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Abstract

Characterizing the mechanical properties of white matter is important to understand and model
brain development and injury. With embedded aligned axonal fibers, white matter is typically
modeled as a transversely isotropic material. However, most studies characterize the white matter
tissue using models with a single anisotropic invariant or in a small-strain regime. In this study, we
combined a single experimental procedure—asymmetric indentation—with inverse finite element
(FE) modeling to estimate the nearly incompressible transversely isotropic material parameters of
white matter. A minimal form comprising three parameters was employed to simulate indentation
responses in the large-strain regime. The parameters were estimated using a global optimization
procedure based on a genetic algorithm (GA). Experimental data from two indentation
configurations of porcine white matter, parallel and perpendicular to the axonal fiber direction,
were utilized to estimate model parameters. Results in this study confirmed a strong mechanical
anisotropy of white matter in large strain. Further, our results suggested that both indentation
configurations are needed to estimate the parameters with sufficient accuracy, and that the
indenter-sample friction is important. Finally, we also showed that the estimated parameters were
consistent with those previously obtained via a trial-and-error forward FE method in the small-
strain regime. These findings are useful in modeling and parameterization of white matter,
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especially under large deformation, and demonstrate the potential of the proposed asymmetric
indentation technique to characterize other soft biological tissues with transversely isotropic

properties.
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1 Introduction

Characterizing the mechanical properties of brain tissue is important to understand and
model the underlying mechanobiological mechanisms of brain injury (Bayly et al., 2005;
Meaney and Smith, 2011; Prange et al., 2000). Among many brain injury forms, diffuse
axonal injury (DAI) is one of the most common and devastating types (lwata et al., 2004). It
has been hypothesized that the myelin-sheathed axonal fibers of white matter undergoing
stretch and shear deformation contribute to DAI. To investigate injury mechanisms, finite
element (FE) simulations have been widely adopted (Ji et al., 2015; Wright and Ramesh,
2012; Zhang et al., 2004). A critical component of these FE models, is to accurately
characterize the material properties of the brain, including the white matter. Unfortunately,
challenges remain in describing the tissue behavior and/or estimating the model parameters
using proper experimental techniques, despite decades of active research (Chatelin et al.,
2010; Cheng et al., 2008).

Mechanical testing is the most straightforward procedure considered as a verification
method for /n vivo measurements (Reiter et al., 2014; Zhang et al., 2015). The mechanical
properties of white matter have been studied using various mechanical testing methods,
including oscillatory shear test (Arbogast and Margulies, 1998; Arbogast et al., 1997;
Hrapko et al., 2008; Nicolle et al., 2005; Rashid et al., 2013), simple (Destrade et al., 2015)
or ultrasound shear test (Jiang et al., 2015), compression test (Cheng and Bilston, 2007,
Hrapko et al., 2008), and indentation test (Elkin et al., 2011; van Dommelen et al., 2010).
Nevertheless, many existing testing techniques were carried out in the small-strain regime.
For example, in shear test, strains were usually between 0.1% and 1% (Hrapko et al., 2008;
Nicolle et al., 2005), with some reaching 5% (Feng et al., 2013) or 7.5% (Arbogast and
Margulies, 1998), lower than that thought to induce injury (Bain and Meaney, 2000).
Notably, a recent study by Destrade et al. (2015) used the simple shear test to characterize
brain tissue with shear strain up to 60%. For the indentation and compression tests, although
tests in the large-strain regime were carried out, isotropic material models were adopted
(Budday et al., 2015; Gefen and Margulies, 2004; Miller et al., 2000; van Dommelen et al.,
2010). Few studies have investigated the white matter in the large-strain regime using
anisotropic material models (Melardi et al., 2006). Thus, there is a pressing need to
characterize white matter in the large-strain regime using an anisotropic material model for
realistic computational modeling of brain tissue.

Indentation test is widely used to characterize soft tissues (Budday et al., 2015; Elkin et al.,
2011; Hatami-Marbini and Etebu, 2013; Slomka et al., 2011; Svensson et al., 2010; Yang et
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al., 2012). To-date, however, most existing indentation techniques assume tissue isotropy,
which are often limited when characterizing transversely isotropic materials. Recently, an
anisotropic quarter punch test (AQPT) was utilized to characterize the transversely isotropic
behaviors of human ligament (Hortin et al., 2015; Robertson et al., 2013). But their
experimental setup was specifically designed for testing ligament tissue with a special
sample clamping and stretching device, which may not be easily adapted to other
transversely isotropic tissues such as white matter. In this study, we aimed at exploring the
capability of using a single asymmetric indentation test (Bischoff, 2004) to characterize
white matter. Brain white matter, with its aligned axonal fiber bundles, is typically idealized
as a fiber-reinforced material and the tissue's mechanical responses are commonly modeled
by a transversely isotropic material (Kulkarni et al., 2014; Ning et al., 2006; \elardi et al.,
2006), which is the simplest, yet the most representative anisotropic form in many soft
biological tissues (Liu et al., 2014; Thomopoulos and Genin, 2012). In a previous study, a
minimal form of a transversely isotropic material model was used to explain the
experimental observations of mechanical anisotropy of white matter in both shear and
indentation tests in the small-strain regime (Feng et al., 2013). In estimating the model
parameters, anisotropic hyperelastic models combined with inverse FE modeling were
widely employed to study the cornea (Nguyen and Boyce, 2011), sclera (Coudrillier et al.,
2013), mitral valve leaflet (Lee et al., 2015a; Lee et al., 2013; Lee et al., 2014; Lee et al.,
2015b), and right ventricle tissue (Witzenburg et al., 2012). However, characterization of
white matter using a hyperelastic model with both /, and /5 invariants in the large-strain
regime remains limited.

Therefore, the goal of this study is to characterize white matter in the /arge-strain regime.
Here, we focused on developing an integrated experimental-computational technique to
characterize the elastic properties of white matter using a hyperelastic, transversely isotropic
material model. Specifically, we extended the previous investigation on white matter (Feng
et al., 2013) to the large-strain regime using a minimal form of transversely isotropic model
(Feng et al., 2016). We also developed an integrated experimental-computational technique,
which combines asymmetric indentation and inverse FE modeling for effective
characterization of white matter. Previous white matter test data in the small strain regime
(Feng et al., 2013) were used for method validation. This study may provide important
insights in characterizing white matter's behavior in the large strain regime.

2 Materials and Methods

2.1 Sample preparation

Porcine brains (3-5 month old, weight ~90 kg) were obtained from a local slaughterhouse 2
to 4 hours post-mortem. White matter samples were dissected from the central corpus
callosum region, where axonal fibers can be seen connecting the left and right hemisphere
(Figure 1a). Tissue samples were carefully sliced using a surgical blade (Type 10, CangSong
Medical Instruments Co. Ltd., Shanghai, China) and were further trimmed to ensure that
they were flat and clean before being punched with a circular punch. Cylindrical samples
were carefully punched out and the sample edge was trimmed and cleaned. A total of 12
samples were acquired with an average sample thickness of 3.3 mm and a diameter of 14
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mm. During the experiment, samples were moisturized with phosphate-buffered saline
solution.

2.2 Asymmetric indentation

A custom-built asymmetric indentation device was used to characterize white matter (Figure
1b). Indenter head movement was actuated by a motor (Model NDTSD422-RS485, Huikong
Intellectual Tech Co. Ltd., Suzhou, China) with a minimum linear travel distance of 8 m.
Indenter displacement was recorded by a laser sensor (Model HG-C1050-30mm, Panasonic,
Japan). A load cell (Honey-well Sensotec, Model 31, USA) was used to measure the
indentation force. Signals from the load cell and laser sensor were sampled at 1000 Hz using
a synchronous analog-to-digital data acquisition board (Model PCI-706U, Advantech,
Taiwan). A custom-written MATLAB (Mathsworks, Natick, MA, USA) program was used
for data acquisition and system control.

A rectangular indenter head with a width of 2 mm and a length of 20 mm was used to indent
the white matter samples. To characterize the elastic properties of white mater under large
deformation, a single indentation step with 10% of the sample thickness was carried out.
Indentation information from two testing configurations was acquired for each sample: with
the indenter's long side parallel (0-deg) and perpendicular (90-deg) to the dominating fiber
direction (Figure 1c). An average strain rate of ~0.2 s~1 was considered in the indentation
experiments. The force-displacement curves were analyzed at the section where the
indentation velocity was constant. The indentation stiffness A was define as the slope of a
linear fitting of the corresponding force-displacement curve.

2.3 FE simulations of asymmetric indentation

A nearly incompressible transversely isotropic material model used in a previous
experimental study under the small-strain regime was adopted (Feng et al., 2016; Feng et al.,

2013). Briefly, a strain energy function (SEF) =4 {(11 —3)+C(Iy — 1)2+¢I§], was
considered and a decoupled form was implemented with a penalty term to enforce
incompressibility. To incorporate a FE-based inverse modeling method to estimate model
parameters, asymmetric indentations were simulated using commercial FE software
(ABAQUS 6.12, Simulia, Providence, RI). Details of the construction of the FE model for
simulating asymmetric indentations were provided as follows. Due to symmetry, only a
quarter model was considered. Symmetric boundary conditions were prescribed on the edges
and on the bottom of the tissue sample (Figure 2). The metallic indenter was treated as a
rigid body because of its distinctly larger stiffness (Cox et al., 2008). A frictional coefficient
(fo) of 0.5 between the indenter and the sample was considered in the FE simulations. A
comparable mesh density was adopted for both the tissue sample (39,312 C3D8H elements)
and the indenter (23,600 R3D4 elements) to ensure accurate representation of the contact
behavior between the tissue sample and the indenter, and to render the balance between
solution accuracy and computational efficiency, with a mesh size ~1.05 mm. This was
achieved via a one-way biased mesh for the tissue sample edges along the )~ and zaxes
(Figure 2). For modeling tissue's mechanical responses, the afore-mentioned transversely
isotropic material model was implemented in a UMAT user-defined material subroutine. The
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indenter was offset in the y~axis with respect to the tissue sample surface prior to indentation
to properly initiate the indenter-tissue contact. An indentation strain of 10% for both
indentation configurations was simulated, and the numerical predictions of the indentation
force-displacement response were compared with the experimental data acquired in Section
2.2. Although most of the indentation curves appeared to be linear, nonlinear behavior was
observed for 90-deg indentation curves. Therefore, in this study, we used the linear fitting
data to simulate the 0-deg indentation and the quadratic fitting data to simulate the 90-deg
indentation.

2.4 Inverse modeling for parameter estimation

In this study, an optimization-based parameter estimation approach was developed to
determine the three model parameters, 4, ¢, and ¢. On one hand, optimization methods, such
as standard derivative-based optimization algorithms, may suffer from difficulties associated
with a discontinuous or highly nonlinear objective function. On the other hand, the genetic
algorithm (GA) is an adaptive heuristic search approach capable of circumventing the above
difficulties that generates solutions to optimization problems based on evolutionary
algorithms, including inheritance, selection, crossover and mutation (Holmes, 2014; Smith
and Cagnoni, 2011; Wright, 1991). Such GA-based parameter optimization approaches have
been commonly employed in other biomechanics related studies of soft biological tissues
(Harb et al., 2011, 2014; Khalil et al., 2006; Ning et al., 2006). Therefore, we used
MATLAB's genetic algorithm function that integrates the automatic handling of ABAQUS
input files and output database for global optimization-based parameter estimation (Figure
3).

Specifically, for each set of the parameters associated with an individual genome, the
corresponding ABAQUS “.inp” input file was generated and a 10% indentation strain in
each indentation direction was simulated. Reaction forces of the rigid indenter (Fzg) were
calculated from ABAQUS “.odb” database file. An objective function defined as the root-
mean-squared-errors (RMSE) of the indentation forces between the numerical predictions
and experimental measurements was considered in parameter estimation:

fobj (11, ¢, ) = {wl \/%Z:L:l (FIZTE - Férp) 2} . + {wQ \/%Z:L:l (FIZ’E - Fémp) 2}
deg

90—deg

)

where 7=25 is the total number of indentation incremental steps, F;E and ngp are the FE
predicted and experimentally measured indentation forces at increment J, respectively, and
wy and ws, are the weights associated with the contributions from the 0-deg and 90-deg
indentation configurations, respectively. In this study, equal weights were considered:

witwe=1 and wi=w2=0.5. )

J Mech Behav Biomed Mater. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Feng et al.

Page 6

An optimal set of material parameters (4, ¢, #)opt Was obtained using a GA-based inverse FE
modeling approach by evolutionarily updating the genomes to minimize the objective
function (tolerance = 1075).

2.5 Effects of model parameters on indentation behavior

3 Results

To investigate the influences of each of the three model parameters on the tissue's
mechanical responses in asymmetric indentation, we simulated the indentation processes by
varying the model parameters (x15%) based on the optimal parameter values obtained in
Section 2.4. Moreover, the effect of friction between the indenter head and the sample on the
predicted indentation force-displacement response was also investigated by considering
various friction coefficients (f, = 0.25, 0.3, 0.4 and 0.5).

3.1 Indentation force-displacement responses

A typical force-displacement curve for indenting white matter showed that the indentation
stiffness of the 90-deg configuration was significantly higher than that of 0-deg
configuration (Figure 4a). The mean indentation stiffness for 0-deg and 90-deg
configurations was 72.9 mN/mm and 170.5 mN/mm, respectively (Figure 4b). A comparison
of the quadratic and linear fitting of the force-displacement data showed the two fitting were
close to each other with a slightly nonlinear effect observed for the quadratic fitting of the
90-deg configuration. The indentation stiffness ratios (90-deg/0-deg) was 2.83+1.32. This
observation was consistent with the previous indentation test of white matter from lamb
brain tissue, indicating strong mechanical anisotropy of white matter (Feng et al., 2013).

3.2 Estimated optimal model parameters

Upon optimization convergence, an objective function value of 0.832 was reached, which
led to a set of estimated model parameters of 1=1.49 kPa, (=4.68, ¢=0.68. The prediction of
the indentation displacement ¢, showed that in the region close to the indenter contact area,
the tissue sample had a larger magnitude of displacement distribution under the 90-deg
configuration (Figure 5a, b). This finding also demonstrated the fiber reinforcement effect,
where fibers tended to pull the materials around when the indentation was perpendicular to
the fiber direction. Moreover, fairly good agreement between the numerically predicted and
experimentally measured force-displacement responses (Figure 5¢) was achieved, indicating
that the indentation behaviors along and perpendicular to the fiber direction were accurately
captured by the optimized parameters using the transversely isotropic model.

For the obtained optimal parameter set, numerically predicted Cauchy stress distribution at
10% strain of both indentation configurations showed distinct stress concentrations around
the indenter for both the normal and shear stress components (Figure 6 and Figure 7). The
FE predictions showed that the largest normal stress component is o, for both 0-deg and
90-deg indentation configurations, whereas the largest shear stress component is o, for the
0-deg configuration and o for the 90-deg configuration. Moreover, all the stress
components from the 90-deg indentation configuration were larger than those of 0-deg
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configuration. These results clearly demonstrate the significance of indentation modes on
tissue-level stress distributions.

3.3 Effect of model parameters

Comparisons of the force-displacement curves between each parameter variation (£15%)
and its optimal value were shown in Figure 8. We found from this parameter study that the
indentation force-displacement behavior appeared to be predominantly affected by the
variation of y (Figure 8a, b), and least by the variation of ¢ (Figure 8e, f). The slope of the
indentation curve increased monotonically as the three parameters increased. The variation
of the parameters had a greater influence for the 90-deg indentation than on the 0-deg
counterpart. A similar comparison of the force-displacement curves with an f; value of 0.5,
0.4, 0.3, and 0.2 showed he variation of the value of f. did not affect the response of the 0-
deg indentation (Figure 9a). However, for the 90-deg configuration, lower indentation
stiffness was observed as the value of f. decreased (Figure 9b). At 10% strain, the
indentation force with f.=0.2 was about 8% lower than that of f.=0.5.

4 Discussion

In this study, we characterized the mechanical properties of white matter in the large-strain
regime, using asymmetric indentation and inverse FE modeling. We observed a strong
mechanical anisotropy of white matter, which was consistent as previously observed in the
small-strain regime (Feng et al., 2013). Using a nearly incompressible transversely isotropic
material model with two anisotropic invariants, we estimated the three model parameters.
Parametric studies showed the three model parameters have different influences on the
indentation responses. We also demonstrated that information from both 0-deg and 90-deg
indentations is necessary for parameter estimation and that the indenter-sample friction was
not negligible.

4.1 Mesh convergence check

To verify the appropriateness of the chosen model mesh, a mesh convergence study was
carried out with the mesh size varied from 2 mm to 0.625 mm. Using 0-deg configurations
as an example, we tested the models with various mesh sizes based on the estimated optimal
material parameters (4=1.49 kPa, (=4.68, ¢=0.68). The RMSE values of the indentation
forces between the numerical predictions and experimental measurements, as well as the
CPU time were compared among various mesh sizes (Figure 10). We observed that the
RMSE values of the predicted reaction force converged with a mesh size smaller than 1.25
mm, while the computational time increased dramatically when the FE mesh size is finer
than 1.25 mm. Also, the CPU time for the FE model with a mesh size of 0.875 mm exceeded
2.8 hours with limited improvement in solution accuracy, which is computationally
impractical for our GA-based inverse FE technique. Similar trend in solution convergence
was also observed for simulations of the 90-deg indentation configuration, but with
significant increases in the CPU time for mesh sizes smaller than 1.0 mm. Therefore, the
current model with a mesh size about 1.05 mm is adequate for the balance between the
computational demand and solution accuracy.
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4.2 Comparison with the forward FE estimate in small strain

As a validation of the proposed technique, we estimated the model parameters using another
asymmetric indentation data set of white matter, with a 5% indentation strain, from a
previously reported study (Feng et al., 2013). The estimate model parameters were £=0.60
kPa, ¢=4.0, ¢=0.5, by carrying out similar inverse FE modeling-based optimization
procedure using the measured indentation stiffness of 27.84 mN/mm and 67.18 mN/mm for
0-deg and 90-deg configurations, respectively. The obtained parameter set for indentation
under a small-strain regime was in good agreement with the previously reported result
(4=0.51 kPa, ¢=5.5, and ¢=0.4), which was derived from a combination of both shear and
indentation with trial-and-error forward FE simulations (Feng et al., 2013). Nevertheless, a
larger estimated ¢ value from the current study suggested a greater influence of shear
anisotropy predicted by the inverse modeling-based parameter estimation technique than the
previous forward modeling method. This may be due to larger shear deformation at the
corner of the indenter, which can be captured more accurately by the hyperelastic,
transversely isotropic material model than the linear material model with small-strain
approximations in the previous forward FE simulations. Moreover, in the previous study, the
shear modulus was estimated independently from the shear testing. The shear modulus and
the indentation force-displacement slopes from different experiments were subsequently
used to estimate the remaining two parameters, ¢ and ¢. Using a single asymmetric
indentation in the present work, we showed that our new technique was able to estimate all
the three model parameters all together. By consolidating testing procedures into a single
asymmetric indentation, the current technique improves testing efficiency and potentially
reduces errors associated with sample transport between different testing devices.
Furthermore, the previous forward FE modeling approach requires simulations with a rather
large number of parameter sets in order to obtain a good estimate. Even with this
computationally demanding trial-and-error approach, the estimate could still be a local
minimum rather than the global minimum provided by the GA technique used in this study.
However, the results from the small-strain regime provided a first-order approximation of the
parameter estimate and were used to validate the proposed characterization method that is
also applicable to problems under the large strain regime.

4.3 Material model

Although transversely isotropic material models have been widely used to study white
matter (Ning et al., 2006; Velardi et al., 2006), most of them utilized only one invariant (/).
It has been shown that at least two anisotropic invariants (/4 and /) are needed to
characterize transversely isotropic soft tissues (Destrade et al., 2013; Feng et al., 2013), and
that shear deformation-induced anisotropic behavior is closely related to invariant /5 (Feng et
al., 2016). In brain injury, shear deformation is considered one of the predominant
mechanisms (Laurer et al., 2002; Meaney and Smith, 2011). Therefore, characterization of
white matter using a transversely isotropic material model with both /; and £ in this study
could help improving computational models used for brain simulation and TBI related
studies (Fahlstedt et al., 2015; Ji et al., 2015).

Material models with no more than three parameters have been used to study brain tissue in
many different mechanical tests (Destrade et al., 2015; Ning et al., 2006; Velardi et al.,
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2006). The hyperelastic model with three parameters adopts the minimum number of
parameters needed to characterize the transversely isotropic white matter. Although more
terms and parameters can be used to capture other tissue behaviors, the primary focus of this
study is to demonstrate that the minimal form is sufficient to characterize the elastic
behavior in the large-strain regime.

4.4 Influence of model parameters

Larger influences of parameter 1 on the predicted indentation behaviors than those of
parameters C and ¢ (Figure 8) indicated that for white matter, the matrix material largely
determined the overall mechanical properties. Theoretical analysis has showed that when
stretch and shear deformation are along the fiber direction, the corresponding tensile and
shear stresses are higher than those of deformations perpendicular to the fiber direction
(Feng et al., 2016). In this study, we observed that as C and ¢ increased, the indentation force
also increased, showing a clear fiber reinforcement effect by the axonal fibers. This effect
was also observed by larger influences of the model parameters on the 90-deg configuration
than those of 0-deg (Figure 8). This could be possibly explained by stretching and shearing
fibers during the indentation process. In the 0-deg configuration, the stretch and shear
deformation were mostly perpendicular to the fiber direction (Figure 11a). In the 90-deg
configuration, as the indenter bending into the sample, the axonal fibers were stretched and
sheared along the fiber direction (Figure 11b), inducing a larger indentation reaction force.
These results also showed that a combination of information from both indentation
configurations should be considered to accurately estimate the model parameter of the
adopted transversely isotropic material model.

When characterizing isotropic materials with symmetric indenters, friction was usually not
taken into account (Budday et al., 2015; Chai et al., 2014; Zhang et al., 2014). However, our
study using asymmetric indentation suggested that the effect of friction might not be
neglected (Figure 9). Unfortunately, an accurate quantification of the friction at the contact
interface is particularly challenging. Bol et. al. (2013) recently proposed a method to
estimate the frictional coefficient based on an inverse FE method in conjunction with the
geometry change of the tissue sample (B0l et al., 2013). However, their method requires a
larger sample thickness (10 mm) for the optical measurement, which may not be applicable
to other tissue samples, such as the white matter considered in this study. A comparison of
FE predictions between the 0-deg and 90-deg indentation configurations showed that the
friction influences more on the 90-deg indentation (Figure 9b) than on the 0-deg
configuration (Figure 9a), indicating a combined effect of fiber reinforcement and friction.

4.5 Aspects of experimental measurement

Theoretically, a combination of uniaxial stretch and shear tests can be used to characterize
the transversely isotropic material parameters (Feng et al., 2016). Experiments, such as
uniaxial stretch (Melardi et al., 2006) and shear along or perpendicular to the fiber direction
(Ning et al., 2006), have been successfully used to characterize white matter. Other methods,
such as combined extension and torsion tests (Horgan and Murphy, 2012) and combined
shear and indentation tests (Feng et al., 2013; Namani et al., 2012), could also characterize
the anisotropy of soft tissue. Nevertheless, tissue fixation poses a challenge for applying
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them to white matter. As an alternative, the asymmetric indentation technique presented in
this study utilized only one instrument and did not have specific clamping and attaching
requirements. Therefore, this can enhance the efficiency of the testing and prevent the tissue
sample from mishandling and damage during the measurement.

Moreover, studies have shown that the Young's modulus of porcine white matter ranges from
1.79 kPa (Jiang et al., 2015; Kaster et al., 2011) to 3.08 kPa (van Dommelen et al., 2010).
Using a hyperelastic, transversely isotropic material model, our estimate of the shear
modulus of white matter was slightly higher. This is probably due to the strain-rate effect
that the measured elastic modulus increases with the loading rate, as shown in Budday et al.
(2015) in indentation and Rashid et al. (2013) in shear tests.

4.6 Limitations

Although measurement at larger deformation is possible, indentation could damage the
tissue, making it difficult to acquire data of intact tissues. In addition, our current method
does not yet consider the viscous effect of the white matter tissue. Nevertheless, our method,
which provides parameter estimates of the elastic component, is a useful and important first
step to establish more realistic hyperelastic, viscoelastic anisotropic models for modeling
brain tissues in the future.

5 Conclusions

A custom-built asymmetric indentation device in conjunction with an optimization-based
inverse FE modeling technique was used to characterize white matter. Our results indicated
the potential of using a single experimental procedure, asymmetric indentation, to
characterize transversely isotropic soft tissues. The method does not require multiple testing
techniques to characterize one material sample, enhancing the testing efficiency and
reducing the experimental error. An inverse method was used to estimate the parameters of a
transversely isotropic, hyperelastic material model with two anisotropic invariants. We have
shown that indentation information from both indentation configurations (parallel and
perpendicular to fiber direction) is necessary to estimate the transversely isotropic model
parameters with sufficient accuracy. Moreover, parameter 4 has a larger influence on the
indentation response than parameters ¢ and ¢, suggesting that the matrix material plays an
important role in white matter. We have also shown that inclusion of the frictional effect is
necessary in estimating model parameters. Further, the estimated optimal parameters based
on the proposed inverse modeling technique were comparable to those obtained via forward
FE simulations, suggesting the consistency between the two techniques. Future work
includes a study of different weighting ratios for the two configurations, inclusion of the
strain-rate effect, and applications of the proposed technique to quantify other biological
tissues, such as tendon and ligament.
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Figure 1.
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Laser sensor

Actuator

Load cell

Indenter head

Sample

Adjustment platform

(a) Porcine brain with the flat corpus callosum region exposed. The red circle indicates
where the tissue sample was dissected from for asymmetric indentation testing. The red
arrow shows the fiber direction. (b) The custom-built asymmetric indentation device. (c)
Schematic of the 0-deg and 90-deg indentation configurations. The red arrow shows the
axonal fiber direction and the blue rectangular bar indicates the indenter's long side.
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x-symmetry direction

z-symmetry

y-symmetry

Figure 2.
Schematic of the FE model for simulations of asymmetric indentation tests. A quarter model

is used due to symmetry. Fibers are oriented along the x- or z-axis for 0-deg or 90-deg
configuration, respectively.
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file to compute indentation forces
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fobjin Eq. (1)

Checking convergence
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Figure 3.
A flowchart of the GA-based inverse FE optimization for parameter estimation.
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(a) Typical indentation force-displacement curves from both 0-deg and 90-deg indentation.
The dark lines are linear fits to data obtained when the velocity of the indenter head is
constant. (b) Indentation stiffness of white matter measured from asymmetric indentation
(n=12). The stiffness of 90-deg indentation is significantly larger than that of 0-deg (student
Etest, p<0.001). (c) A comparison of the averaged quadratic and linear fits of the force-

displacement data.
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Figure 5.
Numerically predicted indentation displacement uy in (a) 0-deg and (b) 90-deg indentation at

the 10% indentation strain. (c) Comparisons of the indentation force-displacement curves
between the experimental measurements and the FE simulation results (with optimized
model parameters: p=1.49 kPa, (=4.68, ¢=0.68).
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Figure 6.

Distribution of the (a) normal (oxx, oy, o7,,) and (b) shear (axy, ox;, y,) components of the
numerically predicted Cauchy stresses for the 0-deg indentation.
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Figure 7.
Distribution of the (a) normal (oxx, oy, o7,,) and (b) shear (axy, o, y,) components of the

numerically predicted Cauchy stresses for the 90-deg indentation.

J Mech Behav Biomed Mater. Author manuscript; available in PMC 2018 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Feng et al.

—_
[
—

& 8

8

Indentation Force (mN)

25H

Indentation Force (mN)
5 o 3

o

O

[:S] [ w
o o o

Indentation Force (mN)
° o

| w1 (baseline)

H === (-15%)

0 exp. data

- (+15%)

-
w

-
o

w

2 4 6 8
Indentation Strain (%)

0 exp. data
— ¢ (baseline)
== (+15%)
mammef (15%)

4 6 8
Indentation Strain (%)

10

|| === ¢ (baseline)

0 exp. data

===y (+15%)
=== (-15%)

o

L 1

4 6 8
Indentation Strain (%)

Figure 8.

Force-displacement curves with varying parameters for (a, c, €) 0-deg and (b, d, f) 90-deg
indentations. The upper and lower bounds of x4, ¢, and ¢ were set to be £15% of the values
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of the optimal parameter set: 1~=1.49 kPa, (=4.68, ¢=0.68.
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Figure 9.
Force-displacement curves with friction coefficients of 0.5, 0.4, 0.3, and 0.25 for (a) 0-deg

and (b) 90-deg indentations.
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Figure 10.
A mesh convergence study using the estimated optimal parameters (u=1.49 kPa, (=4.68,

¢=0.68). RMSE values of the indentation forces between the FE numerical predictions and
experimental data, as well as the CPU time were compared with various mesh sizes.
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Figure 11.

An illustration of indentation of the white matter with axonal fibers (a) along (0-deg

Page 24

indentation) and (b) perpendicular (90-deg indentation) to the indenter long side. The tissue
was mostly stretched and sheared perpendicular to the fiber direction in (a) while stretched

and sheared parallel to the fiber direction in (b).
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