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Statistical analysis included ANOVA  and Tukey-Kramer tests to 
determine effects of pressure and exposure time factors and identify 
differences between properties of muscles subjected to different 
pressure doses. Criteria for exclusion of specimens (total ~15%) 
included apparent muscle damage caused by surgical tools during 
dissection, tearing of muscle adjacent to a gripper and identified 
slipping of specimen from the grippers. Experimentally measured 
mechanical properties of uninjured and injured muscles were fed into 
3D FE models of body parts vulnerable to PS. 5mm-thick anatomical 
slices were reconstructed for the mattress-supported regions of the 
head, shoulders, pelvis-sacrum and heels using the Visible Human 
(male) digital database (Fig. 3). Bones (cortical, trabecular), cartilage, 
muscles, colon, ileum, major blood vessels, fascia, tendons, brain 
tissue and skin were segmented and their contours transferred to a 
solid modeling software package (SolidWorks 2003) for organ 
reconstructions. Anatomical structures were then transferred to a finite 
element solver (NASTRAN 2001) for stress analysis under 
musculoskeletal loading during recumbency. Tissues were assumed to 
be homogenous, isotropic and non-linear elastic materials with their 
properties adapted from previous studies (e.g. Gefen et al., 2001).  
 

 
RESULTS 

Animal and computer models were developed to provide better 
understanding the mechanism of PS onset. Tangent moduli Et (5% 
strain) of rat muscles injured by exposure of 2-6 hours to compression 
of 70 KPa (Et =172 ± 39 KPa) were shown to be 43% higher (p<0.05) 
compared with uninjured muscles (Et =120 ± 19 KPa). 3D FE models 
were built to analyze stress distributions in deep soft tissues subjected 
to musculoskeletal loads during recumbency (Fig. 3) considering this 
muscle stiffening effect. The maximal internal stresses at deep muscles 
generally exceeded the interfacial compression by up to two orders of 
magnitude (Fig 4.). The internal stress distribution patterns during 
recumbency are evolving with time due to changes in the injured 
muscle’s constitutive laws. For instance, stresses in muscles 
surrounding the scapula were predicted to increase and expand within 
2 hours post-immobilization due to muscle injury and stiffening, as 
demonstrated in regions A-C of the shoulders model in Fig. 5. This 
suggests a mechanism of deterioration in which soft tissues that were 
not directly affected by the intensified internal stresses could be 
gradually damaged due to induction of elevated stress by adjacent 
stiffening injured muscle tissue. 

DISCUSSION 
Integration of animal and FE models provides a powerful tool for 

studying PS onset and has the potential of being an aid in design of 
seats and beds with protective supports. Promising implementation of 
the integrated animal-computer model data is in development of a risk-
monitoring system (Yemal et al., 2002) that provides real-time alerts 
when PS are suspected to appear based on internal muscle tissue stress 
calculated using FE and injury thresholds obtained from animal 
models (patent pending).  
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Fig 2. Experimental apparatus 
(left) and muscle testing (right)  
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Fig. 5. Effect of muscle stiffening due to 
compression under the scapula in the 
shoulders model. Uninjured muscles (right) 
and injured muscles after 2 hours (left). 
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Fig 4.
Distributions of 
von Mises stress 
in the shoulder 
(with a region of 
interest magnified 
for Fig. 5) during 
recumbency. 

Fig. 3. 3D FE models of the (a) shoulders, (b) heels, (c) pelvis and 
(d) head for stress analysis. 
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