
FORM AND FUNCTION OF TEETH: A THEORY OF " MAXIMUM
SHEAR." By D. MACKINTOSH SHAw, Royal Dental Hospital,
London.

THIS concept, "maximum shear," has been applied to explain in a more
precise manner than has hitherto been done the functional meaning of
many specific features in the shapes of teeth. It offers also, in the case
of man's dentitions, an explanation of the chewing mechanism that fits
all the observed dynamical conditions and actual results. If it be granted
that teeth were evolved mainly for their utility in manipulating food, then
a close and persistent study of dental mechanism from the "machine and
tool-action" point of view is a very rational and promising method of
interpreting the physiological meaning and value of any morphological
feature or detail in teeth. It would seem, a priori, that the definiteness
and constancy that characterize each specific feature in the form of a tooth
might well be directly related to a like definiteness and constancy in
function or functions. If a morphological feature remains, in a clearly
recognized sense, fixed and distinctive throughout that particular species,
the functional requirement that evoked and preserved it is admitted to be,
in several obvious instances, similarly fixed and distinct. But the same
relationship most probably exists in the less obvious instances, and possibly
in all, or nearly all instances, if only we could discover and verify the
relationship.

What here follows is an attempt to explain some of the results of my
endeavours in this direction during the past twelve years. Attention for
the present is confined to man's teeth, where the opportunity for inquiry
and investigation is much more favourable than we would hope for in
other animal dentitions.

In the dentition of perhaps every species of animal the form and
mechanism of the teeth are influenced-one might almost say determined
-by two conditions that are fundamental: (1) the nature of the food; (2)
the degree of its reduction. In regard to the first, we know something of
the nature of man's food, although unfortunately very little is known with
certainty as to the nature of his "staple" foodstuffs during the period in
which the main features of the normal present-day dentition were evolved
and established. Regarding the second, the degree of reduction of food,

VOL. LII. (THIRD SER. VOL. XIII.)-OCT. 1917. 7



Mr D. Mackintosh Shaw

it is well ascertained that man's teeth are adapted to (that is to say, they
can and do) comminute hard and tough food to a fine degree. Such
distinctive characters in the teeth as hardness and sharpness must
correspond to qualities of hardness, toughness and the like, in the food.

It appears, then, that in investigating man's dental mechanism the
problem is mainly concerned with the behaviour of hard and tough
material when subjected to certain stresses. There is perhaps no subject
to which a greater amount of close scientific study and experiment has
been devoted than the behaviour of hard and tough material under various
stresses. An immense body of knowledge has been built up by engineers
and mathematicians and applied to useful purposes, but, so far as I am
aware, neither the knowledge gained nor the methods of investigation have
been at all seriously applied to the study of dental mechanisms. True it
is that the engineer, the physicist, and the mathematician worked mainly
at problems relating to such hard materials as metal, wood, etc.; but they
were and are prepared to use the same methods as far as possible in
dealing with any material or structure that might come before them for
inquiry, and no odontologist will suggest that a new kind of physics or
mechanics is called for in the study of dental mechanism.

The same principles and methods will apply; although a distinct and
somewhat peculiar difficulty arises from the fact that the engineers' inquiry
into strains and stresses is mainly directed towards preventing the break-
down of material or structures, while our particular object is to find out
how Nature went about to facilitate the breakdown of material with
economy of effort.

Material is strained and may rupture or break under the action of one
or more of three principal stresses: (1) compression; (2) tension; (3)
shear. In a given case rupture may be produced as a response to one
only of these three principal stresses, or two or the three kinds of stress
may be so combined and intermingled that it is difficult to say whether
a particular one predominates. More often failure takes place as the
result of combined stresses, one of them playing a dominant part in the
rupture.

A point on which it should be worth while to fix attention is this:-
hard and tough material is more easily (requiring less effort) broken up by
a shearing stress than by either a compressive or tensile stress. This is
true for many metals and alloys, and for many other materials is so well
recognized that the estimated "safe limit of stress" is given as consider-'
ably lower for shear than for tension or compression. The tests upon
which these results were based were of course only applied to materials
employed for constructional purposes. No such tests have been applied
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to foodstuffs. But, relatively to metals, among the constructional materials
wood may be regarded as approaching ill some degree more towards the
range of the moderate hardness and toughness found in foodstuffs. For
two woods, oak and pine, the following values have been given for the
breaking stress in lbs. per square inch:-

Tensile. Compressive. Shearing.

Wood, oak . . . 15,000 10,DOO 2300
pine . 12,000 6,000 650

It does not seem needful at this stage to present further evidence that,
as we pass under review the action of stresses on materials possessing
those qualities of hardness and toughness that lie between the extremes
of metal on the one hand and fibrous foodstuffs on the other, there is
found a marked and increasing effectiveness in the power of shearing as
compared with tensile or compressive stresses.

Further, in any device for the break-up or reduction of material by
shearing stresses, by a very simple adjustment a time factor can be intro-
duced by which the resistance at each instant is lessened, with a consequent
reduction in the magnitude or intensity of the force required. A familiar
example is a pair of scissors, where the edges of the blades are so inclined
to one another that the material is attacked and severed gradually, or bit
by bit, and not instantaneously at every place, as would occur if the edges
were parallel and coincided. It is not usually practicable to secure this
particular advantage (in economy of effort) when tensile or compressive
stresses are used.

Returning now to the natural chewing mechanism, it is an obvious and
familiar fact that man's incisors are adapted for shearing. But in written
references to the functions of the cheek teeth-whether made by odon-
tologists, zoologists, or evolutionists-there seems to be a fixed belief, either
implied or stated positively, that the cheek teeth act mainly by " crushing "
or " grinding." There is a certain handiness (as well as vagueness) about
these terms, "crushing" and "grinding," that makes them quite allowable
in popular descriptions of teeth: unfortunately the same attributes have
helped to perpetuate their use in scientific writings. In drawing attention
to the fact that man's cheek teeth normally act mainly by shearing and not
by crushing stresses, I would urge that the distinction is far from being a
merely verbal or academic one.

My hypothesis of " maximum shear" may now be stated as follows:-
The teeth of man, alike in regard to many of their specific morphological
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features, the manner of interaction between the opposing rows, and the
precise character of the jaw movements that are habitual and effective,
are all normally adapted and used to secure in effect the dominant
conduition that the shearing stresses-not the compressive stresses-are at
a maximum.

The conditions that are here more or less indispensable for effective
shear are: (1) a certain amount of "overlap" arranged for between the
opposed shearing edges; (2) a certain degree of sharpness in the shearing
edges.

Now both of these prime conditions, although usually accepted as
specially and distinctively characterising the anterior teeth only, are found
on examination to hold also-and in at least equally effective degree-for
the cheek teeth. The amount of overlap (distance between the shearing
edges when the teeth are in occlusion) may be somewhat greater in the
anterior than in the posterior teeth; but that makes no difference in a
close shear, the effective action of which ceases the instant that an opposed
pair of shearing edges have just passed one another.

Then as to the sharpness, I find that the sharpest edges are not to be
found on the incisors, but on the " cusped " or posterior teeth. It should
be borne in mind that it is normal unworn teeth that are at present under
consideration.

Examination and experimental tests dismiss any possible doubt that
the statical conditions for efficient shearing-the form and relationship of
"tool " blades, edges, and surfaces-are present and no less marked in the
posterior or cusped teeth than in the incisors. And turning to the
dynamical and kinematical conditions, we find that they are at least quite
as favourable for efficient shearing in the cheek teeth as in the incisors.
In strict fact these conditions are by one remarkable adaptation made more
favourable for the cheek teeth, inasmuch as in the general mechanism of
the " machine " there is a sliding and guiding contact between the canines
that ensures for all the cheek teeth the precise alignment of the shearing
edges that is required for efficient shear: the edges are thus also prevented
from " clashing," or being needlessly deteriorated. I have observed and
verified this "fine adjustment" in many sound normal dentitions, and,
what is indeed remarkable, have found it also working almost to per-
fection in some hundreds of dentitions that were far from normal in
arrangement.

During mastication, the outstanding functional effect of direct protru-
sion of the mandible is to bring the lower incisors into shearing relation-
ship with the upper incisors; so likewise the outstanding functional effect
of lateral deflection of the mandible is to bring the shearing edges of the
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lower cheek teeth into precise alignment with the edges of the upper ones.
(Diagram fig. 1, a, b, and c.)

THE DIRECTION of the shearing thrust between any opposed pair of
teeth will be in and along the general plane in which the overlapping
and coincident surfaces of the shearing blades lie. The inclination of
those surfaces (that come into sliding contact and determine the direction
of the thrust) varies with the individual or group type in the series, being
somewhat vertical on the incisors and becoming progressively more
horizontally inclined towards the end-member of the molar group. With
advancing age and wear those surfaces or planes become more flattened or
horizontal, and the shearing edges are gradually shifted outward. And it
is a well-observed fact that as the cusps become worn and flattened, the
character and direction of the jaw movements become altered; the lateral

A ~~~~~~~C

FIG. 1. --Diagram showing direction of effective normal thrust in
(a) incisors, (b) 1st premolars, and (c) molars.

deflection of the mandible becomes more marked, and the direction of the
thrust more horizontal (fig. 3). The "maximum shear" hypothesis affords
a clear explanation of the alteration in the character of the jaw movements
in advancing age, wherein the worn and deteriorated machine endeavours,
by a more and more laterally-directed thrust, to close up the failing shear
and maintain the optimum shear available.

The shearing edges thus far spoken of are all on the external blades
of the tooth row, where they lie in a smooth and practically continuous
curve from one 3rd molar to the other. What about the internal row of
cusps? it may be asked. It can be demonstrated that the presence of the
internal row of cusps does not interfere with or prevent the shearing action
of the external cusps. What then are the functions of the internal or
lingual row of cusps?

To answer that question with any degree of preciseness it will be
convenient to consider first that pair of opposed lingual cusps that come
next to the anterior single-bladed teeth-the lingual cusps of the 1st
premolars. Let us imagine that a piece of food (of a kind that requires
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hard and sharp teeth to operate on effectively) has been bitten or sheared
off by the incisors or anteriors. We may permit ourselves the assumption
that the morsel is passed on to the premolars for further reduction. Let
the diagram (fig. 2) represent a pair of opposed 1st premolars in an
observed functional relationship, with a portion of the food morsel in the
position indicated. The lingual cusp of the 1st lower premolar is so short

FIG. 2.-Showing function of lingual
cusp during chewing stroke.

and small that-without " prejudice " to any theory of its function-it may
for the moment be disregarded and attention concentrated on the bold
lingual cusp of the upper premolar.

What is the upper lingual cusp actually doing? The accepted notion
that lingual cusps were evolved to act as "crushers" is not so firmly
established by proofs-or indeed so supported by any published evidence-

FIG. 3. -a, unworn; b, worn; c, more worn.

that we must refrain from making a fresh examination and inquiry. The
upper lingual cusp is doing very little in the way of crushing; in point of
fact it is doing even less crushing than might seem to be represented-in the
diagram, inasmuch as the two teeth do not, of course, come into occlusion
with their moral surfaces directly opposite, but with one rather in front
of the other. A good deal of observation and experiment has satisfied me
that this prominent cusp does something more important and necessary
than a little doubtful or adventitious crushing; it holds (and helps the
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tongue to hold) the food fragment in proper position for effective shearing
by the precisely-aligned external blades.

In any shearing mechanism there must be some provision, either made
or existing, for holding in proper position the material to be operated on.
The smaller the fragment (up to a certain limit) the more elaborated or
refined must be, the devices required for holding it in position for further
reduction-as in the molar teeth. There is firm ground for believing that
a close study of this paramount requirement for food-holding devices or
adaptations will prove of real value in the more rational interpretation of
many of the varied cusp forms and cusp arrangements in different kinds of
animal dentitions.

Returning to the masticating mechanism of man's premolars, my pro-
position that the external cusps are adapted mainly for shearing and the
internal cusps mainly for food-holding will, it can be shown, bear well a
more searching examination. The differences in form that distinguish the

2nd.
FIG. 4.

outer from the inner cusps require examination in detail. Fig. 4 shows the
morsal or occlusal aspect of the left upper premolars. It will be observed
that the cutting edges of each bucca] cusp lie almost entirely in a plane,
the continuous line of the cutting edge being bent in that plane only at the
cusp point. On the other hand, the cutting edges of each lingual cusp do
not lie in a plane, but are crescentic and curved outwards from the cusp
point. NoF in both cases those are exactly the special modifications that
would be of prime utility in the functions I have referred them to-the
"straight," sharp buccal blade for shearing, and the curved (pointed, but
more rounded) lingual blade for food-holding; more strictly-in the latter
case-to help the tongue in food-holding, the lingual cusp being smaller and
very smoothly rounded off away from the tongue, and the concavity of the
crescentic cutting-edge being turned outward to hold the food against the
inwardly-directed shearing thrust.

That the tongue by itself is a very inefficient instrument for holding
small food fragments in position can be attested by anyone who has had
the misfortune to lose all his cheek teeth. Then the work done-by the
anterior teeth only-is tedious, and performed in a conscious and niggling
manner; the free, rhythmical activity of normal function is conspicuously
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absent. The tongue, helped by the lips, etc., can hold the larger fragments
in position without risk of wounding itself; for finer reduction the assist-
ance of an inner row of special " holders" is required.

On the molar cusps true crushing takes place also, but the effective so-
called " crushing " and " grinding " which actually disintegrates the food is
in reality-and even with much-worn teeth-mainly a shearing action.

To the food-holding interpretation of man's lingual cusps it may be
objected that in many animal dentitions (selenodont, etc.) the buccal cusps
are crescentic, and also have the concavity of the crescent turned outward.
That objection might be valid and might even throw light on the functional
meaning of man's cusp-forms if only something definite were known of the
functional meaning of the (apparently) like features in those animal
dentitions. But no definite interpretation of those specific features has
yet been put forward, and the vague and general notion of a " crushing "
function has so far proved to be almost completely unproductive in the
field of comparative odontology. In this line of inquiry comparative work
will continue to be somewhat barren in results until we search out in each
type or species the two prime factors already mentioned. (1) The physical
nature of the food: size-, hardness and toughness, surface texture (rough-
ness or smoothness, dry or slippery, etc.); distinct and more-or-less fixed
differences in configuration, such as grasses, that are large in one dimension
only-length; leaves that may be large in two dimensions-length and
breadth; and fruits, seeds, roots, animal tissues, etc., that may be relatively
very large or very small in all three dimensions. (2) The degree of reduc-
tion or comminution that has been effected when the food leaves the
mouth.

Assuming that, in regard to these primary factors, adequate or the best
procurable information had been gained, one would then be in a fair
position to examine the general structure and mechanism of the dental
apparatus, and ascertain the particular functions of its various parts. In
even the simplest kind of tool there is invariably more than one (often
three or more) requirement of construction and material found to be
essential to its utility; e.g. a lancet must have hardness, sharpness of edge,
and thinness of blade. And in a machine or contrivance of moderate com-
plexity we can usually, after examining it at work, pick out and correctly
assign to separate parts of it distinct and separate functions.

By way of summarizing in some kind of related order some results of
investigation on the mechanism of mastication in man the following table
is presented:
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MAN'S DENTITION AND MASTICATING MECHANISM.

Relation between Nature of Work done and the Form and
Function of Interacting Tissues.

1. Physical nature of
food:-Hard, with
some toughness;
average or general
size- moderate in
all three dimensions.

2. Degree of its reduc-
tion:-Finely com-
minuted.

(a) Blade edges of optimum sharpness, so
opposed and moved as to break up food
chiefly by shearing stresses.

(b) Characteristics of surface shape adapted to
protect gum tissue from injury by hard
fragments during the shearing thrust.

(c) Tongue-shielding adaptations, the " umbicle."
Lingual cusp-edges retreating from lingual
side.

(d) Conditions or devices that are effective in
conserving the optimum sharpness of cusp-
edges:-the guiding function of opposed
canines and anteriors; deep grooves formed
by the convergence of convex walls.

(a) Freely movable soft tissues or organs that re-
place and hold the food in position between
the tooth rows: tongue, cheeks, lips.

(b) Lingual cusps that hold food in right posi-
tion during shearing stroke.

(c) Order and arrangement of blades and cusps
adapted for normal reduction of food to be
progressively increased from incisors to
molars.

(d) Morphological features (general and special)
so interacting as to allow of "chip clear-
ance," and prevent the impacting and inter-
dental wedging of food particles or morsels.

Most of the function interpretations summarised in the above table have
been noted and described in some detail in previous papers (Dental Record,
Aug. 1909, Sept. 1912, and Aug. 1914; Nature, July 23, 1914; and a paper
presented at the International Dental Congress, 1914, Section of Anatomy
and Physiology). It is not implied that some or any of these interpreta-
tions apply exclusively or uniquely to man; no more is here predicated
than that certain distinctive features, relationships, movements, etc., were
observed to be very effectively associated with certain useful results, and
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that after prolonged search no other or different kind of associated utility
could be observed or-in some cases-even conjectured. This is at least
as high a degree of probability as exists in the numberless cases where
adaptation to a particular function has been posited of an organ or part
and accepted as a settled fact.

Statements made upon the functional meaning of the tooth-forms of
even familiar animals are often based upon guesses and conjectures which
could only be tested and verified, if at all, by prolonged and tedious
research, so far unattempted. And in the controversies that turn upon the
evolution of mammalian teeth, eminent zoologists, when discussing the
origin and gradual progress in the phylogeny of a new or changing morpho-
logical feature in particular teeth. do not hesitate to support the argument
by saying that the modification arose and persisted because of its utility
in this or that more or less vaguely specified way. In the case of man's
teeth, the new results summarised in the above table can be definitely
verified or rejected by an investigation in which there should be no insur-
mountable difficulties. As the physical factors are almost entirely mechani-
cal and relate to dynamics rather than to statics, a fair knowledge of and
interest in the precise working action of tools and simple machines would
be specially useful, if one may say so.

The findings tabulated under 1 (a), (c), and 2 (d) are interesting from the
anatomical point of view; 1 (b), 2 (b), and (c) should be of some value to the
morphologist; and the last three, considered together, offer a solution to
the baffling problem of how to trace, in the lower steps or minute beginnings,
any definite utilities by which an evolving cuspule might be supposed to
climb into prominence and an obvious crushing or other function. In
particular, the way in which a scarcely discernible but quite effective gum-
shielding feature may become modified and enlarged, so as to take part in
food-holding and other utilities, can be clearly followed out in the existing
variations among normal human teeth. But adequate description of these,
and a clear presentation of the related facts observed, would require
another paper.


