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Preface 

Based on the findings of ARL-TR-8489,1 this addendum presents a simplified 
mechanical model to describe the structural stress-strain response of the skull of the 
adolescent Yucatan miniature pig under compression. In particular, ARL-TR-8489 
focused only on the initial linear response before the bone microstructure began to 
fail locally, observed as crushing at the macrostructural scale. The experimental 
setup was not designed to accurately record the local and global stress-strain 
response after the bone began to crush and compact. However, a complete stress-
strain response up to macroscopic failure, which included both the initial and post-
compaction regimes, was needed in order to directly input into finite element 
simulations involving this species. To our knowledge, such information on the 
progress of local failure leading to corresponding global response is not currently 
in the open literature. The mechanical response after initiation of localized failure 
from other types of bones could not be used without a loss of accuracy in the 
predictions from simulations due to the large amount of biovariability in bone 
microstructure and mechanics.  

In ARL-TR-8489, the microstructure of the Yucatan skull bone was reported as 
approximately isotropic at the macro-scale, with low variations of bone volume 
fraction in the skull. Therefore, in the present addendum, the Yucatan skull is 
treated as a single homogeneous layer, and its stress-strain response modeled as tri-
linear. The initial response is followed by softening while the bone is being crushed. 
After the bone has fully compacted, the skull stiffness increases considerably until 
failure.

                                                 
1 Gunnarsson CA, Alexander SL, Weerasooriya T. Morphological and mechanical characterization of 
adolescent Yucatan miniature porcine skull. Aberdeen Proving Ground (MD): Army Research Laboratory 
(US); 2018 Sep. Report No.: ARL-TR-8489. 
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1. Simplified Deformation/Failure Model for Yucatan miniPig 
Skull under Compression at Quasi-static Rates 

In this addendum, the simplified layered model is based on, and is compared to, the 
data from the specimen labeled in ARL-TR-84891 as 16-02. The engineering stress 
measured from the experiment is plotted in Fig. 1 as a function of the engineering 
strain. The strain was calculated from the digital image correlation (DIC)-derived 
displacement fields on the left and right cameras and by averaging between the two 
cameras at each time point. The analytical model (assuming layered configuration) 
was constructed in three parts. In the first part, the modulus of each layer (in this 
case the single layer) was calculated using the power law relationship between the 
modulus (E) and bone volume fraction (𝑓𝑓𝑏𝑏𝑏𝑏) previously published at the Army 
Research Laboratory for Yucatan cranial bone: 

 𝐸𝐸 = 10990(𝑓𝑓𝑏𝑏𝑏𝑏)2.6MPa [ARL-TR-8489]. (1) 

The average 𝑓𝑓𝑏𝑏𝑏𝑏 for Specimen 16-02 was 0.504. The local failure stress, 𝜎𝜎𝑓𝑓, was 
described by an analogous power relationship. This relationship scaled 𝜎𝜎0

𝑓𝑓, which 
is the local failure stress of compacted bone such that 𝑓𝑓𝑏𝑏𝑏𝑏 = 1, by the bone volume 
fraction: 

 𝜎𝜎𝑓𝑓 = 𝜎𝜎0
𝑓𝑓(𝑓𝑓𝑏𝑏𝑏𝑏)𝑘𝑘. (2) 

Here, the exponential scaling parameter, k, was specified as k = 2 in keeping with 
previous publications.2,3 The parameter 𝜎𝜎0

𝑓𝑓 was identified as 𝜎𝜎0
𝑓𝑓 = 85 MPa by 

matching to the experimental stress-strain response and indicates that the specimen, 
after accumulation of debris from compaction, is expected to fail at  
85 MPa.
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Fig. 1 The engineering stress-strain response from the experiment and analytical model for 
the initial response (top) and to failure (bottom). Experimental strain was measured from the 
DIC-derived displacement fields from the left camera (DIC-L), right camera (DIC-R), and as 
an average between these two cameras at each time point (avg). 

The analytical model can be described by the following, using engineering stress 
and engineering strain: 

𝜎𝜎 (MPa) = �
 1878.2𝜀𝜀 − 0.1,      
  250.0𝜀𝜀 + 19.2,     
10990𝜀𝜀 − 411.8 ,

(0,0) ≤ (𝜎𝜎, 𝜀𝜀) < (22.1 MPa, 0.0118)                           
(22.1 MPa, 0.0118) ≤ (𝜎𝜎, 𝜀𝜀) < (29.2 MPa, 0.0401)
(29.2 MPa, 0.0401) ≤ (𝜎𝜎, 𝜀𝜀) < (85.0 MPa, 0.0452)

. (3) 

Note that the model describes the stress response to 85 MPa (ε=0.0452), after which 
the specimen is predicted to fail under compression (plane stress). The three 
different regimes of this model are shown in Fig. 2 and in comparison to the 
experimental stress-strain response. 
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Fig. 2 The engineering stress-strain response in the small-scale regime, with the tri-linear 
model plotted with the experimental stress-strain curve (as in Fig. 1)
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