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•  We can find new variable parameters that we can use in 
future simulations in order to study other characteristics of  
the folding process. 
•  We can make more variations in the growth rate in order 
to study more the effects on wavelengths. 
•  We can increase the number of fibers so that we can have 
more realistic radial growth and see how the final forms 
approximate to the real cortical shape.   
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Folding of the cortex is a critical process for the brain 
development, but the mechanisms are not completely 
understood. The main target of this project is to develop 
models and simulations of the brain’s cortical folding. We 
made a hypothesis in which differential growth combined 
with axonal tension can drive the folding process. Finite 
element modeling method in order to simulate the instability 
and bifurcation of cortical folding has been used. Results 
demonstrated that only one mechanism cannot explain the 
whole folding process. Differential growth has higher effect 
in the folding phenomenon, and skull constraint and fibers 
play regulator roles in morphological evolution of cortical 
folding. Finding a real model that covers the whole cortical 
folding process can give us an idea of how diseases during 
gestation cause abnormalities in the cortical folding, which 
may lead to mental disorders such as autism and severe 
retardation. 
 

Figure 1: Folded surface of the brain and folding process 

Two different hypothesis that were developed in order to 
explain the folding process are: 
•  Axonal tension and heterogeneous radial growth 
•  Tangential differential growth 

Figure 2: Axonal tension hypothesis and tangential 
differential growth hypothesis. An outward fold is known as 
gyrus and an inward fold is known as sulcus. 

•  The analysis and simulations presented here support the 
hypothesis that differential tangential growth, rather than 
axonal tension, drives the folding process. 
•  Mechanical constraints of the skull regulate the folding 
process  and cause relaxation of the stress concentrations. 
•  Wavelength depends on the relative rates of growth. 
•  Heterogeneities in tangential differential growth and radial   
growth can drive the formation of primary gyri. 

Figure 3: Models of differential growth with skull 
constraint. Constant parameters: µs/µc = 1, αs/αc = 3. 
Von Mises stress distribution is illustrated. 

Figure 4: Models of fibers growth and differential growth. 
Constant parameters: µs/µc = 1, αs/αc = 2. In the three upper 
models, αf /αc = 1, and in the three lower models, αf /αc = 3. 

Figure 5: Heterogeneous differential growth 
models. Constant parameter: µs/µc = 1. Von 
Mises stress distribution is illustrated. 

Figure 6: Models with fibers growth and heterogeneous differential growth. 
Constant parameters: µs/µc = 1,  µf/µc = 3. Von Mises stress distribution is 
illustrated. 
 

For the morphological evolution of growing brain, several          
non-linear finite element models have been carried out in 
the commercial finite element software, Abaqus. Simple 
plane-strain models with and without fibers are performed 
by the Dynamic/Explicit solver. Double circular sections for 
white and gray matter are considered and growth is 
simulated with thermal expansion. Recent studies have 
proposed isotropic, hyperelastic or hyper-viscoelastic 
models for gray and white matter. So, in the models for both 
gray and white matter, Neo-Hookean hyperelastic material 
have been applied. The mesh type is CPE4R/Explicit and 
mesh size is small enough to avoid mesh size effects on the 
results. The outer surface of the gray matter is allowed to         
self-contact, as the outer surface after creasing will be in a        
self-contact condition. In some special cases, a fixed 
discrete rigid circle as a skull is modeled around the outer 
surface of the gray matter and a frictionless contact relation 
is employed.  
 
 
 
 
 

 

αf /αc = 1 

αf /αc = 3 

αs/αc = 1.5                                  αs/αc = 2 

αs/αc = 2.5                                 αs/αc = 3 

The models were based in important parameters, which were: 
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•  µs/µc = stiffness ratio of shell to core 
•  µf/µc = stiffness ratio of fiber to core  

•  αs/αc = expansion rate ratio of shell to core                               
•  αf/αc = expansion rate ratio of fiber to core 

    µf/µc = 1                      µf/µc = 3                     µf/µc = 10 
 


