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Abstract

The rheology of ultrasoft materials like the human brain is highly sensitive to regional and temporal variations and to
the type of loading. While recent experiments have shaped our understanding of the time-independent, hyperelastic
response of human brain tissue, its time-dependent behavior under various loading conditions remains insufficiently
understood. Here we combine cyclic and relaxation testing under multiple loading conditions, shear, compression, and
tension, to understand the rheology of four different regions of the human brain, the cortex, the basal ganglia, the
corona radiata, and the corpus callosum. We establish a family of finite viscoelastic Ogden-type models and calibrate
their parameters simultaneously for all loading conditions. We show that the model with only one viscoelastic mode
and a constant viscosity captures the essential features of brain tissue: nonlinearity, pre-conditioning, hysteresis, and
tension-compression asymmetry. With stiffnesses and time constants of µ∞ = 0.7 kPa, µ1 = 2.0 kPa, and τ1 = 9.7 s in the
gray matter cortex and µ∞ = 0.3 kPa, µ1 = 0.9 kPa and τ1 = 14.9 s in the white matter corona radiata combined with
negative parameters α∞ and α1, this five-parameter model naturally accounts for pre-conditioning and tissue softening.
Increasing the number of viscoelastic modes improves the agreement between model and experiment, especially across
the entire relaxation regime. Strikingly, two cycles of pre-conditioning decrease the gray matter stiffness by up to a factor
three, while the white matter stiffness remains almost identical. These new insights allow us to better understand the
rheology of different brain regions under mixed loading conditions. Our family of finite viscoelastic Ogden-type models
for human brain tissue is simple to integrate into standard nonlinear finite element packages. Our simultaneous parameter
identification of multiple loading modes can inform computational simulations under physiological conditions, especially
at low to moderate strain rates. Understanding the rheology of the human brain will allow us to more accurately model
the behavior of the brain during development and disease and predict outcomes of neurosurgical procedures.
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1. Introduction

The rheology of the human brain plays an important
role in brain function and failure [1]. With the oppor-
tunity to develop personalized three-dimensional human
head models [2], computational simulations are promis-
ing tools to predict mechanically mediated pathways of
brain damage [3] and to improve neurosurgical procedures
[4]. The quality of numerical predictions critically relies
on accurate constitutive models and, equally importantly,
on the thorough calibration of their model parameters [5].
Model calibration is extremely challenging since the rheol-
ogy of materials like the brain strongly depends on the spa-
tial and temporal scales of interest [6]. Variations in exper-
imental protocols, loading modes, loading rates, and spa-
tial resolution have generated contradictory results both
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qualitatively and quantitatively [7]. Clearly, to develop
an appropriate rheological model, it is essential to under-
stand the loading-mode specific, time-dependent material
response. Even for quasi-static loading rates, brain tissue
exhibits a highly nonlinear, conditioning, hysteretic, and
tension-compression asymmetric behavior [8–10]. While
several studies have identified the linear viscoelastic mate-
rial parameters of human brain tissue at small strains and
under a single loading mode [11–15], time-dependent phe-
nomena at finite strains and under arbitrary loading con-
ditions remain less well characterized. So far, large strain
viscoelastic constitutive models have only been calibrated
for porcine brain under a single loading mode [16–18], but
not for human brain under multiple loading modes. The
objective of this study is therefore to establish a finite
strain, nonlinear, viscoelastic constitutive model that cap-
tures the response of human brain tissue under various
loading conditions. We performed simple shear, uncon-
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