
BRAIN TISSUE BIOMECHANICS: NEW 

TISSUE PHANTOMS, MECHANICAL 

CHARACTERISATION AND MODELLING 

STRATEGIES FOR ENHANCED SURGICAL 

PROCEDURES 

 

 

 

 

 

 

 

Antonio Elia Forte 

 

Imperial College London 

 

Department of Mechanical Engineering 

 

This dissertation is submitted for the degree of Doctor of Philosophy 

 

November 2015 





 

     i 

DECLARATION OF ORIGINALITY 

This dissertation is the result of my own work and includes nothing, which is the 

outcome of work done in collaboration except where specifically indicated in the 

text. It has not been previously submitted, in part or whole, to any university of 

institution for any degree, diploma, or other qualification.  

 

 

COPYRIGHT DECLARATION 

‘The copyright of this thesis rests with the author and is made available under a 

Creative Commons Attribution Non-Commercial No Derivatives licence. 

Researchers are free to copy, distribute or transmit the thesis on the condition that 

they attribute it, that they do not use it for commercial purposes and that they do 

not alter, transform or build upon it. For any reuse or redistribution, researchers 

must make clear to others the licence terms of this work’ 

 

 

Signed:  

 

 

Date:   28/09/2015 

 

 

Antonio Elia Forte, PhD candidate. 

 



 

ii 

ABSTRACT 

This thesis aims to clarify some standing issues in the available mechanical 

knowledge of the human brain.  

An extensive experimental campaign has been carried out aiming at unravelling 

the mechanical properties of brain tissue. The outcomes include stiffness, 

relaxation, permeability and storage and loss moduli measurements. The effect of 

temperature and humidity is also reported, highlighting the importance of 

monitoring the environmental conditions when testing this complex organic tissue. 

The work includes testing of surrogate materials and the design of a new 

composite hydrogel tailored to reproduce the mechanical behaviour of the tissue. 

The making of a dynamic life-sized phantom is also achieved and described in 

detail. This overcomes the rare availability of brain shift intra-operative data and 

enables the possibility to develop reliable models for pre-surgical planning and 

surgical training.  

A series of modelling examples are also reported, using several material 

formulations and boundary conditions, in order to investigate different modelling 

approaches, the importance of each material parameter in the analysis, the effect 

of the presence of the liquid phase on the results etc.  

Finally, a full 3D model of the human brain is presented. The model is evaluated 

comparing the deformation field measured in the life-sized phantom against the 

computed deformation fields obtained by using three different material 

formulations. The model is described in detail and the results demonstrate that the 

poro-hyper-viscoelastic material formulation exhibits the smallest deviations in 

comparison with the experimental apparatus. 
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1 INTRODUCTION 

 

 

The brain is the most complex organ of the body. It represents the base of all the 

cognitive functions and coordinates our needs, actions and lives. It has been 

extensively studied from several angles, allowing us to understand more about the 

human being and its and complex behaviours.  

From a mechanical point of view, however, the brain tissue is still subject of 

discussion for the scientific community. Indeed, several authors approached the 

study of the mechanical properties of brain tissue, contributing with important 

results to the growing of the literature. Unfortunately, the lack of standardized 

testing protocols, the availability of the specimens and different testing conditions 

caused a not negligible spreading in the experimental data (see chapter 6).  

Therefore, a comprehensive analysis is needed to clarify standing issues and 

uncertainties in the investigation, the reproduction and the modelling of the 

mechanical response of brain tissue to external stimuli and loading conditions. 

This PhD thesis is the results of a synergistic multi-disciplinary approach aiming to 

understand the mechanical behaviour of the human brain. In particular, among all 

the interesting topics related to this field of research, we focused on the study of 

the brain shift phenomenon. 
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The brain shift is a non-rigid deformation occurring during surgical procedures 

when a craniotomy is performed. Due to the changes in boundary conditions the 

brain starts to shift along the direction of gravity. This is mainly caused by the loss 

of cerebrospinal fluid surrounding the brain and consequently of buoyancy forces 

that support its weight. If the aperture in the skull is limited in size and the loss of 

cerebrospinal fluid is not significant (i.e. during minimal invasive surgical 

procedures) the amount of shift in the organ is negligible. However, in the majority 

of neurosurgeries the craniotomy diameter spans in average from 3 to 7 cm, hence 

brain shift occurs. The deformation of the exposed surface of the brain has been 

measured to be as large as 2 cm (more information in chapter 8 and citations 

thereby).  

This non-rigid shift lowers the accuracy of the surgery. In fact, surgeons often rely 

on the pre-operative MRI scan of the patients in order to extrapolate anatomical 

structures, paths and target positions inside the organ. Therefore when the brain 

deforms under gravity, internal targets and structures move from their initial 

position resulting in an error that might compromise the outcome of the 

intervention. For this reason biomechanical modelling has been introduced as a 

powerful tool to predict the brain shift deformation pre-operatively or in real time 

during surgical procedures.  

The importance of developing more accurate, reliable and complex models is 

therefore clear. However, a combined experimental and numerical approach is 

required in order to achieve this. 

Therefore the work was developed focusing on several aspects: (i) the mechanical 

characterization of the organic tissue; (ii) the study of the mechanical behaviour of 

existing soft synthetic materials; (iii) the design of a novel composite hydrogel for 

mimicking the brain tissue; (iv) the simplified and full 3D finite element modelling 

of the brain for different applications. 

The study sheds light on several fundamental problems, proposing alternatives 

and creative solutions. 

In particular, an exhaustive mechanical characterization of human brain tissue 

(after a preliminary study on porcine brain tissue) is presented. Separate grey and 
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white matter mechanical properties are provided, along with insights on the effect 

of different testing conditions (temperature, humidity, sample thickness etc.) on 

the measurements. A poro-hyper-viscoelastic material formulation is also 

proposed, ready to be implemented in FE software. 

In order to overcome the difficulties related to intraoperative measurements and 

living tissue testing the work also focuses on the possibility of reproducing the 

deformation pattern and mechanical response of the brain tissue by using 

synthetic materials. Potentially, these are easy-to-make, ethics-free, inexpensive 

alternatives to real organic tissues that could facilitate the collection of 

experimental data when testing on human tissues is required, but not always 

straightforward and inexpensive. The applicability of synthetic tissues extends into 

several scientific fields, including surgical training, prosthesis design, testing haptic 

devices and performing sensor calibrations, and impact tests and trauma analysis. 

However, it is known that the complex response of organic tissues cannot be 

reproduced using a single polymer unless one focuses on a specific loading 

scenario. Thus, multicomponent polymer blends are needed for combining the best 

characteristics of each component and create a superior material.  

For this reason, after exploring the properties of several commercially available 

soft materials (e.g. study of the mechanical and fracture properties of gelatine 

gels), we will introduce a new synthetic material for mimicking the brain tissue, 

based on a novel composite hydrogel, suitable for reproducing the brain 

mechanical behaviour in a range of velocities spanning over two orders of 

magnitude. The gel is simple to prepare, widely available, inexpensive and it does 

not involve harmful components. The results demonstrate how the combination of 

two different hydrogels mutually balanced in a precise ratio produces a composite 

material that closely matches the dynamic mechanical response of brain tissue.  

Afterwards a life-sized experimental apparatus for the study of the brain shift 

phenomenon will be presented. The apparatus is able to shift under gravity while 

the water level decreases with monitored speed. In order to measure the 

volumetric deformation field during brain shift, MRI scans of the phantom can be 

obtained at different CSF amounts.  
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Shifting the focus on the modelling side, several simplified models and a full 3D 

model of the human brain for different surgical procedures will also be introduced. 

The results obtained from the simulations will be evaluated against the 

experimental result presented in the first part of the work.  

The resultant 3D model of the human brain presented at the end of the thesis is the 

outcome of a multidisciplinary approach that involves chemistry, materials 

science, mechanical engineering and mathematical modelling. The model 

represents the state of the art of gravity driven brain shift simulations and could 

become a useful tool in the preoperative planning stage, supporting surgeons in 

increasing the success rate of neurosurgeries. 

Thanks to our previous efforts in designing a new composite hydrogel that can 

mimic the mechanical behaviour of brain tissue and a life-sized phantom that can 

reproduce brain shift monitoring the level of CSF left in the skull (chapter 4) we 

are now able to evaluate our models by means of a controlled experimental 

apparatus. This enables the comparison of constitutive material descriptions, 

ruling out the spurious effects related to patient variability in terms of geometric 

features and tissue properties, CSF amount uncertainties, head orientation. 

The following chapters are organized in a not-chronological order. In fact, during 

the development of the present work, several topics were often investigated at the 

same time, allowing the development of experimental (i.e. mechanical testing and 

material synthesis) and modelling (i.e. simplified and full 3D models) skills in an 

increasing grade of complexity. For this reason, the work has been organized in 

two main sections: (i) an experimental part in which we describe testing 

methodologies (chapter 2), investigation of the mechanical properties of soft 

polymers (chapters 3 and 4), design of a new composite hydrogel (chapter 4) and 

mechanical characterization of porcine and human brain (chapters 5 and 6); (ii) a 

modelling part in which the acquired experimental data are gradually 

implemented and compared (chapter 7 and 8). This includes parametric analysis 

on different material formulations, modelling of the rate dependent fracture 

properties of gelatine gels, study of the contact stresses in murine articular 

cartilage with variable thickness (Appendix), 3D brain indentation and brain shift 

modelling. 
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All the chapters and the sub topics hereby developed have contributed in different 

ways towards expanding the scientific knowledge in the fields of biomechanics of 

the human brain, brain tissue mechanical properties, brain phantom materials, 

brain tissue modelling and constitutive laws. Therefore each chapter is introduced 

by a dedicated literature review in order to focus the attention of the reader on the 

specific topic. On the other hand, all the arguments are, in different ways, related 

and connected one another. For this reason links among the chapters are often 

used, guiding the story that will finally lead to the full 3D modelling of the human 

brain. 
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2 EXPERIMENTAL METHODS FOR 

SOFT MATERIAL 

CHARACTERIZATION 

 

 

This chapter is an introduction to the methodologies used throughout the first 

experimental part of the dissertation to reveal the mechanical and chemical 

properties of the soft materials investigated and discussed in the following 

chapters. An overview of the equipment will be given, specifying testing conditions 

adopted for each analysis. The gelatine gels mechanical analysis (chapter 3) will 

include a separate methods section because of the different equipment and 

assumption adopted. 
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2.1 Introduction to the testing of soft materials 

Soft materials are among the most arduous materials to test. The cause of this lies 

in their non-linear elastic behaviours, rate-dependent characteristics, thermal 

sensitivity, easy deformability and preconditioning with non-recoverable 

deformation history. 

The Journal Nature defines soft materials as “materials that can be easily deformed 

by thermal stresses or thermal fluctuations at about room temperature”. This gives 

a clear idea about the mandatory need of stable testing conditions and 

repeatability in the setup, which brings the task to a further step of complexity. 

The lack of standardized testing protocols also contributes to introduce disparities 

in the available data in the literature. 

Here the testing protocols adopted throughout the following chapters (except for 

chapter 3, in which testing methodology for the assessment of fracture response of 

gels are presented and discussed separately) are introduced. The methods include 

consolidated mechanical testing (compression and relaxation), rheological 

measurements, imaging techniques and thermal analysis. 

Organic tissues (i.e. porcine and human brain tissues, chapters 5 and 6), and 

natural and synthetic gels (chapters 3 and 4) were tested and compared. The large 

set of soft materials analysed allowed us to acquire proficiency and improve the 

experimental testing protocols. Different soft materials were used for different 

purposes, such as mechanical characterization, study of the failure behaviour, 

rheological analysis and tuning procedure towards the tailoring of new 

compounds. The materials and their synthesis will be described in each one of the 

experimental chapters (3, 4, 5 and 6), introducing aims and scopes of the specific 

section. 

 

2.2 Mechanical testing 

Mechanical testing of soft materials, both organic and synthetic, is strongly affected 

by imperfections in the specimen shape. Soft materials are difficult to cut with 

conventional methods. Usually the specimens are punched out of a bigger slice of 

material (i.e. brain tissue slice) using a surgical tool called trephine (Figure 1)[1]. 
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Figure 1 - Trephines of different diameters for orthopedic surgeries. 

 

Unfortunately, due of their high deformability and viscous characteristics, 

obtaining regular shapes (e.g. cylindrical) is often difficult. This results in 

uncertainties when calculating, for example, stresses and strains in a compression 

test, because of the variability in area and height. Rheometric and Oedometric tests 

are also affected by variability in sample volume and unknown heterogeneities in 

the material. Extra care should be taken in harvesting the samples, discarding 

imperfect ones, accurately measuring sample dimensions, meticulously applying 

the experimental protocol, assuring continuous monitoring of the testing and 

environmental conditions. 

 

2.2.1 Compression-relaxation test protocol 

Viscoelastic materials are those for which the relationship between stress and 

strain depends on time. In a compression-relaxation test, an initial strain is 

imposed to the material with a certain strain rate, then the stain is kept constant 

over the duration of the test (Figure 2a), and the stress is measured over time. The 

initial stress (of which the peak represents the maximum value) is due to the 

elastic (or hyperelastic) response of the material. Then, the stress relaxes due to 

the viscous effects in the material (Figure 2b). Compression tests are used to study 

the mechanical behaviour of soft tissues at small and large strains. The relaxation 

response at constant loading, on the other hand, is important to capture long-term 
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deformation response and rate dependent effects. The Mach-1™ mechanical testing 

system (Biomomentum, Canada) was chosen as testing rig (Figure 3). 

 

 

Figure 2 - a) Applied strain and b) induced stress as functions of time for a viscoelastic 

material. 
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Figure 3 – Biomomentum Mach-1 mechanical testing system. 

 

A 1.5 N single-axis load cell was used to measure the vertical force (75 N 

resolution) and the vertical displacement was measured by the moving stage of the 

rig (0.1m resolution). Silicon oil with a kinematic viscosity of 5x10-4 m2/s was 

applied at the interface between the sample and the compression platens in order 

to minimise friction effects [2, 3]. To avoid drying of the specimen during tests at 

low displacement rate a moist chamber was used. This was particularly important 

for the organic materials (chapter 5 and 6) since brain tissue tends to dehydrate 

quickly exhibiting a stiffer response to mechanical loading. The moist chamber 

consisted in disposable cylindrical superabsorbent paper towels kept wet by 

continuously spraying water using a syringe pump. This assured 100% humidity 

condition inside the chamber.  

One loading cycle was executed on each specimen. Since all the soft materials 

tested tended to adhere to the platen when coming into contact, the measured 

force often showed small contributions from adhesion effects. For this reason a 

protocol was developed using the “Find Contact” routine of the Biomomentum 

software to guarantee that the starting point of the tests was the same for all 

specimens. A spherical indenter (4 mm diameter) was mounted on the movable 
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stage before placing the samples on the apparatus. The routine was programmed 

to initially move the indenter vertically (z axis) with a velocity of 0.01 mm/s and to 

stop as soon as a vertical force of 150 μN (the minimum magnitude available, equal 

to double the resolution of the load cell) was measured by touching the lower 

platform of the rig. This point was set to be the zero for the z-axis of the rig. Then 

the specimen was placed on the fixed platform. Once again, the indenter was 

moved towards the specimen with a velocity of 0.01 mm/s and stopped as soon as 

a vertical force of 150 μN was measured by touching the sample. The z axis 

position was saved to correspond to the height of the current specimen. This 

procedure assured a precise measurement of the height of each specimen 

minimizing the adhesion (suction) effect that could have affected measurement of 

the initial size of the sample if using the flat platen directly to measure the height 

of the sample before compression. Finally the flat compression platen (25 mm 

diameter) was mounted on the movable stage and brought to the corresponding 

height (previously recorded) of the specimen. In order to detect the non-linear 

elastic response of the material the samples were compressed at constant velocity 

until a displacement corresponding to 30% (unless otherwise specified) of the 

measured height was achieved. Particular attention was used to monitor that 

samples had uniformly expanded in the radial direction and that their upper and 

lower faces remained adhered to the moving platen and the fixed platform for the 

entire duration of the test. The tests were conducted at three different velocities as 

suggested by Miller [4]: “Fast”: 500 mm/min, “Medium”: 5 mm/min, “Slow”: 0.005 

mm/min (unless otherwise stated) corresponding to the strain rates of about 0.64 

s-1, 0.64 x 10-2 s-1 and 0.64 x 10-5 s-1 respectively. The lowest loading speed 

available on our equipment is 8.3 10-4 mm/s, corresponding to 0.05 mm/min, 

which is sufficiently low for viscoelastic, poroelastic and rate dependent effects to 

be insignificant. This speed is therefore deemed to be within the low-

displacement-rate regime, and our results are comparable with the brain 

measurements available in the literature that were conducted at slightly lower 

speeds (8.3 10-5 mm/s, corresponding to 0.005 mm/min). 

At least 10 samples were tested for each velocity and for each synthetic or organic 

material. Test temperature conditions and sample details are provided in the 

methods section of each chapter. 
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2.2.2 Cyclic indentation-relaxation test protocol 

The indentation test protocol was taken from Gefen et al. [5], who performed in-

vitro indentation tests on brain tissue. The Biomomentum Mach 1 was also used 

for this testing protocol. To assure the same initial test conditions for all the 

specimens the “Find Contact” routine of the Biomomentum software was used as 

previously described. A 4 mm indenter was then pressed against the sample. Zheng 

et al. [6] recommended to use and indenter radius smaller than 25% of the sample 

thickness (which was 45 mm in our case, section 4.2.1). Additionally, Van 

Dommelen et al. [7] suggested that the indentation depth should not be more that 

10% of the sample thickness, in order to avoid the influence of the base platen on 

the results. For this reason a 4 mm depth of penetration was used. 

For the composite hydrogel mechanical characterization (section 4.2.2), the gel 

was indented at 3 and 1 mm/s and held for 90 s during which the contact force 

was continuously acquired at 100Hz and plotted over time. Each indentation was 

performed 6 times at each indentation site to acquire non-preconditioned as well 

as preconditioned data measurements as suggested by Gefen et al. [5]. A waiting 

programmed routine with 45 s delay between subsequent indentations was used 

to allow elastic recovery of the hydrogel samples [5]. Indentation test sites were 

∼5 mm away from each other so that a non-preconditioned area of the specimen 

could be indented for the first loading cycle. At least 6 tests (6 indentation cycles 

each) were performed for each indentation speed in order to obtain statistically 

representative data and calculate average and standard deviation. 

 

2.2.3 Rheometric tests 

Small amplitude oscillatory shear test is a method for the investigation of the linear 

viscoelastic behaviour of materials. Let: 

 

      
      (              (1) 
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where                             (small enough for the assumption of linear 

elastic behaviour),             and     1. 

The response of a generic material will still be harmonic, but with a phase shift δ: 

 

      
 (        (          

     
  
  

      
  
  

        
    (2) 

 

The complex shear modulus   is given by the formula 

 

      

 

Where   is the shear stress and   is the shear strain. 

  can be calculated from equations (1) and (2),obtaining: 

 

   
  
  

      
  
  

     

 

or  

 

           

 

G’ is in phase with the shear  . It represents the elastic part and is therefore called 

“storage modulus”. By contrast, G’’ is out of phase; it represents the viscous part 

and is called “loss modulus”. The ratio of the two moduli reads: 
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Where      assumes the meaning of a viscoelasticity indicator. Hence, for an 

elastic material      0 and, for a viscous material,       . 

A Discovery HR-1 Rheometer (TA Instruments, Germany, Figure 4) was used to 

measure the storage (G’) and the loss (G”) moduli of brain and to investigate the 

influence of testing conditions on the results (section 6.3.2). We also used 

rheometric tests for measuring the mechanical properties of the composite 

hydrogel and compare then to the data in the literature (section 4.3.1).  

At least 10 tests were run for each material in order to calculate average and 

standard deviation. A plate-plate flat configuration was used (25 mm diameter) 

and sand paper was attached on the surface of the plates to prevent slipping. Each 

sample was gently wiped on the top and bottom surfaces before positioning, to 

avoid the formation of a thin film of PBS and/or water between the specimen and 

the sand paper. The top plate of the rheometer was slowly lowered until touching 

the top of the sample and measuring a maximum axial force of 0.01 N. A shear 

strain of 1% was applied on the upper plate varying the frequency from 0.01 to 25 

Hertz (sweep frequency analysis). For higher frequencies the measurements were 

unreliable due to inertia effects. A waiting time of 120 s was set at the beginning of 

the test allowing the specimen to conform to the temperature imposed at the 

rheometer plates. 
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Figure 4 - TA Discovery HR-1 Rheometer. 

 

To avoid dehydration the moist chamber previously described (section 2.2.1) was 

used. Special care was taken assuring that the towel would not obstruct the 

moving parts of the testing rig. Water was periodically sprayed on the soaked 

towel during the test to keep humidity inside the chamber at 100%. In the human 

brain tissue rheological investigation (section 6.3.2) the same test set up was run 

without moist chamber for comparison (10 samples). In addition, a small set of 

samples (2 samples) was also tested applying petroleum jelly on the exposed rim 

of the brain specimen instead of using the moist chamber. Furthermore, the 

investigation was performed at controlled temperatures of 24 °C and 37 °C. Two 

additional samples were tested using a temperature sweep analysis between 22 

and 37 °C at 1.59 Hz (10 rad/s), with and without moist control. 

The effect of brain tissue sample thickness was also evaluated with a small set of 

dedicated samples (3 samples) of different heights (2, 5 and 8 mm) tested at 37 °C 

using the moist chamber. 
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2.2.4 Oedometric tests 

The Terzaghi consolidation theory and the Casagrande method, widely used in 

Geotechnical Engineering, were adapted in the study of soft tissue consolidation 

properties to measure permeability of the tissue as suggested by Franceschini et al. 

[1]. A consolidation chamber (Figure 5) was designed in order to measure the 

permeability of the brain tissue. 

 

 

Figure 5 – Oedometric consolidation chamber mounted inside a CETR tribometer. 

 

The chamber is composed by two sealed parts: a small chamber (diameter 37 mm) 

where the consolidation test takes place and a large stagnation chamber filled with 

PBS where the CSF left in the brain sample can flow into. The consolidation test is a 

confined compression between two porous plates (along with two metallic drilled 

plates) that allows the specimen to gradually set under a constant load (3 N and 6 

N steps have been used for our tests as suggested by Franceschini et al. [1]). The 

vertical displacement is recorded and plotted over time (log scale). In order to 

eliminate the secondary viscous effects (secondary consolidation) the Casagrande 

graphic method has been adopted (Figure 6).  

Uniform load distribution

External chamber

Confined compression chamber

Porous plates with filter paper
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Figure 6 - Casagrande graphic method. 

 

The second part of the consolidation is due to viscous effects within the tissue and, 

therefore, is not significant in the determination of the permeability, defined as the 

velocity at which the fluid travels through the tissue. 

After the Casagrande correction 2H50 represents the middle value of the sample 

height in the primary consolidation, corresponding to the time t50. 

Using 2H50, t50 and the cv coefficient (obtained from a theoretical fitting analysis), 

the permeability k is calculated using the formula: 

 

  
    
 

 

 

Where M is the elastic oedometric coefficient and    is the specific weight of the 

saturating fluid. 

Because of the considerable size of the samples needed for the Oedometric tests 

and the amount of time required for each test (20 hours) this testing procedure 

was carried out on a limited set of 5 porcine samples (section 5.4). 
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2.3 Thermal analysis 

2.3.1 Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) is used to measure the heat effects 

associated with phase transitions and chemical reactions. The difference in heat 

flow to the sample and a reference material at the same temperature is recorded as 

a function of temperature. The process occurs at constant pressure while and the 

temperature of both sample and reference are increased at a constant rate. For this 

reason the heat flow is equivalent to enthalpy changes: 

 

 
dq

dt
 
 
  

dH

dt
 

 

Where 
  

  
 is the measured heat flow. The heat flow difference between the sample 

and the reference material is: 

 

 
dH

dt
   

dH

dt
 
      

  
dH

dt
 
         

 

 

Most of the phase transitions are endothermic processes, where heat is normally 

absorbed. Therefore the heat flow to the sample is higher that to the reference, 

giving a positive  
  

  
 (melting peak, Figure 7). 
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Figure 7 - Typical DSC scan. Melting is a typical endothermic process. 

 

Thermograms of the CH and of the two pure components were obtained with the Q 

2000 DSC (TA Instruments, USA, Figure 8). Samples were vacuum-dried for 36 h 

before testing. Specimens had a mass of about 10 mg and the temperature range 

studied was -40 to 250 °C. The heating/cooling rate was set to 10 °C/min.  

 

Figure 8 - TA Q 2000 DSC. 
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2.4 Microscopy 

2.4.1 Scanning Electron Microscopy 

Composite hydrogel blends at different concentrations and their individual 

components were imaged by SEM using an S-3400N (Hitachi, Japan, Figure 9) in 

variable pressure mode (100 Pa). Specimens were freeze-fractured and gold-

coated using the Auto Sputter Coater (Agar, UK) before the scans began. An 

accelerating voltage of 15 kV and a working distance of 15 cm were set for the 

scans of the fracture surface. 

 

 

Figure 9 - S-3400N Hitachi SEM. 

 

2.5 Conclusions 

We hereby introduced the experimental methodologies used throughout the thesis 

for the characterization of soft materials. Mechanical tests, thermal analysis and 

microscopy techniques will serve the investigation of physical and chemical 

characteristics of soft materials. Afterwards, the data collected during the 

experimental campaign will build a solid ground truth for the material modelling 

to be based on. 
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As previously mentioned, the following chapter will shift the focus on gelatine gels 

mechanical testing, fracture analysis and solid-liquid interaction. Dedicated 

materials and methods will be described in a specific section (see section 3.2). 
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3 GELATINE GELS 

 

 

The first step towards a better understanding of soft tissues and the 

characterisation of synthetic soft materials was taken by performing and in-depth 

study of gelatine gels. This chapter sheds light on the mechanical properties of 

gelatine gels at various concentrations, their rate-dependent fracture behaviour 

and the solid-liquid interactions that cause it. It should be noted here that gelatine 

gels are conventionally used for brain tissue phantoms (although they have major 

drawbacks that will be overcome by the design of improved synthetic constructs in 

chapter 4). This is also the result of a collaboration with the Mechanics of Material 

division (Dr. Charalambides and Prof. Williams), who also provided access to the 

testing facilities used for this work. 

The mechanical behaviour of gelatine gels as a function of test rate and gelatine 

concentration was determined through lubricated uniaxial compression and wire 

cutting tests. Similar to other studies reported in the literature, it was observed 

that the fracture stress and strain of the gels were strongly strain rate dependent 

whereas the strain rate effect was insignificant on the deformation/stiffness 

properties. The wire cutting tests led to values of energy release rate, Gc, being 

determined as a function of cutting rate. It was found that at small rates (up to 10 

mm/min), the value of Gc for the 10% w/w gelatine concentration was constant at 
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an approximate value of 1.1 J/m2. For higher values of test rate, Gc increased such 

that the log Gc versus log cutting rate data were well approximated with a line of 

slope equal to 0.5.  

 

The content of this chapter has been adapted from Forte, A. E., et al. "Modelling and 

experimental characterisation of the rate dependent fracture properties of gelatine 

gels." Food Hydrocolloids 46 (2015): 180-190. [8] 
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3.1 Introduction 

Gelatine gels are frequently used in the food industry to thicken and stabilise 

various products such as desserts, yogurts, candies and jellies. The mechanical 

behaviour of gels is therefore very important as it affects the texture of the end 

product, which in turn will influence consumer acceptance and preference. 

Moreover, hydrogels, which in contrast to gelatine gels contain both physical and 

chemical crosslinks [9] are popular materials for biological and biomedical 

applications since they exhibit properties similar to natural soft tissues. Due to 

their high water content and the resulting biocompatibility, they have been 

successfully used for soft contact lenses, wound dressings, super-absorbents, and 

drug-delivery systems [10-14]. Recently, hydrogels have also been employed in 

studies concerning cell-based therapeutics and soft tissue engineering for example 

as scaffolds in tissue regeneration such as cartilage replacement [15] or as 

simulants of soft tissue in robotic surgery studies [16]. 

All gels are defined as solid like systems formed by a solid substance finely 

dispersed or dissolved in a liquid phase [17]. The two phases are interconnected 

by a network which extends continuously throughout the whole system. The cross-

linking in this network can be either chemical or physical giving rise to the so-

called ‘chemical’ and ‘physical’ gel terms respectively. The structure of gelatine gel, 

which is the material under study in this chapter, has been thoroughly investigated 

in the literature ([9, 17, 18] and citations therein). Gelatine is a protein derived 

from the collagen inside animals’ skin and bones. It is now generally accepted that 

during cooling, gelation occurs via the molecule chains rearranging into an ordered 

triple helix arrangement which is typical of collagen. With time, the triple helix 

regions propagate, aggregate and are separated at junctions by disordered regions. 

This process effectively provides physical crosslinks in a gelatine gel such as the 

one studied here which are thermoreversible. 

Due to their numerous applications, the number of research studies on the 

mechanical behaviour of hydrogels has increased dramatically [19-21]. A 

significant part of the published literature is concerned with the behaviour of gels 

at small deformations. Large deformations alter the structure of the gel 

considerably, meaning that theories describing the relationship between small 
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deformation properties and structure of the gel are no longer applicable [22]. As 

most of the applications mentioned above involve large deformations, fracture or 

separation phenomena, there is a need to develop predictive models for the 

behaviour of the gels in this large deformation regime as well as establish failure 

criteria to predict fracture in these complex materials. Experimental investigations 

show that for most gels, the fracture behaviour depends noticeably on the strain 

rate [23-26] as opposed to the deformation properties such as elastic modulus 

which are largely independent of strain rate [27]. This is a rather odd behaviour as 

usually strain rate dependent materials show rate dependencies in both their 

deformation (i.e. stress-strain curve before fracture point, modulus) and fracture 

properties (i.e. energy release rate, fracture stress and strain).  

A number of studies have been reported with the aim of explaining the rate 

dependent fracture of gels [19-21]. Bonn et al. [28] investigated the fracture of 

agarose polymer gels and reported that in three point bending experiments under 

constant load, cracks did not occur simultaneously but happened after a time 

delay. This delay correlated with the magnitude of the applied constant force, even 

though no viscoelastic relaxations were observed in the storage modulus versus 

frequency plot. In addition, all the gels studied had the same moduli, in spite of the 

observed large difference in their fracture behaviour. This phenomenon was 

attributed to the fact that the time delay was affected by the activation energy for 

crack nucleation; i.e. high activation energy resulted in a longer time delay. It was 

argued that differences in the time delay – applied force relationships for agarose 

gels were due to the different fractal dimensions of the gels that were investigated.  

Van Vliet [22] suggested that in polymer gels which are physically cross-linked, 

large deformations of the gel leads to ‘unzipping’ of the junctions. This process 

takes a certain time and as a result the fracture parameters become dependent on 

the deformation rate. Thermally activated ‘unzipping’ of the non-covalent cross 

linked network and the associated viscous solvent drag during chain pull-out was 

also suggested as a fracture mechanism by Baumberger and Ronsin for alginate 

and gelatine hydrogels [15]. A study on starch gels suggested that the rate 

dependent fracture behaviour might arise from energy dissipation due to frictional 

processes occurring between the granules sliding against each other at large 
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deformation [29]. For this reason, fracture – deformation rate relationships are not 

simple and depend on the structure of the gel [22, 27]. 

Another important aspect linked to the mechanical behaviour of gelatine is the role 

of the solvent diffusing through the network of the porous matrix in the presence 

of pressure gradients, which has been the focus of many recent studies. In 

particular, applications using hydrogels as potential articular cartilage 

replacements have placed much emphasis on the fluid pressurisation induced by 

deformation. This stems from early studies showing that if cartilage tissues were 

considered as simply viscoelastic, it was not possible to explain the role of this 

interstitial fluid flow on the globally observed mechanical behaviour [30-32]. 

Although Higginson et al. [33] and Johnson et al. [34] observed that under uniaxial 

cyclic compressive loads the short-term creep deformation response was elastic 

and was unaffected by interstitial fluid flow, Elmore et al. [35] had earlier shown 

that the creep response in indentation was mainly due to the exudation of the 

interstitial fluid. Subsequently, Mow et al. [36] proposed a biphasic theory to 

explain deformational behaviour for materials made up of two immiscible phases: 

a fluid phase and a solid phase. In particular, in articular cartilage, the fluid phase 

is the interstitial fluid, which is incompressible and inviscid, while the solid phase 

is the extra-cellular matrix which is made of collagen fibers, proteoglycans and 

other components and is porous, permeable and compressible. This model forms 

the basis of many of the models developed since then to understand the role of 

flow-dependent and flow-independent viscoelastic mechanisms in the response of 

biphasic polymeric media, including biological tissues and hydrogels. For instance, 

Kalyanam et al. [37] have studied the poro-viscoelastic behaviour of gelatine 

hydrogels under compression to separate the flow-dependent and flow-

independent contributions to the relaxation response of gelatine. In their studies 

they have also shown that creep shear strain experiments using a rheometer 

provide information about the viscoelastic response of the solid matrix. This is 

because no fluid-flow takes place under infinitesimal dynamic shear loading which 

is a constant volume process. 

Gelatine gel was extensively used by Oldfield et al. [16, 38] as brain tissue phantom 

in order to investigate the tool-tissue interactions and deformation patterns in 
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needle steering minimal invasive surgeries. Its tuneable stiffness and transparency 

make the material suitable for this kind of tasks, were visual tracking techniques 

are often used to record strain inside the phantom material and correlate them to 

real scenarios. This is important for preventing involuntary damage during the 

procedure in the areas surrounding the needle path. 

In this chapter, the mechanical behaviour of gelatine gels is investigated; 

specifically their large deformation and fracture properties. The global 

compressive stress-strain properties are reported considering effects of strain rate 

and gelatine concentration. For fracture properties, fracture mechanics based 

methodologies are used in the form of wire cutting analysis [27]. 

 

3.2 Experiments: materials and methods 

Gelatine gels were produced by mixing distilled water and beef gelatine in powder 

form (SuperCookLLP, UK). Throughout the sample preparation process, the 

temperature was monitored using a thermocouple. Distilled water was heated to 

80°C and maintained at this temperature using a hot plate. The powdered gelatine 

was stirred in the water using a magnetic stirrer for 5 minutes. A timer was used to 

assure a repeatable process. The solution was left in the beaker to cool down to 

60°C at room temperature before it was poured into cylindrical moulds made of 

Polytetrafluoroethylene (PTFE). Paraffin oil was applied on the surface of the 

moulds as a lubricant in order to facilitate the subsequent removal of the fragile 

samples. The moulds were then covered with cling film to prevent drying and left 

in a domestic refrigerator kept at 4 ºC overnight; samples were tested on the 

following day. The cooling storage time was kept as constant as possible (18 hours 

and 30 ± 5 minutes) throughout the study to ensure comparable gel properties 

and reproducible data. For each series of tests, a dummy sample with a 

thermocouple inserted in the centre, was used to monitor the specimen 

temperature. The preparation of all specimens and the testing were performed at 

controlled room conditions, 18.5 °C with 50% relative humidity.  

Uniaxial compression and wire cutting tests were performed. Monotonic as well as 

cyclic loading experiments were undertaken in the uniaxial mode in order to 

further investigate the rheological behaviour of the gel. Gelatine concentrations of 

5% w/w, 7.5% w/w, 10% w/w, 12.5% w/w and 15% w/w were used for the 
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compression tests, whereas the cutting and cyclic loading tests were only 

performed with a gelatine concentration of 10% w/w.  

The uniaxial compression test is suitable for gel specimens because it is simple and 

eliminates the problem of premature failure arising from clamping as in tensile 

tests. This test is very similar to the one described in the methodology chapter, 

section 2.2.1. Because of the bigger sample and larger loads involved an Instron 

5534 with a 100 N load cell was used to perform these tests. Cylindrical samples 

with a diameter and height of 20 mm, were tested at three different constant true 

strain rates of 0.25, 2.5 and 25 mm-1. In order to achieve these constant strain 

rates, the crosshead speed decreased exponentially during the test. Silicon oil with 

a kinematic viscosity of 5x10-4 m2/s was applied at the interface between the 

sample and the compression platens in order to minimise friction effects [2, 3]. At 

least six specimens were tested at each loading rate. Since the tests involved large 

deformations, the true stress, , and true strain or Hencky strain, , were calculated 

assuming a constant volume deformation: 
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(4) 

 

where F, R, H and h are the applied load, original sample radius, original sample 

height and current sample height respectively. 

Loading and unloading tests in compression mode were conducted using a Zwick 

testing machine with a 100 N load cell. The cyclic tests were performed at constant 

true strain rates of 0.25, 2.5 and 25 min-1. The test consisted of two steps: the 

sample is initially subjected to an increasing strain up to a maximum value 

(loading), followed by the strain being gradually removed (unloading) until the 

stress value reaches a quasi-null value (~0.01 N). The loading and unloading strain 

rates for each cyclic test were kept equal. 
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Wire cutting tests [27] were performed at the five wire cutting speeds, v, of 1, 10, 

100, 500 and 1000 mm/min. A schematic of the tests is shown in the inset of 

Figure 15a. The specimens were rectangular blocks of length 30 mm (b in Figure 

15a), width 20 mm and height 20 mm. Steel wires of diameter, , of 0.05, 0.1, 

0.125, 0.25 and 0.5 mm were used. An Instron 5534 machine was employed with a 

10 N load cell since the cutting load was small. For each value of  and v, at least 

three specimens were tested (apart from the case of   0.1 mm/min and 

0.05   mm where only one sample was successfully tested). 

During the wire cutting process, fracture, large deformation and surface friction 

occur simultaneously [29, 39, 40]. The force F required for cutting is proportional 

to the wire diameter and there is a constant component arising from the energy 

release rate, Gc, also referred to as fracture toughness: 

 

 
 1c c k

F
G

b
    

 
(5) 

 

where F is the steady state cutting force, b is the width of the sample being cut, σc 

is a characteristic stress of the material and μk is the kinetic coefficient of friction. 

By plotting F/b against  and linearly extrapolating to zero wire diameter, Gc can 

be determined. The slope of such linear fits to experimental data will be 

approximately be equal to σc for small values of k. 

 

3.3 Experimental Results 

2.3.1 Uniaxial Compression 

Figure 10 shows the compression behaviour of gelatine at 5% w/w and 10% w/w 

concentrations at three different strain rates. The results from all replicate tests 

are shown to indicate the level of scatter in the measurements; this is acceptable 

considering the biological nature of the material. During the tests, it was observed 

that samples did not show signs of frictional barrelling due to the use of the silicon 

oil. Both gels are seen to be almost rate independent at small deformations. 

However, at large deformations, the fracture response seems to be strongly 
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dependent on the strain rate, with the gels reaching higher stresses and strains 

before failure. This finding is in agreement with literature [27, 29, 41, 42].  

 

 

Figure 10 - Compression stress-strain response for the 5% w/w and 10% w/w gels at strain 

rates of 0.25, 2.5 and 25 min-1. 

 

The average compression response of gelatine at various concentrations and a rate 

of 25 mm-1 is shown in Figure 11. As expected, the higher concentrations led to 

stiffer and stronger gels, due to the denser network that is formed [17]. The 

exception is the 10% and 12.5% data, where the 10% gel displays higher stress 

values at the larger strains. The experiments were repeated three times to assure 

there were no mistakes in the manufacturing process. The reason for this 

discrepancy is uncertain. 
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Figure 11 - Compression stress-strain response of gelatine gels of various concentrations at 

a strain rate of 25 min-1. 

 

Using averages of the data in Figure 10, plots of the fracture stress and fracture 

strain versus strain rate for the 5% and 10% gelatine concentrations are provided 

in Figure 12a and b respectively. Once again, it is apparent that higher rates enable 

the material to ‘travel’ higher up on the stress-strain curve before fracture. Figure 

13 illustrates the effect of gelatine concentration, using data collected at the strain 

rate of 25 min-1. While the fracture stress is found to increase with increasing 

concentration, the fracture strain stays almost constant. The reason behind this 

observation is unclear at present. 
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Figure 12 - (a) Fracture stress and (b) fracture strain of 5% and 10% gelatine gels as a 

function of strain rate. 
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Figure 13 - Fracture stress and strain of gel samples at a strain rate of 25 min-1 as a function 

of gelatine concentration. 

 

Figure 14 shows the loading-unloading compression test results at a rate of 2.5 

min-1. The two loops shown correspond to two consecutive loading-unloading 

cycles. The unloading and loading paths seem to be almost overlapping. Even 

though some hysteresis is observed at larger deformations, it remains very small. 

Similar observations were obtained for the rest of the test rates (results not 

shown). Therefore, the gels behave in a non-linear elastic manner, at least on the 

global scale. 
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Figure 14 - Loading – unloading compression stress-strain curves of 10% w/w gelatine gel 

at a strain rate of 2.5 min-1. 

 

Young’s moduli of the gels as a function of gelatine concentration were determined 

from the initial gradient of the stress - strain curves in Figure 11 by using linear 

regression to approximate the curves up to a strain level of 0.4. The results are 

shown in Table 1. 

 

 

Table 1 - Modulus from uniaxial compression at a strain rate of 25 min-1 as a function of 

gelatine concentration. 
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2.3.2. Wire-cutting 

Force-displacement curves from the wire cutting tests on gelatine (10% gelatine 

concentration) for wire diameters varying from 0.05 mm to 0.5 mm and cutting 

speeds of 1-1000 mm/min were recorded and one example is shown in Figure 15a 

for a wire diameter of 0.05 mm. The load first rises steeply. This corresponds to 

the phase where the wire is simply indenting into the gel, without any cutting or 

fracture occurring. This indentation part is found to be similar for all rates in 

agreement with the behaviour shown in Figure 10. When the peak load point is 

reached, the gel starts to cut and new surfaces are formed. Thereafter, the load 

drops to a constant value corresponding to the steady state phase of the cutting 

process. There are some differences in the peak values and this is due to the fact 

the fracture initiates at flaws. Such flaws are randomly occurring from sample to 

sample, hence the variation seen. In addition in Figure 15a, a stick-slip crack 

growth behaviour is observed for the 1 mm/min cutting speed. This was not a 

systematic occurrence as it was not observed for the lower speed tests performed 

with the other wire diameters. In all the other tests, constant steady state force 

values were observed which increased markedly with cutting speed for all wire 

diameters. This agrees with the increasing trend in failure properties with rate as 

observed in the uniaxial compression experiments. In Figure 15b, the averaged 

values of the steady state cutting force divided by sample width (F/b) are plotted 

against the wire diameter. It is observed that the steady state cutting force 

increases almost linearly with the wire diameter (R2 > 0.94), in agreement with 

equation (5). By linearly extrapolating the data to a theoretical zero wire diameter, 

the energy release rate, Gc, can be determined as a function of the cutting rate. The 

values from Figure 15b, as expected for this kind of materials, are relatively small 

and are found to be between 1 - 12 J/m2.  
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Figure 15 - (a) Cutting force versus displacement at various cutting speeds for a wire 

diameter of 0.05 mm, (b) steady state force divided by width of cut versus wire diameter at 

various cutting speeds. All data are for 10% w/w gelatine gel. Inset in Fig 6(a) shows a 

schematic of the test. 

 

The Gc versus cutting rate data are plotted in Figure 16 on a log - log scale. The 

observed behavior can be divided into two regimes; the first one up to 10 mm/min 

b

F



fracture
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(log     3.78 with   measured in m/s) is characterized by a very low propagation 

speed with a negligible influence on Gc giving a constant value of approximately 1.1 

J/m2. The second region, from 10 mm/min to 1000 mm/min, points to a large 

influence of the speed on Gc. The data in this region can be well approximated with 

a line of slope equal to 0.50. An analytical model describing the behaviour shown 

in Figure 16 is presented in the following section.  

 

 

Figure 16 - Logarithmic plot of Gc versus cutting rate,    . Note that the cutting rate is in units 

of m/s before taking its logarithm. 

 

3.4 Analytical model for the rate dependent fracture 

The rather surprising observation that the fracture of gels is rate dependent whilst 

the deformation is not, is probably due to the pressure-driven flow of water within 

the porous structure. Similar behavior has been observed in environmental stress 

crack growth in polymers [43]. A simple model of this mechanism is provided by 

the analysis of laminar flow in a circular pipe of diameter d, giving a mean velocity, 

  , as [44]: 
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where  is the fluid viscosity, p is pressure and x is the distance along the length of 

the pipe. 

Now for a fracture process to occur, the transverse pressure gradient is defined by 

the fracture cohesive stress, c, across the length of the process zone, rc, given by 

[45]. 
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where E is the elastic modulus and Gc is the fracture toughness, assuming plane 

strain conditions at the crack tip. Thus under steady state conditions: 
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In addition, under steady state conditions, the crack or cutting rate,   , and the fluid 

flow mean velocity,   , appearing in equation (6), have to be equal. Therefore 

substituting equations (8) and (7) into (6), we obtain: 
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It is also common that many polymeric systems have a relationship between Gc and 

c such that the crack opening displacement, c, is independent of rate [46]: 
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 c c cG  
 (10) 

 

where c is constant. 

Substituting equation (10) in (9) gives the result: 
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The theoretical model described above predicts a power law rate dependence of Gc 

with the value of the power being 0.5. This agrees with the value of the exponent 

0.50 derived from the experimental data shown in Figure 16.  

In addition to Gc, the linear approximations shown in Figure 15b can be used to 

determine the values of the characteristic stress, c. From equation (5) the slopes 

of the fitted lines are equal to c for small coefficients of friction. The assumption is 

justified as the water solvent is thought to help lubricate the wire as it cuts through 

the gel. Therefore c values are derived as a function of rate. Figure 17 shows Gc 

plotted versus the corresponding c values which confirm that Gc is proportional to 

c as suggested by equation (10), with a c of 0.12 mm. 
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Figure 17 - Gc versus cohesive stress, c. 

 

In addition, Figure 18 shows log c plotted versus log    and for    10mm/min, a 

line with a slope of 0.5 fits the data reasonably well. Below this speed, c remains 

constant at about 7.4 kPa and Gc is approximately 1.1 J/m2 (see Figure 16).  

Using a value of  10-3 Pa.s for the viscosity of water, a modulus of E = 14.3 kPa 

for the 10% w/w concentration (Table 1) and the previously calculated c = 0.12 

mm, approximate values of d can be derived from equations (11) and (12). Values 

of d equal to 68 nm and 88 nm are derived from the constants 1.98 (Figure 16) and 

5.79 (Figure 18) respectively. These magnitudes are reasonable and are close to 

values stated by Djabourov [17] where characteristic lengths of 20 – 100 nm are 

quoted for a 2% w/w gelatine gel and 10-30 nm for a 10% w/w gelatine gel. 
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Figure 18 - Logarithmic plot of cohesive stress, c versus cutting rate, . Note that the cutting 

rate is in units of m/s before taking its logarithm. 

 

The physical picture emerging from these results is that of an elastic, porous gel 

with small pores filled with water. At low fracture speeds, i.e. lower than 1-10 

mm/min, Gc is the material’s true fracture toughness which is rate independent as 

expected for an elastic material. Superimposed on this behavior is an additional 

process in which work is done forcing water from the pores with an enhanced 

apparent toughness. Note that an earlier paper [27] reported similar fracture rate 

effects for starch gels. The range of wire cutting rates was smaller and the changes 

in c and Gc were much less that those measured here for the gelatine gels. There 

was no clear evidence of transition in behaviour as reported here. 

 

3.5 Conclusions 

It was shown that the stress-strain characteristics of gelatine gels are independent 

of rate but the fracture point varied significantly with rate; fracture stress and 

strain increased as the rate increased. Similarly, the energy release rate, Gc, 

measured from the cutting experiments also increased with rate except at the 

lowest crack speeds where Gc was almost constant. This effect was explained 
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quantitatively through modelling the gel as a poroelastic material with fluid 

(water) flow through the porous solid polymer network. An analytical model was 

derived which accurately captured the power law dependence of Gc and 

characteristic stress c on rate with a power index of 0.5. At low rates, fluid flow 

occurs readily and does not contribute greatly to the load carrying and fracture 

resistance of the gel, therefore Gc and c remain constant, as would be expected of 

an elastic solid. At higher rates, the contribution to the fracture resistance from the 

fluid flow is significant and therefore Gc (and c) both rise. 

The rate dependent fracture properties of gelatine gels were further investigated 

and qualitatively reproduced using a poroelastic model of the compression test set 

up. The model allowed us to differentiate the contribution of the solid and the 

liquid phase to the overall response of the material. We demonstrate that higher 

strain rates activate the fluid response which is able to share the mechanical load 

and allow the specimen to fracture at higher deformations. The analysis will be 

introduced in the modelling section 7.3. 

Limitations in the present study include a limited range of strain rates used in the 

compression tests, the assumption of frictionless conditions in the wire cutting 

tests and limited number of loading-unloading cycles in the hysteresis 

measurements. Future works might widen these testing conditions to verify the 

validity of our claims in a broader scenario.  

The study of the rate dependent fracture properties of gelatine gels might shed 

light on the fracture mechanisms of several soft materials, including biological 

tissues, which could be relevant to better understand trauma and blast injuries. 
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4 DESIGN OF A COMPOSITE 

HYDROGEL FOR BRAIN TISSUE 

PHANTOMS 

 

 

After an in depth investigation of gelatine gels mechanical properties and fracture 

behaviour, the focus of the study shifted towards designing a material that could 

overcome the limitations of gelatine in reproducing the mechanical behaviour of 

brain tissue. In fact, a rate-dependent, non-linear elastic, porous soft gel would 

have been more suitable in order to mimic the behaviour of the organic tissue over 

different strain rates and create 3D life-sized human phantom, which are valuable 

tools for training, research and development in traditional and computer aided 

surgery. In this chapter, we present the development of a new composite hydrogel 

capable of mimicking the mechanical response of brain tissue under loading. Our 

results demonstrate how the combination of two different hydrogels, the 

synergistic interaction of which results in a highly tunable blend, produces a 

composite material that closely matches the strongly dynamic and non-linear 

response of brain tissue. The new synthetic material is inexpensive, simple to 

prepare, and its constitutive components are both widely available and 

biocompatible. Our investigation of the properties of this engineered tissue, using 



BRAIN TISSUE BIOMECHANICS: NEW TISSUE PHANTOMS, MECHANICAL 

CHARACTERISATION AND MODELLING STRATEGIES FOR ENHANCED SURGICAL 

PROCEDURES 

44  Antonio Elia Forte - November 2015 

both small scale testing and life-sized brain phantoms, shows that it is suitable for 

reproducing the brain shift phenomenon and brain tissue response to indentation 

and palpation. 

 

The content of this chapter has been adapted from Forte, A. E., et al. " A Composite 

Hydrogel for Brain Tissue Phantoms." Under Review. [47] 
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4.1 Introduction 

Surgeons are required to reach high standards and perform complex technical 

tasks in a short training period [48]. However, early in their career, trainees are 

not given the opportunity to operate on a sufficient number of patients, nor to 

perform an exhaustive mix of procedures. The reduction of assisted training hours 

in Europe (since 2009) and the USA (since 2011), along with a growing attention 

on patient safety [49], have further worsened this scenario. Cadaveric training is 

still considered the gold standard in order to achieve technical proficiency [50], as 

it provides details on the anatomical structures and their positions, practice on 

skin incisions and tactile feedback. However, an absence of specimens, ethical 

issues, and high costs of handling, storage and preservation of the tissue all 

contribute to offsetting the advantages of this method. Animal models are cost 

effective, and they are characterised by a certain degree of realism owing to the 

presence of soft tissue [51]. On the other hand, they are not free of drawbacks. For 

example, anatomic structures are often different from human specimens to an 

extent which depends on the combination of organs and animals. Ethical 

restrictions are also involved in the utilization of the samples, and specific 

equipment requirements must be met when handling and testing animal tissues.  

Haptic virtual-reality simulators are used to overcome the drawbacks of animals 

and human specimens. Recent advances in computer graphics have made it 

possible to design simulators with a level of fidelity that makes it possible to 

reproduce real surgical environments. Simulations such as these may be used for 

training in minimally invasive procedures (MIP), such as laparoscopy and 

endoscopy, but at present their ability to accurately reproduce complex, dynamic 

interactions is still not fully established. Although these systems will certainly be 

improved in the near future, especially with the growing interactions between 

computer science and engineering, at the moment they are expensive [52], the 

transfer of simulator-based skills to the real operating theatre remains doubtful 

[53, 54], and the number of procedures available for simulation-based training is 

limited. Such systems might also benefit from advanced modelling of organic 

tissues to enhance dynamic interactions and deformation patterns. 

Phantoms are reproductions of human parts and organs that allow a trainee to 

practice positioning of anatomical structures, as well as hand-eye coordination. In 



BRAIN TISSUE BIOMECHANICS: NEW TISSUE PHANTOMS, MECHANICAL 

CHARACTERISATION AND MODELLING STRATEGIES FOR ENHANCED SURGICAL 

PROCEDURES 

46  Antonio Elia Forte - November 2015 

addition, the applicability of reliable synthetic organs extends well beyond training 

purposes, as they can be employed in, for example, prosthesis design, design and 

testing of robotic aided surgery systems, impact tests and traumatic injury 

analysis. Furthermore, if the phantom material is biocompatible, it can be used for 

bio-implants [55-58] and tissue development [59-63]. In fact, in specific cases, cell 

differentiation and regeneration is promoted in scaffolds that exhibit mechanical 

properties similar to those of the real tissue [59-63]. Although the impact of 

successfully designing advanced bioengineered materials that are able to mimic 

the mechanical behaviour of native tissues is evident, this is not a straightforward 

task, especially when the aim is to reproduce the behaviour of organs. 

Some human tissues, like the brain, present non-linear elastic mechanical 

responses, in addition to rate-dependent characteristics [4] (i.e. the tissue stiffness 

changes depending on the strain/displacement-rate). This behaviour is due to the 

interaction between the cerebrospinal fluid (CSF) and the solid matrix of the 

tissue, as well as the viscoelastic properties of the solid matrix itself [1]. For this 

reason, the brain deforms differently during trauma (fast rate), indentation and 

palpation (medium rate), and brain shift (slow rate) phenomena. Conventional 

phantom materials are not designed to mimic such a complex response, and thus 

the research aimed at identifying suitable natural and synthetic compounds that 

are capable of achieving this task is of immediate significance. 

A number of strategies and material candidates for brain phantom fabrication are 

available in the literature, although to-date the attention has been focused mainly 

on drug delivery and near-infrared spectroscopy [13, 64, 65]. In the last decade, 

synthetic materials such as Agarose gelatine, Sylgard 527 silicone gel, Hyaluronic 

Acid (HA) and Polyvinyl Alcohol (PVA) have been developed for soft tissue mimics; 

these recent efforts are briefly reviewed here. Cloyd et al. [66] analysed a 

composite gel produced with Agarose, Alginate and HA for human nucleus 

pulposus measuring compression peaks of about 4000 Pa at 0.05/s strain rate for 

25% deformation; however, this value is considerably higher than the 

experimental results shown by Miller [4] for porcine brain samples. De Lorenzo et 

al. [67] used Sylgard 527 (Dow Corning, USA) as synthetic surrogate of brain 

tissue, designing a brain phantom and evaluating the deformations predicted by 
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their novel simulation algorithm. However, no experimental evidence was 

provided for the characterisation of the mechanical properties of the gel. The same 

gel was also used by Brands et al. [68] to compare its mechanical properties with 

the brain tissue. A rheometric analysis revealed that the gel exhibited linear 

viscoelastic behaviour for strains up to 0.5 and frequencies up to 460 Hz; this is far 

from capturing the established characteristics of brain tissue. Dumpuri et al. [69] 

used PVA at 7% concentration to validate the fidelity of their constrained linear 

inverse model but no detailed material studies are reported in their contribution in 

order to compare the mechanical properties and loading response of the synthetic 

material and brain tissue. 

The present contribution focuses on the design of a brain phantom made of a novel 

composite hydrogel (CH) that can reproduce the dynamic mechanical response of 

brain tissue, providing an accurate mimicking of the organic tissue at different 

strain rates and for different loading conditions. Taking advantage of the hybrid 

mechanical capabilities of binary polymer blends, we generate a novel porous 

composite hydrogel, combining the elastic characteristic of PVA and the 

viscoelastic response of Phytagel (PHY). The gel is simple to prepare and its 

components are widely available, inexpensive and biocompatible [70-75]. By 

means of molecular bindings a coupled binary network is synthesised [76], which 

guarantees that the mechanical characteristics of the synthetic material can be 

easily tuned. The result is a non-linear elastic (hyperelastic), rate-dependent 

material suitable for reproducing the tissue dynamic mechanical behaviour, as 

demonstrated in the following section.  

Finally, we study the behaviour of a life-sized human brain-skull phantom, and 

describe its manufacturing process. This is the first synthetic replica of a human 

brain that provides an accurate reproduction of geometric features and a reliable 

dynamic response. Furthermore, the loss of CSF can be regulated by a dedicated 

draining system, enabling the experimental simulation of the brain shift 

phenomenon in a laboratory. 
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4.2 Methods 

4.2.1 Sample preparation  

PVA (146,000-186,000 molecular weight), PHY and deionised water were supplied 

by Sigma-Aldrich, USA. Sylgard 184 and 527 were provided by Dow Corning, USA. 

Gelatine powder was provided by Dr Oetker, Germany. All the concentrations in 

the following sections are expressed as a percentage by mass (wt %). 

PHY is a high strength, water-soluble tetrasaccharide generically used as gelling 

agent in plant and microbiological culture. PHY powder (concentration 2.2%) was 

dissolved in deionised water under constant stirring. The solution was 

progressively heated to 90 °C, under which complete and homogeneous dispersion 

of the material was obtained after 30 min. The samples were stored at room 

temperature for 24 h before testing. 

Gelatine gels are frequently used in the food industry to thicken and stabilise 

various products such as desserts, yogurts, candies and jellies. Gelatine gels were 

produced by mixing deionised water and beef gelatine in powder form at 90 °C for 

5 minutes under vigorous stirring at 5 and 10% concentrations. The solution was 

then poured in Petri dishes and allowed to cool down to reach room temperature. 

Afterwards the samples were stored for 18h at 13 °C before testing.  

PVA is a non-toxic, hydrophilic, synthetic polymer recently introduced in tissue 

engineering for its biocompatibility [77]. PVA was dissolved in deionised water at 

90 °C for 1 h under vigorous stirring at 7 and 15%concentrations. The dissolving 

time normally varies with the concentration adopted. The solution was then 

poured in Petri dishes and allowed to cool down to room temperature. The 

samples were then stored for 18 h at -25 °C and subsequently thawed for 6 h 

before testing. 

Sylgard 184 (also known as PDMS) is a silicone elastomer that has been 

extensively used as casting material for soft lithographic replications. The 

elastomeric part and curing agent were mixed together in a 10:1 ratio and cured at 

room temperature for 24h before being tested.  

Sylgard 527 is a silicone dielectric gel normally used for sealing and protecting 

electronic devices. Its two constituents (parts “A” and “B”  were mixed together in 
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1:1 weight ratio and cured at 80 °C for 4 h. The gel was then left to cool down at 

room temperature before being tested. 

The CH was obtained dissolving 6% PVA and 0.85% PHY separately in deionised 

water for 1 h at 90 °C resulting in different individual solutions. The two solutions 

were then mixed together in 1:1 weight ratio at 70 °C under constant stirring for 

30 min. Particular care was used to avoid evaporation during the process. The 

solution was poured into Petri dishes, let slowly cool down and then frozen at -25 

°C for 18 h. The samples were tested after 6 h thawing. Arrays of samples with 

different PVA/PHY concentration ratios were prepared and mechanical tests were 

performed to establish the final concentrations of the single compounds. 

Furthermore, additional samples at different concentrations were prepared for the 

SEM analysis keeping constant the PVA/PHY concentration ratio (PVA 4% + PHY 

0.56% and PVA 8% + PHY 1.13%). 

A surgical trephine was used for cutting cylindrical shape from the gels stored in 

Petri dishes, to be used as compression tests samples (diameter 11 mm, height 

7±1 mm). Large cylindrical CH samples were prepared for the indentation test 

protocol (diameter 100 mm, height 45±1 mm) and flat disk-shaped samples for 

the rheometric analysis (cylindrical sample dimensions: diameter 25 mm, height 

2±0.5 mm).  

 

4.2.2 Mechanical characterization  

The Mach-1™ mechanical testing system (Biomomentum, Canada  was chosen as 

testing rig for the compression tests since particularly recommended for soft 

material tests. The tests were conducted at two different velocities: 8.3 10-2 mm/s 

(“medium rate”  and 8.3 10-4 mm/s (“slow rate” . At least 10 samples were tested 

for each velocity and for each synthetic material. 

The indentation test protocol was taken from Gefen et al. [5], who performed in-

vitro indentation tests on brain tissue. At least 6 tests (6 indentation cycles each) 

were performed for each indentation speed in order to obtain statistically 

representative data and calculate average and standard deviation. 

A Discovery HR-1 Rheometer (TA Instruments, Germany) was used to measure the 

storage (G’  and the loss (G”  moduli of CH and to compare the results with 



BRAIN TISSUE BIOMECHANICS: NEW TISSUE PHANTOMS, MECHANICAL 

CHARACTERISATION AND MODELLING STRATEGIES FOR ENHANCED SURGICAL 

PROCEDURES 

50  Antonio Elia Forte - November 2015 

available brain tissue data in the literature [78]. The tests were performed in a 

conditioned room at 19°C temperature. For further details about mechanical 

testing protocols please refer to section 2.2 

 

4.2.3 Differential Scanning Calorimetry and Scanning Electron 
Microscopy 

Thermograms of the CH and of the two pure components were obtained with the Q 

2000 DSC (TA Instruments, USA). Composite hydrogel blends at different 

concentrations and their individual components were imaged by SEM using an S-

3400N (Hitachi, Japan). For further details about the test protocols please refer to 

sections 2.3 and 2.4. 

 

4.2.4 Life-sized phantom 

The CH can be cast in the shape and size of a human brain and used together with a 

plastic mock-up skull, to produce a dynamic brain-skull phantom (DBSP). A 

publicly available MRI dataset, the 01017 MIDAS/NAMIC dataset (http://insight-

journal.org/midas/collection/view/190) that depicts the brain of a healthy 

subject, was used for the development of the life-sized phantom. The scan 

(256x256x256 voxels, 1mm spacing) was acquired by using a 3T GE scanner. 

After an accurate segmentation process with 3D Slicer [79] 

(http://www.slicer.org/), 3D models of the skull and the brain were created. Since 

only the rigid skull and the deformable brain can be replicated in the setup, a 

choice has been made to define which anatomical structures to consider and how. 

The membranes where considered as part of the skull and the ventricles were not 

included in the model due to the complexity in generating a suitable and reliable 

hollow structure inside the CH. 

A reference prismatic volume was added to the 3D model of the brain in order to 

simulate the presence of the cerebellum; this enables us to use such feature for the 

registration step and to reproduce the support function that the spinal cord and 

the cerebellum have in a real scenario. This block of material is placed in the 

corresponding space designed in the skull, hence anchoring the brain tissue mimic 

and preventing it from floating freely in the CSF. 
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The brain and skull models were rapid prototyped using an Ultimaker 2 3D printer 

(Ultimaker BV, Geldermalsen, Netherlands) with a layer resolution of 0.2 mm. The 

material used is Acrylonitrile Butadiene Styrene (ABS) that is easy to work and 

glue. The skull was designed as two halves to facilitate the placement of the 

phantom. The sealing was assured by removable glue. A craniotomy (5 cm 

diameter) was performed in correspondence of the left frontal lobe (size and 

position suggested by a neurosurgeon) for image tracking purposes, not relevant 

to this specific work.  

The printed brain was used to create a reusable silicone mould (CS2 silicone 

rubber, Easy Composites Ltd, Stoke-on-Trent, UK) to cast the brain phantom. The 

mould was manufactured in two halves to facilitate the extraction of the phantom 

after the freezing process. Furthermore, the silicon was also selected for being able 

to deal with the expansion of the water without breaking during the cryogenic 

process. This allowed us to cast different phantoms with the same mould. Figure 

19 shows schematically the complete development of the DBSP. 

A support for the DBSP that precisely hold the skull in a position with a -30 

degrees tilt in the coronal plane (with respect to the vertical direction) was also 3D 

printed. The support was designed by boolean subtraction of the skull volume 

from a cubic shape: this allows the accurate and repeatable positioning of the skull 

on the holder. The aim was to achieve a good repeatability in the positioning of the 

skull inside the MRI. In addition the use of the base permits to position the skull 

while keeping the draining pipe (used for deliquoration and attached to a syringe 

pump) attached to the apparatus. Water can be placed into the skull (surrounding 

the brain phantom) to mimic the CSF level. The apparatus is able to shift under 

gravity while the water level decreases in a controlled way. 
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Figure 19 - Development of the DBSP: the mock-up skull and the positive model of the brain 

were prototyped from the segmentation of the 01017 dataset. A two halves silicone mould 

was created from the positive brain model and used to cast the CH phantom. The phantom 

was placed inside the mock-up skull together with the fluid and positioned on the holder. 

 

4.3 Results 

We evaluated the CH using three different testing protocols: (i) compression tests 

at large strains, (ii) cyclic indentation-relaxation tests, and (iii) rheometric sweep 

frequency analysis. We compared the results obtained using the synthetic 

compound with brain tissue data from the literature. We also investigated the 

structure and the chemical bonding of the new material using scanning electron 

microscopy and differential scanning calorimetry. Finally, we compared the 

deformation of a life-size phantom subjected to brain shift with patient data from 

the literature.  

 

4.3.1 Mechanical testing 

We analyse the mechanical response to compression of (i) synthetic materials, and 

(ii) the composite hydrogel, at large strains (0.3 true strain). The results are 

compared with data from the available literature on brain tissue [4]. The results 

for unconfined compression tests are shown in Figure 20. We divided the 

measured force by the initial area of the specimen (measured for each test) to 

calculate compression stress values at 0.3 true strain. Average values and standard 

deviations are plotted for several synthetic materials, brain tissue experimental 

data from Miller et al. [4] and the newly designed CH. We used two displacement 

rates to investigate rate dependent properties of the surrogates (8.3 10-2 mm/s 

and 8.3 10-4 mm/s, corresponding to 0.64 10-2 s-1 and 0.64 10-4 s-1 strain rate 
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respectively). Additional tests were conducted on all the synthetic materials (only 

key results are reported for brevity); a comprehensive qualitative overview of the 

mechanical characteristics of all synthetic materials tested is provided in Table 2, 

with the first two columns summarising the results shown in Figure 20. Matching 

the compression stress at large deformation is a mandatory characteristic for 

reproducing the dynamic mechanical behaviour of the tissue as a whole. For this 

reason, none of the synthetic materials investigated represents a reliable 

substitute for brain tissue phantoms, except for the CH. Hence, the following tests 

focus on the CH only, confirming that it is a good surrogate candidate for the brain 

tissue. The non-linear hyperelastic responses of the CH (average and standard 

deviation) at medium and low displacement rates, 8.3 10-2 mm/s and 8.3 10-4 

mm/s respectively, are shown in Figure 21a and Figure 21b. A comparison of the 

averaged experimental values obtained for brain tissue from the literature [4] is 

also provided. Unfortunately, at the given concentrations, the CH could not match 

the data reported in the literature for the fast displacement rate at 8.3 mm/s 

(results not shown). However, such a rate could be considered extreme in 

standard surgical procedures and therefore of no interest to this work. 

Nevertheless, the CH can be modified and adapted to reproduce brain tissue at 

higher loading rates (e.g. for traumatic brain injury applications) by means of 

retuning the concentrations of the single components. 

The lowest loading speed available on our equipment is 8.3 10-4 mm/s, which is 

sufficiently low for viscoelastic, poroelastic and rate dependent effects to be 

insignificant. This speed is therefore deemed to be within the low-displacement-

rate regime, and our results are comparable with the brain measurements 

available in the literature that were conducted at slightly lower speeds (8.3 10-5 

mm/s). 
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Figure 20- Average and standard deviation of compressive stress at 0.3 true strain. Results 

are reported for several synthetic materials tested by the authors and brain tissue 

measurement from the literature for two different displacement rates. 

 

 

Table 2 - Qualitative summary of synthetic materials capabilities. CSM: compressive stress 

similar to brain at 8.3 10-2 mm/s displacement rate. CSS: compressive stress similar to brain 

at 8.3 10-4 mm/s displacement rate. RD: rate dependency; HE: hyperelastic behavior; TS: 

tunable stiffness; TRD: tunable rate dependent characteristics. 
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The CH mechanical response to indentation-relaxation tests (average and standard 

deviation) performed at 3 mm/s and 1 mm/s indentation speed is shown in Figure 

21c and Figure 21d respectively. In vivo indentation tests on porcine brain from 

Gefen et al. [5] are reported for comparison.  

CH storage (G’  and loss (G”  shear moduli (average and standard deviation  

measured over a large frequency range (0.01 to 25Hz) are shown in Figure 21e 

and Figure 21f respectively. Brain tissue measurements available in the literature 

[78] are reported for comparative purposes. 

 

4.3.2 Scanning Electron Microscopy 

To reveal the changes in the porous structure we perform scanning electron 

microscope scans of the new hydrogel and the pure components. Figure 22a (from 

1 to 6) shows that both PVA and PHY are able to reach gelation and create 

networks. The picture also shows how increasing the polymer concentrations 

resulted in smaller pores for the three different materials (Figure 22a, from 1 to 3, 

4 to 6, 7 to 9 respectively), where the scale bar is given as reference. Furthermore, 

a denser network is noticeable, with polymer fibres that branch more frequently, 

causing the increase in stiffness measured during the mechanical tests. The brain-

tuned concentration for the novel hydrogel is depicted in Figure 22a-8 (PVA 6% + 

PHY 0.85%). It is worth noticing how the CH network substantially changes from 

the pure components examining the groups of images vertically in Figure 22a. It is 

clear that the solid branches assume a new morphology. 

 

4.3.3 Differential Scanning Calorimetry 

We performed thermal analysis using DSC to study the interaction of the two 

polymers by monitoring the shift in the melting temperature values (Tm) of the 

composite material and its individual constituents (Figure 22d). In case of 

immiscible components two distinct peaks have been noticed [80], [81]. The 

melting temperature of PHY was measured to be 184.03 °C, the CH showed a peak 

of 190.72 °C while pure PVA had a melting temperature of 198.52 °C (Figure 22d). 
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Figure 21- Mechanical testing results on CH and comparison with brain measurements 

available in the literature. Unconfined compression test at a) 8.3 10-2 mm/s and b) 8.3 10-4 

mm/s; cyclic indentation-relaxation tests at c) 3 mm/s and d) 1 mm/s; e) storage and f) loss 

moduli measured by sweep frequency analysis. 
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Figure 22- a) SEM images for PVA, PHY and CH at increasing concentration values. In 

particular: 1) PVA 4%; 2) PVA 6%; 3) PVA 8%; 4) PHY 0.56%; 5) PHY 0.85%; 6) PHY 1.13%; 

7) CH = PVA 4% + PHY 0.56%; 8) CH = PVA 6% + PHY 0.85%; 9) CH = PVA 8% + PHY 

1.13%; b) Intra-molecular and Intermolecular hydrogel bonds; c) Coupled network model in 

analogy with the Zener model from the viscoelasticity theory; d) DSC thermographs for pure 

PHY, CH and pure PVA. 
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4.3.4 Life-sized phantom 

To further validate that the CH provides an accurate replication of the mechanical 

response of brain tissue, we designed and developed a life-sized human phantom. 

The aim was to demonstrate that a CH phantom can replicate the complex 

deformation of the human brain during brain shift in a configuration that closely 

replicates surgical procedures involving craniotomies. Since the mechanical 

characterisation has been conducted mainly on small-size specimens we show that 

the CH correctly mimics the brain tissue deformations on a larger scale. In 

addition, this set up involves complex boundary conditions such as the brain-skull 

interaction. The phantom is anatomically correct in size, with superficial details 

(sulci and gyri) that were based on real magnetic resonance images (MRIs, Figure 

23a). The phantom can also be placed inside a mock-up skull that mimics the 

surrounding bone structure (Figure 23b). The black markers visible in Figure 23a 

and Figure 23b are superficial features used only for image tracking purposes. 

They are not relevant at this stage and may be disregarded.  

Water can be placed inside the skull as a surrogate of the CSF and drained in a 

controlled way, to simulate deliquoration and the resulting loss of buoyancy, which 

is recognised as the main cause of brain shift [69, 82]. The details of the 

development of the drainage apparatus are presented in the Methods section. 

To have quantitative information about the deformation of the phantom we took 

several scans of the complete phantom apparatus with a 3-T Magnetom Trio 

scanner (Siemens AG, Munich, Germany), at two different levels of deliquoration: 

100% of the fluid, meaning that the brain shift has not started, and 40% of the fluid 

left in the skull, which can be considered a plausible worst case scenario in actual 

surgeries. We segmented the MRI scans and built a 3D finite element (FE) model of 

the brain phantom using a poro-hyper-viscoelastic constitutive law. The FE 

simulations of brain shift for different CSF levels, the details of which are provided 

in a separate chapter (chapter 8), follows precisely the deformation pattern of the 

phantom (average magnitude error of 0.37 mm). The mesh has 94211 elements 

and about 36 nodes per cm2 on the surface, assuring a detailed reproduction of the 

phantom cerebral cortex geometric features (sulci and gyri). The accurate 

matching obtained between the FE simulations and the MRI images enabled us to 
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track the deformation of 376 superficial nodes in the area where the maximum 

deformation of the phantom was recorded (in the region close to the craniotomy) 

using the results of the numerical calculations. Figure 23c shows two views of the 

phantom in the MRIs (3D Slicer [79]) and a reconstruction (particular of the left 

frontal lobe) of the undeformed and deformed phantom surfaces (Figure 23d, 

Paraview [83]). Although the averaged surface displacements were computed at 

every node, only a few representative nodes were selected to be displayed in 

Figure 23d: here, the white dots represent the position of the selected nodes of the 

mesh in the undeformed phantom, while the green dots show the position of the 

same nodes after the shift. A vector field representing the displacement is 

overimposed to the volumetric data in Paraview. The average displacement 

observed is 8.17 mm and has been compared with human brain shift data, 

obtained from patients undergoing similar surgical procedure, from the literature 

[82, 84-86] (Figure 23e). 
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Figure 23 – a) Life-size phantom of the human brain; b) Experimental apparatus for the 

brain shift study. The craniotomy in the 3D printed water-proof skull has been performed 

according to the specifics of the surgeon but is not considered in this test. c) MRI scans of 

the apparatus; d) 3D reconstructions of volumes and deformations: the white dots 

represent features in the undeformed phantom (100% of fluid); green dots are the same 

features in the deformed (40% of fluid) phantom; the blue arrows represent the 

deformation fields of the considered features; e) Average value of the deformation field 

measured in the phantom compared with data from the literature. 
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4.4 Discussion 

The combined mechanical/analytical testing strategy presented above has been 

used to demonstrate that it is possible to develop and fabricate an inexpensive and 

easy-to-make synthetic surrogate that reproduces the dynamic mechanical 

response of brain tissue at slow and medium rates (from 8.3 10-4 mm/s to 

3 mm/s). Here we discuss the results presented in the previous section and 

conclude that the mechanical properties of the novel CH are in excellent agreement 

with the brain tissue mechanical response, as demonstrated by the means of three 

different testing protocols. 

Adopting a standard unconfined compression protocol, the investigation focused 

on testing readily available polymers (PHY, Gelatine, PVA, Sylgard 184 and 527) 

along with the new CH for large deformations (0.3 true strain, Figure 20). We used 

two different displacement rates to highlight the rate dependent properties of each 

synthetic material. This allowed us to assess the feasibility of using individual 

commercially available components for mimicking the complex mechanical 

response of brain tissue. Polymers, such as Gelatine and PVA, can be tuned by 

varying the solute concentration in order to obtain either a more compliant or a 

stiffer response. Figure 20 shows that Gelatine gels exhibit an averaged 

compression stress of 4116.25 Pa at 10% concentration and 931.56 Pa at 5% 

concentration, while PVA goes from 2734.78 Pa to 340.47 Pa when halving the 

concentration (15% to 7%). The key result here is that these polymers do not 

show rate dependent properties [8], exhibiting constant stiffness when loaded 

with different displacement rates. This is due to their elementary polymer 

networks, which exhibit a simple elastic behaviour.  

PHY showed excellent rate-dependent properties (peak compression stress of 

61500 Pa and 8148.10 Pa for 8.3 10-2 mm/s and 8.3 10-4 mm/s displacement rate 

respectively) and stiffness-tunability (by varying the powder concentration in the 

aqueous solution), along with a pronounced hyperelastic response in compression. 

However, the results showed in Figure 20 for 2.2% PHY concentration highlight 

the high strength of the compound; this is not in line with the soft tissue 

characteristics we were seeking to mimic (brain tissue compression stress from 

the literature: 1380.53 Pa and 423.48 Pa for the medium and slow strain rate 

respectively). Furthermore, PHY becomes increasingly brittle as the polymer 
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concentration is lowered, hence making its applicability as a brain phantom 

surrogate unlikely if used in isolation as a pure compound. 

Sylgard 184 exhibited good rate-dependent properties and a non-linear elastic 

response when tested in compression. However, the gel is too stiff and the lack of 

stiffness-tunability rules out the usability of this gel as a surrogate for brain tissue 

phantoms. 

Although Sylgard 527 is presented in the literature as a good substitute material 

for the brain tissue, its mechanical response is lacking in the rate-dependent 

characteristics (Figure 20). It is shown that the silicone gel exhibits averaged 

compression stress of 1648.59 Pa and 1658.34 Pa for 8.3 10-2 mm/s and 8.3 10-4 

mm/s displacement rate respectively. The compression tests, that were carried out 

by varying the displacement rate over two orders of magnitude, prove that this gel 

can only be suitable for applications involving strain rates of approximately 0.64 

10-2 s-1. 

The new CH has been designed by balancing the mutual concentration of two 

compounds: PVA and PHY. We achieved the best match by mixing PVA 6% and PHY 

0.85% separate solutions in 1:1 weight ratio. The PVA is responsible for creating 

the solid network by means of a freezing step. The PHY is kept at low 

concentrations to prevent an excessive increase in stiffness, while providing good 

rate-dependent properties to the mixture. The response of the CH is in very good 

agreement with brain compression tests from the literature. Figure 20 shows a 

compression stress of 1116.38 ± 100.37 Pa for the CH and 1380.53 ± 393.13 Pa 

for brain tissue when compressed at 8.3 10-2 mm/s. Furthermore, the stiffness of 

the material changes if loaded at 8.3 10-4 mm/s, exhibiting a compression stress of 

472.59 ± 43.8 Pa, in comparison with a value of 423.48 ± 79.91 Pa obtained for 

the brain tissue. The complete unconfined compression curves are reported in 

Figure 21a and Figure 21b: the hyperelastic characteristic of the CH, when 

subjected to large deformations and tested over a range of velocities spanning over 

two orders of magnitude, is shown to be in agreement with the brain mechanical 

response (experimental results reported on brain tissue lie in the standard 

deviation range of our measurements). This is further supported by both cyclic 

indentation-relaxation and sweep frequency shear tests. The excellent agreement 
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between the force response of the CH and the in-vivo measurements carried out by 

Gefen et al. [5] (Figure 21c and Figure 21d) for indentation rates of 1 and 3 mm/s 

demonstrates how the CH is able to accurately reproduce complex dynamic 

mechanical responses that involve both compressive and tensile stress (i.e. 

indentation). The relaxation behaviour of the brain tissue during Cycle 1 (first 

unconditioned indentation test) lies well inside the standard deviation range of the 

CH (Figure 21c and Figure 21d), especially for the velocity of 1 mm/s. 

Furthermore, the significant mechanical hysteresis and consequent not-

recoverable deformation (peak values considerably drop from Cycle 1 to Cycle 5 

and 6) that CH exhibits under cyclic loading (Figure 21c and Figure 21d) is similar 

to the hysteretic behaviour obtained for brain samples and improves the fidelity of 

the material to applications that involve repetitive loading cycles.  

The rheometric test results prove the suitability of CH for reproducing the correct 

mechanical response of brain tissue in shear over a large frequency range (0.01 – 

25 Hz). Measurements obtained for storage and loss moduli are included and 

compared with brain tissue measurements reproduced from the biorheological 

literature (Figure 21e and Figure 21f).  

Focusing on binary polymer networks, Blanshard & Mitchell [76] distinguished 

between two types of binary gels: type I gels, where one polymer forms a network 

and the second is entrapped in the first one and type II, where both the polymers 

are able to create a network. Type II gels are further distinguished in three 

different networks: coupled, interpenetrating, phase separated networks. Coupled 

networks are characterized by chemical interactions between the two polymer 

networks. A coupled network can also form if molecular bindings are present. 

Interpenetrating networks are formed by two distinct polymer structures that 

span the entire system. No chemical bindings are present, only topological 

interactions (i.e. entanglement). In phase separated networks usually one polymer 

form the dominant phase (continuous network) and the other the included phase 

(filler network) with absence of chemical interaction. 

We now direct our attention to the DSC measurements, where the presence of a 

single Tm peak in the thermograph of CH (Figure 22d) does not necessarily show 

that a new, single material has formed, but that the two components are at least 

miscible (in case of immiscible components two distinct peaks have been noticed 



BRAIN TISSUE BIOMECHANICS: NEW TISSUE PHANTOMS, MECHANICAL 

CHARACTERISATION AND MODELLING STRATEGIES FOR ENHANCED SURGICAL 

PROCEDURES 

64  Antonio Elia Forte - November 2015 

[80, 81]). However, this excludes both the interpenetrating and phase separated 

network models. Type I binary network can be excluded because there are 

conditions to favour gelation of both the components in the blend (Figure 22a). 

Furthermore, previous Fourier Transform Infrared analysis (FTIR) on PVA-

Polysaccharide blends (Chitosan in particular) [87] report changes of the band 

shape and a shift towards lower frequencies of the top of the band in the OH 

stretching region. This indicates the presence of strong hydrogen bonding 

interactions between OH of PVA and OH of the polysaccharide in the blend, since 

hydrogen bonding usually causes the stretching vibration to shift to a lower 

frequency. In another study, Alhosseini et al. [57] link the improved mechanical 

properties (in terms of strength) of PVA-Chitosan blends to the interaction 

between the two polymeric networks through (i) hydrophobic side-chain 

aggregation and (ii) hydrogen bonds between OH groups in the polymeric 

macromolecules. In order to verify that this is the case for our composite hydrogel 

constructs, we carried out additional compression tests (not reported in this work 

for brevity) on the CH blend (PVA 6% - PHY 0.85%) and the separate components 

(PVA 6% and PHY 0.85%). The results show that the blend strength is 

considerably higher than the sum of the strengths of the two single components: 

the CH compression stress was approximately 27 times higher than pure PVA and 

40 times higher than pure PHY, proving that an interaction between the two 

polymer networks exists. Moreover, being a tetrasaccharide, the PHY has a 

molecular structure characterised by available OH groups at the free ends of the 

aromatic hydrocarbon (Figure 22b). For this reason we believe that the CH 

presents a type II coupled network structure (Figure 22c) where the interaction 

between the two polymer networks is not due to chemical cross-links but rather to 

hydrogen bonds between the OH groups of PVA and PHY (Figure 22b). 

Therefore, it appears that the physical interaction between the two components is 

responsible for the creation of a new network structure that improves the 

mechanical characteristics of the CH, compared with those of any other synthetic 

material used so far as a brain tissue surrogate. In particular, the novel hydrogel 

shows tuneable stiffness and highly stretchable properties that are mainly related 

to the elastic behaviour of the PVA network (represented here by the Young’s 
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modulus E1 in Figure 22c), as well as tuneable viscoelastic properties and non-

linear elastic characteristics that are controlled by the PHY network (represented 

here by the Young’s modulus E2 and the viscosity coefficient  in Figure 22c). The 

overall mechanical response can be approximated, even though only qualitatively 

in the present work, to a Zener model from the viscoelasticity theory (Figure 22c). 

An important advantage of our novel material is the option to tune its mechanical 

response by varying the relative concentrations of PVA and PHY. In particular, the 

strong adaptability of CH allows the design of highly viscous as well as strongly 

elastic mixtures. Thus, if a surrogate with different properties is needed (e.g. liver, 

skin, kidney, cartilage etc.), the development of a suitable phantom made of PVA + 

PHY will still be possible. 

In this work we also presented and described the design of a life-size human brain 

phantom obtained from a patient-specific MRI dataset. Measurements of the 

deformation field produced by the loss of CSF have been carried out using MRI 

scans. This technique allowed us to have a controlled environment and to 

accurately reproduce the brain shift phenomenon in a laboratory setting. The 

average amount of shift has been compared with measurements from the 

literature [82, 84-86] confirming a very good agreement (see Figure 23). The shift 

value measured in the left frontal lobe of the phantom (8.17 mm) lies well inside 

the standard deviation range of the measurements reported by three different 

studies [82, 85, 86]. 

All the results hereby presented prove the superior capabilities of CH as surrogate 

material for brain tissue phantoms. The novel hydrogel presented here is suitable 

for reproducing complex deformation scenarios such as brain shift, surgical 

indentation and palpation. It mimics the organic tissue's mechanical behaviour in 

compression, indentation, relaxation, hysteresis and shear. The use of the new 

material is envisaged for surgery planning, preoperative tests, robot motion 

compensation tests, surgical training or any other applications where the dynamic 

response is crucial. Furthermore, in light of the hydrogel's biocompatibility, we 

foresee investigating the possibility of introducing CH as a porous soft medium for 

cell cultures, as well as a study of the effects of mechanical tailored scaffolds on cell 

growth, migration and differentiation. 
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Limitations of the present study include the inability of the CH to reproduce the 

mechanical behaviour of the brain tissue at displacements rates higher than 

3 mm/s. Therefore, using the concentrations suggested hereby, the composite 

hydrogel is not suitable as brain substitute in applications that involve impact or 

trauma scenarios. Indeed, an interesting evolution of the study would consist in 

tailoring the material to reproduce the response of the brain tissue at high rates. 

Furthermore, the life-sized brain phantom can be improved embedding 

characteristic internal structures of the brain (i.e. ventricles) and quantify the 

effect of the presence/absence of these structures on the volumetric deformations 

during brain shift simulations. 
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5 PRELIMINARY TESTS: 
PORCINE'S BRAIN TISSUE 

CHARACTERISATION 

 

 

A preliminary characterization analysis was carried out on porcine brain tissue in 

order to gain proficiency with the testing of the organic material. Some of the 

results are briefly summarized in this chapter. The analysis helped to gain insights 

about difficulties related to handling and preserving the tissue as well as 

improving of the experimental protocols that reached their final completion as 

described in section 2.2. 
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5.1 Introduction 

Our purpose is now to approach to the mechanical characterization of the brain 

tissue. In this chapter we investigated the properties of the tissue trough the 

different mechanical protocols described in section 2.2: compression-relaxation, 

sweep frequency and oedometric tests. Furthermore, a comparison with the 

available results in the literature confirmed the reliability of the testing protocols 

adopted. 

Samples of porcine brain were provided by a local supplier within 2 days post-

mortem. All the specimens were cut in 7 mm (± 1 mm) slices using a surgical knife. 

Cylindrical shapes were punched out from the slices using trephines of different 

sizes, depending on the particular test. In particular, diameters were 11 ± 1, 25 ± 

1 and 37 ± 1 mm for compression, rheometric and oedometric tests respectively. 

For more information about the experimental methodology please refer to section 

2.2. 

Compression test is used to analyse the hyperelastic (non-linear) behaviour at 

different strain rates. Afterwards, applying a relaxation step, it is possible to 

estimate the relaxation behaviour of the material, fundamental to know how the 

tissue releases the stress imposed by the compression step. 

In order to appraise the viscous behaviour of the material, sweep frequency 

analysis is necessary. Using a rheometer, one can measure the storage modulus 

(measures the energy stored) and the loss modulus (measures the mechanical 

energy converted to heat through viscous frictional forces). The ratio between 

these two moduli, known as tanδ, is a viscosity index. 

Since we asserted that a porous structure is present within the brain tissue, it is 

useful to measure the permeability of the material. There is a direct method to 

evaluate this value, which is the oedometric test. 

Hence, the results of the mentioned experiments will provide us insight about 

stiffness, rate-dependency and relaxation behaviour of the tissue, along with an 

estimation of the mechanical interaction between the fluid and the solid phase. A 

comprehensive literature review about brain tissue mechanical testing will be 

presented in the following chapter, where the knowhow acquired at this stage will 
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serve the mechanical investigation of human brain tissue samples under different 

testing conditions. 

 

5.2 Compression-relaxation tests 

The unconfined compression results highlight the strong rate-dependent 

behaviour of the brain tissue by showing an increase in stiffness as the 

displacement rate increases (the 500 mm/min stresses are 10 times higher than 

those obtained with a 0.05 mm/min compression speed). In particular, Figure 24 

shows average peak values (and standard deviations in blue) of 2200, 560 and 270 

Pa respectively for the displacement rates of 500, 5 and 0.05 mm/min. The long 

term stress value at steady state is approximately 250 Pa and it seems to be rate-

independent Figure 25. The results shown are in good agreement with the 

compression tests carried out by Miller and Chinzei [4] only for the highest 

displacement rate (500 mm/s). For lower rates our tests show a more compliant 

behaviour than the data reported in [4]. This might be due to a variety of reasons, 

including different room temperature, dehydration of the specimens and possibly 

to the fact that the ventricle surface and the arachnoid membrane were part of the 

samples in [4]. Furthermore, the diameter of our compression specimens was 

about one third of the one the authors used, which results in lighter specimens and 

consequentially lower frictional forces. 
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Figure 24 - Compression tests on brain tissue at three different velocities. 

 

 

Figure 25 - Relaxation tests on brain tissue at three different velocities. 
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5.3 Rheometric tests 

Rheometric tests revealed the viscoelastic properties of the solid matrix of the 

tissue. In the sweep frequency analysis the specimen is tested in a pure shear 

configuration with no changes in volume. This rules out the contribution of the 

fluid phase and allows measuring the response of the solid phase only. The 

averaged storage modulus varies approximately from 190 to 670 Pa, while the loss 

modulus varies from 55 to 378 Pa over the frequency range analysed. The tanδ, 

which is an index of the viscoelasticity of the tissue, varies approximately from 

0.28 to 0.56, revealing an increasing in viscoelasticity with strain rate. The results 

are in good agreement with the sweep frequency data available in the literature, 

summarized in Figure 21e and f. 

 

 

Figure 26 - Rheometer tests on porcine brain tissue, 42 hours post-mortem. 
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5.4 Oedometer tests 

A typical brain tissue consolidation curve is depicted in Figure 27. The curve 

represents the primary consolidation under constant load and the Terzaghi 

analytical solution is given as comparison. The cv value is the value that minimize 

the root mean square between the two curves and exhibit the best fit. As already 

suggested by Franceschini et al. [1], the different trend of the tissue consolidation 

curve in respect to the analytical solution proposed by Therzaghi is symptomatic of 

the presence of viscous components in the solid matrix of the organ, as we noticed 

by means of the rheometric sweep frequency analysis.  

 

 

Figure 27 - Example of oedometric curve compared with Terzaghi analytical solution. 

 

The permeability results calculated for each test, the average and the standard 

deviation are summarised in Table 3. The measured average value of 

9.857 ± 6.384 E-10 m/s lies in the data range proposed in the literature (see 

values reported in [88]), and it is very close to the the permeability measurements 

carried out from Franceschini and collaborators (i.e. 2.42 ± 3.47 E-10 m/s.)[88]. 

Details on the oedometric test protocol can be found in section 2.2.4. 
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Loading step [N] Permeability value k [m/s] 

6N 6.818 E-10 

3N 1.842 E-9 

3N 1.415 E-9 

3N 2.316 E-10 

6N 7.583 E-10 

Avg and St Dev 9.857 ± 6.384 E-10 

Table 3 - Permeability values, average and standard deviation. 

 

5.5 Conclusions 

A preliminary experimental campaign on porcine brain tissue was carried out and 

presented in this chapter. The tests reproduced the principal findings in the 

literature, confirming the validity of the experimental approach adopted. Such a 

complete mechanical characterization of porcine brain tissue has been 

fundamental in order to move to the mechanical characterization of human brain 

samples (chapter 6) in a more confident way. Because of the amount of tissue 

required to perform oedometric tests and aware of the very little variation in FEA 

results due to variation in permeability (section 7.2.3) we decide to discard the 

oedometric characterization of human tissue, focusing more on the effects of the 

test conditions and the heterogeneities of the organ (white and grey matter). 

Limitations of this chapter include the lack of a testing protocol in tension. In fact it 

is known that brain tissue is stiffer in compression than in tension [89]. However, 

there are several difficulties in testing brain specimens in tension 

(e.g. clamping/gluing of the tissue to the testing rig). Moreover in brain shift 

scenario the organ is mainly loaded in compression. Therefore we chose to 

characterize the tissue in compression and shear and measure its permeability. 

Future works might explore the properties of the tissue in tension and analyse its 

fracture properties by means of the wire cutting apparatus. Measuring the fracture 

toughness of the brain tissue can produce valuable experimental data which could 

serve as ground truth for models that involve cutting [90].  
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6 HUMAN BRAIN TISSUE 

MECHANICAL PROPERTIES 

 

 

Mechanical characterization of brain tissue is a complex task scientists have tried 

to accomplish for over fifty years. The results in literature often differ by orders of 

magnitude because of the lack of a standard testing protocol. Different testing 

conditions (including humidity, temperature, strain rate), the methodology 

adopted, the variety of the species analysed, are all potential sources of error in the 

measurements. In this chapter we present a rigorous experimental investigation 

on the mechanical properties of human brain gray and white matter. The influence 

of testing conditions will be also shown and discussed, reporting error estimations 

for each case. The results will then be summarized and proposed as mathematical 

formulation suitable for finite element modelling. 

 

The content of this chapter can be found in Forte, A. E., et al. "Unravelling the 

Complex Heterogeneous Mechanical Response of Human Brain Tissue" Under 

Review. [91] 
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6.1 Introduction 

Modelling of human brain has been developed on multiple levels achieving 

important results in several fields. Scientists have been able to mimic the 

electrophysiological functions of the cortical tissue in-vitro [92], simulate the 

mammalian thalamocortical system [93], reproduce human brain geometries with 

high-resolution 3D models [94]. Equally important and complementary, the design 

of realistic mechanical models for human brain is still in development. These 

models are based not only on accurate geometries and functionalities, but also on 

reliable material formulations that could accurately reproduce the mechanical 

behaviour of such a complex organ. In this regard, a meticulous mechanical 

characterization is a fundamental step that could provide inestimably valuable 

data for many disciplines where brain tissue modelling is needed (i.e. traumatic 

brain injury simulations [95, 96], biomechanics modelling and robotic surgery [4, 

69, 89, 97, 98]). Furthermore, due to the recent findings in tissue engineering, 

mechanical data on human brain tissue are of vitally importance for the design of 

superior bioengineered scaffolds that could mimic the mechanical behaviour of the 

native tissue [99]. In fact, in particular circumstances, cell differentiation and 

regeneration is promoted in scaffolds that exhibit mechanical properties similar to 

those of the real tissue [59-61]. 

The mechanical characterization of brain tissue has been object of study for over 

50 years [78]. However, due to the extreme complexity of the soft tissue and to the 

wide range of experimental methods and protocols, the results described in 

literature often differs by orders of magnitude [78]. 

Animal brain tissue is widely used as substitutes for human brain tissue because of 

the high degree of similarity in terms of anatomical structures and mechanical 

properties [96]. However, there are several studies that show substantial 

differences between human and animal brain tissue [78]. Takhounts et al. [100] 

noticed human tissue to be 40% stiffer than bovine and Prange and Margulies 

[101] 29% stiffer than porcine by means of shear relaxation tests. Galford and 

McElhaney [102] demonstrated that storage, loss and shear moduli are 1.4, 2 and 

1.5 times higher for monkey brain tissue than for humans. In contrast, Nicolle et al. 

[96] concluded that human tissue has a higher storage modulus (G’, about 17%) 

but similar loss modulus (G”) if compared with porcine brain tissue.  
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It is still not clear whether differences in post-mortem times cause variation in the 

mechanical response of the tissue. McElhaney et al. [103] and Darvish and Crandall 

[104] showed no changes in the measured properties due to higher post-mortem 

times (respectively 15 hours and 3-16 days). In other cases a small variation of the 

material properties has been reported [105, 106]. However Metz et al. [107] 

reported considerable changes from live to 45 minutes post-mortem time (70% 

decreasing in the mechanical response due to the inflation of a balloon inserted 

into the brain) while Garo et al. [108] showed an increasing in the tissue stiffness 

with a rate of 27 Pa per hour after 6 hours post-mortem. 

The heterogeneity of the tissue is often neglected when analysing its mechanical 

properties [4, 89, 97, 98, 109-111], mostly because of the difficulties in cutting and 

testing small homogeneous samples. Nevertheless a few studies found white 

matter to be about 1.3 times stiffer than gray matter [96, 101, 112]. These results 

are also supported by recent works on magnetic resonance elastography (MRE) 

that observed white matter shear modulus to be 1.2 - 2.6 times higher than of gray 

matter [78]. 

Differences in testing conditions also give rise to differences in the results. Gefen 

and Margulies [5] argued an underestimation of the initial and long term shear 

modulus due to a preconditioning of the tissue when tested in vitro. Similar results 

had been shown by Miller et al.[98]. Prevost et al. [113] noticed the indentation 

response on porcine brain tissue to be significantly stiffer in situ than in vivo which 

only partially agrees with the previous findings by Gefen and Margulies [5]. 

Furthermore, they showed the in vivo and the in vitro response of the tissue to be 

similar, disagreeing with previous studies. As the authors underline, the braincase 

is a complex geometry and might play a significant role in the way it constrains the 

“incompressible” tissue during in vivo testing. Moreover, Chatelin et al.[78] 

observed that the variation of results is also noticeable for a non invasive in vivo 

technique such as MRE and therefore the influence of testing protocols and 

conditions might be the principal cause of such a huge disparity in the results 

throughout literature. For these reasons a standardised experimental protocol is 

needed, in particular for in vitro testing.  
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Compression tests have been used to characterize the mechanical behaviour of 

brain tissue and its rate dependency [1, 4, 106, 110, 114-117]. The majority of the 

studies used cylindrical samples and lubricant at the sample-plates interface to 

eliminate friction effects. Humidity conditions are usually not taken in 

consideration because of the short test duration (at least at high strain rates) and 

most of the tests are run at room temperature. Varying the temperature in a range 

of a few degrees (22 – 37 °C, respectively room and body temperature) does not 

seem to have a predominant role in the tissue response under compression tests if 

the tissue has been preserved at ice cold temperature (4 °C) before testing [114]. 

The use of different preservation temperatures might instead affect the results 

significantly [114]. In conclusion, regarding compression test protocols, most of 

the discrepancies in literature are probably due to differences in applied strain 

rates and heterogeneity of the samples. In addition, difficulties in handling the 

tissue are a limit to obtaining samples of small size, involving uncertainties due to 

heterogeneities (white and gray matters present in unknown ratio) and 

consequently, to not repeatable shapes. For this reason some authors [4, 89, 114, 

118] decided to focus on the behaviour of the tissue as a bulk. These studies used 

large samples (e.g. 30 mm diameter, 13 mm height) that included white and gray 

matter indistinctly along with blood vessels, and in certain cases, also the 

arachnoid membrane and the structure of the sulci [4]. 

Dynamic mechanical analysis in shear (DMA) is considered a standard method to 

measure the linear viscoelastic behaviour of the tissue, limited to 1% strain for the 

brain tissue [68, 96, 106, 119]. Depending on the duration of the test, the 

monitoring of temperature and humidity conditions assumes a key role in the 

procedure.  

Although the effect of temperature is important in this kind of test, to the best of 

our knowledge, only a few studies have investigated this aspect [106, 119-121] 

and agree on a decrease in the stiffness of the tissue increasing the temperature.  

Aiming to avoid dehydration of the sample, several solutions have been used in 

literature. Moist chambers are recognized as standard tools to maintain humidity 

at 100 % during the test. Most of the studies have used moist chambers for testing 

brain tissue in DMA [96, 105, 108, 119, 120, 122-125]. Others have made use of 

silicone oil or silicone adhesive [106, 126] or petroleum jelly [109-111] applied to 
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the exposed rim of the sample. There are also a few works where humidity 

monitoring has not been mentioned [68, 104, 127]. 

Regarding the specimen-plates interface, the majority of the studies have reported 

the use of sand paper attached to the plates of the equipment in order to avoid 

slipping [68, 95, 101, 106, 108, 110, 111, 120-124] while others glued the 

specimen directly on the plates [96, 100, 104, 105]. No difference in the results 

was observed using either methods [121]. Nicolle et al. [105] showed that when 

the samples were not glued to the plates and no sand paper was used to assure 

grip, the dynamic modulus was significant affected by the sample height. 

A comprehensive summary of methods and conditions utilised in previous studies 

is given in Table 4. 

In conclusion, the mechanical characterization of brain tissue is a very complex 

task, not yet fully addressed. Different testing protocols and conditions may have 

led to such a huge disparity in results, hence understanding the causes of this 

variation could contribute to move towards a unified experimental protocol. 

Furthermore, whereas the majority of the studies focused on animals (porcine, 

calf, bovine), human results are quite rare and not sufficient in order to theorize a 

reliable material formulation that can accurately replicate the mechanical 

behaviour of brain tissue. For this reason mechanical testing on human brain is of 

primary importance. By means of oscillatory sweep frequency tests, in this study 

we address the effects of different testing conditions on human brain, such as 

temperature, humidity and sample thickness. A set of results obtained by 

compression-relaxation test is also presented and coupled with the rheological 

measurements in order quantify the differences in stiffness between white and 

gray matter. Finally a comprehensive summary of the human brain tissue 

mechanical parameters and a mathematical material formulation is derived. The 

work provides a reference ground truth for scientists in areas spanning from tissue 

engineering to biomimetics and enables the design of more accurate biomechanical 

models for traumatic brain injury analysis, image guided surgeries and 

preoperative planning. 
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Author Origin Test (State) TA HC HE 

Arbogast KB [122] P D (vt)  M  

Bilston LE [109-111] B D, SR (vt)  P  

Brands DW [68, 95, 121] P D, SR (vt) ✓   

Cheng S [115] B CR (vt)    

Darvish KK [104] B D (vt)    

Fallenstein GT [126] M, H D, I (vt, vv)  S  

Franceschini G [1] H C, T, Cr (vt)    

Galford JE [102] M, H D, CR, Cr (vt)    

Garo A [108] P D, S (vt)  M  

Gefen A [5] P I (vt, vv, st)    

Hrapko M [120, 124] P D, SR (vt) ✓ M  

McElhaney J [103] M, H D, C, I (vt, vv)    

Metz H [107] M E (vt, vv)    

Miller K [4, 89, 98] P C, T, I (vt, vv)    

Nicolle S [96, 105] P, H D, SR (vt)  M ✓ 

Peters GW [119] B D, SR (vt) ✓ M  

Prange MT [101, 112] P, H SR, CR (vt)   ✓ 

Prevost TP [113, 116] P D, CR, I (vt, vv, st)    

Rashid B [114, 118] P C, S (vt) ✓   

Shen F [106] P D, SR, C (vt) ✓ S  

Shuck LZ [127] H D (vt)    

Takhounts EG [100] B, H SR (vt)    

Thibault KL [123] P D (vt)  M  

Vappou J [125] P D, I (vt)  M  

Table 4 - Literature summary. Sample origin: P, porcine; B, bovine; M, monkey; H, Human. 

State: vt, in vitro; vv: in-vivo; st, in-situ. Test: D, dynamic mechanical analysis; SR, shear-

relaxation; CR, compression-relaxation; I, indentation; S, shear; C, compression; T, tension; 

Cr, creep; E, elastic expansion. TA: temperature analysis. HC humidity control: M, moist 

chamber; S, silicon oil/adhesive; P, petroleum jelly. HE: heterogeneity analysis. 
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6.2 Material and Methods 

Tissue samples and associated clinical and neuropathological data were supplied 

by the Parkinson's UK Brain Bank, funded by Parkinson's UK, a charity registered 

in England and Wales (258197) and in Scotland (SC037554). We note that all 

procedures used by the Tissue Bank in the procurement, storage and distribution 

of tissue have been approved by the relevant Multicentre Research Ethics 

Committee (07/MRE09/72). Eight Parkinson’s disease (PD  and one control case 

(PDC084 in Table 5) were supplied (examples of the hemi-slices in Figure 28a). All 

the slices were cut from the parietal lobe because of its little use for Parkinson’s 

disease research. Lipp et al. [128] observed that the reduction of brain elasticity in 

PD subjects reaches significance only in the lentiform nucleus. The parietal lobe is 

therefore considered a safe area for investigating the mechanical properties of 

human brain tissues in PD subjects.  

 

Case Age Gender PM Time (h) 

PDC084 83 Male 26 
PD726 65 Male 39 

PD727 88 Male 26 

PD728 80 Male 42 

PD731 87 Male 48 

PD744 81 Male 44 

PD762 88 Male 36 

PD771 81 Male 28 

PD775 82 Female 48 

Table 5 - Summary of the donors. From left to right: donor's ID, age of the donor, gender, 

post mortem time. 

 

The slices were stored in saline solution (PBS) and kept at ice cold temperature 

during transportation. White matter (25 ± 1 mm diameter, 7 ± 1 mm height) and 

gray matter (12 ± 1 mm diameter, 7 ± 1 mm height) cylindrical samples were 

punched out the hemi-slices using surgical trephines (Figure 28c and d). Particular 

attention was used in order to obtain homogeneous samples. Two testing 

protocols were chosen: dynamic mechanical analysis in shear using a rheometer 

for white matter samples and compression-relaxation tests for gray matter 

samples. In fact, due to the limited and peripheral amount of gray matter in the 
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slices Figure 28b) a smaller trephine was necessary to obtain homogeneous 

samples. Therefore the green samples in Figure 28d had an excessive height-to-

diameter ratio (about 0.6), not suitable for rheometric tests. Moreover, the 

compression-relaxation protocol can provide additional information on the 

response of the tissue to both small and large strains together with insights about 

its rate dependency, which can be deducted from the relaxation part of the curve. 

 

 

Figure 28 - a) P3 hemi-slices, different donors; b) locations of white and gray matter 

harvested specimens; c) white matter specimen used for shear tests; d) gray matter 

specimen used for compression relaxation tests. 
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6.2.1 Compression-relaxation tests on gray matter 

Compression tests are used to study the mechanical behaviour of soft tissues at 

small and large strains. The relaxation response at constant loading, on the other 

hand, is important to capture long-term deformation response and rate dependent 

effects. A number of 10 samples were tested for each velocity. All the tests were 

performed in a conditioned room at 24°C temperature. For further information 

about the testing protocol please refer to section 2.2.1. 

 

6.2.2 Rheometric tests on white matter 

A Discovery HR-1 Rheometer (TA Instruments, Germany) was used to measure the 

storage (G’) and the loss (G”) moduli of the white matter and to investigate the 

influence of testing conditions on the results. For further details on the rheometric 

test protocol please refer to section 2.2.3. 

 

6.3 Results 

6.3.1 Compression – relaxation tests on gray matter 

Compression-relaxation tests on gray matter samples revealed the strong 

rate-dependent nature of human brain tissue. Gray matter becomes about 4.7 

times stiffer when increasing the applied strain rate from 0.64 x 10-4 s-1 to 0.64 s-1 

(Figure 29a). The Lagrangian stress (or nominal stress) has been calculated 

dividing the measured force by the initial area of the specimen (measured for each 

test). In particular, Figure 29a shows average peak values (and standard 

deviations in red) of 1356.70 ± 308.61, 620.60 ± 173.97 and 288.50 ± 92.98 Pa 

respectively for fast, medium and slow strain rates. The relaxation curves along 

with the relative standard deviations are shown in Figure 29b. The material 

relaxation is clearly visible with the stress value dropping immediately after the 

compression plate stops.  
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Figure 29 - a) Compression and b) relaxation tests on human gray matter tissue at three 

different displacement rates for an applied nominal strain of 0.3. 

 

6.3.2 Rheometric tests on white matter 

6.3.2.1 Effect of sample thickness 

A preliminary set of specimens was dedicated to evaluate the effect of the sample 

thickness on the results. Three white matter specimens with different heights (2, 5 

and 8 mm respectively) were tested by sweep frequency protocol at 37 °C using 

the moist chamber. It was previously demonstrated by Nicolle et al. [105] that the 

results should not be affected by the sample thickness if the attachment with the 

rheometer plates is secure. The results shown in Figure 30a confirm these findings. 

The small spread in the curves might be caused by the limited (but anyway 

present) differences in white-to-gray matter ratio, the slightly different shape or 

different orientation of white matter fibers in the specimens. 

 

 

Figure 30 - a) Influence of sample thickness on storage and loss moduli. Tests were run at 

37 °C using the moist chamber and sand paper was used at the specimen-plate interfaces to 

avoid slipping. b) Storage and loss moduli for two sweep temperature tests run 

consecutively on the same white matter sample with and without moist chamber at 1.59 Hz 

(10 rad/s). 
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6.3.2.2 Effect of humidity and temperature 

Since the effect of humidity and temperature are strictly coupled in oscillatory 

analysis, the results are here presented in a single section. In fact, the increase in 

temperature leads to a faster dehydration of the sample if humidity is not kept at 

high levels. Figure 31a shows the error introduced in the measurements when 

humidity is not preserved, in respect to the same test run using the moist chamber 

(Figure 31b) for 24 °C and 37 °C. An erroneous increase of the storage and loss 

moduli is clearly visible for both the temperature analysed. The stiffness of the 

tissue tends to rise proportionally with temperature when the moist chamber is 

not in place. In particular, choosing as example the frequency of 1.59 Hz, G’ is about 

5.2 times higher at 24 °C (4322 Pa versus 805 Pa, average values) and 21.9 times 

higher at 37 °C (12544 Pa versus 572 Pa, average values) when humidity is not 

monitored. The same trends are noticeable for G”. This is certainly due to 

dehydration of the tissue, enhanced at higher temperatures, that occurs 

immediately after the starting of the test, as shown by the first data points in 

Figure 31a and b. The phenomenon was further investigated on one control 

sample which was run twice using the sweep temperature analysis (Figure 30b). 

The sample was first tested without moist chamber to observe the changes in the 

moduli with temperature. The increasing trend is clearly visible for G’ and G” from 

22 to 37 °C. Afterwards the specimen was rehydrated in PBS for 30 minutes and 

the same analysis was run using the moist chamber. The second time the curves 

assumed the correct trend, with the moduli decreasing over increasing 

temperature. The almost identical starting points of the curves in Figure 30b 

exclude ageing effects in the test. In fact, if the specimen would have aged during 

the first run it would not have been able to recover its original mechanical 

properties when rehydrated. Hence the authors conclude that in case humidity is 

not controlled, the tissue undergoes a sudden dehydration and consequently 

stiffening, which is directly proportional to temperature. The correct results are 

shown in Figure 31b where G’ and G” are respectively 1.4 and 1.6 times lower if 

measured at body temperature (37 °C) rather than room temperature (24 °C). 
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Figure 31 - a) Storage and loss moduli of human white matter tested at 24 and 37 °C with no 

humidity control. Human tissue shows higher moduli at the higher temperature, due to the 

faster rate of dehydration; b) storage and loss moduli of human white matter tested at 24 

and 37 °C with humidity control by using a moist chamber. The results show a correct trend 

with softening of the tissue at increasing temperatures. 

 

Two additional samples were tested using alternately the moist chamber and 

petroleum jelly as dehydration preventers and the results are shown in Figure 32. 

Both the samples underwent the sweep frequency analysis at 37 °C for two times 

consecutively. Firstly, sample 1 (namely test1 in Figure 32) was tested using the 

moist chamber. Afterwards the chamber was removed and petroleum jelly applied 

to the exposed rim of the sample before running the test for the second time. 

Covering the entire lateral surface of the sample is quite difficult and time 

consuming due to the high viscous nature of petroleum jelly. This might be the 

main cause of stiffening of the tissue which might dehydrate during the application 

of the gel. As shown in Figure 32, G’ rises about 2.5 times and G” about 8.6 times 

when using petroleum jelly. Furthermore, due to the jelly touching the metal plates 

and creating a uniform layer around the specimen, additional damping is 

introduced in the measurements, increasing the loss modulus. A second sample 

was tested using the same methodology but rehydrating the specimen in PBS 

solution for 30 minutes after the first run. The results (Figure 32, test2 and test 

RH) are in a better agreement with the tests conducted using the moist chamber 

but still affected by an error, with an increase of G’ and G” at 1.59 Hz by 1.8 and 4.1 

times respectively. The measured value for G’ at the beginning of the test is 

identical for the two runs, but a sudden increase in the storage modulus is clearly 

visible (Figure 32a, test2 RH). This proves that rehydrating the sample after the 

first run had the benefit of keeping the humidity at high levels within the tissue 
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while the petroleum jelly was being applied on the exposed rim. On the other hand, 

even if it is certain that the jelly reduces the moisture loss during the test, its 

contribution is not sufficient in order to prevent dehydration. Moreover an 

increase in G” is still visible (also for the first data point, test2 RH in Figure 32b), 

probably due to the damping introduced by the gel on the rheometer plates in 

addition to dehydration effects. 

 

 

Figure 32 - a) Storage modulus and b) loss modulus measured for two consecutive runs 

(using the moist chamber for the first and the petroleum jelly for the second run) on each 

sample. The second sample underwent rehydration between the two runs. 

 

6.3.3 Test protocols comparison and fitting analysis 

The results collected from the two test protocols are summarized and compared in 

this section. A fitting analysis is also presented in order to provide a complete 

material formulation for simulating human white and gray matter in a range of 

strain rates suitable for clinical scenarios.  

Results from compression tests on gray matter were fitted using an Ogden 

hyperelastic formulation. The material parameter  and the initial shear moduli G 

(equation (13), section 7.1) for the three strain rates were found at this stage 

(520.35 ± 121.46 Pa, 266.53 ± 86.97 Pa, 157.91 ± 71.04 Pa for the strain rates of 

0.64 s-1, 0.64 x 10-2 s-1 and 0.64 x 10-4 s-1 respectively) and plotted in Figure 33 for 

comparison (black filled triangular markers). The parameter  incorporates the 

strain-magnitude sensitive nonlinear characteristics and it can be considered 

independent of time [112]. To a first approximation, we will consider  = -3.8 for 

both gray and white matter. For each curve in Figure 33, the single data point 
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represents the measured response of the tissue at a specific strain rate. A more 

compact formulation will be obtained converting each curve in a single time 

dependent shear modulus GR (equation (16))coupled with a Prony series (later in 

this section). This will enable to simulate the response of gray and white matter 

throughout the range of velocity considered without using a different shear 

modulus for each strain rate. 

Aiming to limit the duration of the test and consequently dehydration of the 

sample, the lowest frequency for the rheometric measurements was set to 0.01 Hz 

(corresponding to 0.64 x 10-3 s-1 strain rate). For this reasons power laws were 

used to extend the rheometer data points for the first decade and to fill the data 

between the compression measurements (hollow markers in Figure 33; 

exponential coefficient for all the curves: 0.13; R values: 0.98 and 0.97 for 24 and 

37 °C white matter curves respectively, 0.99 for 24 °C gray matter curve). The data 

points for the 37 °C gray matter curve were obtaining applying the 

time-temperature superposition principle shifting the 24 °C curve to higher 

frequencies. The shifting coefficients proposed by Hrapko et al. [120] have been 

verified on our rheometric data shifting the 24 °C white matter curve on the 37 °C 

(aT = 11, bT = 1). An excellent agreement was found and the same shifting 

coefficients were applied on the gray matter, identifying the 37 °C curve 

(rhomboidal hollow markers) in Figure 33.  

Afterwards, Prony series were fitted on the four curves, using the algorithm 

proposed by Bergström [129]. The Prony series method is widely use in FE 

analysis software (e.g. Abaqus, Simulia, Usa, through the VISCOELASTIC keyword) 

in order to reproduce the dynamic behaviour of materials by scaling the stiffness 

according to the strain rate applied. A minimum of four couples of material 

parameters (gi and i) were needed for replicating the rate-dependent response of 

the brain tissue. Shear moduli G’ at 10 Hz and 24 °C were taken as instantaneous 

shear moduli G for white and gray matter. Figure 33 shows the Prony series fitting 

curves depicted as lines crossing the experimental data points.  
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Figure 33 - Storage modulus results for white and gray human matter for both 24 and 37 °C 

over a range of frequency suitable for surgical procedures. The experimental measurements 

are depicted with filled markers, the analytical deducted values are depicted with hollow 

markers. The Prony series fittings are depicted as lines. 

 

The best-fit parameters are also summarized in Table 6. The D parameter is 

required by Abaqus in the HYPERELASTIC material formulation in order to 

correlate the Poisson’s ratio () of the material to G using equation (14). As 

suggested by Kaczmarek et al. [130],   0.35 was taken as Poisson’s ratio of the 

solid matrix and D was calculated accordingly. This value represents only the 

relative compressibility of the material’s solid phase, which allows fluid to be 

absorbed or exuded from the solid matrix [131]. Using the PERMEABILITY option 

in Abaqus, a liquid phase (incompressible by default, = 0.5) is introduced in the 

formulation. The definition of a biphasic model enables a second rate-dependency 

caused by the movement of the fluid in the solid matrix. The difference in 

compressibility of the two phases partially monitors this rate dependency, as 

shown in [8]. To complete the definition of the fluid phase the liquid was treated as 

water, defining two different specific weights (w) depending on temperature. The 

permeability values (k) for gray and white matter were taken from [130], while 

the initial void ratio of the tissue (e0) from [132]. The presented poro-hyper-
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viscoelastic formulation can be easily implemented in Abaqus through the soils 

procedure or in any other finite element code. An example of a surgical indentation 

simulation performed in Abaqus using the material coefficient in Table 3 (37 °C) is 

given in Figure 34. 

 

 

Table 6 - Summary of the material coefficients in Abaqus format for implementing a poro-

hyper-viscoelastic material formulation. The coefficients are given for both gray and white 

human matters and for both room and body temperature. 

 

 

 

Figure 34 - Abaqus surgical indentation simulation performed using the material 

coefficients in Table 3 (37 °C). Gray and white matter geometries and computed 

displacement field. 
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6.4 Discussion and conclusions 

The present chapter is, to the best of our knowledge, the most complete 

mechanical characterization on human brain available to date. Two different 

experimental protocols were used, identifying the effects of testing conditions on 

the outcomes. For DMA in particular, it has been noticed that if grip is assured 

between the rheometer plates and the specimen, the effect of sample thickness is 

negligible. Humidity and temperature play a major role in oscillatory analysis 

because of the duration of the test. In fact, human white matter can easily 

dehydrate and undergo sudden stiffening if humidity is not kept at high levels. The 

drying process is further enhanced at higher temperatures, leading to absolutely 

wrong measurements (storage modulus up to 21.9 times higher). Aging does not 

seem to play a considerable role in the procedure. Because of the high sensibility of 

the tissue to dehydration, errors in the results have also been noticed when using 

petroleum jelly to reduce moisture loss. If the measurements are conducted 

following a rigorous testing protocol, a softening of the tissue is clearly visible at 

higher temperatures, with G’ and G” respectively 1.4 and 1.6 times lower if 

measured at body temperature (37 °C) rather than at room temperature (24 °C). 

No variation in gender and age leaded to changes in the mechanical properties of 

the tissue, even though the population sample was not sufficiently wide to draw 

solid conclusion on these aspects. On the other hand the authors can state that 

different post mortem times did not affect the tests outcomes in the examined 

population.  

A complete poro-hyper-viscoelastic formulation was obtained for both gray and 

white matter at room and body temperature. The material coefficients are readily 

implementable in Abaqus for finite element analysis and analytically proven of 

reproducing the response of the tissue in a range of strain rates suitable for 

surgical procedures. The noticeable difference in stiffness of gray and white 

matters confirm the results pointed out by several MRE analysis [78] that showed 

white matter shear modulus to be 1.2 - 2.6 times higher than of gray matter. In 

particular our results show human white matter to be 2.21 and 2.23 times stiffer 

than gray matter at 24 and 37 °C respectively. These are averaged values of the 

storage moduli between 0.001 and 10 Hz but it is worth noticing that the stiffness 
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ratio is significantly constant over the whole range of frequency. Our 

measurements on human gray matter are in perfect agreement with those from 

Prange et al. [112]. However, the results obtained on white matter are slightly 

lower than the ones suggested by Nicolle et al. [96]. This might be due to a number 

of causes, i.e. different testing conditions. The goodness of our results is supported 

by the use of two different test protocols and additionally proven by a white-gray 

matter stiffness ratio falling within the detected in-vivo MRE measurements range.  

Limitations of the present study include the lack of temperature control on the 

compression test rig. The data at 37 °C were therefore extrapolated by applying 

the time-temperature superposition principle. Although this is a common 

procedure, measuring the response of the tissue in compression at different 

temperatures would be preferable. Furthermore, permeability and Poisson’s ratio 

measurements are also important for the complete characterization of the human 

brain tissue. In the present work we used data from the literature, but we foresee 

to accomplish this on a dedicated set of samples. Future works will also include 

wire cutting tests in order to measure the fracture toughness of the tissue, which is 

important for real time cutting modelling and drug delivery simulations. 

  



BRAIN TISSUE BIOMECHANICS: NEW TISSUE PHANTOMS, MECHANICAL 

CHARACTERISATION AND MODELLING STRATEGIES FOR ENHANCED SURGICAL 

PROCEDURES 

92  Antonio Elia Forte - November 2015 

7 PRELIMINARY MODELLING 

 

 

This chapter reports preliminary results about brain tissue modelling for the study 

of soft tissue deformation under loading. This includes image analysis and 3D 

geometry generation, indentation and preliminary brain shift studies. The focus of 

the research is to pursue the development of constitutive laws to produce 

advanced and refined soft tissue models and to better understand the factors that 

play a major role in the mechanical behaviour of the brain. In addition, modelling 

of uniaxial compression of gelatine gels was performed using a poroelastic 

material model. The model enabled the effect of the strain rate on the stress on the 

solid network and the pore pressure to be determined. A failure criterion based on 

maximum solid stress was suggested which led to a reasonable agreement with the 

experimental failure stress and strain data as a function of strain rate reported in 

section 3.3. 

 

Part of the content of this chapter has been adapted from: 

Forte, A. E., et al. "Modelling and experimental characterisation of the rate 

dependent fracture properties of gelatine gels." Food Hydrocolloids 46 (2015): 

180-190. [8]  
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7.1 Introduction 

The preliminary investigations highlighted the challenges and the complexities 

related to performing high-fidelity brain tissue modelling. As suggested by the 

thorough review of the field carried out by the investigators, a number of 

constitutive models have been employed in the literature to model brain tissue 

deformations (extensively introduced in section 8.1); such models, which entail 

different assumptions and approximations, have shown to compute more or less 

successfully the tissue behaviour in different scenarios. Obviously, the accuracy of 

each individual model depends on the phenomenon one wants to capture, the 

geometry and boundary conditions of the problem, and the particular strain rate 

required for that application. Thus, different constitutive relations are applied to 

simulate the same material in order to make it suitable for the particular operating 

conditions studied. We have, therefore, decided to resolve some of the existing 

issues related to the material constitutive laws to be adopted in order to model 

different scenarios. 

The preliminary analyses carried out have shed light on many open questions and 

clarified several key aspects to be considered when performing brain tissue 

modelling, such as: 

Compressibility vs. Incompressibility. There is a lack of experimental results on 

brain tissue compressibility. It is worth noticing that we always refer to the 

compressibility of the solid matrix (unless stated otherwise), which coincides with 

the tissue compressibility only for monophasic models. For biphasic models the 

fluid and the solid phase might have different Poisson’s ratios, as already 

mentioned in 7.3. 

Miller and Chinzei [4] performed uniaxial compression experiments and argued no 

changes in volume, invoking incompressibility to simulate the brain tissue for 

quasi-static processes, such as surgical manipulations and brain shift analysis. 

Kaczmarek et al. [130] proposed that the tissue shows compressibility in long 

timeframes but it reacts as incompressible in high rate scenarios. Moreover, Sarron 

et al. [133] pointed out that fluid cavities allow the movement of CSF from the 

inner side of the ventricles to the inter-cranial space, inducing local volumetric 

changes. Various groups tried to extrapolate brain tissue compressibility: 

Guillaume et al. [134] showed that a Poisson’s ratio  0.35 would give the best 
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match with hypergravity experiments on bovine brains. Miga et al. [135] used the 

value of  0.45 to minimize the mismatch between their models and experiments 

carried out inflating a balloon inside a porcine brain. Skrinjar et al. [136] found 

that  0.4 would give the best fit between intra-operative data and computed 

results from modelling. Therefore we decided to analyze the effect of the Poisson’s 

ratios using the two extreme values of the range suggested by these studies: 

namely, a Poisson’s ratio of 0.35 has been used to simulate a compressible 

model while 0.5 an incompressible one. 

Monophasic vs. Biphasic model. The main open question about high-fidelity brain 

modelling is the material constitutive description adopted to simulate the soft 

tissue. We therefore decided to investigate this aspect using a monophasic and two 

biphasic formulations. The monophasic approach reproduced the hyper-

viscoelastic (HVE) formulation proposed by Miller [89]. A poro-hyperelasic 

description (PHE) was obtained neglecting the viscoelasticity of the solid matrix 

and adding the fluid phase in the material characteristics. According with the 

Darcy’s Law [137] and the Terzaghi Theory [138], we modelled the brain material 

like a solid hyperelastic “sponge-like” porous matrix fully saturated with CSF. The 

third formulation consisted of a hybrid solution between the previous 

descriptions, including both solid-fluid interactions and viscoelastic effects of the 

solid matrix (poro-hyperviscoelastic formulation, PHVE). For more details about 

the formulations please refer to the brain shift modelling, section 8.1. 

In a standard poroviscoelastic model, the porous matrix is modelled as a 

viscoelastic material. Furthermore the model allows the material behaviour to be 

divided into rate-independent and rate-dependent responses. These arise from the 

deformation of the elastic solid network (rate-independent response), the viscous 

contribution of the solid network (rate-dependent response) and the flow of the 

liquid through this porous medium (second rate-dependent response). Assuming 

the medium is fully saturated, the total stress at a point, , is given by: 

 

  * pσ σ I   
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where *σ  is the effective stress in the porous material skeleton and p is the 

pressure stress in the wetting liquid. Considering the non-linear elastic 

characteristics of brain tissue the rate-independent response of the solid matrix 

was assumed to follow the Ogden hyperelastic model. This model has a strain 

energy potential U defined as: 

 

   
2 

  
    

      
     

  3  
1

 
(  1   (13) 

 

where     are the deviatoric principal stretches and they are equal to       
 

     ; 

   are the principal stretches;  ,  , and   are material parameters; J is the volume 

strain (equal to 123). The stresses are then given by partial differentiation of 

equation (13), i.e. * d

d
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λ
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Note that   is the initial shear modulus (or instantaneous) whereas the bulk 

modulus K is related to   and Poisson's ratio, , through:  
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The rate-dependent response of the solid matrix is implemented in the model 

defining the shear stress ( (  ) relation for a viscoelastic model: 

 

 
 (      (      

 

 

(      

 

where    is the shear strain rate and   (   is the time-dependent shear relaxation 

modulus which can also be written as: 

 

   (      (   (15) 
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where   is the instantaneous shear modulus mentioned above, which represents 

the shear relaxation modulus when   0. Using a Prony series one can obtain: 

 

 
  (   1     

 

   

(1   
 

 
     

 

 
 

 
, and   

 , are the Prony constants and the retardation time constants 

respectively. Therefore equation (15) becomes: 
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Furthermore, the brain is assumed to be a fully saturated, porous medium with the 

water flow being governed by Darcy’s law: 
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(17) 

 

where v is the fluid flow velocity vector, n is the porosity of the medium,    is the 

specific weight of the fluid (here considered water, hence equal to 9.789 kN/m3), 

p  is the pressure gradient vector, k is the hydraulic conductivity of the 

medium,    is the fluid density (998.2 kg/m3) and g is defined as the gravitational 

acceleration vector: 

 

  g zg  
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where g is the gravitational constant (9.812 m/s2) and z is the elevation above 

some datum. Note that the hydraulic conductivity, k (units m/s), is related to 

conventional permeability,  (units m/s2), through: 

 

 
   

 

   
  

 

As already mentioned, the brain is assumed to be fully saturated with water, i.e. all 

voids in the material are filled up with the wetting liquid, water. In addition, the 

void ratio, e, is defined as the ratio of volume of wetting liquid, Vw, to the sum of 

the volumes of the solid Vs and trapped liquid Vt: 

 

  
  

     
 

 

Therefore the porosity, n, in equation (17) is related to void ratio, e, through: 

 

  
 

1   
 

 

Variation in permeability: there is no agreement on the permeability values used 

for simulating brain tissue in biphasic models [88]. Furthermore, some authors 

invoke the strain dependent permeability theory proposed by Wilson et al [139] 

for cartilages; however, there are no studies showing how this would affect the 

mechanical response of brain or brain-like materials.  

We chose to vary the permeability over a range spanning four orders of magnitude, 

starting from the values suggested by Kaczmarek et al. [130] as reference 

(1.57 10-4 mm/s and 1.57 10-6 mm/s for the white and the grey matter 

respectively). Heterogeneity of brain matter has been neglected in this study, as 

well as any form of anisotropy in permeability. According with Wilson et al. [139] 
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and Mow et al. [36], a strain dependent permeability was implemented, described 

by  

        
     

 

where k0 is the initial permeability, M is a material constant and es is the dilatation 

of solid matrix. In terms of void ratio this can be written as: 

 

 
     

1   

1    
 
 

  

 

where and e and e0 are the current and initial void ratios, respectively. In 

accordance to the values reported in the literature, we chose an initial void ratio of 

0.2 [132] and we varied the strain dependent permeability coefficients M, between 

0 (no strain dependency) and 5. 

 

7.2 Preliminary models set up and parametric analysis 

Two simplified models were designed in Abaqus to enable running a large number 

of simulations and investigate the range of parameters under investigation in a 

reasonable timeframe. This allowed us to understand how the material 

formulation and the physical parameters affect the response of the soft tissue 

under different loading conditions. During the simulations all the parameters have 

been kept constant, except for the one under investigation, the value of which was 

varied within the chosen range. Therefore we isolated the changes induced in the 

model caused by the variation of the investigated parameter and analysed the 

variations in the computed results.  

A friction coefficient of 0.2 (which represent a general wet interface condition) has 

been used in the gravity shift model and the vertical displacement results have 

been compared with a frictionless formulation at the brain-skull contact. 

As already mentioned above, three different material formulations have been used: 

poro-hyperelastic, poro-hyper-viscoelastic and hyper-viscoelastic (respectively 
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PHE, PHVE, HVE). The fluid was considered incompressible, with the 

characteristics of water (specific weight w = 9779 N m-3). The solid matrix was 

considered isotropic and fully saturated with liquid. The hyperelastic Ogden 

coefficients and the viscoelastic Prony series coefficients proposed by Miller [89] 

have been chosen to simulate the solid phase (the porous medium). 

 

7.2.1 Unconfined compression model 

The first model reproduces an unconfined compression test with a subsequent 

relaxation step (Figure 35). Four node axisymmetric shell elements were adopted 

(CAX4RPH). Mesh convergence tests were performed to validate the mesh density. 

Three different compression velocities have been applied to the top surface (8.333 

mm/s, 8.333 10-2 mm/s and 8.333 10-4 mm/s) to simulate the compression plate 

while the vertical displacement at the bottom surface was fixed. An axisymmetric 

approach was used in order to reduce computational time. The free draining 

condition was assigned to the lateral surface to allow the fluid to drain out of the 

specimen (null difference in pressure between the inside and the outside of the 

geometry, p = 0). The nodal forces calculated on the top nodes were summed and 

divided by the initial area of the specimen obtaining the Lagrangian stress which 

has been plotted over time. The most significant results are shown in the following 

plots (Figure 36, Figure 37, Figure 38, Figure 39, Figure 40, Figure 41). 

 

 

Figure 35- Axisymmetric unconfined compression model. 
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Figure 36 - Compression and relaxation curves: PHVE material, compressible solid matrix, 

tested for three different values of permeability and two values of M. 

 

 

Figure 37 - Compression and relaxation curves: PHE material, compressible solid matrix, 

tested for three different values of permeability and two values of M. 
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Figure 38 - Compression and relaxation curves: three different materials, compressible and 

incompressible solid matrix, tested for k=1.57E-4mm/s and M=0. 

 

 

Figure 39 - Compression and relaxation curves: PHVE material, compressible solid matrix, 

tested for three different values of velocity, k=1.57E-4mm/s and M=0. 
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Figure 40 - Compression and relaxation curves: HVE material, compressible solid matrix, 

tested for different values of velocity. 

 

 

Figure 41 - Compression and relaxation curves: PHE material, compressible solid matrix, 

tested for three different values of velocity, k=1.57E-4mm/s and M=0. 
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7.2.2 Gravity shift model 

The second model reproduces a “cubic brain” placed inside a “cubic skull”. The 

brain is loaded instantaneously with a gravity load and the vertical displacement is 

recorded over time (Figure 42). Aiming to save computational time a double 

symmetric model was used. Mesh convergence tests were performed to verify the 

mesh density. Eight-nodes hexahedral elements were adopted (C3D8RPH). The 

analysis was divided in two steps. In the first step (which was programmed to last 

0.1s) the gravity load was applied instantaneously to stabilize the initial pore 

pressure distribution in the model. In the second step, the pore pressure was 

released forcing the free draining boundary condition to the lateral surface of the 

cube. Two friction scenarios were used to simulate the friction occurring between 

the brain and the skull: a frictionless condition and a frictional tangential 

behaviour obtained specifying 0.2 as friction coefficient at the slipping interface 

(the bottom side of the specimen). The vertical displacement was calculated in the 

central-top node and the comparison between the different cases was performed 

by changing only one parameter at a time. The most significant results are shown 

in the following plots (Figure 43, Figure 44, Figure 45, Figure 46). 

 

 

Figure 42-Gravity shift model. 
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Figure 43 - Vertical displacement curves: PHVE material, compressible solid matrix, 

frictionless condition, tested for three different values of permeability and two values of M. 

 

 

Figure 44 - Vertical displacement curves: PHE material, compressible solid matrix, 

frictionless condition, tested for three different values of permeability and two values of M. 
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Figure 45 - Vertical displacement curves: three different materials, compressible and 

incompressible solid matrix, frictionless condition, tested for k=1.57E-4mm/s and M=0. 

 

Figure 46 - Vertical displacement curves: three different materials, compressible solid 

matrix, friction coefficient of 0.2 and 0, tested for k=1.57E-4mm/s and M=0. 
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7.2.3 Analysis of the results 

A brief discussion of the results is provided here. Considering the same type of 

material model in the compression test, variations in permeability (changing value 

over 4 orders of magnitude and considering its strain dependency or 

independency) play a minor role in the simulation outcomes. Some effects can be 

noticed in the PHE relaxation curves since the leading mechanism of the 

formulation is consolidation (Figure 36 and Figure 37). The same considerations 

are also valid for the shift analysis (Figure 43 and Figure 44). Fixing the 

permeability value to k = 1.57 10-4 mm/s, different material formulations produce 

different responses in both the unconfined compression and shift model. The poro-

hyperelastic material shows the largest values of stress in the compression test 

and, coherently, the lowest vertical displacements in the shift measurements 

(Figure 38 and Figure 45). This is due to the lack of Prony and retardation time 

constants defined in the viscoelastic formulation. Furthermore, the poro-

hyperelastic formulation presents the lowest relaxation ratio (i.e. the ratio 

between the stresses soon after compression and after relaxation has taken place) 

as warned by Miller in one of his studies [140]. Hyper-viscoelastic and poro-hyper-

viscoelastic materials behave similarly in both compression and relaxation tests. 

Only considering a Poisson’s ratio of 0.35 the HVE formulation presents a lower 

pick at the end of the compression stage (Figure 38, Figure 39, Figure 40). This can 

be easily explained: considering the material as a whole hyper-viscoelastic solid 

the gap between the two curves is due to the difference in the compressibility 

(Poisson’s ratio of 0.35 and 0.5 respectively). Thus, we are actually comparing a 

compressible solid with an incompressible solid. For this reason the reaction force 

is higher for the incompressible one. However, the presence of the fluid (PHVE 

formulation) affects the overall material response, leading to an incompressible 

behaviour (mainly caused by the fluid phase), even if the solid porous matrix is 

compressible (PHVE with a Poisson’s ration of 0.35 .  

The perfect match obtained comparing the PHVE and HVE curves reported in 

Figure 36 shows how the presence of the fluid does not affect the material 

response in an unconfined compression test. On the other hand, a different 

behaviour is obtained in the gravity shift test where the three materials differ 
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substantially from each other (Figure 45). Last but not least, the friction effect 

between the brain and the skull is shown not to be negligible (Figure 46).  

Apart from shedding light on the effect of material constitutive parameters used to 

model brain tissue deformation, the information provided by this extensive 

comparative study will be useful to focus on the most important factors affecting 

the soft tissue behaviour, enabling to save time and optimise computer resources. 

 

7.3 Numerical modelling of the rate dependent fracture of gelatine gels 

In order to further explain the rate-dependent fracture behaviour of gelatine gels 

revealed in section 3.3, a numerical simulation of the uniaxial compression of the 

10% w/w gel was performed using a poro-hyperelastic material model. The 

commercial software package Abaqus [141] was used for all analyses. The analysis 

requires the value of the initial void ratio; this was taken from Yakimets et al. and 

Kalyanam et al. [37, 142] to be equal to 9. Therefore 90% of the volume is free 

water able to exude from the solid matrix. A permeability value of 1.25 x 10-6 m/s 

was assumed as measured by Dreesman et al. [143] from experiments on gelatine. 

The uniaxial compression tests were simulated using an axisymmetric geometry as 

shown in Figure 47 with a radius of 10 mm and height 20 mm. Mesh convergence 

tests were performed to verify the final mesh density which was chosen when 

results deviated by only 0.12%. A 4-node, axisymmetric quadrilateral, reduced 

integration, hourglass control hybrid element, which includes pore pressure was 

employed. The bottom surface was constrained in the direction of compression 

while it was free to move and expand horizontally. An axisymmetric boundary 

condition was applied to the rotational axis on the left. A free draining condition 

was assigned to the outside surface to allow the fluid to drain out of the specimen. 

The top surface was displaced in the vertical direction such that the three different 

true strain rates used in the experiments were simulated, i.e. 0.25 min-1, 2.5 min-1 

and 25 min-1. 
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Figure 47 - Axisymmetric uniaxial compression model with boundary conditions. The top 

surface is displaced such that the true strain rate,   , is constant. 

The three parameters of the Ogden model (equation (13)) were calibrated in order 

to obtain the best fit between the experimental stress-strain results (section 3.3) 

and those derived from the model. Table 7 summarises the final coefficients that 

were chosen, whilst Figure 48 shows the comparison between the model results 

and the experimental data presented in section 3.3. In order to obtain the model 

data shown in this figure, the nodal forces at the top surface were summed to 

derive the total force F and the true stress and true strain were then calculated 

using equations (3) and (4). Note that the value of D shown in Table 7 implies a 

Poisson’s ratio of 0.4 and that the value of G is close to the value of 4.8 kPa derived 

by dividing by three the modulus of the 10 % w/w gel shown in Table 1. It is worth 

emphasizing that this Poisson’s ratio of 0.4 in the numerical model is to be 

considered only for the solid matrix, while the fluid in Abaqus is considered 

incompressible by default. The apparent Poisson’s ratio of the poro-hyperelastic 

gel will depend on the applied strain rate as well be explained below as well in 

literature [144]. 
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G(kPa)  D (1/Pa) 

6.21 2.64 69x10-6 

Table 7 - Ogden model parameters (10% w/w gelatine gel) used in the numerical model. 

 

 

Figure 48 - Comparison between experimental and numerical compression stress-strain 

curves as a function of strain rate. All data are for 10% w/w gelatine gel. 

 

Next, in order to model the rate-dependent fracture behaviour of gelatine, the solid 

and fluid contributions were split and visualised separately. The vertical solid 

stress and the pore pressure contours are shown in Figure 49 for the case of 25 

min-1 strain rate and a strain of 0.7. Since the vertical stresses in the solid matrix 

and the fluid do not vary with depth, stress values were calculated at the top 

surface as highlighted in Figure 49. As shown in this figure the pore pressure and 

solid stress do not vary in the axial direction. Therefore a 1D model could have 

been sufficient in order to simulate the material behaviour. Unfortunately this 

approach was not attempted because of the lack of 1D porous elements in the 

software. 
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Figure 49 - Pore pressure (MPa), p, and vertical solid stress, 
* , (MPa) contours. Top 

surface where forces were summed is highlighted. The strain rate is 25 min-1 and the true 

strain is 0.7. 

 

These results were then normalised and plotted along the top surface for the three 

different strain rates as shown in Figure 50. Note that the pressure and stress 

values were normalised by dividing by their corresponding maximum values 

attained along the top surface. For the pore pressure the maximum was at the 

centre of the specimen whereas for the vertical stress, the maximum occurred at 

the free edge of the sample. It is observed that two contributions to the global 

stress are entirely complementary, showing how the response of the gel is 

effectively a sum of the solid and fluid reactions to the applied load. As the rate 

increases, the pore pressure rises. As a result the stress taken by the solid 

decreases. 
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Figure 50 - Normalised pore pressure, p, and solid stress, 
* , variation along the radius of 

the sample. 

 

Figure 51 shows the values of the solid stress and the pore pressure averaged 

along the top surface versus the applied strain, for the three different strain rates. 

In order to be able to predict the strain rate dependent fracture behaviour, the 

assumption is made that the gel fractures when the solid stress reaches a critical 

value. The contribution of the fluid phase is negligible at the lowest strain rate of 

0.25 min-1 (see Figure 51). Therefore we suggest that the breaking stress detected 

for the lowest strain rate is only related to the solid matrix hence is a true material 

property. Further, at this low strain rate of 0.25 min-1, the fracture strain is 0.9 - 1.0 

(see Figure 12b). In Figure 51, the strain of 0.9 - 1.0 corresponds to a solid stress of 

approximately 16 - 19 kPa at 0.25 min-1, which now defines the critical stress 

range. This range is illustrated by the horizontal shaded region in Figure 51. Using 

this critical stress range and looking at the solid stress curves, the fracture strains 

of 1.0 - 1.1 and 1.2 - 1.3 are obtained for the rates of 2.5 min-1 and 25 min-1 

respectively. These are to be compared with the breaking strains measured 

experimentally in Figure 12b which were 1.1 -1.2 for 2.5 min-1 and around 1.6 for 

25 min-1. For 2.5 min-1, the agreement is very good whereas for the 25 min-1 rate, 
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the predicted values are somewhat lower than the experimental. The correct 

trends are however shown, i.e. the fracture strain rises with applied strain rate. 

 

Figure 51 - Pore pressure, p, and solid stress, 
* , versus strain as a function of strain rate. 

Highlighted vertical regions indicate the fracture range for each strain rate. 

 

Figure 50 and Figure 51 both show that the solid matrix stresses, which are argued 

here to be responsible for specimen fracture, decrease as the strain rate increases. 

This is as expected as the fluid contribution is almost null at quasi-static 

procedures (i.e. unconfined compression at very low strain rates) and the liquid 

can easily move within the solid matrix network. However, as the rate increases, 

the liquid becomes ‘trapped’ in the solid network and in so doing, it gradually 

influences the material response by sharing the applied load. This effect is 

illustrated clearly in Figure 52, where the average value of the void ratio, e, along 

the top surface of the sample is plotted versus strain for the three strain rates. In 

fact, for the 25 min-1 curve, e remains almost constant and close to the initial value 

of 9.0, since the liquid does not have sufficient time to flow out of the sample.  
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Figure 52 - Void ratio, e, versus strain as a function of strain rate. 

 

The rate-dependent behaviour of the material also has manifestations on the 

change in volume of the sample during deformation and hence on the contact area 

of the specimen. The contact area is plotted versus applied strain as a function of 

strain rate in Figure 53. At slow strain rates, the amount of water in the sample 

decreases by a larger extent than at higher rates as shown by decreased values of e 

in Figure 52. Thus, as water which is an incompressible fluid leaves the sample, the 

gel becomes more compressible and the contact area expands less. On the 

contrary, at higher strain rates, e remains almost constant, the water is trapped in 

the solid network and the specimen expands laterally, behaving closer to an 

incompressible material.  
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Figure 53 - Specimen contact area versus strain as function of strain rate. The results are 

compared with the constant volume assumption data. 

 

The results shown in Figure 53 highlight that the incompressibility assumption 

made in equation (3) might lead to errors in the stress calculations. Therefore the 

correct contact area from Figure 53 was used to recalculate the true compressive 

stress when using both experimental and numerical force – displacement data. The 

results are shown in Figure 54 and these can be compared to the curves shown in 

Figure 48. As expected, the correction was negligible for the case of 25 min-1. For 

the lowest rate of 0.25 min-1, the stress increased by approximately 20% at the 

fracture point, i.e. at the largest strain. This brought the average experimental 

stress-strain curves at different strain rates closer to each other as well as closer to 

the model results. 
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Figure 54 - Corrected experimental and numerical compression stress-strain curves as a 

function of strain rate. These are the initial data from Figure 11 which were corrected by 

taking into account the numerically calculated contact area of the sample shown in Figure 

16. 

 

As already stated above, from the numerical simulation of the uniaxial 

compression, the critical stress range at the lowest strain rate is approximately 

16 - 19 kPa. The fracture stress measured at a rate 0.25 min-1 as shown in Figure 

12a is 11.5 - 13.9 kPa. However, this stress range changes to 15.3 - 18.2 kPa after 

the contact area correction described above. Therefore the fracture stress values 

from experiment (15.3 – 18.2 kPa) and numerical model (16 – 19 kPa) are now 

very close which gives further confidence to the model’s relevance. However, in the 

earlier analysis of the wire cutting, the characteristic, cohesive stress, c, was 

found to be about 7.4 kPa. This was the stress obtained at low cutting speeds, when 

the effect of water flow through the network pores on the cutting process was 

argued to be insignificant. It is not clear at this stage whether the c values quoted 

here are close enough for an experimental study of this nature or whether the 

uniaxial compression values should indeed be higher than the ones calculated from 

wire cutting. The reason for the latter could be that in wire cutting, the stress state 
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under the wire is hydrostatic compression. In the uniaxial compression test, the 

hydrostatic stress component is 1/3 of the uniaxial, applied stress. Therefore, the 

value of c derived from the wire cutting analysis could well be 1/3 of the critical 

stress determined from the uniaxial compression test. Further studies are needed 

to be able to determine this, employing further experiments and possibly 

numerical simulations of the fracture test. 

 

7.4 Brain indentation analysis 

7.4.1 Brain indentation: model generation 

Finally, the focus shifted to the geometrical complexity of the brain, implementing 

real geometries in Abaqus. The image analysis and segmentation of MRI scans was 

performed on a volume sample provided by the 3D Slicer community.  

Several brain 3D models with increasing order of complexity (in terms of number 

of elements, material properties, geometry accuracy, etc) were developed, with the 

aim of comparing the results at different resolutions. Applying different meshing 

techniques and smoothing algorithms we designed models whose numerical 

discretization ranged from 16000 (coarse) to 100000 (refined) nodes (Figure 55). 

To evaluate and compare our models, a mass scaling analysis (useful to verify the 

accuracy of the simulations when using an explicit solver), mesh convergence 

studies and several indentation simulations were carried out. 

Another example of 3D modelling of biological tissue using geometries obtained 

from image analysis is reported in the Appendicesx, where the FE modelling of a 

murine knee joint is presented. This enabled us to understand the changes in 

contact and Tresca stresses due to cartilage thinning in a real osteoarthritis 

scenario. The geometry factors played a major role in this specific case, 

highlighting an increase of both the stress metrics when the disease takes place in 

comparison with healthy AC. More details are available in [145]. 
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Figure 55- a) Image analysis and segmentation process; b) voxel model; c) tetrahedral low 

resolution model; d) tetrahedral high resolution model. 

 

7.4.2 Parameters involved in the analysis 

For all the models tested in this preliminary study, a high resolution zone (a sphere 

for the tetrahedral meshing and a cube in the voxel model, Figure 55) was used in 

the domain surrounding the indentation zone. The sphere had a diameter of 20 

mm and was meshed as tetrahedral elements with characteristic length of 1 mm. 

The needle was designed with a diameter of 0.55 mm. This allowed us to increase 

the accuracy in the indentation area and study the variation in the results 

depending on the complexity of the geometry. 

Since the liquid phase did not play a major role in the compression-relaxation 

simulation (as demonstrated in section 7.2.3), and assuming that the motion of the 

fluid phase through the porous medium would be limited in an indentation 

scenario, we decided to use a monophasic formulation in order to optimize 

computational resources. 

Therefore we simulated the brain tissue as a hyper-viscoelastic, isotropic, 

incompressible (D = 0) material using the following coefficients (Table 8) 

suggested by Miller and Wittek [89]. 

a b

c d
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Table 8- Indentation model, material parameters. 

 

The simulation was designed by imposing a constant velocity of 0.005 m/s to the 

needle over 1.4 s, obtaining a displacement of 7 mm. The effective penetration 

depth is 6 mm (that corresponds to an applied strain of approximately 5%) since 

there was a gap of 1 mm between the tool and the brain. The contact between the 

brain tissue and the surgical tool was made defining a surface to surface 

interaction with a friction coefficient of 0.05 (tangential behaviour, Penalty). A 

constant velocity along the X axis was imposed to the reference point of the needle 

placed on its closest extremity to the brain surface. An encastre constrain was 

applied to the spinal cord [69]. Figure 56 and Figure 57 show an example of 

indentation simulation on the tetrahedral high resolution mesh. 

 

 

Figure 56- Indentation simulation using a tetrahedral high resolution mesh model (107297 

nodes). 
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Figure 57- Example simulation: indentation area before (left) and after (right) the needle 

insertion. 

 

7.4.3 Analysis of the results 

Our preliminary results show a good agreement with the data from Miller and co-

workers [146], falling in the dispersion range reported in the study (Figure 58). A 

finer tetrahedral mesh exhibits the best match, confirming that for indentation 

purposes a monophasic HVE material formulation is able to reproduce accurately 

the mechanical response of the tissue. 

 

 

Figure 58- Indentation results. Comparison between models and Miller’s experimental tests 

[146]. 
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7.5 Preliminary brain shift analysis 

7.5.1 Brain shift analysis: model generation 

In this section real size brain geometry was implemented in Abaqus to approach 

the modelling of the brain shift phenomenon. Because of the preliminary stage of 

the work, a coarse tetrahedral mesh was used. The tissue was characterized as 

homogeneous, meaning that differences in material properties between white and 

grey matter were neglected. 

 

7.5.2 Parameters involved in the analysis 

The coarse orphan mesh was imported in the Abaqus CAE interface using the .inp 

file created by the image analysis software (Figure 59). Three different material 

formulations were used, as previously mentioned in this document. The material 

coefficients taken from Miller and Wittek [89] are summarized in Table 9. For the 

biphasic formulations, a fluid phase was defined in addition. 

 

 

Figure 59- Patient specific orphan mesh imported in Abaqus. 
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Table 9- Brain shift model, material parameters. 

 

A Poisson’s ratio of 0.35 [130] was chosen for the biphasic formulations in order to 

define the compressibility of the solid matrix which has been set as fully saturated 

with liquid. The value D was calculated accordingly (equation (14)). Two “soils 

transient consolidation” steps were defined and the non linear effect of large 

deformations and displacements was activated in both. In the first step (which was 

programmed to lasts 0.1s) the gravity load was applied instantaneously to stabilize 

the initial pore pressure distribution in the model. In the second step, the pore 

pressure was released forcing the free draining boundary condition to the 

emerged surface of the brain (part of the brain above CSF level). The brain was 

allowed to shift under gravity for 10000 s. The same model was run with a PHE 

formulation, omitting the viscoelastic formulation in the solid phase. A single 

“visco” step was used for the HVE formulation and incompressibility was imposed 

to the monophasic model (D = 0). 

The gravity vector components were calculated considering a 45 degrees 

configuration. Because of the lack of skull geometry and referring to Dumpuri et. al. 

[69], the following BCs were applied: 

 Fixed boundary condition on the spinal cord and the back of the brain 

which includes the cerebellum and the occipital lobe, part of the parietal 

lobe and part of the temporal lobe (blue dots in Figure 60) 

 Fixed displacements on the lateral surface of the brain (part of temporal, 

parietal and frontal lobes) along the z and the y axis in order to simulate the 

presence of the skull 

 50% of CSF remaining: free draining condition was associated to the 

emerged part of the brain (only for PHVE and PHE formulations, red dots in 

Figure 60), along with the gravity load (for the three different 

formulations). 
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Figure 60- brain shift model, Boundary conditions. 

 

7.5.3 Analysis of the results 

The three material formulations resulted in different deformation patterns. In the 

PHVE and PHE models the brain assumed a non-symmetric shape when deformed, 

exhibiting the maximum shift in the frontal lobe of the left hemisphere, which 

represents the highest part in terms of distance from the ground (Figure 61).  

The HVE model behaves differently since the deformation is completely symmetric 

and the maximum displacement is detected in the right hemisphere. 

In Figure 62 the displacement field was plotted as vectors along the shifting 

direction (vector lengths were amplified for visibility purposes). The difference in 

shift between the right and the left hemisphere in the three different material 

formulations is easily recognisable. 

Picking the two extreme nodes (Figure 63) of the frontal lobe the respective 

displacements were plotted in Figure 64 for the three material formulations. As 

mentioned above, using the HVE formulation the two hemispheres deform almost 

equally. In the biphasic models instead, the displacement curves decrease 



Chapter 7: Preliminary Modelling 

Antonio Elia Forte - November 2015   123 

smoothly and a time of 10000s is not sufficient for the shift to reach its steady state 

(particularly in the right hemisphere). 

 

 

Figure 61- From left to right: brain shift results for PHVE, PHE, HVE model. 

 

 

Figure 62-from left to right: brain shift results for PHVE, PHE, HVE model. 

 

Considering that the assumption of 50% of CSF left was applied instantaneously, 

there is room for improvements. In fact in a biphasic model the amount of CSF left 

in the skull can be monitored writing consecutive steps and gradually increasing 

the free draining area as the volume of fluid decreases. This more realistic 

approach will be investigated in following chapter (8). 



BRAIN TISSUE BIOMECHANICS: NEW TISSUE PHANTOMS, MECHANICAL 

CHARACTERISATION AND MODELLING STRATEGIES FOR ENHANCED SURGICAL 

PROCEDURES 

124  Antonio Elia Forte - November 2015 

 

Figure 63- Two extreme points chosen to plot the displacements. 

PHE showed the lowest shift when compared with the other two formulations 

(Figure 64). This is certainly due to the absence of viscoelastic properties in the 

solid matrix definition. The presence of the solid-fluid interaction is instead very 

visible considering the difference in deformation occurring in the two hemispheres 

(Figure 64). 

 

Figure 64- Displacement results, left and right hemisphere for the PHVE, PHE and HVE 

model. 
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7.6 Conclusions 

In this chapter we presented preliminary analysis and results on soft tissue 

modelling. To the best of our knowledge this is the first study attempting to 

investigate the role of the parameters involved in the brain tissue material 

formulations. The results were useful to understand the factors that play a major 

role when simulating the organic tissue, giving to anyone who will want to study 

this complex phenomenon a good point to start. 

Among the most important findings, the rate-dependent fracture behaviour of 

gelatine gels was highlighted through a numerical simulation of the compression 

test presented in section 3.3 using a poro-hyperelastic material model. The 

simulation enabled the solid stress and pore pressure contributions to the overall 

stress to be quantified. In addition, a critical maximum solid stress fracture 

criterion was able to show that it is possible for a gel to exhibit a rate independent 

deformation (and hence approximately constant initial moduli) but a strong rate 

dependent fracture.  

The acquired knowledge was finally used for simulating a monophasic brain 

indentation surgical scenario and a preliminary brain shift study. Three material 

formulations were implemented and compared in the latter. The PHVE model 

showed a non symmetric deformation field due to the inclination of the head and 

the highest magnitude in shift. The other two formulations seemed to be missing 

asymmetric deformation patterns (HVE) or large deformation capabilities (PHE). 

Furthermore, the preliminary brain shift model adopted several approximations: 

 Coarse mesh: since preliminary, the mesh used in this model was kept 

coarse to save computational time. This resulted in approximated geometric 

features; 

 Missing skull geometry: the presence of skull was simulated by limiting the 

degrees of freedom of some areas of the brain (e.g. lateral surfaces). 

Therefore the brain was only able to shift in one direction, departing from 

reproducing correctly the real scenario; 

 Missing friction forces at the brain-skull interface; 

 Missing falx contribution: additional geometric boundaries could bring the 

accuracy further; 
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 Missing time information: reproducing the loss of CSF over time can bring 

the model a step closer to reality. 

These limitations were plausible in a preliminary contest, where the analysis has 

been oriented at understanding the difficulties of simulating complex loading and 

boundary conditions, the role of material parameters and formulations and contact 

algorithms for brain-tool interactions. 

A more realistic and accurate approach on brain shift modelling is presented in the 

following chapter (8), along with a comprehensive literature review and a rigorous 

validation by means of the brain-skull phantom apparatus. 
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8 BRAIN SHIFT MODELLING AND 

VALIDATION 

 

 

A novel high resolution model of the human brain for preoperative brain shift 

prediction is here presented. The tool is a valuable stand-alone solution for 

preoperative planning and surgical trainings, and sheds light on the importance of 

a hybrid poro-hyper-viscoelastic material formulation when approaching the 

modelling of this complex organic tissue. A comparison with simpler constitutive 

descriptions is provided and evaluated with a dynamic brain-skull phantom, which 

enables 3D deformation measurements by means of MRI scans. The phantom 

material (CH) was designed to mimic the dynamic mechanical behaviour of the 

brain tissue in a range of strain rates suitable for surgical procedures. The 

apparatus allows us to rule out spurious effects due to patient geometry and tissue 

properties variability, CSF amount uncertainties, head orientation. 

 

The content of this chapter has been adapted from Forte, A. E., et al. "Models and 

tissue mimics for brain shift simulations" Under Review  
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8.1 Introduction 

The human brain undergoes deformation when a craniotomy of considerable size 

is performed during surgery. The phenomenon is usually identified as brain shift. 

This is due to a variety of reasons including gravity, pharmacologic responses, 

surgical manipulation [82, 147, 148]. In particular, the loss of cerebrospinal fluid 

(CSF) during surgery, and consequentially of buoyancy forces surrounding the 

brain, is recognised as the main cause of brain shift [69, 82]. It has been shown that 

brain can shift up to two centimetres in a non-rigid fashion [149]. This introduces a 

not negligible error in targets locations which results in lowering the accuracy of 

surgical procedures. Surgeons try to compensate for brain shift with their own 

experience, relating locations to anatomical features in order to follow targets 

inside the brain. In extreme cases, intraoperative magnetic resonance images 

(MRI) are used to relocate targets and compensate for excessive deformations 

[86]. Unfortunately portable MRI scanners are expensive, restrict surgical access 

and currently not available in the majority of the facilities [150]. In addition, 

intraoperative scans tend to prolong the surgery, introducing additional risks for 

the patient. 

Therefore, there is a need for tools able to accurately predict brain shift 

preoperatively and/or offer real-time guidance to the surgeon during the 

procedure. In reality there are differences in real-time requirements depending on 

the application. For example, in case of brain shift compensation, the phenomenon 

is considered quasi-static because of the very low deformation rates involved 

during the process. Therefore real-time performances can be met at 1 Hz. On the 

other hand, higher performances are needed when simulating contact and cutting 

[90, 151]. 

Real-time algorithms running on both CPUs and GPUs have been extensively 

discussed in literature showing promising results [69, 150, 152-158]. In most 

cases, finite element models are used to compute 3D deformation fields (of the 

whole brain) resulting by the imposition of intraoperative shift measurements 

(provided as input) of the exposed brain cerebral cortex. Both linear [154-156] 

and nonlinear finite element algorithms [152, 157, 158] have been implemented 

for these purposes. The resultant deformation field is then used to deform the 
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preoperative MRIs offering guidance to the surgeon in real-time. Although these 

tools provide guidance capabilities in the range of the neurosurgery requirements, 

compromises are needed for meeting real-time performances: coarse mesh 

resolution [152, 156, 159, 160], simplified boundary conditions (for example 

constrained degrees of freedom for simulating the falx cerebri and braincase) [69, 

152, 156], simplified material formulations [150, 154, 156, 161, 162]. 

Furthermore, intraoperative sensor such as stereo-cameras, ultrasound scans (US) 

or laser range scanners (LRS) are needed in order to provide the correct input (i.e. 

measured shift at the craniotomy site) to drive the model.  

Fewer examples of not displacement-driven approaches are provided in the 

literature [160, 163]. These models are usually identified as gravity driven models 

since the deformation is induced by a gravity load. Because of the lack of 

intraoperative measurements providing inputs to the model, accurate boundary 

conditions, geometries and material properties are needed for reproducing the 

complex phenomena realistically.  

Wittek et al. [164] showed that material properties and formulations are of little 

importance when using monophasic, incompressible, displacement driven models. 

This is clearly true because of the leading role of the Poisson’s ratio  in this 

modelling approach. However, the same conclusion is (i) not immediately 

evincible for biphasic models, where results are affected by the compressibility of 

both the phases [8] and (ii) not valid in case of load-controlled models (i.e. 

gravity driven models). Therefore, seeking for the best material formulation for 

modelling brain shift and brain tissue in general is still an open topic. Ruling out 

basic material descriptions (monophasic linear elastic [154, 161, 162], linear 

viscoelastic [150, 156] formulations) ineffective in gravity driven models, the main 

debate is on the use of biphasic poroelastic or monophasic non-linear viscoelastic 

constitutive laws for reproducing the brain tissue mechanical behaviour. Dumpuri 

et al. [69, 163] proposed a linear poroelastic formulation based on the biphasic 

consolidation theory, which consists in a porous simple elastic solid medium fully 

saturated with water as fluid phase. The atlas of boundary conditions presented in 

their works involves different patient orientations and CSF amounts in order to 

compute preoperatively a number of possible scenarios. However, geometrical 

details are not reproduced (e.g. sulci and gyri on the cerebral cortex) and the 
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model is spatially constrained to simulate the presence of the braincase instead of 

using more realistic contact algorithms for the brain-skull interface. It is worth 

noticing that, despite these simplifications, the approach is still reliable because of 

the presence of a constrained inverse model, displacement driven by a LRS. 

Miller [140] asserted that a biphasic poroelastic model is not suitable for 

mimicking brain tissue which exhibits a strong dependence of stresses with strain-

rates. In fact, considering a simple unconfined compression-relaxation test, the 

ratio of the instantaneous stress (just after the load has been applied) to the 

equilibrium stress (at some distant time after load application) as predicted by the 

biphasic theory, cannot be larger than 3/(2(1+)) where  is the Poisson's ratio of 

the solid matrix. The ratio is constrained to span the range going from 1 to 1.5 

which is considerably small if compared to brain tissue [91, 115]. Furthermore, 

Miller and collaborators developed a non-linear viscoelastic material model based 

on experimental compression tests on swine brain tissue [4, 97, 98], subsequently 

revised to take in account the bi-modal character of brain tissue response (i.e. 

stiffer in compression than in extension) [89]. This monophasic approach, capable 

of reproducing the non linear and time dependent behaviour of the tissue, lacks of 

solid-liquid interaction properties that might be relevant when simulating gravity 

driven brain shift phenomenon. 

Regarding this aspect, Bilston et al. [110] found that brain tissue lacks a long term 

elastic modulus and thus can be treated as a fluid. In 2007 [115] the group carried 

out an experimental campaign on calve brains, focusing in particular on the white 

matter. The results were analytically fitted using a poro-viscoelastic formulation 

and then compared with a poroelastic and a viscoelastic formulation of the tissue. 

According to their findings, the poro-viscoelastic model provided the best match 

with brain tissue. A similar work has been conducted on liver tissue [165]. 

Additionally, Franceschini et al. [1] demonstrated that brain tissue obeys to the 

biphasic consolidation theory and that viscous components are present in the solid 

phase. Although these works have proved the importance of considering both the 

solid matrix viscoelasticity and the solid-fluid interactions when modelling brain 

tissue, there is no study that clarifies the weight of an accurate material 

formulation in gravity driven brain shift simulations. 
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Hence, considering the most promising of the constitutive material descriptions 

proposed by other research groups, we here implement and compare a 

visco-hyperelastic (HVE), a poro-hyperelastic (PHE) and a hybrid 

poro-visco-hyperelastic (PHVE) formulation, aiming to clarify the role of 

constitutive material laws in the prediction of the brain shift phenomenon. Thanks 

to our previous efforts in designing a new composite hydrogel that can mimic the 

mechanical behaviour of brain tissue and a life-sized phantom that can reproduce 

brain shift monitoring the level of CSF left in the skull (chapter 4) we are now able 

to evaluate our models by means of a controlled experimental apparatus. This 

enables the comparison of constitutive material descriptions, ruling out the 

spurious effects related to patient variability in terms of geometric features and 

tissue properties, CSF amount uncertainties, head orientation. 

The outcome of the work is a high resolution model able to accurately reproduce 

the brain shift phenomenon for presurgical planning and surgical trainings. 

Differences in material formulations are highlighted, proving that a hybrid 

biphasic, non-linear viscoelastic model is able to reproduce the complex 

mechanical behaviour of brain tissue in the most effective way, confirming the 

previous findings from Cheng [115] and Franceschini [1]. 

 

8.2 Materials and methods 

8.2.1 Phantom 

A novel composite hydrogel (CH) as a substitute of the real brain tissue for testing 

and validation purposes has been previously designed chapter 4. The CH is capable 

to reproduce the rate-dependent mechanical response of brain tissue for 

compression, indentation, relaxation, hysteresis and shear. This is so far the best 

surrogate of real tissue available in the literature. The hydrogel can be cast in the 

shape and size of a human brain and used together with a plastic mock-up skull, 

composing a dynamic brain-skull phantom (DBSP, Figure 65). Details of the 

making procedure are reported in chapter 4. 

The validation/characterisation of the model was performed comparing the 

deformation measured with the DBSP under brain shift conditions (at different 

levels of CSF) and the deformation predicted by the model. The three dimensional 

deformation field reproduced by the DBSP was measured via MRI scans. 
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Figure 65 - On the left, the DBSP with the mock-up skull sealed and filled with water; on the 

right the same phantom segmented in the MR images. The PinPoint 187 markers are clearly 

visible. 

The composite hydrogel used for the brain phantom is slightly denser than water 

(density average value and standard deviation: 1015 ± 13 Kg m-3, calculated on 5 

samples). The small difference in density between the two mediums (i) avoids 

floatation and (ii) do not induce significant preloading to the phantom brain when 

completely submerged.  

The CH produces a homogeneous phantom. As consequence it is not possible to 

identify any intrinsic feature inside its volume to track among several MRI 

acquisitions. The anatomical features of the surface (sulci and gyri) do not 

guarantee to provide recognizable features in all the scans. Since the goal of the 

experimental approach is to measure the volumetric deformation field produced 

by the phantom it is important to gain insights about both superficial and internal 

areas. For this reason a set of MRI compatible markers PinPoint 187 (Beekley 

Corp, Bristol, CT, USA) was embedded in the phantom. These markers are designed 

for diagnostic purposes and are highly visible in the images, allowing easy 

identification. Their weight is negligible if compared to the brain phantom. A 

number of markers can be placed inside the phantom without altering its 

mechanical response and weaken the overall structure. The positioning of the 

markers was carefully chosen in order to obtain significant measurements in 

several meaningful locations. In the final setup 18 markers were arranged inside 

the mould. Eight were placed close to the surface, in symmetric positions with 
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respect to the falx cerebri: two in 

the anterior area of the frontal 

lobe, two in the superior area of 

the frontal lobe, two in the 

temporal lobe and two in the 

occipital lobe (superficial markers 

in Figure 67). The remaining 

markers were placed in the 

middle of the volume by hanging 

them to thin cotton threads that 

were pulled taut and fixed to the 

junction of the two halves of the 

mould (Figure 66).The 

arrangement consisted of three rows composed by three, four and three markers 

respectively (internal markers in Figure 67). The phantom preparation started two 

days before the acquisition. The morning of the MRI scanning, the phantom was 

carefully placed inside the mock-up skull, assuring the correct positioning of the 

tissue inside the plastic skull-shaped container. Afterwards the skull was sealed 

watertight using putty. The DBSP was then filled with water, to simulate the 

presence of the CSF. The skull presents a craniotomy performed according to the 

specifics of the surgeon, not relevant for this work. The craniotomy was closed and 

sealed in order to achieve a 100% level of fluid inside the skull. The DBSP was fixed 

into a shallow transparent box to prevent leakage of water inside the MRI scanner. 

A small plastic bubble level was used to check the levelling of the setup. The 

complete setup was then transported to the Department of Psychology at the Royal 

Holloway University of London. After a fast check the DBSP was put inside a 32-

channel array head coil and placed on the examination table inside the 3-Tesla 

Magnetom Trio scanner (Siemens AG, Munich, Germany) as depicted in Figure 

68.The type and size of the coil was chosen in order to be able to contain the DBPS 

while maintaining a good signal to noise ratio. 

 

Figure 66 - High visibility markers for MRI 

positioned inside the mould of the phantom before 

pouring the composite hydrogel. 
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Figure 67 - PinPoint 187 MRI markers positions inside the brain phantom geometry after 

reconstruction via MRI segmentation. 

 

8.2.2 Data acquisition 

Structural data were acquired using a T1-weighted 3D anatomical scan (MPRAGE, 

Siemens, TR 1830 ms, TE 5.56 ms, flip angle 11°, scan resolution 0.75  0.75  1.0 

mm). In previous tests this modality showed the best results in terms of resolution 

and contrast between the phantom and the liquid. Considering the long duration of 

the experiment and the time required for each acquisition the other modalities 

would not have added any useful information.  

The DBSP was equipped with a long draining pipe to allow the manual 

deliquoration while keeping the MRI table in position for the scanning. This 

prevented any unwanted motion of the setup and any oscillation of the liquid 

inside the skull. Doing so, all the images are inherently aligned with no need for 

rigid transformations during post-processing. This solution prevents the 

introduction of additional inaccuracies due to data manipulation. The amount of 

water drawn was controlled using a syringe with a volumetric scale. 
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The initial acquisition was 

performed with the skull completely 

full of liquid (100%, 220 ml of 

water). For the second acquisition, 

the volume of the fluid was 

decreased by 40 ml. The amount 

liquid left in the skull after the first 

deliquoration (180 ml) represents 

the maximum level of water when 

the craniotomy is exposed. The 

subsequent six scans were taken at 

constant draining steps of 30 ml 

(water left in the skull: 150 ml, 120 

ml, 90 ml, 60 ml, 30 ml, 0 ml). 

Despite common practice for 

medical examinations the image 

volume was not aligned to the 

anatomical orientation of the head. Thus the images represent the actual 

orientation of the setup, and hence of the phantom, inside the MRI scanner. This is 

useful when setting up the FE model in order to easily identify the direction of the 

gravity vector with respect to the phantom. With this approach the gravity vector 

simply points downwards. 

 

 

8.2.3 Data analysis 

The data collected were analysed to extract information for the characterization 

and validation of the finite element model. The first acquisition (at 100% fluid 

level) was processed using 3D Slicer [79] and the volumetric shape of the phantom 

was segmented from the complete volume. To this end an extension of 3D Slicer 

called CarreraSlice [166] was used. CarreraSlice is an interactive 3D segmentation 

tool that performs semi-automatic segmentations on the basis of human input and 

refinement. Many tools were considered before choosing CarreraSlice, such as 

Freesurfer and other 3D Slicer modules, but none of them has given better 

Figure 68 - The complete DBSP setup positioned 

on the MRI table before the acquisition begins. 
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performance in terms of autonomy 

and speed. The segmented model 

was first resampled to an isotropic 

voxel size of 1.0  1.0  1.0  mm 

and subsequently used to generate 

a tetrahedral mesh as input 

geometry in Abaqus (Dassault 

Systemes Simulia Corp, 

Providence, RI, USA). The brain 

phantom model was imported 

keeping its orientation consistent 

with the data acquired in the MRI 

and to permit to define the gravity 

vector correctly. The positions of 

the centroids (mean millimetric 

coordinates of constituent voxels) of the PinPoint 187 markers were extracted 

from the images. Figure 69 shows the position of the markers for five consecutive 

acquisitions. It is worth noticing how different areas of the brain phantom deform 

in different ways under gravity. 

 

8.3 Model 

The high resolution model of the apparatus included both brain and skull 

geometries (Figure 71). The brain mesh had 94211 porous tetrahedral elements 

(C3D4P for PHVE and PHE, C3D4H for the HVE formulations) and about 36 nodes 

per cm2 on the surface, assuring a detailed reproduction of the phantom cerebral 

cortex geometric features (sulci and gyri). The skull had 117799 rigid triangular 

shell elements (R3D3). A detailed analysis about the “locking” of the tetrahedral 

elements and its effect on the results is reported in the Appendix. An encastre 

boundary condition was applied to the skull reference point, fixing all the possible 

degrees of freedom. The phantom brain was able to shift inside the skull and to 

detect the physical boundary by means of a contact interaction algorithm. 

Furthermore tangential friction effects (friction coefficient = 0.5) were added 

Figure 69 - Evolution of the MRI markers 

positions during five acquisition steps; the arrow 

represents the direction of the gravity vector. 
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between brain and skull and the brain and the falx geometry to enhance the reality 

in the deformation patterns (Figure 71). 

 

8.3.1 Material fitting analysis 

Compression-relaxation tests were carried out on CH cylindrical samples casted 

from the same polymeric solution we used for the life-sized phantom. More details 

on the testing protocol are reported in section 2.2.1. The average compression 

curve was fitted with an Ogden hyperelastic formulation (Figure 70a). The 

material parameter  and the initial shear moduli G were found at this stage. The 

D parameter is required by Abaqus in the hyperelastic material formulation in 

order to correlate the Poisson’s ratio of the material to G using equation (14). 

Afterwards, a Prony series was fitted on the relaxation curve (Figure 70b). The 

Prony series method is widely used in FE analysis software in order to reproduce 

the dynamic behaviour of materials by scaling the stiffness according to the strain 

rate applied (equation (16)). A minimum of two couples of material parameters 

(gk and k) were needed for replicating the rate-dependent response of the CH. 

Assuming that the CH has similar compressibility, permeability and void ratio of 

brain tissue, these additional parameters were obtained from the literature. As 

suggested by Kaczmarek et al. [130],   0.35 was assumed as Poisson’s ratio of 

the solid matrix and D was calculated accordingly. This value represents only the 

relative compressibility of the material’s solid phase, which allows fluid to be 

absorbed or exuded from the solid matrix [131]. Using the permeability option in 

Abaqus, a liquid phase (incompressible by default, = 0.5) is introduced in the 

formulation. The definition of a biphasic model enables a second rate-dependency 

caused by the movement of the fluid within the solid matrix. The difference in 

compressibility of the two phases partially monitors this rate dependency, as 

shown in [8]. To complete the definition of the fluid phase the liquid was treated as 

water, defining the specific weight (w) accordingly. The permeability value (k) 

was obtained from [130] and the initial void ratio of the material (e0) from [132]. 

The material coefficients are summarized in Table 10. The presented PHVE 

formulation can be easily implemented in Abaqus and simulated by using the “soils 

transient consolidation” step. The PHE formulation was obtained neglecting the 

viscoelasticity of the solid matrix by removing the Prony series from the material 
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definition. For the HVE formulation the fluid phase was omitted removing 

permeability and void ratio from the material definition and imposing = 0.5 to 

the solid phase. The Abaqus “visco” step was used in this last case. 

 

Figure 70 – Fitting analysis on the experimental compression (a) and relaxation (b) test 

carried out on CH cylindrical samples. 

 

 

Table 10 - Summary of the material coefficients in Abaqus format for implementing the 

three different material formulations. 

 

8.3.2 Steps definition 

Since the water level inside the skull was clearly distinguishable only for the first 

five acquisitions, the model was built to simulate five subsequent draining 

configurations corresponding to the water levels taken from the MRI scans. In 

particular, starting from the fully filled initial configuration (100% of water in the 

skull corresponding to 220 ml and 0% of CSF loss) the model can sequentially 

reproduce 18%, 32%, 46% and 60% of liquid loss which are respectively 180 ml, 
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150 ml, 120 ml and 90 ml of liquid left in the skull. Based on consultations with a 

specialized surgeon, we considered a loss of 60% of CSF an extreme condition 

during real surgeries; therefore five steps are sufficient for the simulation to cover 

any possible scenarios. The model allows association of every step with the 

corresponding changes in boundary conditions. In particular the model takes into 

account loss of buoyancy forces, occurring of the gravity load and free draining 

conditions for the regions of the brain above the water level (emerged regions, 

Figure 71). Each step had three sub-steps in order to (i) facilitate the convergence 

of the solver and (ii) reproduce the CSF draining procedure as it had been 

performed during the acquisitions. The first sub-step consisted of an initial soils 

step where the gravity load takes place and an initial stabilization of the pore 

pressure distribution occurs in the phantom (duration = 0.1 s). In the second sub-

step (duration = 10 s) the pore pressure boundaries are released (imposing the 

pore pressure = 0) at the emerged nodes of the phantom brain, activating the free 

drainage condition that allows the liquid phase to flow, move inside and gradually 

leave the phantom. This approximately corresponds to the actual time we took for 

draining the water out of the skull using the syringe pump. The free draining 

boundary gives an additional capability to both the PHVE and the PHE 

formulations since the overall Poisson’s ratio of the emerged areas of the brain will 

vary over time (according to the permeability k) as the fluid phase leaves the 

interested areas. The variability range of  spans from 0.5 to 0.35, that represent 

the fully saturated condition (fluid compressibility leads) and the drained 

condition (fluid has left, solid matrix compressibility leads) respectively. 

An additional sub-step of 60 s was added to take into account the time for leaving 

the MRI room and starting of the scanning procedure. The nearest nodes of the 

mesh to the PinPoint 187 markers where selected minimizing the distance vector 

between the node coordinates and the marker centroid coordinates.  
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Figure 71 - High resolution model. Particular of emerged and submerged areas of the brain 

phantom, “CSF” level, skull and falx rigid geometries interacting with the brain via normal 

and tangential contact controls. 

 

8.4 Results 

The deformation computed by the model was compared with the positions of the 

18 markers extracted from the acquired images for five levels of fluid. The end 

point error (EPE), the angular error (AE) and the magnitude error (ME) are 

averaged and reported for each deliquoration step and each material formulation 

in Table 11. EPE is a vector difference of the measured displacement vectors in the 

MRI scans and those computed in Abaqus. AE is the angular error calculated on the 

above mentioned vectors and provides a method to measure the deviation from 

the direction of deformation [167, 168]. ME is an error that provides the difference 

in magnitude between the measured and simulated displacement field. Figure 72 

also shows the displacement vector magnitude over the loss of CSF (in volume 

percentage) for a limited number of significant markers. In each sub-figure the MRI 
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measurements and the model results for the three different material formulations 

are plotted. 

 

 

Table 11- Errors calculated between MRI scans measurements and model simulations at 

each deliquoration step (percentage of the volume of CSF lost at each step). 

 

 

Figure 72 - Comparison between magnitude of displacement measured in the MRI scans 

and the model results (three material formulations) for each marker at each 

deliquoration step (percentage of the volume of CSF lost at each step). 
 

0

1

2

3

4

5

6

7

8

9

10

0% 10% 20% 30% 40% 50% 60%

d
i
s
p
l
a
c
e
m
e
n
t
 
[
m
m
]

loss of CSF [%]

PHVE

PHE

HVE

MRI 4

444

0

1

2

3

4

5

6

7

8

9

10

0% 10% 20% 30% 40% 50% 60%

d
i
s
p
l
a
c
e
m
e
n
t
 
[
m
m
]

loss of CSF [%]

PHVE

PHE

HVE

MRI 6

6

0

1

2

3

4

5

6

7

8

9

10

0% 10% 20% 30% 40% 50% 60%

d
i
s
p
l
a
c
e
m
e
n
t
 
[
m
m
]

loss of CSF [%]

PHVE

PHE

HVE

MRI 9

9

0

1

2

3

4

5

6

7

8

9

10

0% 10% 20% 30% 40% 50% 60%

d
i
s
p
l
a
c
e
m
e
n
t
 
[
m
m
]

loss of CSF [%]

PHVE

PHE

HVE

MRI 17

17

0

1

2

3

4

5

6

7

8

9

10

0% 10% 20% 30% 40% 50% 60%

d
i
s
p
l
a
c
e
m
e
n
t
 
[
m
m
]

loss of CSF [%]

PHVE

PHE

HVE

MRI 3

3

0

1

2

3

4

5

6

7

8

9

10

0% 10% 20% 30% 40% 50% 60%

d
i
s
p
l
a
c
e
m
e
n
t
 
[
m
m
]

loss of CSF [%]

PHVE

PHE

HVE

MRI 8

8

0

1

2

3

4

5

6

7

8

9

10

0% 10% 20% 30% 40% 50% 60%

d
i
s
p
l
a
c
e
m
e
n
t
 
[
m
m
]

loss of CSF [%]

PHVE

PHE

HVE

MRI 13

13

0

1

2

3

4

5

6

7

8

9

10

0% 10% 20% 30% 40% 50% 60%

d
i
s
p
l
a
c
e
m
e
n
t
 
[
m
m
]

loss of CSF [%]

PHVE

PHE

HVE

MRI 16

16

0

1

2

3

4

5

6

7

8

9

10

0% 10% 20% 30% 40% 50% 60%

d
i
s
p
l
a
c
e
m
e
n
t
 
[
m
m
]

loss of CSF [%]

PHVE

PHE

HVE

MRI 14

14



BRAIN TISSUE BIOMECHANICS: NEW TISSUE PHANTOMS, MECHANICAL 

CHARACTERISATION AND MODELLING STRATEGIES FOR ENHANCED SURGICAL 

PROCEDURES 

142  Antonio Elia Forte - November 2015 

8.5 Discussion 

It was shown that the model hereby presented is capable of reproducing the brain 

shift phenomenon due to loss of CSF in a phantom apparatus with high accuracy 

and no intra-operative guidance. Since the phantom reproduces the brain 

deformations during surgery (chapter 4) the model has the potential to reproduce 

the brain shift in real scenarios and become a valuable tool for surgical training 

and preoperative planning. The results obtained comparing three different 

material formulations proved that a hybrid PHVE description provides the best 

match with the brain shift measurements carried out on a synthetic surrogate 

designed to accurately mimic the mechanical behaviour of the brain tissue (see 

chapter 4). The AE shows the highest value in the first step, remaining however 

below 10%. This is true for all the material formulations. The AE converges to a 

lower value in the subsequent steps, reaching 0.26 and 0.25 rad for the PHVE and 

PHE respectively. The PHVE shows the minimum value for the EPE while the HVE 

shows a deviation slightly higher than 1 mm, which represents the resolution of 

our segmentation. The small mismatch between the model and the measurements 

can be explained considering two aspects: firstly, for each MRI marker the nearest 

point of the tetrahedral mesh was considered for the comparison thus introducing 

a small error that influences also the vector difference and hence EPE; secondly, 

the AE seems to affect all the material formulations in the same way. This means 

that the MRI, and hence the table, might have been slightly tilted with respect of 

the gravity vector. Both this aspects will be further investigated to improve the 

result of the simulation. The PHVE also exhibits the lowest ME value, confirming 

that simulating the contribution of both fluid-solid interactions and viscoelastic 

characteristics in the solid matrix leads to the best approximation of the 

mechanical behaviour of the CH and therefore of the brain tissue. This is also 

highlighted in Figure 72 where the PHVE results exhibit a closer match on all the 

MRI markers, especially in the areas subjected to higher deformations (frontal 

lobes, markers 8, 13, 14, 16). Locking effects have been shown to be negligible in 

this analysis (Appendix). 
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The material formulation comparison was only possible using a controlled 

environment (the DBSP), which allowed us to rule out many factors that would 

have introduce uncertainties in the scenario.  

Therefore, our results demonstrate that both the fluid and the hyper-viscoelastic 

solid phase should be considered when modelling non-linear viscoelastic, porous 

soft materials. Since the brain tissue is included in this class of materials [1, 115], 

the previous statement is still valid and should be taken in consideration when 

modelling brain tissue. Furthermore, being the CH a good surrogate material for 

the brain tissue at moderate strain rates, the values reported in Table 10 can be 

confidently used as material parameters in indentation and gravity-driven brain 

shift modelling. 

Finally the life size phantom represents a new tool for testing surgical devices and 

the high resolution model with a PHVE material formulation can be successfully 

adapted and improved to estimate the brain deformations preoperatively.  

Future works will include the design of 3D patient-specific brain models with 

increasing grade of details (inclusion of tentorium, membranes, ventricles etc.) and 

evaluate them against intra-operative measurements by means of US and stereo-

cameras tracking systems.  
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9 CONCLUSIONS 

 

 

This thesis is the result of a multidisciplinary approach aimed to the development 

of a gravity driven model of the human brain as tool for preoperative surgical 

planning. 

Results and achievements have been shown throughout the research work, often 

supported by peer-reviewed publications, demonstrating that much progress has 

been made towards a deeper understanding of the human brain from a mechanical 

point of view.  

With the mechanical characterization of both porcine and human brain, we 

showed that the mechanical response of the tissue is very complex and needs 

advanced material formulations in order to obtain reliable results. The importance 

of simulating the liquid phase in the tissue, the key role of temperature and 

humidity on its mechanical response, its strong rate-dependent behaviour are only 

a few examples of the precious outcomes carried out by a meticulous experimental 

analysis (rheological, oedometric and stress-relaxation tests performed on both 

porcine and human brain tissue). For human brain and for DMA in particular, it has 

been noticed that the effect of sample thickness is negligible if grip is assured 

between the rheometer plates and the specimen. Humidity and temperature play a 

major role in oscillatory analysis because of the duration of the test. Errors in the 
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results have been noticed if these conditions are not monitored, also when using 

petroleum jelly to reduce moisture loss. A softening of the tissue is clearly visible at 

higher temperatures, with G’ and G” respectively 1.4 and 1.6 times lower if 

measured at body temperature (37 °C) rather than at room temperature (24 °C). 

Furthermore our results show human white matter to be 2.21 and 2.23 times 

stiffer than grey matter at 24 and 37 °C respectively. No variation in gender and 

age led to changes in the mechanical properties of the tissue and different post 

mortem times did not affect the tests outcomes in the examined population.  

A complete poro-hyper-viscoelastic formulation was obtained for both grey and 

white matter at room and body temperature. The material coefficients are readily 

implementable in Abaqus for finite element analysis and analytically proven of 

reproducing the response of the tissue in a range of strain rates suitable for 

surgical procedures.  

Searching for a synthetic substitute of brain tissue, we conducted an in depth 

analysis of one of the most common soft gel, the gelatine gel. It was shown that the 

stress-strain characteristics of gelatine gels are independent of rate while the 

fracture point was significantly rate dependent (i.e. fracture stress and strain 

increased as the rate increased). In the same way, Gc, also increased with rate. This 

effect was explained quantitatively through modelling the gel as a poroelastic 

material with fluid (water) flow through the porous solid polymer network. 

Furthermore, an additional FE model was presented in section 7.3, which was able 

to separate the solid and the fluid contribution and explain qualitatively the shift of 

the breaking point towards higher strain for higher rates. The analysis provided 

insights about the role of the solid-liquid interaction in poroelastic models and a 

complete mechanical characterization of gelatine gels. This highlighted that 

gelatine has a nearly elastic behaviour, lacking of relaxation properties and rate-

dependent characteristics. For this reasons gelatine might only be suitable as brain 

tissue surrogate for specific applications that do not involve a large range of strain 

rates and non-linear elastic characteristics.  

Mechanical testing (compression tests at two different strain rates) was also 

carried out on several compounds (Sylgard 184 and 527, PVA, PHY) in order to 

gain insight about their rate dependent properties and stiffness values.  
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This allowed us to assess the feasibility of using individual commercially available 

components for mimicking the complex mechanical response of brain tissue. Some 

polymers, such as Gelatine and PVA, could be tuned by varying the solute 

concentration in order to obtain either a more compliant or a stiffer response. 

Unfortunately these particular soft materials did not show rate dependent 

properties [8], exhibiting constant stiffness when loaded with different 

displacement rates.  

PHY showed excellent rate-dependent properties and stiffness tunability along 

with a pronounced hyperelastic response in compression. However, the results 

highlighted the high strength of the gel making its applicability as a brain phantom 

surrogate unlikely if used in isolation as a pure compound. 

Sylgard 184 exhibited good rate-dependent properties and a non-linear elastic 

response but the gel was too stiff and the lack of stiffness-tunability rules out the 

usability of this gel as a surrogate for brain tissue phantoms.  

Sylgard 527 mechanical response was lacking in the rate-dependent 

characteristics. 

Therefore we designed a new composite hydrogel, namely CH, by balancing the 

mutual concentration of two compounds: PVA and PHY. We achieved the best 

match by mixing PVA 6% and PHY 0.85% separate solutions in 1:1 weight ratio. 

The PVA was responsible for creating the solid network by means of a freezing 

step. The PHY was kept at low concentrations to prevent an excessive increase in 

stiffness, while providing good rate dependent properties to the mixture. The 

hyperelastic characteristic of the CH, when subjected to large deformations and 

tested over a range of velocities spanning over two orders of magnitude, has been 

shown to be in agreement with the brain mechanical response. This was also 

supported by both cyclic indentation-relaxation and sweep frequency shear tests. 

The physical interaction between the two components (intra-molecular and inter-

molecular hydrogel bonds) is responsible for the creation of a coupled network 

structure that improves the mechanical characteristics of the CH, compared with 

those of any other synthetic material used so far as a brain tissue surrogate.  
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Furthermore, the design of a life-size human brain phantom was presented. 3D 

models obtained from a MRI patient-specific data set were used to 3D print the 

skull and the brain geometries. The latter was used to manufacture a reusable 

silicone mould to cast the brain phantom. Water can be placed into the skull 

(surrounding the phantom brain) to mimic the CFS (cerebrospinal fluid) level. 

Measurements of the deformation field produced by the loss of CSF were recorded 

using MRI scans. The average amount of shift was compared with measurements 

from the literature [82, 84-86] confirming a very good agreement (see Figure 23).  

We therefore demonstrated that the novel hydrogel is suitable for reproducing 

complex deformation scenarios such as brain shift, surgical indentation and 

palpation. It mimics the organic tissue's mechanical behaviour in compression, 

indentation, relaxation, hysteresis and shear.  

In the second part of the work we shifted the focus on the preliminary modelling of 

brain tissue synthetic materials. The results of this first stage allowed us to 

understand more about the constitutive laws and boundary conditions normally 

used for simulating soft materials (parametric analysis on simplified models, rate 

dependent fracture behaviour of porous etc.) and develop a 3D not driven model of 

the human brain. This model was then evaluated using the brain shift experimental 

apparatus and comparing the MRI volumetric measurement with the results from 

the simulation. Several boundary conditions were added (falx geometry, friction 

properties, variable CSF) in order to fine-tune the deformation fields obtained 

from the model and increase its accuracy. 

It was shown that the model is capable of reproducing the brain shift phenomenon 

due to loss of CSF with high accuracy and no intra-operative guidance and it is 

therefore a valuable tool for surgical training and preoperative planning. The 

results also proved that a hybrid PHVE description provides the best match with 

the brain shift measurements carried out on the CH, confirming that simulating the 

contribution of both fluid-solid interactions and viscoelastic characteristics in the 

solid matrix leads to the best approximation of the mechanical behaviour of the CH 

and therefore of the brain tissue.  

Finally we showed that the life-sized phantom represents a new tool for testing 

surgical devices and that our human brain FE model paired with a PHVE material 
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formulation can predict the brain phantom deformations patterns preoperatively, 

with an accuracy of 1 mm. 

Future works will focus on applying the acquired expertise for the design of 3D 

patient-specific brain models with increasing grade of details (inclusion of 

tentorium, membranes, ventricles etc.) and evaluate them against intra-operative 

measurements by means of US and stereo-cameras tracking systems. 
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FE MODELLING OF MURINE KNEE JOINT 

The content of this appendix has been adapted from: 

Borges, P. D. N., Forte, A. E. et al. “Rapid, automated imaging of mouse articular 

cartilage by micro-CT for early detection of osteoarthritis and finite element 

modelling of joint mechanics” - Osteoarthritis and Cartilage 22 (2014):1419–1428 

[145]. 

 

Another example of application where soft tissue modelling is fundamental in the 

endeavour to correlate damage and changes in the mechanical properties of soft 

tissues is osteoarthritis in articular cartilage (AC). In this appendix, we describe a 

study carried out on mouse articular joints when cartilage thinning occurs, due to 

induced mechanical damage by means of destabilization of medial meniscus 

(DMM). The results were compared with a control (CTRL) and a naïve sample in 

order to study the changes in contact pressure and Tresca stresses under static 

load. 

CT scans (with phosphotungstic acid (PTA) used as contrast agent) of a control 

and a damaged (DMM) mouse tibiae and a femur and a tibia from a naïve mouse, 

were segmented and imported in Mimics software (Materialise, Belgium). Menisci 

and other soft tissue elements were not included in the model. A coarser 

tetrahedral mesh (average element length (AEL) = 57 m) was used for the 

peripheral regions away from the contact regions, while a high density tetrahedral 

mesh (AEL = 5.7 m) was employed to discretize the contact areas (radius = 

0.3 mm) between tibia and femur, to improve accuracy and resolution (Figure 73a, 

b and c). The mesh was imported in Abaqus to apply the required boundary 

conditions. The discretization (4-node linear tetrahedron element, Abaqus C3D4) 

resulted in meshes of the order of one million elements for the tibiae, with over 

300,000 elements assigned to the AC. A steploading event was modelled with the 

joint bent at 80 degrees flexion (Figure 73a) which is the approximate flexion 

observed at the beginning of the gait in small rodents and when maximum contact 

pressure is expected in the load-bearing regions of the joint. Tibia and femur were 

used to apply boundary conditions and for monitoring force and tied to two rigid 

holders placed far away from the contacting surfaces, thus not affecting AC 



BRAIN TISSUE BIOMECHANICS: NEW TISSUE PHANTOMS, MECHANICAL 

CHARACTERISATION AND MODELLING STRATEGIES FOR ENHANCED SURGICAL 

PROCEDURES 

166  Antonio Elia Forte - November 2015 

response. These rigid holders were as we evaluated the contact pressure at the 

tibia-femur interface in steady-state scenario, a static step was set up. AC and bone 

were modelled as isotropic linear elastic materials (respectively, elastic modulus 

E = 6 MPa/Poisson ratio  = 0.49, and E = 18 GPa/ = 0.3), which is valid only in 

first approximation but appropriate in the context of this simulation, where a 

comparative analysis was performed based on the change in morphology rather 

than in the material characteristics of the tissues under consideration. The tibia 

holder was completely fixed while a vertical displacement was imposed to the 

femur holder in order to push it toward the tibia. A displacement of 0.05 mm was 

applied to induce loads comparable to those observed in vivo, while the vertical 

reaction force on the femoral holder was monitored. A load of 0.6 N 

(approximately ten times the load imposed by 25 g mouse on a single leg) was 

chosen to compare the three models. Each simulation required 8 h per sample. 

The contact pressure on the tibial cartilage was elevated in the DMM compared 

with either CTRL or naïve (+39% and +45% respectively, Figure 73d). An 

increase in contact pressure for a fixed displacement implies an increased local 

strain compared to normal levels. Tresca stresses at the bone-cartilage interface 

increased in both tibia and femur in the DMM operated compared with either CTRL 

or naïve knees, as clearly visible in the sagittal views of the model (+43% and 

+53% respectively, Figure 73e). Since Tresca stresses provide an estimate of the 

proximity to failure of a material under load, an elevation in local Tresca stresses 

at the bone-cartilage interface indicates an increased tendency of this tissue 

interface to permanently deform, i.e., to develop a structural lesion. 

To our knowledge, this is the first study where FE modelling was employed to 

estimate the distribution of stresses in mouse AC whose 3D structure was directly 

obtained from segmented microCT scans. Whilst constituting a significant 

advancement in terms of resolution and realistic representation of the joints with 

respect to similar models in the literature, our FE model should be considered an 

initial feasibility demonstration. For more information please refer to Borges, 

Forte et al. [145]. 
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Figure 73 - FE analysis of the mechanical stresses in AC caused by the structural changes 

induced by DMM surgery. A), model of the whole knee joint at 80_ flexion; mesh structure 

and high density contact areas (darker blue) of the AC covering the (naïve) distal femur (B) 

and the (naïve) proximal tibia (C). D), Contact pressure maps on the surface of the AC of the 

three tibiae (naïve, CTRL and DMM) used in the FE simulations. E), Sagittal view of the 

distribution of Tresca stresses in the three modelled joints (naïve, CTRL and DMM tibiae 

loaded by the same naïve femur) at the end of the FE simulations. 
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LOCKING ERROR ANALYSIS 

To reduce the computational time in finite element models of surgical simulations 

first-order elements must be used [169]. In order to accurately reproduce the real 

geometry and apply the boundary conditions a refine mesh is needed. Moreover, 

the geometrical complexity of the brain requires an automatic mesh generation 

algorithm to carry out the discretization in a reasonable amount of time. There are 

many automatic mesh generation algorithms using tetrahedral elements [170, 

171], but not for automatic hexahedral mesh generation.  

Unfortunately, standard tetrahedral elements exhibit “locking”, especially with 

incompressible materials [169].This means that first-order tetrahedral elements 

tend to be overly stiff depending on the loading scenario. Usually, a fine mesh is 

needed to obtain results of sufficient accuracy [141]. 

There are a number of improved linear tetrahedral elements already proposed by 

different authors [172-174], but not of them are readily available in Abaqus. 

Alternatively, Abaqus provides an improved C3D4H tetrahedral formulation 

(H stands for hybrid) that avoids locking when incompressibility is required. 

These elements have already been successfully used in recent biomechanical 

modelling [175]. 

A simple 3D model was designed to investigate the effect of locking in our model 

when using the C3D4H tetrahedral elements. The brain shape was simplified to a 

spherical geometry of comparable size (diameter 16 cm). The sphere was fixed for 

one quarter of its height and tilted of 30 degrees in respect to the vertical direction 

to reproduce the position of the brain model. The HVE material formulation in 

Table 10 was used since was the only one involving a fully incompressible solid 

matrix. Afterwards a vertical gravity load was applied and the displacement field 

produced by the spherical model was observed. Using a simple geometry allowed 

us to automatically mesh it in Abaqus by using both tetrahedral and hexahedral 

elements. 

In the Abaqus hexahedral solid elements the strain operator provides constant 

volumetric strain throughout the element. This constant strain prevents mesh 

locking when the material response is approximately incompressible. 
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Furthermore, the Abaqus manual suggests using reduced integration elements 

(reduced integration on the volumetric terms) when dealing with nearly 

incompressible materials. Therefore, the C3D8RH elements were used for the 

hexahedral mesh and compared with the results obtained by the C3D4H 

tetrahedral mesh. The same seeding length was used for both the meshes (0.16 

mm), which was comparable with the average element length in the brain model. 

The model meshed with C3D8RH elements took 7664 s to converge, while the one 

with C3D4H only 502 s. 

The results (Figure 74) show that the C3D4H can effectively prevent locking. The 

sphere model shows a difference of about 0.01 mm in the maximum values of the 

displacement mapping which can be considered negligible. The model meshed 

with tetrahedral C3D4H hybrid element was also about 15 times faster to 

converge. 

We can therefore state that in our particular loading scenario, mesh size and 

magnitude of deformations, the C3D4H tetrahedral elements effectively prevent 

locking and save computational time. Therefore the results presented in the 

phantom brain model are not affected by locking. However this should not be 

considered as general rule of thumb. Hexahedral elements remain the safest option 

and caution should be exercised when using tetrahedral meshes. 

 

 

Figure 74- Semplified sphere model for locking analysis. Hexahedral mesh using C3D8RH 

elements on the left, tetrahedral mesh using C3D4H on the right. 


