
Chapter 3

Morphology and Mechanics of the Young Minipig Cranium

Stephen Alexander, C. Allan Gunnarsson, Ann Mae DiLeonardi, and Tusit Weerasooriya

Abstract The G€ottingen miniature pig is a useful surrogate to understand mechanisms of traumatic brain injury (TBI) in the

human. However, the mechanical response of the minipig skull has not been previously reported. In this study, cranial

samples were extracted from the skulls of adolescent minipigs (six months of age, average weight of 13.8 kg). The

microstructure was first characterized using high-resolution μCT. A highly gradient structure was observed, with the bone

volume fraction (BVF) almost doubling in the through-thickness (depth) dimension. These specimens were then mechani-

cally loaded in quasi-static compression. The surface strain distribution along the loading direction was measured during the

experiments using digital image correlation (DIC). Depth-dependent moduli were derived from the measured DIC strains

rather than machine displacement, due to the large gradient in morphology. An elasticity-morphology relationship from

literature was extended to represent the modulus variation in the functionally gradient skull structure (BVF), by calibrating

the relationship with the experimentally derived local moduli. The model enables the prediction of local moduli based solely

on the morphological parameter BVF measured with μCT, and also provided an estimation of the modulus of the bony phase

of the cranium.

Keywords Cranial bone mechanical properties • Fabric tensor • Mean intercept length • Minipig skull morphology • Skull

mechanics

3.1 Introduction

The G€ottingen minipig is used as a surrogate in impact experiments designed to better understand the mechanisms by which

mechanical loading induces traumatic brain injury (TBI). However, cranial mechanics and morphology must be understood

in order to accurately scale any quantitative results, such as injury thresholds, from non-human TBI experiments to the

human anatomy.

Both the mechanical response and the morphology of the skull have been previously studied for the human [1, 2] and

large-breed pig [3]. Mature human cranial bone is a sandwich structure composed of three layers spanning the through-

thickness axis, from the brain-most side of the skull to the skin-most side. The outer and inner tables are composed of dense

cortical bone, while the middle layer, the diploë, is porous trabecular bone. On the other hand, studies have reported a

random orientation of bone across the plane transverse to the through-thickness axis [4]. Importantly, skull morphology

changes dramatically during maturation, developing from a single layer of dense bone [3].

However, the size and porosity of the minipig skull is known to differ significantly from that of larger breeds [5],

requiring independent characterization. In this study, micro-computed tomography (μCT) was used to measure spatial

variation in porosity and to quantify the orientation of the bone phase within the structure. Specimens were also loaded at a

quasi-static rate in the through-thickness (depth) direction, normal to the outer surface of the skull. The surface strain field of

the specimen was captured during compression and was used to derive depth-dependent moduli. These moduli were related

to the morphology by optimizing parameters of a mechanical model. The tissue modulus of pure bone was also

approximated as part of the modeling procedure.
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3.2 Specimen Collection and Morphological Analysis

Cubical specimens (coupons), of side length 4–6 mm, were extracted from the skulls of three adolescent G€ottingen minipigs

(average age and weight: 26.8 weeks, 13.9 kg), following procedures previously described [6]. A total of 14 coupon

specimens were imaged prior to mechanical testing using a μCT scanner (Skyscan 1172, Bruker microCT) at 62 kV and

161 mA. The size of the isotropic voxel ranged from 2.82 to 2.95 μm. The μCT image stack sampled the thickness (depth)

dimension of the skull. Each image represented a cross-sectional slice of the specimen, transverse to the depth dimension and

with a thickness of one voxel. The image plane will also be referred to as the transverse plane.

Morphological analysis was performed with the CTAn software, provided by the CT manufacturer. The ratio of bone area

to total area of each image (depth) was assigned as the value of the bone volume fraction ( fbv) at that depth. The apparent
density ρa was calculated by multiplying the bone volume fraction by the average density of pure bone, ρb, ρa ¼ f bvρb.
Figure 3.1 shows the change of bone volume fraction and apparent density as a function of depth.

The spatial orientation of the bone phase within each specimen was quantified from the μCT data using the mean intercept

length (MIL) tensor [7]. In general, the principal axes of the MIL tensor correspond to the principal axes of the bone phase,

averaged over the volume of interest (VOI). The degree of anisotropy (DA) was calculated as the ratio of the largest to the

smallest eigenvalues of the MIL tensor.

The orientation analysis was performed on a sub-population of four specimens. The average bone orientation was

measured by calculating the MIL tensor for the largest possible spherical VOI which could be extracted from the specimen.

The resulting DA for the four specimens ranged from 1.20 to 1.45, much lower than the DA reported for bones from other

anatomical sites. For example, Mulder et al. reported the human calcaneus to have a DA of 1.99 � 0.29 [8]. The

comparatively low DA supports the approximation of the bone phase of the skull specimens as lacking a dominant

orientation.

3.3 Compression Loading and Mechanical Parameters

Unconfined, quasi-static compressive loading was applied to a sub-population of four cranial specimens (coupons).

Compression was in the depth direction at an average nominal strain rate of 0.001/s. One of the surfaces perpendicular to

the loading platen was speckled for digital image correlation (DIC), and a CCD camera captured the deformation of the

speckled plane during loading.

Fig. 3.1 The average bone volume fraction (a) and apparent density (b) plotted across the through-thickness axis. Percent thickness ranges from

the brain-most side of the bone at 0 % to the skin-most side at 100 %. Error bars are standard deviations

16 S. Alexander et al.



The depth-dependent stress-strain response was calculated from the experimental results of the four specimens. For each

specimen, the depth dimension was divided into ten layers of equal thickness. The specimen was idealized as a parallelepi-

ped composed of the ten layers stacked in series. The strain field over the speckled plane was calculated for each time point

of the experiment. The average strain of a specific layer, Eyy
r , was defined as the average strain over the specific x � y space

of the layer. The compressive stress of each layer as a function of time was calculated using the iso-stress approximation.

Under this assumption, the stress in each layer was obtained directly from far-field measurements (load cell). Figure 3.2a

shows an example stress-strain response for each of the layers of Spec A. The elastic moduli of each layer, Er, were

calculated from a linear regression of the initial portion of the layer’s stress-strain response. These moduli were taken at

layer-specific strain values roughly between 0.001 <Eyy
r <0.01 (0.1– 1% strain). Those layers for which an initial, linear

stress-strain response was not discernible were not included in further analysis.

3.4 Relating Morphology and Mechanics

The extent to which the morphology of the layer could predict the layer’s experimentally-derived modulus was investigated

using data from the compression experiments. All morphological (e.g. density) and mechanical (e.g. strain) fields were

assumed to be constant within each layer. The experimentally-measured modulus, Er, of each layer, r, within a given

specimen was assumed to be related to the tissue modulus of pure bone, E0, scaled by a factor of the bone volume fraction of

the layer,

Er ¼ E0ðf rbvÞk: ð3:1Þ

In Eq. 3.1, fbv
r, refers to the average bone volume fraction over the spatial area of the layer r. The relationship between

the apparent modulus of the porous structure and the modulus of pure bone, scaled by a power of the bone volume fraction,

has been well-established [9]. However, these power-law relationships have primarily been used to relate the far-field

modulus to the specimen-averaged bone volume fraction. The present methodology extends this method to calculate

localized moduli within each specimen, based on spatial changes in morphology.

Equation 3.1 requires two parameters to be optimized, E0 and the scaling parameter, k. They were optimized by fitting to

the layer-specific moduli calculated from the experimental results, and the resulting relationship was

Fig. 3.2 An example of localized mechanical properties for Spec A. (a) The stress-strain response of each layer of Spec A, as calculated from the

experimental results. Line colors correspond to the thickness percentage of the layer, as shown in the legend on right, in which a thickness of 0 % is

the brain-most side and 100 % is the skin-most side. (b) The modulus of each layer calculated from the localized stress-strain response, together

with model results
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E ¼ 3072 f rbv
� �3:041

: ð3:2Þ

Figure 3.2b shows an example of the model fit for one of the specimens, Spec A. Figure 3.3a shows the data from all

specimens used in optimization, plotting the modulus of each of the layers as a function of the layer’s averaged bone volume

fraction.

After optimization, Eq. 3.2 was then applied to the average change of bone volume fraction as calculated for all

14 specimens, previously shown in Fig. 3.1b. Figure 3.3b shows the resulting prediction of the change of modulus with

depth. The brain-surface portion of the bone was predicted to be, on average, approximately five times stiffer than the skin-

surface.

3.5 Conclusions

The cranial bone morphology of the adolescent G€ottingen minipig was quantified using μCT imaging with a resolution on

the order of 3 μm. The volume fraction of the bone and its orientation within the skull were calculated from the images.

Adolescent minipig skull specimens had denser bone near the brain, which gradually transitioned to more porous bone

near the skin. This arrangement is the inverse of what has been previously reported in immature large-breed pigs and

humans [3].

The compressive mechanical response of cranial bone was also measured. A relationship between localized bone volume

fraction and modulus was developed using a small subset of specimens. One of the fundamental assumptions of the modeling

technique was the absence of significant mechanical anisotropy. A preliminary investigation of the extent to which the

structure was randomly arranged relied on MIL analysis of the μCT dataset and indicated a low degree of structural

anisotropy.

The results of the isotropic model were applied to the larger group of specimens to predict the modulus-depth

dependence. The model parameter corresponding to the bone tissue modulus was found to be 3.1 GPa. Researchers

have previously approximated the tissue modulus of trabecular (highly porous) bone as 12 GPa, based on the range of

results from experimental studies which directly measured this modulus [1]. The slightly lower value found for the minipig

in this study likely arises from age effects. The isotropic model scaled the tissue modulus by the value of the bone volume

fraction with an exponential factor of 3.04. This value aligns with previous studies, which show the scaling parameter to

range from 2 to 3 [2].

Fig. 3.3 Model results and prediction. (a) The modulus of each layer, calculated from the compression experiments, is plotted as a function of the

layer’s bone volume fraction, as measured from the μCT results. The red line is the model fit. (b) Model prediction for the change of modulus as a

function of depth for all 14 specimens. Error bars indicate standard deviation of the bone volume fraction of each layer (Fig. 3.1a)
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This study was limited in the assumptions employed in the mechanical model, the small number of specimens used in

parameter optimization, and the lack of an independent validation study. Perhaps most importantly, the model did not

account for the spatial variation of bone orientation. Further investigation of the influence of the structural anisotropy on the

mechanical results, and any conclusions as to the presence of mechanical anisotropy, would require other methods which

could capture local variations in the morphology with greater precision.
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