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ABSTRACT Elastic constants, including the elastic modulus, the shear 
modulus, and Poisson’s ratio, were measured on human craniofacial bone 
specimens obtained from the supraorbital region and the buccal surfaces of 
the mandibles of unembalmed cadavers. Constants were determined using an 
ultrasonic wave technique in three directions relative to the surface of each 
sample: 1) normal, 2) tangential, and 3) longitudinal. Statistical analysis of 
these elastic constants indicated that significant differences in the relative 
proportions of elastic properties existed between the regions. Bone from the 
mandible along its longitudinal axis was stiffer than bone from the supraor- 
bital region. Directional differences in both locations demonstrated that cra- 
nial bone was not elastically isotropic. It is suggested that differences in 
elastic properties correspond to regional differences in function. 
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If form and function are related in the 
skeletons of vertebrates, then it might be 
expected that bone will be the strongest and 
most resistant to deformation in the direc- 
tion in which it is primarily loaded. Like- 
wise, bone that is not heavily loaded or is 
loaded in multiple directions equally, might 
exhibit less directionality in resistance to 
deformation. Despite an abundance of liter- 
ature describing both the mechanical prop- 
erties of postcranial bone and in vivo strains 
produced in postcranial bone during func- 
tional activities (for reviews, see Cowin, 
1989a,b; Lanyon and Rubin, 1985), few 
studies have addressed questions of the re- 
lationship between loading patterns in the 
skeleton and the mechanical properties of 
bone. One reason for this may be that stud- 
ies of the postcranium have focused largely 
on the midshafts of long bones, both because 
of accessibility and because of the thickness 
of the cortical plates in these regions. Yet, 
loading patterns in the midshafts of long 
bones are likely to be more similar than dif- 

ferent. Thus little opportunity is provided to 
contrast the material properties of bone 
from regions with large variations in loading 
patterns. 

The craniofacial skeleton is ideal for 
studying material properties of bone from 
regions that may have large differences in 
loading. Several studies by Hylander have 
described in vivo bone strains in the mandi- 
ble of macaques during mastication and bit- 
ing (Hylander, 1979a,b, 1985,1987). Prelim- 
inary work in our laboratory also indicates 
basic similarity in the elastic properties of 
bone from along the lower border of the 
mandibular corpus between humans and 
macaques (Dechow et al., 1989; Nail et al., 
1989). More recently, in vivo strain gage 
studies have been extended to  the zygomatic 
arch, the postorbital bar, and the supraor- 
bital and interorbital regions in macaques 
and baboons (Hylander et al., 1987a,b, 1989, 
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1991a,b, 1992) and African green monkeys 
(Oyen et al., 1991). 

Available data on the elastic properties of 
bone from the craniofacial skeleton are pri- 
marily confined to the mandible and consist 
of a study of human mandibular bone from 
21 individuals (Dechow et al., 1992), data 
from possibly immature bone from canine 
mandibles (Ashman et al., 1985), and re- 
ports of smaller samples also taken from hu- 
man mandibles (Ashman and Van Buskirk, 
1987; Carter, 1989; Arendts and Sigolotto, 
1989, 1990; Rho, 1991). Data on the ulti- 
mate strength (Robertson and Smith, 1978) 
and density (Powell et al., 1973) are avail- 
able for the mandibles of pigs. Bromage 
(1992b) has presented information on colla- 
gen fibril orientation in macaque mandibles, 
and Bacon et al. (1980) have presented infor- 
mation on apatite crystal orientation in an 
edentulous human mandible; both of these 
features are thought to be important micro- 
structural determinants of osseus material 
properties (Ascenzi, 1988). Data on the elas- 
tic properties and related micromechanical 
features of supraorbital bone are not avail- 
able other than preliminary reports of the 
current investigation (Dechow et al., 1988; 
Nail et al., 19881, and data on collagen fibril 
orientation in macaques (Bromage, 1992a1, 
although several studies present data for 
bone from the cranial vault (Evans and Liss- 
ner, 1957; Schroder et al., 1977). Thus com- 
parisons between loading patterns and the 
elastic properties of bone in the primate 
craniofacial skeleton are limited by a lack of 
elastic property data. 

In vivo strain gage studies in monkeys 
(Macaca fascicularis) have demonstrated 
maximum tensile, compressive, and shear 
strain values along the inferior border of the 
mandible in the molar region of up to 1,122, 
- 1,442, and 2,564 PE (microstrain), respec- 
tively, during molar transducer biting. Sim- 
ilar if not greater values are common in long 
bones of large experimental animals such as 
sheep during locomotory activities (Lanyon 
and Rubin, 1985). Strains similar to those 
found in the mandible and postcranial bone 
might be expected in the supraorbital “brow 
ridge” area during orofacial functions such 
as mastication. This would be true if bone in 

that area develops as a buttress against the 
transmitted forces of biting and mastication 
(for a review of arguments for and against 
this hypothesis, see Ravosa, 1988, 1991). 
However, strain gage studies have shown 
that even during peak masticatory and bit- 
ing activities (Hylander et al., 1987a,b, 
1989, 1991a,b, 1992) and during maximum 
masticatory muscle stimulation in anesthe- 
tized monkeys (Oyen, 1987; Oyen et al., 
1991) bone strains exhibited in the supraor- 
bital region are less than 200 p~ in monkeys. 

In vivo studies have not been possible in 
humans because of their invasive nature; 
yet available data from artificially loaded 
human craniofacial skeletons show a similar 
dichotomy as in monkeys between strain 
along the corpus of the mandible and in the 
supraorbital region. Data from Endo (1966, 
1970) indicate that the magnitude of bone 
strain in the supraorbital region of humans 
is low compared to other regions of the face 
(Picq and Hylander, 1989). Unfortunately, 
Endo did not conduct artificial loading ex- 
periments on the human mandible, which 
would enable direct comparisons. However, 
data from our laboratory (Throckmorton et 
al., 1992) show values of bone strain along 
the human mandibular corpus of up to 800 
p~ in human mandibles loaded with artifi- 
cial muscle forces of up to 60 kiloponds. The 
difference in bone strain between the man- 
dibular ar;d supraorbital regions suggests 
functional differences between these re- 
gions. It is likely that bone in the supraor- 
bital region serves functions other than sim- 
ply absorbing stresses brought on by biting 
and mastication, since it would appear that 
bone in this region is overly engineered for 
this purpose alone (Hylander et al., 1987a,b, 
1989,1991a,b). 

Bone is an inhomogenous anisotropic ma- 
terial. However, most data on the elastic 
properties suggest that cortical bone can be 
effectively modeled as either an orthotropic 
or transversely isotropic material (Ashman 
et al., 1984; Cowin, 1989b; Martin and Burr, 
1989). Thus elastic constants vary with di- 
rection, although this variation is symmetri- 
cal around three mutually perpendicular 
axes (orthotropy), or elastic constants are 
identical about two of the three axes (trans- 
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verse isotropy). Transverse isotropy of corti- 
cal bone in the radial and tangential direc- 
tions especially seems evident in remodeled 
long bones (Katz et al., 1984). These direc- 
tional differences in the elastic constants 
were surmised by many workers in skeletal 
biology prior to the time when accurate mea- 
surement of elastic moduli in bone could be 
easily made. For instance, Dempster (1967) 
used so-called split-line patterns to define 
the direction of “grain” in the skull. These 
patterns were thought to reflect the direc- 
tions in which the microstructure of the 
bone was oriented to resist stress. A study 
by Ashman et al. (1985) suggested than ca- 
nine mandibular bone is isotropic. This 
anomalous result may have resulted from 
the testing of bone from immature individu- 
als (Ashman and Van Buskirk, 1987). All 
other data on cranial and mandibular bone 
indicate directional differences in elastic 
properties (Arendts and Sigolotto, 1989, 
1990; Carter, 1989; Dechow et al., 1992; 
Rho, 1991). 

This study was designed to contrast the 
elastic properties of bone in an area demon- 
strating higher strains during normal mas- 
tication, such as the mandible, with an area 
exhibiting lower strain values during func- 
tional activities, such as the supraorbital re- 
gion. First, it was hypothesized that the su- 
praorbital area, which undergoes minimal 
loading during mastication and biting (see 
above references), would exhibit lower elas- 
tic moduli. Second, it was hypothesized that 
the greatest differences in directional prop- 
erties would be found in an area that re- 
sisted large loads in consistent directions. 
Hylander (1979b) has demonstrated that 
the macaque mandible is primarily bent in a 
parasagittal plane on the balancing side, 
while undergoing primarily torsion on the 
working side during mastication. Strain 
magnitudes are comparable to those found 
in some long bones during function (Dechow 
et al., 1992). Modeling studies of the human 
mandible (Hart et al., 1992; Korioth et al., 
1992a,b) and preliminary studies on artifi- 
cially loaded human mandibles in our labo- 
ratory (Throckmorton et al., 1992) have 
yielded results that are consistent with find- 
ings in monkeys, and, in any case, it is rea- 

sonable to propose that basic patterns of 
mandibular loading are similar in most an- 
thropoids (Hylander, 1988). 

MATERIALS AND METHODS 
The present study used specimens of bone 

removed with striker saws from 20 unem- 
balmed (frozen) whole or partial human 
heads. The sexes of the individuals were a 
random mix. The ages were primarily those 
of older individuals because those specimens 
were the ones available in the cadaver popu- 
lation. Crania were largely dentate, al- 
though two individuals were edentulous. 
Mandibular bone samples were not taken 
from the edentulous individuals, as data 
from several specimens suggest that edentu- 
lation renders mandibular bone slightly less 
dense and less stiff (Carter, 1989). Two su- 
praorbital specimens came from the edentu- 
lous individuals. Data from these individu- 
als fell within the range of data from dentate 
individuals, and thus were included in the 
study. None of the individuals sampled were 
known to have died of any primary bone dis- 
eases. 

Previous studies on the effects of storing 
bone samples in preservative media such as 
formalin, though largely inconclusive, sug- 
gest the possibility that the collagen fibers 
comprising the organic matrix of bone might 
be altered thus affecting the elastic proper- 
ties of the bone (Reilly and Burstein, 1974). 
Accordingly, samples were stored in a solu- 
tion consisting of 95% ethanol and isotonic 
saline in equal proportions, a medium that 
has been shown to maintain the elastic prop- 
erties of cortical bone for several weeks 
(Ashman et al., 1984). 

Bone specimens were prepared for testing 
from each of the following locations (Fig. 1): 
1) superior to the midline of the orbit, and 2) 
from the buccal surface of the lower border 
of the mandibular corpus inferior to the sec- 
ond molar. Sample sizes at each site (Table 
1) varied depending on the condition of the 
crania from which the bone was obtained 
(crania had been used as practice specimens 
forjaw surgeries before the harvesting of the 
bone specimens). Samples of cortical bone 
were machined to  5 x 5 mm squares. The 
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Fig, 1. Areas and directions for bone sample sites. Bone samples, approximately 5 mm X 5 mm X 3 mm were 
taken from the mandible and supraorbit at  the sites indicated. The 1 direction was normal to the surface of the bone. 
The 2 direction was tangential or superoinferior along the bone surface. The 3 direction was longitudinal or axial 
along the bone surface. 

thickness of the specimens was usually lim- 
ited to 2-3 mm. All specimens were labeled Mean SD 

1.768 0.115 
ties for each sample were then determined Supraorbit (N = 15) 1.591 0.177 
using Archimedes Means are significantly different at P < ,005, T = 3.2. All values are 
(Ashman, 1989). in p/crn3. 

TABLE 1. Bone density 

with an arrow to indicate orientation. Densi- (N = 17) 

Of Buoyancy 
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Samples were tested with a pulse trans- 
mission technique in three mutually per- 
pendicular directions, using methods de- 
scribed by Ashman et al. (1984, 1987) and 
Ashman and Van Buskirk (1987). The ultra- 
sonic waves were generated by piezoelectric 
transducers resonating at 2.25 MHz. On 
each sample, the directions were labeled as 
follows: 1 represented a direction normal 
(radial) to the bone surface, 2 was tangential 
to the bone surface (directed superoinferi- 
orly), and 3 (the reference axis) was longitu- 
dinal to the bone surface (parallel to the in- 
terpupillary line in the supraorbital region 
and parallel to the longitudinal axis in the 
mandible) (Fig. 1). 

The longitudinal or reference direction 
was verified following histological examina- 
tion of samples from each site, including 
ground and decalcified sections. Decalcified 
bone was examined by several serial sec- 
tions of the face of the bone cubes in each of 
the three planes. The reference axis was 
roughly parallel to the orientation of the ma- 
jority of haversian canals, although further 
research is necessary for a more precise de- 
termination, especially in the supraorbital 
area. In the mandibular corpus, Bromage 
(1992b) has verified that haversian canals 
as well as most collagen fibrils are oriented 
parallel to the long axis. Bacon et al. (1980) 
have demonstrated that apatite crystals are 
also primarily oriented in this direction in 
the corpus. 

Calculations for determining elastic prop- 
erties from the minimum number of mea- 
surements require a prior assumption of or- 
thotropy. This is not a difficult assumption 
for bone in the normal direction; however, in 
the longitudinal and tangential directions, 
some prior estimate must be made of the 
primary orientation of the material (orienta- 
tion of the haversian systems, collagen, or 
apatite crystals) (for further discussion, see 
Ashman et al., 1984; Ascenzi, 1988; Carter, 
1989; Cowin, 1989b; Martin and Burr, 
1989). In the mandible, Carter (1989) has 
empirically verified a longitudinal orienta- 
tion identical to the one used here. This was 
done by cutting circles of bone (instead of 
cubes) from the cortical bone of the mandi- 
ble. Ultrasonic waves were then passed 
through the bone in multiple directions par- 

allel to the cortical surface in order to find 
the direction that allowed the highest veloc- 
ities. Below the second molar on the lateral 
cortex, this direction was parallel to  the long 
axis of the lower border of the mandible. In 
the supraorbital area, the question of pri- 
mary direction of material is more problem- 
atic. We used a technique similar to that of 
Carter (1989) as described by Ashman et al. 
(1984). By cutting the corners from the 
cubes in the supraorbital area, we were able 
to measure ultrasonic velocities every 45” in 
the plane parallel with the cortical surface. 
On most specimens, velocities were similar 
in all directions, indicating that the bone 
was transversely isotropic in the plane par- 
allel to its surface. This transverse isotropy 
is demonstrated in the technical constants 
(see Results). 

The measurement procedure involved us- 
ing two mounted piezoelectric transducers 
to propagate longitudinal and transverse ul- 
trasonic waves through the bone samples in 
the directions being tested. The time delay 
of wave propagation was then read directly 
from an oscilloscope connected to the trans- 
ducer mount. The time delay, width, and 
density of the bone samples were then used 
to generate a matrix of elastic coefficients, 
or “C” matrix, defined by Hooke’s law. Tech- 
nical elastic constants were then computed. 
These computational techniques are de- 
scribed in numerous discussions in the liter- 
ature (Ashman, 1982; Ashman et al., 1984; 
Ashman and Van Buskirk, 1987; Carter, 
1989). 

The technical elastic constants deter- 
mined in this investigation included the 
elastic modulus, shear or rigidity modulus, 
and Poisson7s ratio. The significance of the 
elastic constants is described in most text- 
books of mechanics (see, for example, Beer 
and Johnston, 1981; or, for a simpler expla- 
nation, Gordon, 1978; or for an explanation 
directly related to bone, Cowin, 1989~).  The 
elastic constants quantify the relationship 
between a load (stress) placed on a structure 
and the resulting deformation of that struc- 
ture (strain), within its elastic range. As 
stress on a structure is increased beyond its 
elastic range, the structure will undergo 
plastic (irreversible) deformation and fail- 
ure. The load required for failure is the ulti- 
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mate strength of the material. Elastic con- 
stants and ultimate strength can be related 
in bone. For instance, in the mandible, pre- 
liminary studies in our laboratory (Tipton et 
al., 1990) have found that cortical bone is 
most resistant to deformation (stiffest) in 
the direction in which it is also the most 
strong. However, if a wider variety of bones 
are examined, there is an overall inverse re- 
lationship between stiffness and strength 
relating to the degree of mineralization 
(Currey, 1979, 1984). Current theories sug- 
gest that strain and strain rate are impor- 
tant determinants in skeletal modeling (see 
Martin and Burr, 1989, for extensive discus- 
sion). Stiffness of bone then is of great im- 
portance as an indication of the relationship 
between load (stress) and deformation 
(strain). 

The elastic modulus is a measure of the 
ability of a structure to resist deformation in 
the direction of the applied load. It is defined 
by Hooke’s law as: 

where E is the elastic modulus, u is stress 
(force per unit area), and E is strain (change 
in length/original length). Since strain is a 
dimensionless ratio, the elastic modulus is 
also given in units of stress, or force per unit 
area. Here all elastic and strain moduli are 
given in gigapascals (GPa), which are New- 
tons per meter2 x lo9. 

The shear or rigidity modulus is a mea- 
sure of the ability of a structure to resist 
shear stresses in a given plane. It is defined 
by Hooke’s law for shearing stress and 
strain as: 

where G is the shear modulus, T is the shear 
stress (force per unit area of the cross-sec- 
tion in the plane of shear), y is the shear 
strain (change in angular dimensions, usu- 
ally measured in radians). Shear strain can 
be imagined as follows: a rectangle undergo- 

ing shear deforms to the shape of a parallel- 
ogram. The change in angle at the corners of 
the rectangle is the shear strain. Because 
shear strain is dimensionless, the shear 
modulus, like the elastic modulus, is given 
in units of stress, or force per unit area. For 
most cases, the shear modulus G tends to be 
Y3 to 1/z of the value of the elastic modulus E. 

Poisson’s ratio is a measure of the ability 
of a structure to resist deformation in a di- 
rection perpendicular to that of the applied 
load. For example, if a cube is compressed, it 
will not only be reduced slightly in dimen- 
sion in the direction in which it is com- 
pressed (primary strain), but it will also de- 
form in the midsection, at right angles to the 
direction of compression (secondary strain). 
Poisson’s ratio is defined as: 

where E~ is the secondary strain and E, is the 
primary strain. Poisson’s ratio, as the ratio 
of two strains, which are dimensionless 
quantities, is also dimensionless. 

Because bone is an anisotropic material, 
elastic constants vary with direction. In this 
study, elastic moduli E are followed by a 
subscript indicating direction, as defined in 
Figure 1. Shear moduli are followed by a 
double subscript indicating the plane of 
shear. Poisson’s ratios are followed by a dou- 
ble subscript in which the first subscript in- 
dicates the direction of the primary strain 
and the second subscript indicates the direc- 
tion of the secondary strain. (For explana- 
tions of the formulae of the technical elastic 
constants in three dimensions, see Ashman 
et al., 1984; Cowin, 1989c; or Martin and 
Burr, 1989.) 

Because computational techniques were 
involved in deriving the elastic constants 
and because sample sizes were not large, 
care was taken in the implementation of sta- 
tistical techniques for hypothesis testing. 
Normal probability plots, which were gener- 
ated for each variable by location, suggested 
that parametric statistics were appropriate 
for the testing of hypotheses. One-way anal- 
ysis of variance was used to test for signifi- 
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TABLE 2. Elastic modulus' TABLE 3. Shear modulus I 

Mandible (M) Supraorbit ( S )  

Mean SD Mean SD SIG 
(N = 17) (N = 14) 

Mandible (MI Supraorbit 6) 

Mean SD Mean SD SIG 
(N = 17) (N = 14) 

E l  11.3 2.4 10.9 3.1 NS 
E2 13.8 2.8 15.2 4.5 NS 
E3 19.4 4.0 15.2 3.5 M > S  
SIG E3>  El E2 > El 

E, > Ev E? E, 

GI2 4 5  1.0 3.9 1.3 NS 

G23 6.2 0 7  5.2 1.1 NS 
GI, 5.2 1.0 3.9 1.1 M > S  

SIG G,,>G,, G23 > Gl2 
G,n > GT 

'Analysis of variance indicated significant differences among bone 
directions (F = 25.2, P < .001) and significant interactive effects 
(F = 5.4, P < ,011, such that elastic moduli increase in the mandible 
from El to  Es, but not in the  supraorbital area. Differences, which 
were determined with posthoc Tukey tests to be significant a t  or below 
P -: 0.05, are given under SIG a t  the end of each row and the bottom of 
each column. E, is the elastic modulus in a direction normal or radial 
to the surface of the bone; E2 is the elastic modulus tangential or 
superoinferior along the bone surface; and E3 is the elastic modulus 
longitudinal along the bone surface. These directions for the two sites 
are illustrated in Figure 1. All values are in GPa 

cant difference in bone density among loca- 
tions. Two-way analysis of variance was 
used to test for significant differences be- 
tween directions and locations for the elastic 
moduli, shear moduli, and Poisson's ratios. 
Significant differences between individual 
cells were determined with posthoc Tukey 
tests. 

RESULTS 
A comparison of the average bone densi- 

ties (Table 1) revealed a significant differ- 
ence between the two regions. Mandibular 
bone (1.768 g/cm3) was on average more 
dense than supraorbital bone (1.591 g/cm3). 

The most notable significant differences 
in elastic moduli were between the longitu- 
dinal direction and the other two directions 
tested in the mandible, and between the lon- 
gitudinal direction in the mandible and that 
direction in the supraorbital region (Table 
2). Moduli in the mandible were signifi- 
cantly larger in the longitudinal direction 
than in the normal and tangential direc- 
tions, which were not significantly different 
from each other. The magnitudes of the elas- 
tic moduli in the normal and tangential di- 
rections averaged 58% and 71%, respec- 
tively, of the magnitude of the elastic 
modulus along the long axis (longitudinal 
direction). 

In the supraorbital area, the largest aver- 
age elastic moduli, found in the tangential 
and longitudinal directions, were signifi- 

'Analysis of variance indicated significant differences among bone 
locations (F = 20.0, P C; .001) and directions iF = 1 7 . 7 ,  P c ,001). See 
notes following Table 2 for discussion of posthoc tests All values are in 
GPa. 

cantly less than the largest elastic moduli 
(in the longitudinal direction) in the mandi- 
ble. On average the supraorbital values 
were 78% of that along the lower border of 
the mandible. Additional significant differ- 
ences were found in the supraorbital region 
between longitudinal and tangential direc- 
tions and the normal direction. The average 
modulus in the normal direction was 72% of 
those in the other directions. This difference 
was less pronounced than a similar differ- 
ence between longitudinal and normal direc- 
tions in the mandible. 

Significant differences in shear moduli 
were found between the two regions and in 
different directions (Table 3). The magni- 
tudes of moduli were greatest for the mandi- 
ble. This difference was only significant for 
G13, indicating that the mandible, compared 
to the supraorbital area, is more resistant to 
shear in a plane formed by the tangential 
and normal axes. Significant differences in 
shear moduli among some directions at each 
region were also noted. In the mandible, the 
largest average modulus was found in the 
GZ3 plane, indicating that the mandible is 
most resistant to shear in a plane con- 
structed of the longitudinal and tangential 
axes. The least resistance to shear was 
found in a plane constructed of the normal 
and tangential axes. In the supraorbital re- 
gion, the bone was also most resistant to  
shear in a plane formed by the longitudinal 
and tangential axes, and significantly less 
in the remaining two planes perpendicular 
to the first. 

While an examination of Poisson's ratio 
revealed no significant differences among 
regions, one significant difference was found 
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TABLE 4.  Poisson’s ratio 

Mandible (MI Supraorbit (S) 

Mean SD Mean SD SIG 
(N = 17) (N = 14) 

VlZ ,274 ,166 .278 ,087 NS 
v,, ,237 ,125 ,264 .113 NS 
v2, .317 ,168 .376 ,093 NS 
vz3 ,273 ,080 ,229 ,048 NS 
V31 ,405 .206 ,357 ,139 NS 
v,, .376 ,073 ,244 ,088 NS 
SIG V,, >V13 NS 

‘Analysis of variance indicated significant differences among dlrec- 
tions (F = 5.5 ,  P < ,001). See notes following Table 2 for discussion of 
posthoc tests. Note that Poisson’s ration is dimensionless and there- 
fore does not have a unit of measurement 

to  exist among directions at the mandibular 
site (Table 4). 

DISCUSSION 
The results support the hypotheses men- 

tioned earlier in the text that 1) bone from 
the mandible is stiffer than bone from the 
supraorbital area, and 2) bone from the 
lower border of the mandible exhibits 
greater directionality in material properties 
than bone from the supraorbital region. 
These hypotheses are linked in that bone 
tissue from the mandible was found to be 
stiffer than bone from the supraorbital re- 
gion in the longitudinal direction, but not in 
the remaining two directions, resulting in 
greater directionality in the mandibular 
bone tissue. 

Our data show significant differences in 
elastic properties between directions in both 
the supraorbital region and the lower border 
of the mandibular corpus. However, these 
differences were greatest in the mandible, 
where the elastic modulus in the longitudi- 
nal direction was greater than in the tan- 
gential or normal directions. In the supraor- 
bital region, bone material was equally stiff 
in both the tangential and longitudinal di- 
rections. The average value in these later 
directions was also similar to mandibular 
bone in the tangential direction. In both re- 
gions, the bone material was least stiff in the 
normal direction; also values for the normal 
direction were equivalent for both regions. 

The results of this study suggest a rela- 
tionship between skeletal function and the 
elastic properties of bone. Several recent 
studies have demonstrated how macroscopic 

features of mandibular structure, such as 
the cross-sectional shape of the corpus and 
the thickness of the cortical plates, are adap- 
tations to counter incisal and masticatory 
loads in recent and fossil primates (Hy- 
lander, 1979a, 1988; Demes et al., 1984; 
Daegling and Grine, 1991). Other studies in- 
dicate that supraorbital bone is overdevel- 
oped to serve solely as a support for mastica- 
tory and biting loads (Hylander et al., 
1987a,b, 1989, 1991a,b, 1992). Here we ask 
if functional relationships are found in the 
microscopic structure of bone as evident in 
the resulting elastic properties. In what 
ways, if any, are the patterns of elastic prop- 
erties in the craniofacial skeleton optimal 
for resisting loads induced during incision 
and mastication? Conversely, we can ask if 
patterns in elastic properties are influenced 
by other constraints placed on bone tissues, 
such as the mechanisms of bone growth, or 
the maintenance of osseus tissues through 
secondary bone formation. We will primarily 
address the first question: are the patterns 
of elastic properties in the mandibular cor- 
pus and supraorbital region optimal for re- 
sisting masticatory loads? In addition, we 
will consider some evidence that answers to 
the second question may place limitations 
on the ways in which bone may be config- 
ured to resist stress, and on the potential of 
bone to adapt to altered functions. 

Mandibular corpus 
The finding of greater directionality of 

material properties in the mandible is inter- 
esting considering Hylander’s (1979a,b,c, 
1981, 1984, 1985, 1987, 1988) theories of 
loading patterns in the mandible during 
function, as we have also discussed else- 
where (Dechow et al., 1992). Hylander’s 
data suggest that during incisor biting in 
primates the mandible is primarily bent 
parasagittally on both sides. The lower bor- 
der of the ramus is also everted because the 
resultant masticatory muscle force is lo- 
cated lateral to the mandible. This results in 
a torsion of the mandibular corpora about 
their longitudinal axes. During mastication, 
the mandibular corpus on the balancing side 
is bent parasagittally, twisted about its long 
axis, dorsoventrally sheared, and bent in the 
transverse plane. On the working side, the 
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corpus is strongly twisted about its long axis 
and dorsoventrally sheared. Parasagittal 
bending would be a loading regime of lesser 
importance on the working side compared to 
the balancing side. 

Bone in the lower border of the mandibu- 
lar corpus is primarily resistant to deforma- 
tion in the same direction in which Hylander 
suggests that the corpus is loaded in com- 
pression during parasagittal and lateral 
transverse bending. Parasagittal bending 
would place the lower border of the mandi- 
ble in compression. Lateral transverse bend- 
ing would place the lateral cortex in com- 
pression. The direction of both these 
compressive loads is longitudinal, which 
corresponds to the direction of greatest mea- 
sured stiffness. 

Less obvious is how this pattern may re- 
sist torsional and shearing loads. Here there 
are several considerations: 1) How can the 
information on mandibular elastic proper- 
ties be used to reassess the results of Hy- 
lander's (1979b, 1981, 1984, 1985) experi- 
ments? Does this reassessment alter our 
understanding of the relative importance of 
torsion as a loading regime in mandibular 
function in mastication and biting? 2) If tor- 
sion and parasagittal bending are the most 
important loading regimes in the mandible, 
what elastic properties might we expect to 
resist these loads? We will discuss each of 
these questions in turn. 

Torsion and shear 

Substantial theoretical considerations at- 
test to the importance of torsion in mandib- 
ular loading, especially on the working side 
during mastication (Hylander, 1979b,c, 
1981, 1984, 1985, 1987, 1988; Demes et al., 
1984). Variable ability to resist torsion is 
reflected in the shape of primate mandibles 
(Hylander, 1979a, 1988; Smith, 1983; Bou- 
vier, 1986a,b; Demes et al., 1984; Daegling, 
1989; Daegling and Grine, 1991). Experi- 
mental evidence for mandibular torsion dur- 
ing mastication and incision in anthropoids 
derives from in vivo strain gage experiments 
in macaques (Hylander, 1979b, 1981,1984). 
Gradients of strain along the facial aspect of 
the symphysis indicate twisting of corpora 
during mastication (Hylander, 1984). Bone 
strain along the lower border of the corpus 

during mastication shows a different pat- 
tern between the working and balancing 
sides. Hylander (197913, 1981) argues that 
the difference can be explained by a greater 
amount of torsion on the working side com- 
pared to the balancing side, coupled with a 
greater amount of parasagittal bending on 
the balancing side. Hylander (1979b, p. 282) 
explains expected strain patterns along 
lower border of the corpus during parasagit- 
tal bending for the maximum principal 
strain (which in this case is tensile strain 
and is designated as el) and minimum prin- 
cipal strain (which is compressive strain and 
is designated as e2) as follows: 

If the mandibular corpus were only bent in the 
sagittal plane during the power stroke, the fol- 
lowing situation would take place: (1) the direc- 
tion of e2 (compression) along its lower border 
would be horizontally positioned; (2) the direc- 
tion of e l  (tension) along this same site would be 
vertically positioned, since c2 is always perpen- 
dicular to cl; (3) the absolute value of t2 would 
be larger than t2 .  . . 

Regarding torsion, Hylander (197913, p. 283) 
argues : 

Twisting would tend to evert the lower border of 
the mandible and invert the alveolar process, 
since the masticatory muscle force resultant 
must be positioned lateral to the long axis of the 
mandibular corpus during biting. Pure twisting 
(1) would cause c1 to  be directed upwards and 
backwards along the lateral surface of the man- 
dibular corpus at  an angle of approximately 45" 
relative to its long axis, and (2) the magnitude of 

and e2 would be the same. 

Hylander's (197913, 1981) results show that 
during mastication 1) the average direction 
of el on the balancing side is close to vertical 
in a number of experiments, and is closer to 
vertical than that on the working side in the 
majority of experiments. This results in E~ 

being parallel to, or closest to horizontal, on 
the balancing side. 2) on the working side 
is directed upwards and backwards along 
the lateral surface of the mandibular corpus 
at an angle of approximately 45" relative to  
its long axis in a number of experiments, 
and is closer to this position than that on the 
balancing side in the majority of experi- 
ments. This results in e2 being directed 
downward and backwards along the lateral 
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surface of the mandibular corpus at an angle 
of approximately 45" relative to its long axis 
or closest to this position on the working 
side. 3) el and E ,  have similar magnitudes in 
the majority of experiments on both working 
and balancing sides. Hylander explains 
these results as indicating the predomi- 
nance of parasagittal bending on the balanc- 
ing side, and torsion on the working side. 
Bending is also thought to be evident on the 
working side but of lesser magnitude than 
torsion. Likewise, torsion is thought to be 
evident on the balancing side, but of lesser 
magnitude than bending. Dorsoventral 
shear is thought not to be important along 
the lower border of the mandible, but may 
concentrate its effects in the alveolar region 
at the bite point. 

A problem in the interpretation of the re- 
sults from Hylander's experiments was that 
the elastic properties of the macaque mandi- 
ble were not known and were thus not used 
in the calculations. Even though the inter- 
pretations are largely qualitative, they are 
based on an assumption of isotropy in the 
mandible, with the resulting corollary that 
the directions of primary strain are equiva- 
lent to the directions of primary stress. Our 
results from the human mandible (Dechow 
et al., 1992 and the current study) indicate 
that on average E, is approximately 40% 
larger than E,.l Preliminary studies in our 
laboratory on the macaque mandible (De- 
chow et al., 1989; Nail et al., 1989) suggest 
that the relative differences between E, and 
E, may be even larger. These differences in 
elastic moduli by direction would result in 
dissimilarities between the directions of 
principal strain and the directions of princi- 
pal stress (Carter, 1978). Cowin and Hart 
(1990) demonstrate that these dissimilari- 
ties may be as large as 45" in anisotropic 
materials. 

How would differences between E, and E, 
extend the results of Hylander's experi- 

'Note that subscript terms do not correspond between values 
of the elastic modulus (El and the principal strains (E). Subscript 
terms for the elastic modulus represent fixed directions relative 
to the lower border of the mandible, while subscript terms for the 
principal strains (€1 represent maximum and minimum strains 
which vary in direction depending on the nature of the load on 
the structure. For further explanation, see the Materials and 
Methods sections of this paper and Hylander (1979b). 

ments? It is not our purpose here to give a 
rigorous explanation of the differences. We 
will present this elsewhere with a formal 
discussion of our data from macaque mandi- 
bles (Dechow et al., 1989; Nail et al., 1989). 
However a qualitative discussion allows 
some reassessment of the importance of tor- 
sion in loading the lower border of the hu- 
man mandible. Assume for this discussion 
that E, is greater than the value of E,. 

If strain gage experiments indicate that 
is oriented vertically and E, is oriented hori- 
zontally (in other words, if they correspond 
with the fixed directions of E, and E3), there 
should be no difference in the directions of 
the principal strains and stresses. However, 
a comparison of the magnitudes of the 
strains in the two directions will be mislead- 
ing. For example, if E, is twice that of E,, 
than similar absolute values of el and E ,  will 
indicate that the absolute value of u2 (mini- 
mum principal stress) is actually twice that 
of u1 (maximum principal stress) (see Equa- 
tion l). 

Directions of principal strains and stresses 
will also differ depending on the orientation 
of el and e2 .  If is closer to being directed 
upwards and backwards along the lateral 
surface of the mandibular corpus at an angle 
of 45" or less relative to its long axis, and 
is closer to being directed downwards and 
backwards along the lateral surface of the 
mandibular corpus at an angle of 45" or less 
relative to its long axis, then the actual di- 
rection of u1 will be oriented more toward 
the vertical than the direction of the el. 
Likewise, the actual direction of u, will be 
oriented more toward the horizontal than 
the direction of the E,. The magnitude of u2 
will also be larger relative to ul, compared to 
the relationship between E, and el. 

How do these differences between princi- 
pal strains and stresses affect the interpre- 
tation of the results of Hylander's experi- 
ments? Based on Hylander's (197913, 1981) 
arguments, these extended results would 
strengthen the assessment of the impor- 
tance of bending along the lower border of 
the corpus, and deemphasize the impor- 
tance of torsion during mastication and inci- 
sion. This is not to say that both these load- 
ing regimes are not important in 
mandibular loading, but rather to suggest 
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that bending may be of greater importance 
in producing strains on the working side 
during mastication than the strain data pre- 
viously indicated. Also, as Hylander has 
suggested, the importance of both these 
loading regimes should shift with the posi- 
tion of the bite point. This suggests that 
bending will be an important component 
throughout much of the working side corpus 
in positions both anterior and posterior to 
the bite point. A related possibility is that 
the macrostructure of the mandible is better 
configured to  resist torsional stresses com- 
pared to bending stresses (Hylander, 1979a, 
1988; Demes et al., 1984; Daegling, 1989; 
Daegling and Grine, 1991). This would en- 
hance measured strains in directions corre- 
sponding to those that result from parasag- 
ittal bending. 

Elastic properties and 
mandibular loads 

What elastic properties would be optimal 
for resisting mandibular loads? Based on 
the above discussion, we would expect that 
bending and torsion in varying proportions 
would be responsible for loading at the lower 
border of the mandibular corpus. Primary 
stiffness in the longitudinal direction would 
optimally resist bending loads. Optimal di- 
rections of primary stiffness for resisting 
torsional loads would require similar elastic 
moduli in both longitudinal and tangential 
directions, or transverse isotropy in the 
plane parallel to the cortical plate. This 
would allow optimal resistance for similar 
magnitudes of compression and tension in 
all directions, especially in the case of tor- 
sion, a t  45" to the long axis of the mandible. 
If the primary direction of stiffness were at 
some angle to  the long axis of the mandible 
so as to increase the ability to resist com- 
pression during torsion, this would not nec- 
essarily strengthen the mandible for resist- 
ing tension (at 90" to the direction of the 
compression), unless the bone approached 
transverse isotropy in the plane parallel to 
the cortical plate. 

Comparisons of optimal properties for re- 
sisting torsion suggest that the elastic prop- 
erties in the mandible are not optimally ori- 
ented to resist torsion alone. However, if 
loads on the mandible are usually some com- 

bination of bending and torsion, then we 
would expect an optimal configuration of 
material properties that is an average of the 
conditions for resisting these loads. We 
might then expect that the bone is more stiff 
longitudinally than tangentially and that 
the direction of primary stiffness is longitu- 
dinal. We would also expect that bone has 
significant resistance to  deformation in the 
tangential direction to counter torsional 
loads. It would be interesting in further ex- 
perimentation to compare tangential elastic 
moduli in similar bones in which torsional 
stresses are different, as a way to assess 
variability and adaptability in this property. 
It would also be interesting to assess the 
impact of transverse isotropy in the plane 
parallel to the surface of the bone. What con- 
straints would this imply for the develop- 
ment and adaptation of the cortical plate? 
How large might the resistance to deforma- 
tion be in such cortices without placing other 
limitations on the bone? 

Another consideration is the shear modu- 
lus of the material. The ability to resist tor- 
sion or bending would be optimally resisted 
by a large shear modulus in the plane 
formed by the longitudinal and tangential 
axes. As we have shown, this plane does 
have the largest shear modulus for the man- 
dible. The magnitude of this modulus is di- 
rectly related to the magnitude of the elastic 
modulus in either the longitudinal or tan- 
gential directions. In this way, the high lon- 
gitudinal modulus, by its effects on the 
shear modulus, would stiffen the mandible 
for resisting torsion. Korioth et al. (1992a, 
and personal communication), in a prelimi- 
nary investigation, used a finite element 
model of the human mandible to predict in- 
ternal loads and deformations. They showed 
that variations in the shear moduli in the 
plane parallel to the surface of the bone pro- 
duced the largest deviations in the predicted 
directions of primary strain. The techniques 
of finite element modeling of the mandible 
(Hart el al., 1992; Korioth et al., 1992a,b) 
may be a better way to predict optimal orien- 
tations of material properties, because, as 
Daegling (1989) has pointed out, ellipse 
models of the mandible "do not predict the 
biomechanical properties of corpus cross- 
sectional geometry in an accurate or reliable 
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manner.” These techniques may allow a res- 
olution to this question in future research. 

Finally, it is important to note that some 
features of the elastic properties of bone 
might be constrained by the remodeling pro- 
cess. Katz et al. (1984) (see also discussion in 
Martin and Burr, 1989) have presented evi- 
dence that one impact of haversian bone for- 
mation is a shift of cortical bone from an 
orthotropic to a transversely isotropic mate- 
rial. The transverse isotropy would be about 
the two axes, which are distinct from the 
primary axis of the material. In the case of 
long bones this would be about the radial 
and tangential axes. Our study has demon- 
strated transverse isotropy about these axes 
in the mandible. It is possible that the elas- 
tic properties we have found in the mandible 
of individuals, which are primarily from an 
older cadaver population, reflect remodeling 
of the cortical bone. In the case of extensive 
remodeling, it may be that if variations in 
elastic properties of bone are correlated with 
function, that these variations are found pri- 
marily along the longitudinal axis. It is sug- 
gestive that the stiffest region along the 
mandibular corpus is at the lower border 
inferior to the caninekhird premolar (De- 
chow et al., 1992); this region also has the 
highest resistance to torsion and is the re- 
gion where torsional stresses are suspected 
to change direction during function (Demes 
et al., 1984). 

Supraorbital region 
The central purpose of this study is to con- 

trast the elastic properties of cortical bone in 
the mandibular corpus and supraorbital re- 
gion and ask how their elastic properties re- 
flect their functions. Numerous studies 
have examined the elastic properties of long 
bones that are heavily stressed primarily in 
one direction, such as the femur (for sum- 
mary, see Cowin, 1989a,b). The mandible 
has many similarities to the femoral mid- 
shaft in its elastic properties. Both bones are 
most stiff in their longitudinal orientation 
and their elastic moduli suggest a trans- 
verse isotropy in the tangential and radial 
directions. This similarity has led Carter 
(1989) to suggest that the mandible in many 
ways is like “a long bone bent in the shape of 
a parabola,” although the mandible does 

maintain distinct features based on its own 
geometry (Carter, 1989; Dechow et al., 
1992). The similarity between the elastic 
properties of the mandible and femur con- 
trasts with those of the supraorbital region, 
where our data indicate a transverse iso- 
tropy in the longitudinal and tangential di- 
rections, and lower absolute values of elastic 
moduli. Functionally, the supraorbital re- 
gion differs from the mandible and femur in 
that it experiences lower magnitudes of 
strain in multiple directions during function 
(Endo, 1966, 1970; Hylander et al., 1987a,b, 
1989, 1991a,b, 1992; Oyen, 1987; Oyen et 
al., 1991). 

Early studies of the supraorbital region 
attempted to reproduce the static condition 
of biting in human crania and record the 
strains produced (Endo, 1966, 1970). 
Strains were thought to support theories 
that the browridge can be modeled as a 
beam that is acted on by an intense bending 
moment, especially at its center, which 
causes it to be deformed nearly parallel to 
the vertical direction. This bending would be 
associated with the lateral portions of the 
supraorbital region being pulled downward 
by the action of the masseter and temporalis 
while the central “glabellar” region is 
pushed upward by the bit(: force (for discus- 
sion of the development of thought in this 
area, see Picq and Hylander, 1989). It was 
thought that the high cross-section of bone 
in this region exists to resist this intense 
bending moment (Endo, 1966). However, as 
discussed by Picq and Hylander (1989) 
based on data from Endo (1966), strains re- 
corded throughout the human supraorbital 
region are quite low compared to strains re- 
corded in other portions of the facial skele- 
ton, especially the zygoma and maxilla. 
Thus, there is little support from strain gage 
studies for the idea that the supraorbit is a 
highly stressed area during biting and 
therefore little rationale for theories that 
link its morphology to the countering of 
heavy masticatory and biting loads (Picq 
and Hylander, 1989). 

As stated above, elastic properties deter- 
mined in this study indicate that above the 
orbit, the bony tissue in the browridge is 
equally resistant to deformation both along 
an axis parallel to the interpupillary line 
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(longitudinal direction) and in an inferosu- 
perior (tangential) direction. Elastic moduli 
in the remaining direction, normal to the 
surface of the bone, are 72% of these average 
values. This suggests that the bone tissue in 
the supraorbital region is transversely iso- 
tropic in the coronal plane. Thus bone in this 
region might be equally well suited to resist 
loads in any direction parallel to its surface. 
This situation differs markedly from that in 
the mandible where the surface of the bone 
is at right angles to that in the supraorbital 
region. In the mandible, the possible trans- 
verse isotropy is perpendicular to the sur- 
face of the bone and in the directions in 
which the bone is least able to resist defor- 
mation. 

Because of the transverse isotropy in the 
plane parallel to the surface of the bone, di- 
rections of principal strains and stresses in 
the supraorbital region are identical. De- 
scriptions of bone strain in this region and 
the inference of loading patterns (Hylander 
et al., 1987a,b, l989,1991a,b) do not require 
further explication based on elastic proper- 
ties, at least in the area directly above the 
human orbit. 

The magnitudes of the supraorbital elas- 
tic moduli in all directions are generally 
similar to those reported for bone tissue 
from the shafts of long bones in the normal 
and tangential directions. For example, 
Cowin (1989b) summarizes values from the 
literature of moduli measured with ultra- 
sonic methods. He reports values of elastic 
moduli ranging from 6.9 GPa for human tib- 
iae to 18.8 GPa for human femora, with most 
values ranging from 10.0-13.0 GPa. The val- 
ues for the longitudinal direction in the 
mandible are larger and are similar to those 
for the longitudinal direction in human long 
bones (Cowin, 1989b; Dechow et al., 1992). 
Cowin (1989b) reports average elastic mod- 
uli ranging from 17.0 GPa-27.4 GPa, with 
most values ranging from 18.0-20.0 GPa. 
These data certainly indicate that the su- 
praorbital area in its elastic properties is not 
as well adapted to resist loads as the mandi- 
ble or as long bones of the body along their 
longitudinal axis. One study in the litera- 
ture (Schroder et al., 1977) has reported 
elastic moduli from the cranial vault using a 
mechanical testing technique. However, the 

values of the moduli are two orders of mag- 
nitude less than those of most other mam- 
malian bone, suggesting that these studies 
should be repeated. Our data are similar to 
the elastic properties of other mammalian 
bone and are consistent with the idea that 
the browridge is structured to resist some 
degree of loading in varying directions par- 
allel with its surface. 

Bone adaptation in the 
craniofacial region 

Of central interest here is the question of 
the adaptational potential of bone. It is 
known that bone in an organism can adapt 
by modeling over time to increased loads (el- 
evated strain) (Burr et al., 1989a,b). Under 
certain conditions, this will lead to increased 
thickness of the cortical plate or increased 
bone mass, resulting in a stronger architec- 
tural member (Lanyon and Rubin, 1985). 
Whether bone can also adapt in the short 
term by shifts in material properties or by 
changes in the direction in which it is most 
resistant to deformation is an open question. 
Lanyon and Rubin (1985, p. 11) have argued 
because of findings by Woo et al. (1981) that 
“internal bone remodeling is not an adaptive 
response to improve the material properties 
of bone tissue,” although it may increase the 
fatigue life of the skeletal structure. How- 
ever, bone modeling on periosteal and en- 
dosteal surfaces does have the potential to 
form lamellar bone or woven bone (Ascenzi, 
1988; Burr et al., 1989b; Martin and Burr, 
1989). These types of bone have variations 
in microstructural elements that correlate 
with material properties, such as collagen 
fiber or apatite crystal orientation. Thus for- 
mation of bone through modeling may allow 
some changes in the material properties of 
the cortical plate as a whole. 

Bundy (1989, p. 208) has argued that “be- 
cause of the very complex nature of bone 
microstructure, no consensus has emerged 
as to what the salient factors of bone micro- 
structure actually are.” Important features 
that have been found to correlate with the 
material properties of bone include porosity 
(or bone volume fraction) (Schaffler and 
Burr, 1988), collagen fiber orientation, 
structure of lamellae (Ascenzi, 1988), apa- 
tite crystal orientation (Sasaki et al., 19891, 
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haversian system orientation, and other as- 
pects of the microstructural organization of 
bone (for further discussion, see Martin and 
Burr, 1989). Given this lack of understand- 
ing of the details of the relationship between 
structure and function in bone, the question 
of adaptation of bone microstructure and its 
effect on the overall function and architec- 
ture of a skeletal member is even more prob- 
lematic. It is possible that elastic properties 
in bone have adapted only in a phylogenetic 
sense. The patterns we see in adults may be 
more a reflection of complex processes of 
growth and development in skeletal matu- 
ration, although processes of adaptation 
may be able to fine tune these patterns fol- 
lowing function (Bromage, 199213). Thus, 
while differences in elastic properties be- 
tween the human mandible and supraorbit 
suggest a functional or biomechanical signif- 
icance, the developmental and evolutionary 
meaning of these differences awaits further 
investigation. 
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