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1. Introduction 

Head injuries are a common cause of disability and death in both military and 
civilian populations. Localized microfailure mechanisms (e.g., fracture initiation 
and propagation) of human skull bones are not well defined for a wide range of 
blunt trauma and impact scenarios, much less how these microfailure mechanisms 
develop into macrofracture types (linear, depressed, etc.). It has been reported that 
skull fracture can increase intracranial pressure depending on the fracture location 
with respect to vasculature1,2 and has been shown to be associated with higher 
incidences of traumatic brain injury and poor patient outcomes.3–5 Micro- and 
macromechanisms of skull fracture are dependent on the state of stress at the 
location of the fracture, which is dependent on the external loading conditions. The 
resulting state of stress could determine the initiation and location of tensile, 
compressive, or shear dominant fractures. The prevention strategies to reduce the 
different fracture modes are not the same, so understanding the dominant failure 
mode can help lead to optimized protection designs. There have been a few 
extensive and microstructurally driven studies on compressive6,7 and tensile8 skull 
deformation and fracture, but no such detailed studies of fracture under shear 
dominant loading conditions currently exist. 

Bone is a naturally complex and hierarchal composite material consisting of 
collagen fibers (30–40 wt.%) reinforced by nanoplatelets of carbonated 
hydroxyapatite (50–60 wt.%) and water (10–20 wt.%).9 Mature human cranial bone 
is a sandwich-like structure with higher density outer and inner tables with an 
increasing porosity gradient toward the central trabecular bone region, or, diploë.10 
When subjected to uniaxial compression normal to the cranial tables, the 
mechanical response of mature cranial bone closely resembles that of a typical 
closed-cellular structure; it undergoes a linear-elastic regime followed by stress 
relaxation from pore collapse and finally a rise in stress as the material undergoes 
densification.6,11,12 Shear stress dominated failure mechanisms of human bone, 
particularly cranial bone, are largely unknown.  

Shear strength data for human bones have most commonly been acquired using 
torsional loading methods;13–18 however, torsion experiments are too complex to 
obtain meaningful data for constitutive and failure models since these experiments 
do not generate uniform shear conditions within the specimens.16,19,20 Considering 
these complexities with torsion experiments, various nominally pure shear 
experimental methods have previously been implemented to obtain the shear 
response of human cortical bone, notably the Iosipescu test,19,21,22 Arcan test,19 and 
the double-notched shear test.20 These experimental methods have been used to 
study cortical bone from human femur19,21,22 and tibia.20 The cortical bone in the 
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aforementioned long bones have transversely anisotropic mechanical properties 
due to their ordered osteon structures in the axial direction.22 The same “V-notch” 
experimental methods used for long bones are not easily implemented for human 
skulls due to their curvature. The shear-punch test (SPT) method is promising for 
obtaining nominally pure shear strength data of skull bones as it can accommodate 
smaller specimen geometries. This experimental technique involves a rigid punch 
that blanks a thin specimen clamped between two dies. Deformation occurs in the 
annular region of the punch-die with a small clearance (~0.02–0.05 mm), producing 
near-pure shear stresses. The von Mises yield criterion, also referred to as the 
maximum distortion strain energy criterion, establishes the relationship 𝜎𝜎𝑦𝑦𝑣𝑣𝑣𝑣 = 𝑚𝑚 ∙
𝜎𝜎𝑟𝑟𝑟𝑟 𝑎𝑎𝑎𝑎𝑑𝑑 𝑚𝑚 = √3 = 1.732, where 𝜎𝜎𝑦𝑦𝑣𝑣𝑣𝑣 and 𝜎𝜎𝑟𝑟𝑟𝑟 denote the von Mises yield stress 
and the stress in the plane of pure shear in the direction of the punch-loading and 
radial plane, respectively, and m is a correlation factor relating uniaxial tensile yield 
strength to pure shear yield strength. Alternatively, the Tresca yield criterion 
(maximum shear) predicts m = 2.23 It has been reported that measured values of m 
from SPT experiments and finite element analysis (FEA) performed on numerous 
kinematic hardening materials range from 1.38 to 2.3.24–28 These yield criterions 
assume an isotropic material response; however, cortical bone is a highly 
anisotropic9 and viscoelastic material with higher compressive yield and ultimate 
strengths than tensile strengths when loaded along the longitudinal osteon direction 
in long bones.14,18 Combined experimental and numerical work has demonstrated 
von Mises criterion to have serious limitations when applied to trabecular bone due 
to its inherent inability to account for the yield stresses in trabecular bone being 
much lower in shear than in tension, resulting in m values much higher than 1.73.29 

Roydhouse30 pioneered the miniature SPT and it has been used to investigate 
strengths in dental31–33 and irradiated materials34 due to limited sizes of material to 
make specimens and the ability to infer uniaxial tensile strength using the 
aforementioned correlation factor, m. In literature, there are several efforts to 
standardize and improve the SPT methodology. Carter et al.31 demonstrated that 
bending effects of unconstrained SPT specimens leads to significantly lower 
toughness and shear strength for human dentin compared to that from constrained 
specimen experiments. Furthermore, Nomoto et al.32 corroborated these findings 
by reporting that screw-clamped specimens produced considerably higher strengths 
than simple washer-constrained specimens. Toloczko et al.27 introduced a new low-
compliance SPT with a capacitive-based displacement measuring device to correct 
for crosshead compliance effects; they used a 1% offset shear yield criterion to 
obtain the yield strength based on FEA work.35 A normalized master shear stress-
displacement curve combined with a 1% offset yield criterion has become a 
standard approach for analyzing experimental SPT data.24 This approach enables a 
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shear yield stress measurement independent of specimen thickness that produces 
tensile yield stress values with an m value of 1.77.24 Guduru et al.25 then 
investigated the SPT using FEA and concluded that an offset yield criterion of 
0.15% was sufficient for FEA; compliance of the experimental test fixtures is not 
present in the FEA and their work found additional compressive effects are minimal 
at this offset yield point. More recently, Karthik et al.28 was able to reduce the 
experimental offset yield criterion from 1% to 0.2% by implementing a linear 
variable differential transformer underneath the center of the specimen. This 
methodology produced an instantaneously measureable displacement 
representative of the punch tip displacement, thus removing all compliance errors 
between the test machine and the loaded surface of the specimen, producing an m 
value of 1.73. 

In this work, for the first time, the SPT method is used to determine the shear 
strength of human skull bones. The shear strength was also determined as a function 
of their layered microarchitecture structure. The SPT methodology implemented 
here was previously developed using bone surrogates and six full through-thickness 
skull bone coupons.36 For this work, we conducted shear-loading experiments at 
two different loading rates on a total of 47 (N = 47) specimens extracted from right-
parietal and frontal bones. Some of these specimens span the through-thickness, 
and others were machined from inner and outer cortical tables (IT and OT, 
respectively) and also from the diploë (D). The shear yield and ultimate shear 
strengths of all these specimens were obtained to correlate with the bone volume 
fraction (BVF) of the punched region with power law and exponential functions. 
Partial indentation SPTs, with loading stopped at critical junctures of the load-
displacement curves, were also conducted to study the process of damage evolution 
for full through-thickness specimens. 

2. Materials and Experimental Methods 

2.1 Through-Thickness Bone Specimens 

Three fresh-frozen-thawed human skulls were obtained from Platinum Medical 
Group (Phoenix, AZ) and Science Care (Phoenix, AZ). These specimens were 
handled and underwent shear experiments in accordance with US Army Combat 
Capabilities Development Command Army Research Laboratory’s (CCDC ARL’s) 
Policy for Use of Human Cadavers for Research, Development, Test, and 
Evaluation under the guidance and oversight of the CCDC ARL Human Cadaver 
Review Board and the CCDC ARL Safety Office. The postmortem human subject 
(PMHS) donors were male and 79 (ARL-0004), 86 (ARL-0007), and 78 (ARL-
0019) years old. There were no significant pathological defects present in the 
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regions where specimens were extracted. Soft connective tissues were carefully 
removed using an osteotome. A water-lubricated diamond pathological saw 
(EXACT 312) was used for extracting oversized beam-like bone sections from 
parietal and frontal bones of each skull. A diamond wafer saw (Buehler, IsoMet™) 
was then used to cut the oversized sections into nominally 10 mm × 10 mm × 
through-thickness (3.6–6.6 mm) specimens. A fiducial marker on the anterior face 
of the specimen was machined using the diamond wafer saw. All specimens were 
lightly sanded flat using a custom jig and 400–600 grit silicon carbide (SiC) papers, 
placed into individual glass vials of Hanks Buffered Saline Solution (HBSS), and 
stored at 4 °C until undergoing micro-computed X-ray tomography (µCT) scans. A 
schematic of the experimental workflow is illustrated in Fig. 1. 

 

Fig. 1 A pictorial outline of the experimental workflow for all specimens. The dotted red 
lines in the diamond wafer saw step indicate approximate additional cuts required to 
manufacture inner and outer table and diploë specimens. 

2.2 Cortical Table and Diploë Bone Specimens 

Randomly selected specimens underwent optical inspection of their through-
thickness cross sections to approximate the transitions from OT, D, and IT. Suitable 
specimens (N = 10) then underwent segmentation using the diamond wafer saw to 
extract the OT (N = 9), D (N = 7), and IT (N = 8) for SPTs of the individual skull 
layers. Every selected specimen was not able to generate specimens for each layer 
due to curvature of the outer and inner surfaces and the increased presence of 
surface roughness defects on the IT due to vasculature and increased amounts of 
connective tissues. The OT and IT specimens were then lightly sanded flat and 
parallel using a custom jig and 600 grit SiC paper, and then placed into individual 
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glass vials of HBSS and in storage at 4 °C until µCT scanned. The D specimens did 
not undergo sanding as their surfaces were parallel within 0.01 mm from two 
consecutive wafer blade cuts. The nomenclature henceforth for identifying an 
individual specimen is P or F, indicating parietal or frontal bone, followed by no 
additional letters for full through-thickness (TT) experiments, OT for outer table, 
IT for inner table, D for diploë, and ending with a unique specimen number (e.g., 
FOT2 = frontal bone, outer table specimen number 2). 

2.3 Micro-Computed X-Ray Tomography 

A Bruker Skyscan 1172 was used for all µCT scans operating between 62 kV at 
161 µA and 70 kV at 141 µA with a 0.5-mm aluminum filter. All specimens from 
skull ARL-0007 were scanned at a resolution of 4.23 µm/voxel. A resolution of 
6.73 µm/voxel was used for all other specimens; this resolution was capable of 
resolving all of the features necessary to calculate bulk porosity as supported by 
skull morphological characterization work10 and increased throughput. Specimens 
were placed in a plastic cylindrical container and stacked with HBSS-soaked gauze 
in between. The container was filled with HBSS for fully hydrated scanning. 
Specimens were scanned before and after mechanical testing to ensure the BVF, a 
ratio of solid material volume to total volume, of the shear-punch volume (SPV) 
was considered for further analysis. Bruker’s 3D.SUITE software was used to view, 
threshold, binarize, and determine BVF for all specimens. The 3D registration tool 
was used in the DataViewer software to ensure the BVF of the SPV was accurately 
determined in the pre-punch scans. Absorbed irradiation doses were calculated to 
be in the range of 102 Gy based on beam conditions, distance from the source, and 
specimen sizes using software provided by Bruker. We emphasize that this 
absorbed irradiation dose is well below the reported 102–103 kGy shown to 
diminish the post-yield response of bone.37 

2.4 Shear-Punch Test Method 

An SPT jig was designed and machined with a die-punch clearance of 0.02 mm for 
both the upper and lower dies, as shown in Fig. 2. The dies were machined from Al 
7075-T6 and the 3-mm diameter punch rod was machined from hardened 17-4PH 
stainless steel. A bone specimen was placed on the lower die and the clamping force 
(upper boundary condition) was set by bringing the threaded upper die into contact 
with the specimen and applying a light hand-tight torque just until the resistance 
was felt. The effects of restraining torque has been shown to not significantly affect 
the outcome of SPT experiments.32 It is known that unconstrained SPTs may 
undergo significant bending, resulting in stress states far from uniform shear.31,32 
Friction effects at the punch-specimen interface may be considered negligible.26. 
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Fig. 2 Cross-sectional view of the shear-punch system. The black-dashed rectangle (upper-
left) identifies the approximate region of the punch that is speckled to track displacement of 
the punch by digital image correlation (DIC). Typical displacement contours from DIC 
analysis of the speckled area of the punch are shown (upper-middle). A cross-section 
schematic of relevant SPT dimensions labeled with the annular 0.02-mm shear zone 
highlighted in red are also given (right).  

All SPTs were conducted using an Instron 8871 servo-hydraulic load frame 
equipped with a 5-kN load cell. The test machine was operated using crosshead 
displacement control. Displacement rates were chosen to correspond to strain rates 
of 0.001 and 0.1 s–1 for uniaxial compression conditions based on the nominal 
thickness of each specimen. These displacement condition rates were chosen to 
provide consistency with previous and ongoing CCDC ARL experimental efforts 
to obtain human skull bone strength at other stress-states. Additionally, the 
theoretical shear strain and strain rates are inversely proportional to the punch-die 
clearance (0.02 mm), thus producing high values of shear strain and strain rate.24 
For example, a 1.5-mm-thick OT specimen and 6-mm-thick TT specimen would 
produce shear strains of 7.5 and 30 for punch displacements equivalent to uniaxial 
strains of 0.1 at shear strain rates of 0.037 and 0.15 s–1 for uniaxial strain rates of 
0.001 s–1, respectively. The shear stress (τ) history was obtained from the force-
time data using the SPT relationship34: 

 𝜏𝜏(𝑇𝑇) = 𝑃𝑃(𝑇𝑇)
𝜋𝜋𝐷𝐷𝑎𝑎𝑎𝑎𝑡𝑡

 (1) 

where P is the measured load in newtons, T is time, Dav is the average of the punch 
and die diameters, and t is the specimen thickness. Shear-displacement data are 
plotted as τ versus normalized displacement to remove specimen thickness effects 
on shear strength values. Shear yield stresses (τy) reported in this work were 



 

7 

obtained using the 1% offset rule.24 The 1% offset was taken from the linear loading 
regime of the shear-normalized displacement curve for each experiment; any initial 
nonlinear loading due to experimental artifacts, or “knee,” was not included in the 
1% offset analysis. The global maximum τ for each SPT is reported here as the 
shear ultimate strength of the specimen (τu). Displacement was increased until the 
punch fully penetrated each specimen and was displaced into the lower die. Five 
partial indentation SPTs were performed on full through-thickness specimens (N = 
5) by stopping the machine at specific load landmarks indicative of yielding, the 
onset of plastic deformation, and approaching the ultimate shear strength. 
Specimens were µCT scanned after loading to identify the micro mechanisms of 
damage just after yield (first maxima), the end of stress relaxation (first minima), 
between the first minima and second maxima, and after the ultimate failure point 
(second maxima). 

A speckle pattern was applied to the end of the punch, which is in contact with the 
crosshead, for digital image correlation (DIC) measurement of the punch 
displacement to compensate for the test system compliance error associated with 
the crosshead displacement. The shear stress versus displacement curve shown in 
Fig. 1 illustrates a typical shift after the compliance correction of the machine 
displacement from DIC analysis is implemented. Compliance correction is well-
documented as an important factor in determining shear yield strengths using the 
SPT method.24,27,28 A 12.3-megapixel camera (Point Grey Research Grasshopper, 
resolution = 2824 × 4240) acquired images at rates of 1 and 40 Hz for uniaxial 
strain rates of 0.001 and 0.1 s–1, respectively. All DIC data were analyzed using 
Vic2D (Correlated Solutions) with a subset size of 29 × 29 pixels and a step size of 
7 pixels. 

3. Results 

The shear response of human skull bones was evaluated for full TT (through-
thickness) specimens and each of the three skull bone layers (OT, D, IT) at uniaxial 
compression equivalent strain rates of 0.001 and 0.1 s–1. The average yield and 
ultimate shear strengths for full TT (N = 18), OT (N = 9), D (N = 7), and IT (N = 
8) skull bones are given in Table 1 along with average specimen thicknesses. The 
mean shear yield and ultimate strengths were highest in the OT specimens with 
values of 65.3 and 88.3 MPa, respectively, with a mean BVF of 92.2%. In 
comparison with the OT specimens, the shear yield and ultimate strengths of the IT 
specimens decreased by 21% and 17%, respectively, and a 4.7% reduction in the 
mean BVF. The appreciable decrease in shear yield and ultimate strengths from the 
OT specimen to the D (~70%) and full TT (~66%) specimens clearly indicate a 
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strong correlation between BVF and shear strength, and that the diploë may largely 
influence the full TT specimen strength. 

Table 1 Mean shear yield and ultimate strengths, BVFs of the SPVs, and thicknesses for 
each specimen type and strain rate. Standard deviations are given in parentheses.  

Specimen 
type 

Strain rate 
( s-1) 

𝝉𝝉𝒚𝒚  
(MPa) 

𝝉𝝉𝒖𝒖  
(MPa) 

BVF 
(%) 

Thickness 
(mm) 

TT 

0.001 20.6 (5.14) 26.5 (4.96) 71.7 (5.76) 5.34 (0.893) 

0.1 25.8 (2.48) 32.8 (5.91) 69.1 (5.21) 6.05 (0.324) 

All TT 22.4 (5.04) 29.3 (6.25) 70.8 (5.72) 5.59 (0.819) 

OT 

0.001 62.2 (6.11) 85.2 (9.88) 91.6 (3.02) 1.42 (0.153) 

0.1 69.3 (6.19) 92.3 (5.59) 92.9 (2.26) 1.63 (0.249) 

All OT 65.3 (7.07) 88.3 (8.98) 92.2 (2.79) 1.51 (0.228) 

ITa 

0.001 48.2 (11.0) 69.9 (11.7) 87.3 (4.66) 1.36 (0.170) 

0.1 58.9 (2.85) 81.4 (2.20) 89.5 (0.95) 1.19 (0.195) 

All IT 51.3 (10.6) 73.2 (11.2) 87.9 (4.09) 1.31 (0.192) 

Da 

0.001 18.4 (2.31) 18.7 (2.17) 50.2 (5.81) 1.59 (0.182) 

0.1 19.2 (3.08) 20.6 (4.15) 53.5 (5.14) 2.11 (0.169) 

All D 18.8 (2.75) 19.7 (3.44) 51.7 (5.73) 1.85 (0.314) 
a  PIT6 and PD1 have been omitted as they do not meet the BVF requirements for their respective layers.10,38 

 
All obtained shear stress-normalized displacement curves are shown in Fig. 3 for 
each experimental condition and all tested specimens (N = 47). These datasets are 
compliance-corrected using the punch DIC displacements, while any initial 
nonlinear loading responses have been kept (e.g., Fig. 3e, for FOT1). The average 
effective shear-punch modulus for each experimental condition is shown in 
Figs. 3a–e as a visual aid to compare with the linear-elastic loading path offset by 
1% normalized displacement. Two specimens are outliers with respect to their 
specimen types: PIT6 and PD1 in Figs. 3d–e, respectively. Although PIT6 and PD1 
were extracted from appropriate positions (visually identifiable layer boundaries) 
within their respective cross sections of the specimens, their BVF values do not 
meet the criteria for each layer type; the suggested quantifiable cutoff between the 
skull cortical tables and diploë has been previously defined as 70% BVF.10,38 These 
two specimens were not included for statistical analysis. There were significant 
differences in mean BVF between all specimen combinations except between OT 
and IT (p = 0.051 > 0.05 = α). Multiple two-sample unequal variance t-tests using 
a two-tailed distribution with the significant level (α) set to 0.05 are given in the 
Appendix. 
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Fig. 3 Shear stress vs. normalized displacement curves for a) low-rate full-thickness SPTs 
(N = 10), b) higher-rate full-thickness SPTs (N = 8), c) low- (N = 5) and higher-rate (N = 4) 
outer table SPTs, d) low- (N = 6) and higher-rate (N = 2) inner table SPTs, e) low- (N = 4) and 
higher-rate (N = 3) diploë SPTs, and f) low-rate full-thickness partial indentation SPTs (N = 
5), which are offset for visual aid only. Plots (a–e) include the average 1% offset linear slope 
for all specimens of that condition for visual aid only.  
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In general, for shear yield and ultimate strengths, loading rate effects were not that 
significantly different between equivalent uniaxial strain rates of 0.001 and 0.1 s–1 
for all regions (IT, OT, and D), except for the TT specimens(p = 0.005–0.039). For 
a given strain rate of 0.001 or 0.1 s–1, there were no significant differences for either 
shear yield or ultimate strength from OT and IT specimens, as their mean BVFs 
were not significantly different. Additionally, for both strain rates, shear yield 
strengths were not significantly different for D and TT (p = 0.0747–0.352), 
indicating that yielding for TT specimens were concentrated in the diploë region; 
however, mean ultimate strengths showed a significant difference for D and TT for 
both strain rates (p = 0.011–0.025), indicating the presence of additional strength 
contribution of the table regions on the failure of the compacted diploë region. 
Lastly, there were no significant differences between frontal and parietal bones for 
yield and ultimate strengths or BVF for TT (p = 0.520–0.757) and OT (p = 0.467–
0.905) specimens. The total number of available frontal bone specimens (N = 15) 
prohibited a more exhaustive comparison with parietal bone specimens (N = 32). 

Shear yield and ultimate strengths were plotted as a function of each specimen’s 
mean BVF and represented with power law and exponential relationships, as shown 
in Fig. 4. Considering that the shear yield strength of the TT specimens is largely 
influenced by the diploë layer, several specimen groupings were considered for 
representing the strength-BVF functions. We are reporting the shear yield and 
ultimate strength as a function of BVF for the individual skull layer (OT, D, IT) 
specimens only in Figs. 4a–d. Assuming that the TT specimen responses are in fact 
dominated by the diploë regions, we report the shear yield strength as a function of 
BVF for the skull layer specimens combined with low-rate TT specimens paired 
with the BVF of their respective diploë regions in Figs. 4e–f. Ultimate strength was 
not assigned a functional relationship for the latter grouping as this relationship 
tested as significantly different between the TT and D specimens, as discussed 
earlier. All power law and exponential functional relationships were obtained 
within MATLAB using the fit command, resulting in derived functional 
relationships having R2 values in the range of 0.917–0.956. The 95% confidence 
intervals of the fitted functions in Fig. 4 were obtained in MATLAB using the 
predint command. There is ±95% confidence that the predicted curve lies within 
these bounds. 
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Fig. 4  Shear yield and ultimate strengths vs. BVF represented as power law and 
exponential functions. Plots (a–d) do not include TT specimens and plots (e–f) include low-
rate TT specimens with their corresponding diploë BVFs. The dashed purple lines in each plot 
are the 95% prediction bounds. TT, OT, IT, and D are the total through-thickness, outer table, 
inner table, and diploë specimens, respectively.  
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Partial indentation SPTs (N = 5) were performed to investigate the progression of 
deformation and damage within TT specimens. Figure 3f shows the shear stress-
normalized displacement response for all the partial indentation SPTs. These 
experiments were stopped at loads indicative of, from left to right in Fig. 3f, the 
onset of plastic shear deformation (first maxima), the end of stress relaxation (first 
minima), two specimens with increasing punch displacements prior to an upturn in 
stress from porous material densification, and near the failure stress (second 
maxima). Yield strength in each of these specimens varied depending on the 
microstructure of the specimen (refer to Fig. 3f), but each maxima and minima were 
considered critical transition points of the damage process leading to the activation 
of different deformation and/or failure mechanisms. 

Shear stress and the average pore volume fraction (PVF = 1 – BVF) of the SPV are 
normalized with their global maximum values and are plotted against normalized 
specimen depth taken from the outer surface (0%) to inner surface of the skull 
(100%) in Figs. 5 and 6 for the higher BVF specimens (76.5–77.1%) and lower 
BVF specimens (62.6 and 63.3%), respectively. Pore collapse, or densification, 
within the specimen is captured by a decrease in the vertical (PVF) component of 
the plot at comparable depths in Figs. 5 and 6. The PVF of the post-punch specimen 
depth profiles are offset from the origin by the final punch displacement into the 
specimen. Specimens underwent varying amounts of elastic recovery of the SPV 
after load was removed; these elastic recoveries are indicated in Figs. 5 and 6 where 
there is a difference in normalized displacement/depth between the end of the 
normalized loading curves and the beginning of the normalized post-punch PVF 
profiles. When pores undergo collapse there is also narrowing of these regions 
along the horizontal axis with respect to the pre-punch profile. Convergence of the 
pre- and post-punch PVF profiles with respect to both axes provides identification 
of the undeformed bone volumes within each specimen. Due to the initial offset 
from the punch depression in the post-punch curves, the depth of undeformed bone 
within the OT is not as easily identified by visual inspection from Figs. 5 and 6. 
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Fig. 5 Normalized shear stress and PVF vs. normalized displacement curves of partial 
indentation SPT experiments for specimens with similar average BVFs of the SPVs and two 
views of the 3D µCT images illustrating deformation mechanisms across varying punch 
displacement conditions; a) P09 has an average BVF of 77.1% and underwent a punch depth 
of 80.6 µm (1.44% of thickness) exhibiting minimal pore collapse within the diploë, b) P11 has 
an average BVF of 76.7% and underwent a punch depth of 219 µm (5.45% of thickness) 
exhibiting increased volumetric pore collapse within the diploë, and c) F03 has an average 
BVF of 76.5% and underwent a punch depth of 1142 µm (18.5% of thickness) exhibiting 
material densification within the diploë while pores within the inner and outer tables remain 
largely unchanged, as highlighted by the blue circles. Large red arrows indicate the region of 
material undergoing pore collapse, small red arrows indicate the presence of fracture paths, 
red dotted lines indicate the fractures’ paths, and the red circles in the perspective views of b) 
and c) highlight the approximate volumes undergoing significant compaction for visual aid. 
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Fig. 6 Normalized shear stress and PVF vs. normalized displacement curves of partial 
indentation SPT experiments for specimens with similar average BVFs of the SPVs and two 
views of the 3D µCT images illustrating deformation mechanisms across varying punch 
displacement conditions; a) P10 has an average BVF of 62.6% and underwent a punch depth 
of 339 µm (5.04% of thickness) exhibiting minimal pore collapse within the diploë, b) P12 has 
an average BVF of 63.3% and underwent a punch depth of 843 µm (15.3% of thickness) 
exhibiting the onset of material densification within diploë. Large red arrows indicate the 
region of material undergoing pore collapse, small red arrows indicate the presence of 
fractures, red dotted lines indicate the fractures’ paths, and the red circular shapes in the 
perspective views of b) and c) highlight the approximate volumes undergoing significant 
compaction for visual aid.  
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Figures 5 and 6 also include two views (side and perspective) of 3D µCT images 
of each specimen illustrating damage evolution from increased punch 
displacement. Increased punch displacement leads to collapse and densification of 
pores within the diploë with little measurable change in BVF within the outer and 
inner tables. Fractures around the arrested punch penetration are highlighted in 
Figs. 5 and 6 by dashed red lines. Penetration of the OT is largely parallel to the 
punch direction (simple shear) with radial fracture patterns emanating at various 
angles from the punch direction ahead of the displaced surface, later transitioning 
to a conical shaped damage zone that is similar to maximum shear angles in a 
uniaxial compression stress-state. Internal damage distributions in the plane normal 
to the punch direction are shown in Fig. 7 for specimen F03, further illustrating the 
increased conical volume of damaged material with punch depth (a–e) and the 
remaining volume undamaged by the punch process (f). 

 

 

Fig. 7 Internal damage distribution within partial indentation SPT specimen F03 at 
different depths; a–e) illustrates an increasing effective diameter of the crushed zone moving 
into the diploë, indicated by the growing red circles and f) depicts the depth (IT layer) where 
damage is absent 
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4. Discussion 

This study presents new data on the shear strength of human skull bones aimed at 
achieving nominally pure shear conditions and as a function of quantifiable local 
microarchitecture. As such, cortical and trabecular bones from animal models and 
various anatomical locations from PMHS experiments are used for comparative 
discussions. Table 2 compiles an extensive summary of available shear data on 
human and animal bones from the literature. Figure 8 is a graphical comparison of 
key comparative results with the SPT work presented in this report. The divergence 
of the power law and exponential models from the lowest experimental BVFs as 
they approach an unphysical BVF of zero are due to these functions returning zero 
strength and the multiplicative scaling factor as the BVF approaches zero, 
respectively. Thus, it is suggested that if the proposed exponential models are 
incorporated into numerical analyses or FEA, the working range of BVFs should 
be limited to the supported experimental range of 0.44–1 only. 

Table 2 Shear data on cancellous and cortical bones from this study and literature 

Reference [ ] Test method Bone type and test condition 𝝉𝝉𝒚𝒚  
(MPa) 

𝝉𝝉𝒖𝒖  
(MPa) 

BVF  
(%) 

Current Study Shear-punch 
test 

Human – Through-thickness; TT 
Human – Cortical skull; OT 

22.4 (5.04) 
65.3 (7.07) 

29.3 (6.25) 
88.3 (8.98) 

70.8 (5.72) 
92.2 (2.79) 

Human – Cortical skull; IT 51.3 (10.6) 73.2 (11.2) 87.9 (4.09) 
Human – Trabecular skull; D 18.8 (2.75) 19.7 (3.44) 51.7 (5.73) 

Robbins & 
Wood [53] Simple shear Human – Trabecular skull; D . . . 13.1 (. . .) . . . 

McElhaney et al. 
[13] 

Simple shear 
Human – Trabecular skull; D . . . 

21.4 (3.45) 
4.4–74a 

Torsion 22.1 (5.52) 

Evans & Lebow 
[54] 

Shear blade 
(tube) 

Human – Cortical femur, dry 
. . . 

55.2 (24.7-87) 
. . . 

Wet 67.6 (41.4-
105.5) 

Mitton et al. [55] Shear blade 
(tube) 

Ewe – Trabecular vertebrae, wet 
. . . 

7.5 (4.7) 24.1 (6.8)b 
Wet at 37°C 5.3 (3.4) 27.3 (7.3)b 

Garnier et al. 
[15] 

Shear blade 
(tube) Human – Trabecular femur 

. . . 10 (4.5) 28.7 (5.6)a 

Torsion 4.3 (1.9) 6.1 (2.7) 38.3 (9.3)a 

Saha [56] Double-
notch shear 

Embalmed human compact, 
𝜀𝜀̇~0.001 

. . . 
50.4 (14.1) 

. . . 
Embalmed human compact, 

𝜀𝜀̇~0.01 42.8 (9.08) 

Dong et al. [20] 
Inclined 

double-notch 
shear 

Human – Cortical tibia 35.7 (9.88) 61.4 (6.3) . . . 

Reilly & 
Burnstein [14] Torsion 

Human – Cortical femur  
. . . 

68 (4.2) 
. . . 

Bovine – Cortical femur 66.8 (12) 
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Table 2 Shear data on cancellous and cortical bones from this study and literature 
(continued) 

Reference [ ] Test method Bone type and test condition 
𝝉𝝉𝒚𝒚  

(MPa) 
𝝉𝝉𝒖𝒖  

(MPa) 
BVF  
(%) 

Ford & Keaveny 
[40] Torsion 

Bovine – Trabecular tibia, 
longitudinal 4.24 (1.42) 6.35 (2) 22.3 (0.05)b 

Bovine – Trabecular tibia, 
transverse 3.26 (0.99) 4.92 (1.48) 26.8 (0.05)b 

Jepsen & Davy 
[16] Torsion Human – Cortical femur 55.8 (3.8) 74.1 (3.2) . . . 

Kasra & 
Grynpas [57] Torsion 

Ovine – Trabecular lumbar, 
𝜀𝜀̇~0.002 

. . . 
4.9 (1.5) 31.4 (3.2)a 

Ovine – Trabecular lumbar, 
𝜀𝜀̇~0.05 7.7 (1.4) 35 (6.4)a 

Rincon-Kohli & 
Zysset [17] Torsion Human – Trabecular fibia, tibia, 

radii, and lumbar 1.23 (0.83) 2.32 (1.53) 15.1 (4.2) 

Nazarian et al. 
[58] Torsion Bowhead whale – Trabecular 

vertebrae . . . 18.05 (2.88) 40 (6) 

Mirzaali et al. 
[18] Torsion 

Human – Cortical femur, 0.05% 
offset 31.62 (4) 

46.31 (5.82) 94 (3.97)a 
Human – Cortical femur, 0.2% 

offset 40.95 (5.16) 

Turner et al. 
[19] 

Iosipescu 
Arcan 

Human – Cortical femur, 
transverse 

. . . 
65.3 

. . . 
Human – Cortical femur, 

longitudinal 51.6 

Winwood et al. 
[21] 

Cyclical 
Iosipescu 

Human – Cortical femur, 
longitudinal . . . 15–40 . . . 

Tang et al. [22] Iosipescu 

Human – Cortical femur, 
transverse 

. . . 

49.9 (6.2) 

. . .c 30° from osteon orientation 31.2 (8.4) 
60° from osteon orientation 22.7 (2.5) 

Longitudinal 28.9 (6.2) 

Sanyal et al. 
[39] 

FEA shear Human – trabecular tibia, 
vertebrae, femur, greater 

trochanter 

𝜏𝜏𝑦𝑦= 63•BVF1.67 
. . . 0.17 (0.09) 

FEA torsion 𝜏𝜏𝑦𝑦= 50•BVF1.85 
a BVFs calculated from information provided within the referenced study. 
b BVFs calculated by dividing provided apparent density by a fully compact bone density of 2.2 g·cm–3 [59]. 
c Bone mineral density was provided, but not sufficient to calculate BVF. 
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Fig. 8 Graphical comparison of shear strength-BVF fits presented in this work compared 
to a) FEA-derived shear and torsion yield strength power law relationships and literature 
strength envelopes and b) ultimate strength comparison with literature; note that multiple 
other sources from Table 2 fit within the envelope of Evans & Lebow54 wet specimen data 
shown here. Dashed lines indicated data extrapolated beyond the BVF ranges of the original 
study for comparative purposes. *Indicates data where BVF ranges were absent from the 
source material and the cortical bone BVF range from Mirzaali et al.18 were used. 
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Sanyal et al.39 conducted numerical simulations to obtain yielding behavior of µCT-
scanned human trabecular bone specimens (N = 54, BVF range of 0.06–0.38) and 
were validated by a subset of uniaxial compression experiments of selected 
specimens (N = 22). Small regions of these specimens were numerically loaded 
under several separate conditions: compression, simple-shear to 1.5% pure-shear 
strain, and torsion, using nonlinear FEA, where tissue level architecture of each 
specimen with different BVFs was represented by finite elements. They used a 
linear elastic model (18.0 GPa elastic modulus and 0.3 Poisson’s ratio) with an 
asymmetric von Mises yield criterion of 0.33% tensile and –0.81% compressive 
yield strains, imposed by allowing kinematic hardening of the yield envelop. These 
numerical studies generated yield stress power law relationships for compression, 
shear, and torsion as a function of BVF. Shear and torsional power laws from 
Sanyal et al.39 were extrapolated up to a BVF of 0.95 (dashed segment) for 
comparison with power law and exponential models from this work, and are given 
in Fig. 8a. Similarly, the power law and exponential relationships developed from 
the SPTs in this work were extrapolated from a global minimum BVF of 0.44 down 
to 0.05 for comparisons with the models from Sanyal et al.39 In Fig. 8a the power 
law and exponential functional relationships developed from skull layer specimens 
and TT specimens paired with diploë BVFs result in reasonably close agreement 
with the FEA derived and experimentally validated pure shear power law from 
Sanyal et al.39 The torsion power law from Sanyal et al.,39 data from selected torsion 
studies in Table 2,15,16,18,40 and a simple-shear study from Dong et al.20 lie beneath 
the predicted strengths for nominally pure shear conditions. The yield strength data 
from cortical bone from Jepsen et al.16 approaches the expected values for 
nominally pure shear conditions, most likely due to their higher angular rates  
(40° s–1) of loading compared to the cortical bone torsion experiments performed 
by Mirzaali et al.18 (0.25° s–1).  

In this study, we also explore the dependence of shear strength on loading rate. 
Fracture toughness of cortical and trabecular bone have been reported to decrease 
with increased loading rates in tension,41 three-point bending,42 and four-point 
bending43.44 experiments due to a transition from ductile to brittle fracture 
mechanisms. Cortical bone is known to undergo significant hardening from its 
viscoelastic nature when subjected to high-rate compression45–48 and three-point 
bending49 while fracturing at near constant or decreased ultimate strains. Trabecular 
bone has been reported to exhibit increased strength with strain rate,50,51 similar to 
various engineered foam materials.12,52 For the different layers of the bone tested in 
this work, the shear yield and ultimate strength from SPT were found to not have 
significant loading rate effects (p = 0.181–0.806); however, the mean yield and 
ultimate strengths for all conditions reported in Table 1 are larger for the higher 
loading rate compared to the lower loading rate. Differences in strengths with 
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loading rate here may be influenced by local mixed-modality stress states within 
the specimen due to the presence of porosity. In contrast, TT specimens 
demonstrated significant difference (p = 0.005 and 0.039) in yield and ultimate 
shear strength between two loading rates. 

Although the TT specimens represent the entire layered skull bone morphology, 
they are much thicker than typical SPT specimens (≤1mm) and may violate the 
assumption that the annular shear zone undergoes uniform simple shear 
deformation. The thicknesses of individual skull-layer specimens may be justified 
by the general rule that coupon thickness for SPT experiments may be proportional 
to the tensile yield strength of the material.24 Guduru et al.24 used the SPT method 
on various metals and alloys including pure Zn, which has a tensile yield strength 
of 76 ± 5 MPa; similar to cortical skull bones.8 The Zn specimens were 0.91 mm in 
thickness, which approaches the lower end of the thickness range of cortical skull-
layer specimens in this work (1–1.8 mm). Added complexity from variations in the 
microarchitecture with depth, with the highest porosity diploë layer in the central 
volume, requires inspection of the damage evolution as a function of punch depth 
to assess the volume of material subject to nominally pure shear. 

For all partial indentation SPT experiments the OT contained negligible changes in 
BVF except for specimen F03, refer to Fig. 5c and Fig. 7, which underwent the 
largest punch depth and approached the expected ultimate strength of the specimen. 
The apparent yield strength of the material is dictated by the strength of the diploë, 
indicative of the densification in this volume for all partial indentation SPT 
experiments. Additionally, from Table 1 the mean ultimate strength ratio of the TT 
to IT specimens is 0.4, while this ratio for the TT to D specimens is 1.49. These 
trends in strength provide further evidence that the diploë is driving the strength 
until full-thickness fracture for the TT specimens and that the IT provides enhanced 
mechanical resistance to failure. There is a conical fracture zone emanating from 
the corners of the punch-specimen interaction, growing in size with increased 
depth, as seen in Figs. 5–7. Once fractures propagate through the diploë and into 
the IT, the IT fails below its individual layered ultimate strength and the material 
extrudes into the lower die as a plug. It is proposed that the stress-state within the 
annular region is near pure-shear within the bulk of the OT but diverges to an 
unknown stress-state with changes in porosity as a function of depth in the TT 
specimens. This is attributed to two factors: 1) nominally pure shear within the 
annular region will only exist to depths within the specimen undergoing 
instantaneous shear strain from the applied load, similar to observations from 
measurements in an improved SPT compliance-corrected test setup proposed by 
Karthik et al.,28 and 2) increased volumes of porosity will distribute load to 
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neighboring trabeculae within the microarchitecture, thus generating increased 
material under mixed-mode states of stress. 

Sanyal et al.39 observed that human trabecular bone loaded under imposed pure 
shear conditions resulted in the volume of trabeculae tissue yielding under tension 
approximately 5 to 20 times greater than the material volume yielding under 
compression. The ratio of shear to tensile and compressive strengths provided from 
power law relationships in the literature6,8,39 were applied for the BVF of each SPT 
specimen and plotted in Fig. 9. The BVF of the TT specimens were taken as their 
respective average diploë BVFs. The average ratios for cortical bone (BVF ≥ 0.7) 
were: 0.695 for tension,8 0.388 for FEA predicted compression,39 0.239 for 
experimental skull bone compression,6 and 0.258 for experimental skull bone 
compression with the power law forced to an exponent of 2.6 There is a general 
trend for the shear-to-compressive yield stress ratio to underestimate the von Mises 
prediction of 0.577, whereas the shear-to-tensile yield stress ratio overestimates the 
von Mises prediction. The comparative data from Fig. 9 indicate that the shear yield 
strength of human cranial bone is 33%–58% lower than its expected compressive 
yield strength and nominally 20% higher than its expected tensile yield strength 
according to the divergence from von Mises pure shear in the cortical bone BVF 
range of 0.7–1.0. It is again important to emphasize that these comparisons with 
von Mises yield criterion assumes isotropic yielding under compression and 
tension, which is not the case for bone tissue.14,18,29 Extracting from the referenced 
power law relationships, we determined the average predicted tensile strength of 
human skull cortical bone (BVF ≥ 0.7) is 69 MPa, while the average predicted 
compressive strength ranges between 129 and 192 MPa. This observed difference 
is most probably due to differences in dominant failure mechanisms: tensile failure 
occurs by fracture of the cell walls of the pores, while compression failure is 
governed by compaction of densified bone that involves complex processes of cell 
wall buckling and collapse, leading to higher strength in compression. Thus, the 
anticipated tensile-to-compressive strength ratio for cortical human cranial bone is 
in the range of 0.36–0.53; this is nearly the same percentage range that the ratio of 
shear to compressive yield strength falls below the predicted von Mises ratio of 
0.577 from Fig. 9 (33%–58%). One may assume the difference of the shear to 
compressive yield strength data in Fig. 9 is due to the anisotropic yield strength in 
bone. Therein lies additional error from the over prediction in the shear-to-tensile 
yield strength ratio in the range of 0.9–1.0 BVF. Such error may indicate divergence 
from pure shear conditions in the annular regime of the SPT; however, the power 
law derived from tensile data obtained from the OT specimens in Boruah et al.8 
were reported with a weak correlation (R2 = 0.50) to failure stress within the gauge 
area. In their work from the OT layer, yield and ultimate tensile strengths may have 
been approximately the same, indicating the insignificant strain between the start 
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of tensile instability (initiation of fracture from nucleation pore sites) and 
subsequent quasi-brittle failure. Most of the FEA software use von Mises criterion 
to initiate yielding, also without kinematic hardening and with the assumption of 
similar uniaxial tensile and compressive yield strengths. Von Mises criterion may 
not be appropriate for initiation yielding in porous bones.  

 

Fig. 9 Ratio of shear to uniaxial tensile or compressive strength for all SPT experiments 
compared to power law fits in the open literature. Pure shear according to von Mises criteria 
is represented by a ratio of 0.577. The average values for each ratio are plotted for the cortical 
bone regime for visual aid. 

Although partial indentation SPTs were conducted on TT specimens in this work, 
the in situ stress state within the annular regime of the SPT cannot be determined 
easily and accurately. Supplemental FEA using the µCT data and loading 
conditions specific to specimens from this work will be the subject of future studies 
to further evaluate the stress state of the material as a function of local 
microarchitecture and, for TT experiments, specimen-layer thickness. The shear 
strength data and proposed functional forms relating shear yield and ultimate 
strength with BVF reported here from SPTs of human skull bones provide 
immediate contribution for implementation into numerical modeling efforts aimed 
at resolving failure initiation in the porous bone material as a function of local 
stress-state (hence the mechanism of failure) and BVF.  
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5. Conclusions 

Power law and exponential functions were derived for shear yield and ultimate 
strengths of human skull bones as a function of BVF by conducting SPTs on full-
thickness and segmented cortical tables and diploë bone specimens at two loading 
rates. These can be implemented in FEA efforts aiming to elucidate mechanisms of 
stress-state dependent onset of skull bone yielding and failure as a function of BVF, 
either by taking an average BVF across the entire thickness or by binning the 
thickness into BVF ranges with different mechanical properties akin to previous 
compression work.6 The key findings were as follows: 

1) Mean shear yield and ultimate strengths of human skull bone lie within the 
range from 18.8–65.3 MPa and 19.7–88.3 MPa, respectively, for a mean 
BVF range of 0.517–0.922. 

2) The shear yield and ultimate strengths were significantly (p < 0.05) affected 
by the BVF of the material within the SPV. 

3) The shear yield and ultimate strengths were not significantly (p > 0.05) 
affected by the loading rate for segmented cortical tables and diploë. 

4) The derived power law relationships for shear yield and ultimate strength 
from the segmented cortical table and diploë specimens only are 
77.9(BVF)2.693 (R2 = 0.917) and 110.1(BVF)3.05 (R2 = 0.949), respectively. 

5) The derived exponential relationships for shear yield and ultimate strength 
from the segmented cortical table and diploë specimens only are 
2.342(e3.57·BVF) (R2 = 0.939) and 2.293(e3.933·BVF) (R2 = 0.956), respectively. 

6) The derived power law relationship for shear yield strength from the 
segmented cortical table and diploë specimens and TT specimens using 
their diploë BVFs is 73.45(BVF)2.116 (R2 = 0.9262). 

7) The derived exponential relationship for shear yield strength from the 
segmented cortical table and diploë specimens and TT specimens using 
their diploë BVFs is 3.884(e3.015·BVF) (R2 = 0.9439). 

8) Full-thickness and partial indentation full-thickness SPTs strongly suggest 
that the inner-porous diploë drives the yield and ultimate strength for the 
entire structure, which is significant for skull puncture and penetration-
driven loading scenarios. Densification of pores existed almost exclusively 
in the diploë region, as observed from µCT analyses of partial indentation 
SPT experiments. 



 

24 

9) There is a critical specimen thickness for which nominally pure shear stress 
exists within the annular region between the punch and die; this thickness 
is yet to be derived by obtaining the stress-state from detailed FEA 
representing the microstructure. This observation stems from the increasing 
conical damage-affected zone beneath the punch for the full-thickness SPTs 
and the diploë largely governing the mechanical response of the full-
thickness specimens. 

10) The reported shear strength power law relationships align well with existing 
shear and torsion data available in the literature for cortical and trabecular 
bone. Shear data in literature obtained from torsion data consistently 
underpredicts the nominally pure shear strength of bone tissue. 

11) Deviation from shear strength to uniaxial yield strength ratio from von 
Mises criterion when compared to BVF-strength power laws in the literature 
for compression and tension may be attributed to the anisotropic nature of 
bone and the inability of unmodified von Mises criterion to account for 
anisotropic yielding. 
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Appendix. Statistical Analysis  
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The results of multiple two-sample unequal variance t-tests using a two-tailed 
distribution are shown in Tables A-1 through A-3. The significance level, α, is set 
to 0.05 in this study. Cells highlighted in a green hue indicate values that tested as 
significant (P < 0.05), meaning the specimen types are distinguishable for the tested 
variable. Cells highlighted in an orange hue with bold numbers indicate values that 
tested as not significant (P > 0.05), meaning the specimen types are 
indistinguishable for the tested variable. 

Table A-1 Probability values (p-value) for two-sample unequal variance t-tests for 
determining significance of differentiating specimen type by BVF 

p (BVF) All 
specimens  

OT/IT 0.051 
OT/TT 8.00E-14 
OT/D 3.10E-06 
IT/D 1.10E-06 

TT- 
frontal/parietal 0.757 

OT- 
frontal/parietal 0.467 

 

Table A-2  Probability values (p-value) for two-sample unequal variance t-tests for 
determining rate significance on the shear yield and ultimate strength of each specimen type 

p (τy) OT IT TT D 

0.001/0.1 s-1 0.181 0.147 0.005 0.806 

p (τu) OT IT TT D 

0.001/0.1 s-1 0.269 0.128 0.039 0.349 
 



 

33 

Table A-3 Probability values (p-value) for two-sample unequal variance t-tests for 
determining significance for differentiating between specimen types at the tested loading rates 
using the shear yield and ultimate strengths. Additionally, there was no significance of bone 
type (frontal vs. parietal) on the shear and ultimate strength. 

 

*Indicates values for testing the shear yield strengths of all D specimens against the shear yield strengths for 
TT specimens undergoing deformation at 0.001 s–1 only. 

 

  

p (τy) 0.001 s-1 0.1 s-1 p (τu) 0.001 s-1 0.1 s-1 

OT/IT 0.066 0.092 OT/IT 0.082 0.051 
OT/TT 2.39E-05 6.93E-04 OT/TT 0.001 5.32E-06 
OT/D 2.25E-05 1.09E-05 OT/D 7.47E-05 1.67E-05 
IT/D 0.004 0.006 IT/D 6.01E-04 4.86E-04 
IT/TT 0.006 0.036 IT/TT 0.001 2.05E-04 
D/TT 0.352 0.074 D/TT 0.011 0.025 

All D specimens/ 
0.001 s-1 TT  0.339*   All D specimens/ 

0.001 s-1 TT  0.01*   

 All specimens  All specimens 
TT-

frontal/parietal 0.520 TT-
frontal/parietal 0.539 

OT-
frontal/parietal 0.809 OT-

frontal/parietal 0.905 
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List of Symbols, Abbreviations, and Acronyms 

µCT  micro-computed X-ray tomography 

BVF bone volume fraction 

CCDC ARL US Army Combat Capabilities Development Command Army 
Research Laboratory 

D diploë 

DIC digital image correlation 

FEA finite element analysis 

HBSS Hanks Buffered Saline Solution 

IT inner table 

OT outer table 

PMHS postmortem human subject 

PVF pore volume fraction 

SIC silicon carbide 

SPT shear-punch test 

SPV shear-punched volume 

TT through-thickness 
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