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Ratios of muscle activities in unilateral isometric biting are assumed to provide information on strategies
of muscle activation independently from bite force. If valid, this assumption would facilitate experiments
as it would justify subject-control instead of transducer-based force control in biting studies. As force
independence of ratios is controversial, we tested whether activity ratios are associated with bite force
and whether this could affect findings based on subject-controlled force. In 52 subjects, bite force and
bilateral masseter and temporalis electromyograms were recorded during unilateral biting on a trans-
ducer with varying force levels and with uniform subject-controlled force. Working/balancing and tem-
poralis/masseter ratios of activity peaks were related to bite force peaks. Activity ratios were significantly
but weakly correlated with the bite force. The subject-controlled force varied within ±25% around the
prescribed force in 95% of all bites. This scatter could cause a variation of group mean activity ratios of
at most ±6% because of the weak correlation between bite force and ratios. As this small variation is neg-
ligible in most cases, subject-control of bite force can be considered an appropriate method to obtain
group means of relative muscle activation in particular when force control with transducers is not
feasible.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Ratios of jaw muscle activities measured by surface electromy-
ography (EMG) provide useful information on the biophysical prin-
ciples of mandibular function. In particular for the case of
unilateral isometric biting, activity ratios have been analyzed to
elucidate neuromuscular objectives underlying specific cranio-
mandibular load distributions and muscle activations (Barbenel,
1974; Faulkner et al., 1987; Throckmorton, 1989; Throckmorton
et al., 1990; Erhardson et al., 1993; Ferrario and Sforza, 1994;
Iwasaki et al., 2003; Pröschel et al., 2008). The ratios are thereby
considered as surrogates for relative muscle strengths that balance
craniomandibular reaction forces. Generalization of results ob-
tained under such conditions requires that group means of activity
ratios are not affected by a variation of bite force within certain
limits. This precondition is not unchallenged since for example in
mastication activity ratios were found to vary in response to food
texture (Hylander et al., 1992; Blanksma and Van Eijden, 1995;
Piancino et al., 2008).

In isometric biting there is little evidence to support the
assumption of force independence of activity ratios (Mao and
ll rights reserved.
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Osborn, 1994). This assumption is rather based on empirical prop-
erties of EMG/bite force relations. Group means of activity ratios
would be independent from the bite force if EMGs of the muscles
involved were linearly related to the force and if the regression
lines pass through the origins of the EMG/bite force diagrams. In
this case, bite force would cancel and activity ratios would corre-
spond to slope ratios of the EMG/bite force regressions of the mus-
cles involved. While there is ample evidence for linearity in a
submaximal force range (Pruim et al., 1978; Bakke et al., 1989;
Van Eijden et al., 1990; Lindauer et al., 1991; Proeschel and Raum,
2001), some reports indicate that regression lines do not always
intersect at the origin (Pruim et al., 1978; Bakke et al., 1989; Van
Eijden et al., 1990; Lindauer et al., 1991). This might be due to var-
ious factors such as changing bite force directions (Van Eijden
et al., 1990; Mao and Osborn, 1994; Rues et al., 2008) or heteroge-
neous activation of muscle compartments (Belser and Hannam,
1986; Blanksma and Van Eijden, 1995). Study or control of such
factors requires standardized non-habitual motor tasks (Rues
et al., 2008) and involves complex techniques that impede biting
with direct occlusal contact or with small jaw gapes.

When habitual biting under conditions close to normal function
is studied, the control of force level and/or direction is commonly
left to the subjects’ self-assessment. Even though the majority of
published EMG-biting studies have been performed under such
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non-standardized conditions, it is not yet established how strongly
a subject-controlled bite force can vary and how this would influ-
ence the activity ratios. A causative stochastic influence of bite
force on activity ratios could affect the significance and general
validity of findings based on relative activations. Hence the objec-
tive of the present study was to clarify whether activity ratios are
related to the bite force and if so, whether this correlation could af-
fect the validity of results based on subject-controlled force in uni-
lateral biting tasks.
right temporalis

left temporalis
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Fig. 1. Example showing six intermittent bites performed repeatedly with three
different force levels, redrawn from a section of an original 20 s recording. The
dotted vertical lines illustrate the two cursors that were placed in the semi-
automatic evaluation on the computer monitor to enclose all EMG peaks and the
bite force peak of each consecutive bite.
2. Materials and methods

2.1. Subjects

Fifty-two male dental students (mean age 23.6 ± 3.2 yrs) partic-
ipated in this study. The subjects had complete Angle Class I or II
dentitions and no signs or symptoms of temporomandibular disor-
ders, no skeletal anomalies like long or short face and no malocclu-
sions like mandibular prognathism. All subjects gave informed
consent to the experimental protocol which was approved by the
Ethics Committee of the Faculty of Medicine at Erlangen
University.

2.2. Experimental protocol

In one recording session, each subject carried out two different
tasks of unilateral intermittent isometric biting on a force trans-
ducer which was placed between the teeth in the area of the sec-
ond premolar and the first molar on the right side. Intermittent
biting consisted of consecutive contraction–relaxation cycles per-
formed with a chewing-like frequency. During each task, the sur-
face electromyograms of elevator muscles on each side and the
bite force were recorded for 20 s.

In the first task, the subjects were advised to bite with differing
force levels in order to achieve EMG-bite force regressions. Grading
of the forces within a submaximal range was facilitated by visual
feedback of the bite force which was indicated as a horizontal line
on an oscilloscope screen. Prior to the actual registration, 4–7 bites
were carried out with maximum force during which the oscillo-
scope gain was adjusted such that the force indicator did not ex-
ceed the top of the screen. The screen was divided vertically into
three sections with equal heights corresponding to a ‘‘low”, ‘‘med-
ium” and ‘‘high” force range. For the actual registration, the sub-
jects were advised to bite intermittently so that the force
indicator arrived within each of the three force ranges in ascending
order (Fig. 1). These triples of bites were repeated continuously
throughout the 20 s recording time.

In the second task the subjects had to bite intermittently with a
chewing-like rhythm but with uniform peak forces that should cor-
respond to the same force as in chewing of gummibears. To meet
this condition, the subjects chewed several gummibears (Haribo,
Germany) prior to the registrations and then tried to bite with
the same force on the transducer. During the second task no optical
feedback was provided.

2.3. Registration of surface EMGs and bite force

The electric activities of the right (working side – WS) and left
(balancing side – BS) masseter and anterior temporalis muscles
were recorded using bipolar recessed Ag/AgCl – surface electrodes
with 2 mm polar diameter and 20 mm center to center polar dis-
tance (Hellige, Freiburg, Germany). Prior to attachment, the elec-
trode sites were determined by palpating the muscle bellies
during chewing. To reduce impedance, the skin was cleaned with
alcohol and mildly rubbed with abrasive paper. The electrodes
were filled with conductive paste and attached using adhesive film.
The bipolar electrodes were aligned along the muscle fiber direc-
tion on each muscle. A reference electrode was attached to the
right wrist of each subject. The raw EMGs were amplified, filtered
(10 Hz to 2 kHz), full-wave rectified and smoothed electronically
corresponding to root-mean-square (r.m.s.) averaging with a 40-
ms time constant (Digital EMG system 1500�, Disa, Denmark).
The amplifiers had an input impedance of 250 MO, a common
mode rejection ratio greater than 100 dB and a noise level of
0.4 lV both between 2 Hz and 10 kHz. Bite force was measured
by means of a metal bite fork equipped with a strain gage (Proe-
schel and Raum, 2001). The biting lips had areas of 10 � 15 mm
and were cushioned with 1 mm layers of silicone rubber causing
a jaw gape of 6 mm. The strain gage was wired as one arm of a
Wheatstone bridge. The bridge circuit was driven by a carrier fre-
quency amplifier (TF19, Hellige, Freiburg, Germany). Prior to the
recordings the bite fork was calibrated by means of an industrial
load cell (U2B, Hottinger Baldwin Meßtechik, Darmstadt, Ger-
many). The r.m.s. EMGs and the force signals were sampled by a
12-Bit A/D converter (Multiprogrammer 6944A, Hewlett Packard,
Palo Alto, California, USA) at a rate of 100 Hz and stored on a hard
disc.
2.4. Evaluation of data and statistics

The r.m.s. EMGs of the four muscles and the bite force signal of
each 20 s recording were displayed on a computer (HP320, Hewlett
Packard, Palo Alto, Ca, USA). In a semi-automated evaluation using
dedicated in-house software, two cursors were moved manually by
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means of a mouse along the time plots of the five channels. The
cursors were placed so that they enclosed the four EMG peaks
and the force peak of each bite (Fig. 1). The enclosed peak values
were output by the program and stored in separate files for further
analysis.

For the first task, the working/balancing (W/B) ratios of masse-
ter and temporalis activities and the temporalis/masseter (T/M) ra-
tios of working side (WS) and balancing side (BS) activities were
calculated from the corresponding peaks. For each subject, the
mean of all force peaks obtained during one recording was calcu-
lated and all force peaks of the recording were normalized to this
mean which was set to 100%. Likewise for each subject, the W/B-
and T/M-ratios and the activity peaks were normalized to the
respective means of each recording. The normalized activity peaks
and the normalized W/B- and T/M-ratios were related to the nor-
malized bite force peaks using linear and second order polynomial
regression. A regression was considered significant for p < 0.01. To
clarify whether axis intercepts of activity/bite-force regressions
differed from zero, a U-test was performed on the residuals of
the linear and non-linear regressions. For this purpose, the residu-
als were shifted along the regression lines to x = 0 so that their
mean was equal to the y-axis intercept and it was tested whether
this mean differed from zero. All statistical procedures were per-
formed with the Statview software for Macintosh (Abacus Con-
cepts, Berkeley, CA, USA).

From the second biting task in which subjects applied a self-
determined chewing-like force, the mean value and the scatter of
the force peaks achieved by each subject over the duration of the
Fig. 2. Linear (lin) and polynomial (pol) regressions between the activities of the four mu
indicates the individual mean value of each subject and each recording. The dotted line
task were determined. The deviations of the force peaks from the
mean were standardized as percentages of the individual mean.

3. Results

3.1. Relations between activities and bite force

During the 20 s recording time the subjects on average per-
formed 23 ± 3 contractions. Biting with the three force levels
yielded a mean ‘‘low” force of 155 ± 66 N, a ‘‘medium” force of
324 ± 78 N and a ‘‘high” force of 469 ± 108 N.

The activity of each muscle was correlated significantly
(p < 0.0001) with the bite force (Fig. 2). As indicated by the r-val-
ues, the polynomial activity/bite force (A/FB) regressions were
marginally stronger than the linear regressions. All axis intercepts
of both regression modes intersected the activity axes at positive
values (p < 0.001). In particular, the y-intercepts of the BS masseter
and the WS temporalis A/FB regression curves deviated markedly
from the origin (Fig. 2).

3.2. Relations between activity ratios and bite force

The W/B- and T/M-ratios of the grouped subject data were
weakly but significantly (p < 0.001) correlated with the bite force
(Fig. 3, Table 1). As indicated by the curves and the r-values, the
polynomial regressions nearly matched the linear regressions but
were marginally stronger. The W/B-ratio of the masseter and the
T/M-ratio on the BS slightly increased with force, the W/B-ratio
scles and the bite force performed on all bites. On the activity – and force axes, 100%
s indicate where the linear regression lines would intersect the y-axis.



Fig. 3. Linear (lin) and polynomial (pol) regressions between the W/B and T/M-ratios and the bite force performed on all bites. On the ratios – and force axes, 100% indicates
the individual mean value of each subject and each recording. The black circles represent activity ratios calculated from the 2nd order polynomial A/FB regression curves
shown in Fig.2.

Table 1
Basic data of the linear regressions between normalized activity ratios and normal-
ized bite force as shown in Fig. 3. SD – residuals indicates the standard deviation of
the scatter of the ratios about the regression lines.

W/B masseter W/B temporalis T/M WS T/M BS

Slope +0.13 �0.25 �0.24 +0.12
Intercept 86.60 125.00 124.00 88.00
r-Squared 0.06 0.15 0.16 0.04
SD – residuals (%) 17.20 20.00 18.90 21.60
p-Value 0.001 0.001 0.001 0.001
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of the temporalis and the T/M-ratio on the WS decreased. This
behavior is also reflected by ratios calculated from the polynomial
regression curves of the A/FB relations of Fig. 2. These calculated
Table 2
Relative frequencies and mean slopes of individual significant and non-significant corre
significant and non-significant correlations, the percentages and means lopes are itemized
subjects.

Correlation W/B masseter W/B temporalis

% Slope %

Significant 35 0.22 54
Positive 25 0.46 8
Negative 10 �0.40 46
Non-significant 65 0.12 46
Positive 48 0.19 12
Negative 17 �0.07 34
ratios are shown in Fig. 3 as black circles in a range of 40–170%
of the normalized bite force.

An overview on how the activity ratios were related to the bite
force in single subjects is given in Table 2: Depending on the mus-
cle, in 44–65% of the subjects activity ratios were not significantly
correlated with the bite force while in 35–56% the correlation was
significant. In cases with a significant correlation, the slopes of lin-
ear regressions were generally steeper than in cases with no signif-
icant correlation.
3.3. Variations of subject-controlled chewing-like force

When the subjects executed intermittent bites with uniform
peaks corresponding to their individual chewing force, they
lations between activity ratios and bite force found within the subject group. For
according to positive and negative correlations. All percentages refer to the total of 52

T/M WS T/M BS

Slope % Slope % Slope

�0.49 56 �0.47 40 0.22
0.35 4 0.38 25 0.73
�0.62 52 �0.48 15 �0.42
�0.07 44 �0.08 60 0.02

0.22 17 0.17 33 0.20
�0.17 27 �0.24 27 �0.20
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Fig. 4. Frequency distribution of all subjects’ standardized deviations from the
individual mean bite force when biting with self-assessed chewing-like force.
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achieved a group mean bite force of 325 ± 61 N. The scatter about
the individual mean bite force of each subject is shown in Fig. 4.
The mean normalized standard deviation with respect to each sub-
ject’s individual mean force amounted to 12.5%.
4. Discussion

The present results confirm significant but rather weak associ-
ations between activity ratios and bite force. Formally, these corre-
lations are caused by the non-zero y-intercepts and the slight non-
linearity of the A/FB relations. Mathematically W/B and T/M-ratios
are equivalent to dividing activities within the A/FB regressions of
two different muscles. If these regressions were linear with zero y-
intercepts, the force on average would cancel out from the ratios.
Group means of activity ratios would then correspond to the ratios
of the slopes of the involved A/FB regressions and would be equal
for all bite forces. In agreement with related studies (Pruim et al.,
1978; Van Eijden et al., 1990; Lindauer et al., 1991) the y-intercepts
of the A/FB regressions of all four muscles were positive (Fig. 3).
Considered together with the slightly non-linear A/FB regressions,
the bite force therefore does not necessarily cancel which leads to
moderate association between ratios and bite force as displayed in
Fig. 3. This explanation is well supported by the activity ratios
shown in Fig. 3 that were calculated from the polynomial A/FB
regressions of Fig. 2.

Physiological reasons for the observed associations between
activity ratios and bite force are not obvious. Activity ratios could
in principle be influenced by changing bite force directions or
changing activation of differing muscle regions (Belser and Han-
nam, 1986; Van Eijden et al., 1990; Mao and Osborn, 1994; Blank-
sma and Van Eijden, 1995; Rues et al., 2008). In order to be
causative for the observed associations, these factors should
change systematically during increase of the self-controlled bite
force for which however there is no evidence. Another explanation
based on biomechanical reasoning might be inferred from chewing
studies: masseter W/B-ratios were found to be smaller with harder
than with softer foods (Hylander et al., 1992; Blanksma and Van
Eijden, 1995; Piancino et al., 2008) which suggested that stronger
biting required a higher relative activation of the BS muscle
(Hylander et al., 1992; Blanksma and Van Eijden, 1995). If this
assumption would apply, masseter W/B-ratios should have de-
creased with increasing bite force. In contrast however, the masse-
ter W/B-ratio increased, i.e. the relative BS masseter activation
decreased slightly with stronger biting (Fig. 3). This contradiction
could be resolved by considering that activity ratios in isometric
biting proved to be related to the jaw gape (Pröschel et al.,
2008). Due to yielding of the bite fork, the initial jaw gape of
6 mm narrowed slightly when the bite force increased. Actually
the slight changes of all four activity ratios (Fig. 3) correspond
qualitatively to the trends observed in isometric biting with a step-
wise reduced jaw gape starting at 6 mm (Pröschel et al., 2008). The
jaw gape dependence of activity ratios could reconcile the present
results with those of the cited chewing studies since harder foods
were reportedly chewed with bigger jaw separations than softer
ones (Hylander et al., 1992; Piancino et al., 2008). In view of pres-
ent knowledge it appears that jaw gape is related to activity ratios
in a consistent manner whereas bite force under the same experi-
mental conditions shows conflicting relationships (Hylander et al.,
1992; Blanksma and Van Eijden, 1995; Piancino et al., 2008; Prö-
schel et al., 2008).

Apart from the question of causality, the present results provide
information on the suitability of subject control of bite force as an
experimental method. In about 95% of all bites the chewing-like
bite force varied within a range of ±25% (two standard deviations)
around the individual mean bite force of the subjects. Because of
the relationship between activity ratios and bite force, this scatter
of bite force could entail a random scatter of group mean activity
ratios. Since the A/FB regressions are approximately linear
(Fig. 2), a change of group mean values of W/B- or T/M-ratios
due to force scatter can be estimated from the slopes in Table 1.
Accordingly a bite force variation of ±25% could be associated with
a maximum variation of group mean activity ratios between ±3%
(0.12 times 25%) for the BS T/M-ratio and ±6.25% (0.25 times
25%) for the W/B ratio of the temporalis in 95% of all bites. This var-
iation is small compared to the residual scatter of activity ratios
which ranged up to 21.6% (Fig. 3 and Table 1).

These findings may justify self control of bite force by subjects
as an experimental method in cases where transducer-based force
control is not feasible. Actually this applies to the vast majority of
biting tests, in particular to those involving occlusal contacts or
aiming to imitate conditions of natural mastication as closely as
possible (Barbenel, 1974; Throckmorton et al., 1990; Erhardson
et al., 1993; Fontijn-Tekamp et al., 2000; Proeschel and Raum,
2001; Iwasaki et al., 2003; Pröschel et al., 2008; Uchida et al.,
2008; van der Bilt et al., 2008; Farella et al., 2008).

When subjects were asked to generate a chewing-like force, a
group mean force of 325 ± 61 N was obtained which is similar to
322 ± 82 N achieved by another group of subjects who completed
the same experimental protocol (Pröschel et al., 2008). This coinci-
dence suggests that human motor control is able to transform a
certain force perception acquired during chewing into a fairly
reproducible isometric bite force. Because of a different sensory
perception in transducer biting and in chewing, this self-assessed
isometric force may have deviated from the actual chewing force.
On the other hand, 325 N is a realistic magnitude for the chewing
force of young males considering that chewing forces of up to
284 N were already achieved by elder implant patients (Merics-
ke-Stern et al., 1992; Proeschel and Morneburg, 2002; Morneburg
and Proeschel, 2003). The robustness of activity ratios against the
variations of subject-controlled bite force supports the assumption
that use of ratios obviates the need for transducer-based bite force
control (Iwasaki et al., 2003). This may however not easily apply to
single case analyses where the scatter of activity ratios may be big-
ger in cases with sporadic steep slopes of the ratio/force regres-
sions (Table 2).
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Summarizing, subject to the given experimental conditions,
group mean values of activity ratios are weakly related to the bite
force. For this reason, a limited scatter of bite force as entailed by
subject control of force contributes marginally to the scatter of
activity ratios. Hence ratios of activities evoked in unilateral biting
with subject-controlled force appear to be relevant measures to
study neuromuscular characteristics under conditions close to nat-
ural function.
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