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Abstract 

This paper explores the significance of the inherent 
strain rate-dependence of many biological materials. 
Such characteristics are pertinent to computational 
modelling of these materials for the purposes of surgical 
robotics and simulation. A pair of 2-dimensional fmite 
element models of the human brainlvenmcle system are 
developed and used to analyse the brain structural 
disease, hydrocephalus. The models are geometrically 
identical, and both incorporate a linear biphasic material 
model for the brain parenchyma. Model I is assigned a 
Young modulus value, Eo = 3156Pa. based on the 
instantaneous elastic respnse derived from a hyper- 
viscoelastic model. Model 2 accounts for the extremely 
slow loading characteristic of the disease and a revised 
modulus value of E, = 584.4Pa is assigned. This 
significant variation in stifhess generates similar 
differences in the simulation results. The conclusion is 
that consideration of the in ths ic  strain rate-dependence 
of organic materials is vital to the satisfactory modelling 
ofsuch materials, and hence significant to surgical robot 
performance. 

1 INTRODUCTION 

An important and exciting area of modem robotics is 
the development of robots for surgical opmtian 
assistance. It has been noted 141 that the use of robots in 
medical procedures can yield distinct advantages over 
conventional operating techniques: improvements in 
accuracy, reductions in human operator fatigue, and the 
possibility of remote surgical operation. It seems clear 
also then, that with ever increasing sophistication. 
utility, and reliability, the presence of robots in the 
operating theatre is set to become ever more 
commonplace. 

An issue that has received increasing attention in recent 
years is the requirement of such systems for an accurate 
and robust mathematical description of the biological 
tissue being operated on [IO]. When dealing with 
extremely soft tissues (which do not normally support 
loads), problems such as manipulator trajecmly 
planning and load prediction require methods for 

predicting tissue response to mechanical stimulus. 
Unlike common engineering materials, such biological 
tissues (eg brain, liver, kidney) exhibit non-linear, time- 
dependent, and strain rate-dependent mechanical 
responses, and are generally capable of undergoing 
large strains without failure. Coupled with the 
geometrical irregularity of bodily or,ms, formulation of 
realistic models presents a formidable challenge. 

In the particular case of brain tissue material properties, 
there exists a large base of work conducted over the past 
several decades. Much of this work has centred on the 
investigation of cranial impact loading (e.g. 
[5],[6],[17]), a d  biomechanical analysis of brain 
structural diseases like hydrocephalus (e.g. 
[7],[13],[16]). For the purpose of surgical simulation, 
Miller [9] presented a hyper-viscoelastic model based 
on the strain energy function. This was validated for 
strain rates around 0 . 6 4 ~ 1 0 ~ ~ 2 ~ ~ '  to 0.64s?, which are 
typical of strain rates produced in surgical procedures. 

In the present paper, results fiom Miller's model bave 
been used to re-evaluate the elastic modulus for a linear 
hiphasic brain material model. This model is then 
compared with previous work via finite element 
simulation of the brain structural disease, 
hydrocephalus. It is suggested that previous 
hydrocephalus biomechanical investigations have relied 
on mechanical models inappropriate for the loading 
regime characteristic of the disease. This serves to 
highlight the importance of considering strain rate- 
dependence when implementing numerical models of 
organic tissues. 

2 KYDROCEPFL4LUS BACKGROUND 

Hydrocephalus is a structural disease of the brain 
associated with disruption to the flow of cerebrospinal 
fluid (CSF). In normal brains, CSF is produced within 
the lateral ventricles and is circulated through tbe third 
and four!h ventricles, the aqueduct, and spinal cord, and 
is finally reabsorbed within the subarachnoid space (see 
figure I). If, for example, occlusion of the ventricles or 
aqueduct occurs, ventricular fluid pressure increases. 
This results in expansion of the ventricle walls, and the 
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condition known as hydrocephalus (figure 2). Being 
constrained by the rigid skull, brain material in the 
annular region is strained and potentially damaged. 

. .  

,. 

Source: [I43 

la1 PI 
Figure 2: MRI scam of (a) nonnal ventricular 

configuration, and (€) dilated ventricles in a 
hydrocephalic brain. Source; [ I S ] .  

3 BIPHASIC CONTINUUM MODEL 

Biphasic materials (consisting of a porous permeable 
solid phase and a viscous interstitial fluid phase) such as 
brain parenchyma may be modelled using Biot’s 
consolidation theory [2] ,  which was further developed 
by Bowen [3].  

3.1 Equilibrium, and fluid continuity and flow 

Equilibrium of the medium is achieved by equating 
intemal and extemal forces: 

[ucdV= ftdS+ (snp,gdV+ [fdV (1) 
V S V V 

where U, is the Cauchy stress, t arc the surface tractions 
per unir area, snp,g = weight of wetting liquid, g is the 

gravitational acceleration vector, and f is all other 
extemal forces. 

For a control volume, V, hounded by S, the rate of 
change of fluid mass must equal the rate of mass of 
fluid flowing into the volume: 

where J is the ratio of the volume in the current 
configuration to that of the reference configuration, pw = 
pore fluid mass density, n, is the volume ratio of 
wetting fluid, n = outward normal vector from t h ~  
surface, S,  and v, =wetting fluid velocity with respect 
to the solid phase. 

Interstitial fluid flow through. thk porous medium is 
modelled using Darcy’s law: 

where s = saturation, n = porosity, 6 = pore fluid 
piezometric bead, and k is the permeability of the 
medium. 

Equations (1) - (3) represent tbe foundation of the 
hiphasic theory and provide a basis for analysing many 
organic materials. 

3.2 Constitutive modelling 

Solrdphase elosticily 

whilst studies have shown brain material to be non- 
linear and strain rate-dependent [S],[9],[11] the strain 
rates produced during the development of 
hydrocephalus are so low that in this study a limiting 
hyperelastic response to quasi-static loading was 
assumed. Additionally, the stress-strain non-linearity 
was not, in the authors’ opinian, critical for the validity 
of conclusions of this study, and hence a hear 
constitutive model with constant Young modulus, E, 
was employed. 

E.* = Daze (4) 

where = effective (Alamansi) strain, aCR = effective 
(Cauchy) stress, and D is the elasticity matrix, given by: 
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where Cgo arc material parameters, J, & J2 are strain 
invuiants, T~ are characteristic times, g, are relaxation 
coefficients and N is taken to be 2 in this case. 

An important result from the byperelastic component of 
equation (6) is that the instantaneous shear modulus is 
related to the lkst order polynomial coefficients, C,m & 
col0 [91: 

Assuming incompressibility then, a relation between the 
polynomial coefficients and the insfmfrmeour elastic 
modulus, &,may be stated as: 

Using Miller's values (CLW = Cola = 263Mpa). we 
obtain Eo = 31S6MPa. This is around the same order of 
magnitude as values generally quoted in the literature 
[71,[131,[161. 

It is based, however, on the assumption of a strain rate 
of around 0.64s.' [9]. As an estimate of solid phase 
elasticity, then, the value 3156MPa is nor valid for 
situations where strain rates are very low. 

RevisPd marerial parameters 

The brain material loading under hydrocephalic 
conditions is extremely slow, typically progressing to 
full development over a period of days. The estimate of 

Eo = 3156MPa found above, then, is inappropriate for 
modelling such a condition as it represents the 
invtanfaneous elasticity and is valid only for strain rates 
in the order of IO'S-' [9]. We may consider instead the 
limiting case for the relaxation component of equation 
(6): 

(9) 

Hence, the relaxed hyperelastic coefficients are given 
by: 

Using n = 2, Miller [9] quotes values of Cola = ClW = 
263Pa, g, = 0.450, and g, = 0.365. Equation ( I O )  then 
gives the relaxed hyperelastic coeffkients Clog - CO,, = 
48.7Pa. Incorporating these revised parameters, 
equation (7) yields the modified elastic modulus: 

E, = 6(C,- +CO,-) = 584.4Pa. 

The above value is now suitable for use in the 
simulation of hydrocephalus. , This represents a 
significant reduction in stifhess and demonstrates the 
importance of understanding and accounting for the 
essential strain rate dependency of brain material 
propenies. 

Permeability, k = 1 . 5 9 x 1 O ~ ' d s ,  and Poisson's ratio, Y = 
0.35, were obtained from 171, and the initial void ratio 
for the material was taken as 0.2 [13]. Recent work by 
Ozawa et al. [lS] showed no significaot difference 
between white and grey matter elasticity, and so 
homogeneity and isotropy were assumed for the entire 
brain. 

The fluid phase was considered to be an incompressible, 
inviscid fluid with mechanical properties as for water. 

4 FINITE ELEMENT ANALYSIS 

A comparison was draw between the two elastic 
modulus values, Ea = 3 156MPa and E. = 584.4MPa, by 
constructing a pair of geomeUically identical 2- 
dimensional fmite element models of tbe brain and 
assigning one value to each (models I & 2 respectively). 
The models were then analysed under the same 
hydrocephalic loading and boundary conditions. Model 
geometry was obtained from a horizontal cross-section 
presented in the anatomic atlas of Talakach & Toumoux 
[IS]. Thc section was taken at 20" above a reference 
defined by the anterior and posterior commissures (refer 
to [18]). 
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4.1 Finite element meshing 

Construction and meshing of the geometry was 
performed using MSCPATRAN pre-processor software 
[IZ]. Each model consisted of 344 8-node quadnlateral 
elements of type CPESRP [I], and 1126 nodes. Figure 
3(a) shows the undefomed mesh used in both models. 

4.2 Boundary conditions 

Nodes along the midline (left side in figure 3) were 
constrained horizontally only, while nodes on the outer 

along the rcntricle nght wal l  incrtaqes fiom 3 O h m  in 
model 1 to 4.7Ymm in moilel 2 (58.6%. mcreasc) 

This pattern of deformation, in particular the rentncle 
tip dilation. IS frcqucntly encounrered in clmxal caw\  
ofh)  dmcephalus. 

There is a lw  a significant difference butucen the stress 
magniludcs dctelopcd m each m<,dr.l (qee figurc 4, 
Msximum stress in mudcl 2 is ?81Pa, compawJ wlth 
907Pa In niodcl I . a diffcrencc of 6 8  996 

surface (entire curved right side in figure 3) were 
completely fixed. 

4.3 Loading 

A uniform fluid pressure of 3000Pa [13],[16] was . 
applied to the ventricular surface. 

4.4 Analysis 

Solutions wereobtained using ABAQUSlStandard finite 
element software [I]. Consolidation analyses may be 
performed using ABAQUS' SOILS procedure, which is 
capable of solving fully non-linear, finite deformation, 
Poroelastic problems. Based on the work of Nagashim 
et al. [13], the total development time for bydrocephalus 
was taken as 4 days (345600 seconds). Considering the 

. .  . 
~i~~~ 4: von ~ i ~ ~ . ~  s~res.F dirtributjon9 for model I 

(lejf) and model 2 (righf) 

brain symmetry about the midline; only the ngbt 
hemisphere was analysed. 

5 RESULTS & DISCUSSION 

:!a> ;e,. 
Figure 3: Comporiron oj(a) mdeformed mesh 

configuration, (4, deformed m a h  ofmodel I .  and 
(c) deformed mesh ojmodel2.  

Figure 3 shows the deformation results for both models 
compared with the original configuration. Whilst an 
averall expansion of the ventricle is produced, there is a 
particularly large displacement of the right venhicle 
wall, and a dilation of the venhicle tips. Additionally, 
the deformation of the second model is significantly 
larger than the fnst. Maximal displacement midway 

It is evident, then, that large discrepancies have 
occurred between results based on an inrtanraneous 
estimate of the Young modulus, independent of any 
s w  rate considerations, and a revised estimate which 
does account for the inherent strain rate-dependence. 
The models are otherwise identical. The results of 
model 2 (revised modulus) appear to more accurately 
represent clinical cases. 

The results therefore highlight the importance of 
considering such dependence when modelling 
biological materials. Clearly for example, a manipulator 
control scheme which bases its reaction force or 
trajectory prediction on a universal elastic modulus, 
rather than a value specific to the particular strain 
condition could produce significant errors. Such errors 
would plainly be unacceptable in a delicate surgical 
environment. 

6 CONCLUSIONS 

It has been shown that the inherent elasticity strain rate- 
dependence of many organic tissues is an important 
consideration in the development of computational 
models for such materials. In order to highlight the 
variations in results h a m  incorparation of such 
dependence and omission, a direct comparison was 
made between two otherwise identical finite element 
models. The substantial differences in deformation and 
stress magnitude noted lead to the conclusion that the 
absence of such strain rate considerations could lead to 
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erroneous, and in the case of surgical robotics in 
particular, unacceptable modelling results. 
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