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ABSTRACT

Traumatic brain injury remains a significant global health concern, requiring advanced understanding and mitigation strategies. In current
brain concussion research, there is a significant knowledge gap: the critical role of transient cerebrospinal fluid (CSF) flow in the porous
subarachnoid space (SAS) has long been overlooked. To address this limitation, we are developing a simplified mathematical model to
investigate the CSF pressurization in the porous arachnoid trabeculae and the resulting motion of brain matter when the head is exposed to a
translational impact. The model simplifies the head into an inner solid object (brain) and an outer rigid shell (skull) with a thin, porous fluid
gap (SAS). The CSF flow in the impact side (coup region) and the opposite side (contrecoup region) is modeled as porous squeezing and
expanding flows, respectively. The flow through the side regions, which connect these regions, is governed by Darcy’s law. We found that the
porous arachnoid trabeculae network significantly dampens brain motion and reduces pressure variations within the SAS compared to a SAS
without the porous arachnoid trabeculae (AT). This effect is particularly pronounced under high-frequency, periodic acceleration impacts,
thereby lowering the risk of injury. The dampening effect can be attributed to the low permeability of the AT, which increases resistance to
fluid movement and stabilizes the fluid and pressure responses within the SAS, thereby reducing extreme pressure fluctuations and brain dis-
placement under impact. This work provides a foundational understanding of CSF flow dynamics, paving the way for innovative approaches
to brain injury prevention and management.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0239210

I. INTRODUCTION

Impacts on the head are the leading cause of traumatic brain
injury (TBI),1–3 which remains a significant global health concern,
exerting profound effects on both individual well-being and eco-
nomic stability.4,5 Annually, about 1.6 to 2.8 million TBIs occur
worldwide due to sporting activities alone.6–8 The severity of TBI
varies, ranging from mild to moderate or severe, with more than
75% of cases classified as mild.9,10 However, even mild TBI can
cause symptoms, including cognitive impairments, behavioral dis-
ruptions, headaches, and visual disturbances, which significantly
impede patients from engaging in work, social interactions, and
routine activities.11,12

Despite their high prevalence, the mechanical and biological
mechanisms underlying brain injuries are still not fully understood.
Figure 1 illustrates the structure of the human head, which includes
the skull on the outside, brain matter at the center, and the subarach-
noid space (SAS) in between, with SAS’s average thickness being
approximately 3mm.13 The SAS and the ventricle spaces are filled
with cerebrospinal fluid (CSF), allowing the brain to float within the
cranial cavity.14,15 During the impact process, the gap size of the SAS
changes abruptly, causing significant pressure variations within the
SAS. In contrast, the size of the ventricles remains relatively unchanged
due to the impact, resulting in minimal pressure fluctuations within
the ventricles. Importantly, as shown in Fig. 1, the SAS contains
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delicate connective tissue strands, with Young’s modulus ranging from
1kPa to approximately 10 kPa,16,17 named arachnoid trabeculae
(AT).13,18–20 These flexible strands connect the inner surface of the
skull to the outer surface of the brain matter. To prevent TBI and
related disorders, it is critical to understand the motion of the brain
matter bathed in the CSF when the head is exposed to sudden external
impacts. State-of-the-art computational and experimental research has
been conducted to understand brain injuries. Postmortem21 and ani-
mal studies22 have focused on the long-term effects of brain injury.
Physical models using head surrogates have been crafted to recreate
the brain’s response to external impacts.23–25 Numerical simulations
using finite element analysis have been developed to examine localized
brain tissue damage, treating brain matter and the CSF as inhomoge-
neous, viscoelastic, or hyperplastic material.26,27 The physiological
roles of CSF flow in brain health maintenance under normal activities,
on a timescale of hours to days, have been extensively studied.28

However, no study has examined the transient CSF flow through the
porous SAS within a time frame from milliseconds to seconds during
brain concussion.

When the head is exposed to sudden translational impacts, the
CSF in the SAS is expected to be squeezed out locally, as shown in
Fig. 1. This is a classical fluid mechanics problem known as squeezing
flow. Extensive research has investigated the squeezing flow phenome-
non, highlighting its excellent damping effect.29 Squeezing flow prob-
lems are complicated due to the interplay between inertial effects and
viscous forces resulting from boundary movement.30,31 Stefan’s pio-
neering work introduced a quasi-static model for squeezing flow,
which examines how pressure builds up in a fluid gap confined
between two moving boundaries.32 In this model, inertial effects have
been neglected and pressure responses are directly linked to the gap
thickness between the boundaries and their relative velocity. This
framework has since become a foundational approach for understand-
ing fluid pressurization in confined spaces.33–36 As research in squeez-
ing flow progresses, the significance of inertial effects has gained
recognition.37–40 Inertial effects are consistently present, as squeezing
flow never truly reaches a steady state. The inertia effect is particularly
notable when the boundary undergoes significant acceleration, poten-
tially surpassing the pressure response caused by viscosity.29,41

Consequently, similarity approaches42–44 and perturbation meth-
ods45,46 have been developed to incorporate both inertial and viscous
effects. In the context of brain concussion, the characteristic

parameters are as follows: the gap thickness, h, is on the order of 10�3

m, and the characteristic collapse time under a constant force typically
exceeds 10 seconds, leading to an average velocity, U , on the order of
10�4 m =s. The kinetic viscosity � of CSF is approximately 10�6 m2=s.
With these values, the Reynolds number Re ¼ Uh=� is in around of
10�1, indicating minimal convective effects. Additionally, since the
impact force duration, tp, is usually less than 0.1 second, the Strouhal
number Sr ¼ tpU=h is approximately 10�2, indicating that the local
acceleration remains significant. This highly transient feature of the
CSF flow was examined theoretically29 and experimentally41 by our
group, focusing on localized squeezing flow dynamics, which lays the
foundation for the first analytical model to examine the motion of
brain matter as a result of CSF flow and pressurization.47

As shown in Fig. 1, translational impacts create a pressure gradi-
ent within the SAS, promoting relative brain motion within the skull
and corresponding CSF flow.48,49 This movement can initiate a tran-
sient squeezing flow in the coup region and an expanding flow in the
contrecoup region of the thin SAS space,50 thereby increasing the mag-
nitude of both positive and negative pressure responses. Negative pres-
sure in the contrecoup region may reach the cavitation threshold,
approximately equal to the vaporization pressure of CSF (around
2 kPa at body temperature), potentially leading to cavitation within the
SAS and significantly damaging brain tissue.23 In our recent study,47

we developed the first analytical model to describe the motion of brain
matter resulting from the squeezing flow at the impact site and a
reverse squeezing flow or expanding flow at the contrecoup region, as
a constant impact acceleration is imposed on the head. The model
offers critical insights into the fundamental mechanisms of brain con-
cussion.47 However, it did not take into account the critical role of the
porous AT network in transmitting and mitigating the impact.

The SAS is filled with the highly porous, fibrous AT network, act-
ing as a protective layer surrounding the brain, adding additional com-
plexity to the squeezing flow within the SAS.13,50,51 Over the past
decade, significant progress has been made in understanding porous
media flow, indicating tremendous pore pressure generation when a
soft porous medium is suddenly compressed.52–62 For flow through
highly porous structures, Darcy’s pioneering work established the rela-
tionship between pressure gradient and porous resistance,63–65 though
it excluded viscous and inertial effects, which become significant near
solid boundaries or under time-dependent conditions.66 Additionally,
the volume averaging technique has been developed to include both

FIG. 1. Schematic diagram of the head. The head consists of a rigid skull on the outside, soft brain matter in the center, and SAS in between. The SAS contains fibrous AT and
is filled with CSF. Impacts on the head can induce relative brain motion and corresponding CSF flow within the SAS.
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local and convective accelerations in the governing equations.67,68 This
approach enables a more comprehensive inclusion of viscous and iner-
tial effects in modeling flow through porous media.

The fundamental physics behind this process is that when the
porous media is rapidly compressed, there is a marked increase in the
hydrodynamic resistance that the transiently trapped fluid encounters
as it escapes from the confining boundaries. The increase in the pore
pressure scales as Br2 ¼ h2=Kp, where Br is the Brinkman number, h
is the layer thickness, and Kp is the Darcy permeability. For AT, Kp

can be as low as 3.125� 10�10 m2 for SAS with h¼ 3mm.13 Thus,
Br ¼ 170, and the pore pressure generated inside the SAS is expected
to be Br2¼2.89� 104 larger than the case of a pure fluid gap lacking
an AT network.57 Our recent study has shown that very small com-
pression of a soft porous media, such as the AT, could lead to a very
sharp decrease in the Darcy permeability.69,70Hence, the fluid pressur-
ization is even higher. We believe that when the head is exposed to
external impacts, the CSF transmits the impact from the skull to the
brain matter, while the pore pressure provides tremendous damping
protection. Despite its importance in transmitting and mitigating
impacts on the head, the porous AT has never been included in brain
biomechanics modeling.

A literature review suggests that existing brain biomechanics
studies have neglected either CSF, AT, or both, thus failing to accu-
rately replicate the brain’s response in real-life scenarios. This signifi-
cant knowledge gap leads us to explore, in the current paper, the
critical role of transient CSF flow in the porous SAS as our head is
exposed to sudden external impacts. We will analytically predict the
flow of CSF and its pressure distribution throughout the SAS.
Additionally, the motion of inner brain matter will be integrated into
the analysis to examine factors influencing fluid–solid interactions
within the skull.

II. METHODS

The key features of the response in the intracranial space include
a rigid shell on the outside, a solid object at the center, and a thin,
porous liquid layer in between. Consequently, the theoretical model
developed herein simplifies the geometry while preserving these essen-
tial characteristics. As shown in Fig. 2, the skull is modeled as a rigid
cylindrical shell on the outside, and the brain is represented as a
smaller solid cylinder at the center. The gap in between is modeled as a
porous fluid gap with a small gap thickness, creating a liquid environ-
ment for the inner solid object. The rigid shell is assumed to receive
external impacts and move with acceleration G.

This idealized cylindrical model is chosen to retain the essential
structural features of the head—the rigid outer shell, central solid core,
and thin, porous fluid layer representing the SAS—while enabling a
more tractable theoretical analysis of fluid–structure interactions
within the intracranial space. By simplifying the head’s geometry to a
cylindrical form, the model can capture the primary mechanisms of
CSF pressurization and brain motion under impact conditions, allow-
ing us to focus on the dynamic response within the SAS.

This model is designed to simulate concussive events character-
ized by rapid translational impacts with a relatively large contact area,
particularly when the impact is directed at central anatomical loca-
tions, such as the forehead or occipital regions. These conditions typi-
cally produce uniform, high-frequency accelerations, which are
consistent with the model’s assumptions of global brain motion and
pressure variations within the SAS.

However, this geometric simplification introduces certain limita-
tions. It does not fully replicate the asymmetrical and irregular anatom-
ical structure of the human skull, which may affect the accuracy of
localized pressure responses and the distribution of forces across the
intracranial cavity. Future studies could benefit frommore anatomically
detailed models to capture these complex interactions more accurately.

The coordinate system and geometrical dimensions are illustrated
in Fig. 2. The radius and length of the outer container are R1 and 2L1,
respectively, while the radius and length of the solid inner object are
R2 and 2L2, respectively. We employ cylindrical coordinates with the
radial r-axis and the vertical z-axis, with the origin fixed at the center
of the outer container. Given the incompressibility of both the liquid
and the solid inner object, the acceleration of the outer container is
equivalent to a body force, valued at -G, acting within the inner space
of the container.

The gap between the two cylinders can be divided into three
regions: region 1, corresponding to the coup region in the head, with a
thickness h1 at the bottom; region 2, corresponding to the contrecoup
region in the head, with a thickness h2 at the top, and region 3, near
the sidewall, with a thickness h3 ¼ R1 � R2. For the problem discussed
herein, h3 remains unchanged, while h1 and h2 vary over time.
The pressure responses in these three regions are denoted as Pd;j,
where j ¼ 1; 2; 3 corresponds to regions 1, 2, and 3, respectively.

For the flow within region 1 and region 2, the presence of porous
media introduces Darcy’s effect, while the transient nature of the sys-
tem highlights the importance of the inertial effect. Therefore, the
Darcy–Lapwood–Brinkman equation is used to describe the fluid flow
within these two regions, capturing the complex interplay of these
factors,71

FIG. 2. Sketch of the theoretical model. The model represents the skull as a rigid
cylindrical shell and the brain as a smaller solid cylinder at the center. The gap
between them, simulating the SAS, is divided into three regions: region 1 (bottom)
with thickness h1, region 2 (top) with thickness h2, and region 3 (side) with a con-
stant thickness h3. The acceleration of the outer shell, G, acts as a body force
within the system. This cylindrical model allows for simplified analysis while captur-
ing key structural features of the intracranial space.
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�
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where u represents the local macroscopic velocity, t is the time, q is
the density, P denotes the pressure, � is the kinematic viscosity, and Kp

is the Darcy permeability. Due to the small gap thickness, the pressure
gradient is negligible through the gap thickness, and hence, gravita-
tional force has been neglected in this model. This simplification allows
us to focus on the primary forces driving CSF flow and brain motion
under impact conditions.

External impacts generate acceleration on the rigid shell, equiva-
lent to applying a body force within the inner space. To demonstrate
the roles of static pressure caused by the body force and dynamic pres-
sure response caused by the flow, the following equation is defined:

P ¼ �qzGþ Pd r; zð Þ; (2)

where Pd is the dynamic pressure response caused by the squeezing
flow. The first term on the right side represents the static pressure due
to the body force.

As shown in Fig. 2, the flow is axisymmetric with no circumferential
component, and therefore occurs only along the axial and radial directions.
Consequently, the flow is only defined by its radial velocity, vr , and vertical
velocity, vz . Then, Eq. (1) only contains the radial and vertical components,
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The problem can be further defined using dimensionless numbers as
follows: e ¼ h=R, r� ¼ r=R, z� ¼ z=h, v�z ¼ vz=V0, v

�
r ¼ vr=ðV0=eÞ,

P�
d ¼ Pd=ðV0q�R

2=h30Þ, t� ¼ t=t0, h� ¼ h=h0, Reynolds number,
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, and

Brinkman number, Br ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

h2=KP

p

, where V0 is the characteristic

velocity. With these definitions, Eqs. (3) and (4) can be reformulated
into a dimensionless format, simplifying the analysis and highlighting
the governing parameters of the system,
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Given that the gap is very thin (i.e., e � 1), Eqs. (5) and (6) imply that
the vertical pressure gradient is negligible. Additionally, the convective
terms and radial diffusive terms can be neglected due to the presence of
a small coefficient, e, which significantly reduces their contribution.
Hence, P�

d is only a function of radius and time, and Eqs. (5) and (6) can
be simplified as

h�3
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Therefore, the corresponding dimensional governing equation in
region 1 and region 2 can be written as
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Applying no-slip and non-penetration boundary conditions at the
boundary, according to our previous theoretical solution,31,47 Eq. (8)
can be analytically solved as
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where xi is the eigenvalue solved by tan xið Þ ¼ xi; i ¼ 1; 2;
…;1; andDj is the pressure at the interface between region j and 3.

Region 3, as shown in Fig. 2, represents a porous channel with a
constant gap. The porous media would average the flow within a short
entrance region. Therefore, this study assumes the flow is unidirectional,
and Darcy’s law is applied to estimate the flow resistance in this region,
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p R2
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2

� � ; (10)

where Q3 is the flow rate of region 3. According to the mass conserva-
tion, Q3 equals the flow rate leaving region 1, which has

Q3 ¼ �pR2
2

dh1

dt
: (11)

Assuming Pd;3 ¼ 0 at z ¼ 0, Eq. (10) can be solved as
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dh1
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Assuming Pd;1 ¼ Pd;3 at r ¼ R2; z ¼ �L2 and Pd;2 ¼ Pd;3 at
r ¼ R2; z ¼ L2, one obtains

Dj ¼ �1ð Þjq
�

Kp

R2
2

R2
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2

� �

dh1

dt
L2; j ¼ 1; 2: (13)

The AT is a type of soft porous structure with fibers loosely tethered to
the inner side of the skull and the outer side of the brain. Hence, it is
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reasonable to assume, as a first approximation, that the solid structure
of the AT does not exert any significant force on the motion of the
brain. Applying Newton’s second law to the inner solid object yields
the governing equation,

m
d2s

dt2
¼ Fb þ Fp: (14)

Here, s represents the displacement of the inner object, and m
¼ 2pR2

2L2qs is the mass of the inner object with qs being its density.
Fb denotes the total body force, and Fp represents the total force from
pressure, which has the expression

Fb ¼ �mG; and Fp ¼

ð

A

PdA; (15)

where A indicates the total surface area of the inner solid object.
Substituting Eq. (2) in Eq. (14), it has
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ð

A
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where A1 and A2 represent the surface area of the inner object at
regions 1 and 2, respectively.

Substituting Eqs. (9), (15), and (16) in Eq. (14), the governing
equation about the inner solid object can be obtained as
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III. RESULTS AND DISCUSSION

This section presents the theoretical predictions for the investigated
system, highlighting the significant influence of the porous AT. According
to the parameters outlined in Eqs. (17) and (18), factors, such as the accel-
eration of the container, the gap thickness, the density of the inner object,
and the permeability of the AT, affect the response of the system.

The density of brain matter ranges from 1.001 to 1.620 g=cm3,
which is higher than that of the CSF, ranging from 0.958 to
1.163 g=cm3:72 Theoretically, a greater density difference intensifies
the response in the intracranial space. In this study, a representative
density ratio qs=ql ¼ 1:1 is choosen. The average gap thickness of the

SAS is approximately 3mm,13 and the length scale of the head is about
150mm. Consequently, a geometry ratio e ¼ R2=R1 ¼ L2=L1 ¼ 0:96
is used in the calculations.

Existing studies have determined the physical parameters of the
SAS and AT. The health SAS has a porosity of 0.99.73,74 The character-
istics of AT, including its diameter and mechanical properties, have
been observed to vary across different locations. Reported diameters
range from 5lm to below 100lm:19,75 In this study, three scenarios
are considered in the results: healthy AT, damaged AT, and absence of
AT. The AT is modeled as an evenly distributed fibrous medium with
a fiber radius Rf ¼ 30 lm. For the healthy AT scenario, the porosity is
set to 0.99, while for the damaged AT scenario, the porosity is
increased to 0.995. The permeability is calculated using the empirical
equation developed by Zhu et al.,69

Kp

Rf
2 ¼

0:22� 22:13/þ 10:85/2 þ 11:00/3� 21:91 1�/ð Þln 1�/ð Þ

12 1�/ð Þ2
:

(19)

Two types of external impacts, including constant acceleration and
periodic acceleration, are adopted to investigate the response of the
system. The inner solid object is assumed to be at the center of the shell
with an initial gap thickness h0.

Figure 3 presents the response of the SAS with AT (blue dot
curve), SAS with damaged AT (purple dot-dash curve), and SAS with-
out AT (red solid curve) under constant acceleration for one second,
displaying the following variables: dimensionless displacement

s� ¼ s=h0, dimensionless acceleration a�c ¼ ðd2s=dt2Þ=G, the dimen-

sionless pressure response at the center of region 1 P�
d1c ¼ Pd1jr¼0=

ðqGL2Þ; and the dimensionless pressure response at the center of
region 2P�

d2c ¼ ðPd2jr¼0Þ=ðqGL2Þ. These responses are presented in

four rows, respectively. Three columns in the figure represent condi-
tions with G ¼ 2g; 4g; 8g, respectively.

Using dimensionless parameters provides a universal framework
for interpreting the SAS response under different impact scenarios.
The dimensionless displacement s� reflects how the brain’s position
shifts as a proportion of the initial SAS gap height, highlighting relative
motion instead of absolute distance. The dimensionless acceleration a�c
expresses the brain’s response to impact forces in terms of relative
acceleration, facilitating comparisons across different gravitational
loadings. Dimensionless pressure responses P�

d1c and P�
d2c indicate the

normalized dynamic pressure at the center of regions 1 and 2, respec-
tively, scaled by the static pressure caused by the body force. For
instance, the dimensionless peak value of P�

d1c under G ¼ 2g shown in
Fig. 3 is 0.66, corresponding to a pressure response of 1.861kPa.

For example, the dimensionless peak value of P�
d1c under G ¼ 2g

shown in Fig. 3 is 0.66, representing a pressure response of 1.861 kPa.
Figure 3 shows that once constant acceleration is applied to the

rigid shell, s� starts to decrease. With a higher acceleration, the inner
solid object moves downward much faster. Importantly, the presence of
porous media significantly slows down the displacement, indicating that
the porous media can stabilize the movement of the inner solid object.

Correspondingly, Fig. 3 shows that a�c begins with a negative
value and then increases to a positive value to counteract the down-
ward motion. A peak positive acceleration is observed in the absence
of porous media, while there is almost no positive pressure response
with porous media. The duration of the positive acceleration is much
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longer and more severe in the absence of porous media conditions.
Higher accelerations result in greater magnitudes of both positive and
negative peak accelerations.

Similarly, the presence of porous media significantly reduces
the pressure response within the SAS. In Fig. 3, P�

d1c represents the
pressure response in the bottom region, indicating a positive pres-
sure response. Under conditions without porous media, P�

d1c

quickly rises to a peak and then decreases to a value that ensures
the inner object moves with the rigid shell. Conversely, for condi-
tions with porous media, P�

d1c initially follows a similar pressure
response to overcome the inertia of the fluid in the gap.
Subsequently, P�

d1c gradually increases to match the value of P�
d1c

observed in the nonporous media condition. Although more resis-
tance is encountered as the fluid is squeezed out of the porous

region, facilitating pore pressure generation, the motion and accel-
eration of the inner object are much slower. Consequently, the
squeezing velocity is much lower, reducing pressure generation.
Overall, the latter effect is more pronounced, resulting in a slower
pressure response without any overshoot when porous media is
present.

Figure 3 also shows the response of P�
d2c, the pressure response in

the top region. The pressure in this region is negative because it is ini-
tially an expanding flow when the impact occurs. The magnitude of
P�
d2c is much smaller than that of P�

d1c because the gap thickness
increases during the expanding process. The general behavior of P�

d2c is
similar to that of a�c . In the absence of porous media conditions, P�

d2c

increases from a negative value to a positive peak and then decreases
to zero. In the presence of porous media, P�

d2c starts from the same

FIG. 3. Response of the SAS with AT, with damaged AT, and without AT under constant acceleration. The results include the dimensionless displacement s�, dimensionless
acceleration a�c , and the dimensionless pressure responses at the center of region 1 (P

�
d1c) and region 2 (P

�
d2c). The rows correspond to these parameters, respectively, while

the columns represent different acceleration conditions (G ¼ 2g; 4g; 8g). The solid red curve represents the condition with a pure fluid gap, and the dotted blue curve repre-
sents the condition with porous media.
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negative value and quickly rises to nearly zero due to the significantly
increased damping effect.

Overall, Fig. 3 highlights the response of the system to constant
acceleration, emphasizing the critical role of porous media in stabiliz-
ing intracranial dynamics. When acceleration is applied, the inner solid
object moves downward, but porous media significantly dampens this
displacement, reducing peak accelerations. The pressure responses in
different regions show that porous media modulates pressure, prevent-
ing extreme peaks seen in nonporous conditions. The fundamental
mechanism involves the interplay of fluid inertia, viscous forces, and
porous resistance, underscoring the importance of porous media in
mitigating dynamic intracranial responses.

Figures 4 and 5 present the response of the SAS with AT (blue dot
curve), SAS with damaged AT (purple dot-dash curve), and SAS without
AT (red solid curve) under periodic acceleration over a duration of two

seconds, displaying the same four variables shown in Fig. 3: dimension-
less displacement s�, dimensionless acceleration a�x, and the dimension-
less pressure responses P�

d1c and P�
d2c. The periodic acceleration

condition defines a�x ¼ ðd2s=dt2Þ=A. The acceleration of the rigid shell
is given by G ¼ Asinxt, where A is the amplitude and x is the angular
frequency in Fig. 4,x ¼ p, and in Fig. 5,x ¼ 2p. Three columns in Figs.
4 and 5 correspond to conditions withA ¼ 2g; 4g; 8g, respectively.

Figure 4, with a frequency of 0.5Hz, demonstrates that for pure
fluid gap conditions, the dimensionless displacement s� initially
decreases to a relatively small value, similar to the behavior shown in
Fig. 3, and then slightly increases in the later stages. In contrast, for the
condition with porous media, s� follows the same periodic pattern as
the acceleration. It decreases to a negative value with a smaller magni-
tude and returns to the origin point at the end of each period,
highlighting the damping effect of the porous media.

FIG. 4. Response of the SAS with AT, with damaged AT, and without AT under lower frequency periodic acceleration (G ¼ Asinxt) within two seconds (x ¼ p). The results
include the dimensionless displacement s�, dimensionless acceleration a�x , and the dimensionless pressure responses at the center of region 1 (P

�
d1c) and region 2 (P

�
d2c). The

rows correspond to these parameters, respectively, while the columns represent different acceleration conditions (A ¼ 2g; 4g; 8g). The solid red curve represents the condition
with a pure fluid gap, and the dotted blue curve represents the condition with porous media.
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Figure 4 indicates a�x for the pure fluid gap condition varies primar-
ily at the starting state, first decreasing to a negative peak, then increasing
to a positive peak, and finally decreasing to nearly zero. Conversely, a�x
for the porous media condition exhibits an excellent damping effect,
maintaining a nearly zero response throughout the period.

Figure 4 shows that P�
d1c for the pure fluid gap condition follows

the same trend as the periodic acceleration. There is a small peak when
a�x reaches its maximum value caused by the rapidly decreasing gap
thickness. As the amplitude increases, the variation of P�

d1c also
increases. In contrast, P�

d1c for the porous media condition is much
more subdued. When A ¼ 2g, the variation is negligible. For A ¼ 4g
and 8g, both the peak value and duration of P�

d1c are significantly less
severe than in the pure fluid gap condition.

Similar to the phenomenon observed in Fig. 3, due to the larger
gap thickness in the top region, P�

d2c exhibits a smaller magnitude

compared to P�
d1c. Additionally, the trend of P�

d2c closely mirrors that
of a�x. The variation in P�

d2c for the porous media condition is signifi-
cantly smaller compared to the pure fluid gap condition, demonstrat-
ing the damping effect of the porous media.

Figure 4 demonstrates that porous media significantly stabilizes
the system’s response under periodic acceleration. The porous media
condition results in less pronounced displacement, acceleration, and
pressure variations, highlighting its effective damping capability. The
pure fluid condition exhibits more extreme variations, particularly at
higher acceleration magnitudes.

Figure 5 presents the system response at a higher frequency
(x ¼ 2p) compared to the results shown in Fig. 4 (x ¼ p). With the
amplitude remaining the same, a higher frequency results in faster
motion and greater acceleration. Consequently, the acceleration and
pressure responses are generally higher than the results shown in

FIG. 5. Response of the SAS with AT, with damaged AT, and without AT under higher frequency periodic acceleration (G ¼ Asinxt) within two seconds (x ¼ 2p). The results
include the dimensionless displacement s�, dimensionless acceleration a�x , and the dimensionless pressure responses at the center of region 1 (P

�
d1c) and region 2 (P

�
d2c). The

rows correspond to these parameters, respectively, while the columns represent different acceleration conditions (A ¼ 2g; 4g; 8g). The solid red curve represents the condition
with a pure fluid gap, and the dotted blue curve represents the condition with porous media.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 36, 121908 (2024); doi: 10.1063/5.0239210 36, 121908-8

Published under an exclusive license by AIP Publishing



Fig. 4. However, due to the more rapid changes in the acceleration
direction, the inner solid object has less time to accelerate, leading to
smaller displacements than those observed in Fig. 4.

Overall, the trends in Fig. 5 are similar to those observed in Fig. 4.
Additionally, the results in Fig. 5 highlight the increased stability pro-
vided by the porous media under higher frequency periodic accelera-
tion, further stabilizing the system’s response and reducing variations
in displacement, acceleration, and pressure.

The findings of the above-mentioned results have significant
implications for understanding and mitigating brain injuries. The
brain is subjected to various accelerative forces in real-world applica-
tions, such as those experienced during sports impacts, vehicular acci-
dents, or falls. The presence of porous media, analogous to the AT in
the SAS, plays a crucial role in stabilizing intracranial dynamics. The
results demonstrate that porous media effectively dampens displace-
ment, acceleration, and pressure variations, reducing the severity of
brain movement and the associated risk of injury. This damping effect
is significant under higher frequency impacts, which are common in
real-world scenarios.

IV. CONCLUSION

In this paper, we developed a simplified theoretical model, based
on critical physical insights, to provide the first investigation of CSF
flow in the highly porous AT network within the SAS and the resulting
motion of brain matter when the head is exposed to a sudden external
impact. It highlights the crucial role of AT in stabilizing intracranial
dynamics under external impacts. Key findings include the significant
damping effect of porous media, which reduces displacement, accelera-
tion, and pressure variations. This stabilization is significant under
higher frequency periodic accelerations, where porous media effec-
tively mitigate the severity of brain movement and associated pressure
changes.

While the model developed in this study provides valuable physi-
cal insights, it is important to acknowledge the simplification of assum-
ing a constant gap thickness in the SAS. This assumption facilitates
analytical tractability by reducing model complexity, yet it does not
fully capture the anatomical variations in gap thickness that may arise
from the brain’s uneven surface and impact dynamics. Future research
could extend this model by incorporating a variable gap thickness to
improve physiological accuracy, particularly in experimental or com-
putational studies aimed at achieving closer alignment with real-world
head impacts. Such modifications would enable a more precise assess-
ment of intracranial pressure variations and brain displacement, fur-
ther enhancing our understanding of CSF flow and brain stabilization
mechanisms under diverse impact scenarios.

It is noted that we did not take into account the compression/
stretch of the AT, given its very soft structure, and only considered the
interaction between the CSF and the brain matter. If one includes the
solid phase reaction force arising from the compression/extension of
the AT, the restrictive and protective effects would be even stronger.
On the other hand, if the AT network is impaired, as occurs in diseases
like Alzheimer’s disease,76–78 the patient would be more sensitive to
head impacts and more likely to suffer from concussive brain injury
compared to healthy subjects when exposed to the same level of
impact.

This paper contributes to uncovering the mystery of brain con-
cussions. It also sheds light on the development of biomimetic porous
materials that replicate the damping effect of the AT, providing a

promising strategy for protecting the brain from traumatic injuries.
This approach could inform the design of protective headgear, medical
treatments, and safety protocols to minimize the impact of sudden
accelerative forces on the brain.
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