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ABSTRACT The purpose of this study is to test various hypotheses about
balancing-side jaw muscle recruitment patterns during mastication, with a
major focus on testing the hypothesis that symphyseal fusion in anthropoids
is due mainly to vertically- and/or transversely-directed jaw muscle forces.
Furthermore, as the balancing-side deep masseter has been shown to play an
important role in wishboning of the macaque mandibular symphysis, we test
the hypothesis that primates possessing a highly mobile mandibular sym-
physis do not exhibit the balancing-side deep masseter firing pattern that
causes wishboning of the anthropoid mandible. Finally, we also test the
hypothesis that balancing-side muscle recruitment patterns are importantly
related to allometric constraints associated with the evolution of increasing
body size. Electromyographic (EMG) activity of the left and right superficial
and deep masseters were recorded and analyzed in baboons, macaques, owl
monkeys, and thick-tailed galagos. The masseter was chosen for analysis
because in the frontal projection its superficial portion exerts force primarily
in the vertical (dorsoventral) direction, whereas its deep portion has a rela-
tively larger component of force in the transverse direction. The symphyseal
fusion-muscle recruitment hypothesis predicts that unlike anthropoids, ga-
lagos develop bite force with relatively little contribution from their balanc-
ing-side jaw muscles. Thus, compared to galagos, anthropoids recruit a larger
percentage of force from their balancing-side muscles. If true, this means that
during forceful mastication, galagos should have working-side/balancing-side
(W/B) EMG ratios that are relatively large, whereas anthropoids should have
W/B ratios that are relatively small. The EMG data indicate that galagos do
indeed have the largest average W/B ratios for both the superficial and deep
masseters (2.2 and 4.4, respectively). Among the anthropoids, the average
W/B ratios for the superficial and deep masseters are 1.9 and 1.0 for baboons,
1.4 and 1.0 for macaques, and both values are 1.4 for owl monkeys. Of these
ratios, however, the only significant difference between thick-tailed galagos
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and anthropoids are those associated with the deep masseter. Furthermore,
the analysis of masseter firing patterns indicates that whereas baboons,
macaques and owl monkeys exhibit the deep masseter firing pattern associ-
ated with wishboning of the macaque mandibular symphysis, galagos do not
exhibit this firing pattern. The allometric constraint-muscle recruitment
hypothesis predicts that larger primates must recruit relatively larger
amounts of balancing-side muscle force so as to develop equivalent amounts
of bite force. Operationally this means that during forceful mastication, the
W/B EMG ratios for the superficial and deep masseters should be negatively
correlated with body size. Our analysis clearly refutes this hypothesis. As
already noted, the average W/B ratios for both the superficial and deep
masseter are largest in thick-tailed galagos, and not, as predicted by the
allometric constraint hypothesis, in owl monkeys, an anthropoid whose body
size is smaller than that of thick-tailed galagos. Our analysis also indicates
that owl monkeys have W/B ratios that are small and more similar to those
of the much larger-sized baboons and macaques. Thus, both the analysis of
the W/B EMG ratios and the muscle firing pattern data support the hypoth-
esis that symphyseal fusion and transversely-directed muscle force in an-
thropoids are functionally linked. This in turn supports the hypothesis that
the evolution of symphyseal fusion in anthropoids is an adaptation to
strengthen the symphysis so as to counter increased wishboning stress dur-
ing forceful unilateral mastication. In contrast, the W/B EMG ratios provide
no (or arguably weak) support for the hypothesis that symphyseal fusion and
vertically-directed muscle force are functionally linked, and the data clearly
refute the hypothesis that balancing-side jaw-muscle recruitment patterns
are influenced by allometric factors associated with the evolution of increas-
ing body size. Am J Phys Anthropol 112:469–492, 2000. © 2000 Wiley-Liss, Inc.

When mammals chew hard or tough
foods, they typically do so unilaterally, i.e.,
food is mechanically reduced in size be-
tween their postcanine teeth on only one
side of the jaw. When mammals chew uni-
laterally, they typically exhibit bilateral but
differential recruitment of their jaw-adduc-
tor muscles, i.e., both the working-side (the
chewing side) and the balancing-side (the
nonchewing side) jaw muscles are activated
asynchronously to produce various jaw move-
ments and jaw muscle forces.

Recently we tested two hypotheses about
how balancing-side jaw-adductor muscles
are recruited in primates (Hylander et al.,
1998). One of these, the symphyseal fusion-
muscle recruitment hypothesis, states that
increased balancing-side jaw-adductor mus-
cle force is linked to the evolution of sym-
physeal fusion in anthropoid primates. That
is, symphyseal fusion is an adaptation to
strengthen the symphysis so as to prevent
its structural failure due to increased stress

associated with increased recruitment of
balancing-side muscle force during forceful
mastication. In contrast, the allometric
constraint-muscle recruitment hypothesis
states that increased balancing-side muscle
force is simply linked to allometric con-
straints on jaw-adductor muscle force pro-
duction associated with the evolution of in-
creasing body size. That is, larger primates
must recruit relatively higher levels of bal-
ancing-side muscle force so as to generate
equivalent amounts of bite force during
forceful mastication.

These two hypotheses, which are not nec-
essarily mutually exclusive, were tested by
analyzing mandibular corpus bone-strain
data recorded from long-tailed macaques,
thick-tailed galagos, and owl monkeys, as
these subjects engaged in forceful mastica-
tion (Hylander et al., 1998). The strain data
indicate that for all species analyzed, peak
working-side corpus strains are large and
broadly similar in magnitude. Moreover, for
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anthropoids the balancing-side strains are
slightly smaller than their working-side
strains, whereas for galagos the balancing-
side strains are much smaller than their
working-side strains. Furthermore, the bal-
ancing-side strains of anthropoids are much
larger than the balancing-side strains of ga-
lagos. As balancing-side corpus strains are
predominately the result of balancing-side
muscle force (Hylander, 1977; Dechow and
Carlson, 1983), these data indicate that
compared to anthropoids, galagos recruit
much less balancing-side muscle force dur-
ing mastication.

Macaques and owl monkeys have a rigid
fully-fused mandibular symphysis, which is
the derived condition for extant anthro-
poids, whereas adult thick-tailed galagos
have an unfused symphysis, which is a re-
tention of the primitive mammalian condi-
tion. Furthermore, the symphysis of thick-
tailed galagos is highly mobile and is not
only structurally weaker than a fully-fused
symphysis, but is structurally weaker than
the unfused symphyses of most other extant
primates (Beecher, 1977, 1979). Thus, the
bone strain data in combination with the
above morphological observations support
the symphyseal fusion hypothesis, and the
strain data alone appear to refute the allo-
metric constraint hypothesis (Hylander et
al., 1998).

Jaw muscle force, symphyseal stress
and symphyseal fusion

If increased recruitment of balancing-side
adductor muscle force in anthropoids is in-
deed linked to the evolution of symphyseal
fusion, it has been hypothesized that this
increased force is either vertically (dorso-
ventrally) directed, transversely (mediolat-
erally) directed, or is some near equal com-
bination of these force components (cf.
Hylander, 1985; Hylander et al., 1995, 1996,
1998; Ravosa, 1996; Ravosa and Hylander,
1994; Ravosa and Simons, 1994). If verti-
cally directed, then a likely functional cor-
relate of this increase in vertically-directed
muscle force is a relative increase in verti-
cally-directed bite force, i.e., an increase in
crushing or vertical shearing forces along
postcanine teeth. As an increase in vertical-
ly-directed muscle force is likely to cause

the symphysis to experience an increase in
bending in the frontal plane (due to axial
torsion of the mandibular corpora) and dor-
soventral shear (Hylander, 1984), then per-
haps symphyseal fusion is an adaptive re-
sponse to prevent structural failure by more
effectively resisting increased symphyseal
stresses associated with these particular
shearing and bending regimes.

If the increased jaw-adductor muscle
force in anthropoids is primarily trans-
versely directed, then a likely functional
correlate of this force is a relative increase
in transversely-directed bite force, i.e., a rel-
ative increase in grinding and/or transverse
shearing forces along postcanine teeth. As
an increase in transversely-directed balanc-
ing-side muscle force causes an increase in
lateral transverse bending or wishboning of
the symphysis (Hylander, 1984), then per-
haps symphyseal fusion is an adaptive re-
sponse to prevent structural failure by more
effectively resisting increased symphyseal
stresses associated with this particular
bending regime.

Alternatively, perhaps the increased bal-
ancing-side muscle force is some near equal
combination of both an increase in vertically-
and transversely-directed muscle forces,
and therefore perhaps symphyseal fusion is
an adaptive response to more effectively re-
sist increased stresses associated with an
increase in some combination of all of the
above loading regimes.

There exists little experimental data that
deal directly with the evolution of symphy-
seal fusion, symphyseal stress, and the di-
rection of jaw-adductor muscle force during
chewing and biting in primates. With the
exception of macaques, there are no in vivo
symphyseal strain data, and with the excep-
tion of macaques, baboons, and humans,
there are relatively little relevant data on
jaw-muscle function during mastication.
The symphyseal strain data indicate that
although the macaque mandibular symphy-
sis experiences varying degrees of dorsoven-
tral shear and bending in the frontal plane,
the highest levels of symphyseal stress dur-
ing mastication are associated with wish-
boning (Hylander, 1984, 1985). Further-
more, analyses of muscle function indicate
that for macaques the pronounced late ac-
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tivity of the balancing-side deep masseter is
largely responsible for the occurrence of
symphyseal wishboning during mastication
(Hylander and Johnson, 1994).

In spite of our apparent inability to deter-
mine what loading regimes are acting on the
symphyses of galagos and owl monkeys, we
can reasonably assume that force from their
balancing-side jaw-adductor muscles have a
vertical component which contributes to
dorsoventral symphyseal shear stress and
bending in the frontal plane (cf. Hylander,
1979a). What we do not know, however, is
whether these loads are significantly differ-
ent between owl monkeys and galagos, and
whether or not these species possess the
macaque type of muscle firing pattern that
causes the macaque mandibular symphysis
to experience wishboning during mastica-
tion.

Purpose of this study

The main purpose of this study is to test
various hypotheses that link symphyseal fu-
sion to jaw muscle recruitment patterns
during mastication. Toward this end, we
present a detailed electromyographic (EMG)
analysis of the superficial and deep masse-
ters of baboons, macaques, owl monkeys,
and galagos. This analysis enables us to
characterize activity patterns for, when
viewed in the frontal projection, one portion
of the jaw-adductor muscle mass that has a
relatively larger vertical orientation, the su-
perficial masseter, and one portion that has
a relatively larger transverse orientation,
the deep masseter (Hylander and Johnson,
1994). These pronounced differences in ori-
entation for macaques and galagos can be
seen in Figures 20 and 21 of Hylander
(1979a). Dissection of these muscles in ba-
boons and owl monkeys reveals a similar
orientation simply because whereas the su-
perficial and deep masseters both originate
from the zygomatic arch, the superficial
masseter inserts along the mandible well
below the insertion site of the deep masse-
ter. Thus, the deep masseter is always more
transversely aligned (also cf. Antón, 1999;
Gaspard et al., 1973; Schumacher, 1961).
Dissection also reveals that the superficial
masseter is about three times larger than
that of the deep masseter. Finally, Antón’s

study indicates that the physiological cross
sectional area of the macaque superficial
masseter is about twice as large as the deep
masseter (Antón, 1993, 1999).

A detailed EMG analysis of these muscles
will give us some insight as to whether
there are major differences in muscle re-
cruitment and firing patterns, and by infer-
ence, in symphyseal loading patterns, be-
tween anthropoids and thick-tailed galagos
during mastication. Furthermore, as adult
owl monkeys weigh approximately 1 kilo-
gram (kg) and our baboons weigh between
16 kg and 23 kg, and the body weights of
adult thick-tailed galagos (1.5 to 2 kg) and
long-tailed macaques (4 to 7 kg) are distrib-
uted within this wide range of values, this
analysis can also provide clues as to
whether there are important differences in
recruitment patterns that are linked to al-
lometric constraints on jaw-adductor mus-
cle force production.

Testing balancing-side muscle-
recruitment hypotheses

Table 1 lists and numbers (from 1 to 7) a
series of balancing-side muscle-recruitment
hypotheses. This table also indicates the
types of data that provide support for each
of these hypotheses.

Hypothesis 1. In contrast to anthropoids,
galagos may recruit relatively less overall
balancing-side muscle force during the
power stroke of mastication, i.e., bite force
in galagos may be generated almost entirely
by the recruitment of force from their work-
ing-side muscles. If so, as EMG activity of
the masseter is highly correlated with rela-
tive masseter force during the power stroke
of mastication in primates (Hylander and
Johnson, 1989, 1993), compared to anthro-
poids, galagos are predicted to have a rela-
tively large working-side/balancing-side
(W/B) ratio of peak EMG values for both the
superficial and deep masseter muscles. If
true, this outcome would provide support for
the hypothesis that increased vertically-
and transversely-directed balancing-side
muscle forces are linked to the evolution of
symphyseal fusion in anthropoids.
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Hypothesis 2. On the other hand, and
similar to anthropoids, galagos may recruit
a substantial amount of force from their bal-
ancing-side superficial masseter (cf. Hy-
lander and Johnson, 1997), but unlike an-
thropoids, they may recruit relatively little
force from their balancing-side deep masse-
ter. If so, the data will demonstrate that
both anthropoids and galagos have near
identical or overlapping W/B EMG ratio val-
ues for the superficial masseter, but for the
deep masseter anthropoids will have a
small W/B ratio whereas galagos will have a
large W/B ratio. This outcome would pro-
vide support for the hypothesis that the evo-
lution of symphyseal fusion in anthropoid
primates is linked to increased transverse-
ly-directed balancing-side muscle forces as-
sociated with the deep masseter.

Hypothesis 3. Another possibility, and
again similar to anthropoids, galagos may
recruit a substantial amount of force from
their balancing-side deep masseter, but un-
like anthropoids, they may recruit relatively
little force from their balancing-side super-
ficial masseter. If so, the data will demon-
strate that both anthropoids and galagos
have near identical or overlapping W/B ra-
tios for the deep masseter, but for the su-
perficial masseter anthropoids will have a
small W/B ratio and galagos will have a
large W/B ratio. This outcome would pro-

vide support for the hypothesis that the evo-
lution of symphyseal fusion in anthropoid
primates is linked to increased vertically-
directed balancing-side muscle forces.

Hypothesis 4. But yet another possibility
is that larger primates may recruit rela-
tively high levels of balancing-side muscle
force simply to generate equivalent
amounts of bite force during mastication. If
true, the data will indicate that the W/B
EMG ratios for the superficial and deep
masseter are negatively correlated with
body size (Hylander et al., 1998). Baboons
will have the smallest W/B ratios, owl mon-
keys the largest, and for galagos and ma-
caques these ratios will be intermediate
with the galagos having larger values than
the macaques. If so, this outcome would pro-
vide support for hypothesis 4, and refute
hypotheses 1, 2, and 3. Of course support for
hypotheses 1, 2, or 3 constitutes a refutation
of hypothesis 4 with the following excep-
tions.

Hypotheses 5, 6, and 7. The symphyseal
fusion hypotheses (hypotheses 1, 2, or 3) are
not necessarily mutually exclusive of the
allometric constraint hypothesis (hypothe-
sis 4). That is, although galagos may indeed
have the largest W/B EMG ratios, support-
ing hypotheses 1, 2, or 3, the W/B EMG
ratios of the superficial and/or deep masse-

TABLE 1. Testing balancing-side muscle-recruitment hypotheses

Number
Muscle-recruitment

hypotheses

Working/balancing EMG ratios

Superficial masseter Deep masseter

Baboons Macaques
Owl

monkeys Galagos Baboons Macaques
Owl

monkeys Galagos

1 Symphyseal fusion: Vertical1

and transverse forces2
Small Small Small Large Small Small Small Large

2 Symphyseal fusion: Primarily
transverse force

Near identical values or galago values
overlap with anthropoid values

Small Small Small Large

3 Symphyseal fusion: Primarily
vertical force

Small Small Small Large Near identical values or galago values
overlap with anthropoid values

4 Allometric constraint Small Medium Largest Large Small Medium Largest Large
5 Allometric constraint and

symphyseal fusion: Vertical
and transverse forces

Small Medium Large Largest Small Medium Large Largest

6 Allometric constraint and
symphyseal fusion:
Primarily transverse force

Small Medium Largest Large Small Medium Large Largest

7 Allometric constraint and
symphyseal fusion:
Primarily vertical force

Small Medium Large Largest Small Medium Largest Large

1 Increased vertical muscle force causes the symphysis to experience increased bending stress due to axial torsion of the mandibular
corpora and increased dorsoventral shear stress.
2 Increased transverse muscle force causes the symphysis to experience increased wishboning.

MASSETER EMG 473



ter for anthropoids may be negatively corre-
lated with body size (hypotheses 5, 6, or 7,
respectively).

Masseter firing patterns and wishbon-
ing. We also propose to determine for ga-
lagos and owl monkeys whether they exhibit
the macaque and baboon pattern of the late
peak activity in the balancing-side deep
masseter because this firing pattern con-
tributes to wishboning of the symphysis in
macaques (and presumably baboons) (Hy-
lander and Johnson, 1994). Most notably,
this hypothesis predicts that the balancing-
side deep masseter of anthropoids reaches
peak activity well after peak activity of the
balancing-side superficial masseter, at a
time when vertically-directed muscle force
is rapidly declining during the most termi-
nal portion of the power stroke (cf. Hylander
and Johnson, 1994). If it turns out that owl
monkeys have this firing pattern and gala-
gos do not, this would provide support for
the hypothesis that the evolution of symph-
yseal fusion in anthropoids is linked to
transversely-directed muscle forces (cf. Hy-
pothesis 2).

MATERIALS AND METHODS

Subjects

The following five baboons, four ma-
caques, two owl monkeys, and three galagos
served as subjects: five Papio anubis con-
sisting of one adult female (baboon 1), two
adult males (baboons 2 and 3), and two
subadult males (baboons 4 and 5); three Ma-
caca fascicularis consisting of two adult fe-
males (macaques 2 and 5) and one adult
male (macaque 7); one Macaca fuscata adult
male (macaque 11); two Aotus trivirgatus
consisting of one adult female (owl monkey
2) and one adult male (owl monkey 1); and
finally two Otolemur crassicaudatus adult
males (galagos 6 and 7) and one Otolemur
garnettii adult male (galago 8). Prior to the
experiments all subjects were trained to eat
various foods in the laboratory. All subjects
were used for at least two and as many as
six separate experiments. These different
experiments are indicated in our tables by
letters, e.g., macaque 2, Exp. A.

EMG electrodes and electrode
placement procedure

Fine-wire indwelling bipolar electrodes
were placed within the left and right middle
portion of the superficial and deep masseter
muscles (Fig. 1). In all instances, the tips of
the electrodes were first placed into a 25-
gauge needle, and the needle was then in-
serted into one of the above muscles until its
point encountered mandibular bone. The
needle was then withdrawn leaving the
electrode tips embedded in muscle about
3–5 mm from the surface of the mandible.
The electrodes in the superficial masseter
were positioned midway between its ante-
rior and posterior borders, about 5–10 mm
above the lower border of the angle of the
mandible (Fig. 1). The electrode tips in the
deep masseter were positioned 5–10 mm be-
low the lower border of the zygomatic arch.
In order to reach the deep masseter, the
needle was inserted immediately below the
zygomatic arch at a 45° angle relative to
both the transverse and coronal planes. Ex-
cept for the baboons, the needle was in-
serted near the junction of the middle and
posterior thirds of the zygomatic arch. For
baboons it was inserted near the junction of
the anterior and middle thirds of the arch
because dissections revealed a more rostral
position for this muscle. All electrodes were
inserted with the subjects under light seda-
tion using a combination of acepromazine
and ketamine (Connolly and Quimby, 1978).
The electrodes and the overall placement
procedures are described in detail elsewhere

Fig. 1. Drawing of the lateral view of a macaque
skull and the superficial and deep portions of the mas-
seter muscle. The solid black dots indicate the location
of the bipolar fine-wire electrodes in the deep (dm) and
superficial (sm) portions of the masseter.
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(Hylander and Johnson, 1985). As the sub-
jects were not killed, electrode position was
not verified by dissection.

Recording procedure

Prior to recovery from the sedative, the
subject was placed in a restraining chair
(baboons and macaques) or restraining
sling-suit (galagos and owl monkeys) espe-
cially designed to permit normal head, neck,
and jaw movements during mastication.
Once the animal fully recovered from seda-
tion, it was fed pieces of apple skin and hard
and/or tough foods, i.e., unpopped popcorn
kernels, dried gelatin candy (dried gummy
bears), and dried apricots and prunes. The
EMG potentials were simultaneously ampli-
fied and filtered (bandpass 100–3,000 Hz)
and then recorded with a 14-channel FM
tape recorder at 15 inches/second. Details of
the recording procedure are the same as
described previously (Hylander and John-
son, 1989, 1994). The data presented here
are based on 46 separate experiments (16
baboon, 10 macaque, 8 galago and 12 owl
monkey experiments).

All EMG data were recorded as subjects
vigorously chewed various food items. At
this time we identified whether the subject
chewed on the left or right sides by carefully
observing during the opening stroke of mas-
tication whether the subject’s tongue posi-
tioned the food on the left or right side of the
mouth. As is well known, food positioning
during jaw opening determines the chewing
side for the next power stroke. The location
of the chewing side was recorded on an au-
dio channel of the tape recorder. We contin-
ued to feed the various foods in an intermit-
tent fashion and data were recorded until
either we obtained a surplus of data or the
animal refused to eat any additional food.
At the conclusion of the recording session
the animal was sedated, the electrodes were
removed, and the animal was returned to its
cage. Recovery from the procedure was un-
eventful in all subjects.

EMG quantification

All EMG recordings of each chewing se-
quence were initially reproduced for visual
examination by playing the raw EMG data
from the tape recorder into two multiple-

channel dual beam storage oscilloscopes. As
macaques and baboons rarely shift chewing
sides during a chewing sequence, we se-
lected for analysis one sequence of chewing
on the left and one for chewing on the right,
for each food. In contrast, owl monkeys and
galagos usually shift chewing sides after ev-
ery 3 or 4 chewing cycles. Therefore, we
selected for analysis, one sequence that
started with chewing on the left and one
that started with chewing on the right.

For each chewing sequence analyzed the
EMG data were played from the FM tape
recorder into a 16-channel analog-to-digital
converter (12-bit resolution), and the digi-
tized values were written to the hard disk of
a microcomputer. Each channel was sam-
pled and digitized at a rate of 10,000 Hz
with a channel separation time of 6.25
microseconds (msec). The digitized values
were then read back into the microcomputer
for subsequent processing and analysis.

The digitized raw EMG values (Fig. 2)

Fig. 2. Digitized raw EMGs and the corresponding
root-mean-square (rms) EMGs for the working-side su-
perficial masseter of a male macaque during mastica-
tion of popcorn kernels. Time is in milliseconds (ms).
The rms values were calculated using a 42 ms time
constant for reasons outlined in Hylander and Johnson
(1993). The use of this time constant results in a EMG
waveform that approximates the waveform of jaw mus-
cle force. Each rms EMG value represents the root-
mean-square of the raw digitized EMG values for the
previous 42 ms. This results in a latency period between
the apparent “peak” raw EMG and the actual peak rms
EMG value. Moreover, the rms EMG value reaches zero
42 ms after the raw EMG appears to reach zero. There
is also a latency period between peak rms EMG and
peak muscle force. On average, peak muscle force fol-
lows peak rms EMG by about 30 ms (Hylander and
Johnson, 1993).
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were first filtered with a digital Butterworth
band-pass filter (100–3000 Hz). We then
quantified the EMG by calculating the root-
mean-square (rms) values from the raw dig-
itized values employing a 42 millisecond
(ms) time constant (Fig. 2) (Hylander and
Johnson, 1993). The rms values were calcu-
lated in 2 ms intervals for the entire chew-
ing sequence. We then identified the largest
rms value for each electrode throughout a
given experiment, regardless as to whether
it was a working- or balancing-side muscle.
For each power stroke the peak values for
each electrode were then scaled by assign-
ing a value of 1.0 to the largest value, and
the remaining smaller peak values were
scaled in a linear fashion. Thus, for each
power stroke and muscle there is a scaled
value for peak EMG activity.

W/B EMG ratios

For each power stroke the scaled peak
working-side EMG value was then divided
by the scaled peak balancing-side EMG
value. We refer to this value as the working/
balancing (W/B) EMG ratio. If the working-
side EMG level is larger than the balancing-
side level, the W/B ratio is larger than 1.0.
Conversely, if the balancing-side EMG level
is larger, the W/B ratio is less than 1.0. As
noted in the results, in the majority of in-
stances the working-side EMG values tend
to be larger than the balancing-side values.
Activity of the deep masseter in macaques
and baboons are a notable exception to this
pattern.

As the W/B EMG ratio is a derived vari-
able with values distributed above and be-
low 1.0 and with a distribution that is
skewed to the right, the mean of these ratios
may not be a good estimate of central ten-
dency (Hylander and Johnson, 1994). For
example, if during the power stroke of chew-
ing the peak scaled working-side deep mas-
seter is 50% larger than is the peak scaled
balancing-side deep masseter, the W/B ratio
for that power stroke is 1.5. If during the
next power stroke the opposite condition
prevails, the W/B ratio is 0.67. The mean of
these two W/B values is 1.08, erroneously
suggesting that on average the peak work-
ing-side deep masseter is larger than is the
peak balancing-side deep masseter, when in

fact for these two power strokes these mus-
cles exhibit equal peak activity. In order to
eliminate this problem, a log transforma-
tion of the data was necessary so as to nor-
malize the distribution of W/B values (Sokal
and Rohlf, 1981). After determining mean
W/B values of the log transformed data, the
mean values were then transformed back to
their original scale. Means (and standard
deviations) were determined for the W/B
EMG ratios for each experiment and sub-
ject. Grand means of the W/B EMG ratio
were calculated for each group of primates
based on experiment mean values.

Due to inherent problems associated with
the statistical testing of ratios, we intend to
focus the analysis on the grand means, sub-
ject means, and experiment means of these
ratios. Our main goal for this portion of the
analysis is to determine if the W/B ratios of
the superficial and/or deep masseter in ga-
lagos consistently differ from those of an-
thropoids.

Jaw muscle firing patterns

So as to establish a standard uniform pro-
cedure for the analysis of muscle firing pat-
terns, the timing of peak EMG activity of
the working- and balancing-side deep mas-
seters and the balancing-side superficial
masseter were compared to the peak EMG
activity of our reference muscle, the work-
ing-side superficial masseter. Furthermore,
the peak timing differences were also deter-
mined between (1) the working- and balanc-
ing-side deep masseters, (2) the balancing-
side superficial and deep masseters, and (3)
the working-side deep and balancing-side
superficial masseters. In addition to deter-
mining the timing differences between peak
EMG values, the timing differences between
25%, 50% and 75% level of peak EMG val-
ues were also determined for each power
stroke during loading and unloading.

The main goal for this portion of the anal-
ysis is to determine whether only the an-
thropoids possess the masseter firing pat-
tern thought to be associated with
wishboning of the macaque symphysis (Hy-
lander et al., 1987). The macaque firing pat-
tern is characterized by peak activity of the
working-side deep and balancing-side su-
perficial masseters preceding peak activity
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of the working-side superficial masseter,
and most importantly, by peak activity of
the balancing-side deep masseter following
peak activity of the working-side superficial
masseter (Hylander and Johnson, 1994)
(Figs. 3 and 4). Thus, as noted earlier, this
firing pattern results in the balancing-side
deep masseter reaching peak force well af-
ter peak force of the balancing-side superfi-
cial masseter, at a time when overall verti-
cally-directed jaw-adductor muscle force is
rapidly declining during the terminal por-
tion of the power stroke.

Means and standard deviations were cal-
culated for all timing values for each indi-
vidual experiment and each subject. Grand
means and mean standard deviations were
then calculated from the mean values for
each experiment. Unless indicated, all tests
of significance are of the grand means. As
our EMG timing data may not satisfy all of
the requirements for parametric statistical
tests, the mean timing differences in peak

EMGs between muscles were tested for sig-
nificance at the .05 level by using a non-
parametric test, the Wilcoxon signed-ranks

Fig. 3. Predictions of masseter firing pattern associ-
ated with wishboning of the symphysis. The working
hypothesis predicts the occurrence of this pattern in
only those primates with a fully fused mandibular sym-
physis, i.e., in extant anthropoids, but not in those pro-
simians with a highly mobile mandibular symphysis,
such as thick-tailed galagos. The working-side deep
masseter peaks first and the balancing-side deep mas-
seter peaks last. Furthermore, the balancing-side su-
perficial masseter peaks after the working-side deep
and before the working-side superficial masseter. The
vertical line indicates peak activity in the reference
muscle, the working-side superficial masseter. Symbols:
solid squares and circles, working-side superficial and
deep masseter, respectively; open squares and circles,
balancing-side superficial and deep masseter, respec-
tively. Abbreviations: WS, working-side superficial
masseter; WD, working-side deep masseter; BS, balanc-
ing-side superficial masseter; BD, balancing-side deep
masseter.

Fig. 4. Digitized raw and rms EMGs of the working-
and balancing-side deep and superficial masseters in a
male macaque during mastication of popcorn kernels.
On average the working-side deep masseter is the first
muscle to reach peak activity, and the balancing-side
deep masseter is the last to reach peak activity. More-
over, peak activity in the balancing-side superficial
masseter precedes peak activity in the working-side
superficial masseter. The dashed vertical lines indicate
peak activity in the reference muscle, the working-side
superficial masseter.
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test for paired comparisons. When peak
EMG of a muscle was predicted to either
precede or follow peak EMG of another mus-
cle a one-tailed test of significance was uti-
lized; otherwise, all tests of significance
were two-tailed tests.

Data selection

Earlier work has established that among
macaques W/B masseter muscle force ratios
are generally influenced by overall mastica-
tory force levels, and that the lowest W/B
ratios (which are close to 1.0) are usually
associated with the more forceful power
strokes, i.e., during the chewing of hard
and/or tough foods (Hylander et al., 1992;
Hylander and Johnson, 1997). Further-
more, biomechanical adaptations in the
craniofacial region are likely to be in re-
sponse to the more intense forceful loading
regimes. Therefore, we will mainly present
data recorded during the chewing of hard or
tough foods. For each experiment, we will
also analyze W/B ratios for 10 of the largest
peak EMG values during the chewing of
hard or tough foods so as to restrict further
the analysis to the most forceful power
strokes. The identification of these power
strokes was operationalized by selecting
those power strokes with the five largest
balancing-side superficial masseter EMG
values for chewing on the left and the five
largest values for chewing on the right.

RESULTS

Typically, some subjects refused to eat
certain foods. All, however, chewed at least
one of the hard or tough foods on both left
and right sides. Therefore, EMG data were
recorded from all subjects during episodes of
relatively forceful and vigorous mastication.
Among galagos, the balancing-side EMGs
were often very low in magnitude even
though their working-side values were con-
sistently large. When this occurs this causes
the W/B ratio to become very large, and in
theory the W/B EMG ratio can approach
infinity. In order to prevent a few unusually
large ratio values from grossly distorting
the overall mean W/B ratios, we employed a
cutoff value of 10 for each individual ratio.
Thus, any W/B ratios larger than 10 were
simply assigned a value of 10.0. We were

concerned that if this procedure was not
employed, we might erroneously conclude
that galagos routinely recruit relatively lit-
tle balancing-side muscle force when in fact
their mean W/B ratios were overly influ-
enced by one or two unusually large values.

We also found that frequently, at the very
beginning of a chewing sequence, our sub-
jects engaged in two or three prolonged and
near isometric bites interupted by extensive
intraoral manipulation of the food item. Im-
mediately following these behaviors, they
then engaged in rhythmic chewing behav-
iors. Our W/B ratio and timing data are
based entirely on these later rhythmic
chewing behaviors.

W/B EMG ratios

Tables 2–5 present the descriptive statis-
tics of the W/B ratios for sequences of chew-
ing hard or tough foods. These tables also
indicate mean values of the W/B ratios as-
sociated with the ten most forceful power
strokes from these chewing sequences (in
parentheses). Note that there are three dif-
ferent types of mean values in these tables:
experiment means, subject means, and
grand means. Table 6 consists of summary
data of the grand mean values of the W/B
masseter ratios.

Superficial masseter. The anthropoid
W/B ratios of the superficial masseter for
both the complete chewing sequences and
the 10 most forceful power strokes are
smaller than the W/B ratios for galagos. For
the complete chewing sequences, the grand
mean W/B ratios of baboons, macaques, owl
monkeys, and galagos are 1.9, 1.4, 1.4, and
2.2, respectively. There is, however, consid-
erable overlap of the experiment mean val-
ues between the anthropoids and galagos.
For example, the individual experiment
mean values for anthropoids range from 1.1
to 2.7, whereas for thick-tailed galagos
these values range from 1.5 to 2.8. For the
ten most forceful power strokes, there is a
reduction in the grand mean values of ba-
boons, macaques, owl monkeys, and galagos
to 1.6, 1.0, 1.1, and 2.0, respectively. Simi-
larly, there is still a considerable amount of
overlap in the experiment mean values be-
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tween anthropoids and galagos (0.9 to 2.3
and 1.3 to 2.4, respectively).

Deep masseter. The anthropoid W/B ra-
tios of the deep masseter for both the chew-
ing sequences, and the ten most forceful
power strokes are quite unlike the W/B ra-
tios for galagos. For the chewing sequences
the W/B deep masseter ratios for baboons,
macaques, owl monkeys, and galagos are
1.0, 1.0, 1.4, and 4.4, respectively. For an-
thropoids, the mean W/B ratios for each ex-
periment range from 0.7 to 1.5, whereas for
the galagos these values range from 2.1 to
9.5. Thus, of the 23 anthropoid and 8 galago
experiments, there is no overlap whatsoever
in the experiment mean values. Similar to
the superficial masseter data, the average
deep masseter W/B ratios of the ten most
forceful power strokes decrease in size to
0.9, 0.8, 1.2, and 3.7 for baboons, macaques,
owl monkeys, and galagos, respectively.
Again there is no overlap in the range of

experiment mean values between anthro-
poids and galagos (0.6 to 1.2 and 1.9 to 10.0,
respectively). Finally, as a cutoff value of 10
was imposed on the W/B ratios, and only
galagos had values exceeding 10, we have
underestimated the average W/B values for
galagos, and therefore have underestimated
the average differences of the deep masseter
W/B ratios between the galagos and anthro-
poids.

Percent EMG activity of the masseter

Figure 5 is a bar graph representing per-
cent EMG values for the working- and bal-
ancing-side masseters during the chewing
of hard or tough foods and apple skin. (Re-
call that the galagos did not eat apple skin.)
In addition to indicating some of what has
already been described for the W/B ratios,
this figure importantly demonstrates that
on average all primate subjects recruit
about the same percentage of peak EMG

TABLE 2. Descriptive statistics of baboon W/B EMG ratios for the superficial and deep masseter muscles during
mastication of popcorn kernels1

Subject N
Superficial masseter Deep masseter

Mean (Mean) SD Mean (Mean) SD

Baboon 1
Exp. A 58 2.7 (2.1) 1.58 1.1 (0.9) 0.17
Exp. C 79 1.7 (1.3) 0.73 1.2 (1.0) 0.35
Exp. D 47 1.3 (1.2) 0.24
Exp. E 46 1.5 (1.4) 0.35
Subject mean 1.8 (1.5) 0.73 1.2 (1.0) 0.26

Baboon 2
Exp. A 103 2.3 (2.1) 0.73 1.1 (1.0) 0.17
Exp. B 64 2.0 (1.4) 1.23 0.8 (0.6) 0.29
Subject mean 2.2 (1.8) 0.98 1.0 (0.8) 0.23

Baboon 3
Exp. A 72 1.7 (1.3) 0.42 1.3 (1.0) 0.29
Exp. B 40 1.8 (1.8) 0.37 1.0 (0.8) 0.20
Exp. C 57 1.7 (1.4) 0.44
Exp. D 64 1.9 (1.7) 0.40
Subject mean 1.8 (1.6) 0.41 1.1 (0.9) 0.25

Baboon 4
Exp. A 70 1.7 (1.4) 0.25 0.7 (0.6) 0.23
Exp. B 58 1.8 (1.4) 0.36 0.8 (0.7) 0.16
Exp. C 55 0.9 (0.7) 0.29
Subject mean 1.8 (1.4) 0.31 0.8 (0.7) 0.23

Baboon 5
Exp. A 63 2.5 (2.3) 0.45 0.9 (0.8) 0.19
Exp. B 81 2.1 (1.4) 0.73 1.2 (1.0) 0.29
Exp. C 75 2.5 (1.5) 1.12 1.4 (1.2) 0.40
Subject mean 2.4 (1.7) 0.77 1.2 (1.0) 0.29

Grand mean 1.9 (1.6) 0.63 1.0 (0.9) 0.25
1 Mean values in parentheses (Mean) indicate mean W/B ratio for the 10 largest power stroke: (5 largest for both left and right side
chews). N is number of power strokes; SD is standard deviation.

MASSETER EMG 479



activity of their working-side muscles dur-
ing the chewing of hard or tough foods (from
65% to 75% for the working-side superficial
and deep masseters). In contrast, the bal-
ancing-side muscles are more variable. For
the balancing-side superficial masseter the
values range from 35% (baboons and gala-
gos) to 57% (owl monkeys), with macaques

somewhat intermediate at 51%. The largest
range in percentage values, however, is asso-
ciated with the balancing-side deep masseter.
Although anthropoids recruit on average from
58% (owl monkeys) to 65% and 66% (baboons
and macaques) of peak EMG activity, galagos
only recruit about 25% of peak activity of the
balancing-side deep masseter.

TABLE 3. Descriptive statistics of macaque W/B EMG ratios for the superficial and deep masseter muscles
during mastication of popcorn kernels1

Subject N
Superficial masseter Deep masseter

Mean (Mean) SD Mean (Mean) SD

Macaque 2
Exp. A 41 0.9 (0.8) 0.18
Exp. B 38 1.3 (1.0) 0.39 0.7 (0.6) 0.44
Subject mean 1.3 (1.0) 0.39 0.8 (0.7) 0.31

Macaque 5
Exp. B 61 1.3 (0.9) 0.41 1.1 (0.9) 0.22
Exp. C 68 1.2 (0.9) 0.40 1.3 (1.0) 0.20
Exp. D 92 1.2 (0.9) 0.32
Subject mean 1.2 (0.9) 0.38 1.2 (1.0) 0.21

Macaque 7
Exp. A 86 1.2 (1.0) 0.34 1.1 (1.0) 0.15
Exp. B 76 1.7 (1.2) 0.40
Subject mean 1.5 (1.1) 0.37 1.1 (1.0) 0.15

Macaque 11
Exp. A 83 1.8 (1.2) 0.70 0.9 (0.7) 0.24
Exp. B 103 1.6 (1.2) 0.44 0.9 (0.8) 0.18
Subject mean 1.7 (1.2) 0.57 0.9 (0.8) 0.21

Grand mean 1.4 (1.0) 0.43 1.0 (0.8) 0.23
1 Mean values in parentheses (mean) indicate mean W/B ratio for the ten largest power strokes (five largest for both left and right
side chews). N is number of power strokes; SD is standard deviation.

TABLE 4. Descriptive statistics of owl monkey W/B EMG ratios for the superficial and deep masseter muscles
during mastication of hard or tough foods1

Subject Food N
Superficial masseter Deep masseter

Mean (Mean) SD Mean (Mean) SD

Owl monkey 1
Exp. A Gummy bear 49 1.3 (1.1) (0.36) 1.5 (1.2) (0.64)
Exp. B Gummy bear 34 1.4 (1.1) (0.37) 1.2 (1.1) (0.21)
Exp. C Gummy bear 39 1.2 (1.0) (0.35)
Exp. D Hard apricot 39 1.3 (1.1) (0.41)
Exp. E Hard prune 56 1.3 (1.0) (0.28)
Exp. F Hard prune 21 1.7 (1.2) (1.05)
Subject mean 1.4 (1.1) (0.47) 1.4 (1.2) (0.43)

Owl monkey 2
Exp. A Gummy bear 42 1.3 (1.1) (0.24) 1.3 (1.1) (0.24)
Exp. B Hard apricot 30 1.5 (1.3) (0.44) 1.4 (1.2) (0.43)
Exp. C Hard prune 42 1.1 (1.0) (0.20)
Exp. D Hard prune 47 1.8 (1.2) (0.80)
Exp. E Hard prune 69 1.1 (1.0) (0.19)
Exp. F Hard prune 75 1.4 (1.1) (0.49)
Subject mean 1.4 (1.1) (0.39) 1.4 (1.2) (0.34)

Grand mean 1.4 (1.1) (0.43) 1.4 (1.2) (0.38)

1 Mean values in parentheses (mean) indicate mean W/B ratio for the ten largest power strokes (five largest for both left and right
side chews). N is number of power strokes; SD is standard deviation.
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Compared to EMG values during the
chewing of hard and tough foods, during
apple skin chewing both macaques and ba-
boons experience a reduction in activity of
the working-side superficial masseter from
approximately 65% to 45%, whereas the
working-side deep masseter of macaques
and baboons continues to exhibit about 65%
of peak EMG activity. For owl monkeys, the
reduction in EMG activity of the working-
side superficial masseter is less and compa-
rable to the reduction in activity of the
working-side deep masseter. Overall the
balancing-side muscles exhibit a pro-
nounced reduction in EMG activity, partic-
ularly the deep masseter.

Masseter firing patterns of peak EMG

Tables 7–10 present the descriptive sta-
tistics for the firing patterns of the working-
and balancing-side masseters during the

chewing of hard or tough foods. Each table
indicates the mean timing differences in
milliseconds of peak EMG activity of the
working-side deep, the balancing-side su-
perficial, and the balancing-side deep mas-
seters, relative to peak EMG activity of the
reference muscle, the working-side superfi-
cial masseter. Moreover, similar to the anal-
ysis of W/B ratios, there are three different
types of mean values in these tables: exper-
iment means, subject means, and grand
means.

Positive values indicate that peak EMG of
the muscle precedes peak activity of the ref-
erence muscle, and negative values indicate
the reverse. Table 11 consists of summary
data for the grand mean values presented in
Tables 7–10. Table 12 consists of the grand
means of three additional timing variables
which characterize masseter firing patterns
for these four groups of primates. These
variables are the time intervals between
peak EMG of (1) the working- and balanc-
ing-side deep masseters, (2) the working-
side deep and the balancing-side superficial
masseters, and (3) the balancing-side super-
ficial and deep masseters.

Figures 6–9 indicate the mean timing dif-
ferences of the working- and balancing-side
masseter muscles throughout the power
stroke for one baboon, macaque, owl mon-
key and galago subject. In addition to indi-

TABLE 5. Descriptive statistics of galago W/B EMG ratios for the superficial and deep masseter muscles during
mastication of hard or tough foods1

Subject Food N
Superficial masseter Deep masseter

Mean (Mean) SD Mean (Mean) SD

Galago 6
Exp. A Gummy bear 40 2.1 (1.7) 0.67 6.0 (4.4) 1.72
Exp. B Gummy bear 29 2.4 (2.3) 0.66 9.5 (10.0) 1.61
Exp. C Hard apricot 37 1.5 (1.3) 0.47 4.5 (3.3) 0.50
Subject mean 2.0 (1.8) 0.60 6.7 (5.9) 1.28

Galago 7
Exp. A Hard prune 29 2.6 (2.1) 1.22 3.0 (2.6) 0.98
Exp. B Gummy bear 71 2.6 (2.4) 0.73 2.8 (1.9) 0.91
Exp. C Hard prune 29 2.8 (2.3) 1.26 3.5 (3.4) 0.69
Subject mean 2.7 (2.3) 1.07 3.1 (2.6) 0.86

Galago 8
Exp. A Hard apricot 28 3.6 (2.3) 1.89
Exp. B Hard prune 19 1.7 (1.6) 0.53 2.1 (1.9) 0.51
Subject mean 1.7 (1.6) 0.53 2.9 (2.1) 1.20

Grand mean 2.2 (2.0) 0.79 4.4 (3.7) 1.10
1 Mean values in parentheses (mean) indicate mean W/B ratio for the ten largest power strokes (five largest for both left and right
side chews). N is number of power strokes; SD is standard deviation.

TABLE 6. Summary data of mean W/B ratios1

Subject

Superficial
masseter Deep masseter

Overall 10 Largest Overall 10 Largest

Baboon 1.9 1.6 1.0 0.9
Macaque 1.4 1.0 1.0 0.8
Owl Monkey 1.4 1.1 1.4 1.2
Galago 2.2 2.0 4.4 3.7
1 Overall mean values are based on all power strokes within a
chewing sequence. The ten largest mean values are based on the
five largest power strokes for chewing on the left side and the
five largest power strokes for chewing on the right side.
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cating the relative timing of peak EMG val-
ues, these figures also indicate the relative
timing of 25%, 50%, and 75% of peak EMGs
during loading and unloading.

Baboons and macaques. The overall fir-
ing patterns for baboons and macaques are
remarkably similar, and therefore will be
treated together. The mean timing differ-

Fig. 5. Bar graphs of average percent EMG activity for all primates during the chewing of hard and/or
tough foods and during the chewing of apple skin. Abbreviations: WS, working-side superficial; BS,
balancing-side superficial; WD, working-side deep; BD, balancing-side deep masseters.

TABLE 7. Baboon timing differences (in milliseconds) between peak EMG activity of the balancing-side
superficial masseter and working- and balancing-side deep masseters relative to the reference muscle,

the working-side superficial masseter1

Subject and food N
Working deep

Balancing
superficial Balancing deep

Mean SD Mean SD Mean SD

Baboon 1
Exp. A Popcorn kernels 58 77 22.5 57 25.9 14 18.0
Exp. C Popcorn kernels 79 53 23.3 25 28.7 25 22.9
Subject mean 65 22.9 41 27.3 5 20.5

Baboon 2
Exp. A Popcorn kernels 103 53 20.3 16 18.1 22 13.4
Exp. B Popcorn kernels 64 56 22.3 13 25.2 26 15.2
Subject mean 55 21.3 15 21.7 24 14.3

Baboon 3
Exp. A Popcorn kernels 72 23 19.1 4 22.3 211 21.1
Exp. B Popcorn kernels 40 37 17.1 22 21.5 4 17.7
Exp. C Popcorn kernels 57 59 22.9 3 31.8 0 19.3
Exp. D Popcorn kernels 64 4 25.4
Subject mean 40 19.7 8 25.3 22 19.4

Baboon 4
Exp. A Popcorn kernels 70 49 25.0 19 21.2 213 13.9
Exp. B Popcorn kernels 58 52 20.4 16 25.3 26 21.8
Exp. C Popcorn kernels 27 55 21.1 223 24.3
Subject mean 52 22.2 18 23.3 214 20.0

Baboon 5
Exp. A Popcorn kernels 63 46 13.7 15 15.2 26 12.1
Exp. B Popcorn kernels 81 30 17.2 5 15.6 215 11.9
Exp. C Popcorn kernels 75 14 18.6 16 17.2 23 15.0
Subject mean 30 16.5 12 16.0 28 13.0

Grand mean 473 20.3 173 22.6 262 17.4
1 Positive values indicate that peak EMG activity of the muscle precedes peak EMG activity of the working-side superficial masseter.
Negative values indicate the reverse condition. N is number of power strokes; SD is standard deviation.
2 Grand mean value indicates that peak EMG activity of the balancing-side deep masseter follows peak EMG activity of the reference
muscle (P # .05).
3 Grand mean values indicate that the peak EMG activity of the working-side deep masseter and balancing-side superficial masseter
precede peak EMG activity of the reference muscle (P # .001).
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ences for 14 separate experiments on 5 dif-
ferent baboon subjects are presented in Ta-
ble 7. The mean timing differences for nine

separate experiments on four different ma-
caque subjects are presented in Table 8. The
data indicate that on average peak EMG of

TABLE 8. Macaque timing differences (in milliseconds) between peak EMG activity of the balancing-side
superficial masseter and working- and balancing-side deep masseters relative to the reference muscle,

the working-side superficial masseter1

Subject and food N
Working deep

Balancing
superficial Balancing deep

Mean SD Mean SD Mean SD

Macaque 2
Exp. A Popcorn kernels 20 82 24.3 5 23.0
Exp. B Popcorn kernels 38 81 34.5 34 25.1 220 20.4
Subject mean 82 29.4 34 25.1 28 21.7

Macaque 5
Exp. B Popcorn kernels 61 71 29.7 25 26.0 240 28.4
Exp. C Popcorn kernels 68 62 25.2 15 23.5 240 26.7
Exp. D Popcorn kernels 92 68 22.7 13 20.3
Subject mean 67 25.9 18 23.3 240 27.6

Macaque 7
Exp. A Popcorn kernels 86 74 27.0 16 28.9 25 29.2
Exp. B Popcorn kernels 76 14 32.1
Subject mean 74 27.0 15 30.5 25 29.2

Macaque 11
Exp. A Popcorn kernels 83 37 17.4 7 18.7 226 13.4
Exp. B Popcorn kernels 103 41 16.7 13 20.5 215 13.3
Subject mean 39 17.1 10 19.6 221 13.4

Grand mean 653 24.7 173 24.4 2202 22.1
1 Positive values indicate that peak EMG activity of the muscle precedes peak EMG activity of the working-side superficial masseter.
Negative values indicate the reverse condition. N is number of power strokes; SD is standard deviation.
2 Grand mean value indicates that peak EMG activity of the balancing-side deep masseter follows peak EMG activity of the reference
muscle (P # .05).
3 Grand mean values indicate that the peak EMG activity of the working-side deep masseter and balancing-side superficial masseter
precede peak EMG activity of the reference muscle (P # .01).

TABLE 9. Owl monkey timing differences (in milliseconds) between peak EMG activity of the balancing-side
superficial masseter and working- and balancing-side deep masseters relative to the reference muscle,

the working-side superficial masseter1

Subject and food N
Working deep

Balancing
superficial Balancing deep

Mean SD Mean SD Mean SD

Owl Monkey 1
Exp. A Gelatin candy 49 4 17.0 28 14.1 222 13.2
Exp. B Gelatin candy 34 30 15.8 5 14.9 27 16.3
Exp. C Gelatin candy 39 25 10.8
Exp. D Hard apricot 39 211 36.2
Exp. E Hard prune 56 229 33.9
Exp. F Hard prune 21 4 19.3
Subject mean 17 16.4 27 21.5 215 14.8

Owl Monkey 2
Exp. A Gelatin candy 42 11 5.8 6 5.9 213 6.5
Exp. B Hard apricot 30 7 7.4 10 8.8 21 7.1
Exp. C Hard prune 42 5 9.2
Exp. D Hard prune 47 12 15.6
Exp. E Hard prune 69 23 7.8
Exp. F Hard prune 75 6 10.0
Subject mean 9 6.6 6 9.6 27 6.8

Grand mean 132 11.5 21 15.5 2112 10.8
1 Positive values indicate that peak EMG activity of the muscle precedes peak EMG activity of the working-side superficial masseter.
Negative values indicate the reverse condition. N is number of power strokes; SD is standard deviation.
2 Grand mean values indicate that the peak EMG activity of the working-side deep masseter precedes and the balancing-side deep
masseter follows peak EMG activity of the reference muscle (P # .05).
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the working-side deep and balancing-side
superficial masseters precede the reference
muscle by 47 and 17 ms for baboons (P #
0.001), and by 65 and 17 ms for macaques
(P # 0.01). Furthermore, peak EMG ac-

tivity of the working-side deep masseter
precedes activity of the balancing-side su-
perficial masseter on average by 30 ms in
baboons (P # 0.001) and 48 ms in ma-
caques (P # 0.01) (Table 12). In contrast,

TABLE 10. Galago timing differences (in milliseconds) between peak EMG activity of the balancing-side
superficial masseter and working- and balancing-side deep masseters relative to the reference muscle,

the working-side superficial masseter1

Subject and food N
Working deep

Balancing
superficial Balancing deep

Mean SD Mean SD Mean SD

Galago 6
Exp. A Gelatin candy 40 12 22.6 28 27.9 11 17.2
Exp. B Gelatin candy 29 21 19.5 18 20.3 17 23.4
Exp. C Hard apricot 37 4 23.1 11 22.0 18 26.5
Subject mean 5 21.7 19 23.4 15 22.4

Galago 7
Exp. A Hard prune 29 31 24.7 27 22.0 38 23.2
Exp. B Gelatin candy 71 14 23.5 24 26.8 29 29.3
Exp. C Hard prune 29 1 28.7 24 32.9 35 32.6
Subject mean 15 25.6 25 27.2 34 28.4

Galago 8
Exp. A Hard apricot 19 10 25.4 28 24.1
Exp. B Hard prune 19 18 17.1 16 11.8 5 17.9
Subject mean 14 21.3 16 11.8 17 21.0

Grand mean 112 23.1 212 23.4 233 24.3
1 Positive values indicate that peak EMG activity of the muscle precedes peak EMG activity of the working-side superficial masseter.
Negative values indicate the reverse condition. N is number of power strokes; SD is standard deviation.
2 Grand mean values indicate that the peak EMG activity of the working-side deep masseter and balancing-side superficial masseter
precede peak EMG activity of the reference muscle (P # .01).
3 Working hypothesis is not supported as peak EMG activity of the balancing-side deep masseter precedes peak EMG activity of
working-side superficial masseter (P , .01).

TABLE 11. Summary data of mean differences (in milliseconds) in timing of peak EMG of the working and
balancing-side deep and the balancing-side superficial masseters relative to the reference muscle

Subject Working deep Balancing superficial Balancing deep

Baboon 47*** 17*** 26*
Macaque 65** 17** 220*
Owl Monkey 13* 21 211*
Galago 11** 21** 231

1 Working hypothesis is rejected as peak EMG activity of the balancing-side deep masseter precedes peak EMG activity of
working-side superficial masseter (P , .001).
* P # .05. **P # .01. ***P # .001.

TABLE 12. Summary data of mean differences (in milliseconds) in timing of peak EMG activity of masseter muscles

Subject

Working deep
precedes

balancing deep

Working deep
precedes balancing

superficial

Balancing superficial
precedes balancing

deep

Baboon 52*** 30*** 23***
Macaque 85** 48** 37**
Owl Monkey 24* 14**** 10*
Galago 2121 2102 223

1 Working hypothesis is rejected as peak EMG activity of balancing-side deep masseter precedes peak EMG activity of working-side
deep masseter (P # .05).
2 Working hypothesis is rejected as peak EMG activity of balancing-side superficial masseter precedes peak EMG activity of
working-side deep masseter (P # .06).
3 Working hypothesis is rejected as peak EMG activity of balancing-side deep masseter precedes peak EMG activity of balancing-side
superficial masseter (P # .87).
* P # .05. **P # .01. ***P # .002. ****P # .1.
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peak EMG of the balancing-side deep mas-
seter occurs after the reference muscle by 6
ms in baboons (mean 5 26 ms; P # 0.05)
and 20 ms in macaques (mean 5 220 ms;
P # 0.05). Figures 6 and 7 indicate the

timing of the masseters for baboon 2 and
macaque 11. Note the considerable similar-
ity between these two figures.

Owl monkeys. The mean timing differ-
ences for 12 separate experiments on two

Fig. 6. Mean values for the timing of average per-
cent EMG activity of the deep and superficial masseters
during the chewing of popcorn kernels in baboon 5. The
data for this figure are compiled from Experiments A, B,
and C. The first muscle to reach peak activity is the
working-side deep masseter, followed by the balancing-
side superficial, working-side superficial, and balanc-
ing-side deep masseters. The vertical line indicates
peak activity in the reference muscle, the working-side
superficial masseter. Negative timing values indicate
that a muscle reaches peak activity prior to peak activ-
ity of the reference muscle, whereas positive values
indicate peak activity after the reference muscle. Sym-
bols and abbreviations as in legend for Figure 4.

Fig. 7. Mean values for the timing of average per-
cent EMG activity of the deep and superficial masseters
during the chewing of popcorn kernels in macaque 11.
The data for this figure are compiled from Experiments
A and B. The first muscle to reach peak activity is the
working-side deep masseter, followed by the balancing-
side superficial, working-side superficial, and balanc-
ing-side deep masseters. The vertical line indicates
peak activity in the reference muscle. Symbols and ab-
breviations as in legend for Figure 4.

Fig. 8. Mean values for the timing of average per-
cent EMG activity of the deep and superficial masseters
during the chewing of hard/tough foods in owl monkey
1. The data for this figure are compiled from Experi-
ments A and B. The first muscle to reach peak activity
is the working-side deep masseter, followed by the near
simultaneous activity of the working- and balancing-
side superficial masseters, followed by the balancing-
side deep masseter. The vertical line indicates peak
activity in the reference muscle. Symbols and abbrevi-
ations as in legend for Figure 4.

Fig. 9. Mean values for the timing of average per-
cent EMG activity of the deep and superficial masseters
during the chewing of hard/tough foods in galago 6. The
data for this figure are compiled from Experiments A, B,
and C. Unlike baboons, macaques, and owl monkeys, in
thick-tailed galagos the balancing-side deep and super-
ficial masseters reach peak activity first. The vertical
line indicates peak activity in the reference muscle,
which unlike the situation in the above anthropoids, is
the last muscle to reach peak activity in thick-tailed
galagos. Symbols and abbreviations as in legend for
Figure 4.
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different subjects are presented in Table 9.
Similar to baboons and macaques, the data
indicate that on average peak EMG of the
working-side deep masseter precedes the ref-
erence muscle (mean 5 13 ms; P # 0.05).
Unlike macaques and baboons (and galagos),
however, peak EMG of the balancing-side su-
perficial masseter peaks 1 ms after, not well
before, the reference muscle. Not surpris-
ingly, this 21 ms mean value is not statisti-
cally significant. However, the data indicate
an important difference in the recruitment
patterns of the superficial masseters between
owl monkeys 1 and 2. Similar to baboons and
macaques (and galagos), activity of the bal-
ancing-side superficial masseter for owl mon-
key 2 ordinarily peaks before the reference
muscle (mean 5 6 ms; P # 0.05). In contrast,
owl monkey 1 is unusual in that the balanc-
ing-side superficial masseter EMG peaks af-
ter the reference muscle (mean 5 27 ms;
P . 0.05) (Table 11).

Similar to baboons and macaques, for owl
monkeys peak EMG activity of the working-
side deep masseter precedes activity of
the balancing-side superficial masseter
(mean 5 14 ms; P # 0.05) (Table 12), and
peak EMG activity of the balancing-side deep
masseter occurs after the reference muscle
(mean 5 211 ms; P # 0.05). Finally, Figure
8 indicates the relative timing of the various
muscles for owl monkey 1. This subject exhib-
its, as described above, an unusual pattern for
the two superficial masseters relative to one
another. Note, however, the general similar-
ity in the firing pattern of the deep masseters
in all anthropoid subjects (Figs. 6–8). The
working- and balancing-side deep masseters
are the first and last muscles, respectively, to
reach peak EMG activity.

Thick-tailed galagos. The mean timing
differences for eight separate galago experi-
ments on three different subjects are pre-
sented in Table 10. The data indicate that on
average peak EMG of the working-side deep,
balancing-side superficial, and balancing-side
deep masseters precede the reference muscle
by 11, 21, and 23 ms, respectively. Similar to
anthropoids the first two mean values are
positive and statistically significant (P #
0.01), but unlike anthropoids, the latter mean
value is also positive, demonstrating that in

galagos the balancing-side deep masseter is
not the last muscle to reach peak activity.
Instead, it is one of the first muscles to reach
peak activity. Furthermore, and again unlike
the anthropoids, for galagos the balancing-
side superficial masseter reaches peak EMG
activity prior to the working-side deep masse-
ter (mean 5 9 ms, P # 0.04). Thus, in con-
trast to the firing pattern determined for an-
thropoids, for galagos the working-side deep
masseter is not the first nor is the balancing-
side deep masseter the last to reach peak
EMG activity. Finally, and once again unlike
anthropoids, for galagos the balancing-side
deep masseter peaks 2 ms prior to the balanc-
ing-side superficial masseter. This mean value
is small and not statistically significant (Table
12), suggesting that these two muscles reach
peak activity more or less at the same time.

Summary of firing patterns. Tables 11
and 12 indicate quite clearly that for these
anthropoids the first muscle to reach peak
EMG activity is the working-side deep mas-
seter, and the last muscle to reach peak
activity is the balancing-side deep masseter.
In contrast, for galagos, the first muscle to
reach peak activity is the balancing-side
deep (Table 11) although its timing is not
significantly different from that of the bal-
ancing-side superficial masseter. Further-
more, in galagos the last muscle to reach
peak activity is the reference muscle, the
working-side superficial masseter.

Note in Table 12 that for the anthropoids
the mean values for the three variables listed
are all positive and they decrease in value
from left to right. Furthermore, with a single
exception, the anthropoid values are all sta-
tistically significant (P # 0.05). In contrast,
for galagos the mean values for the three vari-
ables in Table 12 are all negative, and they
become less negative, i.e., they increase alge-
braically from left to right. Two of these three
mean values, however, are not statistically
significant.

DISCUSSION
W/B EMG ratios and testing the

allometric constraint-muscle recruitment
hypothesis

The data presented in Tables 2–6 refute
the allometric constraint hypothesis (hy-
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pothesis 4) as this hypothesis predicts that
the W/B EMG ratios are negatively corre-
lated with overall body size. The data
clearly demonstrate that the largest W/B
ratios are not found in owl monkeys. In-
stead, owl monkeys (and macaques) have
the smallest W/B EMG ratios for the super-
ficial masseter. Similarly, a consideration of
only the anthropoid data also provides no
support for the allometric constraint hy-
pothesis (hypotheses 5, 6, or 7). The results
of this analysis are consistent with the re-
sults of our recently published mandibular
corpus bone strain analysis (Hylander et al.,
1998).

W/B EMG ratios and testing the
symphyseal fusion-muscle recruitment

hypothesis

The symphyseal fusion hypothesis pre-
dicts that although anthropoids and galagos
may recruit about the same percentage of
working-side masseter force, and therefore
exhibit a similar percentage of working-side
masseter EMG activity, anthropoids recruit
more balancing-side muscle force, and
therefore anthropoids have W/B EMG ratios
that are relatively small and similar to one
another, whereas the galago W/B ratios are
relatively large. The data, as summarized in
Table 6 and Figure 5, support this predic-
tion. For example, anthropoids and galagos
exhibit 65% to 75% of peak average EMG
activity of their working-side masseters
during forceful mastication. Moreover, gala-
gos have the largest W/B ratios for both the
superficial and deep masseters. However, as
indicated in Tables 2–5, for the superficial
masseter there is extensive overlap of the
individual experiment W/B ratios between
galagos and anthropoids. In contrast, for the
deep masseter there is no overlap of the W/B
ratio values between galagos and anthro-
poids. Therefore, the only clear difference in
W/B ratios between galagos and anthro-
poids is associated with the deep masseter.
This in turn supports the hypothesis that
for anthropoids, symphyseal fusion and
transversely-directed muscle force are func-
tionally linked (hypothesis 2).

An alternative explanation of our data is
that when the W/B EMG ratios are small, as
in anthropoids, this may not be due to large

contributions of force from the balancing-
side masseter, but instead is due to small
contributions of force from the working-side
masseter. We find this alternative explana-
tion to be highly unlikely for the following
reasons.

First, an analysis of facial bone strain in
macaques indicates the occurrence of rela-
tively large principal and shear strains
along the anterior portion of the zygomatic
arch during incision, isometric biting, and
mastication (Hylander et al., 1992; Hy-
lander and Johnson, 1997). As strains in the
macaque zygomatic arch are most plausibly
linked to ipsilateral masseter force, this in-
dicates that if the working-side masseter is
only weakly recruited during forceful chew-
ing and biting (e.g., less than 20% of peak
force), in those hypothetical instances when
the masseter is actually strongly recruited
(e.g. greater than 80% of peak force), strains
in the zygomatic arch would be increased
greatly (quadrupled?), resulting in struc-
tural failure of the zygomatic arch. This sce-
nario strikes us as very unlikely.

Second, if we accept the alternative hy-
pothesis that the masseter is only weakly
recruited during mastication, incision and
isometric molar biting, then it follows that
the recruitment of maximum force from the
masseter occurs during some behavior other
than chewing and biting. We know of no
such data to support this hypothesis and,
therefore, are compelled to accept the more
plausible hypothesis that the primary func-
tion of the masseter muscle is to generate
bite force during chewing and biting.

Parenthetically, the macaque zygomatic-
arch strain data demonstrate that the bal-
ancing-side strains are almost as large as
the working-side strains, supporting the hy-
pothesis that the balancing-side masseter of
anthropoids is strongly recruited during
forceful mastication. Furthermore, the W/B
zygomatic-arch strain ratios average about
1.1, and predictably this value falls within
the average W/B EMG ratios of macaques
for the superficial and deep masseters (1.4
and 1.0, respectively). Thus, both the bone
strain and EMG data are fully consistent
with each other. Finally, we have estab-
lished that the magnitude of peak masseter
EMG is intensely correlated with peak mas-
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seter force during the power stroke of mas-
tication (Hylander and Johnson, 1989,
1993). This finding increases the likelihood
that our W/B ratio data provide accurate
information about the recruitment of rela-
tive masseter force.

Based on the above constellation of evi-
dence, we argue that when primates engage
in forceful chewing behaviors, small W/B
EMG ratios are best interpreted as indicat-
ing large contributions of force from the bal-
ancing-side masseter, just as large W/B
EMG ratios are best interpreted as indicat-
ing small contributions of force from the
balancing-side masseter.

In summary, of the three symphyseal fu-
sion hypotheses (hypotheses 1, 2, and 3), the
data provide strong support for hypothesis
2, refute hypothesis 3, and seriously weaken
hypothesis 1. An EMG analysis of the entire
jaw adductor mass is arguably needed be-
fore completely rejecting hypothesis 1. Fur-
thermore, as the superficial masseter is a
relatively large muscle and as we have only
sampled EMG activity from its central por-
tion, sampling from multiple locations
throughout this muscle is also arguably nec-
essary before completely refuting hypothe-
sis 1. We were unable to execute such an
analysis due to the extremely complex na-
ture of such an undertaking.

Differential firing patterns and the
symphyseal fusion-muscle recruitment

hypothesis

Previous work on macaques and baboons
suggests that they share a common jaw-
muscle firing pattern that causes their man-
dibles to experience wishboning during
mastication (Hylander and Johnson, 1994).
The working hypothesis predicts that owl
monkeys also have this pattern and galagos
do not.

The data in Tables 7–12 indicate quite
clearly that the deep masseter firing pattern
for galagos is quite different from that for
macaques and baboons, whereas the firing
pattern for owl monkeys is very similar to
the one for baboons and macaques, i.e., for
all three anthropoids, the first muscle to
reach peak activity is the working-side
deep, and the last to reach peak activity is
the balancing-side deep. For galagos, the

balancing-side superficial and deep masse-
ter reach peak activity first, and the work-
ing-side superficial masseter reaches peak
activity last. Thus, as illustrated in Figures
6–9, a major difference in firing patterns
between thick-tailed galagos and the an-
thropoids is related to the behavior of the
deep masseters. Similar to the data on W/B
EMG ratios, the firing pattern data support
the hypothesis that symphyseal fusion and
transversely-directed muscle force are func-
tionally linked (hypothesis 2). That is, un-
like anthropoids, both the W/B ratio and
firing pattern data for the balancing-side
deep masseter suggests that the galago
symphysis experiences little if any wishbon-
ing. This is because the overall bending mo-
ment that causes wishboning is very small
simply because the force associated with
this moment, i.e., the force from the balanc-
ing-side deep masseter, is so small.

Differential firing patterns of the
superficial masseter

With the exception of one of the owl mon-
keys (owl monkey 1), the data indicate that
for all primate subjects the balancing-side
superficial masseter reaches peak activity
before peak activity of the working-side su-
perficial masseter. This appears to be a typ-
ical mammalian pattern, and is importantly
related to how mammals accomplish a com-
bination of vertical and transverse jaw
movements during the power stroke of mas-
tication (Weijs, 1994). In owl monkey 1,
however, peak activity of the balancing-side
superficial masseter occurs at or slightly af-
ter peak activity of the working-side super-
ficial masseter. Moreover, an analysis of the
firing patterns of the deep masseter (this
study) and temporalis muscles (W.L. Hy-
lander, C.F. Ross, and K.R. Johnson, unpub-
lished data) reveals no other unusual firing
patterns for this subject with the exception
that the amount of asynchrony in EMG activ-
ity between the working- and balancing-side
temporalis muscles is much greater in owl
monkey 1 than it is in owl monkey 2. Presum-
ably this more pronounced asynchrony en-
ables owl monkey 1 to engage in relatively
normal chewing movements despite the re-
versed timing pattern of its superficial mas-
seters. As owl monkey 1 did not exhibit any
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obvious pathology of the teeth or jaws, we
have no explanation as to why the firing pat-
tern of the superficial masseter in this subject
deviates from that found in all other anthro-
poid subjects.

Allometry and the W/B ratio of the
superficial masseter

The data in Tables 2–4 indicate that for
baboons the W/B ratios of the superficial
masseter (grand mean 5 1.9) tend to be
somewhat larger than those ratios for the
much smaller-sized anthropoids (grand
means 5 1.4 for both macaques and owl
monkeys). Earlier work on macaques indi-
cates that W/B ratios of masseter force be-
come smaller as subjects chew more and
more forcefully (Hylander et al., 1992).
Moreover, as the popcorn kernels were
likely much easier for the baboons to chew
as compared to macaques because of the
much larger jaw muscles of baboons, per-
haps the baboons did not come close to re-
cruiting maximum levels of balancing-side
muscle force during the chewing of hard
kernels. If so, it is likely that the baboon
W/B ratios in Table 2 are larger than what
they would have been had the baboons
chewed more mechanically resistant foods.
This in turn suggests that if the baboons
had chewed more forcefully, perhaps their
W/B ratios would not have overlapped the
galago values. Nevertheless, as the W/B ra-
tios for the superficial masseter of galagos
also overlapped ratio values for macaques
and owl monkeys, it is highly unlikely that
this problem has had any major influence on
our general conclusion that galagos and an-
thropoids do not consistently differ in their
W/B ratios for the superficial masseter dur-
ing forceful chewing.

Wishboning and the balancing-side
deep masseter

In 1994 we discussed the various external
forces and moments associated with wish-
boning of the macaque mandible during
mastication (Hylander and Johnson, 1994).
These forces (Fig. 10) are the laterally-di-
rected component to the bite force (Fb)
(along the working side) and the opposite
laterally-directed component to the balanc-
ing-side jaw muscle force (Fmb). Residual

force associated with the relaxing working-
side jaw adductors (Fmw) also probably con-
tributes to wishboning. An important aspect
of wishboning is that it occurs late in the
power stroke of mastication, and it is due
mainly to increased recruitment of the bal-
ancing-side deep masseter at a time when
force from the balancing-side superficial
masseter and medial pterygoids (and also
balancing-side lateral pterygoids?) have
rapidly declined.1

The EMG data provide strong evidence
for the hypothesis that thick-tailed galagos

1The lateral pterygoid muscles in primates appear to have a
biphasic activity during mastication, i.e., they are active during
both jaw opening and the power stroke. It has been hypothesized
that the medially-directed components of force from the balanc-
ing-side medial and lateral pterygoids prevents the laterally-
directed component of force of the balancing-side superficial
masseter from causing wishboning of the symphysis. This may
be why wishboning ordinarily does not occur earlier in the power
stroke, a time when all of these muscles are highly active.
Instead, wishboning occurs late, at a time when force from the
balancing-side medial and lateral pterygoids and superficial
masseter is rapidly decreasing and the balancing-side deep mas-
seter force is rapidly increasing or has peaked (Hylander and
Johnson, 1994).

Fig. 10. Lateral bending or wishboning of the ma-
caque mandibular symphysis. Fb, transverse compo-
nent to the bite force; Fmb, transverse component to the
balancing-side jaw-closing muscle force; Fmw, trans-
verse component to the working-side jaw-closing muscle
force. These three forces wishbone the mandible. The
length of the arrows does not indicate the relative mag-
nitude of bite and muscle forces; t, tensile bending
stress; c, compressive bending stress. The darkly
shaded areas along the symphysis indicate the distri-
bution of bending stress for a symmetrical curved beam.
In contrast to the situation for straight beams, note that
the distribution of bending stress is markedly nonlin-
ear. The tensile stress along the surface of the lingual
aspect of the symphysis greatly exceeds the compressive
stress along the surface of the labial aspect of the sym-
physis. (From Hylander and Johnson, 1994.)
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do not significantly wishbone their mandi-
bles during mastication. This is because
their balancing-side superficial and deep
masseters (Table 12), as well as their medial
pterygoids (cf. Hylander and Johnson, 1994;
Weijs, 1994), likely contract in a near syn-
chronous fashion, which in effect counter-
acts moments that tend to wishbone their
symphysis. Moreover, galagos recruit rela-
tively low levels of force from their balanc-
ing-side deep masseter. Whereas the deep
masseter W/B ratio is about 1.0 for anthro-
poids, it is greater than 4.0 for galagos. Fur-
thermore, although anthropoids on average
generate about 60% of peak force from their
balancing-side deep masseter, galagos gen-
erate only about 25% of peak force.

Finally, in an effort to test further the
symphyseal fusion-muscle recruitment hy-
pothesis, we are currently analyzing EMGs
recorded from the superficial and deep mas-
seters of North American opossums (Didel-
phis virginia) (W.L. Hylander, A.W. Cromp-
ton, and K.R. Johnson, unpublished data).
Although the mandibular symphysis of
opossums is apparently stronger and less
mobile than the galago symphysis (Beecher,
1977), it is similar to galagos in that it is
unfused. Our preliminary data indicate that
during forceful chewing the W/B EMG ratio
for the superficial masseter of opossums is
small (grand mean 5 1.2), and thus very
similar to that of anthropoids (also, cf.
Crompton, 1985, 1995; Crompton and Hy-
lander, 1986). Although compared to gala-
gos the W/B ratio for the deep masseter of
opossums is also small (grand mean 5 1.8),
this value is significantly larger than the
anthropoid values. Most importantly, how-
ever, opossums do not exhibit the masseter
firing pattern associated with wishboning.
Instead, they have a masseter firing pattern
very similar to that of galagos.

Thus, the very small W/B ratios of the
superficial masseter of opossums suggest
that an unfused symphysis and relatively
small amounts of vertically-directed balanc-
ing-side muscle force are not functionally
linked (cf. hypotheses 1 and 3). Moreover,
the somewhat small W/B ratio for the deep
masseter of opossums appears to weaken
one aspect of hypothesis 2. On the other
hand, the opossum timing data indicate the

absence of the jaw-muscle firing pattern
that causes wishboning of the symphysis,
which in turn supports hypothesis 2.

Dorsoventral shear, wishboning,
symphyseal fusion, and ontogenetic

timing

Ravosa has argued that both wishboning
and dorsoventral shear are functionally
linked to symphyseal fusion in primates,
and that the relative importance of each is
linked to the ontogenetic timing of symphy-
seal fusion (Ravosa and Simons, 1994; Ra-
vosa, 1996). When symphyseal fusion occurs
relatively early in ontogeny, prior to the ini-
tiation of weaning, fusion is hypothesized to
be a structural adaptation to counter wish-
boning stress associated with post-weaning
chewing behaviors. When fusion occurs rel-
atively late in ontogeny, well after weaning,
fusion is hypothesized to be an adaptive re-
sponse to counter increased dorsoventral
shear stress in a species that does not ordi-
narily wishbone its mandible during masti-
cation.

The EMG data from this study support
the hypothesis that early fusion and wish-
boning are linked in that our anthropoid
subjects exhibit the deep masseter firing
pattern associated with wishboning, whereas
the thick-tailed galagos do not. The lack of a
wishboning firing pattern in galagos also
supports the suggestion that the prosimian
mandibular symphysis is especially de-
signed to resist dorsoventral shear stress
(Beecher, 1977, 1979). Until jaw-muscle re-
cruitment patterns of additional prosimians
have been determined, however, it is prema-
ture to assume that the firing pattern of
thick-tailed galagos is typical for all prosim-
ian primates.2 An EMG analysis of masse-
ter firing patterns in those prosimians with
well-buttressed and partially-fused sym-
physes would be a good test of the Beecher
and Ravosa hypotheses. That is, these hy-
potheses predict that the wishboning firing
pattern is not present in, for example, in-
driid or Hapalemur species. The Ravosa hy-

2We are planning to initiate an EMG analysis of the relative
force recruitment and firing pattern of the superficial and deep
masseter muscles in Lemur cata (W.L. Hylander, C.J. Vinyard,
and K.R. Johnson, unpublished data).
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pothesis makes this prediction since partial
fusion in these taxa occurs well after wean-
ing. Finally, masseter firing patterns for an-
thropoids, as well as bone strain analyses of
the macaque mandibular symphysis (Hy-
lander, 1984), do not support Beecher’s hy-
pothesis linking symphyseal fusion in an-
thropoids to dorsoventral shear stress.

Wishboning and humans

As noted elsewhere, there may be a prob-
lem with the hypothesis that anthropoid
symphyseal fusion and wishboning are
linked in that although the human symphy-
sis is fused, the deep masseter wishboning
firing pattern may not be present in humans
(Hylander and Johnson, 1994). EMG stud-
ies suggest that humans do not exhibit the
late activity of the balancing-side deep mas-
seter (cf., van Eijden et al., 1993). Instead,
the balancing-side deep masseter firing pat-
tern is more similar to that found in thick-
tailed galagos in that this muscle reaches
peak activity early in the power stroke. On
the other hand, similar to anthropoids and
unlike galagos, peak EMG activity of the
balancing-side deep masseter in humans oc-
curs after peak activity of the balancing-
side superficial masseter (van Eijden et al.,
1993). Moreover, and perhaps most impor-
tantly, unlike galagos and similar to other
anthropoids, humans recruit a relatively
large amount of force from the balancing-
side deep masseter (cf. Belser and Hannam,
1986). Thus, there is some reason to believe
that the human mandible may also experi-
ence a type of wishboning during the power
stroke of mastication (Hylander and John-
son, 1994). Nevertheless, the human data
suggest that not all anthropoids have the
same deep masseter firing pattern as found
in baboons, macaques and owl monkeys.

We are currently in the planning process
of doing an EMG analysis of the superficial
and deep masseter in humans so as to con-
firm the results of van Eijden et al. (1993)
(W.L. Hylander, C.E. Wall, C.F. Vinyard,
and K.R. Johnson, unpublished data). An
interesting and related question, of course,
is whether humans are unique among living
anthropoids in not having this firing pat-
tern, and if so, this would suggest that the
human lineage has secondarily lost this fir-

ing pattern. Obviously, an EMG analysis of
the masseter of chimpanzees, gorillas or or-
angutans would provide an important test
of this hypothesis.

CONCLUSIONS

An analysis of the W/B EMG ratios of the
superficial and deep masseter for baboons,
macaques, owl monkeys and thick-tailed ga-
lagos refute the allometric constraint-mus-
cle recruitment hypothesis. The largest W/B
ratios for the superficial and deep masseter
are not found in owl monkeys. Instead, owl
monkeys (and macaques) actually have the
smallest W/B EMG ratios for the superficial
masseter. Most importantly, the largest
W/B EMG ratios for both the superficial and
deep masseter are found among thick-tailed
galagos, and the owl monkey W/B ratios for
these muscles are very similar to those of
baboons and macaques.

The symphyseal fusion-muscle recruit-
ment hypothesis predicts that although
both anthropoids and galagos recruit about
the same percentage of working-side masse-
ter force, and therefore exhibit the about the
same percentage of peak EMG activity of
their working-side masseters, anthropoids
have W/B EMG ratios that are relatively
small and similar to one another, and gala-
gos have W/B ratios that are relatively
large. Although the data indicate that gala-
gos have the largest W/B ratios for both the
superficial and deep masseters and that an-
thropoids have relatively small W/B ratios,
the only sharp distinction in W/B EMG ra-
tios between thick-tailed galagos and an-
thropoids is associated with the deep mas-
seter. Furthermore, the analysis of
masseter firing patterns indicates that
whereas baboons, macaques and owl mon-
keys possess the deep masseter wishboning
firing pattern, galagos do not. Thus, the
data for W/B ratios and masseter firing pat-
terns support the hypothesis that symphy-
seal fusion and transversely-directed mus-
cle force are functionally linked in
anthropoids.
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