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Abstract 

The meninges are membranous tissues which are pivotal in maintaining homeostasis of the 

central nervous system. Despite the importance of the cranial meninges in nervous system 

physiology and in head injury mechanics, our knowledge of the tissues’ mechanical behaviour 

and structural composition is limited. This systematic review analyses the existing literature on 

the mechanical properties of the meningeal tissues. Publications were identified from a search 

of Scopus, Academic Search Complete and Web of Science and screened for eligibility 

according to PRISMA guidelines. The review details the wide range of testing techniques 

employed to date and the significant variability in the observed experimental findings. Our 

findings identify many gaps in the current literature which can serve as a guide for future work 

for meningeal mechanics investigators. The review identifies no peer-reviewed mechanical data 

on the falx and tentorium tissues, both of which have been identified as key structures in 

influencing brain injury mechanics. A dearth of mechanical data for the pia-arachnoid complex 

was also identified (no experimental mechanics studies on the human pia-arachnoid complex 

were identified), which is desirable for biofidelic modelling of human head injuries. Finally, this 

review provides recommendations on how experiments can be conducted to allow for 

standardisation of test methodologies, enabling simplified comparisons and conclusions on 

meningeal mechanics. 
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Introduction 

The meninges are membranous tissues that encase the central nervous system.1 The cranial 

meninges maintain homeostasis of the central nervous system by providing mechanical, 

immunological and vascular support to the brain parenchyma .2, 3 Studies have begun to elucidate 

the key role of the meninges in modulating the immune response to pathologies within the central 

nervous system (CNS), with research demonstrating the capacity of the meningeal tissue to 

migrate immune cells from the calvarium to the brain following stroke4 and their ability to support 

robust inflammatory reactions following traumatic injury.5 However, the tissues have 

conventionally been overlooked as passive, inert sacs 2, 3 and thus, our knowledge of fundamental 

meningeal anatomy and physiology is limited.6 

The meninges frequently require reconstruction utilising dural graft biomaterials. Dura-mimetic 

biomaterials are required to repair dural defects resulting from a number of causes including 

surgical procedures of the cranium which remove sections of dura to access the parenchymal 

tissue, penetrative traumatic injuries and congenital abnormalities.7 These biomaterials should 

match native tissue compliance and stiffness to prevent postoperative complications 8, 9 and thus, 

knowledge of native meningeal tissue mechanical properties are desired for novel graft 

biomaterial design.  

Damage to the meninges is also a frequent clinical observation associated with traumatic brain 

injury (TBI).5, 10 While estimates vary drastically, it is predicted that approximately 50 million 

individuals sustain a TBI each year, and that about half the world's population will suffer at least 

one TBI in their lifetime.11 Our currently limited understanding of the mechanisms of TBI is a major 

limitation in the development of more effective TBI prevention and treatment strategies.12 

Conventionally, TBI research has primarily focused on the mechanics and pathophysiological 

cascade of brain tissue. Computational modelling of head impacts represents a promising tool to 

uncover the still debated mechanistic role of the various intracranial tissues in the etiology of 



TBI.13 Finite element (FE) analyses of injury-level impacts have provided invaluable insights into 

the mechanics of TBI and has highlighted the propensity for rotational acceleration of the head, 

in particular, to induce deleterious strains within the brain.14-16 However, both experimental17, 18 

and computational19-21 studies suggest that both the dura mater and the leptomeninges protect 

the brain against TBI. A combined approach of experimental indentation and FE analysis 

identified that the meninges reduce the magnitudes of strain in the brain by up to 65% in 

indentation-type deformations.17 A computational modelling study by Gu et al (2012) focussed on 

the influence of the meninges in damping the dynamic response of the brain to primary blast 

waves.22 The authors identified that when the composite meninges were excluded from their 

model, the peak principal strain observed in the brain increased by 2.5-fold. Modelling work by 

Scott et al (2015), which simulated porcine head rotation injuries, found that inter-subject 

variations in porcine meningeal microstructure resulted in a reduction of injurious skull-brain 

displacement by up to 28%.20 Conversely, the meninges also appear to mediate the propagation 

of deleterious impact-induced TBI loads to the cortex via the falx cerebri.13, 23 A computational 

model exploring the role of the falx in TBI illustrated that addition of the falx to a head model 

resulted in a 2-fold increase in strain within the corpus callosum of the brain.13 Thus, it appears 

that a holistic approach, wherein the contribution of all tissues of the head are considered, is 

required in the study of TBI.  

This review conducts a systematic review of the literature investigating the mechanical properties 

of various regions of the cranial meninges. First, a description of meningeal anatomy, physiology 

and structural architecture is provided for context, followed by a section that explains in lay terms 

the mechanical properties that are discussed in this review. We then provide the first review of 

meningeal mechanics investigations to date. This analysis will aid researchers in making the 

appropriate choice of meningeal material properties for biofidelic clinical and computational 

modelling efforts. 

 



Anatomy and Physiology of the Meninges 

Knowledge of the anatomy and physiology of the meninges is required to understand the tissues' 

mechanical behaviour. This section provides a brief overview of the anatomy and physiology of 

the meningeal regions discussed in this review. An illustration of the anatomy of the meninges is 

provided for context in Fig. 1. 

 

Dura Mater 

The dura mater (pachymeninx) is the outermost layer of the meninges and adheres directly to the 

periosteum of the skull in many regions.24 Structurally, the dura is a connective tissue with a dense 

collagen architecture.25-27 The dura mater has a concentrated network of vasculature, which 

supports cranial immune cell traffic.2 The dura is also a highly innervated tissue and is thought to 

contain the majority of the recently discovered meningeal lymphatic vessels.28 

 

Falx Cerebri and Tentorium Cerebelli 

The falx cerebri, the largest of the dural extensions, is present in the longitudinal cerebral fissure 

and is responsible for partitioning the left and right cerebral hemispheres29 (see Fig. 1). It has 

been proposed that the function of the falx is to constrain brain displacement and rotation within 

the cranial cavity.30, 31 The tentorium cerebelli, the second largest extension, separates the 

cerebellum and cerebral hemispheres.29 The most probable function of the tentorium is to support 

the weight of the cerebral hemispheres.31, 32 

 

Pia-Arachnoid Complex (PAC) 

The PAC, also known as the leptomeninges, is an intricate structure in which the pia and 

arachnoid layers are connected with trabeculae composed of collagen bundles known as 

arachnoid trabeculae. The PAC is a relatively thin structure when compared to the thick dural 



membrane. Between the pia and arachnoid layers, there is a ‘subarachnoid space’ which contains 

cerebrospinal fluid and subarachnoid vasculature.21 Similar to the dura mater, the pia and 

arachnoid play important roles in cerebrovascular circulation.33 Along with the structure’s 

immunological functionality, the PAC is thought to assist in dissipating harmful energy associated 

with rapid head movement.21, 34 

 

Structural architecture of the meninges 

Knowledge of a tissue's architecture and structural alignment is required to understand its 

mechanical behaviour. This section discusses the structural characteristics of the cranial 

meninges. 

Dura mater structural composition and alignment 

The collagenic architecture of the dura mater tissue provides it with a significant effect on the 

tissue's mechanical stiffness. Collagen is a key load-bearing structural component of soft 

biological tissues.35 The dense collagen architecture of the porcine dura mater is evident in Fig. 

2, which shows scanning electron microscopy (SEM) images of macerated dura mater tissue. 

Maceration removes noncollagenic tissue components to allow for enhanced visualisation of 

collagen fibres.36 Work by Walsh et al (2018) conducted the first quantitative regional biochemical 

evaluation of the dura mater. It was observed that significant regional variation existed in a number 

of key structural extracellular matrix proteins including collagen I, collagen III and elastin.37 

Interestingly, the authors observed significant regional differences in collagen I content, the main 

structural element of the extracellular matrix,35 and regions with high collagen I content generally 

had higher mechanical stiffness than other regions.37 

Numerous investigations have found that collagen fibres within the dura mater show signs of local 

alignment, but this alignment occurs over short spatial distances and thus it has generally been 

accepted that the dura is structurally isotropic in bulk.27, 38-40 



 

Falx cerebri and tentorium cerebelli structural composition and alignment 

The falx and tentorium are described as being composed of osteoprogenitor cells, fibroblasts and 

a dense network of fibrous collagen.41 Interestingly, the falx and tentorium are ossified in a number 

of species,31 and while most humans possess a soft-tissue falx and tentorium, approximately 10% 

of the adult population exhibit partial falx ossification.42 It is currently unclear the functional role 

ossification of these structures plays, while hypotheses suggest it may be to provide extra 

protection for the brain during locomotion.31 

The qualitative SEM analysis of Tatarli et al (2013) suggests that the dense collagen bundles 

within the falx preferentially align along parallel to the sagittal plane.43 Analysis of the nerve fibre 

alignment has been conducted in the tentorium cerebelli, which indicates that the fibres are 

oriented in the anterior to posterior direction.44 

 

Pia-arachnoid complex (PAC) structural composition and alignment 

The voluminous subarachnoid space of the PAC is occupied by cerebrospinal fluid (CSF), 

arachnoid trabeculae and subarachnoid vasculature. The arachnoid trabeculae consist primarily 

of type I collagen fibres arranged in a random three-dimensional network.45 Analysis of post-

mortem human subjects identified a mean volume fraction of arachnoid trabeculae of ≈25%.46 

The random fibril organisation within the trabeculae is thought to allow for stress redistribution 

under supraphysiological loading.45 The arachnoid trabeculae are the main load bearing 

component of the PAC in normal traction loading but are thought to function primarily in resisting 

tensile stress, as they buckle under small magnitudes of compressive load.47 Significant local 

variations have been observed in porcine arachnoid trabeculae and subarachnoid vasculature 

volume fraction,21 with regional volume fraction results ranging from 14 - 53%,21 highlighting the 

intricate architecture of the PAC. A study on the spinal pia mater ultrastructure identified no 



preferential alignment of the pial collagen fibres in human specimens.48  

 

Mechanical characterisation of soft biological tissues: basic 

concepts 

This section provides a brief introduction to concepts related to the characterisation of soft 

biological tissues and to the mechanical properties described in this review. The mechanical 

behaviour of soft biological tissues is a function of both elastic and viscous components,49 

meaning that the tissues exhibit time-dependent mechanical behaviour. Soft biological tissues 

are capable of undergoing large tensile deformations and typically exhibit a nonlinear stiffening 

at high deformations. Several mathematical models have been developed to characterise the 

constitutive behaviour of these nonlinear, viscoelastic soft tissues.50 However, while the use of 

these models is desirable to fully capture the complex, time-dependent behaviour of soft 

biological tissues for simulation purposes,51 the wide variety of models employed in the literature 

and the numerous terms in these models make comparison between experimental results 

difficult.  

A number of elastic and viscoelastic mechanical properties pertinent to both TBI and dural graft 

modelling are discussed in this review. Elastic modulus values, which provide a measure of the 

stiffness of materials, are frequently reported for soft biological tissues in the biomechanical 

literature to compare the results of experimental investigations52, 53 and to compare the 

behaviour of tissues from around the body.54 Tissues such as bone, tendon and ligament are 

relatively stiff biological tissues (with tensile moduli in the range of MPa and GPa), while tissues 

such as fat and brain tissue are among the least stiff tissues in the body (with moduli in the 

range of kPa).55 Tensile resilience, 𝑢𝑅, is a measure of a tissue's ability to store and release 

strain energy.54 Tendons, often referred to as ‘biological springs’, play a key role in preserving 

energy during locomotion, and are an example of a tissue with high tensile resilience.56 



Damping in a viscoelastic tissue, measured using damping loss factor (tan𝛿), is a measure of a 

tissue’s ability to dissipate energy associated with dynamic loading such as TBI.57 An 

investigation of horse digital flexor muscles has shown that the flexor muscles contribute to 

damping the high-frequency, potentially damaging limb vibrations associated with hoof strikes 

on hard surfaces.57 Similar protective mechanisms exist throughout the body, whereby viscous 

friction is utilised to dissipate the energy of impacts.58 Strain to failure, ε, is characterised by the 

percentage of deformation a tissue undergoes, relative to its original length, prior to reaching 

mechanical failure. Finally, tensile strength, 𝜎𝑇, is the maximum stress a material can withstand 

before failing while ultimate strain is the corresponding strain. Skin tissue, which provides critical 

protection to vertebrates from insults such as predatorial attacks, utilises sophisticated structural 

features to prevent mechanical failure.59 Both strain to failure, ultimate strain and tensile 

strength are important characteristics when considering the large, injurious loadings that tissues 

experience during dynamic events such as automotive collisions.60 

 

Review Methodology 

The cranial meninges consist of three layers; the dura mater, the arachnoid mater and the pia 

mater. The pia and arachnoid mater membranes, which are intimately connected via arachnoid 

trabeculae, are commonly referred to collectively as the pia-arachnoid complex (PAC)21 and will 

thus be described as such. From a structural perspective, the dura mater serves to anatomically 

compartmentalise the brain; fibrous extensions of the dura mater, such as the falx cerebri and 

tentorium cerebelli, partition the cranial cavity into discrete compartments.3 As these dural 

structures have been highlighted for their propensity to induce localised strain concentrations in 

brain tissue during TBI,13 they are discussed independent of the dura mater throughout the review. 

The PRISMA systematic review process was utilised to select the papers reviewed herein.61 

• Scopus search string:  



(TITLE-ABS-KEY (meninge* OR dura OR pia OR arachnoid OR falx OR tentorium) AND 

(mechanic* OR biomech*) AND (properties OR characterisation OR *elastic*) AND (LIMIT-TO 

(DOCTYPE , "ar" ) AND ( LIMIT-TO (LANGUAGE, "English")) 

• Web of Science search string:  

TOPIC: ((meninge* OR dura OR pia OR arachnoid OR falx OR tentorium) AND (mechanic* OR 

biomech*) AND (properties OR characterisation OR *elastic*)) 

o Search was refined by: DOCUMENT TYPES: (ARTICLE) AND LANGUAGES: (ENGLISH) 

• Academic Search Complete search string: 

((meninge* OR dura OR pia OR arachnoid OR falx OR tentorium) AND (mechanic* OR biomech*) 

AND (properties OR characterisation OR *elastic*))  

o Search was completed using the default search fields. Search was limited to articles published 

in English. 

 

The identified studies were then screened based on the inclusion criteria for the systematic review. 

Only original experimental research articles were included. Papers were excluded if they did not 

focus on the cranial meninges (e.g. paper focussed solely on the spinal and optic nerve meninges 

were excluded). Papers were also excluded if they did not conduct mechanical or structural 

characterisation of the meninges (e.g. studies which only focussed on finite element modelling of 

the meninges were excluded). The terms "falx" and "tentorium", referring to the falx cerebri and 

tentorium cerebelli (which are fibrous extensions of the dura mater), were included due to their 

influential role in determining brain strains during TBI events.13, 23 Note that studies focussed on 

animal tissues were included in the review as significant neuroanatomical 62 and neurovascular 63 

similarities have been noted between various mammalian species. The use of animal models in 

the biomechanics field is common due to a shortage of availability of human tissue surgical 

donations and the ethical considerations in obtaining cadaveric tissue.64 A summary of the papers 



identified and excluded in the systematic review is presented in Fig. 3. 

 

Results 

663 articles were identified based on the search criteria. The articles were screened to identify 

studies which focussed on mechanical evaluation of the cranial meninges. 27 of the 663 articles 

were ultimately included in the review. The reasons for article exclusion are as described in Fig. 

3 (A). 4 additional articles, which were not identified in the systematic review but were of relevance 

to meningeal mechanics, were added to the review (see Fig. 3 (A)). Of the 31 articles evaluated 

in the review, 30 of the articles conducted experimentation on cadaveric material while just 1 

article conducted experimentation on in vivo tissue. The articles were then screened and 

evaluated based on a number of mechanical testing parameters (see supplementary tables S1 – 

S6 in the supplementary file for detailed analysis data). As demonstrated in Fig. 3 (B), it was 

identified that the majority of identified studies focused on dura mater mechanics (n=19), followed 

by the PAC (n=5) and indentation analyses of whole meninges (n=3). No peer-reviewed studies 

were identified examining the mechanics of the falx and tentorium tissues. Of the studies which 

focussed on dura mater mechanics, uniaxial tension was the most common modality of testing 

(n=14), followed by membrane inflation (n=2), free vibration analysis (n=1), biaxial flexure (n=1) 

and planar biaxial testing (n=1), see Fig. 3 (C). 80% of the studies focussed on dura mater 

mechanics tested human tissue (see Fig. 4 (B)), while the other 20% of studies utilised porcine, 

rat or monkey models. All of the 5 PAC mechanics studies conducted testing on either bovine 

(80%) or rat (20%) models (see Fig. 4 (C)). The modalities of testing employed in the 5 PAC 

publications were uniaxial tensile testing (n=2), atomic force microscopy (AFM) (n=1), shear 

testing (n=1) and normal traction testing (n=1), see Fig. 3 (D). In contrast to the dura mater 

investigations, none of the 5 PAC investigations were focussed on human tissue, with bovine 

tissue being evaluated in the majority (80%) of investigations (see Fig. 4 (C)). 



Fig. 5 (B) provides an analysis of the thickness measurement techniques utilised in the identified 

studies. Almost 70% of the studies utilised contact-based measurement such as micrometers, 

dial indicators and digital callipers while ≈30% of the studies utilised noncontact methods such 

as noncontact photogrammetry and cast and scanning. Fig. 5 (C) provides an analysis of various 

test parameters observed in the identified studies. It was observed that 59% of the studies 

conducted tissue preconditioning, only 45% of studies analysed local sample deformation during 

sample characterisation, 62% of the studies did not submerge samples in a saline bath during 

characterisation to maintain in vivo hydration conditions, while just 19% of the studies tested the 

meningeal samples at physiological temperature. 

The following sections review the different meningeal regions in relation to a number of important 

mechanical characteristics. Capturing the nonlinear behaviour of meningeal tissues is an 

important consideration for constitutive modelling purposes.65 However, for the purposes of 

simplified quantitative analysis of meningeal tissue characteristics, linear elastic moduli values 

from the identified studies are evaluated in Fig. 4 (A). The elastic moduli in Fig. 4 (A) were 

calculated from the linear region of the stress strain curve (i.e. after the initial 'toe-region') and 

were reported by the original study authors. Note that the modulus value assigned to the dura, 

falx and tentorium in the majority of FE models (31.5 MPa based on the work of Galford et al 

(1970) on human dura mater tissue66) is highlighted for comparison purposes, see Fig. 4 (A). 

Given the importance of geometrical property quantification for the calculation of tensile stresses 

and for modelling applications, the reported geometrical properties in the identified studies are 

also reviewed. 

 

Dura mater mechanics 

Overview of dura mater mechanical behaviour 

The dura mater is a notably stiff soft biological tissue with significant nonlinear and viscoelastic 



behaviour.67, 68 Many modalities of mechanical analysis have been conducted to investigate dura 

mater mechanics, as shown in Fig. 3 (B). As discussed in section 1.2.1, the collagenic alignment 

of the dura mater is highly variable. Thus, it is not surprising that significant inter and intra-subject 

variability has been observed for the dura mater.37, 69 The large variability of dural mechanics is 

also evident in the relatively large standard deviations of the data presented in Fig. 4 (A). The 

wide variety of species tested in dura mater mechanics studies is demonstrated in Fig. 4 (B). 

However, elastic moduli have only been reported for human and porcine tissues, see Fig. 4 (A). 

Comparing the literature values for porcine and human dura, it appears that porcine dura has 

smaller elastic moduli values than the human dura mater tissues. Comparing the moduli values 

with that of the value conventionally assigned to the dura mater in FE models which utilise a linear 

elastic model for the dura (as opposed to a nonlinear material model which is utilised in many 

recent FE models), the linear elastic model with a value of 31.5 MPa conventionally assigned to 

dura mater in FE models appears to be an underestimation of dural stiffness, with the majority of 

studies on human dura reporting higher mean moduli than 31.5 MPa (see Fig. 4 (A)). 

 

Mechanical isotropy analyses of dura mater 

A study by Sacks et al (1998) on human cranial dura mater identified that the local collagenic 

alignment of the dura mater had a significant effect on the tissue’s local mechanical properties.26 

It was found that test samples with a collagen alignment parallel to the direction of uniaxial tensile 

testing were both stiffer (exhibiting a higher elastic modulus) and stronger (higher ultimate tensile 

strength) than samples with fibres aligned perpendicular to the direction of uniaxial tension.26 Thus, 

they concluded that while the tissue did appear to exhibit mechanical anisotropy in bulk, small 

constituent regions of the tissue exhibited significant structural and mechanical anisotropy. 

Numerous investigations on the anisotropy of bulk dura mater tissue have confirmed that the 

tissue exhibits bulk isotropic mechanical behaviour.37, 38, 69  



 

Strain rate-dependency of dura mater 

There is a dearth of experimental data on the strain rate-dependence of cranial dura mater. 

Previous work utilised dynamic indentation to estimate the damping ratio of the dura mater and 

brain over a wide range of frequencies (0.01 - 100 Hz).17 The damping ratio of a tissue provides 

an indication of how efficient a tissue is at dissipating energy. It may thus provide an indication of 

how tissues such as the meninges provide protection during TBI.17 It was identified that the dura 

mater tissue exhibits less damping capacity at higher, TBI-relevant frequencies, suggesting that 

the dura is not effective at providing protection to the brain at higher frequencies. 

However, no studies were identified on the rate-dependency of other mechanical parameters for 

the cranial dura such as stiffness, ultimate strain and tensile strength. 

 

Regional dependence of dura mater stiffness 

A number of the identified studies have investigated the regional dependency of the dura mater 

and have found that the native dura mater tissue does not appear to display regional anisotropy.37, 

69, 70 

 

Age-dependency of dura mater 

Van Noort et al (1981) studied the effect of donor age on dura mater tensile strength utilising 

uniaxial tensile testing with donors ranging in age from 24 to 88 years. They identified a highly 

significant (r=-0.79; p<0.001) linear decrease in the tensile strength as a function of donor age.71 

Similar to the analysis of Van Noort et al (1981), Zwirner et al (2019) evaluated the influence of 

dura mater tissue donor age utilising uniaxial tensile testing in subjects ranging from 2 to 94 years. 

They identified a relatively weak negative correlation between elastic modulus (r = -0.283; p = 

0.002) and tensile strength (r = -0.299; p = 0.001) to the donor age at death.70 



In relation to dural mechanical changes during development, an investigation by Kriewall et al 

(1983) on foetal dura, identified a positive correlation between fetal age in weeks and dural 

stiffness.30 Furthermore, a stiffening of intracranial tissues when comparing immature and mature 

rat tissues has also been observed.72 Thus, dura mater appears to stiffen in the early stages of 

mammalian development. 

 

Geometrical analyses 

As demonstrated in Fig. 5 (A), many studies have reported on dura mater geometrical properties. 

A large range of values has been reported for dura thickness (with mean thickness values ranging 

from 0.35 mm26 up to 1.11 mm73), suggesting significant inter-subject variability.  

 

Falx cerebri and tentorium cerebelli mechanics 

No peer-reviewed investigations were identified focusing on the mechanical properties of the falx 

and tentorium in this systematic review. To the best of the authors' knowledge, the only study 

investigating the material properties of the falx and tentorium is the non-peer reviewed work of 

Golman et al (2013). The authors conducted indentation and uniaxial tensile tests of the falx and 

tentorium tissues.74 Interestingly, regional analysis of the medial-lateral stiffness identified that the 

falx had a decreased stiffness at increased distances from the skull. Uniaxial tensile tests were 

conducted at strain rates ranging from quasi-static (0.001 /s) to TBI-mimetic strain rates (10 /s) 

and identified a significant rate-dependent behaviour in the tissues (see supplementary table S4). 

However, peer-reviewed experimental studies are required to provide any conclusions on falx and 

tentorium mechanics. 

 

Geometrical analyses 

The non-peer reviewed work of Golman et al (2013) identified a mean falx thickness of 0.45 ± 



0.16 (s.d.) mm and tentorium thickness of 0.36 ± 0.15 (s.d.) mm. As demonstrated in Fig. 5 (A), 

these values are in the same range as values reported for native dura mater tissue. Previous 

analysis, while not identified in this review, conducted analysis of in vivo falx and tentorium 

geometries from computed tomography images.75 They reported the mean length of the falx's 

projection into the longitudinal fissure as 41.8 ± 5.9 (s.d.) mm and the mean length of the 

tentorium's projection into the transverse fissure as 99.64 ± 4.79 (s.d.) mm.75 However, falx and 

tentorium thicknesses were not reported. 

 

Pia-arachnoid complex (PAC) mechanics 

Overview of PAC mechanical behaviour 

The pia and arachnoid membranes are intimately mechanically tethered to one another.76 Thus, 

as no research group has described an adequate separation protocol of the membranes, it is 

assumed that all investigations of either the pia or arachnoid membranes are indeed 

investigations of the PAC. 

Uniaxial tensile testing conducted by Aimedieu and Grebe (2004), reported on the elastic 

properties of the bovine cranial PAC. The authors observed a significant nonlinear stress-strain 

response and the ultimate strain of the tissue was 0.19. A limitation of this investigation is the lack 

of specimen geometrical analysis, and thus tensile stresses and accordingly elastic moduli were 

not calculated. 

The comprehensive work of Jin et al includes a series of investigations on PAC mechanics for 

TBI computational modelling purposes.76-78 The first of these analyses, similar to the work of 

Aimedieu and Grebe (2004), conducted tensile testing of the bovine PAC. Samples were tested 

in two perpendicular testing directions to evaluate potential tissue anisotropy. The study found 

that the PAC tissue exhibited a nonlinear mechanical response and was transversely isotropic. 

Direct comparison between the tensile testing results of Aimedieu and Grebe (2004) and Jin et al 



(2006) is not possible as thickness values were not calculated by the former.79 However, based 

on the load-deformation and specimen size data reported in the publication by Aimedieu and 

Grebe (2004), Jin et al calculated the elastic moduli values of the results of Aimedieu and Grebe 

based on the representative pia thickness observed in the investigations of Jin et al.76 With a 

representative mean thickness of 23.6 𝜇m, it was established that the mean elastic modulus 

value was 9.43 MPa. This is approximately in agreement with the quasistatic moduli results of Jin 

et al of 6.75 MPa.76 Slight variations were also observable in the ultimate stress and strain values, 

likely a result of varying preloading protocols.76 

In another investigation by Jin et al, normal traction loading of the PAC was conducted.77 Unlike 

the tensile testing analysis, which allowed for evaluation of the load-bearing capacity of the 

arachnoid and pia membranes, the normal traction loading evaluated the load-bearing properties 

of the arachnoid trabeculae. PAC samples were glued to polyethylene blocks on both the pia and 

arachnoid surfaces. Interestingly, the tests revealed that the PAC had essentially linear stress-

strain behaviour under normal traction loading (with mean quasi-static moduli of 61 kPa). This is 

in contrast to the nonlinear behaviour commonly associated with soft biological tissues,80 and to 

the hyperelastic behaviour of the tissue under in-plane tension.76 It is unclear why the load-bearing 

trabeculae exhibit this stress-strain response,77 but it is likely due to unique collagen alignment in 

the structures. In their final investigation of PAC mechanics, shear loading of the PAC identified 

mean shear moduli of 11.73 kPa. Note that both the traction and shear loading moduli of the PAC 

are lower than the moduli observed in tensile testing of the PAC, likely due to the contribution of 

the dense collagen network within the pia and arachnoid membranes in tensile loading.81 

 

Strain rate-dependency of PAC 

In contrast to the dearth of data on the rate-dependency of the cranial dura mater, the rate-

dependency of the PAC has been evaluated in a number of the aforementioned investigations by 



Jin et al. In all three investigations and associated loading conditions, the effects of a range of 

TBI-relevant strain rates (from quasi-static up to 100/s) identified significant rate-dependent 

behaviour in all three loading modalities (see supplementary table S6 for details). Therefore, it 

can be concluded that the PAC tissue has strong rate-dependence in multiple modalities of 

loading. This rate-dependency is of particular interest for TBI modelling applications. 

 

Regional dependence of PAC stiffness 

In all 3 investigations by Jin et al described in the sections above, no regional dependence was 

identified in bulk PAC mechanics.76-78 However, the work of Fabris et al (2019) identified 

significant local variation in PAC mechanical properties. Utilising a combined approach of AFM 

and immunofluorescent imaging, the authors studied the local structure-function relationship of 

the PAC. Statistically significant differences between the elastic moduli distributions between 

vascularised and non-vascularised regions, again highlighting how this tissue can cause large 

variations in regional load propagation characteristics. They observed mean elastic moduli, E = 

1595 ±  55 Pa (standard error) in non-vascularised regions, which as they highlight is 

comparatively less than the studies which have evaluated whole tissue PAC mechanics described 

above. They attribute this difference to the modality of testing employed (elastic moduli in the 

order of kPa are typical for extracellular matrix level mechanics) and the use of a rat model.34 

Interestingly, the authors highlight that the values they observed are approximately 2- to 10-fold 

higher than the values reported for AFM analysis of parenchymal tissue. 

Thus, similar to the cranial dura, the PAC appears to exhibit isotropic properties in bulk but has 

considerable local anisotropy at smaller scales due to structural heterogeneity. 

 

Age dependency of PAC mechanics 

No studies investigating the age-dependency of the PAC were identified in this review. 



 

Geometrical analyses 

A major limitation of measuring the geometrical properties of the PAC is the post-mortem 

propensity for CSF to evacuate the subarachnoid space.21 Measurements of the depressed PAC 

indicate the membrane has average thickness of 23.6 ± 5.8 (s.d.) 𝜇m. Note that this value was 

obtained without inflation of the subarachnoid space.76 

While not identified in this review, previous analysis of porcine heads employed constant volume 

injection of saline to reinflate the subarachnoid space to physiological levels.21 However, it was 

noted that it is impossible to determine if the brains were inflated to representative in vivo 

conditions. Utilising optical coherence tomography, the arachnoid membrane thickness was 

identified as 27.06 ± 5.57 (s.d.) 𝜇m, while the subarachnoid space thickness was identified as 

287.92 ± 151.12 (s.d.) 𝜇m. The mean subarachnoid vessel diameter was 183.74 ± 83.32 (s.d.) 

𝜇m while measurements of the significantly smaller arachnoid trabeculae were not attained. The 

authors did not measure pia mater thickness, presumably as the membrane was indistinguishable 

from the underlying brain tissue. Another study, again not identified in the systematic review, 

utilised OCT imaging intra-operatively to analyse the in vivo human PAC.82 They identified a mean 

subarachnoid space thickness of 570 𝜇m and a mean arachnoid membrane thickness of 74 𝜇m. 

Interestingly, these values are both larger than the dimensions identified in the ex vivo porcine 

subjects. 

 

Discussion 

In this systematic review we identified and screened 663 original research articles and reviewed 

27 studies which have evaluated the mechanical properties of the cranial meninges. We provide 

an analysis of the mechanical properties reported in these publications to aid in both biofidelic 

constitutive modelling of meningeal tissues in TBI models and the design of dural graft materials. 



Furthermore, based on the experimental limitations observed in the reviewed literature and the 

numerous open questions identified regarding meningeal mechanics, the following sections 

provide recommendations to researchers on how meningeal mechanics experiments can be 

conducted to enable standardised testing methodologies. Finally, suggestions on future directions 

for meningeal mechanics studies to address current knowledge gaps are provided. 

The mechanical properties of various soft biological tissues are as presented in the 

multidimensional radar plots shown in Fig. 6 (see supplementary table S7 for data sources). The 

tissues are compared over a number of relevant mechanical characteristics utilising a quantitative 

performance mapping system.54 As demonstrated in Fig. 6, the dura mater exhibits less damping 

capacity than both the brain and scalp. The limited damping capacity of the dura potentially 

suggests the dura mater is poor at dissipating the harmful levels of energy associated with TBI.83 

The dura mater demonstrates increased stiffness and strength compared to the other soft 

biological tissues (Fig. 6). The large stiffness gradient between the meninges and the underlying 

brain tissue has important implications for the mechanics of TBI13, 84, and therefore inaccurate 

representation of the tissues in computational models of TBI can have a significant impact on 

model findings.19, 65 Currently, the dura, falx and tentorium are represented with a linear elastic 

model in FE models with a value of 31.5 MPa.13 However, as identified in this systematic review, 

this appears to be an underestimation of dura mater stiffness (Fig. 4 (A)), while there is a 

significant dearth of properties for both the falx, tentorium and the PAC (Fig. 4 (A)). The following 

sections provides suggestions for future directions of meningeal mechanics investigations. 

 

Experimental limitations in evaluating meningeal mechanics 

This section highlights the identified limitations in current experimental evaluation of meningeal 

mechanics along with suggestions on how these limitations may be addressed. 

 



Replicating in vivo hydration and temperature during experimentation 

As illustrated in Fig. 5 (C), 62% of investigations characterised samples without tissue submersion 

in a physiologically-relevant solution. It has been noted that the dura mater has a large surface 

area to volume ratio and dehydrates rapidly.66 Previously, a study on the effects of dehydration 

on ligament tissue demonstrated that dehydration causes up to a 50% reduction in storage 

compliance.85 The capacity for dehydrated tissues to rehydrate is dependent on the initial extent 

of dehydration, and complete rehydration is often not possible.86 It was also noted that 81% of the 

identified studies did not maintain physiological temperature during testing, see Fig. 5 (C). Testing 

soft biological tissues below physiological temperature can significantly alter tissue mechanics.87 

Ideally, test samples should be fully submerged in a physiologically-relevant solution at 37⁰C 

throughout testing.88 

 

The effects of removing tissue from the in vivo environment 

In situ characterisation of biological tissues is desirable as the tissue can be evaluated in its 

natural environment, thus negating many of the issues associated with ex vivo characterisation. 

The natural environment of the meninges entails an intact CSF environment72 and in situ strain 

on the dura mater induced by its connection to the skull.89 It has been noted that the CSF drains 

from the subarachnoid space following post-mortem animal decapitation21 and this likely results 

in alterations in PAC mechanics. Many studies have indeed tested in situ meningeal tissue 

utilising indentation-type loading,17, 18, 72 and at least for the underlying brain tissue, significant 

differences were observed between in situ, in vitro and in vivo testing.18 Another study evaluating 

the in situ, in vitro and in vivo mechanics of the rat meninges-CSF-brain complex identified that 

while the elastic properties of the complex did not significantly differ when comparing in vivo and 

in situ results, there were significant post-mortem changes observable in the viscoelastic 

properties of the complex.72 The differences between the various testing conditions in both studies 



were attributed to the changing boundary conditions between in vitro and in situ testing18 and due 

to post-mortem tissue alterations associated with ex vivo testing.72 

While it is desirable to test meningeal tissue in vivo, studying the behaviour of the meninges in a 

variety of loading deformations is desirable to replicate the multi-dimensional nature of TBI. 

Furthermore, tensile properties are of key interest for dural graft design. Traditional mechanical 

testing setups require specific specimen geometries,88 and thus tissue excision from the in situ 

environment for ex vivo testing is required. 

Regarding the degradation of soft biological tissues following tissue donor death and the 

associated alterations in mechanical integrity, it is recommended that tissues are either stored in 

a physiologically-relevant solution at 4⁰C and tested within 24 hours of donor death88 or are 

cryopreserved in cryoprotectant media at -80⁰C to mitigate structural and mechanical degradation 

during longer term storage.90, 91   

 

Measurement of sample geometries for sample stress evaluation 

As demonstrated in Fig. 5 (B), a wide variety of equipment to measure test sample width and 

thickness has been identified in this systematic review. Soft biological tissues undergo significant 

deformation at low loads and are thus susceptible to erroneous sample cross-sectional area 

measurement utilising handheld measuring tools such as callipers and micrometers. Inaccurate 

assessment of sample cross-sectional area can result in significant errors in the calculation of 

experimental tensile stresses and can thus influence experimentally-derived tissue mechanical 

properties.92 Consequently, future studies should focus on the use of noncontact photogrammetry 

methods37 or laser scanning methods93, 94 to determine sample cross-sectional area. 

 

Preconditioning of test samples 

Here we identify that 41% of the identified studies did not conduct sample preconditioning, when 



it is appropriate to do so (i.e. for tensile and inflation testing). Preconditioning is a process by 

which test samples are subjected to 2-10 loading and unloading cycles at low magnitude of strain 

(1 - 10%) prior to sample characterisation to ensure a repeatable mechanical response.88 

Preconditioning is characterised by stress softening of samples with successive loading cycles. 

Samples are said to be 'preconditioned' once the stress softening effects and the test samples 

demonstrate a repeatable response.95 Given the stiff nature of meningeal tissue when compared 

to other soft biological tissues (see Fig. 6), care should be taken to prevent microstructural 

damage to meningeal tissue during preconditioning and thus influencing test results.96 Thus, we 

recommend preconditioning meningeal samples to 10 cycles of 3% strain. 

 

Tracking of local sample deformation 

Digital image correlation (DIC) is an image-based technique that can track test sample 

displacement based on the deformation of a pattern on the sample surface throughout a test. Use 

of DIC allows for elimination of any potential error associated with sample slippage from the 

testing clamps. Measuring sample displacement from the grips displacement alone may result in 

a significant overestimation of the stretch the sample has been exposed to, should sample 

slippage occur.97 DIC also eliminates any potential error associated with stress concentrations at 

the grip-sample interface98 or due to irregular test sample shapes.99 Typically, to negate the 

erroneous effects of stress concentrations at the grip-sample interface, uniaxial test samples are 

tested in pure tension with a length to width ratio of 5:1.88 However, DIC allows for complete 

elimination of both grip concentrations and irregular sample geometries by characterising local 

tissue deformation98 and is therefore recommended for meningeal mechanics investigations when 

possible. 

 

PAC sample isolation 



The extremely minute geometries of the PAC, see section 3.3.5, presents significant experimental 

challenges. It has been noted by Jin et al (2006), that it is almost impossible to separate the 

arachnoid and pia mater layers, which are tightly fused together by arachnoidal trabeculae. 

Consequently, the tissue structure makes ex vivo separation of the membranes impossible 

without excessive damage.76 Furthermore, detaching the pial membrane from the brain cortex 

without inducing mechanical damage is a significant challenge. Many methods have been 

described to isolate the PAC. In the work of Aimedieu and Grebe (2004), PAC tissue was isolated 

by placing the PAC surface on a paper template, scraping away the viscous brain tissue, and then 

placing the paper template with the attached PAC in a saline solution. Once the paper became 

weakened by the water, the fragile PAC was separated from the deformable support template.79 

In a similar fashion, Jin et al (2006) utilised a polyethylene sheet to isolate PAC with 5 to 10 mm 

of underlying brain. The brain tissue was then carefully removed from the pial junction.76 In the 

work of Fabris et al (2019), a dissecting microscope and a fine tip, high precision tweezers were 

used to remove PAC fragments from a rat brain. 

It is unclear if the aforementioned methods induce any mechanical or structural damage to the 

PAC tissue prior to characterisation. Novel isolation methods that do not require expert levels of 

skill and precision are desirable to ensure consistent tissue isolation which may address the 

dearth of human PAC data and improve TBI modelling biofidelity. 

 

PAC sample gripping 

It has been noted that particular caution should be exercised during the preparation of fragile 

tissues, such as brain tissue,64 for mechanical characterisation. The exceedingly small geometries 

of the PAC (see section 3.3.5) presents unique challenges for studies wishing to evaluate PAC 

mechanics in torsion and normal tension, both of which are relevant for evaluating multiaxial TBI 

loading. 



In the work of Jin et al (2007) and (2011), cyanoacrylate glue was used to adhere the PAC 

membranes to test fixtures for measurement of shear and normal traction mechanical response. 

As the authors discuss, there are two concerns regarding the use of glue for specimen adhesion 

to test fixtures. Firstly, any penetration of this glue into the PAC samples would cause a significant 

artificial stiffening of test samples. However, it has been noted previously that the fibroblast cells 

of the arachnoid form a somewhat permeable layer.100 Thus, it is unclear if the glue could 

permeate through this layer and alter the mechanical and morphological features of the PAC. Jin 

et al (2009) investigated the extent of glue penetration using a combination of histological 

methods and analysis under a light microscope. They observed a nonsignificant difference in 

thickness of glued and native tissues, suggesting the glue did not induce morphological changes 

in PAC specimens, at least under an optical microscope at 400x magnification.81 

The AFM work of Fabris et al (2019) investigated the effects of adhesives on the PAC mechanical 

response and noted some differences between adhesive coated samples and native controls. 

Future investigations of PAC shear and normal traction properties should confirm that glue does 

not diffuse into the PAC membrane through more advanced analysis techniques such as energy 

dispersive X-ray (EDX), a powerful elemental analysis technique that reveals the presence of 

elements in various locations of a specimen.101 

 

Open questions and future directions 

  

The mechanical response of the falx and tentorium 

A major finding of this systematic review is the lack of mechanical properties of the falx cerebri 

and tentorium cerebelli. The early modelling work of Li et al (2007) utilised a two-dimensional FE 

model to explore the influence of both a flexible and rigid falx on brain strains. The presence of 

the falx and tentorium resulted in a decrease in brain tissue strains in peripheral brain regions, 



with an increase in strain within deep brain structures, such as the corpus callosum. Interestingly, 

the authors also observed an increase in strain within the brainstem, which they hypothesised to 

be a result of the presence of the tentorium.102 

The authors speculate that the mechanism of this localised strain observed within the corpus 

callosum and brainstem is related to the stiff falx and tentorium consolidating movement of the 

cerebral hemispheres and cerebellum, respectively. The non-peer reviewed work of Golman et al 

(2013) suggests that the stiffness of the dural structures exceeds the elastic modulus that is 

currently assigned to them74, see Fig. 4 (A). Thus, there is a pressing need for constitutive 

mechanical data on the falx and tentorium for FE modelling applications. 

 

Species-dependence of meningeal mechanics 

Significant anatomical similarities exist in the neuroanatomy of various species.62 Porcine tissue, 

in particular, is used frequently in neuroscience applications.103 Studies on the species-

dependence of brain tissue mechanics have thus far been inconclusive in elucidating any species-

dependent differences in brain tissue mechanics.64 To date, no evaluation has been conducted 

on meningeal tissue species-dependence. The few studies which have evaluated the PAC and 

the in situ whole meninges have all been conducted on animal models, see Fig. 4 (C). As 

characterisation of the meninges is conducted for the understanding of human health and disease, 

understanding the species-dependent nature of the PAC and whole meninges is a key 

consideration. 

 

Strain rate dependency of meningeal tissues 

Automotive crashes are the number one cause of injury-related death in the United States.104 FE 

analyses of injury data obtained from controlled automotive crash tests with crash dummy 

occupants have provided invaluable data on the tissue-level strains which occur in various impact 



scenarios.16 A recent FE analysis on the strain rates observable in the dura mater during various 

impact scenarios found that strain rates of up to 103 /s were possible in the dura mater during an 

impact which corresponded to a mild TBI.105  

Much work has been conducted on the strain rate behaviour of brain tissue and many studies 

have demonstrated its strong strain rate dependency .17, 106, 107 This review identified a number of 

studies suggesting that the PAC has significant rate-dependent mechanical behaviour, which has 

important implications for TBI modelling. However, the review identified a dearth of data on the 

rate-dependent behaviour of the dura mater, falx and tentorium. Previously, a study on bovine 

spinal dura mater tissues identified no significant difference between tissues tested at strain rates 

ranging from 0.01 to 1/s.108 However, it should be noted that while the strain rates utilised in this 

study represent a 100-fold difference between the minimum and maximum rate, these strain rates 

are still relatively low when compared to TBI-relevant strains. Work by Monea et al (2014) 

examined the strain rate dependency of the bridging vein-superior sagittal sinus complex. They 

found no significant strain-dependent behaviour in the veins with strain rates ranging from ≈2-

200/s.109 However, similar investigations are required for cranial dura mater, the falx and tentorium 

to evaluate these tissues' strain rate dependency. 

 

Replicating injury-level strain magnitudes during tissue 

characterisation 

A plethora of both computational13, 110, 111 and experimental112-114 studies have explored the 

magnitude of strain that various regions of the brain are exposed to during TBI. However, little 

attention has been given to the magnitude of strain that the various layers of the meninges are 

exposed to during TBI-related loading. Identifying the strains experienced by the meninges during 

TBI loading will enable improved selection of constitutive models to model injury-level impacts. 

Techniques such as nano-indentation and AFM based indentation can be limited to moderate the 



levels of strains applied which may be insufficient in modelling even mild TBI.115-117 Thus, it is 

recommended that computational modelling investigations report their meningeal strain 

magnitude and strain rate results. Additionally, experimental characterisation researchers should 

also be mindful of the magnitude of strain their prospective characterisation technique is capable 

of achieving. Furthermore, due to the limited magnitudes of strain achievable in experimental 

techniques which utilise indentation-type loading, studies should report the magnitude of strain 

achieved during experimentation (which ideally is verified utilising finite element analysis115) such 

that the applicability of the experimental results to TBI modelling can be considered.  

 

Age-dependence and the effects of pathology on meningeal 

mechanics 

Both children118 and the elderly119 have higher rates of TBI when compared to adults. Therefore, 

identifying age-dependent mechanical behaviour is important for demographic-specific modelling 

efforts. Investigations have begun to investigate differing demographics including models 

evaluating acute subdural haematoma risk in the elderly population120 and similarly, modelling of 

children's falls in playgrounds.121 As discussed in section 3.1.5, few studies have evaluated the 

age-dependency of the dura mater, while no studies have evaluated the age-dependency of the 

isolated PAC, falx and tentorium. 

A study evaluating the effect of maturation on intracranial mechanical properties in rats utilised 

indentation testing on the intact meninges-CSF-brain complex.72 The authors observed a 

significant increase in both modulus of elasticity and indentation modulus of the tissues when 

comparing immature rat groups (aged 1-2 days and 10-days) to more mature rats (aged 56-70 

days and 180 days). While rat dura mater tissue is known to have larger mechanical stiffness than 

the CNS tissues it surrounds,40 the authors conclude that the various layers of the brain-meninges 

complex make proportionally similar contributions to the observed mechanical properties.72 This 



is in contrast to the results of MacManus et al (2017), in which indentation analysis was conducted 

on porcine tissue, which concluded that the dura mater absorbed a significant proportion of the 

stresses and strains during dynamic indentation of the intact meninges and underlying brain. 

However, the differing conclusions of both authors may be explained by the potentially significant 

interspecies differences in the porcine and rat neuroanatomy. While the rat dura mater has a 

thickness of 13 𝜇m,72 the porcine dura mater has a thickness in the region of 0.7 mm to 1 mm.37 

Therefore, while it is difficult to ascertain the proportional contribution of the dura mater to the 

observed age-dependent mechanical variations of the rat tissue observed by Shulyakov et al 

(2011), the results follow a similar trend to Kriewall et al (1983) of increasing mechanical stiffness 

of dura mater with increasing age during development. 

In relation to elderly subject tissue properties, FE modelling studies investigating TBI in elderly 

cohorts have accounted for the brain atrophy associated with aging and found that atrophied 

brains have a propensity to exacerbate the risk of acute subdural haematoma.122 It is currently 

unclear if the age-related decrease in meningeal tissue stiffness and strength in elderly cohorts 

influences TBI modelling results. Further, the effects of meningeal pathology on tissue mechanics 

has not yet been explored and thus consideration of the effect of pathology on TBI model choice 

and dural graft design warrants further investigation. 

 

Residual strains of meningeal tissue 

In vivo, many biological tissues such as ligament and vascular tissues, are under residual stress 

and strain. When the tissues are excised from the body the in vivo stress and strain is removed, 

yielding a relatively stress-free configuration and resulting in retraction of the excised tissue.11 In 

vivo, the falx and tentorium are ‘taut’ to restrain brain motion.41 Similarly, a study on the dura 

mater of rats found that large tensile strains exist in immature rats dura mater (4.96 ± 1.54% 

s.d.) and moderate strains in mature rats (0.39 ± 0.13% s.d.).89 To improve the accuracy of 



tensile testing analyses of ex vivo biological tissues, it is encouraged to apply a ‘preload’ to tissues 

to eliminate sample slack and more closely replicate in vivo stress and strain conditions prior to 

tissue characterisation.88 

Furthermore, studies simulating the in vivo behaviour of arterial tissue have shown that inclusion 

of biofidelic prestresses on tissues improve the predictive capacity of these models.123 Similarly, 

Golman et al (2013) demonstrate that utilising inverse optimisation analysis of their indentation 

test analyses, a pretension value of 0.1% assigned to the falx cerebri in a computational model 

resulted in the best match between experimental data and computational modelling results. 

Similar analysis on a whole-head FE model identified that a falx pretension value of 6.52% 

produced the most biofidelic head model.124 Therefore, consideration should be given during 

meningeal tissue characterisation to the importance of pre-stressing tissues. 

 

Structural characterisation of the meninges 

Characterisation of the structural architecture of the meninges holds significant promise in 

addressing many of the currently open questions regarding meningeal mechanics and improving 

meningeal modelling efforts. Study of the structural architecture of the meninges has been 

conducted using both small angle light scattering (SALS)26, 27 and SEM.25 However, SEM is limited 

to surface layer analysis and SALS is limited to relatively thin specimens. Thicker tissues (typically 

greater than 800 𝜇m), such as dura mater tissue, are likely to produce inaccurate results.125 

Therefore, imaging modalities such as second harmonic generation (SHG) are suggested. SHG 

allows for layer-specific microstructural characterisation of collagenic architecture126 and has 

been used extensively in other soft biological tissues such as tendon127 and, thus, may enable 

enhanced structural characterisation of the meninges.  

 

Publishing of experimental datasets 



To enable easier application of mathematical models which enable constitutive modelling of the 

nonlinear behaviour of the meninges and consequently to allow for easier comparisons between 

experimental studies, we recommend that, when possible, investigators in the field of biological 

tissue mechanics publish their complete experimental datasets. These datasets should contain 

all relevant experimental data such as, but not limited to, the test sample geometries, the 

experimentally measured forces and test sample deformations. This will overcome many of the 

limitations associated with relying on elastic modulus values to compare between literature.53, 128 

 

Conclusion 

We have provided the first systematic review of meningeal mechanics, identifying 27 original 

research articles. Several groups have conducted mechanical characterisation of the dura mater 

with a wide range of employed experimental techniques, exhibiting a wide range of reported 

results. In contrast, there is a dearth of literature on the PAC, particularly on human subjects, 

while no peer-reviewed literature exists on the mechanics of the falx and tentorium membranes. 

We believe the suggestions provided herein may serve as a guide to future meningeal mechanics 

researchers to enable improved standardisation of test methodologies and easier comparison 

between study results. Further, the recommendations for future work will serve a starting point to 

improve the efficacy of dural substitutes and for improved FE modelling of TBI. 
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Fig. 1: (A) Illustration of meningeal anatomy including the dura mater, superior sagittal sinus, pia-

arachnoid complex, falx cerebri and corpus callosum. (B) Illustration demonstrating the region of 

interest depicted in (A). Note that the various regions are not drawn to scale. 

 

 

 

 

 

 



 

Fig. 2: Scanning electron microscopy image of macerated dura mater tissue demonstrating the dense 

collagenic architecture of the tissue. (A) The arachnoid surface layer (B) The bone surface layer. 

 

 

 

 



 

Fig. 3: (A) Workflow diagram summarising the identification of articles utilising three separate search 

platforms; Scopus, Academic Search Complete and Web of Science. (B) Summary of papers identified in 

the systematic review sorted by meningeal regions. No peer-reviewed studies were identified for falx 

cerebri and tentorium cerebelli mechanics. (C) Breakdown of testing modality employed in the studies 

which focussed on dura mater mechanics. (D) Breakdown of testing modality employed in the studies 

which focussed on pia-arachnoid complex (PAC) mechanics. AFM denotes atomic force microscopy. All 

studies which focussed on characterisation of whole meninges employed indentation testing. 

 

 



 

Fig. 4: (A) Summary of quasi-static elastic moduli results from the identified studies. Note that the 

modulus value assigned to the dura, falx and tentorium in the majority of FE models, based on the work 

of Galford et al (1970) on human dura mater tissue, is highlighted for comparison purposes. Data are 

presented as mean ± s.d. Note that the reported elastic moduli were calculated from the linear region of 

the stress strain curve (i.e. after the initial 'toe-region') and were reported by the original study authors. 

(B) Breakdown of species tested in mechanical studies focusing on the cranial dura mater. (C) 

Breakdown of species tested in mechanical studies focussing on the cranial PAC. 



 

Fig. 5: (A) Thickness data from studies on human and porcine dura mater along with human falx and 

tentorium tissues. Values are presented as mean ± s.d. Note that both Sacks (1998*) results pertain to 

two samples within the same study. PAC thickness values are not graphed due to the significantly 

smaller scale of the PAC. (B) Breakdown of measurement techniques utilised to analyse thickness in the 

identified studies. (C) Analysis of various test parameters in the identified studies such as whether 

sample preconditioning was conducted or not, if local sample deformation was analysed during sample 

characterisation, if test samples were submerged in a saline bath during testing to ensure tissue 

hydration and whether or not samples were tested at physiological temperature. 



 

Fig. 6: Normalised, permuted radar plot comparing dura mater mechanical characteristics to other soft 

biological tissues including brain, venous tissue and scalp. Legend: strain to failure, ϵ (%); damping loss 

factor, tanδ (no units), elastic modulus, E (MPa), tensile strength, σT, resilience, uR (MPa). Note that the 

maximum value for each averaged parameter is presented on the axes. Data presented in radar plot is 

as described in supplementary information table S7. 
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