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ABSTRACT

[bookmark: OLE_LINK82][bookmark: OLE_LINK83]Computational modelling of the in-vivo mechanical response of various biological materials within the human organism, such as brain tissue, bone, arteries, ingested food, is an increasingly cost-effective design tool for bio-medical, bio-engineering and surgical applications. This study addresses the knowledge gap in simulating deformation-fracture during cutting in continua that lie in the transition between a soft solid and a complex fluid state. Hydrated food is one such system produced naturally after swallowing. We show that a viscoplastic-damage constitutive law calibrated through compression tests on hydrated biscuit particles, can be utilised in Eulerian Finite Element (FE) analysis to predict complex localised deformation-fracture material behaviour during cutting at two length scales with high fidelity. We demonstrate that in such materials a fracture term is not always necessary to predict ultimate separation and that the Eulerian FE analysis is a versatile approach based on which largely different material cutting behaviours can be modelled. Our study provides a platform for understanding and optimising processes involving ultra-soft materials which flow excessively and exhibit weak or strong cutting resistance. 
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1 Introduction
[bookmark: bbib2]       Knowledge of the mechanical behaviour of various systems in the human organism offers enormous opportunities for improving human health (Rohlmann, Bauer et al. 2006, Nava, Mazza et al. 2008, Umale, Deck et al. 2013, Skamniotis, Elliott et al. 2017). However, not only access to real materials is difficult (Nava, Mazza et al. 2008), but also performing mechanical property measurements can be extremely challenging, particularly in highly compliant soft solid systems (Umale, Deck et al. 2013, Forte, Galvan et al. 2016, Forte, Gentleman et al. 2017). In order to reduce the amount of instrumentation and prototyping required for understanding and predicting mechanical performance under complex in-vivo conditions, computational modelling tools (e.g. Finite Element (FE) analysis) are actively being developed; these are relatively inexpensive tools which can provide attractive solutions to technologically demanding tasks, such as medical diagnosis (Kauer, Vuskovic et al. 2002, Snedeker, Bajka et al. 2002, Budday, Steinmann et al. 2014), surgical planning (Ayache, Cotin et al. 1998, Oldfield, Dini et al. 2013, Leibinger, Forte et al. 2016), biomedical material design (Fagan, Julian et al. 2002, Lacroix, Planell et al. 2009, Forte, Gentleman et al. 2017), as well as functional food design for optimal digestive performance (Sinnott, Cleary et al. 2017, Skamniotis, Elliott et al. 2017, Harrison, Cleary et al. 2018, Skamniotis, Patel et al. 2018).
     Nevertheless, despite the computational advances in modelling a range of hyperelastic-viscoelastic complex biological tissues (Kauer, Vuskovic et al. 2002, Prevost, Balakrishnan et al. 2011, Umale, Deck et al. 2013, Forte, Galvan et al. 2018), challenges continue to exist when ultra-soft systems (e.g. brain tissue, liver, food after swallowing) are concerned (Oldfield, Dini et al. 2013, Umale, Deck et al. 2013, Forte, Gentleman et al. 2017). This owes to the remarkable mathematical complexity required to account for the excessive deformations that these systems typically exhibit upon mechanical loading (Prevost, Balakrishnan et al. 2011, Oldfield, Dini et al. 2013, Umale, Deck et al. 2013), especially when interacting bodies or material damage-fracture are also involved (Skamniotis, Elliott et al. 2018), such as during the process of cutting through a surgical tool (Oldfield, Dini et al. 2013, Oldfield, Dini et al. 2013, Takabi and Tai 2017). As a result, classical grid based numerical analyses that are used widely in solid mechanics, such as the Lagrangian FE formulation, struggle to provide converged solutions (Oldfield, Dini et al. 2013, Harrison, Cleary et al. 2014, Skamniotis, Elliott et al. 2019). 
[bookmark: OLE_LINK21][bookmark: OLE_LINK78][bookmark: OLE_LINK79]      In order to deal with extreme topological changes within materials, alternative numerical schemes have been established in the field of computational mechanics. Amongst these schemes, the Smoothed Particle Hydrodynamics (SPH) (Liu and Liu 2010, Harrison and Cleary 2014, Harrison, Eyres et al. 2014, Takabi, Tajdari et al. 2017), the Discrete Element (DE) method (Zhu, Zhou et al. 2007, Zhu, Zhou et al. 2008, Govender, Cleary et al. 2013, Weerasekara, Powell et al. 2013, Thakur, Morrissey et al. 2014, Cleary, Delaney et al. 2018) and the Coupled Eulerian-Lagrangian Finite Element (CEL-FE) analysis (Kelmanson and Maunder 1999, Cazacu and Ionescu 2010, Nordsletten, Niederer et al. 2011, Qiu, Henke et al. 2011, Dey, Hawlader et al. 2015, Wang, Bienen et al. 2015, Ducobu, Rivière-Lorphèvre et al. 2016, Raoelison, Sapanathan et al. 2016) have been widely documented. Nevertheless, the application of these numerical frameworks in modelling deformation-fracture in biological materials is hardly reported. Recently, Sinnott et al (Sinnott, Cleary et al. 2017) modelled flow of a solid food phase in the small intestine through the DE approach; the latter was coupled with SPH to capture the surrounding flow of a second viscous fluid phase. Although the study showed remarkable merits in tackling such a complex numerical problem, whether the DE model parameters i.e. normal and tangential contact stiffness, adhesion toughness etc., can be efficiently calibrated based on macroscopic mechanical properties of continua remains under investigation (Hahn, Wallmersperger et al. 2010, André, Iordanoff et al. 2012). This suggests that predicting the typically complex constitutive mechanical response of soft biological solids via the DE method, will be an additional challenge. 
      On the other hand, SPH is an alternative grid-free method which has proven powerful in modelling a variety of constitutive mechanical responses and applications, ranging from liquid sloshing (Shao, Li et al. 2012) and food oral breakdown (Harrison and Cleary 2014), to the high-velocity impact of soft solids (Heimbs 2011, Mohagheghian, Wang et al. 2017, Zhou, Liu et al. 2019) and machining of metals (Parle, Singh et al. 2014, Takabi, Tajdari et al. 2017). However, the method often suffers from numerical tensile instabilities (Monaghan 2000, Liu and Liu 2010, Liu and Liu 2010, Simulia 2013, Xu and Yu 2018), such that implementing damage within the material constitutive law in SPH models remains a shortcoming (Takabi, Tajdari et al. 2017).
      The above limitations appear to be no longer a concern in CEL-FE models, which are being actively used to capture a variety of constitutive mechanical responses under extreme deformations (Benson and Okazawa 2004, Qiu, Henke et al. 2011, Al-Badour, Merah et al. 2013, Ducobu, Rivière-Lorphèvre et al. 2016). Despite being a grid-based method, the underpinning ‘Lagrange-plus-remap’ and ‘Eulerian material advection’ algorithms (Benson and Okazawa 2004) allow for material transport and deformation to be computed without the grid/mesh being deformed. As a result, CEL-FE models appear ideal in modelling extreme deformations in both fluid and solid continua through a Eulerian representation, as these interact with stiffer Lagrangian instances (Heimbs 2011, Qiu, Henke et al. 2011, Smojver and Ivančević 2011, Ahmadzadeh, Saranjam et al. 2014, Puls, Klocke et al. 2014). Nevertheless, amongst the presented models, only the ones developed by Benson et al (Benson and Okazawa 2004) and Dey et al (Dey, Hawlader et al. 2015) have included fracture; and yet, whether and how the Eulerian FE formulation can lead to accurate deformation-fracture predictions, as a function of material stress-strain and damage parameters, has not yet been explored. 
      This study aims to address the above questions, by investigating the performance of a CEL-FE model in simulating cutting of an ultra-soft solid. The latter consists of biscuit particles and water, representing the state of food when entering the gastric digestion process. Our experimental material characterisation methods, the calibration of the viscoplastic-damage constitutive law, as well as the construction of our CEL-FE model are described in Section 2. Thereafter in Section 3, our CEL-FE model is assessed against experimental cutting data, and then it is utilised to predict deformation-fracture for varying stress-strain and damage input parameters. Our work contributes to the understanding and computational modelling of complex flow-fracture phenomena in ultra-soft solid biological materials. 
     
  
     








1. Materials and methods

0. Material 

    The solid phase of the material is made of commercial biscuits, namely Nairn’s fine milled oatcakes, with ingredients: wholegrain oats (85% w/w), sustainable palm, fruit oil, sea salt and sodium bicarbonate. The biscuits are ground (kitchen blender Breville VBL096) and subsequently sieved (Sigma-Aldrich analytical sieve Z289698-1EA, pore size 500 μm) into small particles of less than 0.5 mm size. These were thereafter oven-heated at a temperature of 103 C° for sixteen hours in order to measure the associated weight loss due to dehydration. The procedure was repeated three times for a different set of particles of 100 gr initial weight, giving an average moisture content of  2.6 0.3 % (w/w). The particle size 0.5 mm is chosen small enough such that a continuum material with uniform moisture conditions is obtained soon after the solid phase is mixed with a liquid phase.
    The liquid phase of the material consists of 30% (v/v) de-ionised water and 70% (v/v) Phosphate-buffered saline (PBS) solution; the latter eliminates potential pH changes in the material during experimental testing period and is obtained by dissolving a 5 gr PBS tablet (Sigma-Aldrich P4417-100TAB) into 200 mL de-ionised water.
     

0.   Specimen preparation

[bookmark: OLE_LINK4][bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: _Hlk26875770][bookmark: OLE_LINK51][bookmark: OLE_LINK71][bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: OLE_LINK48][bookmark: OLE_LINK490][bookmark: OLE_LINK72][bookmark: OLE_LINK73][bookmark: OLE_LINK74]     Mixing is performed as shown in Figure 1(a) through a laboratory 6-pin planetary mixer which has been previously used for preparing bread dough by Mohammed et al (Mohammed, Tarleton et al. 2013). For consistency with the former study, a mixing duration of three minutes with a rotational speed of 30 rpm were used. The mixing procedure is repeated throughout the experimental study, each time between an amount of 100 grams solid phase and 97.4 mL liquid phase, giving rise to a final dry/liquid (weight) ratio of 1:1, or equivalently  50%; note that the latter takes into account the initial 2.6% moisture content. In the same manner the procedure is also employed to obtain different material states associated with moisture contents of  40% and  60%. These provide data regarding the effect of hydration on the mechanical properties, while they also represent limits of validity of the assumptions of continuity and solid behaviour for the material. For example, mixing at  30% provided a ‘very dry’ material such that a single cohesive mass could not be formed. This condition violates the assumption of continuity; therefore it was not considered here. On the other hand, using  70% resulted into a very thick fluid, which displayed flow due to its own weight; the latter violates the assumption of a solid material. In addition, beyond  60% the material showed significant stickiness, which hindered the specimen preparation for mechanical testing.  
[bookmark: _Hlk45219967][bookmark: _Hlk45549167][bookmark: OLE_LINK200][bookmark: OLE_LINK201][bookmark: OLE_LINK203][bookmark: OLE_LINK159]     After mixing, the material is immediately collected manually with a spatula, sealed by cling film (Mohammed, Tarleton et al. 2013) with as little air enclosed as possible and finally stored in a container, as shown in Figure 1(b). Thereafter, for each test repeat, the cling film is opened and closed immediately after parts of the bolus material are detached in order to form specimen configurations associated with uniaxial compression and cutting. For compression, material is manually pushed inside cylindrical polytetrafluoroethylene (PTFE) moulds (see Figure 1(c)) with diameter,  20 mm, and two heights,  10 mm and  20 mm. In the same manner, moulding was employed to form cuboidal specimens (see Figures 1(e), 1(f)) for wire cutting and cylindrical cutting with corresponding dimensions:  x  x  30 x 30 x 20 (mm) and  x  x  20 x 30 x 30 (mm). Prior to material insertion in the mould, the internal surface of each mould is initially covered by the non-stick siliconized baking paper (Bakewell) shown in Figure 1(d)). The latter allows for removing the specimen from the mould in a straightforward manner i.e. eliminating sticking and offers support when the specimen is subsequently attached onto the compression platen, as depicted in Figure 1(d). Thereafter, the non-stick paper is removed and testing is performed as illustrated by Figure 1(e); the same procedure is employed in testing the cuboidal specimens in wire and cylindrical cutting (see Figures 1(e), 1(f)). Before removing specimens from the moulds, weight measurements of the specimen-mould-cling film system were performed to ensure consistency in the tested specimen mass. These weight measurements indicated that the specimen mass was practically insensitive to the amount of force applied by hand in order to insert the material in the mould. This simultaneously suggested that potential amounts of trapped gas in the specimens were also insensitive to the applied pressure during moulding; for the low total work input applied here during mixing (slow mixing speed of 30 rpm and short mixing time of three minutes), the likelihood of aeration in the specimen is considered to be very small (Chin and Campbell 2005). Nevertheless, we also applied a constant pressure on the material in the following fashion: a metallic cylindrical rod with the same diameter as the inner mould diameter,  20 mm was allowed to rest on the top surface of the sample in the mould;  a weight of 20 kg was then placed on the top of the rod (corresponding to a consistent pressure of 600 kPa for all samples). Through this technique we observed that it was practically impossible to push the material in Fig 1c further inside. This owes to the very low compressibility of the material (Poisson’s ratio  0.5) i.e. very high resistance to volumetric changes compared to shape (deviatoric) changes, as it is later revealed optically during the compression tests. The specimen weight measurements yielded bolus material densities of 1.17 gr/mL, 1.11 gr/mL and 1.06 gr/mL, for  40%,  50% and  60%, respectively. 
[bookmark: _Hlk27129456]     The entire experimental work was conducted within five consecutive days. For each day, mixing was repeated such that a fresh material is tested within a maximum of three hours (from mixing). Preliminary compression tests (at  50%) corresponding to material kept sealed for approximately five minutes against material kept sealed for three hours verified no difference in the corresponding compression force-displacement data. Potential dehydration effects during testing were also investigated. This involved comparing compression data between specimens tested immediately after being attached to the compression platen and specimens tested after the elapse of ten minutes (exposure time on platen). Only a difference of approximately 4% was consistently found in the average force data. The latter allowed for assuming negligible dehydration effects in the experimental study, since the slowest test repeat (for 0.01/s strain rate in compression) corresponded to a duration of approximately three minutes. All the above procedures correspond to a constant ambient temperature of 20  and relative humidity of 50 %, controlled by a laboratory air-conditioning system. Independent sensor measurements indicated negligible temperature and humidity gradients within the laboratory room.

        


	










Figure 1. Illustration of bolus specimen preparation process and experimental configurations. Images show: (a) mixing, (b) storing (material sealed by cling film), (c) moulding into cylindrical specimens for compression tests, (d) attaching onto platen for uniaxial compression testing, (e) wire cutting test configuration, (f) cylindrical cutting test configuration.














0.   Mechanical testing

2.   Uniaxial compression test

[bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: OLE_LINK18][bookmark: OLE_LINK19][bookmark: OLE_LINK28][bookmark: OLE_LINK29][bookmark: OLE_LINK30]     The uniaxial compression test involves applying monotonic straining, stress relaxation as well as loading-unloading histories on the cylindrical specimens shown in Figure 1(d) with original dimensions,  20/20 mm (height/diameter). All the experiments reported in this manuscript are conducted via a single column Instron universal testing machine (1kN load cell capacity) with true strain rate control based on a prescribed specimen dimension e.g.  for compression. The mechanical response is examined in terms of (Von Mises) equivalent stress, , and equivalent strain, , definitions; for the uniaxial experiments here,  and  are respectively equal to the absolute values of true (Cauchy) stress, , and true (Hencky) strain, , such that we can write: 


and


[bookmark: _Hlk26956589][bookmark: OLE_LINK129][bookmark: OLE_LINK130][bookmark: OLE_LINK133]where  is the applied force,  is the current cylindrical specimen cross sectional area and  is the current specimen height. With the aid of optical means (Logitech HD Pro C920, 30 fps, 1920x1080 pxls), through preliminary compression tests it was found that the specimen expands laterally such that its volume remains practically unchanged (Poisson’s ratio,  0.5)(Skamniotis, Patel et al. 2016). This almost perfectly incompressible behaviour implies that:



[bookmark: OLE_LINK49][bookmark: OLE_LINK50]where  is the original specimen cylindrical cross sectional area. Equation (3) is thus substituted into Equation (1) to obtain . Notably, Equation (1) postulates a solid material behaviour such that the self-weight of the specimen can be neglected i.e. the stresses developed due to gravity are insignificant compared to the cohesive stresses of the material. This requirement was comfortably met here for moisture contents up to  60%, whereas for  70%, as mentioned earlier (Section 2.2) the material was observed to flow noticeably due to its own weight, rendering the compression test invalid.
[bookmark: OLE_LINK63][bookmark: OLE_LINK64][bookmark: OLE_LINK68][bookmark: OLE_LINK69][bookmark: OLE_LINK70][bookmark: _Hlk45269674][bookmark: OLE_LINK60][bookmark: OLE_LINK61][bookmark: OLE_LINK62][bookmark: OLE_LINK65][bookmark: OLE_LINK66][bookmark: OLE_LINK67]     Time dependency is characterised via performing the monotonic tests at three constant true strain rates,  0.01/s, 0.1/s, 1/s, while performing five repeats per condition; these rates lie within the shear rate range, 0.27/s0.45/s, suggested by Ferrua et al (Ferrua, Xue et al. 2014) to occur in typical Newtonian fluids in the human stomach. The testing machine enforces a constant true strain rate by applying a non-linear displacement history in the metallic loading platen, which depends on the original specimen height, , according to Equation (2). This implies that for the compression tests here, on differentiating equation (2) and setting it to a constant value, the solution yields a displacement rate which decreases exponentially with applied time Data are collected up to large strains i.e.  = 2 corresponding to a specimen compressed by 87% of its original height. Additional data related to time dependency are obtained through stress relaxation tests at three constant strains,  0.1,  0.5 and  1, all held for ten minutes after applying an initial  0.01/s ramp loading; three test repeats are used per condition. Finally, loading-unloading is conducted for all the three rates,  0.01/s, 0.1/s, 1/s, each repeated twice. Loading is applied up to  1 after which unloading begins and stops at the point of zero applied force.
[bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3]      Undesirable specimen barrelling effects (Charalambides, Goh et al. 2005) due to specimen-platen interfacial friction were reduced via attaching polyetrafluoroethylene (PTFE) sheets (0.5 mm thickness) on both the upper and lower compression platens, which were also smeared with a thin film of silicon oil of  m²/s viscosity (Skamniotis, Elliott et al. 2018). Diffusion effects of the silicon oil into the specimen were considered to have a minor effect on the results based on the relatively high viscosity of  m²/s compared to the viscosity of water , as well as based on the relatively short duration of the majority of the tests. Specifically, the strain of  1 (up to which the stress-strain, , data are later considered valid) was achieved within 1 s, 10 s and 100 s for rates 1/s, 0.1/s and 0.01/s, respectively. The effect of specimen aspect ratio was assessed by repeating the above procedure for ‘short’ specimens i.e. by using a height of  10 mm while preserving  20 mm, and comparing the  data between the two aspect ratios,  = 20/20 and  = 10/20. This procedure was followed in order to ensure that geometry independent  data are obtained (Charalambides, Goh et al. 2005, Charalambides, Goh et al. 2005).



2.3.2  Cutting tests
      Cutting experiments are conducted at four cutting speeds, , of: 0.1 mm/s, 1 mm/s, 2.5 mm/s and 10 mm/s (each repeated three times), and at two length scales by using cutting tool diameters that differ by an order of magnitude: a taut wire cutter with a diameter,  0.5 mm (Figure 1(e)), and a rigid cylindrical cutter with diameter,  5 mm (Figure 1(f)). In both wire and cylindrical cutting, the specimen is supported by a rigid platen and a maximum cutting displacement,  18 mm, is applied. Since our chosen material relates to the application of gastric digestion, emphasis will be placed on the cutting behaviour at the speed of  2.5 mm/s which is relevant to the average peristaltic wave speed in the human stomach (Kwiatek, Steingoetter et al. 2006).
















0. Computational modelling  

3. Outline

      Our numerical study initially involves calibration of a suitable material constitutive law based on the compression  test data for  50%. The constitutive law is then used as input in a Coupled Eulerian-Lagrangian Finite Element (CEL-FE) model which is constructed to reproduce wire cutting and cylindrical cutting test data. Finally, the effect of constitutive law damage parameters on the cylindrical cutting predictions is examined. The study focuses on  50%, because at this moisture content the material is found to display both excessive plastic flow as well as micro-cracking. Detailed description of the theoretical framework and practical aspects of the Eulerian FE formulation can be found in (Benson and Okazawa 2004) and (Simulia 2013), respectively. The commercial FE code ABAQUS (Simulia 2013) is used.




3.   Material constitutive law

[bookmark: OLE_LINK260][bookmark: OLE_LINK261]2.4.2.1 Viscoplastic-damage law 

       Over several constitutive laws employed in the literature for soft solids (Gamonpilas, Charalambides et al. 2009, Mohammed, Tarleton et al. 2013, Skamniotis, Elliott et al. 2017), the viscoplastic and the coupled viscoplastic-damage laws are utilised here. Since these laws have been extensively described in (Skamniotis, Elliott et al. 2018), a brief description will be provided here. The viscoplastic law involves an initial elastic regime, governed by the elastic modulus, 𝐸, followed by a strain rate dependent and/or stress state dependent plastic regime. The latter can be coupled with the damage law in order to apply stress degradation based on combined fracture mechanics and continuum mechanics principles (coupled viscoplastic-damage law). The elastic, plastic and damage regimes are respectively described by the following three expressions: 
 
(a)   



  

where  and  are respectively the equivalent plastic strain and equivalent plastic strain rate,  is the stress at the onset of plasticity (yield onset stress) as a function of rate,  is a scalar damage variable and  is the triaxiality factor which determines the stress state based on: 

[bookmark: OLE_LINK161][bookmark: OLE_LINK172]

[bookmark: OLE_LINK245][bookmark: OLE_LINK416]where 𝑝 is the hydrostatic pressure; Equation (5) implies  -1/3 for uniaxial compression,  0 for simple shear and  1/3 for uniaxial tension. On the other hand, 𝐷 determines the level of isotropic material degradation by increasing from  0, at the onset of damage, to  1, at full damage i.e. complete loss of stiffness ( 0). Damage onset occurs when a deformation level  is exceeded (corresponding to  and ), which can be specified as a function of  and . Full damage may occur abruptly i.e. instant loss of stiffness as soon as , or non-abruptly, requiring additional deformation beyond  to be applied. In this case, further to plasticity an additional damage/fracture energy is also dissipated, which is typically defined in fracture toughness, , units (kJ/m²) such that the total amount of dissipation within an element of a FE mesh is not influenced by the size of the element; this aims to reduce mesh dependent effects associated with damage (Voyiadjis and Dorgan 2004, Abu Al-Rub and Voyiadjis 2009, Skamniotis, Elliott et al. 2018). Consequently, the damage/fracture energy dissipation for each element is computed based on the element’s change in length (often called ‘element displacement’) instead of equivalent plastic strain. 
     The main feature of the viscoplastic-damage law used here is that compression and tension involve identical stress-strain behaviour based on Von Mises plasticity, but associate with a different damage behaviour. 



2.4.2.2 Calibration of viscoplastic-damage law

[bookmark: OLE_LINK8][bookmark: OLE_LINK9]      For calibrating the viscoplastic law, the  test data are converted into  data via decomposing  into the elastic, , and plastic, , components based on:



[bookmark: OLE_LINK176][bookmark: OLE_LINK177][bookmark: OLE_LINK217]Thereafter, the  data for each are here specified in tabular form in ABAQUS CAE (Simulia 2013).
      The above parameters concern the deviatoric component of the bolus response. The volumetric (dilatational) component is instead determined by the bulk modulus, , defined as:



for which values in the range  0.5 must be used for an explicit FE analysis and specifically, the condition  0.475 is generally recommended when modelling incompressible materials (Simulia 2013, Skamniotis, Elliott et al. 2019); here, a parametric study is conducted for Poisson’s ratio, .
      Regarding the viscoplastic-damage law, here no direct experimental  versus  data were obtained. Instead the ‘true’ damage onset criterion for our material i.e.  versus  relationship, is calibrated inversely through 3D FE simulations of the cylindrical cutting experiment. Based on this true damage onset criterion, we investigate whether applying damage to the viscoplastic law has in fact merits in modelling fracture/separation during cutting here, as well as whether the concept of  itself is relevant to our material. Additionally, in order to investigate the sensitivity of the cutting predictions upon the damage onset criterion, as well as the capability of Eulerian FE analysis in modelling brittle fracture, we artificially vary the  versus  relationship and perform additional cylindrical cutting simulations.  
     Throughout the study we utilise abrupt damage. This is primarily because the concept of fracture toughness, , itself and more generally, stiffness degradation, are not found to characterise separation/fracture in our material (to be shown in Sections 3.3.1 and 3.3.2.5). Another reason is the numerical limitations of the current Eulerian analysis in calculating the additional fracture energy dissipation associated with non-abrupt damage. Specifically, the concept of ‘element displacement’ does not exist in the underlying Eulerian numerical computations i.e. the elements remain undeformed-fixed as the material flows through them. This may relate to the fact that the framework of non-abrupt damage through the calculation of  has never been implemented in a Eulerian FE analysis. In general, only Dey et al (Dey, Hawlader et al. 2015) have used non-abrupt damage within a Eulerian FE mesh, yet, with the cost of significant mesh dependency in the results.
   



2.4.2.3 Elastic-plastic J law 

     The viscoplastic theory is also utilised here to capture a hypothetical material behaviour, in which  increases highly non-linearly with , displaying a ‘J’ shaped  curve. Similar behaviours have been reported in wheat flour dough (Mohammed, Tarleton et al. 2013) and gelatine gels (Forte, D'amico et al. 2015). The ‘J’ shaped response, referred here as ‘elastic-plastic J law’, is considered to obey an initial linear elastic regime, followed by a rate independent exponential strain stiffening (hardening) regime, as given below: 

(a)   



[bookmark: OLE_LINK156][bookmark: OLE_LINK157]where  is the yield onset stress, is the hardening exponent, and  (MPa) is the hardening modulus calibrated such that the response is of a similar stress magnitude range as the oatcake bolus. This is achieved by specifying  as a function of a reference stress, , and a reference strain, , both corresponding to a characteristic point of the experimental oatcake bolus  data; this is to ensure similar stress magnitudes between the elastic-plastic J law and the viscoplastic-damage law of oatcake bolus. Thus, by combining Equations (6) and (8b),  is calibrated by:


   
where the same  is used with the one determined experimentally for the oatcake bolus. Equation (9) is used to generate  data points which are tabulated in ABAQUS (Simulia 2013), in the same manner as described in 2.4.2.2.


3.   Cutting models 

[bookmark: OLE_LINK262][bookmark: OLE_LINK263][bookmark: OLE_LINK285][bookmark: OLE_LINK286][bookmark: OLE_LINK287]2.4.3.1 Construction of cutting models 

[bookmark: OLE_LINK288][bookmark: OLE_LINK306]      Wire/cylindrical cutting simulations are performed through the following CEL-FE models: pseudo-2D wire cutting model (Figure 2(a)), 3D cylindrical cutting model (Figure 2(b)), as well as pseudo-2D cylindrical cutting model (Figures 2(c)). The pseudo-2D wire/cylindrical cutting models (Figures 2(a), 2(c)) assume plane strain conditions in the out-of-plane direction (Z-axis). Although such conditions would generally allow for 2D models to be used (Goh, Charalambides et al. 2005), the current Eulerian FE formulation is only applicable in a 3D domain (Simulia 2013). For this reason, the plane strain condition is simulated through pseudo-2D models consisting of a single element in the out-of-plane direction and Z-symmetry boundary conditions (Puls, Klocke et al. 2014). All models (Figures 2(a-c)) involve a cuboidal Eulerian domain/box which encloses the original specimen configuration/profile used in the experiment, as well as the platen and cutting tool which are modelled as discrete rigid (Lagrangian) shells. For computational efficiency, the 3D cylindrical cutting model (Figure 2(b)) includes only half of the experimental assembly i.e. assuming symmetry about the X-Y plane. Employing a 3D wire cutting model was not judged necessary for the purposes of this study and moreover involved numerical limitations. Specifically, a 3D wire cutting model would require an extremely large total number of elements (Eulerian domain mesh size) in order to enclose the entire specimen volume and simultaneously satisfy sufficiently small element sizes in regions were cutting is applied, even if half of the test configuration is modelled.
     The wire/cylindrical cutters are meshed through 4-node, bilinear rigid quadrilateral (Lagrangian) elements of uniform size 0.5 mm, while the Eulerian domains are meshed with 8-node, linear, Eulerian brick, reduced integration, hourglass control elements. In the pseudo-2D wire cutting model (Figure 2(a)) mesh bias were used, such that a typical element size of 0.05 mm exists at the wire cutting region i.e. at Y-Z symmetry plane of specimen, with the average element size increasing linearly up to 0.15 mm at the vertical edges of the specimen; this resulted in a mesh size of 45254 elements. On the other hand, a uniform element size of 0.5 mm is employed in the 3D and pseudo-2D cylindrical cutting models, leading to Eulerian mesh sizes of 113720 elements (Figure 2(b)) and 5415 elements (Figure 2(c)), respectively. The above mesh densities ensured that that the cutting force-displacement results practically remain the same with further mesh refinement. 
[bookmark: OLE_LINK322]    In all models a ‘Eulerian mesh motion’ algorithm is employed (Simulia 2013), which allows the Eulerian domain to translate and/or change dimensions (expand or contract in either of X, Y, Z directions) with respect to the rigid body motion and deformations of the material; this reduces significantly the original mesh size (total number of elements) requirements. The level of maximum domain expansion and contraction is here limited, such that no element exceeds an aspect ratio of 1.5. In addition, in the 3D model (Figure 2(b)) the domain translation is such that the ‘negative’ Eulerian domain bounding planes/faces about the Y, Z axes (denoted as -Y, -Z in Figure 2(b)) are fixed, while the rest of faces as well as the centre of the domain are unconstrained; the same conditions are applied in the pseudo-2D models (Figures 2(a), 2(c)), with the only difference that also the +Z face is fixed. Symmetry about the X-Y plane in the 3D model is enforced by specifying zero translational velocity along the Z axis (0) as well as zero rotational velocities about the X and Y axes (0) throughout the -Z bounding face of the Eulerian domain (see Figure 2(b)); these conditions are applied in both -Z and +Z bounding faces in the pseudo-2D models (see Figures 2(a), 2(c)). 
[bookmark: OLE_LINK547][bookmark: OLE_LINK548][bookmark: OLE_LINK549][bookmark: OLE_LINK550]    Contact is modelled via the ABAQUS explicit general contact algorithm (penalty contact) (Simulia 2013). Due to unknown specimen-platen and specimen-cutting tool interactions, a sensitivity analysis is performed by varying the friction coefficient, . Cutting is performed through a downward translation along the Y axis on a reference node which governs the motion of the cutting tool (rigid body constraint); all the other degrees of freedom are constrained. The supporting platen is constrained in all translations and rotations.
      






























Figure 2. Illustration of wire cutting and cylindrical cutting Coupled Eulerian-Lagrangian Finite Element (CEL-FE) models. Images show: (a) pseudo-2D wire cutting model with mesh details at the cutting region, (b) 3D cylindrical cutting model with mesh details at the cutting region, (c) pseudo-2D cylindrical cutting model.






	


















2.4.3.2 CEL model parameters   

     Due to the presence of multiple parameters with potential effect on the cutting predictions, including: material constitutive law, numerical analysis, loading rate as well as frictional conditions, the following parametric studies are conducted: 
[bookmark: OLE_LINK274][bookmark: OLE_LINK275][bookmark: OLE_LINK562] Poisson’s ratio sensitivity analysis in the 3D cylindrical cutting model (Figure 2(b)), by varying  between 0.475, 0.49, 0.499 and 0.4999 (corresponding to  ratios of 6.66, 16.6, 166 and 1666) and using consistently  2.5 mm/s, frictionless contact, and the viscoplastic law (no damage). The appropriate  value is used in the following studies; note that prior to the current study, a mesh sensitivity analysis is also conducted to ensure that the mesh density used is such that the results do not change with further mesh refinement.
[bookmark: OLE_LINK570][bookmark: OLE_LINK571][bookmark: OLE_LINK566] Inverse analysis in the 3D cylindrical cutting model ( 2.5 mm/s and the viscoplastic law are consistently used) in order to determine the value  which gives the best experimental-model agreement; the value is used in the following studies.
 Investigation of the plain strain assumption through comparison of cutting force-displacement results between the 3D (Figure 2(b)) and pseudo-2D (Figure 2(c)) cylindrical cutting models, for  2.5 mm/s and by using the viscoplastic law. 
[bookmark: OLE_LINK294][bookmark: OLE_LINK295][bookmark: OLE_LINK572][bookmark: OLE_LINK573][bookmark: OLE_LINK574] Assessment of the experimental-model agreement at different rates via conducting simulations at all the experimental cutting speeds, , of: 0.25 mm/s, 1 mm/s, 2.5 mm/s, 10 mm/s, using the pseudo-2D wire cutting (Figure 2(a)) and 3D cylindrical cutting (Figure 2(b)) models with the viscoplastic law.
 Evaluation of the effect of stress-strain response on cutting predictions through performing simulations at a single speed,   2.5 mm/s, using the pseudo-2D wire cutting (Figure 2(a)) and 3D cylindrical cutting (Figure 2(b)) models with the viscoplastic law and elastic-plastic J law.
 Investigation of the effect of damage on cutting predictions by conducting simulations at a single speed,   2.5 mm/s, using the 3D cylindrical cutting model with the viscoplastic-damage law for different damage onset criteria.
 


















1. Results and discussion

1. [bookmark: OLE_LINK7]Uniaxial compression results

[bookmark: OLE_LINK80][bookmark: OLE_LINK81][bookmark: OLE_LINK85][bookmark: OLE_LINK101][bookmark: OLE_LINK102][bookmark: OLE_LINK103][bookmark: OLE_LINK231][bookmark: OLE_LINK232][bookmark: OLE_LINK233][bookmark: OLE_LINK575][bookmark: OLE_LINK576][bookmark: OLE_LINK577][bookmark: OLE_LINK89][bookmark: OLE_LINK90][bookmark: _Hlk27137312][bookmark: OLE_LINK108][bookmark: OLE_LINK109][bookmark: OLE_LINK110][bookmark: OLE_LINK586][bookmark: OLE_LINK587][bookmark: OLE_LINK588][bookmark: OLE_LINK104][bookmark: OLE_LINK105][bookmark: _Hlk45571962]       Figure 3(a) compares the typical specimen behaviour in compression between the two aspect ratios,  = 20/20, and  = 10/20, for common moisture content,  50% and rate,  0.1/s; the maximum error between test repeats was consistently noted when  1/s and  40% and corresponds to a 6.5% variation in the average plateau stress calculated in the regime 0.3  1. A similar specimen barrelling behaviour between the two  ratios is qualitatively shown in Figure 3(a). Barrelling is generally found inevitable when  1, which invalidates the assumption of uniform deformation behind Equations (1) and (2); this explains why  data corresponding to  1 cannot be rendered valid (Charalambides, Goh et al. 2005, Skamniotis, Elliott et al. 2018). Quantitative differences between are more clear in Figures 4(a-b), which depict  data for common  50% and varying  (Figure 4(a)), and  data for common  0.1/s and varying  (Figure 4(b)). Specifically, as opposed to  10/20 in which  continuously increases with , the ratio  20/20 imposes a slight decrease in  in the regime 0.1  1. Interestingly, this phenomenon enhances with increasing rate,  (see Figures 4(a)) and decreasing moisture content,  (Figure 4(b)). In particular, the maximum post-yield decrease of  in Figure 4(a) (fixed  50%) is 5%, 8% and 10% for the rates, 0.01/s, 0.1/s and 1/s, respectively, whereas in Figure 4(b) (fixed  0.1/s) the above decrease is 9%, 8% and 1%, corresponding to moisture contents, 40%, 50% and 60%. 
[bookmark: OLE_LINK140][bookmark: OLE_LINK147][bookmark: OLE_LINK583][bookmark: OLE_LINK589][bookmark: OLE_LINK590][bookmark: OLE_LINK123][bookmark: OLE_LINK124][bookmark: OLE_LINK584][bookmark: OLE_LINK585]      A number of factors can generally influence this type of phenomenon. In the literature (Skamniotis, Elliott et al. 2017), the general role of  has been associated with lubricant being squeezed out of the specimen-platen interface with increasing testing speed i.e. increasing ; the latter is expected to enhance the error induced by specimen-platen friction in the stress calculations. Friction induced error, however, has been shown to increase with decreasing specimen aspect ratio, , where a larger fraction of the material is subjected to non-uniaxial compression (Charalambides, Williams et al. 1995, Charalambides, Goh et al. 2005). Nonetheless, here in Figures 4(a-b) the post-yield decrease of stress is not seen for the short specimen i.e.  10/20, and thus the phenomenon may not be associated with friction. On the other hand, Figure 3(b) (corresponding to  1.5 and  = 20/20) suggests that the role of  in the post-yield stress decrease may relate to the fact that the severity of micro-cracking in the circumference of the specimens, decreases remarkably with increasing ; specifically when  60% no micro-cracking is observed, which may explain the only 1% post-yield decrease of stress in Figure 4(b). However, as illustrated in Figure 3(a) for  50%, surface micro-cracking occurs at large strains i.e.  (for  40% signs of micro-cracks are seen for  0.7), and therefore appears irrelevant to the post-yield stress decrease. Pre-existing micro-cracks in the interior of the specimens are also considered irrelevant, because the post yield stress decrease occurs systematically/consistently and only in the tall specimens ( 20/20); in addition, the material is ‘self-healing’/sticks together i.e. potential pre-existing micro-cracks in the material would likely heal upon the pressure applied during moulding. On the other hand, on the basis of previous work on gelatine gels (Forte, D'amico et al. 2015), a reasonable explanation for the post-yield stress decrease can be provided by considering potential pressure driven water migration-redistribution effects. These effects can cause instability in the specimen and thus sudden reduction in the force measurements. The effects are generally expected to be pronounced in less homogeneous/water-saturated specimens i.e. low moisture  here (Forte, D'amico et al. 2015), also in higher pressures i.e. higher rates,  here, as well as in specimens with increased volume i.e.  20/20 here; these all conditions are consistent with the overall trend seen in Figures 4(a-b), with respect to the post-yield stress decrease. 
    The validity of these arguments and specifically the effect of pressure on water redistribution will be investigated in later study, by comparing the current data against (simple) shear test data where zero pressure is by principle applied. In this study, we rather focus on the main stress-strain data attributes in order to relate these attributes with wire/cylindrical cutting response. Thus, the fact that the post-yield stress decrease is not shown for the short specimens i.e.  20/20 in Figs 4(a-b), provided enough indication here that the phenomenon relates to instability in the specimen, and for this reason we have ignored the effect in our constitutive law calibrations (to be shown in Section 3.2).
      Simultaneously Figure 3(b) reveals the effect of  on overall material cohesiveness, such that low  is linked with brittle-like fracture events with little external mechanical energy, as opposed to high  which instead associates with ductile-like fracture events, or no fracture even if large mechanical energy is applied. This demonstrates that the chosen range 40%  60% represents a transition between a granular solid state with a small degree of cohesiveness i.e. bolus does not stick together for  40%, and on the other extreme, a viscous fluid state i.e. no fracture for  60%. Attempts to measure directly a tensile failure strain through conventional tensile tests failed due to the extreme compliance of the material. 
[bookmark: OLE_LINK113][bookmark: OLE_LINK114]     To summarise, the extent of the specimen barrelling and axial micro-cracking effects depends on ,  and , while the two effects are coupled in the sense that barrelling promotes tensile lateral strains in the circumference of the specimen which enhance micro-cracking. The influence of micro-cracking can be quantitatively evidenced through the relaxation  log(t) plots in Figure 4(d) in terms of the decreasing long term ( 10 min) stress value with increasing constant strain; a similar phenomenon has been reported in cheese by Goh et al (Charalambides, Wanigasooriya et al. 2006). Although barrelling and micro-cracking are shown to hinder the accurate determination of the true  behaviour at extreme compressive strains i.e.  1, these effects do not impose a limitation for the purposes of this study. In this study, it is found instructive to consider  data only up to  1 as the true uniaxial material response, and, secondly ignore the slight decrease in  in the regime 0.1  1, i.e. assuming a constant  beyond the onset of yield for each . For the above range of validity the overall effect of  on  is insignificant, and thus the  data can be deemed geometry independent. 
    










[bookmark: OLE_LINK239][bookmark: OLE_LINK246][bookmark: OLE_LINK421][bookmark: OLE_LINK422][bookmark: OLE_LINK423][bookmark: OLE_LINK236][bookmark: OLE_LINK237][bookmark: OLE_LINK251][bookmark: OLE_LINK252]Figure 3. Illustration of typical specimen behaviour in uniaxial compression for 0.1. Images show: (a) comparison of barrelling at four strain levels  0, 0.2, 0.5, 1,between aspect ratios,  = 20/20 and  = 10/20 for common moisture content,  50%, (b) comparison of axial micro-cracking between  40%,  50%, and  60%, at the large strain level,  1.5.
































[bookmark: OLE_LINK390][bookmark: OLE_LINK389][bookmark: OLE_LINK412][bookmark: OLE_LINK415][bookmark: OLE_LINK131][bookmark: OLE_LINK132][bookmark: OLE_LINK303][bookmark: OLE_LINK313][bookmark: OLE_LINK314][bookmark: OLE_LINK424][bookmark: OLE_LINK425][bookmark: OLE_LINK95][bookmark: OLE_LINK139][bookmark: OLE_LINK432][bookmark: OLE_LINK433][bookmark: OLE_LINK434]Figure 4. Summary of  data in compression together with visoplastic law fit. Plots show: (a) monotonic uniaxial compression  data for three strain rates,  0.1/s,  0.01/s,  1/s, and two aspect ratios,  = 20/20 and  = 10/20, for common moisture content,  50%, (b) corresponding data for  40%,  50% and  60% and common  0.1/s, (c) viscoplastic law fit (for  50%), including response upon unloading from 1 at for each , (d) viscoplastic law fit on relaxation data at the three constant strains, 0.1, 0.5 and  1, after applying an initial  0.01/s ramp loading.





3.2  Viscoplastic law fit

[bookmark: OLE_LINK227][bookmark: OLE_LINK234]      The viscoplastic law fit (for  50%) is shown in Figure 4(c), including the response upon unloading from  1 (at the three ), while Figure 4(d) depicts the relaxation fit at 0.1, 0.5 and 1. The monotonic  response is found to agree closely with the viscoplastic law (Section 2.4.3.1) (Figure 4(c)). Specifically, in the range of validity ( 1), the behaviour can be idealised in the form of an initial linear elastic regime defined by a time independent elastic modulus,  100 kPa, followed by a strongly time dependent, perfectly plastic regime i.e. constant  beyond the onset of yield for each rate, . The latter takes values of  4.1 kPa,  7 kPa,  9.6 kPa, and  15.2 kPa, for the respective rates 0/s, 0.01/s, 0.1/s and 1/s; the long term stress,  4.1 kPa, measured from relaxation at  0.5 (Figure 4(d)), is also chosen to define the static  response i.e.  0/s of the viscoplastic law (Skamniotis, Elliott et al. 2018). Figure 4(c) also shows excellent experimental-model match upon unloading from 1, highlighting that plastic energy dissipation dominates over elastic recovery upon large strain cyclic deformation; additional cyclic tests indicated a similar behaviour when unloading from 0.5 (data not shown), while delayed viscous strain recovery was negligible. 
      On the other hand, the viscoplastic law falls short in capturing the bolus relaxation characteristics with fidelity (see Figure 4(d)). This owes to the absence of a time dependent inelastic strain component in the current viscoplastic law i.e. a creep/viscous strain. The latter, however, cannot be currently incorporated within an Explicit analysis in a straight forward manner (Simulia 2013), particularly when a Eulerian FE formulation is used.
[bookmark: OLE_LINK158][bookmark: OLE_LINK160]      




























3.3 Cutting results

3.3.1  Experimental cutting data

[bookmark: _Hlk45541033]      Fig 5(a) presents the normalised cutting force, , versus displacement, , data for wire cutting, together with the corresponding FE predictions (pseudo-2D model) based on the viscoplastic law. Each experimental and FE plot corresponds to a specific displacement rate, ; in both experiments and FE predictions, the normalised forces in the steady state (plateau) regime,  5 mm (Fig 5(a)), increase with cutting displacement rate, , with the increase being less profound in the FE data (to be explained in Section 3.3.2.3). Forces are normalised by specimen thickness, , as well as by cutting diameter, , in order to obtain units of stress (kPa) which allows for comparison between the wire cutting and cylindrical cutting data. The corresponding normalised force, , versus  data for cylindrical cutting are reported in Fig 6(a). A maximum variation of 7% and 5% is calculated in the average steady state forces amongst the three repeats and all the cutting speeds, for wire and cylindrical cutting, respectively. Both Figures 5(a) and 6(a) display profound rate dependency in the experimental normalised forces, which is related to the strong rate dependent  behaviour of the material. Nevertheless, the shape of the plots between wire and cylindrical cutting differs. Specifically, a steady state regime exists in the wire cutting data for  2 mm, whereas the normalised forces in cylindrical cutting continue to increase even after full indentation of the cylinder on the specimen has occurred i.e.  5 mm. The latter is attributed to the finiteness of the specimen i.e. specimen height,  20 mm, in comparison to the size of the cylindrical cutter i.e. diameter,  5 mm; in contrast, in wire cutting the specimen i.e. height,  30 mm, is much larger compared to the size of the wire cutter i.e. diameter,  0.5 mm. The above also suggests that the cylindrical cutting  data here are dependent upon the value of , whereas the wire cutting  data are independent of the exact value of  i.e. a small change in  does not have an effect on the steady state  values.
     Typical specimen behaviour during the wire and cylindrical cutting tests is depicted in Figures 5(b) and 6(b), respectively. Figure 6(b) clearly shows that noticeable deformation and damage in the form of micro-cracking are observed only locally near the cylindrical cutting region such that the rest of the specimen volume remains practically undeformed. Similar deformation-damage phenomena were observed to occur near the wire cutting region, however due to the smaller length scale here (reduced by a factor of 10), the phenomena are not clearly visible in Fig 5(b). The important feature here is that both wire (Fig 5(b)) and cylindrical (Fig 6(b)) cutting do not lead to the formation of a macro-crack ahead of the cutting tool, but instead the material flows excessively, unlike the typical wire cutting response previously reported for cheese (Goh, Charalambides et al. 2005). Specifically, in Figures 6(b) and 11(b) micro-cracking is seen to occur only at the external specimen surfaces surrounding the cylindrical cutter, where large stress triaxialities, , i.e. tensile states, in principle apply (Skamniotis, Elliott et al. 2017). Importantly, these micro-cracks do not lead to the creation of (larger) macro-cracks, and therefore they appear to play a minor role in material separation i.e. after the test, the two separated faces of the specimen are smooth and do not involve micro-cracks. Instead, separation here rather occurs through excessive plastic flow of the material surrounding the cutter (see Figure 11(b)); this will be verified by FE results. The above observations suggest that the concept of fracture toughness, , is rather irrelevant here. 









Figure 5. Summary of wire cutting experimental-model results. Images show: (a) experimental-model comparison for  0.9 at various speeds, , in terms of the normalised force, , versus displacement, , response, based on pseudo-2D wire cutting model and the viscoplastic law; the prediction  for a single speed,  2.5 mm/s based on the elastic-plastic J law is also shown, (b) typical experimental specimen behaviour at cutting displacement,  20 mm, (c) predicted specimen behaviour ( contours) at 10 mm based on the viscoplastic law, (d) corresponding specimen behaviour at  10 mm based on the elastic-plastic J law; for the latter, (e) shows the detail of the wire cutting tip.
































	















Figure 6. Summary of cylindrical cutting experimental-model results. Images show: (a) experimental-model comparison for  0.9 for varying speed, , in terms of the normalised force, , versus displacement, , based on 3D cylindrical cutting model and the viscoplastic law; the prediction  for a single speed,  2.5 mm/s based on the elastic-plastic J law is also included, (b) typical experimental specimen behaviour at three cutting displacements, : 4 mm, 10 mm and 20 mm, (c) predicted specimen behaviour ( contours) at 18 mm based on the viscoplastic law (3D model), (d) corresponding specimen behaviour at  18 mm based on the elastic-plastic J law; (c-d) show the external (side) specimen surface.























Figure 7. Effect of friction on cylindrical cutting FE predictions. Plot shows normalised force, , versus displacement, , based on 3D cylindrical cutting model and the viscoplastic law, for a single speed,  2.5 mm/s, between different friction coefficients, , including frictionless contact ( 0) and rough contact ().













































Figure 8. Illustration of FE contours in wire cutting (pseudo-2D model) for the speed,  2.5 mm/s, and the viscoplastic law. Contours show: (a),(d) equivalent stress, , (b),(e) equivalent plastic strain, , (c),(f) stress triaxiality, ; (a-c) correspond to 0.5 mm, whereas (d-f) correspond to  1.5 mm.
















































Figure 9. Illustration of FE contours in cylindrical cutting (3D model) for the speed,  2.5 mm/s, and the viscoplastic law. Contours show: (a),(d) equivalent stress, , at displacement,  4 mm, (b),(e) equivalent plastic strain, , at 4 m, (c),(f) stress triaxiality, , at  4 mm, (g),(j)  at  10 mm, (h),(k)  at  10 mm, (i),(l) , at  10 mm. (a-f) and (g-l) correspond to the external surface and symmetry plane of the specimen, respectively.









































3.3.2 Cutting FE simulation results

3.3.2.1 Effect of mesh density and Poisson’s ratio
 
[bookmark: OLE_LINK435]     The FE plots in Figure 5(a), as well as the FE  contours corresponding to the viscoplastic law (Figure 5(c)) and elastic-plastic J law (Figure 5(e)) were obtained for Poisson’s ratio,  0.49, and typical element size of 0.04 mm, near the wire cutting region. The same mesh density is used to obtain the cylindrical cutting FE plots (Figure 6(a)) as well as the FE  contours corresponding to the viscoplastic law (Figure 6(c)) and elastic-plastic J law (Figure 6(d)), through a typical element size of 0.4 mm (and  0.49). Mesh refinement is found to provide practically the same results in both wire and cylindrical cutting. As shown later (Section 3.3.2.5) modelling damage in this material under tensile deformation has a small effect on the overall cutting forces. For this reason, potential mesh dependency induced by damage (Dey, Hawlader et al. 2015, Skamniotis, Elliott et al. 2018) is not investigated here. Regarding Poisson’s ratio, using values of  0.475 and  0.499 in the 3D cylindrical cutting model correspondingly lead to an average reduction of 3% and increase of 0.2% in the normalised forces compared to when  0.49 was used (data not shown). Further increase of Poisson’s ratio into  0.4999 results in large fluctuations in the forces; for this reason, a  0.49 is found to be an appropriate value for this study. 


3.3.2.2 Effect of friction 

[bookmark: OLE_LINK241][bookmark: OLE_LINK144][bookmark: OLE_LINK145][bookmark: OLE_LINK146][bookmark: OLE_LINK356][bookmark: OLE_LINK357][bookmark: OLE_LINK86][bookmark: OLE_LINK148][bookmark: OLE_LINK149][bookmark: OLE_LINK126][bookmark: OLE_LINK127][bookmark: OLE_LINK128]     The effect of friction on the FE results for  2.5 mm/s (3D cylindrical cutting model) is depicted in Figure 7. The latter shows that friction coefficients,  0.9, such as  0.5 and  0 (frictionless contact), lead to a decrease in the predicted cutting forces in the regime  10 mm, which is in contrast to the experimental data; similar results for cylindrical cutting were reported in (Skamniotis, Elliott et al. 2017). Instead,  0.9 as well as rough contact (infinite friction coefficient,, such that no sliding occurs between surfaces), improve remarkably the experimental-model agreement. Large  is indeed expected to occur here due to some degree of stickiness in the oatcake bolus for  50%. On the other hand, sliding motion between the lower part of the specimen and platen surfaces was experimentally observed (compare the specimen’s bottom contacting surface expansion between  4 mm and  18 mm in Figure 6(b)); the latter is triggered by the significant specimen lateral expansion (due to a true Poisson’s ratio,  0.5). As a result,  0.9 is found a more likely condition to occur compared to rough friction, not least because it gives the best experimental-model fit. 



3.3.2.3 Effect of speed - wire cutting versus cylindrical cutting

      The FE results obtained by the 3D cylindrical cutting model in Figure 6(a) agree closely with the experimental data for all the four speeds, despite that damage is not included i.e. the viscoplastic law is used. Adding damage for this material under tensile states i.e. when  0.2, is found to influence the predictions of the 3D cylindrical cutting model only at large displacements i.e.  0.7 and only by a small amount (to be discussed in Section 3.3.2.5); for this reason, the experimental-model agreement between wire and cylindrical cutting concerns only the viscoplastic law. 
       In contrast to cylindrical cutting, the steady-state experimental wire cutting data (Figure 5(a)) are not predicted accurately for the two highest speeds,  2.5 mm/s and  10 mm/s. The reason lies in the fact that for the above speeds the corresponding strain rates encountered in the wire cutting region exceeded the maximum experimental rate,  1/s, up to which the viscoplastic law was calibrated. In particular, typical rates of  30/s are seen to apply in the steady state wire cutting regime i.e.  2 mm, when  10 mm/s; instead, corresponding rates for  10 mm/s at  10 mm in cylindrical cutting where only  2/s, which only slightly falls outside the calibration range. Indeed, higher strain rates in wire cutting are expected, since these by principle scale with the ratio of cutting speed over cutting diameter. This can be evidenced by the fact that although the same  range is applied between wire and cylindrical cutting, the experimental wire cutting normalised forces,  (Figure 5(a)), are considerably higher than the corresponding cylindrical cutting  values (Figure 6(a)). 
     Providing additional stress-strain data for  30/s into the viscoplastic law, in order to match the experimental  data for  10 mm/s (inverse constitutive law calibration) did not lie within the purposes of this study. The close wire cutting experimental-model agreement (see Figure 5(a)) for the lower speeds,  0.25 mm/s and  1 mm/s, accompanied by the excellent cylindrical cutting predictions (Figure 6(a)) at all speeds, demonstrate that cutting at both small ( 0.5 mm) and large ( 5 mm) length scales in this material can be accurately modelled through the same viscoplastic law. This also validates the assumption of continuity in our material, as well as suggests that similar deformation-damage processes occur locally at the wire cutting and cylindrical cutting regions. The similarity of deformation processes is supported by our FE predictions which show that the equivalent plastic strain, , and stress triaxiality, , fields applied at two characteristic stages of wire cutting in Figure 8 (pseudo-2D wire cutting model), compare well with the corresponding fields that occur at the symmetry (middle) plane of the 3D cylindrical cutting model in Figure 9. Specifically, Figures 8(e) and 9(k) display that at the symmetry plane of the specimen, excessive plastic strains are distributed in a similar manner in the wire cutting and cylindrical regions, respectively, while Figures 8(c), 8(f) (for wire cutting) and Figures 9(f), 9(l) (for cylindrical cutting) show that highly compressive states i.e. low stress triaxialites, , occur similarly underneath the wire and cylindrical cutters.


3.3.2.4 Effect of stress-strain response

[bookmark: OLE_LINK167][bookmark: OLE_LINK168][bookmark: OLE_LINK169][bookmark: OLE_LINK406][bookmark: OLE_LINK135][bookmark: OLE_LINK138][bookmark: OLE_LINK187]      Regarding the role of material stress-strain, , behaviour, both Figure 5(a) for wire cutting as well as Figure 6(a) for cylindrical cutting, demonstrate a remarkably different cutting response for  2.5 mm/s between using the experimentally calibrated viscoplastic law and the elastic-plastic J law; the corresponding  behaviours of the above laws are depicted in Figure 10(b) (Figure 10 will be discussed in Section 3.3.2.5), while the calibrated parameters of the elastic-plastic J law are  20 kPa,  1.5,  2 and  11.78 kPa, (and  100 kPa). It is highlighted that the shape of the  behaviour alone can have a profound effect on the cutting behaviour. This is also qualitatively demonstrated by the differences in the predicted specimen response (FE  contours) between using the viscoplastic law and the elastic-plastic J law, in Figures 5(c-d), for wire cutting at  10 mm, and Figures 6(c-d), for cylindrical cutting at  18 mm. Specifically, Figures 5(d) and 6(d) show that in the extreme scenario of a ‘J’ shaped  behaviour (elastic-plastic J law), cutting will involve large deformations extending to the bulk of the specimen. In contrast, the  behaviour of the material investigated here (viscoplastic law), where  is constant for each  in the plastic regime (perfect plasticity), leads to large strains applied only locally at the cutting region; the rest of the specimen effectively remains undeformed, in agreement to the experiment (Figures 5(b) and 6(b)). Based on the above, the ‘J’ shaped  behaviour associates with a markedly higher resistance against cutting i.e. higher total external energy required for specimen flow-separation, as opposed to the material studied here. 
    

3.3.2.5 Effect of damage 

     We now investigate the role of damage in the cutting behaviour, by coupling the viscoplastic law with three different damage onset criteria within the 3D cylindrical cutting model. Prior to this investigation, the true damage onset criterion is calibrated for this material by using the viscoplastic law within the 3D cylindrical cutting model. Specifically, we observe the equivalent plastic strain, , and stress triaxiality, , values that apply at locations in the FE model corresponding to the one where micro-cracking initiates in the experiment, at the displacement,  4 mm (see Figure 6(b)), for  2.5 mm/s. The equivalent stress, , equivalent plastic strain, , and stress triaxiality, , fields at the external surface of the specimen are respectively presented through Figures 9(a-c) for  4 mm, and Figures 9(g-i) for  10 mm, whereas the corresponding fields at the symmetry plane of the specimen are illustrated in Figures 9(d-f) for  4 mm, and Figures 6(j-l) for  10 mm. It is shown that the  and  fields at the external surfaces of the specimen (Figures 9(b-c)), differ significantly to the ones encountered in the symmetry plane of the specimen (Figures 9(e-f)); these differences increase as cutting evolves i.e. compare Figures 9(h-i) against Figures 6(k-l). The above observations highlight the following important feature: large tensile strains occur only near the external surfaces of the specimen surrounding the cylinder, whereas the bulk/core of the specimen (symmetry plane) suffers highly compressive (confined) states i.e.  0. This agrees well with earlier interpretations of Figure 6(b), that damage, in the form of micro-cracking, is triggered by those tensile states. Importantly, Figures 9(b-c) show that the experimental displacement,  4 mm, where micro-cracking initiates (Figure 6(b)) corresponds to  0.25 and  0.2, at the respective location in the FE model and hence these values are considered to determine the true damage onset criterion for this material ( 0.25 &  0.2), leading to the ‘viscoplastic-true damage law’ specified in Table 1. It is emphasised that allowing isotropic damage i.e. stress degradation to zero, only for tensile states here is generally underpinned by the reasonable assumption that the material’s resistance against deformation, and/or equivalently, the material’s load carrying capacity, can only be lost completely under these states; this implies that stress reduction to zero and subsequent macroscopic fracture, cannot occur for purely compressive states. The validity of this assumption-consideration in soft solid starch based polymers has been investigated extensively in (Skamniotis, Elliott et al. 2017) and (Skamniotis, Elliott et al. 2019). Clearly, the concept of damage here is exclusively used to describe the macroscopic material separation, and not potential degradation processes at smaller scales, that could also occur in compression along with tension.
     The above true damage onset criterion in terms of the  versus  relationship is illustrated in Figure 10(a), while Figure 10(b) depicts the corresponding  behaviour of the ‘viscoplastic-true damage law’ in uniaxial tension ( 1/3). Table 1 is provided to show that damage is prevented for  0.2 by specifying an arbitrary large value  which is never exceeded in the simulation, corresponding to a value of  which close to 0.2 i.e. 0.19 (also see steep increase in  from  0.2 to  0.19 in Figure 10(a)). The resulting FE cutting prediction for the above conditions is shown in Figure 11(a) in terms of the  versus  response, and in Figures 11(b-c) which compare the experimental-model deformed specimen configuration at the end of test i.e.  18 mm;  contours as cutting evolves are also reported in Figures 12(a,d,g,j). The results in Figures 10-12 and material data in Table 1, associated with an additional two damage onset criteria (referring to ‘viscoplastic-modified damage law’ and ‘viscoplastic-modified brittle damage law’) will be described/discussed in the final part of this section. Regarding the viscoplastic-true damage law here, Figure 11(a) importantly shows that the FE forces drop by an insignificant amount with respect to the forces obtained without using damage i.e. viscoplastic law. This is because when damage is allowed only for  0.2, stress degradation occurs in a very small fraction of the specimen, and only near the external specimen surfaces, as shown by Figure 11(c); this is in excellent agreement with the experimental data i.e. compare  contours in Figure 11(c) against the regions where micro-cracking accumulates in Figure 11(b). At this point, it should be also noted that the pseudo-2D cylindrical cutting model based on the plane strain assumption leads to forces which also fall reasonably close to the experiment (Figure 11(a)). This implies that the tensile deformations occurring in the external surfaces of the specimen, where in principle plane stress states become dominant, have a very small effect on the results here. All the above lead to the main conclusion that material separation through cutting here involves excessive plastic flow processes rather than the creation of new fracture surfaces. This explains the choice of the Eulerian FE analysis for this study, over a Lagrangian FE analysis and further indicates that the concept of , based on classical fracture mechanics principles is irrelevant for this material.
[bookmark: _Hlk45275932][bookmark: OLE_LINK400][bookmark: OLE_LINK525]      In order to investigate the general sensitivity of the cutting response upon the damage onset criterion, and whether fracture surfaces can be modelled through the current Eulerian FE analysis, the overall role of damage is artificially enhanced. This firstly involves modifying the true damage onset criterion ( 0.25 &  0.2) such that damage now also occurs at any stress state when  1, giving rise to the ‘viscoplastic-modified damage law’ specified in Table 1; the corresponding  versus  plot is illustrated in Figure 10(a). For this modified criterion, Figure 12(h) shows that after a considerable amount of cutting, the specimen separates completely at approximately  13 mm, such that the corresponding cutting forces drop to zero (see Figure 11(a)). This highlights a high sensitivity of the cutting response upon the damage onset criterion. We now modify the damage criterion further, such that damage occurs as soon as tensile plastic deformation is applied i.e. when  0.0001 &  0.2, as well as when  1 for any stress state, leading to the ‘viscoplastic-modified brittle damage law’ specified in Table 1; the corresponding  versus  plot is depicted in Figure 10(a). This modification reduces dramatically the cutting resistance, since the associated cutting forces in Figure 11(a) drop to zero at very low cutting displacements. Specifically, at  4 mm Figure 12(c) shows two secondary damage bands and one primary (central) damage band which propagates and leads towards specimen separation (see Figures 12(f) and 12(i)); the latter occurs in a rather brittle manner i.e. rapid propagation of damage with little plastic deformation around the cylindrical cutter. Note that although ultimate separation is not directly obvious, Figures 12(f) and 12(i) correspond to zero cutting force in Figure 11(a), as all the material underneath the cylindrical cutter is fully damaged (). 
[bookmark: _Hlk45277368]      Similar phenomena associated with Eulerian FE analysis were observed by Benson et al (Benson and Okazawa 2004), while it has been generally shown that FE mesh refinement typically decreases the damage band width (Al-Rub and Kamel 2004, Voyiadjis and Dorgan 2004, Abu Al-Rub and Voyiadjis 2009, Dey, Hawlader et al. 2015, Skamniotis, Elliott et al. 2018). Refining the mesh here, however, would increase dramatically the computational cost, which points towards adaptive Eulerian mesh refinement strategies (Kelmanson and Maunder 1999, Bobaru and Ha 2011, Kuan, Sim et al. 2013) as more appropriate for modelling the details of a damage band with higher fidelity; for the cutting of this material here, Figs 11(b-c) provide indication that damage bands and/or sites of localised damage represent micro-cracks. However, whether adaptive mesh refinement can in fact capture more accurately surface microcracking (Fig 11b) remains to be investigated, since additional numerical factors need to be considered. These factors mainly associate with the inherent numerical difficulty in remapping the geometry of a brittle crack through a Eulerian FE formulation (Simulia 2013). 
      On the other hand, Figs 12(h) and 12(i) suggest that even in brittle-like fracture, it may not be necessary to capture potential surface micro-cracks in order to model cutting by the formation of a macro-crack through the bulk of the specimen. Instead, modelling accurately the evolution of a micro-crack into a macro-crack through the specimen is shown to be more important than modelling surface micro-cracks, for the scope of predicting cutting. From a practical point of view, our Eulerian FE approach does provide results relevant to brittle material separation as it can predict the rapid propagation of a damage band at relatively small applied strains (Figure 12(c)). The above feature, together with the capabilities to model material separation driven by extreme topological changes (Figure 6(c)) and/or capture a response with high resistance against deformation (Figure 6(e)), render our approach a useful, versatile computational tool for describing the mechanical response of a range of biological soft solid-complex fluid systems with low and high cohesiveness.
	
 


 



















 Figure 10. Variation of the damage onset criterion and associated stress-strain response. Images show: (a) equivalent plastic strain at damage onset, , versus stress triaxiality, , for three different damage onset criteria used with the viscoplastic law, (b) corresponding  response of the viscoplastic law coupled with the three different damage onset criteria, in uniaxial tension ( 1/3) at different strain rates; the viscoplastic law (no damage) as well as the elastic-plastic J law (no damage & rate dependence) responses are also plotted; the damage onset strain,  0.25, is highlighted by red dashed-dotted line.



















































Table 1. Input parameters for the viscoplastic law and the coupled viscoplastic-damage laws with different damage onset criteria. Equivalent stress,  (depednent variable) is defined as a function of equivalent plastic strain,, for each equivalent plastic strain rate, , and stress triaxiality, . Equivalent plastic strain at damage onset,   (dependent variable) is defined as a function of stress triaxiality, . Linear interpolation is used between the specified values, while outside the provided range of the independent variables, the dependent variables are assumed constant and equal to the value of the last data point specified.
















































 Figure 11. Summary of study on the effect of damage on the cylindrical cutting FE predictions. Images show: (a) comparison of the cylindrical cutting FE predictions (3D cylindrical cutting model) for a single cutting speed,  2.5 mm/s, between the viscoplastic law (no damage) and the three viscoplastic-damage laws for different damage onset criteria, (b) typical specimen after the end of the cylindrical cutting experiment, and (c) corresponding FE prediction based on viscoplastic-true damage law (true damage onset criterion). The prediction based on the pseudo-2D cylindrical cutting model and the viscoplastic law is also shown, together with the experimental data for  2.5 mm/s.














































Figure 12. Illustration of predicted bolus specimen breakdown behaviour at speed  2.5 mm/s through the 3D cylindrical cutting FE model between three viscoplastic-damage laws with different damage onset criteria. Images show damage variable, , contours at the external (side) specimen surface, for different cutting displacments,: (a-c)  4 mm, (d-f) 10 mm, (g-i)  13 mm, (j)  18 mm. (a),(d),(g),(j) correspond to viscoplastic-true damage law (true damage onset criterion), (b),(e),(h) correspond to viscoplastic-modified damage law, and (c),(f),(i) correspond to viscoplastic-modified brittle damage law.








































1. Conclusions

      This study deals with the mechanical characterisation and computational modelling of deformation-fracture in extremely compliant continua which exhibit features of both soft solids and complex fluids. Such advances aid in understanding and predicting the in-vivo mechanical performance of various biological systems within the human organism, ranging from foods during gastric digestion to brain tissue during surgery. 
     We conduct our investigation on specimens formed through mixing solid biscuit particles with water, providing a reasonable mimic of the food when entering the stomach. Below a liquid to solid ratio of 40 % a non-cohesive granular material is obtained, whereas beyond 60% a highly cohesive viscous fluid state prevails which flows excessively without fracture. Within the transition range 40 – 60 %, a continuum soft solid state is formed, for which uniaxial compression tests reveal a viscoplastic stress-strain behaviour. When the material is cut either with a rigid wire or a much larger cylindrical cutter, separation is found to occur through excessive local plastic flow, accompanied by local surface micro-cracking driven by tensile strains. 
[bookmark: _Hlk45274696]     These flow-damage phenomena are accurately predicted, in both the wire cutting and cylindrical cutting scales, through a Eulerian Finite Element (FE) analysis. The advantage of this analysis over a Lagrangian analysis, is that the cutting predictions are based on the experimentally calibrated viscoplastic stress-strain law alone, and therefore a damage/fracture criterion is not required to model material separation; nevertheless, such a criterion is shown necessary in systems which separate in a brittle-like manner i.e. by the creation of a macro-crack surfaces. This class of behaviour can also be captured by implementing a viscoplastic-damage law in the same analysis, showcasing the merits of the Eulerian FE analysis in investigating a wide range of material flow-damage processes in soft solid-complex fluid systems. Our FE results demonstrate the sensitivity of cutting behaviour on the fracture strain parameters that are used to define the material damage onset criteria for tensile and compressive states. Stress triaxiality is shown to be an indispensable parameter in accounting for differences between tensile and compressive states in terms of crack initiation.
    Our approach provides a platform for studying the effect of intrinsic properties i.e. stress-strain, fracture strain, on the in-vivo mechanical performance of various biological and food materials, that may exhibit weak or strong cutting/separation resistance. Such advances will inform the design of surgical tools as well as biomedical and food materials that promote health.
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