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ABSTRACT The interaction between the two main competing geometric determinants of teeth (the geometry of
function and the geometry of occlusion) were investigated
through the construction of three-dimensional spatial
models of several mammalian tooth forms (carnassial,
insectivore premolar, zalambdodont, dilambdodont, and
tribosphenic). These models aim to emulate the shape and
function of mammalian teeth. The geometric principles of
occlusion relating to single- and double-crested teeth are
reviewed. Function was considered using engineering
principles that relate tooth shape to function. Substantial
similarity between the models and mammalian teeth were
achieved. Differences between the two indicate the inﬂuence of tooth strength, geometric relations between upper
and lower teeth (including the presence of the protocone),
and wear on tooth morphology. The concept of “autocclusion” is expanded to include any morphological features
that ensure proper alignment of cusps on the same tooth
and other teeth in the tooth row. It is concluded that the
tooth forms examined are auto-aligning, and do not require additional morphological guides for correct alignment. The model of therian molars constructed by Crompton and Sita-Lumsden ([1970] Nature 227:197–199) is
reconstructed in 3D space to show that their hypothesis of
crest geometry is erroneous, and that their model is a
special case of a more general class of models. J. Morphol.
267:649 – 662, 2006. © 2004 Wiley-Liss, Inc.
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Teeth are attractive as study subjects for many
and varied reasons, including their substantial contribution to the vertebrate fossil record and their
intriguing developmental processes (Butler, 1981;
Fortelius, 1985; Jernvall, 1995). Another notable
reason is the four-dimensional puzzles they present.
Teeth have complex three-dimensional geometries
that interlock with their occluding counterparts in a
temporal sequence. Perhaps more important, the
purpose of the geometry of the dentition is to perform several functions, the most signiﬁcant of which
is the efﬁcient break-down of food (Lucas, 1979).
Various aspects of tooth geometry and occlusion
have been investigated for tooth forms, including
tribosphenic-like (Crompton and Sita-Lumsden,
1970; Kay and Hiiemae, 1974; Crompton et al.,
1994), herbivore (Greaves, 1972; Fortelius, 1985),
and carnivore molariform teeth (Mellett, 1981, 1985;
© 2004 WILEY-LISS, INC.

Bryant and Russell, 1995). Certain geometric principles were established in these articles, but several
of the predictions made appear to have remained
untested. Also, there does not seem to be a clear
understanding of all geometric aspects of occlusion
in many tooth forms. No comprehensive analysis of
these principles has been carried out, nor any investigation of their implications. For example, we
would like to know what dental shapes are feasible
given certain geometric constraints; i.e., what are
the limits to possible occlusal morphologies?
The tooth form of occluding “primitive” therian
teeth has been considered as a set of “reversed triangles” (Fig. 1a; Crompton and Sita-Lumsden, 1970;
Crompton et al., 1994). This notion formed part of
the “trituberculy” theory of dental evolution (Osborn, 1888, 1897; Gregory, 1916), in which it was
hypothesized that the ancestral dental shape of therians was of this form. However, many features of
the geometry of occlusion and the full ramiﬁcations
of the “reversed triangle” design appear not to have
been evaluated. The study of Crompton and SitaLumsden (1970) modeled the two-bladed basic therian molar pattern as reversed triangles (each cusp
is basically triangular and has two blades, the diagonal and transverse shearing edges, leading down
from it; Fig. 1b). It was concluded that it would be
impossible for both of the blades on such a molar to
be two-dimensional curves: a 2D curve is one that
lies within a plane and is curved in only two dimensions rather than three, such as the letter “S” and a
scimitar blade. If so, this would greatly limit the
possible tooth and crest shapes, but the hypothesis
has not been tested.
In order to deal with the complexity and diversity
of mammalian tooth forms, it is necessary to eluci-
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Fig. 1. a: The “reversed triangles” model of molar occlusion,
with upper (dark) and lower (light) molars in a triangular shape
and the thick lines representing blades. b: The Crompton and
Sita-Lumsden (1970) model of therian molar function. dse, diagonal shearing edge; tse, transverse shearing edge. Redrawn from
Crompton and Sita-Lumsden (1970).

date some basic geometric principles of teeth. We
suggest that there are two main competing geometric factors that inﬂuence dental morphology: the
geometry of occlusion (ensuring proper alignment of
tooth features such as crests) and the geometry of
function (relating to shape that is advantageous for
food fracture, thereby minimizing force or energy for
a tooth to fracture food). These can be considered
separately by examining the features that inﬂuence
occlusal geometry and those that relate to function.
However, the ultimate goal is to understand how
these interact in order to limit the forms that can be
expressed, a minimum set of which actually occurs
in animals.
This article ﬁrst explains the basic geometric principles of teeth, which have been expounded to some
extent in the literature. We will investigate the important geometrical relations between occluding
tooth components through the generation of hypotheses in the form of geometric models of teeth that
consider the form and manner of tooth function.
Using these geometric principles, as well as aspects
of shape that affect function, models of several tooth
forms will be constructed, principally carnivore and
insectivore molars and premolars. Mathematical geometry (e.g., planes and vectors) will be used for
determination of certain occlusal events, and complete 3D models of the teeth will illustrate occlusion
of the entire tooth form. In this way, the inﬂuence of
the different geometric factors on each other, and
how they interact to create a ﬁnal functional tooth
form, can be examined.
Journal of Morphology DOI 10.1002/jmor

The objective is to create models in which: 1) occlusion between upper and lower models occurs correctly (according to geometry outlined below); 2) advantageous functional shape parameters are
adhered to; 3) the overall morphology of models is as
similar as possible to real teeth; and 4) the function
of real teeth is emulated. This extends the work
from the ideal shapes derived previously (Evans and
Sanson, 2003) to more realistic approximations of
mammalian teeth.
While testing the models will increase our understanding of the function and geometry of basic tooth
patterns, it will also allow us to investigate the
inﬂuence of particular components, such as the protocone, on the overall form and function of the upper
and lower teeth. Any differences between models
and real teeth may provide information about constraints on mammalian teeth (Evans and Sanson,
2003) and factors that may limit tooth design.
A major impediment to investigations of tooth geometry has been the difﬁculty in examining 3D
shapes and modes of occlusion, where previous models were often 2D representations of 3D models
(Evans et al., 2001). The use of computer techniques
for 3D representation assists the investigation of
these geometrical problems. Hypotheses about tooth
geometry from earlier analyses will be examined by
creating 3D representations of models previously
only presented in 2D.
Occlusal Geometry
Geometry of two simple blades occluding with
each other will be considered ﬁrst. Tooth occlusion
will occur along a linear vector (the occlusal vector).
The simplest case is for a blade to lie in a plane (and
therefore forms a 2D curve); for two blades to align
correctly, they must lie in the same plane in space
(Fig. 2a), and the occlusal vector will be perpendicular to the normal of the plane (i.e., it will lie in the
plane). The plane can be vertical (Fig. 2a) or at an
angle to the vertical (Fig. 2b). The latter is the case
for the model of carnassial teeth discussed in Mellett’s (1981) study, and both were used in the singlebladed models of Evans and Sanson (2003).
An important derivation from this is the twoplane mode of occlusion (Greaves, 1972; Kay and
Hiiemae, 1974; Crompton et al., 1994; Evans and
Sanson, 2003). In this case, there are two blades on
each model (Fig. 3a); each blade lies in a different
plane, and the occlusal vector is parallel to the intersection of the two planes (Fig. 3b,c). This can be
extended to show how the two-plane mode can be
extended to four planes to allow two phases of occlusion (ﬁg. 3 in Fortelius, 1985). The occlusal vector of
teeth working in the two-plane mode of occlusion
can be calculated from isolated teeth (Kay and Hiiemae, 1974).
The more general case is that the shape of the 2D
projection along the occlusal vector is the same for
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Fig. 2. Simple single-bladed models used as starting points for modeling mammalian teeth, illustrating occlusal geometrical
principles: (a) symmetrical with vertical movement; (b) symmetrical with latero-vertical movement; (c) asymmetrical with laterovertical movement. The blade edge and rake and relief surfaces of the upper (U) and lower (L) models are indicated. The lower model
moves according to the occlusal vector (solid arrow), and occluding blade edges always lie in the plane of blade occlusion (transparent
gray plane). In all ﬁgures, upper model is dark, lower is light. Additional terms deﬁned in text. Light source for all 3D models comes
directly from the viewer (like a headlight), so the more perpendicular to the viewer, the lighter the shading.

two occluding blades or teeth. This includes multiple
planes, curves, and a combination of the two with
planes separated by curved joins (Fig. 4).
MATERIALS AND METHODS
Models of several mammalian tooth forms were constructed
according to the following procedure. For each tooth form, the
surfaces of cusps and crests (and basins when present) were
modeled as polygons in 3D space where the vertices of each
polygon were designated by x, y, z coordinates. The lower model
moves with respect to the upper model according to the “occlusal
vector,” the direction of lower tooth movement. Occluding crests
were constructed according to the geometry described above to
ensure proper alignment in all models. The tooth structures were
represented in Virtual Reality Modeling Language (VRML;
Evans et al., 2001; Evans and Sanson, 2003), which allows animation of 3D structures to demonstrate occlusion.
The models of single- and double-bladed tools constructed in
the study by Evans and Sanson (2003) were used as starting

points, and these are shown in Figures 2 and 3. These simple
shapes are excellent initial shapes for modeling teeth because
they have been explicitly derived: their shape and the reasoning
behind their construction are precisely known. In Evans and
Sanson (2003), the simple shapes were made by starting with
regular geometrical shapes (cube and triangular prism) and incorporating functional criteria without reference to real tooth
forms. There are many similarities between the simple shapes
and real tooth structures before additional modiﬁcations are
made, but the objective of this study is to make models that
speciﬁcally emulate mammalian teeth.
The simple models may represent entire mammalian teeth, or
components of the teeth, so that each model tooth is constructed
from one or more duplicates of the starting models. Successive
changes were made to the models in a step-by-step process in
order to more closely emulate real tooth forms. For instance,
relative positions of crests and cusps and the angles of certain
surfaces may be changed in the model so they more accurately
represent the shape of the real tooth. However, no major changes
were made to features such as the number of blades, so a reasonable degree of similarity is still apparent between the ﬁnal models
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Fig. 3. Simple double-bladed models used as starting points for modeling mammalian teeth, illustrating occlusal geometrical
principles: (a) protoconoid with latero-vertical movement; (b) showing planes of blade occlusion; (c) two lower and one upper
protoconoid in occlusion; (d) right-angled protoconoid. The intersection of planes of blade occlusion is indicated by a dashed line, which
is parallel to the occlusal vector. Other conventions follow Figure 2.

Journal of Morphology DOI 10.1002/jmor
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Fig. 4. Crest shapes that are possible for occluding upper
(dark) and lower (light) teeth with blades (thick lines) when the
lower moves along a linear occlusal vector. The shapes are viewed
along the occlusal vector and are separated vertically on the page
a small amount for clarity. a: Single-bladed model. b: Doublebladed model. c: Planes in various orientations. d: Curves.
e: Straight lines joined by curves where the cusps are located.

and the starting shapes. All changes were documented to make
clear the modiﬁcations to these shapes that were necessary.
The initial shapes and ﬁnal tooth models all conform to eight
functional parameters that have been considered a priori to be
important in the function of tools for dividing tough foods. High
toughness is the main reason for requiring bladed teeth (Lucas,
1979; Lucas and Luke, 1984) and these tooth forms appear to be
most adapted to fracturing tough foods (Evans and Sanson, 2003,
in press). The functional parameters are defensible in terms of
machine tool engineering and dental function. These were described in detail previously (Evans and Sanson, 2003) and are: tip
and cusp sharpness for points; edge sharpness, rake, relief, and
approach angles; food capture and fragment clearance for blades.
As an example of how these characteristics can be directly related
to the force and energy to fracture food, the rake angle is the
angle of the leading blade face to a line perpendicular to the
occlusal vector (Fig. 2a). An increase in the rake angle (decreasing
the included angle of the blade) results in less force and energy
being needed to divide food. Brief deﬁnitions for some of the other
functional parameters are as follows: the relief angle is the angle
between the relief surface and the occlusal vector (Fig. 2b); the
approach angle is the angle between the long axis of a blade and
a line perpendicular to the occlusal vector (Fig. 2a); and capture
area is the area enclosed by a concave blade that traps food (Fig.
2a).
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(Butler, 1946; Van Valen, 1966; Mellett, 1981, 1985; Van Valkenburgh, 1991; Bryant and Russell, 1995). They occur in carnivorans (Carnivora), fossil creodonts (Hyaenodontia), and marsupials (e.g., Thylacoleonidae).
Insectivore premolars. The teeth have a single, long,
notched crest, the ends of which are unequal in height, creating
an asymmetrical notch. They may occlude with the crests of other
premolars or of molars, and are partially molariform (Butler,
1937, 1939; Mills, 1966; Slaughter, 1970; Freeman, 1981). The
premolars modeled here are more akin to upper premolars that
occlude with the ﬁrst lower molar. They are found in insectivorans and microchiropterans.
Zalambdodont molars. The teeth comprise a single, large
cusp with two crests leading from it, forming a V-shaped “ectoloph” viewed from above (Fig. 5e– h). One crest of the ectoloph is
often approximately transverse to the tooth row, and the crests of
the upper and lower molars are generally similar (Butler, 1937,
1941; McDowell, 1958; Mills, 1966). This tooth form is found in
solenodons (Solenodontidae), tenrecs (Tenrecidae), and golden
moles (Chrysochloridae). There is a basic topographic similarity
to symmetrodonts (e.g., Kuehnotherium), pantotheres (e.g., Amphitherium, Peramus), Zalambdalestes, Palaeoryctes, and the
marsupials Necrolestes and Notoryctes (Carroll, 1988).
Dilambdodont molars. The V-shaped ectoloph of the
zalambdodont has been essentially duplicated in each of the upper and lower molars (Butler, 1941; Mills, 1966). On the upper
molar, the crests leading from these two large cusps form a
W-shaped ectoloph, where all of the crests reach the buccal edge
of the tooth (Fig. 5k,l). A third major cusp is positioned laterally,
dorsally, and anteriorly on the upper tooth (large cusp at the top
of Fig. 5l), and is often associated with one or two additional
smaller cusps. On the lower tooth, the posterior cusp is lower
than the anterior one and forms a basin which occludes with the
upper lateral cusp (Fig. 5i,j). During occlusion, the leading face of
the lower posterior cusp meets the leading face of the upper
lateral cusp (Mills, 1966; Kallen and Gans, 1972). These are
found in shrews (Soricidae), moles (Talpidae), tree shrews (Tupaiidae), microbats (Microchiroptera), and extinct groups such as
nyctitheriids (Carroll, 1988), Palaeotherium, brontotheres, chalicotheres (Perissodactyla), Anoplotherium (Artiodactyla), and
Pantolambda (Pantodonta) (Butler, 1982).
Tribosphenic molars. The tribosphenic form is similar to the
dilambdodont form in having three main cusps on the upper tooth
and two on the lower (Fig. 5m–p). The main difference from the
dilambdodont form is that the ectoloph is not as strongly
W-shaped—the two center crests of the ectoloph (collectively
called the centrocrista) do not reach the buccal edge of the tooth
(Butler, 1982; Mills, 1966; Crompton and Hiiemae, 1970). The
tooth form modeled here can also be considered dilambdodont
(Butler, 1941, 1996) or predilambdodont (Johanson, 1996; Wroe
et al., 2000). These are found in primitive mammals such as
Aegialodon, Pappotherium, Didelphodus (Carroll, 1988), marsupials (Didelphidae), and in a reversed form in the pseudotribosphenic molars of Shuotherium, where the basin in the lower tooth
is anterior instead of posterior (Chow and Rich, 1982).

Tooth Forms to Be Modeled
As the models were designed to emulate the shape, movement,
and function of mammalian teeth, specimens from museum collections of several examples of the general tooth forms were
examined to ﬁnd broad characteristics of each form. The general
shape of upper and lower tooth components and manner of occlusion for each tooth form are described below. In some cases
additional minor cusps and cingula (small enamel ledges or rims
that surround part of the tooth) are also present, which often vary
greatly between species, but to simplify the modeling process
these are not considered here. The object is to model the generic
characteristics of the tooth forms.
Carnassials. Molars or premolars with a single long crest with
a large, symmetrical V-shaped notch (Fig. 5a– d), often with a
more pronounced central notch (carnassial notch) which aids in
dividing tough food at the end of a stroke (Van Valen, 1969; Abler,
1992). The upper and lower crests are relatively similar in shape

Models
Carnassials. The model of the carnassial was based on the
symmetrical single-bladed tool with a single long blade with a
V-shaped notch and a latero-vertical occlusal vector (Fig. 2b). In
order to approach more closely the carnassial tooth shape, the
rake angle of the model was increased and a “carnassial notch”
was added. It allows a greater concentration of forces due to the
increased approach angle and due to the reduced amount of
material between the teeth once the central notches come into
contact.
Insectivore premolars. The asymmetrical single-bladed
model was used as the basis for the premolars of some insectivores (Fig. 2c). The rake angle was increased and the size of the
smaller cusp decreased.
Zalambdodont molars. The starting point for the zalambdodont molar model was the basic protoconoid structure, which is
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Fig. 5. Mammalian tooth forms modeled in this study. a– d: Carnassial, PM4 (a,b) and M1 (c,d) (Felis catus; Carnivora: Felidae).
e– h: Zalambdodont, M2 (e,f) and M2 (g,h) (Tenrec ecaudatus; Insectivora: Tenrecidae). i–l: Dilambdodont, M2 (i,j) and M2 (k,l) (Myotis
daubentoni; Chiroptera: Vespertilionidae). m–p: Tribosphenic, M2 (m,n) and M2 (o,p) (Didelphis virginiana; Didelphimorphia:
Didelphidae). Lower right-side teeth in lingual (a,e,i,m) and occlusal (b,f,j,n) views; upper right-side teeth in lingual (c,g,k,o) and
occlusal (d,h,l,p) views. Anterior to left. Scale bars ⫽ 1 mm.
a fundamental cusp-crest structure found in many tooth forms
(Evans and Sanson, 2003). The base of the protoconoid is an
equilateral triangle, and two of the top edges form blades, each of
which has a V-shaped notch (Fig. 3). There are three main points
on the protoconoid, which occur at the end of blades, and the point
at the junction of the two blades is the tallest point on the model.
The lower model moves with a latero-vertical occlusal vector. The
upper and lower zalambdodont molars were modeled as “rightangled” protoconoids, where the base of the protoconoid is a
right-angled triangle with one blade perpendicular to the side of
the model and the other oblique (Fig. 3d).
Dilambdodont molars. Each of the upper and lower dilambdodont molars was modeled as two “right-angled” protoconoids in series. A third protoconoid was added on the lateral
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side of the upper model, and “en echelon shear” occurs, where
a blade from the lower model sequentially occludes with two or
more blades of the upper (Crompton and Sita-Lumsden, 1970),
between the lower model and two protoconoids in the upper
model.
Tribosphenic molars. The tribosphenic molar model was
based on the basic dilambdodont model, the main difference
being that the center cusp of the ectoloph does not reach the
buccal edge. In addition, the crests of the centrocrista are not
concave in the same manner as the dilambdodont form (Butler,
1996).
Improved dilambdodont molars model. To illustrate how
some of the differences between the models and real teeth
inﬂuence the form of the models, a second model of the dil-
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Fig. 6. Modiﬁed models of mammalian tooth forms: (a) carnassial; (b) insectivore premolar; (c) zalambdodont; (d) dilambdodont;
(e) tribosphenic. A single upper and lower model is shown for carnassial and insectivore premolar; two upper and two lower models
are shown for zalambdodont, dilambdodont and tribosphenic. Planes of blade occlusion are shown in d to illustrate en echelon shear.
The main difference in the dilambdodont and tribosphenic models is the distance of the mesostyle from the buccal edge of the model.
ant, anterior; buc, buccal; dors, dorsal. LAP, lower anterior protoconoid; LPP, lower posterior protoconoid; UAP, upper anterior
protoconoid; ULP, upper lateral protoconoid; UPP, upper posterior protoconoid. Light source from viewer.

ambdodont form was constructed. This model incorporates an
anterior component to the dorsolingual occlusal vector, as is
the case for in vivo teeth; the transverse crest of the protoconoids is no longer directly perpendicular to the edge of the
tooth; the paracone is smaller than the metacone, with a consequently smaller talonid basin and shorter hypoconid; additional cusp occlusion relief is added behind some points; and
the upper ectoloph crests and preprotocrista are crescentic.
Crompton and Sita-Lumsden (1970) model. The illustrations in the study of Crompton and Sita-Lumsden (1970) (redrawn in Fig. 1) were used to generate a 3D reconstruction of
their model. A 3D shape was chosen that matched all illustrations
from different views as closely as possible.

RESULTS
The models of all tooth forms are shown in Figure
6. The conventional dental nomenclature of these
forms will be used to describe the models (Crompton,
1971; Kay and Hiiemae, 1974), and is illustrated in
Figure 7a. The carnassial (Fig. 6a) has a larger rake
angle, making the tooth narrower, and a very sharp
notch at the center of the blade. The insectivore
premolar has a single blade with a very tall cusp and
a shorter cusp connected by a crest that allows capJournal of Morphology DOI 10.1002/jmor
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Fig. 7. Improved model of dilambdodont molars incorporating an anterior component to the previously dorsolingual movement,
crescentic crests on the upper ectoloph crests and preprotocrista, and paracone smaller than the metacone, with consequently smaller
talonid basin and shorter hypoconid. a: Nomenclature of upper and lower dilambdodont molars, and separate views of the upper and
lower dilambdodont models. The centrocrista comprises the postparacrista and the premetacrista. Lingual (b), posterior (c), and
buccal-occlusal (d) views of two upper and two lower model molars just after occlusion has started (top) and at centric occlusion
(bottom), where the lower molar is at its dorsal maximum and the protocone is at the base of the talonid basin. Abbreviations and
conventions follow Figure 6.

ture (Fig. 6b). In the two upper and two lower
zalambdodont molars shown in Figure 6c, each
zalambdodont molar occludes with two opposing
models.
As well as the two protoconoids in serial arrangement, the model of the upper dilambdodont tooth
has a third protoconoid (with the protocone as the
main cusp) in a lateral position (Fig. 6d). Two main
functional changes result: on each tooth, two additional occluding blades and a ﬂat “crushing” basin
are created. The crushing surfaces are the rake surfaces of the lower posterior and upper lateral protoconoids. These are the talonid and the trigon basins,
respectively, and they meet at the end of the occlusal
stroke. The posterior blade of the lower anterior
protoconoid occludes with two blades in the one
stroke: with the anterior blade of the upper lateral
protoconoid and the anterior blade of the upper lateral protoconoid. This en echelon shear is shown in
Figure 6d, where the plane of blade occlusion passes
Journal of Morphology DOI 10.1002/jmor

through the blades that occlude. Another blade is
added to the lateral edge of the lower posterior protoconoid (the previously non-occluding third edge)
that occludes with the posterior blade of the upper
lateral protoconoid.
The main modiﬁcations in creating the dilambdodont model result from the addition of protocone.
These can be summarized as follows:
1. The lower posterior protoconoid main cusp (hypoconid) was reduced in height and/or moved buccally to prevent it from colliding with the rake
surface of the upper lateral protoconoid.
2. Two crests were added to the lower models
against which the crests of the upper lateral protoconoid main cusp (protocone) occlude: the crest
running from the posterior cusp of the lower anterior protoconoid (postmetacristid) and the crest
on the exit structure of the lower posterior protoconoid (entocristid).
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Fig. 8. Three-dimensional shaded reconstruction of the improved dilambdodont model. a: Lingual view, anterior to left. b: Buccal view, anterior to right. Multiple light sources.

3. The height of the anterior crest of the lower posterior protoconoid (cristid obliqua) was reduced
so that it no longer connected to the posterior
cusp of the lower anterior protoconoid (metaconid) and instead terminated near the base of the
lower anterior protoconoid main cusp (protoconid). This allowed the anterior crest of the upper lateral protoconoid (preprotocrista) to shear
against the posterior crests of the lower anterior
protoconoid (protocristid and postmetacristid).
4. The basin of the lower posterior protoconoid (talonid basin) was deepened to form relief behind
the new crests (postmetacristid and entocristid).
The main modiﬁcation made in order to construct
the tribosphenic model was the movement of the
mesostyle from the buccal edge of the tooth, requiring lingual and dorsal movement of the hypoconid
(Fig. 6e). The shape of the main cusps in the upper

molars is now further removed from the initial protoconoid shape.
Additional changes were made for the improved
dilambdodont model to increase the similarity to
real dilambdodont teeth (Figs. 7, 8). Three different
views of the 3D reconstruction of Crompton and
Sita-Lumsden’s (1970) model are shown in Figure 9.
The blades of the reconstructed model ﬁt within
planes and are therefore 2D curves.
The supplementary material contains VRML ﬁles
for all model teeth constructed here, showing the 3D
shape and animated occlusion of the models, and is
also available from the ﬁrst author.
DISCUSSION
The models constructed above have signiﬁcant
similarities to the tooth forms on which they were

Fig. 9. Three-dimensional reconstruction of model shown in Crompton and Sita-Lumsden
(1970), showing that both of the blades on the model are two-dimensional curves, as each lies in
a plane. Light source from viewer.
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modeled, and it is argued that they would function
in the same manner as the original teeth due to the
requirements of the geometries of occlusion and
function being satisﬁed. The similarities are now
substantially more extensive than the approximate
ones of the starting models.
Comparisons of Models and Real Teeth
The models very closely mimic the shape and occlusion of mammalian tooth forms. However, there
are a number of notable differences between each
model and its corresponding tooth form. Some of
these point to factors that constrain shape in mammalian teeth that are not considered in the models,
but others reveal additional complexity in the function of mammalian dentitions.
Robustness. Compared to the idealized perfect
points of the model, the cusp tips of teeth are thicker
and the embrasures into which they ﬁt are wider.
This is particularly true for the zalambdodont, dilambdodont, and tribosphenic forms, where the cusp
tips are often rounded in the anteroposterior direction. This is most probably related to the requirement of increased strength at the tip of the cusps,
where thicker teeth will be able to withstand greater
stresses. The occluding embrasures must then be
wider to accommodate the fatter cusps. Development may also constrain the tooth shapes, limiting
the maximum pointedness of cusps that can be produced in ontogeny. Real teeth are often broader and
rounder at the base of the cusps compared to the
models, again probably related to increased strength
and support.
Although the cusps and crests of dilambdodont
and tribosphenic teeth do not have as high tip, cusp,
and edge sharpnesses as the models, they do represent an ingenious solution that maintains relatively
high tip and edge sharpnesses while ensuring that
proper occlusion occurs between crests and allowing
additional reinforcement of the cusp. The pointed
cusps of the models (Fig. 6d,e) would probably produce dangerously high stress concentrations that
may fracture the cusp; however, rounding the entire
cusp tip to strengthen it will reduce tip and edge
sharpnesses. Instead, the cusp tips are rounded in
the anteroposterior direction, while being relatively
ﬂat on the buccal face. Such cusps have high tip and
edge sharpness compared to a rounded cusp but
allow occlusion between crests and would resist fracture to a greater extent.
Cusp occlusion relief. In dilambdodont and tribosphenic molars, there is often signiﬁcant relief
behind the points on one tooth where another cusp
occludes with it, which is termed cusp occlusion
relief (described in further detail in Evans, 2003, in
press; this differs from occlusal relief discussed in
Fortelius and Solounias, 2000). This is very similar
to the relief angle shown in Figure 2b, except that
the relief is behind a cusp rather than a crest. Relief
Journal of Morphology DOI 10.1002/jmor

is found behind occlusion points of cusps such as the
protoconid (relief behind the parastyle/metastyle),
hypoconid (mesostyle), protocone (postmetacristid/
entocristid junction lingual to the talonid basin),
and to some extent the metacone (posterior cingulum on lower molar) and paracone (at the most anterior point of the cristid obliqua). Only a small
amount of cusp occlusion relief occurs in the models,
usually due to the creation of relief behind the
crests.
Sizes of paracone and metacone. The upper
models of dilambdodont and tribosphenic molars
were constructed with the paracone and metacone
the same size. In tribosphenic and more particularly
dilambdodont teeth, the paracone is often smaller
than the metacone, with the paracone closer to the
buccal edge of the tooth and shorter in height. The
size of the paracone affects the geometric relations
between the upper and lower molars, particularly
the width of the talonid basin.
When the hypoconid is lowered to accommodate
the protocone in the dilambdodont model, it must
also be repositioned laterally so that it still occludes
with the mesostyle (due to the lateral movement of
the teeth). If the metacone and paracone are the
same size, the hypoconid must be shifted a large
distance laterally if the height is greatly decreased,
resulting in a talonid basin that is substantially
wider than the anterior (trigonid) basin. In the dilambdodont and tribosphenic models, the height of
the hypoconid has not been substantially reduced.
Repositioning the paracone closer to the buccal edge
of the tooth, in effect reducing the size of the paracone, reduces the distance from the mesostyle to the
paracone, so that the hypoconid does not need to be
shifted as far laterally to allow occlusion.
Shape of capture structure. The blades of the
models constructed above have notched, i.e.,
V-shaped, capture structures. The few models of
cusps or teeth that have been made previously have
often implicitly or explicitly modeled the capture
structure as a curved, “crescentic,” or U-shaped edge
(e.g., Fig. 1; Crompton and Sita-Lumsden, 1970;
Mellett, 1981; Stern et al., 1989; Crompton et al.,
1994; Lucas and Teaford, 1994). It seems to have
been assumed that a curved edge must function
better because it occurs in nature. However, a
V-shaped capture structure would be more efﬁcient
than a U-shaped one, as it would concentrate forces
to a greater extent, particularly at the end of the
stroke. The areas of the approaching edges at the
end of a stroke are smaller in an acute notch than in
the case of a U-shaped capture mechanism, so the
notch attains higher stress at the end of the stroke
and offers a greater potential to fracture the food
item. A notch will also have a higher approach angle
at the end of the stroke.
The concavity in carnassial teeth is pointed (and
further emphasized as the carnassial notch), as is
the case for many crests in lower dilambdodont and

FUNCTIONAL MODELING OF MOLARIFORM TEETH

659

ing the effectiveness of point cutting (point cutting
occurs when the long axes of two occluding blades
are not parallel, so that only one point meets at a
time rather than the entire length; Evans and Sanson, 2003). This will greatly decrease the effectiveness of these crests at the end of the cutting stroke.
A compromise would be to maximize efﬁciency in
one occluding crest by making it notched, and minimize potential problems of misalignment by the
opposing crest being curved (Fig. 10b).
Improvements to Models

Fig. 10. The effect of wear and crest shape on the alignment of
occluding notches. Each sequence (a,b) illustrates a particular
arrangement of crests (thick lines) and notches on upper (dark)
and lower (light) teeth in the unworn and worn states, and shows
the change in shape after the removal of dental material by wear
(horizontal hatching). a: Both the upper and lower crests are
notched. Following wear, which mostly occurs on the end of the
crest with the higher cusp (metacone (me) for the upper and
protoconid (prd) for the lower), the notches no longer align in
occlusion. However, when one of the crests is curved (b), the
effects on the alignment of the notch are not as severe. Dashed
lines show points at which the ends of crests occlude, dotted lines
show the location of the upper (U) and lower (L) notches. Anterior
view, with occlusal vector vertical.

tribosphenic teeth (e.g., microbats Rhinolophus
blasii and Plecotus townsendii; marsupial Didelphis
marsupialis). However, upper dilambdodont and tribosphenic teeth usually do not have notched ectoloph crests. This may be because a pointed notch may
increase stress concentrations in the tooth at the tip
of the notch, with a subsequent rise in the risk of the
tooth fracturing at that point. An alternative is that
it is related to the depth of tooth underneath the
ectoloph crests, such that a deep, V-shaped notch
would not ﬁt.
Effects of wear on occlusion. An important
difference between real teeth and the models is that
the former must accommodate wear. This becomes
important when we consider how tooth shape and
occlusion may be affected by wear. The function of
notched crests will be optimal when the notches of
opposing crests align in occlusion (Fig. 10a). If
notches do not align, such as when their relative
positions along the crests alter after wear, there
may be regions in which the approach angles of
opposing crests are close to parallel, thereby reduc-

The improved dilambdodont model has now a very
high level of similarity to the teeth on which it is
modeled, emulating both the shape and function of
these teeth (Figs. 7, 8). Additional modiﬁcations to
the improved dilambdodont model could be introduced, such as movement of the lower teeth in an
arc-like fashion, simulating the closing of a jaw,
rather than the linear trajectory that was used. This
would affect the size and orientation of the tooth
components along the tooth row, depending on the
distance from the condyle and its height above the
tooth row, but is not likely to change the overall
shape of the models to a great extent.
Inﬂuence of Protocone on Tooth Shape
The models give us the unprecedented ability to
analyze the effect of the protocone on overall tooth
shape. In effect, this identiﬁes the changes that are
required to create the dilambdodont and tribosphenic forms. In order to ensure proper functioning
of the upper lateral protoconoid (protocone and associated crests) added to the two-protoconoid serial
structure, several modiﬁcations were required.
These mostly relate to the addition of crests to the
lower posterior protoconoid that occlude with the
newly added upper lateral protoconoid, and the
shifting of the main cusp of the lower posterior protoconoid and associated crests to prevent collision
with the new protoconoid.
Increasing the number of blades in close proximity
(e.g., through the addition of a protocone on the
upper tooth) leads to modiﬁcations in the shape and
function of the adjacent blades. Capture by several
of the blades (e.g., cristid obliqua, postmetacristid) is
reduced or removed. This is particularly true for the
centrocrista crests of the upper tribosphenic molar,
where food is captured by the combination of the two
crests (postparacrista and premetacrista making up
the centrocrista) rather than one. The rake angles of
the crests associated with both the lower posterior
protoconoid (hypoconid) and the upper lateral protoconoid (protocone) are decreased, and are therefore
not as efﬁcient. Fragment clearance from the lower
posterior protoconoid is impeded by the addition of a
blade on the internal surface of the exit structure.
This shows the inﬂuence of geometrical constraints
Journal of Morphology DOI 10.1002/jmor
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on the number of blades that can be added while
maintaining function of all previous and newly
added crests.
Autocclusion
A signiﬁcant feature of teeth that must be considered is the means by which tooth components of
upper and lower teeth are aligned and how their
correct relationships are maintained. For instance,
does the alignment of crests require additional dental or nondental structures (such as guiding cusps or
ridges) that do not function in food breakdown?
Mellett (1985) introduced the term “autocclusal”
to refer to occlusal alignment that is controlled by
morphology rather than neurological processes. It
was ﬁrst applied in reference to the use of canines to
aid in the alignment of the postcanine teeth, but we
can extend this to include features that ensure
proper alignment of teeth on the same tooth and
other teeth in the tooth row. Some features of the
autocclusal mechanism are obvious, such as the
spacing of cusps in a tooth row to align with the
corresponding embrasures in the opposing row,
which can act in the same manner as the canines
directing the movement of the lower jaw to ensure
alignment of molars. Of greater interest is the maintenance of correct spatial relationships between
other tooth features such as relief surfaces.
A simple consideration of blade occlusion may lead
one to the conclusion that in order for blades to align
there must be substantial contact between the relief
(trailing) surfaces of two occluding crests, which
would be indicative of no relief behind crests. Most
previous models of teeth crests have displayed a lack
of relief (Crompton and Sita-Lumsden, 1970; Stern
et al., 1989; Crompton et al., 1994; Lucas and Teaford, 1994). For instance, it appears that Crompton
et al. (1994) assume contact of the ﬂat opposing
relief surfaces, and therefore the absence of relief, is
required for alignment of triangular cusps. However, crest relief is present in a large number of
tooth forms (Evans, 2003, in press; unpubl. data).
Contrary to the models, contact between ﬂat relief
surfaces is not necessary to ensure proper occlusion.
The models constructed here, and their underlying
geometry, show that once proper occlusion has commenced (i.e., where the tallest protoconoid in the
lower zalambdodont, dilambdodont, and tribosphenic models has entered the embrasure between
the two upper models, or the blades of the carnassial
or premolars are in contact), autocclusal mechanisms will operate and mean that proper occlusion
will follow, given a vertical or latero-vertical force
applied to the lower teeth. Only the crest edges will
contact (and possibly a small amount of relief surface, particularly in worn teeth), and the direction of
tooth movement will be dictated by the arrangement
of the crests. Therefore, relief is maintained in these
teeth purely through the geometry of the tooth surJournal of Morphology DOI 10.1002/jmor

face. This is the case for Mellett’s (1981) model of
carnassial function, where the arrangement of the
blades automatically generates relief behind the
blades.
Neurological requirements for alignment are
therefore limited to the ﬁrst (or possibly ﬁrst few)
contacts between upper and lower teeth (such as the
protoconids of one or more molars entering the embrasure between upper molars, or contact between
canines). After this ﬁrst contact, the alignment of
crests dictates the movement of teeth. If a vertical
force were applied by the masticatory musculature,
the lower jaw would be directed laterally due to the
arrangement of the blades, and contact between opposing blades would be maintained. A lateral component to the occluding vector could be introduced,
but it cannot be any greater than that which would
cause the blades to lose contact. In essence, this
shows that these tooth forms are auto-aligning, and
no additional morphological guides are necessary for
correct alignment in these tooth forms.
The positive rake angles of most crests will also
aid the alignment of teeth (Evans and Sanson,
2003). The rake surface of a crest will tend to be
pushed perpendicular to the surface by food that
contacts it, and so a positive rake will push a crest
towards its opposing crests. In contrast, two occluding crests with negative rake will tend to be pushed
apart by the food between them.
Therian Molar Modeling
A fully explicit model of a tribosphenic-like tooth
is very effective in many respects, as demonstrated
above. However, very few attempts at modeling a
tribosphenic-type tooth have been reported in the
literature, presumably due to the perceived complexity of the tooth structure and occlusion. In reality, this can be successfully analyzed and the structure can be modeled without great difﬁculty,
especially when approached as a modular design. A
major impediment to previous work has been the
difﬁculty in representing the dynamics of these
structures using drawings alone, so this work has
been aided by the use of computer reconstruction.
It seems that the only detailed attempt at modeling components of primitive therian or tribosphenic
teeth is that of Crompton and Sita-Lumsden (1970).
Their model of reversed triangles is similar to the
blade arrangement of a right-angled protoconoid,
with an oblique blade (diagonal shearing edge, dse;
Fig. 1b) and perpendicular blade (transverse shearing edge, tse), each of which trap food between the
opposing blades. They hypothesized that in order for
both blades to maintain contact throughout a laterovertical cutting stroke, the oblique blade must be a
3D curve. In fact, as previously explained, the main
requirement is that occluding blades are the same
shape (either linear or curvilinear) when viewed
along the linear occlusal vector (Fig. 4). The simplest
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case is for the 2D projection of a blade to be linear, in
which case it is a 2D curve (as is the case for all of
the models in this study), but it is possible for the
blades to be curves in two or three dimensions. The
model of Crompton and Sita-Lumsden (1970) then is
a subset of the larger class of models outlined here.
Crompton and Sita-Lumsden’s (1970) model is
most easily interpreted as a cusp with two 2D crests,
since a plane can be ﬁtted to each crest as it occurs
in 3D space (Fig. 9). This directly contradicts their
conclusion on the limitations of tooth design. The
conclusion regarding the shape of the dse comes
from a mistaken belief that “the intersection of a
vertical convex surface and a concave surface” must
be a 3D curve (Crompton and Sita-Lumsden, 1970:
197), which, as shown by the reconstruction, is not
necessarily the case.
The study of Crompton et al. (1994) considers the
occlusion of tribosphenic-type molars in terms of a
triangular wedge sliding in a matching “V”-shaped
slot. However, it does not relate this to the model of
Crompton and Sita-Lumsden (1970), nor does it explain that the triangular wedge model contradicts
the hypothesis of the earlier model. This wedge
model is a way of representing the two-plane mode
of occlusion described above but does not explain
other features of occlusion nor the function of the
teeth in the manner of the functional parameters
used here.
Despite the large number of possible shapes that
occluding crests can adopt, they are in fact fairly
restricted. In carnassials and insectivore premolars,
they are largely 2D curves, and so lie in a plane. The
crests of zalambdodont, dilambdodont, and tribosphenic molars are most often 2D for the majority of
the crest, so that the notch of the crest lies within
the plane. It is only at the ends of a crest that it
becomes a 3D curve—the rounded cusp tips and
embrasures mean that the crest as a whole is a 3D
curve, and has the appearance of Figure 4e.
Tooth Modeling
The possible applications of geometric modeling of
teeth and tooth function are extremely diverse and
offer great potential for understanding the interactions of tooth shape and function. Model teeth can be
used to test other hypotheses relating to possible
tooth geometries and examining correlated change
in structure. For instance, dental models could disentangle which differences in tooth form between
species are due to factors that have a major effect on
tooth function and which are merely due to correlated geometry of upper and lower teeth; for example, the extent of anterior displacement of the protocone and the angle of the postmetacrista, which
are variable among dilambdodont and tribosphenic
tooth forms.
The greatest potential for tooth modeling may lie
in examining hypotheses of dental occlusion in fos-
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sils. Probable 3D dental morphologies can be reconstructed to a much higher level of complexity and
accuracy than previously in cases where occluding
teeth are unknown in the fossil record (e.g., Shuotherium; Chow and Rich, 1982). In evolutionary studies, it can allow the construction of a functional
series of teeth (e.g., early evolution of therian molars) showing how function is maintained during the
evolutionary modiﬁcation of tooth forms. This may
indicate limitations on changes that can be made
while tooth function is maintained, and consequent
endpoints in the evolution of functional morphologies. The function of extinct, and even hypothetical,
tooth forms can be examined and compared to extant teeth in which the function is more extensively
understood. This can aid in dietary reconstruction of
fossil forms, including those with no modern analog.
Very importantly, computer modeling of complex
morphological structures allows the morphologist to
extend any analysis beyond the page into the full
four dimensions of teeth. This allows a signiﬁcant
improvement over the “occlusal diagrams” that have
been used for over 100 years in an attempt to illustrate the occlusion between crests and cusps of opposing teeth. Dental models will be of great use in
explaining the occlusion of teeth, helping both the
teacher to illustrate, and the student to observe, the
true occlusion of mammalian teeth.
CONCLUSIONS
The present models incorporate many more functional characteristics than previous models (such as
rake and relief of blades) and their proper occlusion
is demonstrated through computer reconstructions
of their spatial relations. It is encouraging, then,
that the ﬁnal model shapes emulate mammalian
tooth shapes much more closely than any previous
models. Despite the highly complex 3D shapes of
carnivore and insectivore molariform teeth, the
crests on them can be modeled as 2D blades. We can
we can ﬁnd, then, simplicity in the complexity of
these tooth forms that was not previously apparent.
This shows that a consideration of the geometries of
both occlusion and function can allow the examination of the multifarious elements that inﬂuence
tooth shape, leading to a more sophisticated analysis
of the complex morphologies of the mammalian dentition.
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