
point boundary value problem by a careful choice of field variables for efficient
computation. A Runge-Kutta method is used to obtain solutions to the two-point
boundary value problem by assuming some initial conditions for certain dependent
variables. These initial conditions are then corrected using a two-dimensional bi-
section method.

It is found that, the continuity of stretches and stresses depend on the contact
conditions as well as the inflation/deflation phase. Interestingly, stretch locking in
an adhesive contact is found to result in a higher indentation on the substrate than
in a frictionless contact.

Peeling at the contact junction is studied from a fracture mechanics point of
view. The energy release rate is deduced as a change in potential energy per unit
new area delaminated. A numerical formulation for the energy release rate calcula-
tion is proposed in this paper. It is observed that pre-stretch has a more significant
effect on the energy release rate than what is discussed in literature, when a mem-
brane is pulled from a rigid substrate.

Paper 2

Free and Constrained Inflation of a Pre-stretched Cylindrical Membrane

The aim of this paper is to study free and constrained inflation of a pre-stretched
hyperelastic cylindrical membrane and a subsequent constrained deflation. The
membrane material is assumed as a homogeneous and isotropic Mooney-Rivlin
solid. The constraining soft cylindrical substrate is assumed to be a distributed

13



14 5. Summary of papers

linear stiffness normal to the undeformed surface. Frictionless and adhesive contact
are modelled during the inflation as an interaction between the dry surfaces of the
membrane and the substrate. An adhesive contact is modelled during deflation.

The principle of stationary potential energy is used to obtain governing equa-
tions and boundary conditions, which are discretized by finite differences into a set
of algebraic equations. To make the solution process less dependent on the initial
guess, and to avoid computation of the inverse of the Jacobian, a fictitious time
integration method (FTIM) is used.

Continuity in the principal stretches and stresses at the contact boundary is
dependent on the contact conditions and the inflation/deflation phase. The pre-
stretch reduces circumferential stretch and stress, which gives a softening effect on
the free and constrained inflation. It is observed that the limit point pressures
vary with pre-stretch. Interesting trends are observed in the stretch and stress
distributions after the interaction of the membrane with the soft substrate, which
underlines the significant effects on the response from material parameters, as well
as from pre-stretch and constraining properties.

Paper 3
Instability Investigation on Fluid-loaded Pre-stretched Cylindrical Membranes

This paper discusses the evaluation of instabilities on the quasi-static equilib-
rium path of fluid-loaded pre-stretched cylindrical membranes, and the switching
to a secondary branch at a bifurcation point. A simple one parameter neo-Hookean
material model is used to describe the hyperelastic behaviour of the membrane.

The free inflation problem yields governing equations and boundary conditions,
which are discretized by finite differences and solved by a Newton-Raphson method
for different fluid levels. Commonly, limit points are encountered on the equilib-
rium path, which makes solution difficult with a Newton-Raphson method without
proper initial guesses. An incremental arclength-cubic extrapolation method is used
to get proper initial guesses and facilitate an automatic tracking of the equilibrium
path.

Limit points and bifurcation points are observed on the equilibrium path when
fluid level is seen as the controlling parameter. With perturbation techniques, it is
established that the pre-limit primary branch is stable, while the post-limit primary
branch is unstable with respect to fluid level. At a bifurcation point, an eigen-mode
injection method is employed to switch to a secondary equilibrium branch. This
secondary branch is unstable with respect to fluid level, and the obtained bifurca-
tion point classified as super-critical.

A limit point with respect to fluid level is observed for a partially-filled mem-
brane when the aspect ratio (length/radius) is high, whereas for smaller aspect
ratios, the limit point with respect to fluid level is observed when the cylinder is
over-filled. Pre-stretch is observed to have a stiffening effect in the pre-limit zone
and a softening effect in the post-limit zone.



CHAPTER 6

Conclusions and future work

6.1. Conclusions

The inflation mechanics of hyperelastic membranes with different geometries and
parameters like pre-stretch, loading medium, and constraining properties are stud-
ied in this thesis.

The analysis of hyperelastic membranes is highly non-linear and requires good
mathematical modeling with robust numerical solution techniques. In literature,
numerous hyperelastic models like neo-Hookean, Mooney-Rivlin, Ogden, Arruda-
Boyce, Yeoh, Blatz-Ko and many more are proposed (Selvadurai 2006). Each
model has its own advantage in numerous fields. We have chosen neo-Hookean
and Mooney-Rivlin models for our study. Neo-Hookean is simplest model from
computational point of view and has good agreement with experimental results at
moderate strains. A Mooney-Rivlin model is an extension of neo-Hookean model
with some hardening characteristics. The substrate geometry, stiffness and contact
conditions are also critical parameters which complicate the solution procedure
(Long & Hui 2012) in constrained inflation. For this study, a linear substrate with
either adhesive or frictionless contact conditions are considered. The adhesion is
modeled as a sticky contact between the membrane and substrate.

Different numerical procedures are used to obtain the solution of an inflated
membrane depending on membrane and substrate geometry, contact conditions
and loading medium. The numerical and semi-analytical methods are common in
this field. The numerical methods comprise finite element method, finite difference
method, RayleighRitz method, modified Galerkin method, while semi-analytical
method are typically based on conversion of set of higher order differential equations
into set of first order differential equations and employ simple numerical methods
like Runge-Kutta for solution. For this study, the principle of minimum potential
energy is used to obtain equilibrium equations. For an air inflated circular mem-
brane, the differential equations are converted into a two point boundary value
problem by a careful choice of variables. A Runge-Kutta method is employed to
obtain the solutions. For an air inflated cylindrical membrane, a finite difference
approach is used to discretized equilibrium equations into algebraic equations, and
fictitious time integration method is then used to obtain solution of algebraic equa-
tions. For a fluid-loaded cylindrical membrane a finite difference approach along
with Newton-Raphson method is used to get solution. A perturbation technique is
used to ascertain stability of equilibrium solutions.

The orders of continuity of the principal stretches and stresses of an inflated/
deflated membrane are found to be dependent on the contact conditions. It is also
observed that, during free inflation, the stretches becomes anisotropic as pressure
increases and for frictionless constrained inflation, the stretches in the contacting
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region readjust and tend to remain isotropic. For air inflated circular membranes,
the pre-stretch gives a stiffening effect before limit point and a softening effect
after the limit point, while for air inflated cylindrical membrane the pre-stretch
introduces softening for neo-Hookean as well as Mooney-Rivlin membranes in the
pre-limit and post-limit zones. For fluid loaded cylindrical membranes, pre-stretch
produces a stiffening effect in the pre-limit zone and a softening effect in the post-
limit zone.

For a circular membrane, the energy release rate in the case of peeling during
deflation has been determined. For lower deflation pressures, a pull-off instability
will occur, while for higher deflation pressures there will be no pull-off instability,
and the energy release rate becomes zero at a certain contact radius.

The stability of inflated membranes is dependent on the geometry, pre-stretch,
loading medium and control parameter. For air inflated circular and cylindrical
membranes, the limit point pressure depends upon combinations of material pa-
rameters and pre-stretch for free inflation. At a certain value of pre-stretch, a
cusp point is observed for Mooney-Rivlin membrane. Above this, a pre-stretched
membrane does not exhibit a limit point behavior. For fluid-containing cylindrical
membranes, limit and bifurcation points are discovered.

In general for pressurized membrane, it is necessary to qualify the occurrence
of critical points with respect to the chosen control parameters, as the stability
conclusions are highly dependent on the precise control. The numerical investiga-
tion in this thesis is carried out by considering fluid level as the primary controlling
parameter, whether this is inside or above the membrane. Limit points with respect
to fluid level and with respect to fluid volume are detected. In general it is noted
that the volume calculation is not always unique, as it depends on an assumption
on a tank geometry above the membrane, but we have taken only volume inside
membrane as control parameter. Bifurcation points with respect to fluid level are
detected for the pre-stretched cylindrical membrane. As principal stress resultants
do not become negative, wrinkling does not occur for fluid loaded pre-stretched
cylindrical membrane in the considered pressure ranges and parameters.

6.2. Future work

The semi-analytical and numerical formulation presented in this thesis are intended
to analyse hyperelastic membranes of different geometries with different inflating
media. It is observed that the geometry of the membrane, loading medium, and pre-
stretch produces interesting instability phenomena and softening/stiffness effects.
So, the inflation mechanics of membranes with different geometries with different
parametrization will be the future direction to pursue. As the current work focuses
on two instabilities, i.e., limit point and bifurcation instability, wrinkling instability
will be an interesting behavior to investigate in future.

The following studies could be interesting and achievable, based on the current
work:

e To investigate the inflation of rectangular and square membranes with different
pre-stretches and loading media. In the present work, we observed that eigen-
value analysis has a strong connection with symmetry of the system. Specifically,
the response at bifurcations depend on the symmetry of the structural system.
The present formulations can be extended to study stability analysis of rect-
angular and square membranes, with more emphasis on symmetry-eigenvalue
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relationship. There are two ways to achieve a pre-stretched rectangular mem-
brane. The first is by uniformly stretching an initial rectangular configuration,
and the second is by non-uniformly stretching square configuration. Although
the final geometries before inflation are the same, these two methods have differ-
ent impacts on the inflated behavior of the membrane. A combination of a finite
difference approach with the Newton-Raphson method could be a good numeri-
cal technique to obtain solutions. As compared to cylindrical membranes, where
one-dimensional finite difference is sufficient to get primary equilibrium solutions,
the discretization process for rectangular membranes requires two-dimensional fi-
nite difference approach due to the lack of symmetry about the transverse axes.
This makes a solution procedure tedious and time consuming. Applying general
finite element softwares could be a good option for verification and prediction of
results.

The challenges in the proposed research directions primarily lies in local-

ized deformation and wrinkling with certain material models. When hyperelastic
membranes inflated with fluid, specifically on secondary branch, a localized defor-
mation will occur which demands non-uniform and dense mesh. Also wrinkling
can occur with very high hydrostatic pressure, and after bifurcation where prin-
cipal stretch directions are unknown a priori, this makes handling of wrinkling
in computational models cumbersome.
It is observed in previous literature, that boundary conditions affect the instabil-
ity phenomenon. During manufacturing of membrane, various geometric defects
are developed like thickness variations due to manufacturing tolerances. The fluid
or gas inflated thin cylindrical membrane of non-uniform thickness can undergo
wrinkling instability with specific boundary conditions. To obtain equilibrium
solutions for wrinkled membranes, a combination of standard and relaxed forms
of strain energy functions need to used. The relaxed form of strain energy func-
tion ensures that no compressive stresses will occur in the solution. The work on
this topic is already started, and will consider different loading, boundary and
geometric conditions.

In the literature, the work on relaxed strain energy function for an isotropic
material is carried out extensively. However, for an anisotropic membranes the
relaxed strain energy is not straight forward and we will explore this topic in
future. Even for non-axisymmetric isotropic membranes, where principal stretch
directions are unknown a priori, the implementation of a relaxed strain energy
function requires eigenvalues of the local strain tensor.

Future work will aim to come closer to the membrane application in medical en-
gineering. In balloon angioplasty, the hyperelastic balloon inflates and expands
stents which are made of biocompatible materials and positioned inside blood
vessels. Many finite element studies have been carried out in this regard but
are computationally complex. Simple and computationally cheap models are not
available in the literature. To understand this problem deeply, a quasi-static and
dynamic study of cylindrical membrane constrained by a stent and artery will
be done. The knowledge gained from paper 2 can be extended to yield a simple
model for balloon angioplasty, by considering a hyperelastic anisotropic model
for the constraining surface and the elastic-plastic model for the stents. As the
real problem is dynamic in nature, a dynamic model will be proposed. For such
complex problem, finite element method would be appropriate and necessary. So
a finite element formulation will be proposed to analyze constrained inflation of
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cylindrical membranes.

The challenges in the proposed research directions primarily lie in the inclu-
sion of the irregular geometry and plasticity of the stents, anisotropy of blood
vessel and plaque, and contact non-linearities. In real situation, the inflating
medium interacts with plaque, stent, blood vessel, but at the same time opposes
blood pressure, which makes this problem highly complex. Optimization of cylin-
drical balloons with stress and displacement constraints in angioplasty is a future
task needed to take up after quasi-static and dynamic analysis.

Basically, the future work will be focused on two research strategies. The first focus
is on to study computational mechanics of hyperelastic membranes with different
geometries and boundary conditions. The stability investigations is a main interest
of the future work. The second approach is based on application of our work
toward medical engineering specifically balloon angioplasty. We want to extend the
study from the second paper, and propose quasi-static/dynamic model for balloon
angioplasty.



Acknowledgements

In the first place, I would like to express my deepest gratitude and sincere thanks
to my advisor, Prof. Anders Eriksson for his guidance and encouragement all
throughout the project work. His research experience, knowledge and presentation
helped immensely for shaping this work. I am thankful to Prof. Arne Nordmark
for his excellent mathematical backing and contribution to my work. I would like
to thank Prof. Anirvan DasGupta, for his contribution and guidance. I am very
thankful to all of them for hearing my vague ideas and questions every time and
answering them very calmly.

I am grateful to Prof. Lanie Gutierrez-Farewik and Prof. Gunnar Tibert for
their suggestions and comments during the group seminars. In addition, I would
like to thank all my group mates Erik, Priti, Naser, Ganesh, Krishna, Pau, Yang,
Huina, Marta, Mikael and Ruoli for creating the nice environment and being always
positive

I would like to thank the Mechanics department, KTH, and Swedish society in
general for giving me this opportunity and considering me as among themselves.

Lastly and most importantly, I am grateful to my mother (Vijaya), father
(Suresh), uncle (Pramod), brother (Nitin) and my love Uma for their support.
Their unconditional love during good and bad times of my life allowed me to reach
this stage of my career. Finally, I would like to thank all my best friends for the
wonderful support during various stages of my career.

19






References

ALEXANDER, H. 1971a The tensile instability of an inflated cylindrical membrane as
affected by an axial load. Int. J. Mech. Sci. 13, 87-95.

ALEXANDER, H. 19716 Tensile instability of initially spherical balloons. Int. J. Eng. Sci.
9, 151-162.

Biscari, P. & Naporl, G. 2009 Axial-symmetry breaking in constrained membranes.
Phil. Trans. R. Soc. A 367.

BoNET, J., WooD, R. D., MAHANEYI, J. & HEYwooD, P. 2000 Finite element analysis
of air supported membrane structures. Comput. Method. Appl. Mech. Eng. 190, 579—
595.

BoOwbDEN, F. P. & TABOR, D., ed. 1964 The Friction and Lubrications of Solids, Vol. 1
and 2. U.K.: Oxford University Press.

CHARRIER, J. M., SHRIVASTAVA, S. & Wu, R. 1987 Free and constrained inflation of
elastic membranes in relation to thermoforming— part I axisymmetric problems. J.
Strain Anal. Eng. 22, 115-125.

CHAUDHURI, A. & DasGupTA, A. 2014 On the static and dynamic analysis of inated
hyperelastic circular membranes. J. Mech. Phys. Solids 64, 302-315.

CHEIN-SHAN, L. & ATLURI, S. 2008 A novel time integration method for solving a large
system of non-linear algebraic equations. Comp. Model. Eng. Sci. 31, 71-83.

CHEN, C.-Y. 1997 Stability and bifurcation of finite deformations of elastic cylindrical
membranes: part [ stability analysis. Int. J. Solids Struct. 34, 1735—-1749.

CHEN, X. 2007 Axisymmetric deformation of a pressurized thin elastic membrane with
nonuniform thickness. J. Eng. Mech. 133, 11461150.

CHERYAN, M. 1998 Ultrafiltration and Microfiltration Handbook. Lancaster, PA: Echo-
nomic Publishing

CHEN, X. 1986 On the theory of the adhesive friction of elastomers. Wear 108, 105138.

CHRISTENSEN, R. M. & FENG, W. W. 1986 Nonlinear analysis of the inflation of an
initially flat, circular, elastic disk. J. Rheo. 30, 157—-165.

DERrJAGUIN, B. V., MULLER, V. M. & Tororov, P., Y. 1975 Effect of contact defor-
mation on adhesion of particle. J. Colloid Interface Sci. 67, 378-326.

ErTaX10POULOS, A. D. & ATKINSON, C. 2005 A nonlinear, anisotropic and axisymmetric
model for balloon angioplasty. Proc. R. Soc. A 461, 1097-1128.

ERIKSSON, A. 1994 Fold lines for sensitivity analyses in structural instability. Comput.
Method Appl. Mech. Eng. 114, 77 — 101.

ERIKSSON, A. 2013 Constraint paths in non-linear structural optimization. Comp. Struct.
140, 39-47.

ERIKSSON, A. 2014 Instabilities in pressurized membranes. 11** World Congress on Comp.
Mech.

21



22 References

ERIKSSON, A. & NORDMARK, A. 2012 Instability of hyper-elastic balloon-shaped space
membranes under pressure loads. Comput. Method. Appl. Mech. Eng. 237, 118-129.

Evans, A. E. & SKALAK, R., ed. 1981 Mechanics and Thermodynamics of Biomembranes.
Boca Raton, Florida: CRC Press.

Evans, S. L. 2009 On the implementation of a wrinkling, hyperelastic membrane model
for skin and other materials. Comp. Method Biomech. Biomed. Eng. 12, 319-332.

FENG, W. W. & HUANG, P. 19744 On the general contact problem of an inflated nonlinear
plane membrane. Int. J. Solid. Struct. 11, 437-448.

FEnG, W. W. & HuAaNG, P. 19745 On the inflation problem of a plane nonlinear mem-
brane. J. Appl. Mech. 40, 9-12.

Feng, W. W. & YanGg, W. H. 1973 On the contact problem of an inflated spherical
nonlinear membrane. J. Appl. Mech. 40, 209-214.

FosTeR, H. O. 1967 Inflation of a plane circular membrane. J. Eng. Ind. 89, 403-407.

Funa, Y. C., ed. 1990 Biomechanics: Motion, Flow, Stress, and Growth. NewYork:
Springer.

GASSER, C. T. & HoLzAPFEL, G. A. 2007 Finite element modeling of balloon angioplasty
by considering overstretch of remnant non-diseased tissue in lesions. Comp. Biomech.
40, 47-60.

HAGEDORN, P. & DAsGuprTA, A. 2007 Vibrations and Waves in Continuous Mechanical
Systems. Chichester: Wiley.

HaucHTON, D. M. & OGDEN, R. W. 1978 On the incremental equations in non-linear
elasticity: I1 Bifurcation of pressurized spherical shell. J. Mech. Phys. Solids. 26,
111-138.

HaucuTON, D. M. & OcGDEN, R. W. 1979 Bifurcation of inflated circular cylinders of
elastic material under axial loading-membrane theory for thin walled tubes. J. Mech.
Phys. Solids. 27, 179-212.

HoLzAPFEL, G., STADLER, M. & SCHULZE-BAUER, C. 2002 A layer-specific three dimen-
sional model for the simulation of balloon angioplasty using magnetic resonanace
imaging and mechanical testing. Annals Biomed. Engrg. 30, 753-767.

JENKINS, C.; ed. 2001 Gossamer Spacecraft: Membrane and Inflatable Structures Tech-
nology for Space Applications, Vol. 191. Reston, Virginia: American Institute of
Aeronautics and Astronautics.

Jonnson, K., KeENDALL, K. & ROBERTS, A. 1971 Surface energy and the contact of
elastic solids. Proc. R. Soc. A 324, 301— 313.

JoHNsON, K. L. 1997 Adhesion and friction between a smooth elastic spherical asperity
and a plane surface. Proc. R. Soc. A 453, 163-179.

KHAvAT, R. E. & DERDOURI, A. 1994a Inflation of hyperelastic cylindrical membranes
as applied to blow moulding: part I axisymmetric case. Int. J. Numer. Meth. Eng.
37, 3773-3791.

KHayAaT, R. E. & DERDOURI, A. 1994b Inflation of hyperelastic cylindrical membranes
as applied to blow moulding: part I1 non-axisymmetric case. Int. J. Numer. Meth.
Eng. 37, 3793-3808.

KuavAT, R. E., DERDOURI, A. & GARCIA-RJON, A. 1992 Inflation of an elastic cylindrical
membrane: Non-linear deformation and instability. Int. J. Solids Struct. 29 (1), 69—
87.

KouHia, R. & MIkkoLA, M. 1989 Tracing the equilibrium path beyond simple critical
points Int. J. Num. Meth. Eng. 28, 2923-2941.

Kounia, R. & MIkkoLA, M. 1999 Some aspects on efficient path following Comput.
Struct. 72, 509-524

Kounia, R. & MikkoLA, M. 1998 Numerical treatment of multiple bifurcation points,
in S.R. Idelsohn, E. Onate and E.N. Dvorkin (eds.) Computational Mechanics, New



References 23

Trends and Applications, Proceedings of The Fourth World Congress of Computa-
tional Mechanics,Argentina, 4.

Kumar, N. & DasGuptTa, A. 2013 On the contact problem of an inflated spherical
hyperelastic membrane. Int. J. Non-Linear Mech. 57, 130-139.

KyDONIEFS, A. D. 1967 The finite inflation of an elastic toroidal membrane. Int. J. Eng.
Seci. , 477494.

LARDNER, T. & PuJARA, P. 1980 Compression of spherical cells. Mech. Today 5, 161-176.

L1, X. & STEIGMANN, D. J. 1994a Finite deformation of a pressurized toroidal membrane.
Int. J. Non-Linear Mech. 30, 583-95.

L1, X. & STEIGMANN, D. J. 1994b Point loads on a hemispherical elastic membrane. Int.
J. Non-Linear Mech. 30, 569-581.

Long, R., SnuLL, K. R. & Hui, C. Y. 2010 Large deformation adhesive contact me-
chanics of circular membrane with flat rigid substrate. J. Mech. Phys. Solid 58 (9),
1225-1242.

LonGg, R. & Hui, C. Y. 2012 Axisymmetric membrane in adhesive contact with rigid
substrates: Analytical solutions under large deformation. Int. J. Solids Struct. 49,
672683.

MARTIN, D. & BOYLE, F. 2013 Finite element analysis of balloon-expandable coronary
stent deployment: Influence of angioplasty balloon configuration. Int. J. Numer.
Meth. Biomed. Engrg. 29, 1161-1175.

MoRGAN, R. A. & WALSER, E. 2010 Handbook of Angioplasty and Stenting Procedures.
Techniques in International Radiology, Springer.

OGDEN, R. W. 1997 Non-Linear Elastic Deformations. NewYork: Dover Publications.

PamproNa, D., GoNcALvEs, P. B., Davibovica, M. & WEBER, H. I. 2001 Finite
axisymmetric deformations of an initially stressed fluid-filled cylindrical membrane.
Int. J. Solid. Struct. 38, 2033-2047.

PampLONA, D., GONCALVES, P. B. & Loprgs, R. X. 20064 Finite deformations of cylin-
drical membranes under internal pressure. Int. J. Mech. Sci. 48, 683—-696.

PatiL, A. & DAsGuPTA, A. 2013a Constrained inflation of a stretched hyperelastic mem-
brane inside an elastic cone (In Press).

Patin, A. & DAsGUPTA, A. 2013b Finite inflation of an initially stretched hyperelastic
circular membrane. Eur. J. Mech. - A/Solids 41, 28-36.

Prpkin, A. C. 1986 The relaxed energy density for isotropic elastic membranes. J. Appl.
Math. 36, 85-99.

RiIks, E. 1979 An incremental approach to the solution of snapping and buckling problems.
Int. J. Solids Struct. 15, 529-551.

ROGERs, C., TsENG, Y. D., SQUIRE, C. J. & EDELMAN, R. 1999 Balloon-artery in-
teractions during stent placement: A finite element analysis approach to pressure,
compliance, and stent design as contributors to vascular injury. J. Am. Heart Ass.
84, 378-383.

SAVKOOR, R. A., ed. 1987 Dry Adhesive Friction of Elastomers, Dissertation. Netherland:
Delft University of Technology.

SCHOMBURG, W. 2011 Introduction to Microsystem Design. Berlin: Springer.

SELVADURAIL, A. P. S. 2006 Deflection of a rubber membranes J. Mech. Phy. Solids 54,
1093-1119.

SHANAHAN, M. R. 2000 Adhesion of a punch to a thin membrane. C. R. Acad. Sci. IV
1, 517-522.

SHi, J. 1995 Computing critical points and secondary paths in nonlinear structural sta-
bility analysis by the finite element method. Comp. Struct. 58, 203-220.

Sui, J. & Moita, G., F. 1996 The post-critical analysis of axisymmetric hyper-elastic



24 References

membranes by a finite element method. Comp. Meth. Appl. Mech. Engrg. 135, 265—
281.

SRIvVASTAVA, A. & Hul, Y. C. 2013a Large deformation contact mechanics of long rect-
angular membranes: I adhesionless contact. Proc. R. Soc. A 469, 20130424.

SRIVASTAVA, A. & Hul, Y. C. 2013b Large deformation contact mechanics of long rect-
angular membranes: I1 adhesive contact. Proc. R. Soc. A 469, 20130425.

STEIGMANN, D. J. 1990 Tension field theory. Proc. R. Soc. A. 429, 141-173.

TAMADAPU, G. & DASGUPTA, A. 2013a Finite inflation analysis of a hyperelastic toroidal
membrane of initially circular cross-section. Int. J. Non-Linear Mech. 49, 31-39.

TAMADAPU, G. & DASGuUPTA, A. 2013b In-plane dynamics of membranes having constant
curvature. Eur. J. Mech. - A/Solids 39, 280-290.

TAMADAPU, G. & DAsGurTA, A. 2014 Finite inflation of a hyperelastic toroidal mem-
brane over a cylindrical rim. Int. J. Solids Struct. 51, 430-439.

TAMADAPU, G., DHAVALE, N. N. & DasGuptA, A. 2013 Geometrical feature of the
scaling behavior of the limit-point pressure of inflated hyperelastic membranes. Phys.
Rev. E 88, 8-16.

Tsanc, P. H., L1, G., BruNn, Y. V., FREUND, L. B. & TangG, J. X. 2006 Adhesion of
single bacterial cells in the micronewton range. Proc. Nat. Acad. Sci. 103, 5764-5768.

VERRON, E., KHAYAT, R. E., DERDOURI, A. & PESEUX, B. 1999 Dynamic inflation of
hyperelastic spherical membranes. J. Rheol. 43, 1083-1098.

WAGNER, W. & WRIGGERS, P. 1988 A simple method for the calculation of postcritical
branches. Eng. Comput. 5, 103—109.

Wan, K. T. 2001 Adherence of an axisymmetric flat punch on a flexible membrane. J.
Adhes. 75, 369-380.

Wan, K. T. & Liu, K. K. 2001 Contact mechanics of a thin-walled capsule adhered onto
a rigid planar substrate. Med. Biol. Eng. Comput. 39, 605—608.

WiLLiaMs, J. G. 1970 A method of calculation for thermoforming of plastic sheets. J.
Strain Anal. 5, 49-57.

Wonga, F. S. & SHIELD, R. T. 1969 Large plane deformations of thin elastic sheets of
neo-Hookean material. J. Appl. Math. Phys. 20, 176-199.

Yanc, W. H. & FEng, W. W. 1970 On axisymmetrical deformations of nonlinear mem-
branes. J. Appl. Mech. 37, 1002-1011.



