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Abstract 

The development of a mechanistic understanding of the processes by which 

cells sense and actively respond to the mechanical environment would represent a 

significant advance in the fields of biomechanics and tissue engineering. 

Investigation at a single cell level is required to obtain new and fundamental 

insights into this problem. In this thesis a series of experimental tests and cell 

mechanics models are developed with the aim of advancing the current 

understanding of cell biomechanics. 

Micropipette aspiration (MA) has been used extensively in biomechanical 

investigations of un-adhered cells suspended in media. However, the MA technique 

has largely been limited to the investigation of un-adhered cells suspended in media. 

In the current thesis, a custom MA system is developed to aspirate substrate adhered 

spread cells. Additionally, the system facilitates immuno-fluorescent imaging of 

aspirated cells to investigate stress fibre (SF) redistribution and nucleus 

deformation during MA. In response to an applied pressure, significantly lower 

aspiration length is observed for untreated contractile cells compared to cells in 

which actin polymerisation is chemically inhibited, demonstrating the important 

contribution of SFs in the biomechanical behaviour of spread cells. Additional 

experiments are performed in which untreated contractile cells are subjected to a 

range of applied pressures. Computational finite element simulations reveal that a 

viscoelastic material model for the cell cytoplasm is incapable of accurately 

predicting the observed aspiration length over the range of applied pressures. It is 

demonstrated that an active computational framework that incorporates SF 

remodelling and contractility must be used in order to accurately simulate MA of 

untreated spread cells. Additionally, the SF distribution observed in immuno-

fluorescent experimental images of aspirated cells is accurately predicted using the 

active SF modelling framework. Finally, a detailed experimental-computational 

investigation of the nucleus mechanical behaviour demonstrates that the nucleus is 

highly deformable in cyto, reaching strain levels in excess of 100% during MA. 

Previous cell models have assumed that the nucleus is a homogenous 

material. A new approach to the modelling of the cell nucleus is proposed in this 

thesis. Greyscale values in confocal z-stacks of nuclear DNA reported in the 
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experimental study of Henderson et al. (Biophys J; 105:2252-61; 2013) are used to 

determine the local shear modulus at each material point of a finite element mesh 

of the nucleus. Simulations reveal that the nucleus is highly heterogeneous with 

local intra-nuclear shear moduli ranging over two orders of magnitude. Predicted 

maximum shear strains in the nucleus are five times higher than the macroscopic 

applied shear strain, as observed experimentally. This demonstrates that mechanical 

heterogeneity of the nucleus results in significant strain magnification, and suggests 

that nucleus deformation may play a key role in mechanotransduction and cell 

sensing of the physical environment. 

A novel single cell AFM experimental investigation reveals a complex 

force-strain response of cells to cyclic loading. The biomechanisms underlying such 

complex behaviour cannot be fully understood without a detailed mechanistic 

analysis incorporating the key features of active stress generation and remodelling 

of the actin cytoskeleton. In order to simulate untreated contractile cells, an active 

bio-chemo-mechanical model is developed, incorporating the key features of SF 

remodelling and active tension generation. It is demonstrated that a fading memory 

SF contractility model accurately captures the transient response of cells to dynamic 

loading. Simulations reveal that high stretching forces during unloading half-cycles 

(probe retraction) occur due to tension actively generated by axially oriented SFs. 

On the other hand, hoop oriented SFs generate tension during loading half-cycles, 

providing a coherent explanation for the elevated compression resistance of 

contractile cells. Finally, it is also demonstrated that passive non-linear visco-

hyperelastic material laws, traditionally used to simulate cell mechanical behaviour, 

are not appropriate for untreated contractile cells, and their use should be limited to 

the simulation of cells in which the active force generation machinery of the actin 

cytoskeleton has been chemically disrupted. In summary, the active modelling 

framework provides a coherent understanding of the biomechanisms underlying the 

complex patterns of experimentally observed single cell force generation presented 

in the experimental component of this investigation. 

In previous studies, systems for mechanical testing of engineered tissue 

constructs have been limited to uniaxial cyclic stretching. In this thesis a novel 

experimental system is developed for measurement of cell and tissues forces during 

both uniaxial and biaxial stretching. In the case of uniaxially constrained tissues 
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significant tissue deformation occurs due to cell contractility, and the alignment of 

cells in the stretching direction results in the measurement of a high actively 

generated cumulative cell force. In the case of biaxially constrained tissues cells are 

randomly oriented. This results in a lower actively generated cumulative cell force 

in each stretching direction. The force measured during biaxial cyclic stretching is 

only ~1.30 times higher than that measured during uniaxial cyclic stretching. When 

cells are removed from the tissue biaxial forces are ~1.75 times higher than uniaxial 

forces. Interpretation of experimental results using an active cell contractility model 

demonstrates that a uniaxial stress state is necessary to achieve a high degree of cell 

alignment and, consequently, a high actively generated cumulative cell force in the 

stretching direction. 

The novel experimental-computational approaches to investigate the cell 

responses to static and dynamic loading provide new insights into the complex 

biomechanical behaviour of the actin cytoskeleton and the cell nucleus. The 

findings of this thesis may have important implications for understanding in vivo 

remodelling of cells and tissues during disease progression, such as atherosclerosis 

and cardiac hypertrophy. The active cell models developed and implemented in this 

work can potentially be used to guide tissue engineering strategies to control cell 

behaviour and gene expression.  
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1 Introduction  
 

1.1 Background  

Cell function and tissue maintenance are regulated by a dynamic loading 

environment. In healthy tissue cells maintain homeostasis by actively sensing and 

adapting to physical changes. However, irregularities in the in vivo physical 

environment can cause abnormal cell or tissue behaviour (Ingber, 2003), and can 

lead to, or catalyse, many pathological diseases (Affonce and Lutchen, 2006, Klein-

Nulend et al., 2003, Vollrath et al., 2007, Gimbrone et al., 2000, Paszek et al., 2005, 

Judex et al., 1997, Tan et al., 2006, Heydemann and McNally, 2007, Butcher and 

Nerem, 2007, Huang, 2014). For example, previous studies have reported 

dissimilarities in the mechanical properties of normal and diseased cells (Trickey et 

al., 2000, Jones et al., 1999, Thoumine and Ott, 1997, Guck et al., 2005). Further to 

diseases themselves, invasive procedures for disease treatment and tissue repair 

disrupt the local physical environment and alter cell behaviour (Muller et al., 2013, 

de Billy et al., 2014, Gomez-Barrena et al., 2011, Minami et al., 2013, Wang et al., 

2014, Fonseca et al., 2001, Yetkin et al., 2003). The implantation of a stent in a 

vessel results in artificial stiffening of the vessel, which in turn results in increased 

proliferation of smooth muscle cells into the lumen ï a pathology commonly 

referred to as in-stent restenosis (Hoffmann et al., 1996). Implantation of metallic 
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stems into the femoral shaft during hip angioplasty results in a reduction of stress 

in the surrounding bone (referred to as stress shielding), which causes a localised 

decrease in bone density (Huiskes et al., 1992). Altered mechanical loading of the 

myocardium (e.g. due to an increased preload caused by hypertension) results in 

remodelling of cardiomyocyte sarcomeres (e.g. cardiac hypertrophy) (Frey and 

Olson, 2003). The mechanisms by which cells sense and actively respond to such 

alterations in the mechanical environment are poorly understood. 

Fundamental investigation at a single cell level is required to obtain 

meaningful insight into the key mechanical processes by which cells actively 

generate traction and respond to mechanical loading. Therefore, novel in vitro 

experimental techniques to examine cells under a range of static and dynamic 

loading modes are of critical importance. Given the complexity of active force 

generation within cells, and the fact that cells remodel their active force generation 

machinery in response to applied mechanical loading, experimental results can only 

be interpreted through computational models that incorporate a mechanistic 

description of key contractility and remodelling processes. Several simplified 

models of the cell cytoskeleton are based on the pre-positioning of discrete elastic 

axial truss elements in finite element meshes (Mohrdieck et al., 2005, Barreto et al., 

2013, McGarry and Prendergast, 2004). This ad-hoc approach to matching specific 

experimental measurements neglects the key intercellular processes that govern 

active formation, remodelling, and contractility of the actin cytoskeleton. A limited 

number of models include descriptions of actin cytoskeletal remodelling and 

contractility (Kaunas and Hsu, 2009, Vernerey and Farsad, 2011, Lee et al., 2012, 

Qian et al., 2013). However, all such implementations have been limited to 1D or 

2D, which dramatically restricts the ability to simulate and interpret a wide range 
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of experimental tests, not to mention in vivo loading conditions. An active stress 

fibre (SF) framework proposed by Deshpande et al. (2007) (referred to as the bio-

chemo-mechanical model) allows for the prediction of the formation, remodelling, 

and contractility of the actin cytoskeleton. A 2D finite element implementation of 

this framework (McGarry et al., 2009) accurately predicts distribution of the actin 

cytoskeleton in cells seeded on micropost arrays, and also predicts the scaling of 

actively generated cell traction with cell spread area, based on the experiments of 

Chen and co-workers (Tan et al., 2003). The active SF framework was later 

expanded into a 3D finite element setting (Ronan et al., 2012) and used to uncover 

the link between phenotype-specific contractility levels and compression resistance 

(Ronan et al., 2012, Weafer et al., 2013), and to demonstrate the role of active 

tension generation in the shear resistance of chondrocytes (Dowling et al., 2012). 

These studies highlight the critical insights that can be obtained when single cell 

experimental test data are interpreted through fully predictive 3D models of active 

SF contractility and remodelling. 

1.2 Objectives  

The overall objective of the current thesis is to provide a new understanding 

of the active and passive responses of cells to static and dynamic loading. Novel 

and complex experimental and computational methodologies are developed in this 

thesis in order to provide new insights into the biomechanical behaviour of cells. In 

order to make meaningful contributions to the rapidly developing field of cell 

mechanics, the specific aims are as follows: 

1. Develop a novel approach to micropipette aspiration to perform 

experiments on spread adhered cell. Previous micropipette aspiration 

experiments have largely been limited to testing of cells suspended in 
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media. However, many of the cell phenotypes in question are adhered to an 

extracellular matrix (ECM) or substrate in vivo, hence mechanical testing 

of cells in suspension is of limited value, given the importance of cell 

adhesion and spreading in the active mechanical behaviour of the cell. A 

system to perform micropipette aspiration of adhered spread cells would 

represent a significant advance in this branch of single cell experimentation.  

2. Provide a new understanding of SFs and cell mechanics through a series 

of micropipette aspiration experiments and interpretation of experimental 

data through a fully predictive 3D framework for SF contractility and 

remodelling. 

3. Generate a heterogeneous model for the nucleus to correlate intra-

nuclear strain with local DNA concentrations. The mechanical behaviour 

of the nucleus has not been definitively characterised in the literature, with 

a wide range of elastic properties being defined. Furthermore, previous 

attempts at modelling the nucleus have assumed that the nucleus is a 

homogenous isotropic continuum. A detailed and robust methodology for 

analysis of nucleus heterogeneity would represent a considerable 

contribution to the field of cell mechanics. 

4. Develop a new multi-axial 3D contractility model for SFs to describe 

force generation under dynamic loading at a single cell level. A novel 

single cell AFM experimental investigation reveals a complex force-strain 

response of cells to cyclic loading. However, the biomechanisms underlying 

such complex behaviour are not fully understood. A detailed mechanistic 

analysis incorporating the key features of active stress generation and 

remodelling of the actin cytoskeleton would provide valuable insight into 

the complex patterns of experimentally observed single cell force 

generation. 

5. Develop a novel experimental technique to compare the active cell 

mechanical behaviour under dynamic uniaxial and dynamic biaxial 

loading in a 3D ECM. In previous studies, systems for mechanical testing 

of engineered tissue constructs have been limited to uniaxial cyclic 

stretching without measuring the mechanical response. Given that cells 

actively respond to loading in the 3D microenvironment, it is important to 

provide a fundamental mechanistic understanding of the effects of 
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mechanical conditioning on 3D synthetic tissue constructs. Therefore, the 

development of a robust system that can apply different uniaxial and biaxial 

deformation regimes to engineered hydrogel constructs, while measuring 

the active and passive force, would represent a significant advance in the 

field of engineered tissue mechanics. 

This section provides motivations for each objective in brief. 

Comprehensive background and motivation is provided for each objective in the 

literature review and as appropriate throughout this thesis. 

1.3 Thesis structure  

Chapter 2: A general literature review on cell mechanics is provided. In 

particular, a background on intra-cellular structures, in vitro cell mechanics 

experimental techniques, and computational modelling of cells and the actin 

cytoskeleton are presented. It should be noted that a critical analysis of relevant 

literature is also provided throughout the thesis in the context of the findings of each 

technical chapter (Chapters 4-8). 

Chapter 3: A background to the theoretical and numerical methods used 

for computational model development and implementation in this thesis is 

provided. 

Chapter 4: An experimental and computational investigation of the 

mechanical response of spread adhered cells to micropipette aspiration is presented. 

A custom micropipette aspiration system is developed to aspirate substrate adhered 

spread cells. Using this system, a series of in vitro experiments are performed in 

which single cells are subjected to a range of applied aspiration pressures. It is 

demonstrated that an active computational framework that incorporates SF 

remodelling and a Hill-type contractility law must be used in order to accurately 
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simulate micropipette aspiration of untreated spread cells. Finally, a detailed 

experimental-computational investigation of the nucleus bulk mechanical 

properties is performed. 

Chapter 5: A heterogeneous finite element model for the nucleus is created 

with material properties that span over two orders of magnitude. A correlation 

between intra-nuclear strain and local DNA concentrations is established. 

Chapter 6: An overview and analysis of single cell dynamic loading 

experimental results published recently by Weafer et al. (2015) is presented. These 

data provide a foundation for novel model development for single cell dynamic 

loading in Chapter 7.  

Chapter 7: This chapter presents a novel computational analysis of active 

cell contractility under dynamic loading conditions. Firstly, the importance of the 

multiaxial distribution of SFs in the mechanical response of cells to applied loading 

is uncovered. Deficiencies of a Hill type contractility equation under dynamic 

conditions are uncovered and a new expression for dynamic contractility is 

incorporated into the active framework. This new modification provides a 

significant improvement in the prediction of transient force generation. 

Chapter 8: A novel experimental system for measurement of cell and tissue 

forces during uniaxial and biaxial stretching is developed. Tests reveal that a 

uniaxial stress state results in highly aligned SFs, whereas a biaxial stress state 

results in randomly aligned SFs. Interpretation of experimental results using the 

active modelling framework demonstrates the correlation between stress uniaxiality 

and coordinated SF force generation. 
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Chapter 9: Concluding remarks and future perspectives are provided.  

1.4 Publications, conference proceedings, and 

prizes  

1.4.1 Journal publications 

Chapter 4: Published in óBiomaterialsô: 

Reynolds NH, Ronan W, Dowling EP, Owens P, McMeeking RM, McGarry JP. On 

the role of the actin cytoskeleton and nucleus in the biomechanical response of 

spread cells. Biomaterials 2014;35:4015-25. 

Chapter 5: Under preparation for publication in óJournal of Biomechanicsô. 

Chapter 6: Contribution to the work of a published paper in which the Ph.D. 

candidate is a second author is published in óActa Biomaterialiaô: 

Weafer PP, Reynolds NH, Jarvis SP, McGarry JP. Single cell active force 

generation under dynamic loading ï Part I: Experimental AFM measurements. Acta 

Biomaterialia 2015. (doi:10.1016/j.actbio.2015.09.006) 

Chapter 7: Published in óActa Biomaterialiaô: 

Reynolds NH, McGarry JP. Single cell active force generation under dynamic 

loading ï Part II: Active modelling insights. Acta Biomaterialia 2015. 

(doi:10.1016/j.actbio.2015.09.004) 

Chapter 8: Under preparation for publication in óJournal of The Royal Society 

Interfaceô. 

1.4.2 International conference proceedings 

Reynolds, N.H., Ronan, W., Dowling, E.P., Owens, P., McMeeking R.M., 

McGarry, J.P., óInvestigation of the biomechanical behavior of stress fibers and 

http://dx.doi.org/10.1016/j.actbio.2015.09.006
http://dx.doi.org/10.1016/j.actbio.2015.09.004
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nucleus deformation in spread cells using a novel micropipette aspiration 

techniqueô, 7th World Congress of Biomechanics, July 2014, Boston, MA, USA. 

Reynolds, N.H., Weafer, P.P., Ronan, W, McGarry, J.P., óAnalysis of the active 

response of cells to cyclic loading using a modified AFM systemô, 19th Congress 

of the European Society of Biomechanics, August 2013, Patras, Greece. 

N. H. Reynolds, W. Ronan, E. P. Dowling, J. P.  McGarry, óInvestigation of the 

Role of Stress Fiber Contractility and Nucleus Geometry in the Response of Cells 

to Micropipette Aspirationô, American Society of Mechanical Engineering 2012 

Summer Bioengineering Conference, June 2012, Puerto Rico, USA. 

N. H. Reynolds, W. Ronan, E. P. Dowling, J. P.  McGarry, óContribution of Stress 

Fiber remodeling to the Response of Cells to Micropipette Aspirationô, Annual 

Meeting of the Biomedical Engineering Society, October 2011, Connecticut, USA. 

1.4.3 International and national prizes 

2nd overall in the Cellular Biomechanics Ph.D. paper competition at the 7th World 

Congress of Biomechanics in Boston, MA, for paper entitled ñInvestigation of the 

biomechanical behavior of stress fibers and nucleus deformation in spread cells 

using a novel micropipette aspiration techniqueò. 

Best overall presentation at the 22nd Annual Conference of the Royal Academy of 

Medicine in Ireland (BINI22) in Galway, Ireland, for abstract entitled ñActive 

dynamic contractility of stress fibresò. 
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2 Literature review  

 

2.1 Introduction  

This chapter presents an overview of literature related to this thesis. In 

Section 2.2 a background of the key mechanical constituents of cells is presented. 

In Section 2.3 experimental techniques commonly utilized to investigate cell 

mechanical behaviour are presented. In Section 2.4 computational modelling 

approaches for the simulation of the mechanical behaviour of cells and the 

cytoskeleton are outlined. Throughout this literature review, key deficits/problems 

in the field of cell mechanics are identified and underlined. In Section 2.5, these 

deficits are summarised and contextualised in terms of the objectives of this thesis 

(outlined in Section 1.2 of Chapter 1).  In addition to the background literature 

presented in the current chapter, each technical chapter contains a detailed 

discussion and analysis of previous studies in the context of the findings of this 

thesis. 

2.2 Cell structure and forces  

The cell is made up of a vast array of molecules and structures that respond 

to many different stimuli (Alberts et al., 2002). From a mechanics view point, the 

cytoskeleton is the key structural component of the cell: which provides resistance 
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to deformation (Dowling et al., 2012); generates active endogenous forces 

(Califano and Reinhart-King, 2010); regulates extracellular adhesion, spreading, 

and migration (Ronan et al., 2014); and is critical for mechanotransduction (Ohashi 

et al., 2006). The cytoskeleton consists of three components; microtubules, 

intermediate filaments, and the actin cytoskeleton. In Figure 2.1 fluorescent images 

of each of these cytoskeletal components is shown. In addition to these cytoskeletal 

components, the cytoplasm and nucleus also contribute to the mechanical response 

of cells (Caille et al., 2002), with focal adhesions providing a mechanical 

connection between the cell and the extracellular matrix (ECM)/substrate (Ronan 

et al., 2015, Mullen et al., 2014, Riveline et al., 2001). 

2.2.1 The nucleus 

The main role of the nucleus is to regulate gene expression in cells 

(Lammerding et al., 2007). The nuclei of endothelial, osteoblast, chondrocyte, and 

cardiomyocyte cells consist of two main regions: the nucleus interior, which 

contains DNA and proteins (Henderson et al., 2013), and the nuclear envelope, 

which is a lipid bilayer (Vaziri et al., 2007, Vaziri and Mofrad, 2007). Nuclei are 

linked to the surrounding cytoskeletal components via nuclear lamina and 

chromatin (Lammerding, 2011). Reshaping of the nuclear lamina and chromatin 

distribution during nucleus deformation has been linked to cell 

mechanotransduction (Dahl et al., 2008, Rowat et al., 2008, Tsukamoto et al., 2000, 

Wang et al., 2009). In addition, direct modulation of nuclear shape has been shown 

to affect the regulation of type II collagen as well as gene expression (Campbell et 

al., 2007, Shieh and Athanasiou, 2007, Shieh and Athanasiou, 2003, Leipzig and 

Athanasiou, 2008, Thomas et al., 2002). Given the significant deformation of nuclei 

observed under physiological load in situ (Henderson et al., 2013, Buschmann et 
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al., 1996), careful characterisation of nucleus deformation is of critical importance 

in the development of a fundamental understanding of mechanotransduction. 

Numerous studies suggest that nuclei are stiffer than the surrounding 

cytoplasm (Guilak et al., 2000, Caille et al., 2002, Caille et al., 1998, Maniotis et 

al., 1997, Jean et al., 2005, Ferko et al., 2007, Deguchi et al., 2007, Ofek et al., 

2009a, Knight et al., 2002). In contrast to these findings, Leipzig and Athanasiou 

(2008) reported that cytoplasm and nucleus strains had a 1:1 ratio during static 

compression using a piezoelectric actuated probe, suggesting that the stiffness of 

the cytoplasm and nucleus are similar. However, it should be noted that the 

extracellular environment in these aforementioned studies is not the same in all 

cases. It is well known that the ñapparentò stiffness of cells can alter due to substrate 

compliance (Byfield et al., 2009), the level of spreading (Thoumine et al., 1999), 

and the contractile nature of the cell phenotype in question (Rodriguez et al., 2013, 

Caille et al., 2002, Peeters et al., 2005, Deng et al., 2010, Ofek et al., 2009b). To 

overcome this complex factor Deguchi et al. (2005) and Guilak et al. (2000) isolated 

nuclei from cells before testing. However, it has been suggested that nucleus 

mechanical behaviour may be altered by the isolation procedure (Guilak et al., 

2000). Simulating experiments of isolated nuclei, Vaziri and Mofrad (2007) 

computed a low nucleus shear modulus of 0.008 kPa. Furthermore, previous 

experimental studies of micropipette aspiration of suspended cells reveal significant 

nucleus deformation (Pajerowski et al., 2007, Ribeiro et al., 2012). Pajerowski et 

al. (2007) reported that permanent visco-plastic deformation of the nucleus occurs 

due lamin A/C and chromatin remodelling. In summary, the mechanical behaviour 

of the nucleus has not been definitively characterised in the literature with a wide 

range of elastic properties being reported. A detailed and robust methodology for 
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analysis of nucleus biomechanics would represent a considerable contribution to 

the field of cell mechanics. 

 

Figure 2.1: Fluorescent image of the actin cytoskeleton in a single cell in 2D culture. 
Intermediate filaments are shown in red, microtubules are shown in green, and actin filaments 
are shown in blue. Image courtesy of Cora-Ann Schoenenberger and Rosmarie Suetterlin, 
Biozentrum, University of Basel. 

2.2.2 The cytoskeleton 

The cytoskeleton, which lies within the cytoplasm, is key in maintaining 

cell structure (Yeung et al., 2005, Dowling et al., 2012, Trickey et al., 2004, Ohashi 

et al., 2006). The cytoplasm is a crowded environment of proteins and organelles 

that surround the nucleus (Ethier and Simmons, 2007). As mentioned in the 

previous section, the cytoskeleton is critical for transmission of mechanical cues to 

the nucleus as part of mechanotransduction. The cytoskeleton also plays a crucial 

role in regulating whole cell mechanical response to the extracellular environment 

(Ingber, 1997, Shieh and Athanasiou, 2003, Wang and Thampatty, 2006, Bader and 
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Knight, 2008, Fletcher and Mullins, 2010). Furthermore, the cytoskeletal mediated 

resistance, transmission, and active generation of force dynamically influences cell 

shape, migration, adhesion, and overall stiffness (Mofrad, 2009, Mann et al., 2012, 

Lam et al., 2012a). In addition to providing essential structural support and 

regulation, the cytoskeleton also serves as a transport network for molecular motors 

to deliver vesicles and other organelles throughout the cell (Hirokawa, 1998). 

Cytoskeleton components consists of proteins organised into filaments. The 

cytoskeleton of cells has three main organised protein groups: intermediate 

filaments, microtubules, and actin filaments (Figure 2.1and Figure 2.2). 

 

Figure 2.2: The three filamentous groups that make up the cell cytoskeleton; (a) actin 
filaments, (b) microtubules, and (c) intermediate filaments. Adapted from (Blain, 2009). 

2.2.2.1 Intermediate filaments 

Intermediate filaments provide integrity and organisation to both the cell 

and nucleus (Lodish et al., 2000, Herrmann et al., 2007, Alberts et al., 2002, 
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Lammerding, 2011).  These filaments arrange in a network surrounding the nucleus 

and are thought to anchor the nucleus within the cell (Dupin et al., 2011). They are 

8-12 nm in diameter and are comprised of a series of tetramers which assemble to 

form a super-coiled sheet (Blain, 2009, Fuchs and Weber, 1994). These tetramer 

proteins are formed from two coiled dimmers arranged in an anti-parallel manner. 

The precise function of intermediate filaments is unclear (Eriksson et al., 2009). 

However, it has been demonstrated experimentally that intermediate filaments have 

a role in biochemical processes and in the overall response of cells to mechanical 

load (Ingber, 1997, Durrant et al., 1999, Ofek et al., 2009b, Dowling et al., 2012), 

particularly during large deformation (Wang and Stamenoviĺ, 2000, Stamenovic, 

2008). 

2.2.2.2 Microtubules 

Microtubules are key for cellular homeostasis, providing transportation 

pathways for intercellular delivery of vesicles and organelles (Hirokawa, 1998), 

separating chromosomes during cell division (Anaphase, 2000, Sharp et al., 2000), 

and have been linked to synthesis and secretion of proteoglycans and collagen 

(Jortikka et al., 2000, Poole et al., 2001). Microtubules are assembled from 

monomers of globular protein, Ŭ-tubulin and ɓ-tubulin, helically wound into 

protofilaments to form stiff, cylindrical structures (Alberts et al., 2002, Martini, 

2004). The largest cytoskeletal component, microtubules have a diameter of ~25 

nm and persistence length in the order of millimetres (Lodish et al., 2000, Gittes et 

al., 1993), and radiate outward from a central organelle (centresome or microtubule-

organising centre) which is located near the nucleus (de Forges et al., 2012). In 

terms of microtubule contribution to the mechanical response of whole cells, 

previous in vitro experiments demonstrated that cells treated with colchicine (which 
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disrupts microtubules) exhibited reduced resistance to applied shear (Dowling et 

al., 2012). Furthermore, previous studies have demonstrated that microtubules 

contribute to the cell compression resistance (Ofek et al., 2009b, Brangwynne et al., 

2006). However, Trickey et al. (2004) reported no difference between stiffness and 

viscosity of untreated cells compared to that of colchicine treated cells. 

2.2.2.3 Actin filaments 

Of all the cytoskeletal elements, actin filaments are the primary functional 

component in modulating cell mechanical behaviour (Yeung et al., 2005, Dowling 

et al., 2012, Trickey et al., 2004, Ohashi et al., 2006). Through interaction with the 

motor protein myosin, actin filaments are essential for the generation and 

maintenance of contractile forces required for regulating cell shape/morphology, 

cell migration, cell adhesion, and whole cell stiffness (Fletcher and Mullins, 2010, 

Kumar et al., 2006, Sato et al., 2006, De et al., 2010, Blain, 2009, Guilak, 1995, 

Fernandez et al., 2006). The capability of actin filaments to interact with the myosin 

motor protein is clearly an important feature. Globular actin (G-actin), which is 

reported to be the most abundant protein in eukaryotic cells (Alberts et al., 2002), 

polymerises and coils into a double-helix arrangement to create filamentous actin 

(F-actin) (Figure 2.2). The polymerised actin filaments have a diameter ranging 

from 5-9 nm and an elastic modulus of 1-2 GPa (Lodish et al., 2000). Actin 

filaments continually undergo polymerisation and depolymerisation due to 

association and dissociation of G-actin at either end. Furthermore, actin filaments 

can form network branches through Apr2/3 proteins, which assist outward 

protrusion of the cell membrane during migration and spreading, i.e. lamellipodia 

and filopodium (Goley and Welch, 2006, Welch, 1999). In a resting state, the cell 

cytoplasm contains numerous short actin filaments (capped by the protein CapZ) 
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and inactive state myosin II. In response to an activation signal, calcium ions 

released from the endoplasmic reticulum into the cell cytosol trigger gelsolin, which 

cleaves the capped small actin filaments, leading to formation of long actin 

filaments. These actin filaments and filament complexes bundle together in parallel 

via Ŭ-actinin (Figure 2.3-B) and fimbrin (Burridge and Wennerberg, 2004). 

Phosphorylation of the myosin II into the active state can occur due to the activation 

signal mentioned above (light-chain-kinase) or due to an externally applied load 

(Rho-kinase). Activated myosin II assembles into bipolar filaments and interacts 

with the Ŭ-actinin bound actin filament bundles (Figure 2.3-C), to create contractile 

thread-like structures known as ñstress fibresò (Alberts et al., 2002). Fimbrin bound 

actin filaments bundles are too tightly packed to interact with myosin motor 

proteins. The contractile behaviour of these formed stress fibres is generated via the 

crossbridge cycling of the actin filaments and myosin (Figure 2.3-D), which is 

similar to the well-known behaviour observed for skeletal muscle (Hill, 1938).  
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Figure 2.3: (A) fluorescent image of a cell showing nuclei in blue and the actin cytoskeleton 
in red. (B) Exploded out schematic illustrating bundling of proteins to form stress fibres 
(adapted from Blanchoin et al. (2014)). (C) Schematic of a single stress fibre unit. (D) Stress 
fibre contractility is generated by the crossbridge cycling of the actin filaments and myosin. 
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2.3 Experimental techniques for investigating 

cell mechanics  

Cell mechanics has been studied extensively using a wide array of 

experimental techniques at multiple length scales (Jonas et al., 2008). Investigations 

at the tissue level (Hillam and Skerry, 1995, Lanyon, 1996, Hsieh and Turner, 2001, 

Roy et al., 2009), on cell populated 3D constructs (Thavandiran et al., 2013, Wille 

et al., 2006, Nekouzadeh et al., 2008, Balestrini and Billiar, 2009, Buxboim et al., 

2010, Thorpe et al., 2010), on cell populations in 2D (Harris et al., 2012, Kaunas et 

al., 2005, Barron et al., 2007, Wang et al., 2001b), and on single cells demonstrate 

alterations in cell structure and function under static and dynamic loading 

conditions. Single cell investigations are advantageous for understanding changes 

in cell behaviour in response to a specific stimulus. This may include examination 

of enzyme and matrix synthesis (Nakano et al., 2011, Ofek and Athanasiou, 2007), 

gene expression (Tan et al., 2013), cellular signalling (Adachi et al., 2008), and 

intracellular structural changes, such as cytoskeleton remodelling. Consequently, 

single cell investigations can be employed to guide the development of mechanical 

environments that elicit favourable cell responses, hence providing a 

biomechanistic strategy for tissue engineering (Ofek and Athanasiou, 2007). 

2.3.1 Single cell biomechanics testing 

Given the micro scale size of single cells, and the nano-Newton scale of 

active force generation, experimental systems used to examine single cell 

mechanical response must be extremely sensitive. Advances in technologies have 

facilitated the development or adaptation of a number of different specialised 

approaches. An overview of these techniques is shown in Figure 2.4 (Rodriguez et 
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al., 2013). In this section, a brief outline of commonly used techniques, including 

micropipette aspiration, atomic force microscopy (AFM) indentation, microbead 

manipulation, uniaxial deformation (compression and tension), microposts force 

mapping, and traction force microscopy, is presented.  

 

Figure 2.4: (A) Techniques used apply forces to cells and investigate mechanical response. 
(B) Techniques used to investigate cell mechanical response in the absence of mechanical 
loading. Reproduced from Rodriguez et al. (2013). 

The micropipette aspiration technique has been used to investigate the 

mechanical behaviour of whole cells, which have been suspended in media. A 

micropipette is a small glass capillary with an internal diameter smaller than that of 

a suspended cell. Micropipette aspiration systems must be mounted on microscope 

stages to enable cell/micropipette manipulation and monitoring of cell deformation 

in real time. Suspended cells are drawn to the tip entrance by applying a small 

negative pressure in the micropipette. Once a tight seal is formed between the cell 

and the tip entrance, a known negative pressure is applied inside the micropipette, 

inducing cell deformation or ñaspirationò (Figure 2.5-A). If the cell is assumed to 
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be a homogenous incompressible linear elastic material, the Youngôs modulus, E, 

can be calculated from the following equation (Theret et al., 1988): 

Ὁ
σὥЎὴ

ς“ὒ
ɮ (2.1) 

where Ўὴ is the negative pressure applied inside the micropipette, ὥ is the internal 

radius of the micropipette, ὒ is the length from the tip entrance to the furthermost 

point of the cell in the micropipette, and the value for the wall function, ɮ, can be 

found in the study of Theret et al. (1988). The model of Theret et al. (1988) was 

later expanded by Sato et al. (1990) to consider time dependant viscous effects. By 

assuming that the cell is a standard linear solid viscoelastic material, the aspiration 

length with respect to time, ὸ, is given by the following equation: 

ὒὸ
ɮὥЎὖ

“Ὧ
ρ

Ὧ

Ὧ Ὧ
Ὡ  (2.2) 

where Ὧ and Ὧ are spring constants for a standard linear solid model and † is the 

time constant. Once a close correlation to the experimental length data is obtained 

using Eqn. (2.2 (Figure 2.5-B), the instantaneous and long term Youngôs moduli 

can be determined: 

Ὁ  Ὧ Ὧ     ;     Ὁ   Ὧ  (2.3) 
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Figure 2.5: (A) Selected images from a micropipette aspiration experiment. Arrows indicate 
the aspiration length. (B) Sample of experimental aspiration length data obtained from 
experiments. A fit of the experimental data using the viscoelastic model is also shown. Scale 

bar = 10 mm. 

Micropipette aspiration has been used to determine the bulk passive 

mechanical properties of many cell types in suspension, including leukocytes (Sung 

et al., 1988, Ting-Beall et al., 1993, Liu et al., 2007, Herant et al., 2005, Evans and 

Yeung, 1989), red blood cells (Evans, 1973, Hochmuth, 1993, Waugh and Evans, 

1979), chondrocytes (Trickey et al., 2006, Trickey et al., 2000, Trickey et al., 2004, 

Guilak et al., 1999, Jones et al., 1999, Ohashi et al., 2006, Pravincumar et al., 2012), 

platelets (Haga et al., 1998, White et al., 1984, McGrath et al., 2011, Burris et al., 

1986), endothelial cells (Sato et al., 1990, Sato et al., 1996, Sato et al., 1987), 

fibroblasts  (Thoumine and Ott, 1997a, Zhou et al., 2010), and stems cells (Tan et 

al., 2008, Yu et al., 2010, Ribeiro et al., 2012). Micropipette aspiration has been 

used to compare the stiffness of chondrocytes isolated from healthy and 

osteoarthritic cartilage (Jones et al., 1999), different types of adult stems cell 

(Ribeiro et al., 2012), and endothelial cells exposed to varying levels of shear stress 

(Sato et al., 1996). Furthermore, previous micropipette aspiration studies reported 

a dramatically reduced stiffness in cells treated with agents to disrupt the actin 

cytoskeleton (Tan et al., 2008, Trickey et al., 2004, Ohashi et al., 2006). In contrast, 
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the reduction in stiffness of cells treated with microtubule and intermediate filament 

disrupting agents was less pronounced (Trickey et al., 2004, Ohashi et al., 2006). It 

should be noted that a fibrillous contractile actin cytoskeleton is not developed in 

suspended cells (Sato et al., 1987, Reinhart-King et al., 2005, Haghparast et al., 

2013). In contrast, cells adhered to a substrate or ECM develop a highly structured 

contractile actin cytoskeleton (Munevar et al., 2001, Thoumine and Ott, 1996, Li et 

al., 2007, Zaleskas et al., 2004, Tan et al., 2003, Lemmon et al., 2005, Tee et al., 

2011, Roy et al., 2009). Therefore, the study of un-adhered suspended cells provides 

limited insight into the behaviour of contractile cells. Finally, the micropipette 

aspiration technique has also been used to investigate the stiffness of nuclei isolated 

from the cytoplasm (Guilak et al., 2000, Deguchi et al., 2005). 

Atomic force microscopy (AFM) is an established technique in cell 

mechanics that is typically used to probe localised regions of spread adhered cells 

with unrivalled positional and force precision (Simon and Durrieu, 2006, Colton et 

al., 1997). The AFM system typically consists of a sharp probing tip attached to a 

flexible cantilever (Figure 2.6-A). The cantilevers are lowered into the test sample 

(cells) and the deflection is monitored using a ñcantilever deflection detection 

systemò, usually consisting of a laser probe and position sensitive detector (PSD). 

Sub nano-meter z-axis displacement of the cantilever and sample stage positioning 

are controlled by piezoelectric actuators. From a cell mechanics perspective, AFMs 

have been used in investigations of components of the cell nucleus (Hansma et al., 

2004, Hirano et al., 2008), cytoskeletal structures (Rotsch et al., 1999, Pesen and 

Hoh, 2005), and whole cells (Rotsch et al., 1997, Radmacher et al., 1996, Hofmann 

et al., 1997, Deng et al., 2010, Darling et al., 2008, Prabhune et al., 2012, Jaasma et 

al., 2007, Lulevich et al., 2006). In addition to force measurement, Ὂ, an 
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approximation of the Youngôs modulus, Ὁ, for cells can be calculated by measuring 

the indentation depth, ‏, and implementing Hertzian theory (Johnson, 1985, 

Kuznetsova et al., 2007), where: 

Ὁ
“ρ ‡

ςÔÁÎ‌

Ὂ

‏
 (2.4) 

for a conical tip of half angle, ‌, and: 

Ὁ
σρ ‡

τЍὥ

Ὂ

Ѝ‏
 (2.5) 

for a spherical tip of radius, ὥ. ‡ is the Poissonôs ratio for the cell. It should be noted, 

however, that the Hertzian theory assumes a homogenous linear elastic half-space, 

and that the indentation depth is much lower than the material thickness. 

 

Figure 2.6: (A) Schematic of AFM setup (adapted from Weafer (2012)). (B) Schematic 
illustrating cell deformation during indentation using a sharp tip (adapted from Plodinec et al. 
(2011)). 

AFM indentation is typically performed on highly localised regions of the 

cell (Figure 2.6-B). While this is useful for probing individual structures and 

determining the heterogeneity of the cell, the mechanical response is not established 

at a whole cell level (Roca-Cusachs et al., 2008, Titushkin and Cho, 2007, Prabhune 
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et al., 2012, Darling et al., 2008, Bao and Suresh, 2003). Previous studies have 

attempted overcome this by performing a large number of indentations over the 

entire cell (Radmacher et al., 1996, Hofmann et al., 1997, Rotsch and Radmacher, 

2000, Kelly et al., 2011). However, acquiring data over a large area is time 

consuming and may occur at a shorter time scale than the intracellular cytoskeletal 

remodelling itself. Previous studies have replaced the sharp indentation tips 

attached to the cantilevers with spheres of 60 mm diameter or less (Lehenkari et al., 

2000, Lulevich et al., 2006, Jaasma et al., 2006, Zimmer et al., 2012). However, 

while these spheres are significantly less localised than the sharp tips, the contact 

region will still be much smaller than the spread cell radius. 

Further developing on this approach, Weafer et al. (2012) attached a large 

sphere with diameter of 150 mm to the end of the flexible cantilever in order to 

achieve a more uniform strain state in the cell. It was shown that due to the rotation 

constraint at the sphere-cell interface (due to friction between the sphere and the 

substrate), the bending profile of the cantilever resembled a double encastre beam. 

This resulted in an 18-fold underestimation of the material stiffness using standard 

AFM formulae of deflection, force, and stiffness. Weafer et al. (2012) demonstrated 

that appropriate correction factors must be used to account for the rotational 

constraint of the cantilever/sphere. Using this system in a later study, Weafer et al. 

(2013) demonstrated that untreated cells provide a significantly greater resistance 

to quasi-static compression compared to cells treated with actin cytoskeleton 

disrupting agents. Given the size of the sphere attached to the cantilever in the 

system outlined above, the deformation applied to the cell could be categorised as 

unconfined whole cell compression. 
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Microbead manipulation is a method whereby small nano- to micron-

sized beads are attached to the cell membrane and displaced using optical or 

magnetic techniques (Laurent et al., 2002). Using the optical technique (Figure 2.7-

B and ïC), displacement is controlled by directing infrared lasers at the transparent 

beads. The change in direction of the photons due to refraction results in controlled 

bead displacement (Lim et al., 2006, Block, 1992, Svoboda and Block, 1994, 

Neuman and Block, 2004, Fazal and Block, 2011, Titushkin and Cho, 2006, Dao et 

al., 2003). Using magnetic techniques (Figure 2.7-A), ferromagnetic bead 

displacements are controlled by the magnetic field gradient produced by an 

electromagnetic coil (Neuman et al., 2007, Ziemann et al., 1994, Bausch et al., 

1999, Bausch et al., 1998, Crick, 1950, Crick and Hughes, 1950). A rotational 

displacement is often applied to the ferromagnetic beads, known as magnetic 

twisting cytometry. Microbead manipulation techniques have been used to 

investigate material properties of the cytoplasm (Crick, 1950, Crick and Hughes, 

1950), whole cells (Fabry et al., 2001, Wang et al., 2002, Wang and Ingber, 1995), 

and cytoskeletal remodelling (Deng et al., 2004, Hu et al., 2004, Hu et al., 2003). 

 

Figure 2.7: Schematics of microbead manipulation using (A) magnetic techniques and (B) 
optical technique (adapted from (Girard et al., 2007). (C) Microscope image of two optically 
controlled beads stretching a cell (adapted from (Henon et al., 1999)). 
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Whole cell uniaxial deformation is commonly performed using 

microplates (Thoumine and Ott, 1997b) or large flat-ended probes (Shin and 

Athanasiou, 1999). Loading can be applied in a strain controlled (Shieh and 

Athanasiou, 2006, Ofek et al., 2009b) or force controlled (Leipzig and Athanasiou, 

2005, Leipzig and Athanasiou, 2008, Shieh and Athanasiou, 2007) manner. The 

indenter (probe or microplate) is displaced using a piezoelectric translator while the 

deflection is monitored using microscopes (Figure 2.8). The force applied by the 

indenter is determined using cantilever beam theory. These systems are commonly 

used to subject cells to unconfined compression (Caille et al., 2002, Peeters et al., 

2005, Deng et al., 2010, Ofek et al., 2009b) and tension (Thoumine and Ott, 1997b, 

Micoulet et al., 2005, Fernandez et al., 2006, Mitrossilis et al., 2009). For single 

cell stretching experiments time is allowed for the cell to adhere to the indenter 

before the probe is retracted, bringing the cell into a tensile loading regime. An 

example of the system used by Thoumine and Ott (1997b) is shown in Figure 2.8. 

To overcome the limitations of optical visualisation of microplate deformation, 

Weafer et al. (2012)  developed a system whereby a large sphere was attached to 

the end of a flexible AFM cantilever. The loading applied using the large sphere is 

analogous to the aforementioned uniaxial deformation experiments. 
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Figure 2.8: (A) Schematic of the micromanipulation system. (B) Microscope images of a cell 

between the microplates. Scale bar = 5 mm. Adapted from Thoumine and Ott (1997b). 

Traction force microscopy is a technique used to determine traction forces 

exerted by cells to its ECM (Figure 2.9). Cells are seeded on top of (Wang et al., 

2002, Doyle and Lee, 2005, Iwadate and Yumura, 2008, Curtze et al., 2004, Tolic-

Norrelykke and Wang, 2005, Wang et al., 2005, Lombardi et al., 2007, Chen et al., 

2007) or within (Franck et al., 2011, Maskarinec et al., 2009, Legant et al., 2010, 

Khetan et al., 2013, Legant et al., 2013) compliant gels, which have large numbers 

of encapsulated microbeads (Sen and Kumar, 2010). By tracking the microbeads 

displacement (Figure 2.9-B), traction forces generated by the cells (Figure 2.9-C) 

can be determined using the known stiffness properties of the gel (Van Vliet et al., 

2003). For tracking displacement in three dimensions, confocal images of 

fluorescently labelled beads must be performed (Franck et al., 2011, Maskarinec et 

al., 2009, Legant et al., 2010, Khetan et al., 2013, Legant et al., 2013). Previous 

studies have also determined traction forces for cells during substrate deformation 

(Krishnan et al., 2009, Chen et al., 2010, Walker et al., 2005, Das et al., 2008). 
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Figure 2.9: Progression of ECM displacement and cell traction after a stress fibre is severed. 
(A) Cell in hydrogel with the actin cytoskeleton shown in green and fluorescent beads shown 
in red. Arrow head indicates point of laser ablation. (B) Contour plot of hydrogel displacement. 

(C) Contour plot of cell traction forces. Scale bar = 20 mm. Adapted from Kumar et al. (2006). 

The micropost technique is another methodology used to measure cell 

traction forces. A micropost array is a group of upright micron-sized pillars, 

typically with an even spatial distribution (Figure 2.10-A), to which cells are seeded 

(Figure 2.10-B). As cells adhere to the microposts the tip is becomes deflected 

(Figure 2.10-C). Using cantilever beam theory the traction force exerted by the cell 

is determined by measuring the deflection of the tip of each micropost and the 

following equation: 

Ὂ
σὉὈ

φτὒ
 (2.6) ‏

where Ὁ is the Youngôs modulus of the micropost material, Ὀ is the micropost 

diameter, ὒ is the length of the micropost, and ‏ is the measured horizontal 

deflection of the micropost (Schoen et al., 2010). Micropost arrays have been used 

to investigate cell spreading (Chen et al., 2003, Lemmon et al., 2005), migration 
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(du Roure et al., 2005) (Sochol et al., 2011) (Ricart et al., 2011), contractility 

(Rodriguez et al., 2011, Kural and Billiar, 2014, Tan et al., 2003), focal adhesion 

strength (Fu et al., 2010), and cadherin junction tractions (Ganz et al., 2006, Liu et 

al., 2010). More recently, studies have investigated cell traction forces during 

substrate deformation using a silicone-based stretchable micropost arrays (Lam et 

al., 2012a, Mann et al., 2012). Lam et al. (2012a) seeded single cells on deformable 

micropost arrays. By tracking the post deflection during stretching the cell stiffness 

could be approximated. Lam et al. (2012a) reported that cells treated with agents to 

disrupt the actin cytoskeleton had significantly reduced stiffness properties 

compared to that of untreated cells. 

 

Figure 2.10: (A) SEM image of micropost array. (A) Schematic of micropost array with a cell 
seeded on top. (C) SEM image of cell seeded on micropost array with microposts deformed 

(adapted from Lam et al. (2012b)). Scale bars = 10 mm. 

2.3.2 Mechanical testing of cell populations in 2D 

In addition to mechanical testing of single cells, a large body of work has 

been reported in the literature on the testing of cell populations, both in 2D and in 

3D. In 2D, individual cells and cell monolayers are seeded on stretchable substrates 

such as silicone. Substrate stretching involves imposing monotonic or cyclic strain 

to the cell substrate, typically using a vacuum pump or indenter. Substrates are 

subjected to stretching in one direction (uniaxial) or in two directions (biaxial). 

Applied mechanical substrate stretch has been used to investigate cytoskeletal 

fluidization and resolidification or reinforcement (Krishnan et al., 2008, Krishnan 

et al., 2009, Chen et al., 2010), actin reorganisation (Chen et al., 2010, DiPaolo et 
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al., 2010, Kang et al., 2011), ECM protein recruitment and reorganisation (Steward 

et al., 2011), action potential signalling (Lin et al., 2009), genetic activity 

(Diederichs et al., 2010), and cell motility (Katsumi et al., 2002). It has been well 

established that cyclic stretch will change cell morphology and actin cytoskeletal 

polarisation to the direction of minimal substrate stretch (Kaunas et al., 2005, 

Barron et al., 2007, Wang et al., 2001b, Neidlinger-Wilke et al., 2001), as 

demonstrated in Figure 2.11. This polarisation effect has been shown to be strain 

magnitude (Wang et al., 2015) and strain rate dependant (Lee et al., 2010, Hsu et 

al., 2010). It should be noted that in these investigations of cell and cytoskeletal re-

alignment, forces exerted by the cells have not been measured. 

 

Figure 2.11: Microscope image of cell orientation after pure uniaxial cyclic substrate 
stretching in the (A) horizontal direction and in the (B) vertical direction. Arrows indicate 

stretch direction. Cells reorient parallel to the stretch direction. Scale bars = 100 mm. Adapter 
from (Wang et al., 2001a). 

2.3.2 Cells in 3D 

A growing interest in investigating the mechanical response of cells seeded 

in 3D culture has emerged recently because (i) significantly different behaviour has 

been observed compared to 2D mechanical testing and (ii) 3D is more 

representative of physiological conditions. Natural 3D hydrogels such as collagen, 

fibrin, hyaluronic acid, matrigel, chitosan, and alginate, or non-natural polymer 

based hydrogels, represent a more physiological environment for cells compared to 
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2D substrates (Tibbitt and Anseth, 2009). The stiffness of hydrogels can be varied 

by adjusting the quantity of the coagulating component (Byfield et al., 2009, Legant 

et al., 2009, Cummings et al., 2004, Wang et al., 2013). Similar to 2D monolayers, 

cells project filopodia and lamellipodia in 3D culture (Tibbitt and Anseth, 2009). 

However, unlike 2D monolayers, in 3D culture these processes can penetrate the 

hydrogel in any direction (Knight and Przyborski, 2014, Legant et al., 2010). 

Consequently, cytoskeletal behaviour leads to hydrogel contraction or ñshrinkingò 

during cell seeding (Kraning-Rush et al., 2011, Wille et al., 2006, Notbohm et al., 

2015, West et al., 2013, van Vlimmeren et al., 2012), as shown in Figure 2.12. It 

should be noted that the time for hydrogel contraction to reach an equilibrium state 

is in the order of days (Wille et al., 2006, Seliktar et al., 2000, West et al., 2013, 

Kural and Billiar, 2014, Wang et al., 2013). Previous studies have investigated 

stress fibre alignment in hydrogels where contraction is prevented in specific 

directions. If deformation is prevented in a single direction (uniaxial), gel 

contraction occurs in the laterally and cells polarise between the rigid constrains 

(Kural and Billiar, 2014, West et al., 2013, Zhao et al., 2013, Legant et al., 2009, 

Delvoye et al., 1991, Foolen et al., 2012, Lee et al., 2008, Wang et al., 2013, 

Wagenseil et al., 2004). In contrast to uniaxially constrained hydrogels, stress fibres 

in biaxially constraint hydrogels are randomly distributed between the rigid 

boundaries (Foolen et al., 2014, Thavandiran et al., 2013, Foolen et al., 2012). 

Further to investigating alignment, the contractile behaviour of engineered cell 

laden hydrogels has been previously quantified using micropillars. The 

predetermined mechanical properties of the micropillars can be used to quantify the 

contractile force exerted by the hydrogel (Legant et al., 2009) and, subsequently, 

the individual cells (Kural and Billiar, 2014, West et al., 2013). A significantly 
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reduced level of contractility has been demonstrated in hydrogels cultured in media 

containing agents to disrupt the actin cytoskeleton, compared to untreated samples 

(van Vlimmeren et al., 2012, Kraning-Rush et al., 2011, Zhao et al., 2013, West et 

al., 2013, Legant et al., 2009). It should be noted that in the aforementioned studies, 

substrate deformation occurred due to active cell contractility, and not due to 

applied external loading. 

 

Figure 2.12: (A) Brightfield and (B) fluorescent images of a hydrogel construct with uniaxial 
constraints during cell seeding. Whole cells are labelled with green fluorescent protein (GFP) 

to obtain images shown in (B). Scale bar = 50mm. Adapted from West et al. (2013) 

A number of investigations have applied external uniaxial stretch to 

hydrogels and monitored various cell responses (Campbell et al., 2007, Gabbay et 

al., 2006, Foolen et al., 2014, Foolen et al., 2012). The stretch avoidance typically 

observed for cells in 2D has also been reported in 3D cultures (Foolen et al., 2014). 

However, it has been more prominently reported that cells align parallel to the 

direction of stretching in 3D culture (Wille et al., 2006, Foolen et al., 2012, 

Wakatsuki and Elson, 2002, Zhao et al., 2013, Lee et al., 2008, Nieponice et al., 
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2007, Gauvin et al., 2011). Further investigation is required to fully understand this 

response. Mechanical characterisation of cell laden hydrogels has been performed 

previously by monotonic or cyclic stretching (Berry et al., 2003, Seliktar et al., 

2000, Wagenseil et al., 2003). Advancing on such investigations, active cell force 

generation during applied stretch was parsed by straining hydrogels following 

treatment to remove the actin cytoskeleton contribution (Wille et al., 2006, Zhao et 

al., 2013, Zhao et al., 2014, Wagenseil et al., 2004, Wakatsuki et al., 2000, 

Wakatsuki et al., 2001). Gels treated to remove the actin cytoskeleton provide lower 

resistance to deformation in all cases. It should be noted that these studies are 

limited to uniaxial stretching of the construct. Wagenseil et al. (2004) developed a 

system which investigated hydrogel vessels using a ñpressure-diameter, force-

lengthò test system. Vessels were either inflated to set diameters, or axially 

deformed, while the internal pressure, axial force, and vessel diameter and length 

were measured. However, in the study by Wagenseil et al. (2004) hydrogel vessels 

were fabricated on rigid mandrels and, hence, cells could only be engineered to 

have circumferential or axial alignment in the vessel. Furthermore, the application 

of internal pressure and axial deformation was performed in a mutually exclusive 

manner. 

2.4 Computational modelling of cell mechanics  

In order to interpret experimental data, a range of computational models for 

cells have been developed. In this section, a background of relevant models 

developed to interpret experimental results is given. 



Chapter 2 

 

37 

 

2.4.1 Passive cell models 

Previous studies have used simplified analytical or numerical models to 

interpret experimentally observed results (Sato et al., 1990, Theret et al., 1988, 

Jones et al., 1999, Sato et al., 1996, Byfield et al., 2004, Baaijens et al., 2005, 

Trickey et al., 2006, Jafari Bidhendi and Korhonen, 2012, Zhou et al., 2005, Zhao 

et al., 2009, Haider and Guilak, 2002, Haider and Guilak, 2000, Leipzig and 

Athanasiou, 2005, Shieh and Athanasiou, 2006, Koay et al., 2003, Trickey et al., 

2000, Guilak et al., 2002, Schmid-Schonbein et al., 1981). These models treat the 

cell as a passive homogeneous continuum, typically assuming passive constitutive 

laws that were originally developed for other applications. Furthermore, passive 

models do not consider the active remodelling of the cell cytoskeletal components 

and active tension generation of stress fibres. Such constitutive laws include linear-

elastic, hyperelastic, viscoelastic, or biphasic formulations. While these models are 

beneficial for shedding light on certain experimentally observed trends (Trickey et 

al., 2000), their inadequacy for correctly interpreting cell mechanical response has 

been demonstrated in numerous previous studies. McGarry and McHugh (2008) 

demonstrated that if a viscoelastic material model is used for the cytoplasm, 

stiffness must be artificially altered as a function of spreading in order to capture 

experimentally observed cell detachment forces. Thoumine et al. (1999) 

demonstrated that elastic stiffness and viscosity must be significantly altered as a 

function of the level of cell spreading. Dowling et al. (2012) demonstrated that if 

the cell is assumed as a hyperelastic solid, the model is not capable of capturing 

experimentally observed shear force-indentation data. Similar deficiencies in 

viscoelastic models of spread cells was demonstrated through simulation of  parallel 

plate compression experiments (McGarry, 2009). 
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In an effort to advance upon the assumption of simple linear elastic or 

viscoelastic cells, an architectural system of compression-bearing rigid struts and 

tension-bearing elastic threads in tension have been developed (Figure 2.13), 

known as the tensegrity model (Ingber, 1993, Ingber, 2003). Compressive elements 

are claimed to represent microtubules, whereas tensional element represent stress 

fibres, actin filaments, and intermediate filaments (Wang et al., 2001c, Ingber, 

2003, Brangwynne et al., 2006, Kumar et al., 2006). In previous studies, the 

tensegrity model required manual allocation of load bearing elements and is often 

guided by experimental observation of cytoskeletal components. Therefore, a new 

fibre network must be generated for each cell geometry considered (McGarry and 

Prendergast, 2004). Furthermore, the tensegrity model assumes stress fibres are 

supported by microtubules. However, experimental results have shown that 

microtubule disruption leads to an increase in traction force (Kolodney and Elson, 

1995). 

 

Figure 2.13: Tensegrity model as used in (A) rounded cells, (B) partly spread cells and (C) fully 
spread cells. Each model has a membrane, nucleus, cytoplasm, and cytoskeleton. Red bars 
represent microtubules and blue bars represent microfilaments. Adapted from McGarry and 
Prendergast (2004). 

2.4.2 Active cell models 

In an effort to explain the mechanisms underlying reorientation of cells on 

2D substrates subjected to cyclic stretching, Kaunas and Hsu (2009) proposed a 

model that describes the kinematics of stress fibre remodelling. In this model, fibres 

are initially randomly distributed throughout the cell and, therefore, ñhomeostaticò 
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under static conditions. A 10% pre-strain is also imposed on fibres to mimic cell 

contractility. Fibres dissociation occurs if the pre-strain is reduced or the fibres are 

excessively stretched, and these dissociated fibres immediately reform in a random 

orientation to maintain a constant mass fraction of stress fibres. Simulations 

provided an accurate prediction of experimental stress fibre orientation 

redistribution during cyclic deformation. More recently, the model has been 

improved to include strain dependence of stress fibres tension (Kaunas et al., 2011) 

and strain rate dependence of fibre dissociation (Kaunas and Deguchi, 2011). 

Further modifications were made such that fibre dissociation is dependent on 

sliding velocity in order to investigate the effect of cyclic stretch waveform on fibre 

orientation (Tondon et al., 2012) , as shown in Figure 2.14.  

 

Figure 2.14: Kaunas and Hsu (2009) model used to predicted stress fibre orientation 
distribution during cyclic saw tooth stretch at frequencies of (A) 0.01 Hz, (B) 0.1 Hz, and (C) 1 
Hz. Predictions are the blue polar plots below the fluorescent images of the actin cytoskeleton. 

Scale bar = 25 mm. Adapted from Tondon et al. (2012). 

Vernerey and Farsad (2011) developed a multiphasic model based on key 

cellular mechanical behaviours; (i) actin monomer transport, (ii) cytosol fluid 

pressure, (iii) mass exchange of cytoskeletal components, and (iv) fibre contraction. 

In this model, fibre formation is dependent on mechanical stress in a given direction 

and fibre tension is a function of both strain and strain rate. In addition to stress 

fibre contractility, this formulation includes mass conservation, osmotic loading, 
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and transport phenomena. Simulations replicated the dependency of contractility on 

substrate stiffness and cell shape (see Figure 2.15). A follow-on investigation 

demonstrated the models capability to predict formation and orientation of stress 

fibre in cell subjected to cyclic stretch (Foucard and Vernerey, 2012). 

 

Figure 2.15: Prediction (upper panels) of stress fibre orientation (black vectors) and density, 
╟ꜚ, for three different cell shapes (lower panels) using the model proposed by Vernerey and 

Farsad. Adapted from Vernerey and Farsad (2011). 

2.4.2.1 Bio-chemo-mechanical model 

A bio-chemo-mechanical model originally developed by Deshpande et al. 

(2006) considers the biochemistry surrounding; (i) stress fibre formation due to the 

activation of proteins and signalling molecules in the cell, such as RhoA/Ca2+  

(Wang et al., 2009), (ii) tension dependant stress fibre dissociation, and (iii) strain 

rate dependant stress fibre tension. A 2D implementation of this formulation 

accurately predicted the scaling of single cell force with the stiffness of micropost 

substrates and with cell spreading area. More recently, the 2D finite element model 

was developed into a full 3D setting by Ronan et al. (2012), greatly increasing the 
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predictive capability of framework by allowing for the simulation of a wide range 

of in vitro experiments, in addition to the simulation of cells in vivo/in situ 

(Dowling et al., 2013). The technical details surrounding the mathematical 

description of stress fibre behaviour and the numerical finite element 

implementation are presented later in this thesis in Chapters 4 and 7. In the current 

section of this literature review an overview of studies in which the bio-chemo-

mechanical model was implemented will be presented. In particular, simulations 

that predicted the behaviour of single cells and cell laden hydrogels experiencing 

static conditions, monotonic loading, and a dynamic mechanical environment will 

be summarised. 

Static conditions: In this section previous studies that implemented the bio-

chemo-mechanical model to simulate the response of cells in static culture is 

presented. In the original study of Deshpande et al. (2006), the 2D model predicted 

changes in stress fibre formation for cells seeded on supports with different 

stiffnessôs, similar to experimental observations (Chen et al., 2003). In a follow on 

study, a single stress fibre on top of a 1D row of microposts predicted an increase 

of fibre traction force with increasing post stiffness (Deshpande et al., 2007). In the 

study of Deshpande et al. (2007), a similar trend was observed for 2D simulations 

of square cells which were constrained at each corner. The model therefore 

predicted: the development of cytoskeletal anisotropy with changes in cell shape 

and boundary conditions; increased fibre formation at attachment points; and 

enhanced stress fibre development with multiple activation signals. In a later study, 

McGarry et al. (2009) accurately predicted the mechanical response of cells on an 

array of microposts, in particular; the force exerted by cells scaling with the number 

of posts (Figure 2.16-A); actin distributions within the cells, including the rings of 
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actin around the micro-posts; the curvature of the cell boundaries between the posts; 

and the higher post forces towards the cell periphery. Furthermore, in the 

aforementioned study by McGarry et al. (2009) and another study by Weafer et al. 

(2013), stress fibre alignment distribution in realistic cell geometry were accurately 

predicted (Figure 2.16-B). In the studies of Thavandiran et al. (2013) and Legant et 

al. (2009), the bio-chemo-mechanical model was used to predict the response of 

cell laden hydrogels undergoing constrained contraction. Regions of predicted 

stress fibre alignment and overall hydrogel deformation were similar to 

experimental observations. 

 

Figure 2.16: (A) Predictions of the variation of the normalised average force over all posts, F, 
with the number of posts for three choices of post stiffness. (Adapted from McGarry et al. 
(2009)). (B) Experimental fluorescent images of the actin cytoskeleton and nuclei in cells (left 
panels). Accompanying predictions of regions of stress fibre alignment obtained using the 

bio-chemo-mechanical model (right panels). Scale bar = 20 mm. Adapted from Weafer et al. 
(2013). 
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In later studies, a focal adhesion model was incorporated into the bio-

chemo-mechanical model to account for the effect that cytoskeletal contractile 

forces have on focal adhesion complexes (Deshpande et al., 2008). In a follow on 

study, Pathak et al. (2008) demonstrated that the combined model provides an 

accurate prediction of cell stress fibre distribution and focal adhesion arrangements 

observed for cells seeded on substrates with V, T, Y, and U shaped micro-patterned 

ligand patches (Thery et al., 2006). It was further demonstrated that the combined 

model captures: focal adhesion concentrations; stress fibre distribution; cell 

contractility and traction force for cells on micropost arrays; and on compliant 

substrates (Ronan et al., 2013, Ronan et al., 2014). It should be noted that the 

micropost arrays and substrates used in these study ranged in stiffness. 

Interestingly, Ronan et al. (2014) demonstrated that the model predicts increased 

nucleus stress with increased substrate stiffness. Furthermore, it was also shown 

that the combined model predicts focal adhesion and stress fibre behaviour during 

spreading. Ronan et al. (2015) later modified the focal adhesion model to represent 

cell-cell adhesion or cadherin junctions. It was demonstrated that the modified 

framework could capture the experimental observations of Liu et al. (2010). In 

particular, the model predicted that; junction tugging forces increase with junction 

size; and average cell tractions are unaffected by the presence of a junction. 

Monotonic/quasi-static loading: In this section previous studies that 

implemented the bio-chemo-mechanical model to interpret cell mechanical 

response to monotonic loading are summarised. In a key study, Dowling et al. 

(2012) demonstrated the important contribution of the actin cytoskeleton in the 

shear resistance of cells. As the shear indenter deforms the cell, a yield type force-

deformation curve is observed (Figure 2.17). By simulating this behaviour using 
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the bio-chemo-mechanical and a 3D finite element approach, it was revealed that 

stress fibres at the back of the cell (indenter side) become stretched as the probe 

displaces into the cell. It was found that this fibre stretching, coupled with stress 

fibre dissociation at the front edge of the cell led to the distinctive yield-type force-

deformation behaviour observed experimentally (Figure 2.17-upper curve). 

Furthermore, cells treated to remove the actin cytoskeleton exhibited a strain 

stiffening type force-deformation curve, which resembles a typical response for 

passive hyperelastic materials (Figure 2.17-lower curve). In a later study, Dowling 

and McGarry (2013) used the predictive framework to investigate the influence of 

cell spreading levels on cell detachment. Simulations suggested that a more highly 

developed contractile actin cytoskeleton increases the spread cell resistance to 

shear, and consequently, increases the force required initiate rupture, in line with 

experimental observations. 

 

Figure 2.17: Experimental force-indentation data for shear deformation applied to single cells. 
Results are shown for untreated cells and cells treated to disrupt the actin cytoskeleton using 
cytochalasin-D (ñcyto-D Cellsò). Accurate predictions of untreated cells are obtained using 
the bio-chemo-mechanical model discussed in the current section. A hyperelastic constitutive 
formulation accurately captures cyto-D cell results. Adapted from Dowling et al. (2012). 

In simulations by Ronan et al. (2012) it was demonstrated that spread cells, 

with a well-developed actin cytoskeleton, have a greater resistance to compression 
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compared to rounded cells, which were predicted to contain fewer stress fibres. 

Furthermore, highly contractile cell phenotypes provided an increased resistance to 

compression. It was revealed by Ronan et al. (2012)  that as a cell undergoes 

unconfined compression, dominant fibres groups become stretched, generating 

tension and, therefore, resist the deformation. This important observation is key in 

explaining the experimental results of cell compression. Following from this, 

Weafer et al. (2013) demonstrated that cells treated with agents to disrupt the actin 

cytoskeleton had a significantly lower resistance to compression than untreated 

cells. The active bio-chemo-mechanical modelling framework successfully 

captured this behaviour, as well as the morphological changes observed for cells 

with and without an intact actin cytoskeleton. 

Dynamic load: In this section previous studies that used the bio-chemo-

mechanical framework to predict cell mechanical behaviour in response to a 

dynamic loading environment are presented. Wei et al. (2008) simulated cells in 2D 

culture to uniaxial and equi-biaxial substrate deformation to investigate the ability 

of the modelling framework to predict stress fibre reorientation during cyclic strain. 

It was demonstrated that during pure uniaxial strain, where the lateral direction is 

constrained, stress fibres were predicted to exhibit stretch avoidance and polarised 

in the direction of minimal stretch. The level of alignment was predicted to increase 

for higher magnitudes and frequencies of cyclic strain. For unconfined uniaxial 

strain, cells aligned at 70° to the direction of stretching, i.e. the direction undergoing 

the least amount of stretching. In contrast, a uniform stress fibre distribution was 

predicted after equi-biaxal stretching. It should be noted that these predictions are 

in line with experimentally observed results (Kaunas et al., 2005, Wang et al., 1995, 

Wang et al., 2001b, Wang et al., 2000). 
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Dowling et al. (2013) used a representative volume element (RVE) of 

cartilage tissue to investigate chondrocyte deformation and actin cytoskeleton 

remodelling during physiological cyclic load. The RVE consisted of an anisotropic 

ECM, peri-cellular matrix, and a cell. In the presence of a focal defect in the 

cartilage tissue, it was predicted that cyclic loading induces an altered actin 

cytoskeleton distribution and an increased nucleus stress compared to cartilage with 

no defects. Furthermore, cyclic loading caused continuous stress fibre dissociation, 

whereas the actin cytoskeleton of cells in monotonically deformed RVEs remained 

relatively intact. This study demonstrated the potential of the bio-chemo-

mechanical framework to be used for simulations of in vivo conditions. 

The two studies outlined above by Dowling et al. (2013) and Wei et al. 

(2008) focused on the prediction of stress fibre reorganisation and alignment under 

dynamic conditions. However, experimental data required to analyse the active 

force generation of single cells under dynamic loading has not previously been 

published. In Chapter 7 of this thesis it will be demonstrated that this bio-chemo-

mechanical modelling framework provides an inaccurate prediction of transient 

force-deformation loops during cyclic loading using the recent experimental data 

of Weafer et al. (2015). A modification to the model will be presented in Chapter 7 

of this thesis to overcome this shortcoming. 

2.5 Identified deficits & thesis objectives  

Over the course of this literature review, specific deficits in the field of cell 

mechanics were identified and highlighted. Here the deficits are summarised and 

specific thesis objectives, previously outlined in Chapter 1, are identified to address 

them.  
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1. Excerpt from Section 2.2.1: ñthe mechanical behaviour of the nucleus has 

not been definitively characterised in the literature with a wide range of 

elastic properties being reported. A detailed and robust methodology for 

analysis of nucleus biomechanics would represent a considerable 

contribution to the field of cell mechanics.ò 

Objectives 2 (Provide a new understanding of stress fibres and cell 

mechanics) and 3 (Generate a heterogeneous model for the nucleus to correlate 

intra-nuclear strain with local DNA concentrations) will aim to address the deficit 

identified above. Specifically, in Chapter 4 an in-depth computational parametric 

investigation of nucleus shear and bulk moduli is conducted in order to further the 

understanding of nucleus mechanical behaviour. Chapter 5 details a methodology 

of generating a computational finite element mesh that considers the heterogeneity 

of the nucleus. The model is used to closely predict experimental observations of 

intra-nucleus deformation. 

2. Excerpt from Section 2.3.1: ña fibrillous contractile actin cytoskeleton is not 

developed in suspended cells (Sato et al., 1987, Reinhart-King et al., 2005, 

Haghparast et al., 2013). In contrast, cells adhered to a substrate or ECM 

develop a highly structured contractile actin cytoskeleton (Munevar et al., 

2001, Thoumine and Ott, 1996, Li et al., 2007, Zaleskas et al., 2004, Tan et 

al., 2003, Lemmon et al., 2005, Tee et al., 2011, Roy et al., 2009). Therefore, 

the study of un-adhered suspended cells provides limited insight into the 

behaviour of contractile cells.ò 

Objectives 1 (Develop a novel approach to micropipette aspiration to 

perform experiments on spread adhered cell) and 2 (Provide a new understanding 

of stress fibres and cell mechanics) will attempt to address the deficit identified 

above. Specifically, in Chapter 4 an experimental technique to perform 

micropipette aspiration on spread adhered cells is developed. The device is used to 



Chapter 2 

 

48 

 

investigate the important role of the actin cytoskeleton and nucleus deformation 

during micropipette aspiration of spread cells. 

3. Excerpts from Section 2.3.2: ñit has been more prominently reported that 

cells align parallel to the direction of stretching in 3D culture (Wille et al., 

2006, Foolen et al., 2012, Wakatsuki and Elson, 2002, Zhao et al., 2013, 

Lee et al., 2008, Nieponice et al., 2007, Gauvin et al., 2011). Further 

investigation is required to fully understand this responseò and ñthese 

studies are limited to uniaxial stretching of the construct.ò 

Objectives 2 (Provide a new understanding of stress fibres and cell 

mechanics) and 5 (Develop a novel experimental technique to compare the active 

cell mechanical behaviour under dynamic uniaxial and dynamic biaxial loading in 

a 3D ECM) will attempt to address the deficits identified above. Specifically, in 

Chapter 8 a novel experimental system for measurement of cell and tissue forces 

during uniaxial and biaxial stretching is developed. Furthermore, a methodology 

for generating aligned and un-aligned pseudo-tissues is developed and used to 

investigate the active and passive mechanical behaviour of these cell-collagen 

constructs. 

4. Excerpt from Section 2.4.2.1: ñThe two studies outlined above by Dowling 

et al. (2013) and Wei et al. (2008) focused on the prediction of stress fibre 

reorganisation and alignment under dynamic conditions. However, 

experimental data required to analyse the active force generation of single 

cells under dynamic loading has not previously been published.ò 

Objectives 2 (Provide a new understanding of stress fibres and cell 

mechanics) and 4 (Develop a new multi-axial 3D contractility model for stress 

fibres to describe force generation under dynamic loading at a single cell level) will 

attempt to address the deficit identified above. Specifically, in Chapter 6 force-

deformation data from cyclic compression experiments of single cells is presented. 
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Experimental results provide new characterisation of the complexity of single cell 

response to dynamic loading. In Chapter 7, a computational model that provides a 

coherent insight into the mechanics underlying the complex response of cells 

undergoing dynamic loading is developed. 
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3 Theory  

 

3.1 Introduction  

In this chapter theoretical and numerical methods that form the basis of the 

computational models used in this thesis are described. A background on continuum 

mechanics and solid mechanics is presented in Section 3.2. In particular, finite 

deformation kinematics, strain measures, and stress measures are discussed.  

An overview of hyperelastic and viscoelastic constitutive laws is presented 

in Section 3.3. Such formulations are used in this thesis to model passive 

components of the cell. It should be noted that the development and implementation 

of active biomechanical constitutive law for stress fibre contractility and 

remodelling are not presented in this chapter. Rather, this complex framework is 

presented in Chapters 4 and 7. 

The finite element (FE) method is outlined in Section 3.4, with a focus on 

the non-linear implicit solution schemes using in this thesis. A brief outline of the 

general implementation of user defined material subroutines is also presented, with 

reference to the commercial FE code, Abaqus (Simula, RI, USA). The active 

constitutive laws presented in Chapters 4 and 7 are coded into Fortran UMATs, as 

described in Sections 3.4.1 and 3.4.2. 
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3.2 Continuum mechanics  

As a background to this section, the reader should note that the notation is 

such that matrices, tensors and vectors are denoted by bold typeface. Scalars and 

individual components of tensors and matrices are in italicised non-boldface font. 

Index notation convention is illustrated below where the dot product of two 3D 

vectors ◊ȟ○. This is the summation of its component parts, such that: 

◊Ͻ○ όὺ όὺ όὺ όὺ όὺ (3.1) 

where Ὥ ρȟςȟσ. Second order tensors have nine components in 3D (3x3). The 

location of each component of a tensor is defined by subscripts, Ὥ and Ὦ, where ὭȟὮ

ρȟςȟσ. For example, component ὃ  is a value in the Ὥth row and the Ὦth column of 

tensor ═.  

3.2.1 Deformation and deformation rate 

Consider the deformation of the body in Figure 3.1. The body in the 

reference configuration, ɜ, undergoes motion, Ⱶ, to the deformed configuration, ɜ. 

Now consider a point in this body, ὴ, during motion. The position of ὴ relative to 

the fixed origin, ὕ, is given by the vector, ♣, in the reference configuration and ●

 Ⱶ♣ȟὸ in the current configuration. For the point, ὴ, ♣ defines the material 

coordinates and ● describes spatial coordinates. Therefore, ὴ is displaces by ◊ 

between the reference and current configuration, such that ◊ ●  ♣. An 

infinitesimal line element in the reference configuration, Ὠ♣, bound by the points ὴ 

and ή, transforms to Ὠ● in the current configuration through the deformation 

gradient tensor, ╕, such that: 
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╕
‬●

‬♣
 ÏÒ Ὂ

‬ὼ

‬ 
 (3.2) 

The velocity, ○, of the material point, ὴ, is given as: 

○
‬●

‬ὸ
 (3.3) 

The spatial velocity gradient tensor, ╛, is then: 

╛
‬○

‬●

‬○

‬♣
Ͻ
‬♣

‬●

‬╕

‬ὸ
Ͻ╕ ╕Ͻ╕  (3.4) 

where ╕  is the inverse of ╕. 

 

Figure 3.1: Schematic of a body undergoing motion from the reference configuration to the 
current configuration. 

3.2.2 Strain and strain rate measures 

The deformation gradient tensor is used to define key strain measures. The Green-

Lagrange strain, ╔, is given as: 
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╔
ρ

ς
╕ Ͻ╕ ╘

ρ

ς
◊ɳ ◊ɳ ◊ɳϽɳ◊  (3.5) 

where ╕  is the transpose of the ╕ and ╘ is the identity tensor. The infinitesimal 

(small) strain tensor can be found from the Green-Lagrange strain by assuming that 

the product of the infinitesimals is zero (◊ɳϽɳ◊ π), giving: 

ꜗ
ρ

ς
◊ɳ ◊ɳ  (3.6) 

The left and right Cauchy-Green strain tensors are given by: 

║ ╕Ͻ╕ÁÎÄ ╒ ╕ Ͻ╕ (3.7) 

respectively. Given that the deformation gradient tensor, ╕, is a well-defined 

second-order tensor, it can be decomposed into an orthogonal rotation tensor, ╡, 

and symmetric spatial and material stretch tensors, ╥ and ╤, respectively, using 

polar decomposition: 

╕ ╡Ͻ╤ ╥Ͻ╡ (3.8) 

Therefore, deformation can be considered as a rotation followed by a stretch (╕

╡Ͻ╤) or vise versa (╕ ╥Ͻ╡). The eigenvalues of  ╤ are known as the principal 

stretches, ‗Ӷȟȟ and the logarithmic strain can be found from ╥: 

Ⱡ ÌÎ╥ (3.9) 

Decomposition of the spatial velocity gradient, ╛, gives the symmetric rate 

of deformation, D, and the anti-symmetric spin tensor, ╦: 

╓ ίώά╛
ρ

ς
╛ ╛ἢ  

╦ ὥίώά╛
ρ

ς
╛ ╛ἢ  

(3.10) 
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Based on the definition that ╓ is the rate of true strain, the logarithmic strain rate, 

Ⱡ, is given as: 

Ⱡ ╓ (3.11) 

Therefore, the logarithmic strain can also be determined by integrating the rate of 

deformation tensor with respect to time: 

Ⱡ ╓Ὠὸ (3.12) 

where the principal referential axes remain fixed with respect to the material 

coordinates. 

3.2.3 Stress measures 

Considering a volume ɜ in Figure 3.2, the traction, ◄, is the force per unit 

area that acts on an infinitesimal surface element in the vicinity of a point ὴ in the 

current configuration. The traction vector is related to the normal ▪ at ὴ by 

Cauchyôs theorem: 

◄ ⱭϽ▪ (3.13) 

where Ɑ is the symmetric Cauchy stress tensor. The Kirchhoff stress, Ⱳ, is defined 

as: 

Ⱳ ὐⱭ (3.14) 

where ὐ ὨɜὨɜϳ  is the volume ratio of the current and reference configuration in 

the vicinity of ὴ. The first Piola-Kirchhoff stress, ╟, (or nominal stress, ╝) is given 

by: 

╝ ╟ ⱲϽ╕  (3.15) 
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These stress tensors are not necessarily symmetric.  The second Piola-Kirchhoff 

stress, ╟ ▪▀, is defined as: 

╟ ▪▀ ╕ ϽⱲϽ╕  (3.16) 

In order to visualise stress in real geometries, stress states that are independent of 

the coordinate system orientation are useful. Consider again the Cauchy (true) stress 

tensor. When a material body is subjected to external stresses it deforms. The 3D 

stress state of the material is represented by the Cauchy stress tensor, as follows: 

Ɑ

„ „ „
„ „ „
„ „ „

 (3.17) 

The Cauchy stress tensor is symmetric such that, „░▒ „▒░. Therefore, six 

component represent the stress state in 3D. The eigenvalue problem, $ÅÔⱭ ‗╘

π, leads to the following characteristic equation: 

‗ Ὅ„ ‗ Ὅ„ ‗ Ὅ„ π (3.18) 

Where the invariants of the stress tensor are given as: 

Ὅ ÔÒÁÃÅⱭ „ (3.19) 

Ὅ „ „ „ „ „ „ „ „ „  (3.20) 

Ὅ $ÅÔ„  (3.21) 

The values of these invariants are independent of the coordinate system used. 

Therefore, they may also be written in terms of the roots of the characteristic 

equation, i.e. the principal stresses: 

Ὅ „ „ „ (3.22) 

Ὅ „„ „„ „„ (3.23) 
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Ὅ „„„ (3.24) 

A stress tensor in which the principal directions are aligned with the global 

coordinate system is given as: 

„░▒

„ π π
π „ π
π π „

 (3.25) 

The Cauchy stress tensor is also commonly expressed in terms of a hydrostatic 

stress, „, and a deviatoric stress, ╢, or the stress due to shape changes: 

„▐
4ÒÁÃÅⱭ

σ
 (3.26) 

╢ Ɑ „▐╘ (3.27) 

A practical tensile equivalent stress, on von Mises stress, is commonly used: 

„○□
σ

ς
ὛὛ  (3.28) 

 

Figure 3.2: Schematic of the traction vector, ◄, on an internal surface of a body cut by a plane 

with normal, ▪, in the current configuration. 
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3.3 Constitutive modelling  

Numerous investigations have focused on the passive mechanical behaviour 

of biological soft tissues and cells. Linear-elastic (Ofek et al., 2009a), hyperelastic 

(Nolan et al., 2014, Vaughan et al., 2015), and viscoelastic (Jafari Bidhendi and 

Korhonen, 2012) constitutive models are frequently used. However, linear elasticity 

is only applicable for small strain deformation (<2%). In general, soft tissue and 

cell mechanics experience much larger strains in vivo. Non-linear hyperelastic and 

viscoelastic constitutive laws are discussed in this section. As will be demonstrated 

in Chapter 4 and 7, such formulations are suitable for the passive components of 

biological cells.  Once again it should be noted that the development and 

implementation of active biomechanical constitutive law for stress fibre 

contractility and remodelling are not presented in this chapter. Rather, this complex 

framework is presented in Chapters 4 and 7. 

3.3.1 Isotropic hyperelasticity 

Hyperelastic constitutive formulations are employed to model the large 

strain deformation of ñrubber-likeò materials and are widely used to describe the 

mechanical behaviour soft tissues. Hyperelastic formulations are defined in terms 

of a strain energy function,  , which defines the strain energy stored in a material 

per unit volume as a function of deformation. In general: 

╟
Ћ ╕

‬╕
 (3.29) 

Therefore, based on equations (3.14) and (3.15) , the Cauchy stress is given as: 

Ɑ
ρ

ὐ
╕Ͻ
Ћ ╕

‬╕
 (3.30) 
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It should be recalled that, ὐ, is the Jacobian of the deformation gradient tensor, ╕. 

The volume preserving part of the deformation gradient tensor is given as: 

╕ ὐ ╕ (3.31) 

Therefore, isotropic hyperelastic materials can be described in terms of the 

distortional part of the left Cauchy-Green tensor, ║: 

║ ὐ ║ ÏÒ ║ ╕Ͻ╕╣ (3.32) 

Considering this and the right Cauchy-Green strain tensor, ╒, the stress invariants 

can be written in terms of the principal stretches ‗, ‗, ‗. The invariants can be 

defined in terms of the principal stretches: 

Ὅ ‗ ‗ ‗ (3.33) 

Ὅ ‗‗ ‗‗ ‗‗ (3.34) 

Ὅ ‗‗‗ (3.35) 

Based on the equation (3.30) and    ὍӶȟὍӶȟὍӶȟὐ, the Cauchy stress is given as: 

Ɑ
ς

ὐ

Ћ 

ЋὍ
ὍӶ
Ћ 

ЋὍ
║
ς

ὐ

Ћ 

ЋὍ
║Ͻ║ ςὐ

Ћ 

ЋὍ
╘ (3.36) 

The following reduced order polynomial form of the strain energy density for 

compressible isotropic hyperelastic materials is given as: 

  ὅ
ς

ὐ
ὍӶ σ

ρ

Ὀ
ὐ ρ  (3.37) 

where ὍӶ is a modified version of Ὅ such that, ὍӶ Ὅ ὐϳ , and ὅ  and Ὀ  are 

material constants. The hyperelastic material models used for work carried out in 

this thesis are described Chapters 4 and 7. 
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3.3.2 Visco-hyperelasticity 

In viscoelastic materials, the stress is a function of strain and time. 

Mathematical models of linear-viscoelasticity consist of spring and dashpot 

elements to represent the elastic and viscous components, respectively. Viscous 

material behaviour in this thesis is implemented as a non-linear solid model, 

consisting of a non-linear spring and dashpot in series, which is in parallel with 

another non-linear spring (Figure 3.3-A). This approach can be thought of as a non-

linear extension of the widely used standard linear solid (SLS) model (Figure 3.3-

B).  

 

Figure 3.3: (A) Graphical representation of the stress-strain curve for a non-linear spring 
element. (B) Standard linear solid (SLS) mathematical model for viscoelasticity. 

The non-linear visco-hyperelastic formulations used in this thesis are time 

domain generalisations of the hyperelastic constitutive models. The instantaneous 

Kirchhoff stress, Ⱳ, of a compressible material is given as: 

Ⱳ ὸ Ⱳ ╕ὸ Ⱳ ὸ (3.38) 

where, Ⱳ and Ⱳ , are the deviatoric and hydrostatic parts of Ⱳ, respectively. Using 

the hereditary integral in the reference configuration for large strain materials, and 
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then using a standard push forward operator, the following equations for the current 

configuration can be obtained: 

Ⱳ ὸ Ⱳ ὸ $ÅÖ
Ὃ†ᴂ

Ὃ
╕ ὸ ὸᴂϽⱲ ὸ ὸᴂϽ╕ ὸ ὸᴂὨ†ᴂ 

Ⱳ ὸ Ⱳ ὸ
ὑ†ᴂ

ὑ
Ⱳ ὸ ὸᴂὨ†ᴂ 

(3.39) 

where, †, is the reduced time, $ÅÖʉ ᶶ ρσϳ ÔÒÁÃÅᶶȡ╘, ╕ ὸ ὸᴂ is the 

distortional deformation gradient of the state at ὸ ὸᴂ relative to ὸ, Ὃ and ὑ are 

the instantaneous small-strain shear and bulk moduli, respectively, Ὃ†ᴂ

ὨὋ†ᴂὨ†ᴂϳ , and ὑ†ᴂ Ὠὑ†ᴂὨ†ᴂϳ . Note that the reduced time represents a shift 

in time with temperature, —, and is related to the actual time through: 

Ὠ†
Ὠὸᴂ

ὃ —ὸᴂ
 ÏÒ 
Ὠ†

Ὠὸ

ρ

ὃ —ὸ
 (3.40) 

where ὃ  is the Williams-Landell-Ferry shift function. Therefore, the internal 

stresses associated with each term are as follows: 

Ⱳ ὸ
Ὣ

†
╕ ὸ ὸᴂϽⱲ ὸ ὸᴂϽ╕ ὸ ὸᴂὩ Ὠ†ᴂ 

Ⱳ ὸ
Ὧ

†
Ⱳ ὸ ὸᴂὩ Ὠ†ᴂ 

(3.41) 

where Ὣ, Ὧ, and † are Prony series parameters relating the instantaneous shear 

and bulk moduli to their associated time dependant terms, Ὃὸ and ὑὸ, 

respectively. 

Assuming the solution is known at time, ὸ, these stresses can be integrated 

forward in time and used to construct the solution at ὸ ɝὸ. It follows then that: 
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Ⱳ ὸ ɝὸ
Ὣ

†
╕ ὸ ɝὸ ὸᴂϽⱲ ὸ ɝὸ ὸᴂ

Ͻ╕ ὸ ɝὸ ὸᴂὩ Ὠ†ᴂ 

Ⱳ ὸ ɝὸ
Ὧ

†
Ⱳ ὸ ɝὸ ὸᴂὩ Ὠ†ᴂ 

(3.42) 

By assumption that  Ⱳ ὸ ɝὸ ὸ  and Ⱳ ὸ ɝὸ ὸ  varies linearly with ὸ

ɝὸ over the increment, it can be deduced that: 

Ⱳ ὸ ɝὸ ‌ὫⱲ ὸ ɝὸ ‍ὫⱲ ὸ ‎Ⱳ ὸ 

Ⱳ ὸ ɝὸ ‌ὫⱲ ὸ ɝὸ ‍ὫⱲ ὸ ‎Ⱳ ὸ 

(3.43) 

where ‎ Ὡ , ‌ ρ ρ ‎ , ‍ ρ ‎ ‎, and: 

Ⱳ ὸ ɝ╕ϽⱲ ὸϽɝ╕  

Ⱳ ὸ ɝ╕ϽⱲ ὸϽɝ╕  

(3.44) 

The total stress at the end of the increment then becomes: 

Ⱳὸ ɝὸ Ⱳ ὸ ɝὸ Ⱳ ὸ ɝὸ Ⱳ ὸ ɝὸ (3.45) 

Furthermore, the Cauchy stress can be given as: 

Ɑὸ ɝὸ Ɑ ὸ ɝὸ $ÅÖ╢ὸ ɝὸ

„ ὸ ɝὸ╘ 

(3.46) 

where the deviatoric and hydrostatic internal stresses, ╢ and „ , can be determined 

in a similar fashion as Ⱳ and Ⱳ  above. This set of equations describes the full 

implementation of the visco-hyperelastic model. 
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3.4 The finite element (FE) method  

The numerical solutions of continuum mechanics problems presented in this 

thesis are obtained using the FE method, as implemented in the commercial FE 

software, Abaqus (DS Simulia, RI, USA). In this section a brief background to 

implicit FE solution schemes is given. Furthermore, a brief summary of user 

defined material subroutines and their implementation into the Abaqus numerical 

scheme is presented. 

3.4.1 Implicit solutions 

Implicit FE method incrementally updates the stress state in the body. In 

this type of solution scheme after the deformation has been applied, the stress state 

at ὸ ɝὸ is solved iteratively by converging a residual force vector to zero. The 

Abaqus/Standard implicit solver, uses the Newton-Raphson method to minimise 

the residual forces in order to converge on stress equilibrium in the body.  

Considering once again Figure 3.2: the principal of virtual work provides the 

fundamental equation for the FE method: 

ⱠⱭὨɜ‏  Ὠ3 (3.47)◄◊‏

where, ɜ, is the reference volume bounded by a surface, 3,  and ◄ are the stress 

and surface traction vectors, respectively, and ‏Ⱡ and ‏◊ are the virtual strains and 

virtual displacements of the equilibrium equation. The FE approximation can now 

be introduced over each element (Ὡ) of volume (ɜ) and surface (3): 

Ⱡ‏ ◊‏║  (3.48) 

◊‏ ◊‏╝  (3.49) 
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where ╝  is the global shape function matrix, ║  is the elemental shape function 

gradient matrix, and ‏◊  are the nodal displacements. Then, by substituting 

equations (3.48) and (3.49) into (3.47), the principal of virtual work becomes: 

◊Ɑ║◊‏ Ὠɜ

▄

 Ὠ3◄╝◊‏

◊‏ ║Ɑ◊Ὠɜ ◊‏ ╝◄Ὠ3 π 

◊‏ ║Ɑ◊Ὠɜ ╝◄Ὠ3 π 

(3.50) 

Given that the virtual displacement, ‏◊, is arbitrary, it follows that: 

║Ɑ◊Ὠɜ ╝◄Ὠ3 π (3.51) 

Considering linear elasticity: 

Ɑ ╓Ⱡ ╓║◊  (3.52) 

where, ╓, in this case is a fourth order elasticity tensor. Therefore, where the 

external force vector, ╕ , can be defined as: 

╕ ╝◄Ὠ3 (3.53) 

the linear elasticity case of the principal of virtual work can be rewritten as: 

║╓║◊ἭὨɜ ╕ π 

║╓║Ὠɜ◊Ἥ ╕ π 

╚◊Ἥ ╕  (3.54) 
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Where, ╚, is the familiar form of the global FE characteristic/stiffness matrix. 

Returning to the general case in equation (3.51), a set of global equations in ◊ for 

the out of balance residual force, ╖, can then be assembled and solved as: 

╖◊ ║Ɑ◊Ὠɜ ╝◄Ὠ3 (3.55) 

Therefore, in order to achieve an equilibrium stress state in the body, the non-linear 

set of equations must be solved for convergence, such that: 

╖◊ π (3.56) 

In general, for boundary value problems involving non-linear geometries, 

constitutive laws, and/or boundary conditions, the residual force vector is initially 

non-zero at ὸ ɝὸ and, therefore, minimisation must be performed iteratively. At 

ὸ ɝὸ, the loads/displacements may have caused geometry deviations and equation 

(3.50) must be updated to reflect this. 

The Newton-Raphson method is an iterative process whereby a tangent to 

the function, Ὢὼ, in the current solution is used to approximate to a closer, more 

accurate solution:  

ὼ ὼ
ὨὪ

Ὠὼ
ϽὪὼ  (3.57) 

This process continues iteratively until a tolerance is achieved such that an accurate 

approximation is obtained: 

ȿὼ ὼȿ 4ÏÌÅÒÁÎÃÅ (3.58) 

Within the increment of an implicit analysis, after an initial guessȟ◊ , 

the Newton-Raphson numerical scheme iterates from time ὸ to ὸ ɝὸ for all nodal 

displacements, ◊  , until an equilibrium between internal forces and externally 
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applied loads/displacements reach a stable equilibrium, i.e. equation (3.56). 

Therefore, the Newton-Raphson minimisation process is applied to the residual 

force vector: 

╖◊ π (3.59) 

For the i th iteration: 

◊ ◊
‬╖◊

‬◊
Ὃ◊  (3.60) 

Therefore the change in nodal displacements gives: 

‬◊ ◊ ◊
‬╖◊

‬◊
Ὃ◊  (3.61) 

which can be written in terms of the tangent stiffness matrix, ╚, to form the linear 

equation for the problem: 

╚◊
‬╖◊

‬◊
 

╚◊ ‬◊ ╖◊  

(3.62) 

These are the FE equations that must be solved for in each iteration in the process, 

such that now:  

╖◊ 4ÏÌÅÒÁÎÃÅ (3.63) 

In contrast to the linear elastic form given in equation (3.54), in the non-linear 

implicit solution scheme the solution variable must be incrementally displaced. 

Finally, the tangent stiffness matrix is expressed as:  
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╚◊
‬╖◊

‬◊

‬

‬◊
║Ɑ◊Ὠɜ ╕

‬

‬◊
║Ɑ◊Ὠɜ ║

‬Ɑ◊

‬◊
Ὠɜ

║
‬Ɑ◊

‬Ⱡ

‬Ⱡ

‬◊
Ὠɜ ║

‬ⱭⱠ

‬Ⱡ
║Ὠɜ 

╚◊ ║╓ ║Ὠɜ 

(3.64) 

where the consistent tangent matrix, ╓ , is the Jacobian of the constitutive law: 

╓
‬ⱭⱠ

‬Ⱡ
 (3.65) 

It should be noted that for each Newton-Raphson iteration, it is necessary to 

calculate and invert tangent stiffness matrix, ╚. While this is computationally 

expensive, it ensures an accuracy solution. Furthermore, compared to other solution 

techniques such as the ñexplicitò method, it facilitates the use of relatively large 

time steps. 

3.4.2 Implementation of user defined constitutive laws (UMATs)  

Abaqus has numerous in-built material constitutive formulations pre-coded 

in the program library which allow for the simulation of a wide range of materials. 

Abaqus also provides the ability for the user to define a new constitutive 

formulation through a user defined material subroutine (UMAT). For each time 

increment and Newton-Raphson iteration, the UMAT is called by the main program 

at each integration point to define the mechanical behaviour. The UMAT must 

calculate the stress state at the end of the increment/iteration using the deformation 

state and time increment as input. Furthermore, a consistent tangent matrix 

(material Jacobian), ᴇ , must be computed. 
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The material Jacobian defines the change in stress at the end of the time 

increment caused by the infinitesimal perturbation of strain. In the Abaqus code, 

the material Jacobian is defined as: 

ᴇ
‬ɝⱭ

‬ɝⱠ
 (3.66) 

In this thesis, a perturbation method, previously described by Miehe (1996) and 

later used in non-linear hyperelasticity implementations by Sun et al. (2008) and 

Nolan et al. (2014), is employed to create a numerical approximation of the material 

Jacobian. This approximation uses a linearized incremental form of the tangent 

modulus tensor for the Jaumann rate of the Kirchhoff stress, ᴇ : 

ЎⱲ Ў╦Ⱳ ⱲЎ╦ ᴇ ȡῳ╓ (3.67) 

where Ⱳ is the Kirchhoff stress. ╦ and ╓ are the antisymmetric and symmetric parts 

of the spatial velocity gradient, ╛, respectively, described previously in equations 

(3.10). Recall that Ў╛ Ў╕╕  and ╕ is the deformation gradient. By perturbing 

the deformation gradient on the above linearized form, the tangent moduli can be 

approximated by a forward difference of the associated Kirchhoff stresses. The 

perturbation is performed on each of the degrees of freedom in the simulation. For 

a full 3D case this requires perturbing the deformation gradient six times, once for 

each component of ῳ╓: 

Ў╕
ᶰ

ς
ὩṧὩ╕ ὩἆὩ╕ (3.68) 

where ɴ  is a small perturbation parameter and Ὡ ȟȟ denotes the basis vector in 

the spatial description. Thus, the material Jacobian, ᴇ , obtained from the 

perturbation of Ў╕  is given as: 
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ᴇ
ρ

ὐɴ
†╕ †╕  (3.69) 

where ὐ is the determinant of the deformation gradient, and ╕ ╕ Ў╕ . For 

each perturbation of equation (3.69), six independent components of ᴇ  are 

determined. Combining these 6x1 arrays creates the required 6x6 material Jacobian 

for a 3D simulation. A flowchart of this process is shown in Figure 3.4. 

 

Figure 3.4: Flowchart of the perturbation method for obtaining a numerical approximation of 
the material Jacobian at an integration point. 
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4 On the role of the actin 

cytoskeleton and nucleus in 

the biomechanical response of 

spread cells  

4.1 Introduction  

The micropipette aspiration (MA) technique is used extensively to study the 

mechanical behaviour of single cells (Hochmuth, 2000). However, primarily due to 

the technical complexity of performing MA on cells adhered to a substrate or 

extracellular matrix (ECM), the MA technique has largely been limited to the 

investigation of un-adhered cells suspended in media. Previous experimental MA 

studies have focused on suspended endothelial cells (Sato et al., 1987b, Sato et al., 

1990, Sato et al., 1996), suspended chondrocytes (Trickey et al., 2006, Trickey et 

al., 2000, Trickey et al., 2004, Guilak et al., 1999, Jones et al., 1999, Ohashi et al., 

2006, Pravincumar et al., 2012), suspended stem cells (Tan et al., 2008, Yu et al., 

2010, Ribeiro et al., 2012), and suspended fibroblasts (Thoumine and Ott, 1997a, 

Zhou et al., 2010). Critically, in suspended cells a fibrillous contractile actin 

cytoskeleton is not developed (Sato et al., 1987b, Reinhart-King et al., 2005, 

Haghparast et al., 2013). In contrast, cells adhered to a substrate or ECM develop a 
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highly structured contractile actin cytoskeleton (Munevar et al., 2001, Thoumine 

and Ott, 1996, Li et al., 2007, Zaleskas et al., 2004, Tan et al., 2003, Lemmon et al., 

2005, Tee et al., 2011, Roy et al., 2009). Therefore, the study of un-adhered 

suspended cells provides limited insight into the behaviour of contractile cells. The 

development of a robust MA system to investigate the biomechanical behaviour of 

spread adhered cells, with emphasis on the contribution of the actin cytoskeleton, 

would represent a significant advance in the field of experimental cell mechanics. 

Previous studies have assumed simple viscoelastic constitutive behaviour 

for cells in order to interpret MA experimental data (Sato et al., 1990, Nawaz et al., 

2012, Tozeren et al., 1992). However, such material models fail to consider the 

underlying biomechanisms of cell response to mechanical stimuli and a number of 

studies have demonstrated that passive material model parameters must be 

artificially altered if any experimental parameter is altered (McGarry, 2009, Caille 

et al., 2002, McGarry and McHugh, 2008, Thoumine et al., 1999), i.e. a unique set 

of passive material properties cannot be identified for a cell. The significant 

contribution of the actin cytoskeleton to the mechanical response of cells has been 

demonstrated in numerous experimental studies (Thoumine and Ott, 1997b, Shao 

et al., 2000, Nagayama and Matsumoto, 2010, Ofek et al., 2010, Dowling et al., 

2012, Trickey et al., 2004). It has recently been demonstrated that a computational 

cell model must include the key features of remodelling and contractility of the 

actin cytoskeleton in order to provide a realistic prediction of cell biomechanical 

response to physical stimuli (McGarry et al., 2009, Dowling et al., 2012, Ronan et 

al., 2012, Weafer et al., 2013, Ronan et al., 2014). Such advanced modelling 

techniques have not previously been applied to the simulation of MA of cells. The 

incorporation of the key bio-chemo-mechanical features of actin cytoskeleton 
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remodelling and contractility should be of particular importance to the modelling 

of MA of spread adhered cells which contain a highly developed network of actin 

stress fibres (SFs). 

Significantly advancing on the previous studies of suspended cells, the 

current chapter develops an experimental technique for the MA of spread adhered 

cells. In particular, the important role of the actin cytoskeleton is investigated, both 

in terms of its contribution to the mechanical response of the cell, and in terms of 

its redistribution in the cytoplasm during MA. Importantly, it is demonstrated that 

passive viscoelastic models do not provide an accurate prediction of the observed 

response of spread cells to MA. It is revealed that the use of a fully predictive active 

bio-chemo-mechanical formulation of SF contractility and remodelling is required 

to accurately capture the response of spread adhered cells over a range of applied 

pressures. Finally, experimental-computational quantification of nucleus 

deformability during MA of spread cells is presented. 

4.2 Materials and methods 

4.2.1 Sample preparation 

Human umbilical vein endothelial cells (HUVEC) were obtained from 

Promocell (C-14010, Heidelberg, Germany) and grown as per Promocell protocols 

(Promocell). Cells are seeded onto gridded coverslips (Bellco, 1916-92525, NJ, 

USA) inside petri dishes. The alpha-numeric grid, photoetched onto the coverslips 

enables the relocation of specific cells. Cells are allowed to adhere to the substrate 

for two hours before 3 ml of media is added. The SF networks developed at this 

time result in a spread adhered cell morphology, consistent with previous studies 

(Yeung et al., 2005, Reinhart-King et al., 2005). In order to prepare cells in which 
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the SFs have been disrupted, the media added at this point contains sufficient 

cytochalasin-D (cytoD) to completely inhibit actin polymerisation (Bio Sciences, 

Dublin, Ireland). CytoD concentrations (1 µM and 2 µM) and treatment times (²30 

minutes) used are based on previous studies (Ali et al., 2004, Hayakawa et al., 2008, 

Cuschleri et al., 2003, Knudsen and Frangos, 1997, Nishitani et al., 2011, Sawyer 

et al., 2001). To ensure that the actin cytoskeleton is completely depolymerised, the 

protocol is verified by immuno-fluorescent staining and also by MA of cytoD 

treated cells (cytoD cells) with varying molarity concentrations. Experiments are 

performed on all cells 3±0.5 hours after reseeding. 

4.2.2 Microscopy and visualisation technique 

The prepared cells are loaded into a custom built MA system (Figure 4.1) 

mounted on a live cell imaging microscope with an environmental chamber 

(Olympus, IX-51 inverted microscope, Southend, UK). The environmental 

chamber enables incubation conditions (37°C and 5% CO2) to be maintained during 

MA experiments. In order to monitor MA of cells on flat horizontal substrates using 

an inverted microscope, a mirror (Thorlabs Ltd., PFSQ10-03-P01, Cambridgeshire, 

UK) is positioned in contact with the substrate aligned at a 45° angle (Figure 4.1-

A). The system facilitates visualisation of the target cell from multiple perspectives 

during experiments (bottom-up or from the side). The mirror configuration 

obstructs the microscopesô in-built light source, hence it is necessary to use a 

separate LED light source to illuminate the area beneath the mirror. It is important 

to note that incandescent light can overheat cells, leading to necrosis, whereas no 

heat radiates from the LED source. To utilise the optical path created by the mirror, 

the focal plane of the objective must be adjusted through the monolayer until the 
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reflected image of the cells is observed (Figure 4.1-A). Therefore, a long working 

distance objectives is required in order to obtain usable focal planes. 

 

Figure 4.1: (A) MA is visualised using a mirror aligned at 45° to the substrate surface. (B) 
Pressure is generated using a u-tube manometer and applied instantaneously onto spread 
adhered cells using a 3-way stopcock. A PBS filled damping chamber minimises pressure 
fluctuations at the tip of the micropipette. (C) A schematic diagram of adhered cells before 
and after step application of pressure, ȹP. Negative pressure causes deformation of the cell 
into the micropipette, and aspiration length, LA, is measured is shown as a function of time, t. 
Note: image is not to scale. 

4.2.3 Micropipette aspiration rig and data acquisition 

Custom designed micropipette tips (TPC, Thebarton, Australia) are attached 

to a pressure control system and micromanipulator (Sutter Instruments, MM-1, CA, 

USA) using a modified microelectrode holder (A-M Systems, WA, USA). 

Micropipettes have a radius of 5 µm (Rpip) and have a 50° bend 1 mm from the tip 

to facilitate positioning sufficiently close to the 45° aligned mirror. Micropipettes 

are coated with a siliconising reagent (Sigmacote, SL2, Sigma-Aldrich Ireland Ltd., 

Arklow) to inhibit cell adhesion. Using the micromanipulator and multiple 

perspective visualisation capability, the micropipette tip is positioned above the 

cell. The micropipette is then lowered until contact with the cell surface is 
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established, leading to a light seal. The aspiration pressure is then applied 

instantaneously by turning a 3-way stopcock (Figure 4.1-B). Pressure, Ўὴ, is 

generated by adjusting the height, ЎὬ, of water in the u-tube manometer (ЎὬᶿЎὴ), 

and fluctuations are minimised using a damping chamber that is filled with 

phosphate buffered saline (PBS). This method of pressure control is similar to a 

previously described MA system (Sato et al., 1987b). Note that the pressure is  

The applied pressure is maintained for 300 s and the cell begins to deform 

into the micropipette gradually over time. Image sequences are acquired at 2 

frames/s at a magnification od 40x, from which the aspiration length, LA, is 

measured using ImageJ software (Schneider et al., 2012). Aspiration length is the 

distance between the opening of the micropipette tip where the cell enters, and the 

furthermost point of the cell inside the micropipette (Figure 4.1-C). Aspiration 

lengths are normalised by the micropipette diameter (LA/Rpip), and plot as a function 

of time, t (in seconds, s). Statistical analysis is performed using Minitab ver. 16 

(Minitab Ltd., Coventry, UK). A two-way analysis of variance (ANOVA), with 

time and pressure as the independent factors, is used with a Tukey HSD test to 

examine the effect of the pressure variation on control cells. Student t-tests are used 

to test the significance of cytoD cell results. For all comparisons, statistical 

significance is declared if p<0.05. 

4.2.4 Immuno-fluorescent staining 

After 300 s of MA, cells are fixed using a 4% paraformaldehyde solution. 

Fixed cells are treated with 0.1% triton solution for 5 mins to permeablise. Cells are 

then kept in a blocking solution of 10% FBS fetal bovine serum in PBS for 30-60 

mins. Rhodamine conjugated phalloidin and Hoechst Dye 33342 (Molecular 

Probes, Life Technologies, NY, USA) are used to stain the actin filaments and 
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nucleus, respectively. Washing 3 times with PBS is performed before and after each 

step. The coverslips containing cells are prepared for confocal imaging by mounting 

on glass slides. Prolong Gold Antifade Reagent (Molecular Probes, Life 

Technologies, NY, USA) is used to preserve staining quality and samples are kept 

below 4°C before obtaining fluorescent images. An Andor Revolution spinning 

disk confocal microscope (Yokogawa CSU-X1 Spinning disk unit & Olympus 

IX81 microscope) is used to image fluorescently stained samples. The cell of 

interest is found by returning to the recorded location on the coverslipôs alpha-

numeric grid using phase-contrast before z-stacks images of the aspirated cell are 

obtained at 60x magnification (unless otherwise specified). Two image channels 

are captured at each plane of focus, using laser excitation of 405 nm to visualise the 

nucleus and excitation of 564 nm to visualise the actin filaments. A step size of 1 

µm is used between each z-plane to a depth sufficient to capture the entire cell. Z-

stack images are processed using Andor IQ software version 2.3. 3D kymography 

based on the captured z-stacks is also performed using Andor iQ software. 

4.2.5 Computational methods 

A bio-chemo-mechanical framework that considers the biochemistry 

inherent to SF formation, active contractility, and tension dependant dissociation is 

used to simulate the actin cytoskeleton in the cytoplasm (Deshpande et al., 2007). 

Summarising the 3D active SF framework, which is described in full by Deshpande 

et al. (2007) and Ronan et al. (2012), a first order kinetic equation is used to capture 

formation and dissociation of SFs: 

Ὠ–

Ὠὸ
ρ –

ὅὯ

—
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„
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Ὧ

—
 (4.1) 
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where ɖ is the non-dimensional activation level of a SF π – ρ. Ὧ and Ὧ are 

forward and backward reaction rate constants, respectively. C is an activation signal 

for SF formation that decays over time (ὅ ÅØÐὸ—ϳ ). — is a decay constant for 

the signal. 

To simulate the contractile behaviour of the fibre bundle a Hill-like equation  

is used:  

„

„
ρ
Ὧ

–

‐

‐
Ƞ   

–

Ὧ

‐

‐
π (4.2) 

where ‐ is the fibre contraction/extension strain rate. This equation gives fibre 

tension normalised by the isometric tension level bound by zero and the model 

parameters, Ὧ and ‐.  For fibres with a small negative strain, the tension will 

increase up to the isometric tension level („ –„ ) at zero strain rate. Fibres 

with a smaller negative strain rate (‐‐ϳ –Ὧϳ ) exhibit zero tension, and those 

undergoing positive strain rate (‐ π), have a constant tension equal to the 

isometric tension. The active framework is implemented in a user-defined material 

subroutine (umat) in the finite element software Abaqus 6.9 (Simula, Providence, 

RI, USA). In order to visualise areas of high SF alignment for direct comparison 

with fluorescent images, the variance parameter   – –  is calculated at 

each integration point and used in Abaqus/CAE contour plots. –Ӷ is the average 

activation level of all SFs at each point in the cytoplasm (–Ӷ В – ὲϳ ). To 

simulate experiments in which SFs have been eradicated, the active formulation is 

removed from the cytoplasm material make-up, leaving only passive elements in 

the cell. 
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A neo-Hookean hyperelastic formulation is used to model the passive non-

contractile cytoplasm and nucleus behaviour in the cell. The neo-Hookean stress 

tensor is given as: 

„
Ὃ

ὐ
ὄ

ρ

σ
ὄ ‏ ὑὐ ρ (4.3) 

where Ὃ and ὑ are material shear and bulk moduli, respectively, and ὄ is 

determined from the deformation gradient, Ὂ: 

ὄ
ὄ

ὐȾ
ὊὊ

ÄÅÔ Ὂ Ⱦ
 (4.4) 

Passive viscoelastic material behaviour is modelled using a one term Prony 

series: 

Ὃὸ Ὃ ρ ὫӶρ Ὡ  (4.5) 

ὑὸ ὑ ρ Ὧ ρ Ὡ  (4.6) 

where † is the time constant for the material. ὫӶ and Ὧ  are dimensionless Prony 

series parameters used in the calculation of long-term shear (Ὃὸ) and bulk (ὑὸ) 

moduli, respectively. The subscripts ócytoô and ónuclô are used to denote passive 

material properties associated with the cytoplasm and nucleus, respectively. 

4.2.6 Finite element model development 

Cell base radius (RC), nucleus radius (RN), and cell height (HC) are acquired 

from fluorescent and brightfield images using ImageJ software and are used to 

determine cell geometries (Figure 4.2). Cell and nucleus radii are calculated from a 

sample of measured areas (Figure 4.2-A). Height is measured directly from 
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brightfield side view images (Figure 4.2-B). An axisymmetric mesh is generated 

based on geometrical measurements. An axisymmetric rigid body is used for the 

micropipette and micropipette-cell contact is assumed to be frictionless. It should 

be noted that for the axisymmetric cell geometry, the full 3D stress tensor is 

calculated as SFs are not confined to the axisymmetric plane. Further simulations 

were performed to ensure that the micropipette fillet radius has a minimal affect on 

computed aspiration length (data not shown). A rigidly bonded interaction between 

the cell and substrate is assumed. 

Before MA is simulated in contractile cells, an equilibrium distribution of 

SFs is computed in the cell. This initial analysis step represents the seeding of 

untreated contractile cells on the substrate. This step is not required for cytoD cell 

simulations. In the next analysis step, the micropipette is moved into a position so 

that it is just in contact with the cell membrane, and pressure is ramped up linearly 

over a 5 s period using a user-defined non-uniform distributed load subroutine. In 

order to mimic experimentally applied loading, pressure is applied to the cell 

membrane within the micropipette only. The constant pressure is maintained for a 

further 300 s while deformation occurs. The aspiration length is measured as the 

distance from the micropipette entrance to the furthermost point of the cell within 

the micropipette, similar to experimental methods. 
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Figure 4.2: To generate cell geometries fluorescent and brightfield images of cells are utilised. 
(A) By measuring the area of cells and nuclei in fluorescent images, cell base radius (RC) and 
nucleus radius (RN) can be calculated. (B) Cell height (HC) is measured directly from brightfield 
images. (C) Diagram of an idealised axisymmetric cell geometry indicating cell height and 
base radius. Magnification of fluorescent image is 10x. Scale bars = 20 µm.  

4.3 Results 

4.3.1 MA of untreated and cytoD treated adhered cells 

In Figure 4.3-A, typical experimental images of cytoD treated and untreated 

cells are shown prior to the application of the aspiration pressure. A spread 

morphology is observed for untreated contractile cells (Figure 4.3-A(i)) with a 

highly developed network of SFs (Figure 4.2-A). Treatment with cytoD results in a 
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break-down of all SFs in the cell, altering the morphology (as illustrated in 

Appendix A). Prior to aspiration, the measured height of cytoD cells is found to be 

9.2±2.0 µm (Figure 4.3-A(iii)) compared to 6.8±1.6 µm for untreated cells. This 

demonstrates that the contractile action of the actin cytoskeleton reduces cell height. 

Upon the application of a 100 Pa pressure, the cell aspirates approximately 

5.3±1.9 µm into the micropipette after 300 s, as shown in Figure 4.3-A(ii). 

Application of a 100 Pa pressure to the cytoD treated cell results in a much higher 

aspiration length of 10.8±2.0 µm (Figure 4.3-A(iv)). This demonstrates that the 

removal of the actin cytoskeleton results in a more deformable cell. 

Figure 4.3-B shows normalised aspiration length as a function of time for 

untreated and cytoD cells. CytoD cell aspiration length is significantly higher than 

that of an untreated cell (p<0.05 at all time points); aspiration lengths for cytoD 

cells are ~2 times higher than untreated cells over the 300 second time span 

following pressure application. A similar curve shape is observed for both groups, 

with 70-75% of aspiration occurring within 100 s in all cases. Doubling the cytoD 

concentration from 1 µM to 2 µM has no statistically significant effect on cytoD 

aspiration length at any point (p>0.05). The normalised aspiration length as a 

function of time for experiments in which each cytoD concentration are used are 

shown in Appendix B. 
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Figure 4.3: (A) Representative brightfield side view images of an adhered untreated contractile 
cell and a cytoD treated cell are shown. (i) An untreated cell in a sub-confluent monolayer. (ii) 
Deformation of an untreated cell 300 s after pressure application. (iii) A cytoD treated cell in a 
sub-confluent monolayer. (iv) Deformation of a cytoD treated cell 300 s after pressure 
application. (B) Normalised aspiration length is shown as a function of time for cytoD treated 
and untreated cells. Note that all images and results correspond to a 100 Pa applied pressure. 
Scale bar = 10 µm. 

Table 4.1: Properties for material models used to represent the nucleus and cytoplasm. 

 Passive Parameters Active SF Model Parameters 

Cytoplasm 
Ὃ  (kPa) ὑ  (kPa) Ὧ Ὧ 

„  
(kPa) 

— (s) Ὧ ‐ (s-1) 

0.026 0.25 1 30 3 70 1 0.003 

Nucleus 
Ὃ  (kPa) ὑ  (kPa)       

0.07 2.5       

 

As detailed in Section 4.2.5, cytoD cells are simulated using passive 

material models. A good fit is established with experimentally measured aspiration 

data for the cytoD treated cells, as shown in Figure 4.4-A. Hyperelastic material 

parameters are specified in Table 4.1. Prony series parameters are ὫӶ  = Ὧ  = 

0.9 and †  = 20 s. The contribution of SFs to the mechanical response of 

untreated cells is simulated via a computational framework that accounts for SF 

formation, remodelling, and contractility. It is demonstrated in Figure 4.4-A that 
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the addition of the active framework (in parallel with the passive cytoplasm material 

behaviour calibrated for the cytoD cell) results in a significant reduction in 

aspiration length, in agreement with experimental data. Importantly, these active 

SF model parameters are used, without exception, for all active simulations 

presented in the current chapter. It should be stressed that the response of the active 

cell to MA is not achieved by simply calibrating a passive material model; rather, 

it is achieved by superimposing an active bio-chemo-mechanical framework for SF 

remodelling and contractility onto the passive material components (calibrated for 

a cytoD cell above). In essence, Figure 4.4-A demonstrates the ability of the 

modelling framework to accurately represent the experimentally parsed 

contribution of the actin cytoskeleton to MA. 

In Figure 4.4-B, contour plots of the max principal stresses resulting from 

simulations are shown. Prior to the application of pressure, significant stresses are 

computed throughout the cytoplasm of the active cell due to SF contractility (Figure 

4.4-B(iii)), whereas the passive cell is in a stress-free state (due to an absence of 

contractile SFs) (Figure 4.4-B(i)). In Figure 4.4-B(ii) and -B(iv), stress contours in 

the passive and active cells are shown after a 100 Pa pressure is applied for 60 s. 

Even though the passive cell is aspirated further into the micropipette, the observed 

cytoplasm stresses are smaller than in the active cell cytoplasm, showing that the 

active stresses generated by the SF framework dominate the stress state in the active 

cell even when applied deformations are large. It should also be noted that the 

deformed nucleus shape and nucleus stress distribution for the passive cell differs 

from that of the active cell. 
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Figure 4.4: (A) Normalised computational and experimental aspiration length as a function of 
time for untreated and cytoD treated cells subjected to an applied pressure of 100 Pa. (B) 

Computed distribution of maximum principal stress (ⱭἵἩὀ ἸἺἱἶἫἱἸἩἴ) in passive and active cell 

simulations. The passive viscoelastic model is used to simulate cytoD cell response and the 
active SF model is placed in parallel with the passive viscoelastic model to simulate untreated 
cell response. (i) Passive model prior to application of applied pressure (stress free reference 
configuration). (ii) Computed stress state in passive viscoelastic cell 60 s after pressure 
application. (iii) Stress state in the cell and nucleus prior to application of applied pressure, 
computed using the active SF model. (iv) Stress state in the cell and nucleus 60 s after 
pressure application, computed using the active SF model. Insert shows a zoomed image of 
the stress distribution at the entrance to the micropipette. 

4.3.2 MA of untreated spread adhered cells over a range of applied pressures 

Figure 4.5 shows the normalised experimentally observed aspiration length 

as a function of time for a range of applied pressures (100 Pa, 500 Pa, and 800 Pa). 

All tests are performed on untreated contractile cells (it should be noted that full 

detachment of cytoD treated cells occurred for applied pressures of 500 Pa, whereas 

untreated cells remain fully adhered for all reported tests). As expected, higher 

applied pressures result in higher aspiration of the cell into the micropipette. 

Computational simulations using the active SF framework are also shown in Figure 

4.5-A. The active model provides accurate predictions of cell aspiration length for 

the range of pressures considered experimentally. It is critical to note that active 

cell model parameters calibrated in Figure 4.4 are used for all simulations presented 

in Figure 4.5-A. In contrast to the active model, the passive viscoelastic model for 

the cytoplasm does not provide accurate predictions, as shown in Figure 4.5-B. This 
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simplified viscoelastic model parameters are fitted to provide a reasonable 

prediction of the 100 Pa experimental data. However, highly inaccurate results are 

computed for simulation of the cell response to applied pressures 500 Pa and 800 

Pa. This important result clearly demonstrates the inadequacy of passive cell 

models which ignore the biomechanical behaviour of the actin cytoskeleton. 

Finally, unless otherwise stated, it should be noted that nucleus properties of 

Ὃ   0.07 kPa and ὑ  2.5 kPa are used in all simulations. The mechanical 

behaviour of the nucleus is considered further in the following section (Section 

4.3.3). 

  

Figure 4.5: Normalised aspiration length as a function of time for untreated cells subjected to 
a range of applied pressures (100 Pa, 500 Pa, and 800 Pa). Symbols and error bars represent 

experimental (Exp) results (n²10) and lines represent computational predictions. (A) 
Computed results using the active SF model (Active). (B) Computed results using a passive 

viscoelastic model (Visco) (╖╬◐◄▫ 0.068 kPa, ╚╬◐◄▫  0.67 kPa,  ▌╬◐◄▫
╟  ▓╬◐◄▫

╟  0.9, Ⱳ╬◐◄▫ 40 

s). Experimental results are superimposed in both (A) and (B) for direct comparison with 
computational predictions. 

In Figure 4.6-A(top), a typical brightfield microscopy image of an untreated 

contractile cell subject to 500 Pa pressure for 300 s is shown. Fluorescent imaging 

is performed to visualise the actin cytoskeleton and nucleus following MA. By the 

3D rendering of z-stacks obtained using confocal microscopy, a side view of a 
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deformed cell is acquired, as shown in Figure 4.6-A(bottom). It is clear from the 

side view profile that the nucleus is completely aspirated into the micropipette in 

the 500 Pa experiment, with SFs being confined to the outer radius of the aspirated 

section of the cell and the cell base. A computational simulation using the active 

modelling framework is presented in Figure 4.6-B, showing the predicted deformed 

cell morphology and SF distribution, again for a 500 Pa MA pressure applied for 

300 s. Similar to the experimental image, the entire nucleus is predicted to aspirate 

into the micropipette. SFs are predicted to extend from the base of the cell into the 

micropipette. The aspirated SFs are computed near the outer surface of the cell, 

even in the region below the micropipette where there is no nucleus present (Figure 

4.6-B(i)). Inside the micropipette the nucleus occupies the majority of the aspirated 

volume, with predicted SFs occurring to the sides (Figure 4.6-(ii)) and above 

(Figure 4.6-B(iii)) the nucleus.   
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Figure 4.6: (A) Experimental brightfield (top) and 3D rendered fluorescent side view images of 
aspirated cell (bottom). (B) Computed SF distribution (Ʉ) in an aspirated cell using the active 
SF model. Zoomed-in images are shown at: (i) the micropipette entrance; (ii) mid-point of 
aspirated section; and (iii) top of the aspirated section of the cell. Results shown correspond 
to a pressure of 500 Pa applied for 300 s. Scale bars = 10 µm. 

Further fluorescent images are shown in Figure 4.7; selected z-stacks at four 

different levels are presented. The base slice in each case shows a significant 

distribution of SFs near the base of the cell. At the micropipette entrance, fibres are 

predominantly found at the outer radius of the aspirated portion of the cell. It should 

be noted that the arrangement of SF at this level is not due to the presence of the 

nucleus, as the fully aspirated nucleus is positioned above the micropipette entrance 

in all cases. The aspirated nuclei are surrounded by SFs, as evidenced by the mid 

aspiration and top of aspiration slices. Out of plane 3D rendered images of two of 

the aspirated cells are shown in Figure 4.8. Distinct bands of SFs extending 

vertically in the aspirated portion of the cell can be observed in Figure 4.8-A. 

Aligned SFs extending into the micropipette entrance are evident in Figure 4.8-B, 

with a high density of actin in the aspirated section. Kinking or bending of the 
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aspirated portion can occur due to the fixing and staining protocol performed prior 

to fluorescent imaging. However, the overall SF distributions are visible from 

Figures 4.5-4.7 despite this unavoidable experimental drawback. 

 

Figure 4.7: Individual z-stack images of aspirated cells fluorescently stained for SFs and 
nuclei for three cells (A-C). Stacks at the base of the cell (Base), at the micropipette entrance 
(Entrance), midway along the aspirated section of cell (Mid), and at the top of aspirated section 
of the cell (Top) are presented. Scale bars = 10 µm. 
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Figure 4.8: Out of plane 3Drendered images of the actin cytoskeleton in aspirated cells. (A) 
Bands of SFs that extend along the aspirated portion of the cell are observed. The arrow in 
the zoomed-in inset image indicates the direction of the SFs. (B) SFs that extend from the 
base into the aspirated portion of the cell are indicated in zoomed-in inset images. 

4.3.3 Investigation of nucleus mechanical behaviour 

In all simulations presented above in Sections 4.3.1 and 4.3.2, a nucleus 

shear modulus of 0.07 kPa and bulk modulus of 2.5 kPa are used. These values are 

determined from a detailed parametric investigation, as illustrated in Figure 4.9. 

Simulations are performed for an applied pressure of 500 Pa and corresponding 

experimental data are reproduced in all plots for comparison. In Figure 4.9-A a 

parametric investigation of nucleus shear modulus is presented (for a constant bulk 

modulus of 2.5 kPa). An excellent correlation with experimental results is obtained 

for a shear modulus 0.07 kPa. An increase in shear modulus from 0.07 to 0.1 kPa 
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results in a 33% decrease in aspiration length at 300 s, demonstrating that computed 

aspiration length is highly sensitive to nucleus shear modulus.  As is evident in 

Figure 4.9-A, a change in shear modulus also significantly affects the aspiration 

rate (slope of the curve), again only a value of 0.07 kPa provides an accurate 

prediction of experimental results.  

In Figure 4.9-B a range of shear moduli is again considered, but for a lower 

bulk modulus of 0.2 kPa. In this case no value of shear modulus provides an 

accurate representation of the experimental aspiration curve. For a shear modulus 

of 0.1 kPa the correct aspiration length is computed at 300 s, but computed values 

are inaccurate at earlier time points due to an incorrect aspiration rate. It should be 

noted that, for both the high bulk modulus (Figure 4.9-A) and the low bulk modulus 

(Figure 4.9-B), the nucleus is computed to fully aspirate into the micropipette only 

if the shear modulus is less than 0.1 kPa.  It should be recalled from the experimental 

images of Figures 4.5-4.7 that the nucleus fully aspirates into the micropipette for 

an applied pressure of 500 Pa. 

In Figure 4.9-C a range of nucleus bulk moduli is considered while shear 

modulus is kept at a constant value of 0.14 kPa. In this case no bulk modulus value 

gives an accurate representation of the experimental aspiration curve. A substantial 

increase in bulk modulus from 1 kPa to 40 kPa results in only a 12% decrease in 

aspiration length at 300 s demonstrating that computed aspiration length is 

relatively insensitive to bulk modulus changes in this range. For a reduction of the 

bulk modulus to a value less than 1 kPa an increase in aspiration length is computed. 

However, the computed aspiration rate is not affected by the bulk modulus and is 

lower than the experimentally observed aspiration rate for a shear modulus of 0.14 

kPa considered in Figure 4.9-C.  It should also be noted that for this value of shear 
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modulus, the lowest bulk modulus considered in Figure 4.9-C (0.093 kPa) 

corresponds to a Poissonôs ratio of zero. Therefore, for the given shear modulus 

(0.14 kPa), full aspiration of the nucleus into the micropipette is not possible, 

regardless of the bulk modulus used. 

In Figure 4.9-D a range of bulk moduli is again considered but for a lower 

shear modulus of 0.07 kPa. As noted above in Figure 4.9-A, this value of shear 

modulus in conjunction with a bulk modulus of 2.5 kPa provides a good agreement 

with the experimental data. However, as is evident in Figure 4.9-D, any value of 

bulk modulus in the range from 1 kPa to 40 kPa provides a reasonable prediction 

of the experimental behaviour. For bulk moduli less than 1 kPa computed aspiration 

lengths are higher than those observed experimentally. However, the computed 

aspiration rate is insensitive the value of bulk modulus, with all computational 

curves being parallel to the experimental curve in Figure 4.9-D. Importantly, full 

aspiration of the nucleus is computed for all simulations reported in Figure 4.9-D. 
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Figure 4.9: Parametric investigation of nucleus material properties. Active SF model is used 
to simulate the cell response to a 500 Pa applied pressure and different nucleus shear (Gnucl) 
and bulk (Knucl) modulus values are considered. Normalised aspiration lengths as a function 
of time are shown and the 500 Pa experimental data is superimposed in all plots (red square 
data points) for direct comparison with computational results. (A) Shear modulus is varied 
between 0.04 kPa and 0.14 kPa, with a constant nucleus bulk modulus of 2.5 kPa. (B) Shear 
modulus is varied between 0.07 kPa and 0.2 kPa with a constant nucleus bulk modulus of 0.2 
kPa. (C) Bulk modulus is varied between 0.093 kPa and 40 kPa, with a constant nucleus shear 
modulus of 0.14 kPa. (D) Bulk modulus is varied between 0.2 kPa and 40 kPa, with a constant 
nucleus shear modulus of 0.2 kPa. The curve that best fit the 500 Pa experimental data is 
indicated as the red solid line (found in (A) and (D)), with shear and bulk modulus values of 
0.07 kPa and 2.5 kPa, respectively. 

Finally, the deformed cell and nucleus morphology following an applied 

pressure of 500 Pa for 300 s is shown in Figure 4.10-A for the best fit nucleus 

properties, as determined in Figure 4.9 (Ὃ  0.07 kPa and ὑ  2.5 kPa). 

The fully aspirated nucleus is positioned above the entrance to the micropipette, as 

observed in experimental images (Figure 4.6-A (bottom) and Figure 4.7-(A-C)). 

The aspect ratio of the deformed nucleus is computed as 1.6, which is within the 

standard deviation of the experimentally measured value (1.5±0.20) (Figure 4.10-

E). As shown in Figure 4.10-B, when the bulk modulus is reduced to 0.2 kPa both 
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the computed aspiration length (as shown in Figure 4.9-B) and nucleus aspect ratio 

exceed the values observed experimentally. As shown in Figure 4.10-C and -D the 

value of shear modulus is excessively high, preventing full aspiration of the nucleus 

into the micropipette. In addition to predicting incorrect aspiration curves (as shown 

in Figure 4.9-C), incorrect nucleus aspect ratios are also computed (Figure 4.10-E).  

In relation to the most accurate prediction of nucleus aspect ratio (Figure 4.10-A), 

it should be noted that extremely high values of maximum principal strain (~130%) 

are computed in the nucleus, demonstrating that the cell nucleus is highly 

deformable. As expected, an inaccurate prediction of cell aspiration length results 

in an inaccurate prediction of nucleus strain.  

 

Figure 4.10: Using the active SF model in the cytoplasm, computed deformation is presented 
for cells in which different sets of nucleus shear (Gnucl) and bulk (Knucl) modulus values are 
used. Associated normalised aspiration lengths can be found in Figure 4.9. The distribution 
of the computed maximum principal strain (Ůmax_principal) is shown in the deformed cell nuclei. 
Deformation is shown for simulations in which: (A) the best fit shear and bulk moduli are used 
in the nucleus (as indicated by the red curve in the nucleus parametric study presented in 
Figure 4.9); (B) the best fit shear modulus and a relatively low bulk modulus are used in the 
nucleus; (C) a relatively high shear modulus and the best fit bulk modulus are used in the 
nucleus; and (D) a relatively high shear modulus is used in the nucleus with a very low bulk 
modulus. (E) Experimentally (Exp) measured nucleus aspect ratio (mean ± standard deviation) 
and computed results for A-D above. 
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4.4 Discussion 

The current chapter presents an investigation of the role of the actin 

cytoskeleton in the micropipette aspiration (MA) of spread adhered cells. The 

following key contributions are highlighted: (i) a custom system is developed to 

allow visualisation of the MA of adhered cells, uncovering the contribution of the 

actin cytoskeleton to cell aspiration; (ii) it is demonstrated that an active 

computational framework that incorporates SF remodelling and contractility must 

be used in order to accurately simulate the MA of untreated cells; and (iii) 

experimental imaging reveals that the cell nucleus is fully aspirated into the 

micropipette at higher applied pressures, with corresponding computational 

simulations demonstrating that the nucleus is highly deformable, undergoing high 

levels of strain (>100%). These key findings present a significant advance on 

previous MA studies and to the general understanding of the role of the actin 

cytoskeleton and nucleus to cell biomechanical behaviour.  

A custom MA system for the biomechanical investigation of cells adhered 

to a substrate is used in the current chapter. Due to the complexity of visualising 

MA of substrate adhered cells, previous MA studies have focused primarily on cells 

suspended in media. In particular, suspended endothelial cells (Sato et al., 1987b, 

Sato et al., 1987a, Sato et al., 1990, Sato et al., 1996), suspended chondrocytes 

(Jones et al., 1999, Trickey et al., 2000, Trickey et al., 2004, Trickey et al., 2006, 

Ohashi et al., 2006, Guilak et al., 2000, Pravincumar et al., 2012), suspended stem 

cells (Tan et al., 2008, Yu et al., 2010, Ribeiro et al., 2012), and suspended 

fibroblasts (Thoumine and Ott, 1997a, Zhou et al., 2010) have been tested using the 

MA technique. However such studies are of limited value as these cell phenotypes 
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are typically not found suspended in vivo; rather, they adhere to an extra cellular 

matrix. Moreover, the cytoskeletal structure and biomechanical behaviour of such 

cells is markedly different when adhered to a substrate, in comparison to the 

suspended state (Sato et al., 1987b, Reinhart-King et al., 2005, Haghparast et al., 

2013). Therefore, the development of an MA system for the investigation of the 

biomechanical behaviour of cells when adhered to a substrate is of significant value. 

In an effort to study the mechanical behaviour of spread adhered endothelial cells, 

Byfield et al. (2004) oriented a micropipette parallel to the substrate, leading to 

highly localised measurements at the outer edge of the cell-substrate contact region. 

In order to achieve non-localised measurements representative of whole cell 

behaviour, a precisely-positioned large diameter micropipette aligned 

perpendicular to the substrate should be used. In the study of Thoumine et al. (1999) 

the substrate was rotated by 90° to facilitate visualisation of the aspirated cell. 

However, using this approach the micropipette can be viewed only from the side, 

hence precise three-dimensional positioning of the micropipette over the centre of 

the cell is not possible. Furthermore, relocation of aspirated cells post-aspiration for 

a confocal microscopy investigation of the stained deformed actin cytoskeleton is 

not possible using this approach. In the current chapter, a custom designed system 

that allows for both side and bottom-up views of cells and the micropipette is 

developed. This facilitates: (i) the precise three-dimensional positioning of the 

micropipette over the centre of the cell using multiple perspectives; and (ii) the 

visualisation of the aspirated section of adhered cells using a micropipette aligned 

perpendicular to the substrate. The system also enables further examination of the 

actin cytoskeleton of aspirated cells using confocal microscopy.    
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It is demonstrated in the current chapter that untreated contractile spread 

adhered cells undergo significantly less aspiration into the micropipette than cells 

in which the actin cytoskeleton has been chemically inhibited (cytoD cells); 

therefore, the actin cytoskeleton increases the resistance of cells to MA. Fluorescent 

staining demonstrates that SFs are stretched into the micropipette during MA. 

Clearly the tension exerted by aspirated stretched SFs contributes significantly to 

the mechanical response of the cell. The current chapter demonstrates that MA 

provides a robust and controlled experimental method of applying a tensile load to 

in cyto actively contractile SFs. Previous efforts to characterise the tensile 

behaviour of SFs have relied on isolation/extraction of individual SFs from the cell, 

followed by tensile testing (Katoh et al., 1998).  It is important to note that 

isolated/extracted SFs behave as a passive material (Deguchi et al., 2006), 

neglecting the critically important features of active myosin induced cross-bridge 

cycling and remodelling. The applicability of the active SF formulation used in the 

current chapter has been validated for a range of cell phenotypes and loading 

regimes (McGarry et al., 2009, Ronan et al., 2012). A recent study of single 

chondrocytes by Dowling et al. (2012) has demonstrated that localised stretching 

of SFs in tensile regions of the cytoplasm during applied shear significantly 

influences cell resistance to deformation, with dissociation of the actin cytoskeleton 

being observed in compressive regions of the cell. Additionally, the studies of 

Ronan et al. (2012) and Weafer et al. (2013) demonstrate that during parallel plate 

compression SFs in particular orientations are stretched, again increasing the 

resistance of cells to deformation. However, unlike applied shear and parallel plate 

experiments, the MA technique utilised in the current chapter allows for the 

application of precise tensile loads and accurate monitoring of SF strain rates in the 
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aspirated section. In summary, the experimental observation of SF deformation 

under a controlled loading regime provides new insight into the mechanism by 

which the actin cytoskeleton contributes to the deformation resistance of spread 

cells. This may inform tissue engineering strategies (Shen et al., 2003, Shieh and 

Athanasiou, 2003) and may have important implications for new pathologies (Roy 

et al., 2009, Campbell et al., 2007, Duncan and Turner, 1995). A link between 

actively generated cell tension and collagen production in a micro-tissue construct 

has recently been reported (Kural and Billiar, 2014). The experimental-

computational approach presented in the current paper provides an advanced 

understanding of the relationship between externally applied force, SF active 

contractility, and nucleus deformation. Such a fundamental understanding at a 

single cell level is critical for the development of next-generation strategies for the 

precise engineering of tissue constructs. A recent study highlights the ability of the 

active SF modelling framework to guide the in vitro engineering of cardiac tissue 

(Thavandiran et al., 2013). 

Previous studies have used simplified passive models analytical or 

numerical models of passive homogeneous elastic or viscoelastic cells to interpret 

experimentally observed aspiration curves (Sato et al., 1990, Theret et al., 1988, 

Jones et al., 1999, Xinyu et al., 2009, Sato et al., 1996, Byfield et al., 2004, Baaijens 

et al., 2005, Trickey et al., 2006, Zhou et al., 2005, Zhao et al., 2009, Jafari Bidhendi 

and Korhonen, 2012, Haider and Guilak, 2002, Haider and Guilak, 2000). Typically 

such studies report elastic or viscoelastic material parameters based on a curve fit 

of experimental results. While it could be argued that a viscoelastic model may have 

some validity for the simulation of a un-adhered suspended cell, which do not 

contain a network of SFs, the current chapter clearly demonstrates such a simplistic 
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modelling approach is not appropriate for spread adhered cells. Specifically, it is 

demonstrated that such a passive material model does not capture the 

experimentally observed response if the applied pressure is changed. Hence the 

curve-fitting of viscoelastic material properties to a MA curve is entirely dependent 

on the applied pressure used experimentally. In addition to the inability of a passive 

viscoelastic cell model to predict cell aspiration over a range of applied pressures, 

an earlier study by Thoumine et al. (1999) demonstrates that elastic stiffness and 

viscosity must be significantly altered as a function of the level of cell spreading. 

Furthermore, a study by McGarry and McHugh (2008)  demonstrates that when the 

cytoplasm is modelled as a passive viscoelastic, the cell elastic stiffness must be 

artificially increased as a function of spreading in order to capture in vitro cell 

detachment forces. 

In the current chapter an active SF framework is used to investigate the 

biomechanical role of the actin cytoskeleton during the MA of spread adhered cells. 

It is demonstrated that the simulation of SF remodelling and contractility 

throughout the cytoplasm is critical in order to accurately predict experimentally 

observed cell response to a wide range (100 Pa - 800 Pa) of applied pressures. 

Furthermore, the predicted distribution of SFs is closely aligned with results of 

fluorescent images, i.e. SFs stretch along the long axis of the aspirated section of 

the cell forming a peripheral ring at the inner wall of the micropipette. The 

stretching of aligned contractile SFs along the axis of the micropipette provides an 

increased resistance to MA. When SFs are eliminated using the cytoD treatment the 

reduced resistance to deformation results in significantly increased aspiration length 

for applied pressures of 100 Pa, and aspiration of the entire cell into the micropipette 

at higher pressures (²500 Pa). It has been widely established in previous 
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experimental studies that the actin cytoskeleton remodels during cell spreading, 

with spread cells exhibiting a highly developed network of contractile SFs 

(Haghparast et al., 2013, Reinhart-King et al., 2005, Huang et al., 2003, Barreto et 

al., 2013, Li et al., 2007, Lemmon et al., 2005, Tee et al., 2011). The development 

of a network of contractile SFs underlies the vast differences in ñapparent stiffnessò 

between round and spread cells (Caille et al., 2002, Thoumine et al., 1999, Darling 

et al., 2008). Furthermore, highly contractile cell phenotypes exhibit a higher 

apparent stiffness when subjected to cell compression. For example, very high 

compression forces (~2500 nN) have been reported for spread myoblasts (Peeters 

et al., 2005) whereas lower compression forces (~360 nN) have been reported for 

less contractile fibroblasts (Deng et al., 2010). A recent study by Ronan et al. (2012) 

demonstrates that the active SF model used in the current chapter is capable of 

capturing the relationship between the level of cell contractility and the 

compression resistance of spread cells. The current chapter advances on this work, 

providing a detailed experimental-computational quantitative analysis of the role of 

SF elongation during cell MA.  

The current chapter provides a detailed investigation of nucleus deformation 

in single spread adhered cells subjected to MA. In the absence of external loading 

the coupled interaction between the actin cytoskeleton and the cell nucleus has 

recently been investigated experimentally (Li et al., 2014, Weafer et al., 2013), 

where it is shown that the contractile action of apical SFs result in changes in 

nucleus morphology. Building upon this work, the MA technique presented in the 

current chapter allows for the precise application of force to this key region of the 

cell, and measurement of the resultant nucleus deformation and stress fibre 

extension/remodelling. This provides new data for validation and calibration of 
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constitutive models for the nucleus and surrounding SFs, as presented in the current 

paper. A high level of nucleus deformation is observed; nuclei are fully aspirated 

into the micropipette for pressures of 500 Pa or higher, with nucleus strains in 

excess of 100% being computed. Simulations suggest that complete aspiration of 

the nucleus into the micropipette occurs only for very low nucleus shear modulus 

values (Gnucl<0.1 kPa). Simulating isolated nuclei, Vaziri and Mofrad (2007) also 

computes a low shear modulus based on experimental data for isolated endothelial 

cell nuclei (Deguchi et al., 2005) and isolated chondrocyte nuclei (Guilak et al., 

2000). However, it should be noted that nucleus mechanical behaviour may be 

altered by the isolation technique used. It is demonstrated by Guilak et al. (2000) 

that the long term mechanical properties of nuclei isolated using chemical and 

mechanical techniques are significantly different. Previous experimental studies of 

MA of suspended cells also reveal significant nucleus deformation (Pajerowski et 

al., 2007, Dahl et al., 2005, Rowat et al., 2006, Ribeiro et al., 2012). Furthermore, 

Pajerowski et al. (2007) report that permanent viscoplastic deformation of the 

nucleus occurs due lamin A/C and chromatin remodelling. A careful 

characterisation of nucleus deformation, as presented in the current chapter for 

spread adhered cells, and in the study of Pajerowski et al. (2007) for suspended 

cells, is of critical importance as nucleus deformation has been linked to cell 

mechanotransduction due to the reshaping of nuclear lamina and alterations in 

chromatin distribution (Dahl et al., 2008, Rowat et al., 2008, Tsukamoto et al., 

2000). Direct modulation of nuclear shape has been shown to affect the regulation 

of type II collagen as well as gene expression (Campbell et al., 2007, Buschmann 

et al., 1996, Shieh and Athanasiou, 2007, Thomas et al., 2002). Significant 

deformation of the nucleus has been observed in situ (Henderson et al., 2013, Tsai 
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et al., 2005), and may have significant implications for in vivo 

mechanotransduction and cell migration.  A high level of deviatoric deformation of 

the nucleus during MA is computed in the current chapter. Anderson and Knothe 

Tate (2007) report that such a stress state will result in stem cell differentiation 

towards an endothelial lineage. The characterisation of nucleus behaviour presented 

in the current chapter may aid the development and calibration of microfluidic 

devices for cell sorting (Yamada et al., 2007) and direct cytosolic delivery of 

transcription factors (Sharei et al., 2013).  

Using the system described in the current chapter, a mirror is aligned at 45° 

in order to provide side view visualisation of cells. However, a limitation of this 

setup is that the mirror obstructs the light source of the microscope and makes it 

difficult to manoeuvre the micropipette into position beneath the mirror. In a 

previous study by Cao et al. (1997), two mirrors are used to obtain side view images 

of cells subjected to fluid flow. The first mirror redirects light coming downwards 

from the microscopes light source across the substrate. A second mirror, on the 

opposite side of the substrate to the first mirror, redirects this light downwards to 

the microscope objective. Using a similar methodology in the experimental system 

described in the current chapter would negate the need for a separate light source 

and custom built micropipettes, and reduce difficulties manoeuvring the 

micropipette into position. However, custom built mirrors would be required. 

Another potential limitation of the current chapter is that cells are assumed to be 

rigidly bonded to the substrate in simulations. In reality, cells are adhered to the 

substrate, primarily via focal adhesions attachments. In a previous study by 

Dowling and McGarry (2013), a cohesive zone model is used to investigate cell-

substrate adhesion rupture during applied shear. In separate simulations in the 
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current chapter, the same cohesive zone model and parameters were included and 

no rupture of the cell from the substrate was predicted (results not shown), in line 

with experimental observations. Furthermore, the reaction force of the substrate at 

the end of simulations in the current chapter was negligible. Deshpande et al. (2008) 

proposed an active framework in which actin cytoskeleton contractility is coupled 

with traction dependant focal adhesion formation and growth. Such a model could 

be included to investigate the experimental results. Furthermore, using the 

experimental platform described in the current chapter, future studies in which the 

cell is retracted from the substrate post aspiration could be used to investigate the 

mechanical behaviour of focal adhesion rupture. 

The current chapter presents a number of significant advances in the field 

of experimental and computational single cell biomechanics, providing a platform 

for several further investigations. Future experiments in which the level of cell 

spreading is controlled via micro-patterned substrates should be performed to 

further investigate the relationship between cell geometry and the development of 

a highly contractile actin cytoskeleton (Thery et al., 2006, Chen et al., 1998). 

Furthermore, the role of substrate stiffness and adhesion promoting proteins 

(Byfield et al., 2009, Solon et al., 2007, Shao et al., 2000) in the biomechanical 

response of spread adhered cells to MA should be considered. The current technique 

only allows observation of SFs at the end of aspiration experiments. In order to 

observe the evolution of the actin cytoskeleton and nucleus deformation during 

experiments, fluorescent staining could be performed at a number of time points or 

live imaging techniques could be implemented, for example using F-actin 

transfection. Live imaging could also allow measurement of intracellular strain in 

experiments by tracking specific markers such as mitochondria in the cytoplasm 



Chapter 4 

 

118 

 

(Knight et al., 2006) or DNA in the nucleus (Henderson et al., 2013). A recent study 

by Dowling et al. (2012) demonstrates that the mechanical response of cells to 

applied shear is primarily influenced by the actin cytoskeleton, while the disruption 

of microtubules and intermediate filaments had a less significant effect on 

chondrocyte response. A future MA study in which microtubules and intermediate 

filaments are systematically disrupted would allow for the investigation of the role 

of these cytoskeletal components in the regulation of nucleus deformation. MA 

induced membrane and nucleus stretch could be used to examine the enhanced 

intracellular delivery of macromolecules such as carbon nanotubes, proteins, and 

siRNA (Sharei et al., 2013). 

A custom system that facilitates the visualisation of adhered cells during 

MA is developed to experimentally investigate the contribution of the actin 

cytoskeleton to the spread cell biomechanical response. Additionally, 

computational simulations are performed in order to interpret experimentally 

observed phenomena. The current experimental-computational investigation 

uncovers a number of significant findings: (i) The significant contribution of the 

actin cytoskeleton to cell biomechanical behaviour during MA is demonstrated 

experimentally; (ii) a passive viscoelastic material model is not capable of capturing 

experimentally measured aspiration lengths over a range of applied pressures; (iii) 

an active SF model, including the key features of remodelling and contractility of 

the actin cytoskeleton, accurately predicts the response the cells over a range of 

applied pressures and the redistribution and stretching of SFs into the aspirated 

portion of the cell; and (iv) finally, a detailed experimental-computational 

investigation of the nucleus mechanical behaviour demonstrates that the nucleus is 

highly deformable in cyto, reaching strain levels in excess of 100% during MA. 
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These findings represent a significant advancement in the understanding of the 

characterisation of the biomechanical behaviour of the actin cytoskeleton and cell 

nucleus. 

Appendix 4.A  

 

Figure A1: Representative fluorescent image of cytochalasin-D treated cells (cytoD cells) with 
actin shown in red and nuclei shown in blue.  Scale bar = 20 µm 
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Appendix 4.B  

 

Figure B1: Normalised aspiration length shown as a function of time for cells treated with two 
different concentrations of cytoD. Note that all results correspond to a 100 Pa applied 
pressure. 
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5 Investigation of cell nucleus 

heterogeneity  
 

5.1 Introduction   

Numerous studies suggest that nuclei are stiffer than the surrounding 

cytoplasm (Guilak et al., 2000, Caille et al., 2002, Caille et al., 1998, Maniotis et 

al., 1997, Jean et al., 2005, Ferko et al., 2007, Deguchi et al., 2007, Ofek et al., 

2009a, Knight et al., 2002). In contrast to this finding, Leipzig and Athanasiou 

(2008) report that cytoplasm and nucleus strains had a 1:1 ratio during compression, 

suggesting that the stiffness of the cytoplasm and nucleus are similar. However, it 

should be noted that the extracellular environment in these aforementioned studies 

is not the same in all cases. It is well known that the ñapparentò stiffness of cells 

can alter due to substrate compliance (Byfield et al., 2009), the level of spreading 

(Thoumine et al., 1999), and the contractile nature of the cell phenotype in question 

(Rodriguez et al., 2013, Caille et al., 2002, Peeters et al., 2005, Deng et al., 2010, 

Ofek et al., 2009b). To overcome this complex factor Deguchi et al. (2005) and 

Guilak et al. (2000) isolated nuclei from cells before testing. However, it has been 

suggested that nucleus mechanical behaviour may be altered by the isolation 

procedure used (Guilak et al., 2000). Simulating experiments of isolated nuclei, 

Vaziri and Mofrad (2007) compute a shear modulus of 0.008 kPa for the 
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nucleoplasm of nuclei, which have a stiffer outer shell. Furthermore, previous 

experimental studies of micropipette aspiration (MA) of suspended cells reveal 

significant nucleus deformation (Pajerowski et al., 2007, Ribeiro et al., 2012). 

Pajerowski et al. (2007) report that permanent visco-plastic deformation of the 

nucleus occurs due to lamin A/C and chromatin remodelling. In summary, the 

mechanical behaviour of the nucleus has not been definitively characterised in the 

literature, with a wide range of elastic properties being reported. A detailed and 

robust methodology for analysis of nucleus biomechanics would represent a 

considerable contribution to the field of cell mechanics. 

In an experimental investigation by Henderson et al. (2013) 3D strain 

distributions inside the nuclei of single living cells embedded within their native 

extracellular matrix (ECM) were determined during applied shear strain. During 

deformation of a cartilage tissue explant, strain is transferred to individual nuclei 

resulting in submicron displacements. Local deformation gradients were 

determined from confocal images of nuclear DNA distributions before and after the 

application of an applied shear loading. 3D distributions of intra-nuclear shear 

strains were established. Compressive, tensile, and shear strain localisations in the 

nucleus were shown to be five-fold higher than the macroscopic applied tissue 

strain. The possibility that intra-nuclear material heterogeneity may result in strain 

magnification should be investigated through mechanical simulations of the 

experiments of Henderson et al. (2013) 

The current chapter outlines a methodology to construct a heterogeneous 

finite element model of the chondrocyte nucleus. Greyscale values obtained from 

confocal z-stacks of the DNA in nuclei within cartilage tissues explants (Henderson 

et al., 2013) are correlated to shear moduli at each material point in the nucleus 
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finite element mesh. A representative volume element (RVE) for cartilage tissue, 

originally developed by Dowling et al. (2013), is adapted to include the 

heterogeneous nucleus material behaviour. The range of heterogeneous intra-

nucleus material properties required to replicate experimentally observed strain 

distributions is established.  

5.2 Model development  

5.2.1 Cartilage representative volume element (RVE) 

A previous study by Dowling et al. (2013) developed a RVE for cartilage 

tissue. A similar RVE is used in the current chapter (Figure 5.1). Full details of 

RVE development can be found in the study of Dowling et al. (2013). Briefly, an 

RVE comprising of a chondrocyte cell surrounded by a peri-cellular matrix (PCM) 

embedded in a cuboidal ECM is modelled. The cuboid has a side dimension of 60 

mm, based on observed cell spacing in situ. The nucleus, cell, and PCM are assumed 

to be spherical with diameters of 7.5 mm, 16 mm, and 22 mm, respectively, again 

based on experimental observation. It should be noted that dimensions are chosen 

such that the volume fraction of cells and ECM is representative of cartilage tissue. 

In the study of Dowling et al. (2013) only half of the overall RVE is simulated due 

to symmetry. In the current study the nucleus is inhomogeneous in 3D, therefore, 

simulation of the full RVE, including the entire 3D scanned nucleus, is required. 
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Figure 5.1: (A) Confocal image of cartilage tissue explant showing DNA in red and nascent 
RNA in green. Image adapted from Henderson et al. (2013). Image captured using 60x water 

immersion objective with a resolution of 1600 x 1600 pixels. Scale bar = 20 mm (B) Schematic 
of a RVE of cartilage consisting of a single chondrocyte cell surrounded by a PCM embedded 

in a cuboidal ECM. All dimensions are in mm. Image adapted from Dowling et al. (2013). In A 
and B, boundary conditions are indicated in red. The bottom of the explant/RVE is rigidly held 
while the upper surface of the explant/RVE is subjected to 15% shear. 

5.2.2 Greyscale mapping 

Before application of shear deformation in the study of Henderson et al. 

(2013), image stacks of nucleus DNA from the study of Henderson et al. (2013) 

were provided by Prof. Corey Neu (Purdue University) and co-workers. Figure 5.2-

A shows the 8 z-stacks of the DNA for a single nucleus in the cartilage explant. 

Each of the experimentally obtained z-stacks shown in Figure 5.2-A has a resolution 

of 50x50 pixels. To obtain a full cube of greyscale values, i.e. 50x50x50, 6 pseudo 

z-stacks between each of the observed z-stacks shown must be generated. It is 

assumed that the greyscale value of each pixel follows a linear progression from 

one experimentally obtained z-stack to the next. Therefore, for a pixel at ὭȟὮ in the 

50x50 image, the greyscale value of the first observed z-stack,  ,is assumed to 

follow a linear progression to the corresponding greyscale value in the second 

observed z-stack (z-stack 8), . Figure 5.2-B gives an example of how the 

greyscale value varies for a pixel at ὭȟὮ. By performing this interpolation on all 
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50x50 pixels between each observed z-stack, a full 50x50x50 cube of pixel 

intensities is obtained. Before mapping is performed, a finite element mesh for the 

spherical nucleus is created using the commercial finite element software Abaqus 

(DS Simulia, RI, USA). By assuming the diameter of the spherical nucleus is equal 

to the edge dimension of the cube of pixel intensities, a mesh density is chosen such 

that the number of finite elements per unit volume is similar to the number of pixels 

per unit volume in the cube of pixel intensities. The 3D coordinate of the centroid 

of each element is associated with a corresponding greyscale value in the 3D cube 

of pixel intensities. Elements are assembled into 10 groups based on greyscale 

values. Group 1 contains all elements with greyscale values between  and 

, where  and  are the maximum and minimum greyscale 

values for the finite element mesh, respectively. Group 2 then contains all elements 

between  and , group 3 then contains all elements 

between  and , and so forth. The pseudo z-stack 

generation, centroid coordinate calculations, greyscale mapping, and element 

grouping assignments are performed using scripts written MATLAB (The 

Mathworks, Natick, MA). To compare the greyscale map in the finite element mesh 

to experimentally observed z-stacks, each group in the finite element mesh of the 

nucleus is assigned a greyscale value so that colour ranges from black in group 1 to 

white in group 10. The planes shown in Figure 5.2-C are chosen to correspond with 

the experimentally observed z-stacks in Figure 5.2-A. A close correlation with the 

experimentally observed greyscales is obtained. 
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Figure 5.2: (A) A representation of image stacks of a cartilage tissue explant. Greyscale 
images of a single nucleus from each confocal z-stack showing DNA intensity. Scale bar = 20 

mm. Z-stacks for the single nucleus were provided by Prof. Corey Neu (Purdue University) and 
co-workers. (B) Graphical representation of linear interpolation between observed greyscale 
values. (C) Corresponding slices of the nucleus in the finite element RVE. The contour plot 
illustrates assigned material sections ranging from stiff (light) to compliant (dark). (D) 
Graphical representation of shear modulus assignment to each group. 

5.2.3 Material properties 

For full details on material properties of the ECM, PCM, and cell cytoplasm 

the reader is referred to the study of Dowling et al. (2013). Briefly, the ECM and 

PCM are modelled using an isotropic Neo-Hookean hyperelastic constitutive 

formulation. The shear and bulk moduli are 0.4 MPa and 2.0 MPa, respectively. 

The mechanical behaviour of the cytoplasm is described by the active stress fibre 

modelling framework as described in Chapter 4. Parameters for the active 

modelling framework were determined previously using force data obtained by 

applying shear loading to single chondrocytes (Dowling et al., 2012). In the current 
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chapter, the nucleus mechanical behaviour is modelled using Neo-Hookean 

hyperelasticity. However, specific material properties are assigned to each 

individual element in the nucleus mesh based on the greyscale value associated with 

each element. As illustrated in Figure 5.2-D, each nucleus greyscale group (as 

defined in Section 5.2.2) is assigned a shear modulus such that values range linearly 

from a minimum value in group 1, Ὃ , to a maximum value in group 10, Ὃ . 

In the current chapter, values ranging from Ὃ  0.03 kPa to Ὃ  2 kPa are 

used. In line with the findings of Chapter 4, a ratio of bulk modulus to shear 

modulus ὑ Ὃϳ  of ~30 is used, enforcing a condition of near 

incompressibility throughout the nucleus. 

5.2.4 Boundary conditions 

To replicate the 15%  shear strain applied to the cartilage explants in the 

experiments of Henderson et al. (2013), displacement boundary conditions are 

applied to the upper surface of the RVE. The bottom surface of the cartilage explant 

and the RVE are rigidly fixed in all directions. Images of the tissue explant, RVE, 

and nuclei before and after shear deformation are shown in Figure 5.3. 
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Figure 5.3: (A) Undeformed and deformed confocal image of cartilage tissue explant showing 
DNA in red and nascent RNA in green. The blue line indicates the relative motion between two 

nuclei in the explant before and after shear deformation. Scale bar = 20 mm. (B) Greyscale 
confocal image of a DNA in a single nucleus before and after shear deformation. Scale bar = 

2 mm. (C) Mid-section of the RVE before and after shear deformation. Each colour represents 
a specific material as outlined in Figure 5.1. (D) Finite element mesh of underformed and 
deformed nucleus showing assigned material sections ranging from stiff (light) to compliant 
(dark). For all A-D underformed configurations are shown in left panels and deformed 
configurations are shown in right panels. A and B adapted from Henderson et al. (2013). 

5.3 Model predictions  

Computed RVE and nucleus deformations are shown in Figure 5.3-C and -D. Both 

the cell and its nucleus deform into an ellipsoidal shape. The predicted displacement 

of high concentration DNA regions of the nucleus (white regions) can clearly be 

seen in Figure 5.3-D. In Figure 5.4 experimentally observed shear strains in the 

nucleus are shown are compared to computed shear strain distributions. For each 

contour plot the shear strain along a linear path through the centre of the nucleus is 

plotted (right-most panels).  
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In Figure 5.4-A, experimentally observed regions of high strain align generally with 

darker regions of Figure 5.2-A. In Figure 5.4-B, the computational prediction of 

nucleus strain is shown. Strain gradients generally correlate with the experimentally 

observed values. In particular, the large region of low strain in the lower right region 

of the nucleus is accurately captured. The strain path for the computational contour 

plot of Figure 5.4-B does not follow the same trends as that observed experimentally 

in Figure 5.4-A. 

During greyscale mapping, the experimental z-stacks are mapped onto a perfect 

sphere. Greyscale values at transitional regions at the edge of the nucleus are very 

low. Therefore, greyscale mapping at transitional regions at the edge of the nucleus 

model may result in very low stiffnessôs occurring at peripheral regions of the finite 

element mesh. To overcome this, an outer shell layer of the nucleus is assigned 

maximum shear modulus (Ὃ ) for the prediction shown in Figure 5.4-C. The 

predicted strain gradients generally correlate with the experimentally observed 

contour plot, similar to Figure 5.4-B. However, the addition of stiffened shell 

elements improves prediction of the experimentally observed strain path in Figure 

5.4-A. 

In Figure 5.4-D a homogenous nucleus is assumed and properties previously 

calibrated in Chapter 4 are used. While the overall nucleus deformation to an 

ellipsoid is similar to that predicted by the heterogeneous models in Figure 5.4-B 

and -C, the strain distribution within the nucleus is relatively uniform. Clearly the 

assumption of a homogeneous nucleus prohibits the prediction of localised strain 

concentrations observed experimentally.  
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Figure 5.4: Nucleus deformation and contours plots of max shear: (A) experimentally 
observed by Henderson et al. (2013); (B) predicted during simulations in which a 
heterogeneous nucleus model is used; (C) during simulations in which a shell layer is added 
to the heterogeneous nucleus model; and (D) simulations in which a homogenous nucleus is 
assumed. It should be noted that a deformation scale factor of 0.5 is used for the 
computational contour plots 

5.4 Discussion 

In the current chapter 3D experimental images from the study of Henderson 

et al. (2013) are used to construct a heterogeneous model of the chondrocyte nucleus 

of an in situ chondrocyte. Greyscale values are used to assign the shear modulus of 

each element in the finite element mesh. To replicate experimental loading, the 

chondrocyte is placed in a cartilage ECM. The cytoplasm of the cell is modelling 

using the active modelling framework described in Chapter 4. Active modelling 

parameters for chondrocytes were determined by Dowling et al. (2012). Assuming 
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an extremely high stiffness is used for regions of highly compacted DNA (Ὃ  

2 kPa) and extremely low stiffness is used for spaces devoid of DNA (Ὃ  0.03 

kPa), with linear interpolation of intermediate grey scale shear moduli, predicted 

intra-nucleus strain distributions are reasonably similar to the highly heterogeneous 

strain state observed experimentally by Henderson et al. (2013). Henderson et al. 

(2013) observed that regions of low DNA have a high RNA concentration. 

Therefore, simulations presented in this chapter suggest that RNA is highly 

deformable. In contrast, DNA appears to be highly undeformable. 

The heterogeneous image based nucleus model represents a significant 

advance in numerical techniques to quantify nucleus deformation. Previous studies 

have modelled the nucleus as a homogenous isotropic continuum material (Caille 

et al., 2002, Ronan et al., 2014, Mullen et al., 2014, Deguchi et al., 2007). However, 

the current chapter demonstrates that a highly inaccurate prediction of the local 

intra-nucleus strain state is obtained if material heterogeneity is not considered. The 

accurate prediction of nucleus deformation is a key step in understanding 

mechanotransduction. Previous studies have demonstrated the link between nucleus 

deformation and regulation of type II collagen as well as gene expression (Roca-

Cusachs et al., 2008, Thomas et al., 2002, Campbell et al., 2007, Buschmann et al., 

1996, Shieh and Athanasiou, 2007), possibly due to the reshaping of nuclear lamina 

and alterations in chromatin distribution (Dahl et al., 2008, Rowat et al., 2008, 

Tsukamoto et al., 2000). Using a geometrically accurate 3D model of osteocytes, 

Verbruggen et al. (2012) demonstrated that the cell experiences localised strain 

amplifications due to ECM projections and the presence of a PCM. It was suggested 

that these strain amplifications are an important mechanism in osteocyte 

mechanobiology (Adachi et al., 2008). The computational investigation of the 
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current chapter suggests that nucleus heterogeneity could also be a means by which 

strain amplification mechanisms promote mechanotransduction. 

The model results presented in this chapter suggest that the range of shear 

moduli within the nucleus span two orders of magnitude, resulting in nucleus strains 

that are five times higher than applied tissue strains. This large range of shear 

moduli within a single nucleus may explain the conflicting reports of macroscale 

nucleus stiffness in the literature. For example, in previous MA studies (Pajerowski 

et al., 2007, Deguchi et al., 2005, Guilak et al., 2000, Zhou et al., 2005), and Chapter 

4 of this thesis, the apparent shear modulus of a homogeneous nucleus ranges in 

values from 0.07-1 kPa. In investigations of cell and nucleus mechanical response 

to unconfined compression (Caille et al., 2002, Ofek et al., 2009a), the apparent 

shear modulus of a homogeneous nucleus ranges from 0.16-8.33kPa. Vaziri and 

colleagues modelled the nucleus as a highly compliant nucleoplasm (with a shear 

modulus of 0.008 kPa) surrounded by very stiff lamina and membrane regions to 

accurately predict AFM indentation results (Vaziri et al., 2006) and MA results 

(Vaziri and Mofrad, 2007). Therefore, values reported for nucleus shear properties 

range over three orders of magnitude in the literature. The nucleus may be perceived 

to be highly deformable under shear type loading, such as MA. However, under 

hydrostatic type loading the nucleus may be perceived to be highly undeformable, 

due to a high bulk modulus. The high bulk moduli used in the current chapter are 

based on evidence reported in Chapter 4 and on microscopic image analysis 

performed by Avalos et al. (2011). 

A potential limitation of the current chapter is that the shear modulus of each 

element is assumed to be directly proportional to its associated greyscale value. 

Even with the high stiffness assigned to the outer shell region in Figure 5.4-C, 
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predicted strain at the nucleus periphery is still much higher than the experimentally 

observed result. However, a good prediction of strain is obtained in the more 

compliant regions. This suggests that a linear proportionality of nucleus stiffness to 

greyscale intensity may need to be modified to an exponential type relationship in 

order to more closely capture the experimental observations. Previous studies 

reported that the nucleus is viscoelastic (Vaziri and Mofrad, 2007, Guilak et al., 

2000, Zhou et al., 2005). Another potential limitation in the current chapter is that 

the nucleus is assumed to be hyperelastic. The deformation applied by Henderson 

et al. (2013) is monotonic and DNA distribution is observed at two time points, 

once before and once after applied shear deformation. Therefore, viscous effects 

cannot be determined from the published experimental tests. A third intra-nucleus 

3D image could be taken at a later time point to investigate viscoelastic stress 

relaxation/creep. Alternatively, imposing the applied tissue shear at different 

loading rates could be considered. Non-recoverable plastic deformation of the 

nucleus during large strain loading has also been observed at extremely large levels 

of deformation (Pajerowski et al., 2007). However, another limitation of the 

experimental results used in the current chapter is that it is not clear if the elastic 

limits are being approached/exceeded. If the cartilage explant is returned to the 

underformed configuration after applied shear, the strain distribution at this point 

could be compared to the initial undeformed strain distribution to investigate non-

recoverable intra-nuclear strain.  

In conclusion, the current chapter considers the highly heterogeneous strain 

distribution of chondrocyte nuclei in cartilage explants subjected to shear 

deformation (Henderson et al., 2013). A heterogeneous model of the chondrocyte 

nucleus is constructed based on 3D images of Henderson et al. (2013) and placed 
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in an RVE that consists of a chondrocyte cytoplasm and cartilage ECM. Simulations 

reveal that a very large range of intra-nuclear shear moduli (ranging over two orders 

of magnitude) provides a reasonable prediction strain heterogeneity and strain 

magnification observed in experiments.  
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6 Single cell active force 

generation under dynamic 

loading ɀ Overview and 

analysis of AFM experiments  
 

6.1 Introduction  

6.1.1 Declaration of tasks completed 

In this chapter key experimental results on the response of single cells to 

dynamic loading are presented. This work recently been published by authors P.P. 

Weafer, N.H. Reynolds, S.P. Jarvis, J.P. McGarry (Acta Biomaterialia, Single cell 

active force generation under dynamic loading ï Part I: AFM experiments, DOI: 

10.1016/j.actbio.2015.09.006). The precise contribution of Ph.D. candidate Noel 

Reynolds to this body of experimental work is detailed in this chapter. Key 

experimental results are also summarised in this chapter. This experimental data 

provides key input for a novel computational study performed by Ph.D. candidate 

Noel Reynolds. This companion computational study is presented in Chapter 7 of 

this thesis, and was recently published by authors Reynolds and McGarry (Acta 

http://dx.doi.org/10.1016/j.actbio.2015.09.006
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Biomaterialia, Single cell active force generation under dynamic loading ï Part II: 

active modelling insights, DOI: 10.1016/j.actbio.2015.09.004). 

Statement of Contribution to the work presented in the paper by Weafer et al. (2015) 

and in the current chapter: 

¶ Patrick McGarry designed the study. 

¶ Suzi Jarvis provided AFM facilities and technical support. 

¶ Paul Weafer developed the bespoke AFM system for single cell dynamic 

loading. 

¶ Paul Weafer performed the experimental tests and obtained the raw data. 

¶ Paul Weafer performed statistical analysis on maximum and minimum 

forces at steady state. 

¶ Noel Reynolds performed statistical analysis on transient force data and 

created transient force-deformation loops for untreated contractile cells and 

cytochalasin-D treated cells.   

¶ Patrick McGarry, Paul Weafer, and Noel Reynolds wrote the paper.  

In Section 6.2, key experimental results from the study of Weafer et al. (2015) are 

presented. Once again, it should be noted that the development and implementation 

of the experimental technique and the acquisition of the experimental 

measurements were performed by Paul Weafer (2012). Statistical analysis and post 

processing of transient force-strain loops was performed by Noel Reynolds as part 

of the current Ph.D. Thesis. The figures presented in Section 6.2 were prepared by 

Noel Reynolds using the experimental data obtained by Paul Weafer (2012). The 

experimental data presented in the current chapter forms the basis and motivation 

http://dx.doi.org/10.1016/j.actbio.2015.09.004
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for the companion computational study presented in Chapter 7 and published by 

Reynolds and McGarry (2015). 

6.1.2 Background to AFM cell mechanics experiments 

Single cell mechanical investigations generally entail static/monotonic 

loading (Lam et al., 2012, Mann et al., 2012, Butler et al., 2002, Caille et al., 2002) 

or localised AFM indentation (Nawaz et al., 2012, Watanabe-Nakayama et al., 

2011). The use of standard AFM tips to indent cells (Roca-Cusachs et al., 2008, 

Prabhune et al., 2012) results in a highly localised strain field in the region of the 

cell membrane. Such highly localised measurements performed on the length-scale 

of sub cellular components is of limited value in characterising whole cell 

biomechanical behaviour. In an attempt to overcome this, previous studies have 

performed large number of indentations over the entire cell (Radmacher et al., 1996, 

Hofmann et al., 1997, Rotsch and Radmacher, 2000, Kelly et al., 2011). However, 

acquiring data over a large area is time consuming and does not overcome the 

problem that the applied strain field is primarily restricted to the cell membrane. 

Furthermore, the non-uniform strain state due to indentation with a sharp tip is not 

easily determined.  Previous studies have replaced sharp AFM tips with spheres of 

60 mm diameter or less (Lehenkari et al., 2000, Lulevich et al., 2006, Jaasma et al., 

2006, Zimmer et al., 2012, Titushkin and Cho, 2007, Darling et al., 2008) attached 

to the end of the AFM cantilever. The strain state that results from indentation with 

such spheres is significantly less localised than that produced by sharp AFM tips. 

However, the contact region is still much smaller than the spread cell radius and the 

applied strain is still primarily localised to the membrane region. To overcome this 

problem Weafer et al. (2012) attached a 150 mm sphere to the AFM cantilever. As 

this large sphere has a much greater radius than a spread cell, a large cell-sphere 
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contact area can be achieved, and a reasonably uniform and easily characterised 

strain state can be applied to the cell via displacement of the AFM cantilever. In the 

experiments of Weafer et al. (2015) whole cell cyclic deformation is performed 

using this system, allowing for a highly accurate characterisation of resultant cell 

forces (accurate to the pico-Newton level). Technical details relating to the 

modification of the AFM system for whole cell loading are outlined in Weafer et 

al. (2012), where solutions for altered cantilever bending profile and thermal drift 

are developed. A schematic of the experimental system is shown in Figure 6.1-A.  

A detailed series of tests was performed on osteoblast cells whereby cyclic 

strain magnitude was altered at the half-way point of each experiment, with the 

applied loading and unloading strain rates remaining unchanged (Weafer et al., 

2015). Whole cell cyclic compression was applied using the modified AFM system. 

Figure 6.1-B illustrates the applied cyclic deformation. In regime 1 cells were 

cyclically loaded between 35% and 10% nominal strain for 1 hour. In regime 2 cells 

were cyclically loaded between 25% and 0% nominal strain for 1 hour. Cells are 

cyclically loaded at a frequency of 1 Hz for the full duration of the experiment. It 

should be noted that while strain magnitude is altered between regime 1 and regime 

2, the strain rate remains the same for the entire experiment. As shown in Figure 

6.1-C, maximum force was recorded when cells were a nominal strain of 35% in 

regime 1 and 25% in regime 2. Minimum force was recorded when cells are a 

nominal strain of 10% in regime 1 and 0% in regime 2. Force-strain curves were 

generated by Noel Reynolds by taking the forces recorded for a single cycle and 

plotting them against the applied strain (Figure 6.1-D). Key results are summarised 

in Section 6.2, revealing that patterns of measured forces are dramatically different 
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for untreated contractile cells in comparison to cells in which the actin cytoskeleton 

has been disrupted. 

 

Figure 6.1: (A) Schematic of modified AFM cantilever consisting of a flexible cantilever and an 
attached sphere. (B) Graphical representation of the cyclic deformation experiment. The AFM 
setup is used to cyclically deform cells at a constant loading and unloading nominal strain 
rate at a frequency of 1 Hz. In loading regime 1 (0 Ò T < TRC), cells are cyclically deformed 
between 10% and 35%. In loading regime 2 (TRC Ò T Ò TF), cells are cyclically deformed between 
0% and 25%. Loading regime 1 starts at ắH = 0%, however, force data collection began from 
ắH= 10% of the first cycle. (C) Example of measured force indicating maximum and minimum 
force values.(D) Measure forces from a single cycle are plot against the applied strain to create 
force-strain curves. 

6.2 Key experimental results  

In Figure 6.2-A, maximum and minimum forces obtained from experiments 

of untreated cells are shown. It should be noted that a positive force indicates that 

the cell is resisting compression as the probe displaces downwards during loading 

and that negative force indicates that the cell is adhered to and resisting probe 
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retraction during unloading (Figure 6.2-B). The following key observations are 

made: 

¶ A significant decrease in maximum and minimum force is observed at the 

onset of cyclic deformation. Forces subsequently stabilise to a steady state. 

¶ For the untreated cells, steady state maximum forces of 78.1±19.9 nN and 

61.6±15.0 nN are observed in regime 1 and regime 2, respectively. Steady 

state minimum forces of -70.5±24.5 nN and -72.0±25.0 nN are observed in 

regime 1 and regime 2, respectively. Therefore, negative (pulling) forces are 

similar in magnitude to positive (compressive) forces. 

¶ The percentage change in steady state maximum force from regime 1 to 

regime 2 is 21.1±7.8%. A negligible change in steady state minimum force 

is observed between regimes. 

 

Figure 6.2: The maximum and minimum force measured from deformation experiments of 
untreated cells (average ± standard error of the mean, n=7). Schematic of a cell resisting 
compression during probe displaces downwards (top) and during probe retraction (bottom). 
Raw data obtained by Paul Weafer, figure creation performed by Ph.D. candidate Noel 
Reynolds. 

In Figure 6.3, maximum and minimum forces obtained from experiments of 

cytoD treated cells are shown and the following key observations are made: 
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¶ A significant decrease in maximum and minimum forces is observed at the 

onset of cyclic deformation. The maximum and minimum forces 

subsequently stabilise to a steady state. 

¶ For the untreated cells, steady state maximum forces of 41.3±7.7 nN and 

15.7±4.9 nN are observed in regime 1 and regime 2, respectively. Steady 

state minimum forces of -11.9±5.1 nN and -9.5±5.0 nN are observed in 

regime 1 and regime 2, respectively. Therefore, cytoD treated cells provide 

little resistance to probe retraction (pulling) and strong resistance to loading 

(pushing). 

¶ A significantly greater maximum force is observed in regime 1 compared to 

regime 2. The percentage change in steady state maximum force from 

regime 1 to regime 2 is 62.0±6.7%. 

 

Figure 6.3: The maximum and minimum force measured from deformation experiments of 
cytoD treated cells (average ± standard error of the mean, n=7).. Raw data obtained by Paul 
Weafer, figure creation performed by Ph.D. candidate Noel Reynolds. 

By comparing data obtained for untreated cells (Figure 6.2-A) to that for cytoD 

treated cells (Figure 6.3), the following key observations are highlighted: 
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¶ Maximum forces are significantly larger for untreated cells compared to 

cytoD treated cells at all time points. 

¶ Untreated cells provide strong resistance to probe retraction (high minimum 

forces) whereas cytoD treated cells exert very little pulling force (small 

minimum forces). 

¶ Between regime 1 and regime 2, maximum steady state force reduces by 

only 21.1±7.8% for untreated cells. The percentage reduction for cytoD 

treated cells is almost 3-fold higher (62.0±6.7%) than that for untreated 

cells. However, the magnitude of force associated with these reductions are 

similar for both the untreated (16.5 nN) and cytoD treated cells (25.6 nN). 

¶ After 10 minutes the reduction in force from the maximum value obtained 

in the first cycle is similar for cytoD cells (48.0 nN) and untreated cells (45.0 

nN). 

Force-strain curves measured for loading cycles at four distinct time points 

are shown in Figure 6.4. The cycles shown are at the following time points: the 

initial loading cycle at the start of the experiment; the last loading cycle of regime 

1; the first cycle of regime 2 and; the final cycle of regime 2. The following key 

observations are made: 

¶ The initial loading cycle of regime 1 follows a typical viscoelastic-type 

loading curve for both the untreated and cytoD treated cells. However, the 

force recorded for untreated cells significantly higher throughout the cycle, 

in line with observations of maximum and minimum values. 

¶ For untreated cells the steady state forces gradually increase/decrease 

between maximum and minimum values during cycling. 
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¶ Steady state force-strain curves are extremely similar in both regimes for 

untreated cells. 

¶ During loading, steady state forces for cytoD treated cells only begin to 

increase rapidly after the probe has reached ~15% deformation (i.e. 15% 

applied strain in regime 1 and 25% applied strain in regime 2). During 

unloading, a rapid decrease in force is observed initially in the first 5% of 

deformation. The rate of force decrease subsequently reduces. 

 

Figure 6.4: Mean ± standard error of the mean force-deformation cycles for untreated (A and 
B) and cytoD (C and D) treated cells. The cycles shown in A and C correspond to the first 
cycle of regime 1 (black curve) and regime 2 (grey curve). The cycles shown in B and D 
correspond to steady state cycles of regime 1 (black curve) and regime 2 (grey curve). Raw 
data obtained by Paul Weafer, data processing and figure creation performed by Ph.D. 
candidate Noel Reynolds. 

6.3 Discussion 

In the current chapter, the experimental findings of Weafer (2012) are used 

to construct transient force-deformation loops for both untreated contractile cells 

and cells treated with cytoD.  The following key findings are highlighted: 
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(i) Measured forces for the untreated cells are dramatically different to cytoD 

treated cells, indicating that the contractile actin cytoskeleton plays a 

critical role in the response of cells to dynamic loading 

(ii)  Following a change in applied strain magnitude, while maintaining a 

constant applied strain rate, the compression force for contractile cells 

recovers to 78.9±7.8% of the steady state force. In contrast, cytoD cell 

compression forces recover to only 38.0±6.7% of the steady state force. 

(iii)  Untreated contractile cells exhibit strongly negative (pulling) forces during 

unloading half-cycles when the probe is retracted. In contrast, negligible 

pulling forces are measured for cytoD cells during probe retraction. 

For untreated cells the steady state force-strain curve in regime 1 is 

extremely similar to that of regime 2 in terms of (a) the gradual force 

increase/decrease as the probe progresses through the loading cycle, (b) the patterns 

of non-linearity, and (c) maximum/minimum force measurements. Significantly 

increased negative and positive forces are measured for the untreated cells 

compared to cytoD cells. This suggests that the forces generated by the actin 

cytoskeleton dominate the response of single cells to dynamic loading. In terms of 

the minimum force, the strong negative (pulling) force results from active tension 

generated by actin-myosin cross-bridge cycling. A study by Mitrossilis et al. (2009) 

demonstrates that isolated myoblasts obey a Hill-type tension-strain rate 

relationship (Hill, 1938) under quasi-static conditions: higher shortening velocities 

and lower levels of active tension generation occur when the cell is attached to a 

flexible cantilever; low shortening velocities and high levels of active tension 

generation occur when the cell is attached to a stiff cantilever. Additionally, several 

studies demonstrate that a Hill-type contractility law explains several 
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experimentally observed cell responses to quasi-static monotonic applied loading: 

Ronan et al. (2012) demonstrated that more highly contractile cells provide a higher 

resistance to static compression due to stretching of hoop-type families of stress 

fibres; Dowling et al. (2012) demonstrated that Hill type behaviour of the actin 

cytoskeleton of chondrocytes provides accurate predictions of experimental force 

measurements during monotonic shear loading. The high magnitudes of 

compression (maximum) force and stretching (minimum) force reported in Weafer 

et al. (2015) may, in part, be explained through active Hill-type contractility of 

stress fibre families in the cell cytoplasm. 

In terms of the transient behaviour reported in Figure 6.4 above, a gradual 

increase and decrease in force is observed during loading and unloading half-cycles, 

respectively. At the end of each half-cycle, the strain rate in the cell instantaneously 

shifts from a constant positive value (during loading) to a constant negative value 

(during unloading). If stress fibres in the cell followed a Hill -type contractility law 

they would instantaneously change from a low tension state to a high (isometric) 

tension state (or vice versa) upon transition from loading to unloading. This would 

lead to a step increase/decrease in force at the start of each loading half-cycle. 

However, this is not observed in the experimental measured force-strain curves 

reported in the current chapter. Hunter et al. (1998) described a model whereby a 

history dependent strain rate is used to phenomenologically explain the transient 

behaviour of cardiac tissue. A similar formulation for the transient active 

contractility of cells will be examined in Chapter 7 of this thesis. 

For cytoD treated cells steady state forces-strain curves in regime 1 are 

dramatically different to that of regime 2. The high dependence of force on strain 

magnitude, coupled with the observed stress relaxation and hysteresis in force-
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strain curves suggest that cytoD cells may follow a visco-hyperelastic type material 

behaviour  (Chung and Buist, 2012). It was demonstrated in Chapter 4 of this thesis 

that a visco-hyperelastic formulation is required to characterise the mechanical 

response of cytoD cells during micropipette aspiration. In the current chapter, the 

significant 62% reduction in steady state force observed after the applied maximum 

strain is altered by 10% also suggests that the mechanical behaviour of cytoD cells 

is highly non-linear. Even following the removal of the actin cytoskeleton, the 

mechanical behaviour of the remaining material (i.e. the cytoD cell) is complex and 

requires a rigorous computational analysis in order to provide a meaningful 

characterisation. Chapter 7 considers the non-linear behaviour of cytoD cells, in 

addition to the active behaviour of untreated cells under dynamic loading 

conditions.  
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7 Single cell active force 

generation under dynamic 

loading ɀ Active modelling 

insights  
 

7.1 Introduction  

As summarised in Chapter 6 a novel single cell atomic force microscopy 

(AFM) experimental investigation uncovers the complex force-strain response of 

cells to cyclic loading (Weafer et al., 2015). Using a bespoke AFM system (Weafer 

et al., 2012), force generated by single cells during dynamic loading is measured. 

Cells in which the actin cytoskeleton is disrupted using cytochalasin-D (cytoD) are 

also tested. Experimental results reveal that the biomechanical behaviour of 

untreated contractile cells is fundamentally different to non-contractile cytoD 

treated cells. The following key findings are uncovered in Weafer et al. (2015) and 

summarised in Chapter 6: 

¶ Untreated contractile cells are relatively insensitive to changes in applied 

strain magnitude. In contrast, cells treated with an actin cytoskeleton 
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inhibitor, cytoD, are shown to be highly sensitive to changes in strain 

magnitude. 

¶ Untreated contractile cells greatly resist the retraction of the AFM probe 

during unloading, pulling strongly on the probe. In contrast, cells treated 

with an actin cytoskeleton inhibitor provide little resistance to AFM probe 

retraction. 

¶ Untreated contractile cells provide a higher resistance to compression than 

cells treated with an actin cytoskeleton inhibitor. 

The above findings from Weafer et al. (2015) (as summarised in Chapter 6) 

provide new characterisation of the complexity of single cell response to dynamic 

loading. However, the biomechanisms underlying such complex behaviour cannot 

be fully understood without a detailed mechanistic analysis incorporating the key 

features of active stress generation and remodelling of the actin cytoskeleton. 

Importantly, the trends outlined above cannot be replicated or explained in terms of 

passive hyperelastic or viscoelastic material behaviour.  

A simplified approach to modelling the behaviour of the actin cytoskeleton 

commonly entails the ad-hoc placement of pre-stressed beam elements in the cell 

cytoplasm (Barreto et al., 2013, McGarry and Prendergast, 2004). This approach 

neglects intercellular processes governing active cytoskeletal contractility and 

remodelling, and does not allow for the simulation of the multi-axial evolution and 

stress-generation of the actin cytoskeleton throughout the cell. In contrast, the active 

model of stress fibre (SF) contractility and remodelling proposed by Deshpande et 

al. (2007) incorporates the key features of SF formation, dissociation, and 

contractility. The extension of this active SF framework to a fully predictive 3D 

finite element (FE) setting (Ronan et al., 2012) allowed for the simulation of 
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complex multi-axial patterns of SF morphology and contractility (Ronan et al., 

2014), with complex experimental tests being accurately simulated under quasi-

static conditions, e.g. non-linear force-deformation behaviour of chondrocytes 

under direct shear (Dowling et al., 2012), and the response of spread adhered 

endothelial cells to micropipette aspiration (Chapter 4).  

This active 3D framework has not previously been used to simulate single 

cell dynamic loading experiments. Here a computational investigation of the 

experimental results reported in Chapter 6 is presented. Simulations reveal that 

different families of SFs generate tension during probe pulling and probe pushing, 

resulting in elevated forces during both unloading and loading half-cycles, 

respectively. Additionally, it is shown that a ñfading memoryò strain rate 

contractility model is required to replicate the transient behaviour of cells under 

dynamic loading. Furthermore, results highlight that passive visco-hyperelastic 

material models cannot accurately simulate the dynamic behaviour of contractile 

cells. 

7.2 Materials and Methods  

7.2.1 Modelling the bio-chemo-mechanical behaviour of the actin 

cytoskeleton 

7.2.1.1 Fibre activation level and tension 

As briefly described in Chapter 4, a bio-chemo-mechanical model is used to 

simulate signal induced SF formation, active SF contractility, and tension 

dependant SF dissociation. Originally proposed by Deshpande et al. (2007) and 

implemented in a predictive 3D framework by Ronan et al. (2012), a description of 
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the key features of the model is provided here. Formation and dissociation of SFs 

are described using a first order kinetic equation: 

Ὠ–‰ȟ‫

Ὠὸ
ρ –‰ȟ‫ ὅὯ    ρ

„ ‰ȟ‫

„ ‰ȟ‫
–‰ȟ‫Ὧ (7.1) 

where – is the non-dimensional activation level of a fibre (π – ρ) and 

Ὧ and Ὧ are forward and backward reaction rate constants, respectively. — is the 

decay constant. The first term in the first order kinetic equation captures fibre 

formation via a spatially uniform signal in the cytoplasm, ὅ, that is typically 

represented as an exponent (ὅ ÅØÐ ὸ —ϳ ) governed by the decay constant, —, 

and the time since the most recent signal, ὸ (Figure 7.1-A). The second term 

describes SF dissociation when the fibre tension is lower than the isometric tension, 

„ „ (Figure 7.1-B). The fibre isometric tension is proportional to the fibre 

activation level, such that „ –„ , where the model parameter, „ , is the 

isometric tension of a fully activated fibre (– ρ).  

Fibre tension, „, is related to the fibre axial strain rate, ‐, via a linearised 

approximation of the Hill tension-velocity relationship (Deshpande et al., 2007): 

„

„
ρ
Ὧ

–

‐

‐
Ƞ   

–

Ὧ

‐

‐
πȟ (7.2) 

where Ὧ is the reduction in stress upon increasing the shortening strain rate, 

‐, by ‐. As described by equation (7.2) (and Figure 7.1-C), during fibre shortening 

(negative strain rate) fibre tension decreases linearly from the isometric tension (at 

zero strain rate) to zero tension at a strain rate of –‐ Ὧϳ . Fibre tension remains 
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at zero for strain rates less than –‐ Ὧϳ . Finally, when subjected to positive 

(lengthening) strain rates, fibres yield at the isometric tension, „. 

7.2.1.2 Fading Memory of Fibre Strain Rate 

The SF model outlined in Section 7.2.1.1 has recently been shown to 

accurately predict the response of contractile cells to externally applied shear 

deformation (Dowling et al., 2012, Dowling and McGarry, 2013), parallel-plate 

compression (Weafer et al., 2013, Ronan et al., 2012), micropipette aspiration 

(Chapter 4), and spreading on 2D elastic substrates (Ronan et al., 2014). All of these 

aforementioned studies investigate the cell response under static conditions or 

during single monotonic applied load (such loading is commonly referred to as 

ñstatic loadingò). In contrast, the current chapter considers dynamic cyclic loading 

applied at a frequency of 1 Hz for a duration of two hours. In order to provide 

enhanced predictions of actin-myosin contractility under dynamic conditions, here 

the SF contractility model presented in Section 7.2.1.1 is modified to incorporate 

dynamic effects.  Based on empirical observations for cardiac muscle (Hunter et al., 

1998) under dynamic conditions, a history dependant fibre strain rate is defined as: 

Ὤ ὃὩ ‐ †Ὠ†          ‐
‐

π

‐ π

‐ π
 (7.3) 

where ‐† is the instantaneous fibre strain rate and ὃ and ‌ are material 

parameters. To include fading memory effects in the active SF model, the Hill 

contractility equation is modified so that now:  

„

„
ρ
Ὧ
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‐
πȟ (7.4) 
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Full details of the numerical technique used to calculate the history 

dependant strain rate, Ὤ, from the actual strain rate, ‐, is described in section 

7.2.2.2. An example of Ὤ calculated from ‐ is graphically illustrated in Figure 7.2-

A. A motivation for the incorporation of this fading memory contractility law will 

be presented in Section 7.3.3.2.  

 

Figure 7.1: (A) Graphical representation of the deformation induced exponentially decaying 
signal activated at the onset of each loading cycle. Prior to the onset of applied deformation 
an equilibrium step is simulated to compute the initial distribution of SFs. (B)  Illustration of 
signal dependant SF assembly and tension dependant SF dissociation. (C) Graphical 
illustration of the linerised approximation of the Hill tension-velocity relationship. (D) 
Equations 1-4 are solved in 240 discrete directions at every integration point in the cytoplasm, 
providing a fully predictive framework for computation of the 3D SF distribution in the cell. 
The total stress tensor is obtained by summation of the active and passive stress tensors. (E) 
Uniaxial stress-strain curve for the hyperelastic formulation used to simulate the passive 
components of the cell cytoplasm. 
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7.2.2 Numerical implementation 

7.2.2.1 Fibre remodelling and contractility 

In order to predict the distribution of SFs throughout the cell, the fibre 

remodelling and contractility equations are solved in 240 discrete directions at 

every integration point in the cytoplasm. At each integration point the fibre 

activation level in any one of these 240 directions depends on the local stress state 

and the signal intensity. This provides a fully predictive framework to determine 

the inhomogeneous three dimensional SF distribution throughout the cytoplasm. 

The representative volume element (RVE) is defined as a sphere containing fibres 

that are equally distributed in 3D space (Figure 7.1-D). The strain rate experienced 

by each fibre is calculated from the overall strain rate of the integration point, and 

used to determine the fibre tension, „. 

The contribution of the tension in each fibre is numerically integrated over 

the volume, ὠ, to determine an overall active stress tensor for the RVE: 

Ɑ „
ρ

ὠ
„ ‫ȟ‰άάὨὠ (7.5) 

where άά  describes the arbitrary orientation of a fibre. The active stress 

tensor is then added to the passive stress tensor to obtain the total stress tensor at 

the integration point: 

Ɑ Ɑ Ɑ  (7.6) 

7.2.2.2 Fading memory model 

In this section, the numerical implementation of the fading memory 

contractility formulation is outlined. As described by Ronan et al. (2012), the 
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original SF model has been previously implemented as a user-defined material 

subroutine (UMAT) in the commercial FE software Abaqus 6.13 (Simula, 

Priovidence, RI, USA).  

A perturbation method to determine a numerical approximation of the 

material Jacobian is implemented in the UMAT. Described in full by Sun et al. 

(2008), the perturbation methods is summarised in Section 3.4.2. 

In order to introduce the fading memory in a FE setting, the integral must 

be solved numerically. The integral is approximated using the trapezoidal rule: 

Ὤ
ὃ

ς
Ὡ ‐ȟ Ὡ ‐ȟ ὸ ὸ ‐ȟ

‐ȟ
π

‐ȟ π

‐ȟ π
 

(7.7)  

where ὲ is the number of history points recorded, ὸ is the current time, and ὸ and 

‐ȟ are the time and fibre strain rate associated with the history point, Ὥ, respectively. 

As illustrated in Figure 7.2-B, the history points are the time intervals, ὸ , back 

from the current time, ὸ, until a specified history time, ὸ , is reached. ὸ  and 

ὸ  used in the current numerical scheme are restricted for computational 

efficiency, as discussed later in this section. 

Due to the unfeasibility of storing the strain rate for each of the 240 fibre 

directions in the RVE at every history point, only the strain rate tensor is stored (6 

strain rate components per history point) in UMAT state dependant variables 

(SDVs). The individual fibre strain rates must be recalculated from the integration 

point strain rate at every history point per stress calculation. For further 

computational efficiency, the history of strain rates stored into SDVs is limited by 
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a user defined time, ὸ  (Figure 7.2-B). Therefore, only strain rates between the 

current time, ὸ, and ὸ ὸ  are stored for use in the calculation. The history time 

chosen is based on the exponent, ‌, such that the oldest contribution (and therefore, 

any older contribution) to the numerically integrated fibre strain rate, Ὤ, is 

negligible (Ὡ ‐ π). Furthermore, the strain rate histories are stored 

only at user defined time intervals, ὸ . Once an interval is reached, the strain rates 

at the oldest history point (ὸ ὸ ) are replaced with the strain rates at the new 

interval. Before inclusion into the UMAT, the robustness of this numerical time-

integration is rigorously tested. In Figure 7.2-C, for an ‌ υ, it is clearly 

demonstrated that an insufficient history time (ὸ πȢς s) results in a fading 

memory strain rate that exhibits a step change each time the oldest history point is 

dropped (i.e. Ὡ ‐ π), yielding a bad numerical approximation. It is 

further illustrated that history times of 0.7 s or greater are sufficient for the 

approximation when ‌ υ. In Figure 7.2-D, a range of numerically approximated 

fading memory strain rates are shown for different time interval values when ‌

υ and ὸ ς s. It is clearly shown that the time interval must be sufficiently small 

(ὸ πȢπυ s) for the integral to be accurately approximated. Any increase in the 

history time or decrease in the time interval has negligible effect on the numerical 

approximation of fibres fading memory strain rate, Ὤ. 
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Figure 7.2: (A) Plot of instantaneous applied fibre strain rate, Ⱡ█, (solid line) with 

corresponding time integrated fading memory strain rate, ▐█, (dashed line). (B) Illustration of 

history time, ◄▐░▼◄, and time interval, ◄░▪◄, parameters on a timeline. (C) Parametric study of 

history time, ◄▐░▼◄. (D) Parametric study of time interval, ◄░▪◄, used. All time parameters are in 

seconds. Based on this parametric study, a ◄▐░▼◄ of 2 s and a  ◄░▪◄ of 0.05 s were used in all 

further simulations. ═ and ♪ values of 1 and 5, respectively, were also used throughout. 




















































































































































