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ABSTRACT
The aim of this study was to determine regional variability of mate-

rial properties in the dentate maxilla. Cortical samples were removed
from 15 sites of 15 adult dentate fresh-frozen maxillas. Cortical thickness,
density, elastic properties, and the direction of greatest stiffness were
obtained. Results showed that cortical bone in the alveolar region tended
to be thicker, less dense, and less stiff. Cortical bone from the body of the
maxilla was thinner, denser, and stiffer. Palatal cortical bone was inter-
mediate in some features but overall was more similar to cortical bone
from the alveolar region. The principal axes of stiffness varied regionally.
The regions with the greatest consistency were the alveolar area and the
frontomaxillary pillar, where the grain of the cortical bone was aligned
vertically from the incisors to the medial external aspect of the orbit.
Elastic properties in the human maxilla, especially the orientation of
the principal axes of stiffness, were more variable than in the mandible.
Incorporation of these properties into finite-element models should improve
their accuracy and reliability. Anat Rec Part A, 288A:962–972, 2006. � 2006
Wiley-Liss, Inc.
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In comparison to the mandible, understanding the bio-
mechanics of the maxilla presents greater difficulties.
The complexity of the maxilla results from the large
number of sutures between the maxilla and bones con-
tiguous with it and the sinuses that occupy almost the
entire internal region of the body of the maxilla. The
bone’s unique gross morphology and shape allow for a
variety of functions, including deglutition, respiration,
and sensation (smell and sight), as well as serving as
anchorage for a small portion of the masseter muscle.
Due to this complexity, adaptation of the maxilla to func-
tion is not well understood.
The maxilla is comprised of several distinct anatomi-

cal regions, including the palate, nasal floor, alveolus,
and body. Crossing these regions are structures or pil-
lars that are interpreted as supports for biting and mas-
tication including the zygomaticomaxillary pillar, the
temporozygomatic pillar, and frontomaxillary pillar (Sicher
andDuBrul, 1970).
Little is known experimentally about variability of the

mechanical characteristics of the human dentate max-
illa. In the monkey maxilla, patterns of bone strain sug-
gest that significant loads are borne locally during mas-

tication and biting and that bone sutures and adjacent
cavities buffer occlusal forces (Saijo and Sugimuro,
1993). As occlusal forces are dispersed at different tooth
positions, maxillary surfaces bend outward away from
the sinuses. Presumably, mechanical stimuli caused by
mastication and biting are important in the mainte-
nance of cortical bone structure in the maxilla and
result in variations of function depending on location
relative to different elements of the dentition and muscle
attachments.
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The sparse data on the material properties and
related micromechanical features of maxillary cortical
bone are further limited by a lack of consideration in the
literature of its unique three-dimensional properties.
The mechanical properties of the diaphyses of long bones
are typically characterized along three axes, including
the anatomical longitudinal axis, which is considered to
be the axis of maximum stiffness. At right angles to the
longitudinal axis are the circumferential axis, which
parallels the plane of the cortical plate and is the least
stiff direction in that plane, and the radial axis, which is
perpendicular to the plane of the cortical plate and is
the axis along which cortical thickness is measured.
In other craniofacial bones, the axis of maximum stiff-

ness within the plane of the cortical plate does not nec-
essarily coincide with anatomical axes. In human and
baboon mandibles, it varies between anatomical regions
(Schwartz-Dabney and Dechow, 2003; Wang and Dechow,
2004). In human skulls, at some sites in the mandible and
most sites in the cranial vault and zygoma, axes within the
plane of the cortical plate are not consistent between indi-
viduals (Peterson and Dechow, 2003). However, cortical
bone in the rhesus monkey crania shows a high level of
consistency among individuals (Wang and Dechow, 2006).
In the maxilla, the axes of the maximum stiffness gener-
ally are oriented perpendicular to the alveolar border
(Wang and Dechow, 2006). The orientation of the axes of
stiffness in the cortical bone of the human maxilla is
unknown, although it is reasonable to suggest that ana-
tomical landmarks, as in the mandible and cranial vault,
cannot determine these axes. The suggestion that grain in
cortical bone, or the direction of maximum stiffness, aligns
in the direction of maximum stress may be a reasonable
conjecture to formulate hypotheses about material axes.
However, little is known about the average orientations of
maximum stresses in the humanmaxilla during the varied
and complex patterns of loading during orofacial function.
Historically, the maxillary supports or pillars are

thought to bear compressive stresses generated by occlu-
sal forces along their longitudinal axes. Sicher and
DuBrul (1970) theorize a three-pillared model (zygomati-
comaxillary, pterygomaxillary, and frontomaxillary), in
which the pillars act as structural supports from the
tooth row through the maxilla to the cranial vault to
bear stresses generated by occlusal loads. We initially
hypothesized that directions of maximum stiffness in
maxillary cortical bone are oriented parallel to the long
axes of these pillars.
While little is known about the material properties of

cortical bone in the maxilla, some published data are
available on bone density, although these studies pri-
marily are radiographic and do not have true three-
dimensional measurements of density. For example,
Southard et al. (2000) show how the radiographic den-
sity of the maxillary alveolar process bone significantly
declines with age in healthy dentate humans.
No systematic quantitative biomechanical analysis of the

human maxilla exists, except some qualitative attempts
(Sicher and DuBrul, 1970). Biomechanical modeling of
zygomaticomaxillary complex is more difficult because
there are a small number of active forces (i.e., bite force and
muscle force) but a large number of possible reaction forces,
in which their degree of interdependence is only poorly
understood. Perhaps for this reason, force distribution
along the bony zygomaticomaxillary complex in human

dentate patients has received little theoretical biomechani-
cal analysis. Recently, finite-element analysis (FEA) has
become a powerful tool in probing the interface between
function and morphology, as it is able to estimate synchro-
nous strain across an entire structure and enable interpre-
tation of strain data from a global perspective (Richmond
et al., 2005). We believed that the application of FEA in
human facial skeletons would facilitate this study. Knowl-
edge of elastic properties and its variation in the cortical
bone of the human maxilla is indispensable for creating
accurate finite-element models to explore the biomechanics
and adaptation of the human face. Tests of model validity
with or without the use of accurate elastic properties reveal
that model precision can be substantially increased if accu-
rate elastic properties are included in the model design
(Strait et al., 2005).
Our goal is to explore the variability in the material

properties of the cortical bone of the dentate maxilla.
Our hypothesis is that there are important regional dif-
ferences within the maxilla that correspond with varia-
tions in function and development.

MATERIALS AND METHODS

We used bone specimens removed from 15 dentate
human crania selected from unembalmed, fresh-frozen
whole cadaver heads. A random mix of subjects, seven
females (48–95 years of age) and eight males (50–
89 years of age) had a median age of 58.9 years. All
specimens were Caucasian and were not collected from
cadavers known to have died from primary bone dis-
eases. All cadavers were from the willed body program
at the University of Texas Southwestern Medical Center.
Human tissue use conformed to all National Institutes
of Health, state, and federal standards.
All crania were frozen shortly after death and were

maintained in a fresh (unembalmed) condition. Crania
were stored in freezers at �108C prior to removal of
bone specimens. The freezing process has been found to
have a minimal effect on the elastic properties of the
bone (Evans, 1973; Dechow and Huynh, 1996; Zioupos
and Currey, 1998).
Cylindrical cortical bone specimens (4 mm in diame-

ter) were harvested from maxillary sites located in three
distinct regions: the palate (four sites), alveolar bone
(four sites), and the body of the maxilla (seven sites;
Fig. 1). Each cylinder of bone has a unique thickness
that represents the cortical plate. Prior to removal, bone
samples were marked with a graphite line that was par-
allel to the occlusal plane. This indicated the sample’s
orientation prior to removal. Trabecular bone was re-
moved from the inner aspect of the cortical plate with a
fine grinding wheel. The samples were stored in a solu-
tion of 95% ethanol and isotonic saline in equal propor-
tions. This media maintains the elastic properties of
cortical bone over time with minimal change (Ashman
et al., 1984; Dechow and Huynh, 1996).
Each prepared bone specimen was measured using a

digital caliper to determine the thickness of the bone cyl-
inder. Sample weight and differential volume in water
were used to calculate apparent density based on Archi-
medes’ principle of buoyancy. Bone densities were re-
quired to calculate elastic properties from ultrasonic
velocities. Each sample’s physical properties were meas-
ured at least two times. If discrepancies were found,
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measurements were repeated until consistent results
were obtained.
Material property testing was performed using the

pulse transmission technique previously described (Ash-
man, 1982, 1989; Ashman et al., 1984; Ashman and Van
Buskirk, 1987). Specimen longitudinal velocities were
measured in nine radial directions, as described in
Schwartz-Dabney and Dechow (2003).
The direction of the axis of maximum stiffness or d3

corresponded with the direction of peak ultrasonic veloc-
ity. We determined the axes of maximum stiffness by
using a sine function fit of measurements of velocity at
22.58 intervals. Perpendicular to the axis of maximum
stiffness within the plane of the cortical plate was the
axis of minimum stiffness or d2. The velocity of the trans-
verse waves was then measured with 5.0 MHz trans-
ducers (Panametrics V156-RM) along the three major
axes d1 (through the thickness of the cortical plate), d2,
and d3, and in several off-axis orientations (Ashman
et al., 1984).
Relationships between the various velocities through

the specimen and their material properties were derived
from the principles of linear elastic wave theory (Ash-
man et al., 1984). This theory, which is based on Hooke’s
law, allows computer generation of a 6 3 6 matrix of
elastic coefficients, or C-matrix based on the time delay,
width, and density of the bone samples. This matrix was
used to calculate several elastic moduli as follows.
Elastic modulus (E): a measure of the ability of a

structure to resist deformation in a given direction. Sub-
scripts, as in E1, E2, or E3, indicate the orientation or
axis for each elastic modulus. As mentioned above, the
axis of E3, the elastic modulus in the direction of maxi-
mum stiffness in the cortical plane of the specimen, is
perpendicular to that of E2, the elastic modulus in the
direction of minimum stiffness in the cortical plane. The
orientation of the axis of E1 is perpendicular to the
plane of the bone (and perpendicular to the E2 and E3),
or through the thickness of the cortical plate.
Shear modulus (G): a measure of the stiffness in shear

or angular deformation relative to applied shearing
loads in a plane formed by the two axes indicated by the
subscripts (G12, G31, or G32).
Poisson’s ratio (u): a measure of the ability of a struc-

ture to resist deformation perpendicular to that of the

applied load. The subscripts indicate orientation for
Poisson’s ratios in the same manner as in describing the
shear moduli (u12, u21, u13, u31, u23, u32).
The elastic constants quantified the relationship

between a load (stress) placed on a structure and the
resulting deformation of that structure (strain), within
its elastic range (Cowin and Hart, 1989; Dechow et al.,
1993; Dechow and Hylander, 2000; Schwartz-Dabney
and Dechow, 2003).
In addition to density, ash weights were determined

for each bone sample. Wet bone samples were weighed,
then dried at room temperature until the weight was
constant for 48 hr. The bone samples were ashed in a
muffle oven at 8508C for 12 hr. The ashed samples were
reweighed and this weight was divided by the dry bone
weight to determine a percentage ash weight (Bare-
ngolts et al., 1993; Nordsletten et al., 1994).
Data were stored in Microsoft Excel and analyzed

using the Minitab statistical analysis program. Descrip-
tive statistics, including means, standard deviations,
and standard errors, were calculated for all measure-
ments.
Assessment of differences between sites within the max-

illa was restricted by the lack of independence between
multiple samples taken from a single specimen. To test for
differences thus required the use of an ANOVA with a
repeated-measures design to account for the lack of inde-
pendence (Zar, 1996; Peterson and Dechow, 2003). We used
a balanced, unrestricted analysis of variance with a re-
peated measures design and subject as the random factor
to test for overall differences in density, cortical thickness,
and elastic properties.
Circular data analysis was used to describe the orien-

tations of maximum stiffness and to test differences
between sites. Circular descriptive statistics including
mean vector, circular standard deviation, standard error,
confidence intervals, and a Rayleigh’s test of uniformity
(Zar, 1999) were calculated with the Oriana Statistical
Analysis Program.

RESULTS

Overall, there were significant differences between
sites in thickness and density that discretely outlined
regions of the maxilla (Figs. 2 and 3, Table 1). The pala-

Fig. 1. Location of sites on the maxilla. Each site is numbered for
reference.

Fig. 2. The density of each site on the maxilla in three views is
represented by shade.
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tal site 3 and the alveolar sites supporting the teeth
tended to be thicker than the other maxillary sites. The
thickest sites were buccally and lingually near the ca-
nine (site 3: 2.3 mm; site 6: 2.4 mm). The thinnest sites
were found at the pterygomaxillary process, site 9
(1.0 mm) and site 8 (1.2 mm), and at the area close to
the zygomaticomaxillary suture, site 15 (1.1 mm) and
site 10 (1.2 mm).
Density showed similar results to that of thickness, yet

in a different regional pattern. Overall, where cortical bone
was thin, its density was high. For instance, the infraor-
bital sites (12–15) on the body of themaxilla (Fig. 4) ranged
in thickness from 1.1 to 1.5 mm, yet were high in density
(>1.80 g/cm3). Overall, the densest site 15 (1.90 g/cm3) was
at the zygomaticomaxillary suture, where the high density
contrasted with the thinness of the cortex (1.1 mm;
Table 1). Sites 5, 6, and 7 followed this trend with thick-
nesses ranging from 2.1 to 2.4mm, yet density ranged from
1.64 to 1.75 g/cm3. However, there were some exceptions.
For example, site 8 had the least dense (1.61 cm3) and very
thin (1.2 mm) cortical bone.

There were no significant differences between sites in
ash weight (Table 1). There was no correlation between
cortical density and ash weight, except that site 15 had
both the highest ash weight (61%) and density.
The values for elastic moduli demonstrated differences

by direction, in that E3 was larger than E2, which was
larger than E1 (Fig. 5, Table 2). There were significant
differences between sites for E2 and E3 (Fig. 5, Table 2),
yet E3 showed much greater values. For instance, site 3
was the stiffest site on the palate and had the highest
E3 (17.3 GPa), which was higher than that of site 5 near
the incisor on the buccal cortical plate (14.3 GPa). Yet
the stiffest site tested overall was site 15 at the zygoma-
ticomaxillary suture (18.7 GPa). Less stiff sites included
12, 13, and 14 (17.0–17.8 GPa) on or near the piriform
process; they were also thin (1.4–1.5 mm) and yet very
dense (1.81–1.83/cm3). The elastic moduli at the pterygo-
maxillary site 8 were the smallest (E1: 6.9 GPa; E2: 8.8
GPa; E3: 10.5 GPa). Yet site 9, which is superior to site
8, was exceptionally higher in elastic moduli (E1: 9.8
GPa; E2: 11.7 GPa; E3: 15.6 GPa) in comparison. E3

tended to be greater near sutures such as the fronto-
maxillary (site 13) and zygomaticomaxillary (site 15)
sutures. These sites also had a greater density (Fig. 3,
Table 1). Yet the midpalatal sutural sites (1 and 2) had
relatively low density and stiffness.
For the ratio of E2/E3, the majority of sites within the

dentate maxilla were moderately anisotropic with ratios
ranging from 0.69 to 0.85 (Figs. 6 and 7, Table 3). There
were significant differences between the sites for anisot-
ropy and the sites tended to cluster regionally. Site 11
near the piriform process had the highest anisotropy
(0.69). Sites with less anisotropy were 2 and 4 on the
palate, and 6 and 7 on the alveolar region. Site 8 on the
alveolar region, where the lowest elastic moduli were
measured, had the least anisotropy (0.85). The sites in
the region of the infraorbit were moderately anisotropic.
Like elastic moduli, the values for shear moduli dem-

onstrated differences by direction, in that G23 was larger
than G31, which was larger than G12 (Fig. 8, Table 4).
There was a significant difference between sites for
shear moduli (Fig. 8, Table 4). There were increased

TABLE 1. Density (unit: mg/cm3), cortical thickness
(unit: mm) and ash weight

Density Thickness
Ash

weight

Site N Mean SD Mean Mean % Mean

1 12 1.65 0.17 1.7 0.5 56 5
2 10 1.75 0.14 1.8 0.9 55 9
3 11 1.75 0.18 2.3 1.1 57 5
4 10 1.70 0.16 2.0 1.0 53 7
5 14 1.65 0.15 2.2 1.3 57 5
6 8 1.64 0.19 2.4 1.6 58 9
7 11 1.72 0.20 2.1 0.9 54 11
8 6 1.61 0.14 1.2 0.6 54 15
9 6 1.77 0.16 1.0 0.3 53 15

10 10 1.75 0.16 1.2 0.5 56 8
11 9 1.69 0.15 1.7 0.7 54 11
12 11 1.82 0.12 1.5 0.4 53 12
13 11 1.83 0.17 1.4 0.3 50 13
14 11 1.81 0.11 1.5 0.6 55 7
15 7 1.90 0.12 1.1 0.3 61 5
Grandmean 1.75 0.16 1.9 0.9 56 9
ANOVA F F P F P F
Sites 4.7 0.001 5.4 0.001 NS NS

Fig. 4. Scatter plot of thickness vs. density. Each site is numbered.
Circles represent alveolar bone sites, triangles are used for palatal
sites, squares are used for sites located on the body of the maxilla.
There is a significant relationship (R ¼ �0.48; P < 0.001) showing that
as thickness decreases density increases.

Fig. 3. Thickness of each site on the maxilla in three views is rep-
resented by shade.
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shear moduli at site 15 near the zygomaticomaxillary
suture and at infraorbital sites 12 and 14 (Table 4) com-
pared to the other sites (G23 > 6.0 GPa). Site 3 on the
palate nearest to the canine showed the greatest shear
moduli (G12: 4.1 GPa; G23: 4.5 GPa; G23: 5.9 GPa) com-
pared to the other palatal sites. As for elastic moduli,
pterygomaxillary site 8 showed lower shear moduli com-
pared to site 9.
Poisson’s ratios (Fig. 9, Table 5) showed significant

directional differences. The highest Poisson’s ratio were

V31 and V23 (>0.49), and the smallest Poisson’s ratios
were V21 and V32 (<0.30). There were no significant dif-
ferences between sites for each ratio, but some showed
regional differences. For example, V21 showed a distinct
pattern in that the infraorbital area had lower values
than that of any other area, while V23 had a relatively
high value in this area.
Rayleigh’s test for uniformity demonstrated significant

mean directions (P � 0.05) of the maximum stiffness
(E3) in seven sites, including sites 5–7 in the alveolar
area, 11 and 12 in the frontomaxillary pillar, and 1 in
the palatal area (Fig. 10, Table 6). Sites 4, 10, and 13
also had significant mean directions (0.05 < P � 0.072).
Six sites on the external maxillary surface showed a dis-
tinct pattern in that the direction of stiffness (Fig. 10)
was perpendicular to the long axis of the frontomaxillary
suture.

DISCUSSION

Overall, the material property results define regions of
themaxilla. Cortical bone in the alveolar region tends to be
thicker, less dense, and less stiff. Cortical bone from the
body of the maxilla is thinner, denser, and stiffer. Palatal
cortical bone is intermediate in some features but overall is
more similar to cortical bone from the alveolar region. The
principal axes of stiffness varied regionally and were not
as consistent as those in the mandible (Schwartz-Dabney
and Dechow, 2003). The regions with the greatest consis-
tency were the alveolar area and the frontomaxillary pil-
lar, where the grain of the cortical bone was aligned verti-
cally from the incisors to the medial external aspect of the
orbit. A similar pattern is also observed in rhesus monkey
crania (Wang and Dechow, 2006). Cortical bones near the
incisors and canines (sites 3, 5, and 6) has greater thick-
ness than at other maxillary alveolar sites, but its density
and stiffness are intermediate. This sampling region is at
the interface between the anterior dentition and base of
the frontomaxillary pillar and anterior palate, where the
peak of a strain gradient is found during incisal biting in

Fig. 5. Elastic moduli at each site in three views are represented
by shade.

TABLE 2. Elastic moduli (unit: GPa)

E1 E2 E3

Site Mean SD Mean SD Mean SD

1 8.3 1.9 11.3 2.7 14.1 2.9
2 8.9 1.9 11.9 2.3 16.5 4.0
3 10.3 2.0 13.6 2.1 17.3 3.4
4 8.9 2.9 10.9 2.7 15.6 3.7
5 10.0 3.3 11.0 2.7 14.3 3.8
6 7.2 1.5 8.7 2.3 12.2 1.9
7 9.8 2.4 11.3 3.0 16.0 4.3
8 6.9 1.1 8.8 1.0 10.5 1.3
9 9.8 2.3 11.7 1.4 15.6 2.8

10 7.6 2.3 10.7 3.3 14.2 4.2
11 9.0 1.9 11.2 2.2 16.4 3.6
12 10.0 1.7 13.5 1.6 17.6 3.4
13 9.9 3.0 12.8 2.8 17.0 3.3
14 9.4 1.6 13.3 2.1 17.8 2.3
15 9.2 1.5 14.0 1.7 18.7 3.4
Grand mean 9.1 2.3 11.7 2.7 15.6 3.7
ANOVA F P F P F P
Sites 1.51 NS 3.02 0.001 3.87 0.001

Note: Sample size in this and following tables is the same
as in Table 1.
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monkeys (Hylander, 1987). The thick cortical bone here is
likely important as a functional adaptation.
Site 7 above M2 and under the root of the zygomatic

process has the densest and stiffest cortical bone in the
alveolar area. This is not surprising, as we might expect
higher loads in this area due to the mechanical advant-
age of the muscles of mastication that results in larger
occlusal forces in this area.
The overall structure of the alveolus in the maxilla is

similar to cranial bone in that it has a buccal cortical plate,
a palatal cortical plate, and trabecular bone sandwiched
between the two. Wherever a tooth crypt resides, there
exists a circumferential cortical plate or lamina dura that
interfaces with the periodontal ligament attaching to the
tooth. The posterior dentition is distinguished by a broader
region of alveolar bone and increased lamina dura because
the molars are wider and have multiple roots compared to
the narrower alveolar bone and tooth roots associated with
the anterior dentition. The broader alveolar ridge posteri-
orly is able to maintain a greater volume of trabecular
structures and lamina dura to support the tooth roots. This

contrasts with the anterior dentition, where greater loads
are borne by the external cortical bone adjacent to the sin-
gle roots of the teeth. Thus, we might expect adaptations,
such as greater thickness, density, and stiffness, for bear-
ing more concentrated loads in the cortical bone surround-
ing the anterior dentition, and indeed in this study we
do find thicker bone in the anterior alveolar region and
the palatal sites closest to the teeth, which might be the
most effective way to resist the loads induced by biting and
mastication.
The functional combination of a thin cortical plate

overlying an extensive internal trabecular network is
well understood in areas of the postcranial skeleton,
such as the vertebral bodies and the proximal and distal
regions of long bones. In these regions, this combination
distributes load over a broader region. This pattern is
found in the facial skeleton, not only in the alveolus of
the maxillary molars as discussed above, but also in the
zygomatic bone and the body of the maxilla, where the
cortical bone is thinner (Bromage, 1992).
The maxilla has similar patterns of anisotropy as that

found in the mandible, in which Schwartz-Dabney and
Dechow (2003) found E2 to be intermediate between E1

and E3. However, overall anisotropy in the maxilla tends
to be smaller than in the mandible. This is unlike the
cranial vault in which E1 and E2 are often similar and
less in magnitude than E3 (Peterson and Dechow, 2003).
The cranial vault is unusual in this regard in that elas-
tic properties superficially resemble the transverse iso-
tropy of postcranial long bones (Katz and Meunier, 1987;
Cowin and Hart, 1989; Weiner et al., 1999; Wirtz et al.,
2000).
There is a bony fusion between the lateral and medial

pterygoid plates and the pterygomaxillary process. Bend-
ing of themidface during biting could result in a stress con-
centration in the maxilla near this region of bony fusion. It
is interesting that site 9, nearest the fusion of the maxilla
and pterygoid process, is on average much stiffer (15.6 vs.
10.5 GPa) than site 8 on the maxillary tuberosity, which is
more distant from the fusion and is located near the
molars. This may indicate an adaptation for resistance to
stress due to bending in this region at or near site 9.

Fig. 7. Anisotropy for the maxilla in three views is represented by
shade.

TABLE 3. Anisotropy

Anisotropy

Site Mean SD

1 0.81 0.11
2 0.74 0.11
3 0.80 0.10
4 0.70 0.09
5 0.78 0.09
6 0.72 0.17
7 0.72 0.13
8 0.85 0.07
9 0.77 0.11

10 0.77 0.12
11 0.69 0.08
12 0.78 0.10
13 0.75 0.08
14 0.75 0.11
15 0.77 0.15
Grand mean 0.76 0.11
ANOVA F P
Sites 2.15 0.018

Fig. 6. Scatter plot of E2 vs. E3 or anisotropy. E2 is the elastic
modulus in the direction of minimum stiffness in the cortical plane and
E3 is the elastic modulus in the direction of maximum stiffness. There
is a significant relationship (R ¼ 0.94; P < 0.001) showing that as E2

increases, so does E3.
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Peterson and Dechow (2003) show that muscle-bearing
cortical bone in the cranial vault tends to be stiffest in
the direction of d3. There are few muscle-bearing cortical
regions in the maxilla, but one site (15) close to the

anteriormost portion of the masseter muscle attachment
had some of the highest values of E3, similar to areas on
the parietal bone directly adjacent to attachments of the
temporalis muscle.
Qualitative biomechanical analysis of the midface by

Sicher and DuBrul (1970) suggests that the frontomaxil-
lary and zygomaticofrontal pillars of bone buttress and
transmit bite force during masticatory activities. Three
of the sites with significant orientations in the dentate
maxilla (5, 11, and 12) are located lateral to the piriform
process on the frontomaxillary pillar (site 13 in this area
has a similar and significant mean direction). Endo
(1966) found a higher magnitude of compressive strain
at the frontomaxillary pillar of bone during incisal biting
compared to molar biting. He concludes that intensive
strains appear at the alveolar process and body of the
maxilla near the loaded tooth, the lower part of the lat-
eral margin of the orbit, and the inferolateral corner of
the orbit and its vicinity.
Other regions of cortical bone that show significant

mean directions of stiffness on both the palatal and buccal
surfaces are located near the first molars (sites 6 and 7),
although these sites show different directions of stiffness
between buccal and lingual aspects. The axis at site 4 is
perpendicular to the tooth axis as at site 1, while at sites 5–
7 the mean axis is parallel to it. The common direction sug-
gests a possible uniform direction of strain in the bone dur-
ing the most common functions (biting). Orientation of
maximum stiffness at sites 5–7 might reflect the vertical
direction of themaximum strain in this region duringmas-
ticatory function. However, the functional significance of
the difference between buccal and lingual aspects, as well
as the lack of a significant orientation at other alveolar and
palatal sites, is unclear.
Schwartz-Dabney and Dechow (2003) find that in

almost all alveolar cortical regions of the mandible, the
axes of the maximum stiffness have uniform orienta-
tions among specimens. Lingually, these orientations are
perpendicular to the tooth axis, as at site 1 in the pal-
ate. Buccally, they are in more of an anteroinferior-post-
erosuperior orientation. In the mandible, the orienta-
tions in the alveolar regions resemble that of cortical

TABLE 4. Shear moduli (unit: GPa)

G12 G31 G23

Site Mean SD Mean SD Mean SD

1 3.4 0.9 3.7 0.7 4.9 1.2
2 3.6 0.8 4.1 0.8 5.4 1.0
3 4.1 0.6 4.5 1.0 5.9 1.1
4 3.5 1.2 4.0 1.0 5.1 1.1
5 3.8 1.2 4.2 1.3 4.9 1.4
6 2.8 0.8 3.5 0.4 4.2 0.9
7 3.7 1.0 4.5 1.1 5.2 1.2
8 2.8 0.3 2.9 0.3 4.0 0.7
9 3.6 0.7 4.4 1.0 5.6 1.0

10 3.1 0.8 3.5 1.0 5.3 1.5
11 3.5 0.7 4.1 0.8 5.3 0.9
12 4.0 0.6 4.5 0.7 6.2 0.7
13 4.0 1.1 4.4 1.2 5.9 1.1
14 3.9 0.7 4.4 0.8 6.1 0.9
15 3.8 0.8 4.3 0.5 6.5 0.7
Grand mean 3.6 0.9 4.1 1.0 5.4 1.2
ANOVA F P F P F P
Sites 1.90 0.040 2.08 0.023 2.66 0.003

Fig. 8. Shear moduli at each site in three views are represented by
shade.
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bone found throughout the corpus. The maxilla sustains
similar occlusal loads as the mandible and it is likely to
have similar magnitudes of bone strain. Thus, we
expected to find consistent patterns of orientation of the
axes of maximal stiffness throughout the maxilla. How-
ever, significant orientations were found at only 7 of 15
sites, which tended to have greater variability in orien-
tation than most sites in the mandible.
The three-dimensional intermediate structure of cortical

bone in the craniofacial skeleton is not well documented.
Presumably, osteonal structure and direction contribute to
variations in directions of maximum stiffness in the corti-
cal plate. The only historic studies to address this issue
used the split-line technique. Split lines reflect aspects of
bone histology including osteon structure and vascular
canal orientation (Seipel, 1948; Tappen, 1954, 1957; Demp-
ster and Coleman, 1960; Buckland-Wright, 1977). In com-

paring past split-line analyses (Seipel, 1948; Tappen,
1953) to our results for maximum direction of stiffness,
there is an apparent correlation in some regions but not in
others. Tappen (1953) states that at the alveolar bone mar-
gin, the split lines are perpendicular to the tooth roots on
both the lingual and buccal surfaces. Superior to the mar-
gin near the apices of the teeth, the split lines parallel the
tooth roots. Our cortical specimens in the buccal alveolar
region show a parallel pattern to the tooth roots. However,
on the lingual, alveolar sites show a perpendicular orienta-
tion of maximum stiffness to the tooth root except at site 8.
Together with other features, such as the thinnest, least
dense, and least stiff cortical bone, the area around site 8
might bear weak occlusal loads, corresponding to the
diminished functional significance ofM3.
One problem in attempting to compare our directions

of maximum stiffness with split-line orientations is that

Fig. 9. Poisson’s ratios at each site in three views are represented by shade.
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the literature does not document variability in split lines
quantitatively. In the mandible, Schwartz-Dabney and
Dechow (2003) found that split lines on the whole corre-
spond with directions of maximum stiffness. In the cra-
nium and zygoma, correspondence between the two is at
best sporadic (Peterson and Dechow, 2003). Tappen
(1953) reiterates that split-line patterns of the human
face show variability in extent and degree of organiza-

tion in different regions but he did not quantify the vari-
ation. Based on strain gage studies, Endo (1966) concurs
that the principal strain axes found in the human facial
skeleton seem to be similar to some degree to the orien-
tation of the split lines. Endo (1966) states that these
results may be coincidental at best.
Material properties of cortical bone are also important

for interpreting bone strain and for creating accurate fi-

TABLE 5. Grand means of Poisson’s ratios

V12 V13 V21 V23 V31 V32

Site Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

1 0.34 0.08 0.29 0.07 0.25 0.08 0.47 0.13 0.50 0.12 0.32 0.10
2 0.37 0.06 0.28 0.07 0.22 0.06 0.51 0.11 0.52 0.08 0.3 0.07
3 0.37 0.08 0.30 0.09 0.25 0.07 0.48 0.07 0.50 0.16 0.31 0.08
4 0.41 0.09 0.30 0.07 0.20 0.09 0.51 0.14 0.53 0.10 0.28 0.12
5 0.37 0.10 0.33 0.09 0.23 0.11 0.41 0.10 0.48 0.16 0.29 0.13
6 0.42 0.18 0.29 0.10 0.21 0.15 0.50 0.22 0.5 0.17 0.27 0.19
7 0.42 0.13 0.28 0.08 0.22 0.09 0.48 0.14 0.47 0.17 0.31 0.15
8 0.38 0.07 0.36 0.12 0.18 0.11 0.5 0.15 0.56 0.20 0.22 0.13
9 0.43 0.15 0.3 0.04 0.19 0.10 0.53 0.17 0.51 0.15 0.24 0.09

10 0.38 0.11 0.34 0.07 0.13 0.07 0.56 0.21 0.63 0.13 0.17 0.10
11 0.4 0.09 0.29 0.13 0.19 0.09 0.49 0.10 0.5 0.18 0.28 0.16
12 0.38 0.02 0.32 0.07 0.18 0.06 0.52 0.08 0.55 0.09 0.25 0.10
13 0.38 0.09 0.31 0.04 0.19 0.08 0.51 0.16 0.56 0.12 0.25 0.10
14 0.35 0.10 0.27 0.10 0.22 0.10 0.51 0.16 0.51 0.20 0.29 0.14
15 0.38 0.08 0.28 0.07 0.19 0.09 0.58 0.15 0.57 0.16 0.24 0.09
Grand mean 0.38 0.1 0.3 0.08 0.21 0.09 0.49 0.14 0.51 0.15 0.28 0.12
ANOVA F P F P F P F P F P F P
Sites 1.4 NS 0.53 NS 1.29 NS 1.17 NS 1.46 NS 1.74 NS

Fig. 10. Orientation of axes of maximum stiffness in the maxilla in three views. Seven sites show sig-
nificant mean orientations of the axis of maximum stiffness as indicated by the bold line at each site. This
line designates the mean orientation and the nonbold lines on either side of the orientation line are the
95% confidence intervals. All shaded sites without orientation lines have no significant maximum direction
of stiffness.
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nite-element models in studies of bone deformation in
response to stress (Dechow and Hylander, 2000; Rich-
mond et al., 2005; Strait et al., 2005). Schwartz-Dabney
and Dechow (2003) conclude that regions of cortical bone
with greater anisotropy and greater variation in the
direction of maximum stiffness result in larger errors in
calculating stresses from measured bone strains, or
strains from predefined loads in finite-element models.
They show that variations in anisotropy and the orienta-
tions of maximum stiffness in the mandible are suffi-
ciently small in most cortical regions to make reasonable
estimates, if the average values of elastic properties are
used in the calculations. A study of the cranial vault
concluded that errors in calculating stresses from meas-
ured bone strains are likely to be larger because of the
variations in orientation and anisotropy (Peterson and
Dechow, 2003). In the maxilla, these errors are also
likely to be larger at many sites because of the lack of a
consistent orientation, even though the variation in the
degree of anisotropy is relatively small.
Overall, little is known about theoretical mechanics of

the midface and palate during function either in humans
or in animal models. No systematic biomechanical analy-
ses of the midface are available in the literature, though
in vivo strain studies demonstrate that most regions of
the midface and palate bear significant loads during
function in vertebrate skulls (Hylander et al., 1991;
Ross, 2001; Ravosa et al., 2002; Wang et al., 2006). Theo-
retically, the active forces can be experimentally meas-
ured or estimated, as can the bite force, so only the joint
reaction forces must be solved for numerically. Biome-
chanical modeling of the zygomaticomaxillary complex is
more difficult because there are a small number of active
forces (i.e., bite force and muscle force) but a large num-
ber of possible reaction forces and their degree of inter-
dependence is only poorly understood. Perhaps for this
reason, force distribution along the bony zygomatico-
maxillary complex in dentate humans has received little
theoretical biomechanical analysis. In order to explore
the link between stress patterns and bone material prop-
erties (intrinsic feature of bone), the structural proper-
ties, which are the extrinsic feature of the skeleton,
should be considered, which include the bone mass, bone
material properties, organization of cortical and trabe-
cular bone, and the loading regime. Armed with the
material properties of human maxillae in this study,
finite-element models could be developed, which will

provide a firmer basis to explore the relationship of
stress patterns to bone material properties in the midfa-
cial skeleton.
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