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Abstract
Background: The influence of the stomatognatic system on human posture control 
has been investigated under static conditions, but the effects on dynamic balance 
have not yet been considered.
Objective: Investigating the influence of different functional stomatognatic activities 
(jaw clenching (JAW), tongue pressing (TON) and habitual jaw position (HAB)) on pos-
tural performance during a dynamic reactive balance task.
Methods: Forty- eight physically active and healthy adults were assigned to three 
groups differing in oral- motor tasks (JAW, TON or HAB). Dynamic reactive balance 
was assessed by an oscillating platform which was externally perturbed in four direc-
tions. Performance was quantified by means of Lehr's damping ratio. Mean speeds of 
the selected anatomical regions (head, trunk, pelvis, knee and foot) were analysed to 
determine significant performance differences.
Results: The groups differed significantly in balance performance in direction F (i.e., 
forwards acceleration of the platform). Post hoc tests revealed that the JAW group 
had significantly better performance compared with both the HAB and TON groups. 
Better performance was associated with a decreased mean speed of the analysed 
anatomical regions.
Conclusion: JAW can improve dynamic reactive balance but the occurrence of posi-
tive effects seems to be task- specific and not general. TON seems not to have any 
observable effects on dynamic reactive balance performance, at least when evalu-
ating it with an oscillating platform. JAW might be a valuable strategy which could 
possibly reduce the risk of falls in elderly people; however, further investigations are 
still needed.
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1  |  INTRODUC TION

Posture control has a vital role in human daily life. It ensures that 
movements are initiated and executed in an optimal manner both in 
static and in dynamic conditions (e.g., upright standing and locomo-
tion, respectively).1 It involves controlling the body's position with 
respect to the environment for the dual purposes of stability and ori-
entation.1 Multiple sensory signals from visual, somatosensory and 
vestibular systems acting on the spinal and supraspinal structures 
of the central nervous system (CNS) are used to detect and correct 
instability in posture and to ensure balance.2 Depending on the bal-
ance task at hand, the CNS adapts the weighting and thereby the rel-
ative importance of sensory signals. Finally, the sensory information 
must be transformed into motor commands to ensure the body's bal-
ance in a task- specific manner. However, the functioning of these un-
derlying postural control mechanisms is not yet fully understood.1,3 
Impaired postural control may lead to a reduced participation in daily 
life, an increased risk of falls and even to increased mortality risk.4

The significance of the abovementioned sensory systems shows 
that postural control may also be influenced by motor activity in the 
masticatory system.5 There are a variety of studies indicating an 
influence of stomatognatic motor activity in the form of chewing, 
tongue activity or different clenching conditions in different jaw rela-
tions on human balance and posture under static conditions.5– 12 This 
means, in particular, a reduced body sway in the anterior– posterior 
direction,8 a reduced variability of muscular co- contraction patterns 
of posture- relevant muscles of the lower extremities and reduced 
trunk and head sway under the influence of controlled biting activ-
ities.9 This might be interpreted as a body sway stabilising effect. 
These facts in conjunction with the observations of an improved re-
sponsiveness to auditory and visual stimuli,13 and relevant effects on 
force development14 under the influence of biting activities might be 
of clinical relevance for the prevention of falls in elderly people. For 
this group, there is evidence for an increased risk of falling resulting 
from an insufficient dental or prosthetic status.15,16

There are several possible explanations for the measured ef-
fects of masticatory muscle activity on posture control. First, this 
could be explained by the stimulation of periodontal receptors or 
by the different proprioceptive input due to different jaw relations 
that are centrally integrated along with other sensory input.17 It is 
also conceivable that the motor activity in the masticatory system 
facilitates the excitability of the human motor system in a manner 
similar to the Jendrassik manoeuvre,18 which in turn increases the 
neural drive to the distal muscles.19,20 A challenge in interpreting the 
results of these studies is the methodological heterogeneity and the 
phenomenon of interactions between postural and cognitive tasks, 
shown in physiological and neurocognitive studies.21 Therefore, an 
integrative interpretation of the results appears difficult. However, 
a variety of neuromuscular interactions, for instance synchronised 
extension– flexion movements of the head during jaw- opening/clos-
ing cycles,22 substantially increased amplitudes of the human soleus 
H- reflex during voluntary teeth clenching,17,23 neck muscle reflex re-
sponses triggered by trigeminal stimulation24,25 and co- contractions 

of the masticatory and neck muscles26,27 are also evidence for the 
close functional integration of the masticatory system in human 
motor control processes. The neuroanatomical basis for all these 
phenomena was shown in animal models in the form of numerous 
neuroanatomical connections of the trigeminal nerve within the 
brainstem, and projections to all levels of the spinal cord.28,29

As mentioned above, the influence of the masticatory system 
on human posture control has been investigated under static con-
ditions. The studies showed that oral- motor activities such as jaw 
clenching may contribute to increased postural stability, repre-
sented in terms of decreased postural sway in upright bipedal und 
unipedal standing.8– 11 To the best of our knowledge, the effects of 
motor activity of the masticatory system on dynamic balance have 
not yet been investigated in depth.11

Therefore, the aim of this study was to investigate the influence 
of different functional stomatognatic activities on postural perfor-
mance during a dynamic reactive balance task, which was operation-
alised with an oscillating platform perturbed in different directions. 
It was hypothesised that jaw clenching (JAW) and tongue pressing 
(TON) would influence dynamic reactive balance performance. 
These changes in task performance were hypothesised to be asso-
ciated with specific adaptations in the segmental kinematics of the 
human body. The results of this study may contribute to the under-
standing of postural control mechanisms, particularly in conjunction 
with the masticatory system, and might bring up initial hypotheses as 
to whether masticatory muscle activity might reduce the risk of falls.

2  |  METHODS

2.1  |  Participants

Forty- eight physically active adults (25 female, 23 male; age: 
23.8 ± 2.5 years; height: 1.73 ± 0.09 m; body mass: 69.2 ± 11.4 kg) 
participated in the study. Their dominant legs were determined 
based on self- reports or, in case of uncertainty, by means of test 
trials on the oscillating platform.30 All participants gave written in-
formed consent prior to the study. They confirmed that they were 
physically active (participating in any kind of sports regularly, at least 
3 times per week), naive to the Posturomed task and had no muscu-
lar or neurological diseases. They had also no signs and symptoms of 
temporomandibular disorders (assessed by means of the RDC/TMD 
criteria)31 and presented with full dentition (except for 3rd molars) in 
neutral occlusion. The study was approved by the Ethics Committee 
of the Karlsruhe Institute of Technology.

2.2  |  Experimental procedure

2.2.1  |  Balance tasks

Dynamic reactive balance was assessed by use of an oscillating plat-
form, the Posturomed (Haider- Bioswing, Weiden, Germany). This 
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commercial device consists of a rigid platform (12 kg, 60 cm × 60 cm) 
and eight 15- cm steel springs of identical strength and can swing 
along the horizontal plane in all directions. The Posturomed has pre-
viously been used in scientific studies to systematically investigate 
dynamic reactive balance performance after perturbations.32,33 In 
the present study, an automatic custom- made release system was 
used to slowly displace the Posturomed horizontally (up to 2.5 cm) 
in one of the four possible directions: back (B), front (F), left (L), right 
(R). The directions used here indicate, by convention, the direction 
to which the platform was accelerated after release (e.g., B indicates 
that the platform was accelerated backwards after release, which 
led to anterior body sway relative to the platform).

The perturbations were applied randomly in one of the four di-
rections. The participants’ task was to compensate the perturbation 
as quickly as possible. Before each trial, participants were asked to 
stand on the platform on their dominant leg, with hands placed at 
their hips, eyes focusing at a target whose height was adjusted to 
their eye level in advance and which was horizontally 4 m away from 
the centre of the platform. Trials were considered invalid if partici-
pants quitted performing their oral- motor task (JAW and TON), had 
ground contact with the non- standing foot, changed the placement 
of their standing foot, and released one of the hands from the hip or 
lost their balance.

2.2.2  |  Group assignment and oral- motor tasks

For the assignment, each of the 48 participants had a familiarisa-
tion period on the Posturomed consisting of two static trials and 
two trials with perturbation. Afterwards, a baseline measurement 
with perturbation and in habitual biting condition was performed 
to determine the initial balance performance based on Lehr's damp-
ing ratio (DR).32 Based on the subjects’ baseline performance value 
and gender, a balanced assignment to the three groups was ensured 
such that the initial level of performance difference between groups 
was minimised. The statistical examination by means of a one- way 
analysis of variance (ANOVA) revealed no baseline performance dif-
ferences between the three groups (p = .767). The three groups each 
consisting of 16 participants had to concurrently fulfil one of the fol-
lowing oral- motor tasks during each trial of the experiment:

• JAW: instructed, controlled submaximal jaw clenching— activity of 
the masticatory muscles during simultaneous occlusal loading,

• TON: instructed, controlled submaximal tongue pressing against 
the palate— stomatognatic muscle activity without occlusal 
loading,

• HAB: habitual stomatognatic behaviour— jaw positioning without 
any instruction.

The respective oral- motor activity was measured by means of 
EMG recordings (detailed information in the “Data collection” sec-
tion). As a reference, the JAW group were trained in submaximal 
jaw clenching at a force of 75 N by use of a RehaBite® (Plastyle 

GmbH), a medical training device consisting of liquid- filled plastic 
pads and working based on hydrostatic principles,34 just before 
the measurements. During the training, EMG activity was moni-
tored and training ended once the participant achieved a consis-
tent biting force at 75 N (resulting in a mean EMG activity of about 
5% maximum voluntary contraction, MVC). The corresponding 
EMG level of biting activity was used later to determine whether 
the submaximal jaw clenching condition was met during the ex-
periment. During the balance task measurements, the JAW group 
performed the clenching task on an Aqualizer® intra- oral splint 
(medium volume; Dentrade International, Cologne, Germany). The 
TON group also received training, which consisted of applying a 
submaximal force with the tip of the tongue against the anterior 
hard palate. For TON, the training ended once the participants 
achieved a consistent EMG activity at 5% of their MVC, measured 
in the region of m. digastricus venter anterior. For both groups, 
training for the oral- motor task lasted approximately 5 min. The 
HAB group did not receive any training or instructions.

2.2.3  |  Data collection

A wireless EMG system (Noraxon) operating at 2000 Hz was used to 
measure EMG activity of the masseter for JAW and HAB and of the 
suprahyoid muscles of the floor of mouth (FoMM) for TON, meas-
ured in the region of the digastricus venter anterior muscle. The skin 
over the corresponding muscles was carefully shaved, abraded and 
rinsed with alcohol. Bipolar Ag/AgCl surface electrodes (diameter 
14 mm, centre- to- centre distance 20 mm; Noraxon Dual Electrodes, 
Noraxon) were positioned and oriented bilaterally in accordance with 
the European Recommendations for Surface Electromyography.35 
Afterwards, MVC tests were performed.

Movements of the Posturomed platform and the participants 
were captured by a 3- D motion capture system (Vicon Motion 
Systems; Oxford Metrics Group, Oxford, UK; 10 Vantage V8 and 
6 Vero V2.2 cameras with a recording frequency of 200 Hz). Four 
reflective markers were fixed on the upper surface of the platform. 
Twenty reflective markers were attached to the participants’ skin as 
shown in Figure 1.

After training for the oral- motor task (except for the HAB group), 
balance task measurements began. Participants repeatedly stood on 
the platform, as described in the section “Balance tasks,” and trials 
were recorded for 30 s. Between each trial, participants had 2 min 
of resting time to prevent fatigue. Measurements ended once the 
participants completed 12 valid trials, three for each direction.

2.3  |  Data analysis

In total, 576 trials (48 participants, three valid trials for each of the 
four directions) were analysed. All data were recorded in Vicon 
Nexus 2.10 and exported for further processing in MATLAB R2020a 
(MathWorks).
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Marker data were filtered by use of a fourth- order Butterworth 
low- pass filter with a cut- off frequency of 10 Hz. Raw EMG data 
were filtered from 10 to 500 Hz by use of a fourth- order Butterworth 
band- pass filter, rectified and smoothed using a sliding average with 
a window frame of 30 ms and normalised to the MVC amplitudes.9

To determine the respective mean EMG activities of the mea-
sured stomatognatic muscles before and after perturbation, two 
time windows were used. Before: from 2500 ms before the pertur-
bation until the beginning of the perturbation; After: from the begin-
ning of the perturbation to the third maximum amplitude (Figure 2), 
which corresponds to the DR window. The EMG activity of the mea-
sured stomatognatic muscles before and after perturbation for three 
trials for each direction and for each subject was averaged. Finally, 

R and L directions were re- sorted into ipsilateral (I) and contralateral 
(C) according to the standing leg of the participants.

Using the Posturomed marker data, DR (Eq. 1)32 was calculated 
for each trial to evaluate the dynamic reactive balance performance. 
DR is a parameter that relates the actual damping to the critical 
damping value at which the system does not oscillate. It was calcu-
lated for the third amplitude (Figure 2) as suggested by Kiss et al.32 
In other words, DR in the present study quantified how well the plat-
form was stabilised within the first three oscillations, with larger DR 
values representing stronger damping and thus better compensation 
of the perturbation.

In addition to DR as a measure of the performance, segmental 
kinematics were studied to analyse the underlying movement pat-
terns. Similar to Ringhof et al.,10 the body was divided into five an-
atomical regions (ARs; head, trunk, pelvis, knee and foot). For each 
AR, the centres were calculated using the markers shown in Figure 1 
(head = RFHD, LFHD, RBHD, LBHD; trunk = CLAV, STRN, C7, T10; 
pelvis = RASI, LASI, RPSI, LPSI; knee = RKNE_med, RKNE_lat or 
LKNE_med, LKNE_lat; foot = RMAL_med, RMAL_lat or LMAL_med, 
LMAL_lat). The resulting path lengths in 3D were calculated for the 
time window defined by the DR. Since the size of this time window 
is trial- specific, each path length of an AR was divided by the cor-
responding time window for each subject and trial. This ultimately 
corresponds to the mean AR speed.

(1)DRi =
∧

√

∧
2
i
+ 4�2

; where ∧i =
1

3
ln
K0

Ki

, Ki: i
th positive amplitude

F I G U R E  1  Reflective markers used for 
the five anatomical regions (ARs)

F I G U R E  2  Damping ratio calculation. Initial maximum 
displacement (K0) and the third positive amplitude (K3) are shown



    |  331FADILLIOGLU et AL.

2.4  |  Statistics

IBM SPSS Statistics 25.0 (IBM Corporation) was used to perform 
statistical tests. Performance parameters (DR) and kinematics pa-
rameters (mean AR speed) for three trials for each direction and for 
each subject were averaged. Kolmogorov- Smirnov and Mauchly's 
sphericity tests were conducted to confirm the normality and sphe-
ricity of data distribution, respectively. Greenhouse– Geisser esti-
mates were used to correct for violations of sphericity.

Each of the four perturbation directions was analysed separately 
for performance evaluation since postural response may differ de-
pending on the perturbation direction.33,36– 39 For each direction, a 
one- way ANOVA was performed to compare the groups’ balance 
performances. For the segmental kinematics, a two- way ANOVA [5 
ARs × 3 groups] was calculated if significant results were present at 
the performance level. Tukey post hoc tests were performed in case 
of significant differences. The level of significance for all statistical 
tests was set a priori to p < .05. Partial eta- squared (small effect: 
�
2
p
 < 0.06; medium effect: 0.06 < �2

p
 < 0.14; large effect: �2

p
 > 0.14)40 

and Cohen's d (small effect: d < 0.50; medium effect: d = 0.5– 0.8; 
large effect d > 0.8)41 were calculated as measures of effect size for 
ANOVA and post hoc tests, respectively.

3  |  RESULTS

3.1  |  Oral- motor task

All participants in each group fulfilled their individual oral- motor 
task, in the sense that it was performed before the perturbation and 
during their balance recovery.

• JAW: mean EMG activity of the musculus masseter was 
5.59 ± 3.72% MVC before perturbation and 4.89 ± 3.04% MVC 
after perturbation.

• TON: all participants showed a mean EMG activity of 3.96 ± 2.35% 
MVC of the FoMM before the perturbation, and of 3.44 ± 2.06% 
MVC after perturbation.

• HAB: 3 of the 16 participants showed consistent habitual clench-
ing mean EMG activity of the musculus masseter of 6.12 ± 3.30% 
MVC before perturbation and 6.39 ± 2.64% MVC after 

perturbation. The remaining 13 participants consistently showed 
a constant resting EMG activity of the musculus masseter of 
0.31 ± 0.22% MVC before perturbation and 0.34 ± 0.29% MVC 
after perturbation.

3.2  |  Dynamic balance performance

The mean time window of DR was 1.13 ± 0.01 s. The ANOVA results 
revealed that groups had significantly different performances in di-
rection F (forwards acceleration of the platform after release) with a 
high effect size (p < .001, �2

p
 = 0.349). According to the post hoc test 

results, the JAW group had a significantly higher DR compared to 
both HAB (p = .001, d = 1.03) and TON (p < 0.001, d = 1.40) groups 
with high effect sizes.

There were no significant differences in the remaining direc-
tions (B: p = .226, �2

p
 = 0.064; I: p = .920, �2

p
 = 0.004; C: p = .607, 

�
2
p
 = 0.022). The statistical results as well as the mean and the stan-

dard deviation of DRs for each group and each direction are shown 
in Table 1.

3.3  |  Segmental kinematics

Segmental kinematics were analysed for direction F because it was 
the only direction that showed a significant difference between 
groups. The results of two- way ANOVA [5 ARs × 3 groups] re-
vealed a significant group effect with a medium effect size (p < .001, 
�
2
p
 = 0.09) and a significant AR effect with a high effect size (p < .001, 

�
2
p
 = 0.83). However, there was no interaction effect between groups 

and ARs (p = .550, �2
p
 = 0.03). An overview of the mean AR speed 

data is illustrated in Figure 3.
The post hoc test results for the group effect showed that the 

JAW group had significantly lower speeds compared to both HAB 
(p < .001, d = 2.80) and TON (p < .001, d = 2.97) groups with high 
effect sizes. The post hoc test for the AR effect showed that the foot 
had the highest mean speed and that it was significantly higher than 
the other regions with high effect sizes (knee: p < .001, d = 1.59; 
pelvis: p < .001, d = 4.57; trunk: p < .001, d = 4.63; head: p < .001, 
d = 3.43). The knee had the second highest mean speed, and this was 
significantly higher than the pelvis (p < .001, d = 3.99), trunk (p < 

DR
Jaw clenching 
(JAW)

Tongue pressing 
(TON) Habitual (HAB) p �

2

p

B 0.062 ± 0.003 0.055 ± 0.003 0.055 ± 0.003 .226 0.064

F 0.066 ± 0.003 0.046 ± 0.003 0.049 ± 0.003 <.001 0.349

I 0.045 ± 0.003 0.046 ± 0.008 0.048 ± 0.005 .920 0.004

C 0.043 ± 0.005 0.040 ± 0.004 0.037 ± 0.004 .607 0.022

Note: DRs are given as mean ± standard deviation. Significant differences are highlighted in bold 
(p < .05). Partial eta squared of < 0.06, 0.06– 0.14, and >0.14 indicate small, medium, and large 
effects, respectively.
Abbreviations: B, backward; C, contralateral; F, forward; I, ipsilateral.

TA B L E  1  Damping ratio (DR) for 
all groups and directions and the 
corresponding ANOVA results
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0.001, d = 4.04) and head (p < 0.001, d = 2.39), each with a high ef-
fect size. The mean speeds of the trunk and pelvis did not differ sig-
nificantly from each other and were the lowest among all ARs. The 
head had a significantly higher mean speed than the pelvis (p = .036, 
d = 0.69) and trunk (p = .009, d = .74) with medium effect sizes.

4  |  DISCUSSION

The aim of this study was to investigate the effects of motor activ-
ity of the masticatory system in the form of jaw clenching (JAW) 
and tongue pressing (TON) on dynamic reactive balance perfor-
mance and to subsequently explain significant performance effects 
on the level of segmental kinematics. This study showed that JAW 
enhanced the dynamic reactive balance performance significantly 
in the forward direction of perturbation, demonstrated by an in-
creased DR that was accompanied by a decreased mean speed of 
the analysed ARs. In the remaining three directions, no significant 
changes occurred. Based on these findings, two conclusions can be 
drawn: (1) JAW can improve dynamic reactive balance but the oc-
currence of the positive effects seems to be task- specific and not 
general. (2) TON seems not to have any observable effects on dy-
namic reactive balance performance, at least when evaluated on an 
oscillating platform.

4.1  |  Jaw clenching improves dynamic reactive 
balance in a task- specific way

Dynamic reactive balance was assessed by use of an oscillating plat-
form which was randomly perturbed in four different directions. 
The four directions of perturbation were analysed independently, 
as suggested by Freyler et al.33 because muscle spindles provide dif-
ferent information dependent on the direction as well the velocity 
of perturbations.39 In addition, the direction of surface translation is 
an important factor for the sensation, processing and output of the 
postural responses.33,37 Therefore, the four directions of perturba-
tions were treated as different tasks.

The participants’ task was to compensate the perturbations as 
quickly as possible. To be able to assess the quality of the task solu-
tion, the DR was chosen because it is a proper method to charac-
terise reactive balancing capacity after sudden perturbations.32 The 
results for the DR parameter revealed that jaw clenching improved 
the dynamic reactive balance performance only in the F direction. 
This finding is in line with the perturbation direction dependency 
of postural control.33,36– 39 Explicitly, F indicates that the platform 
was accelerated forwards after release, which led to posterior ac-
celeration of the body with respect to the support surface. A study 
analysing the effects of the type and direction of support surface 
perturbation on postural responses38 showed that a forward trans-
lation is more unstable than a backward one and led to faster muscle 
activation as well as to faster and larger hip and knee joint move-
ments. In another study comparing postural responses to backward 
and forward perturbations,37 it was shown that a startling auditory 
stimulus resulted in better balance control but only in the back-
ward body sway condition. Therefore, the authors suggested that 
postural responses to backward and forward perturbations may be 
processed by different neural circuits. In line with these findings, 
dynamic reactive balance performance improvement in direction F 
may be attributed to a higher difficulty level of the task compared to 
direction B. It may also be a reasonable explanation that JAW is as-
sociated with adaptations in neural circuits that are recruited during 
forward translation of the platform.

Segmental kinematics were analysed in direction F, aiming at 
understanding the underlying postural control strategies that im-
proved dynamic reactive balance. The two main findings were as 
follows: (1) across the three groups the foot had the highest mean 
speed, followed by the knee and head. The mean speeds of the trunk 
and pelvis did not differ from each other and were lower than the 
mean speeds of the foot, knee and head; (2) the JAW group had a 
lower mean AR speed compared to both the HAB and TON groups. 
Consequently, the different oral- motor tasks did not affect the rela-
tionship between regional mean speeds (see also Figure 3).

The finding that the trunk and pelvis had the lowest mean 
speed across ARs may be explained by the stability prioritisation 
of proximal segments over distal ones during balancing.42,43 The 

F I G U R E  3  Mean speed of anatomical 
regions (ARs) for all groups. Error bars 
show ± SD
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speeds of lower body ARs were higher than the head, possibly be-
cause platform perturbations are compensated mainly at the knee 
and ankle joints and the head remains stiller compared to lower 
body regions. In addition, the participants were instructed to fix 
their gaze at a stationary target, which possibly also contributed 
to the lower speed of the head. The second main finding, that the 
JAW group had an overall lower speed in ARs than the HAB and 
TON groups, may be attributed to enhanced body stiffness, similar 
to the study by Ringhof et al.10 However, merely based on mean 
AR speed results, it is difficult to draw this conclusion. Therefore, 
in the future studies the activity of trunk muscle groups should 
be analysed.

4.2  |  Influence of stomatognatic motor behaviour 
on dynamic reactive balance performance

There is no consensus in existing literature about the effects of jaw 
clenching on motor behaviour. It can possibly be explained by the 
stimulation of periodontal receptors or by the different propriocep-
tive inputs due to different jaw relations. Another explanation could 
be the facilitation of human motor system excitability. In the present 
study, we hypothesised that both JAW and TON would influence 
dynamic reactive balance performance. This could be due to either 
neurophysiological coupling or an effect shown in posture- cognition 
studies, showing that the release of attention away from balance 
control and towards a secondary task— in this case, to clench or press 
the tongue against the palate— can enhance postural stability.21 In 
the latter case, both JAW and TON would enhance postural stability. 
Since there is no significant difference between TON and HAB in 
the present study, it was concluded that dynamic reactive balance 
performance improvement was not associated only with the stoma-
tognatic motor activity in general or with the dual- task paradigm. 
Contrarily, the significant differences between the JAW and the 
HAB/TON groups indicate a specific effect of instructed jaw clench-
ing activity but in a task- specific manner. It should also be noted that 
both the partial eta- squared (�2

p
 = 0.349) and Cohen's d (dJAW- HAB 

=1.03 and dJAW- TON =1.40) results indicated high effect sizes for 
group comparisons which strengthen the explanatory power of the 
results considerably and minimise the possibility that the findings 
were random effects.

A secondary finding of this study is that participants in the HAB 
group showed different oral- motor behaviours. While in 13 partic-
ipants the mandible was in a resting position with no relevant mus-
cle activity of the jaw closing muscles, three participants showed 
clenching activity in the sense of muscle activity comparable to 
the JAW group. The percentage distribution of these different ha-
bitual motor behaviours is consistent with available data regarding 
the prevalence of awake bruxism.44 Since the clenching activity was 
performed before the perturbation and during the balance recovery, 
in these individuals clenching might also be part of the physiological 
repertoire during coping with demanding motor tasks.11 However, 
further studies are needed to clarify this hypothesis.

Another interesting finding was regarding the segmental ki-
nematics. Mean AR speeds of these three participants in the HAB 
group with clenching were larger than the mean AR speeds of the 
HAB group without clenching as well as than those of the TON 
group and the JAW group (see Appendix 1). This might indicate 
that conscious, non- habituated clenching has a different influence 
on balance behaviour in comparison with participants who perform 
clenching as a part of their physiological repertoire. However, this 
hypothesis is vague and needs to be investigated in further studies.

4.3  |  Limitations

All the participants were physically active adults. Accordingly, state-
ments can only be made for this age group. Deliberate care was 
taken to ensure a homogeneous sample to minimise altered postural 
control mechanisms due to, for example, age45 or neurological dis-
orders.46 The participants were allocated into three groups with dif-
ferent oral- motor tasks. On the one hand, this can be considered as a 
limitation because of the possible baseline performance differences 
between groups. However, in order to overcome this problem, a 
baseline measurement was conducted in habitual biting condition to 
parallelise the three different groups in terms of both performance 
and gender. The statistical results revealed no baseline performance 
differences between the three groups (p = .767). One might think 
that it would have been purposeful if all subjects had performed all 
oral- motor tasks. However, "habitual" in this study meant that no 
instruction was given regarding the status of the masticatory organ. 
Thus, an unconscious, ancestral behavioural pattern of the mastica-
tory system during the balancing task could be expected. By defini-
tion, an "instructed" behavioural pattern can never correspond to 
an unconsciously performed behaviour. An instructed “habitual” 
oral- motor behaviour would have potentially resulted in dual- task 
effects, and therefore, it would have been ultimately difficult to dis-
tinguish between cognitive and postural effects (i.e., thinking about 
the instructed behaviour and performing different oral- motor tasks, 
respectively). On the other hand, building of three groups provided 
two main advantages. Firstly, possible carry- over effects between 
different oral- motor tasks were avoided. For example, some physi-
ological effects could have still existed after jaw clenching or tongue 
pressing such as an increased excitability of the human motor system 
or muscles of the masticatory system in a fatigued state. Secondly, 
if all the participants conducted all of the three oral- motor tasks for 
each of the four directions separately, the valid trials needed would 
be 36. Considering the invalid trials as well, the total trials conducted 
could increase to a level at which fatigue sets in and data quality 
decreases consequently.

In this study, the Posturomed oscillating platform was chosen 
to assess dynamic reactive balance performance. The Posturomed 
is a widely used device for scientific studies as well as for training 
or rehabilitation.32,33,43,47 However, it should be noted that stabilis-
ing a moving platform represents a different balance task than bal-
ancing the body on a rigid surface.48 Therefore, it is worth adding 
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that the results in this study cannot directly be transferred to stable 
ground conditions (e.g., recovering from a perturbation during up-
right standing on a rigid surface), since balance performance under 
various dynamic balance conditions cannot be considered directly 
interchangeable.30

The dynamic balance performance was assessed by use of DR 
as suggested in other studies.32,47 Mean speed of ARs was cho-
sen for kinematic analysis following Ringhof et al.10 as explained 
in detail in the “Data analysis” section. Despite being widely used 
parameters, it is important to note that the calculation of these 
parameters is based on linear methods, and such traditional ap-
proaches for assessing postural stability may not fully characterise 
the non- linear properties of postural control.49 Therefore, it would 
be advisable to perform non- linear analysis using, for example, 
maximum Lyopunov exponent43 or entropy measures49 to further 
extend the knowledge regarding the effects of oral- motor activity 
on postural control.

5  |  CONCLUSION AND OUTLOOK

The aim of this study was to investigate the influence of different 
functional stomatognatic statuses (i.e., JAW, TON, HAB) on postural 
performance during a dynamic reactive balance task. To the best 
of our knowledge, this study was the first to analyse the effects of 
JAW on dynamic reactive balance performance and also the first to 
investigate the effects of TON related to postural control. The re-
sults showed that JAW improves dynamic reactive balance but the 
occurrence of the positive effects seems to be task- specific and not 
general. Improved dynamic balance performance of the JAW group 
was associated with overall decreased speeds of ARs, but without 
any AR- specific changes due to functional stomatognatic status. In 
addition, TON seems not to have any observable effects on dynamic 
balance performance, at least when evaluating it with an oscillating 
platform. The results show that dynamic reactive balance perfor-
mance improvement in this study was not associated with stoma-
tognatic motor activity per se or the with dual- task paradigm, but in 
particular with jaw clenching activity.

Therefore, the direction- dependent improvement in dynamic re-
active balance performance due to JAW should be investigated in 
more detail. For this purpose, future studies should analyse control 
strategies at the muscular level, such as muscular co- contractions, 
to reveal if postural control in the presence of controlled oral- motor 
activities leads to stiffer joints in a directionally dependent manner 
in the Posturomed task. Subsequently, an in- depth analysis of adap-
tations in motor coordination on a kinematic as well as on a muscular 
level would be useful, for example by use of matrix factorisation al-
gorithms to extract kinematic50 or muscle synergies.43

Considering the initially stated potential clinical relevance of 
this study in terms of an influence of oral- motor training on the risk 
of falls, it is too early to draw final conclusions. However, previous 
studies have found jaw clenching can stabilise body sway in the 

anterior– posterior direction under static conditions,9,10 similar to re-
sults from the present study under dynamic conditions. This might 
therefore be an aspect which should be further investigated, since 
it might be a valuable strategy which could reduce the risk of falls in 
general or maybe especially in elderly people.

ACKNOWLEDG EMENTS
This research was supported by the German Research Foundation 
(STE 2093/4- 1 & HE 6961/3- 1). Open access funding enabled and 
organized by ProjektDEAL.

CONFLIC T OF INTERE S T
The authors declare no potential conflicts of interest in respect of 
authorship and/or publication of this article.

PEER RE VIE W
The peer review history for this article is available at https://publo 
ns.com/publo n/10.1111/joor.13284.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID
Cagla Fadillioglu  https://orcid.org/0000-0003-4283-281X 

R E FE R E N C E S
 1. Shumway- Cook A, Woollacott M. Motor Control. Translating 

Research into Clinical Practice. 5th ed. Wolters Kluwer; 2017.
 2. Takakusaki K. Functional neuroanatomy for posture and gait con-

trol. J Mov Disord. 2017;10(1):1- 17. doi:10.14802/ jmd.16062
 3. Peterka RJ. Sensorimotor integration in human postural con-

trol. J Neurophysiol. 2002;88(3):1097- 1118. doi:10.1152/
jn.2002.88.3.1097

 4. Rubenstein LZ. Falls in older people: epidemiology, risk factors and 
strategies for prevention. Age Ageing. 2006;35(SUPPL.2):37- 41. 
doi:10.1093/agein g/afl084

 5. Julià- Sánchez S, Álvarez- Herms J, Cirer- Sastre R, Corbi F, 
Burtscher M. The influence of dental occlusion on dynamic bal-
ance and muscular tone. Front Physiol. 2020;10:1- 13. doi:10.3389/
fphys.2019.01626

 6. Gangloff P, Louis JP, Perrin PP. Dental occlusion modifies gaze 
and posture stabilization in human subjects. Neurosci Lett. 
2000;293(3):203- 206. doi:10.1016/S0304 - 3940(00)01528 - 7

 7. Sakaguchi K, Mehta NR, Abdallah EF, et al. Examination of the rela-
tionship between mandibular position and body posture. CRANIO. 
2007;25(4):237– 249. doi:10.1179/crn.2007.037

 8. Hellmann D, Giannakopoulos NN, Blaser R, Eberhard L, Schindler HJ. 
The effect of various jaw motor tasks on body sway. J Oral Rehabil. 
2011;38(10):729- 736. doi:10.1111/j.1365- 2842.2011.02211.x

 9. Hellmann D, Stein T, Potthast W, Rammelsberg P, Schindler HJ, 
Ringhof S. The effect of force- controlled biting on human pos-
ture control. Hum Mov Sci. 2015;43:125- 137. doi:10.1016/j.
humov.2015.08.009

 10. Ringhof S, Stein T, Potthast W, Schindler HJ, Hellmann D. 
Force- controlled biting alters postural control in bipedal and 
unipedal stance. J Oral Rehabil. 2015;42(3):173- 184. doi:10.1111/
joor.12247

https://publons.com/publon/10.1111/joor.13284
https://publons.com/publon/10.1111/joor.13284
https://orcid.org/0000-0003-4283-281X
https://orcid.org/0000-0003-4283-281X
https://doi.org/10.14802/jmd.16062
https://doi.org/10.1152/jn.2002.88.3.1097
https://doi.org/10.1152/jn.2002.88.3.1097
https://doi.org/10.1093/ageing/afl084
https://doi.org/10.3389/fphys.2019.01626
https://doi.org/10.3389/fphys.2019.01626
https://doi.org/10.1016/S0304-3940(00)01528-7
https://doi.org/10.1179/crn.2007.037
https://doi.org/10.1111/j.1365-2842.2011.02211.x
https://doi.org/10.1016/j.humov.2015.08.009
https://doi.org/10.1016/j.humov.2015.08.009
https://doi.org/10.1111/joor.12247
https://doi.org/10.1111/joor.12247


    |  335FADILLIOGLU et AL.

 11. Ringhof S, Stein T, Hellmann D, Schindler HJ, Potthast W. Effect of 
jaw clenching on balance recovery: dynamic stability and lower ex-
tremity joint kinematics after forward loss of balance. Front Psychol. 
2016;7:291. doi:10.3389/fpsyg.2016.00291

 12. Alghadir AH, Zafar H, Iqbal ZA. Effect of tongue position on 
postural stability during quiet standing in healthy young males. 
Somatosens Mot Res. 2015;32(3):183- 186. doi:10.3109/08990 
220.2015.1043120

 13. Garner DP, Miskimin J. Effects of mouthpiece use on auditory and 
visual reaction time in college males and females. Compend Contin 
Educ Dent. 2009;30(2):14- 17.

 14. Forgione AG, Mehta NR, McQuade CF, Westcott WL. Strength and 
bite, part 2: testing isometric strength using a MORA set to a func-
tional criterion. CRANIO. 1992;10(1):13- 20. doi:10.1080/08869 
634.1992.11677886

 15. Okubo M, Fujinami Y, Minakuchi S. The effect of complete den-
tures on body balance during standing and walking in elderly 
people. J Prosthodont Res. 2010;54(1):42- 47. doi:10.1016/j.
jpor.2009.09.002

 16. Mochida Y, Yamamoto T, Fuchida S, Aida J, Kondo K. Does poor 
oral health status increase the risk of falls?: The JAGES project 
longitudinal study. PLoS One. 2018;13(2):1- 12. doi:10.1371/journ 
al.pone.0192251

 17. Boroojerdi B, Battaglia F, Muellbacher W, Cohen LG. Voluntary 
teeth clenching facilitates human motor system excitability. 
Clin Neurophysiol. 2000;111(6):988- 993. doi:10.1016/S1388 
- 2457(00)00279 - 0

 18. Jendrassik E. Zur untersuchung des kniephaenomens. Neur Zbl. 
1885;4:412- 415.

 19. Ebben WP. A brief review of concurrent activation potentia-
tion: theoretical and practical constructs. J Strength Cond Res. 
2006;20(4):985- 991.

 20. Ebben WP, Flanagan EP, Jensen RL. Jaw clenching results in con-
current activation potentiation during the countermovement jump. 
J Strength Cond Res. 2008;22(6):1850- 1854.

 21. Fraizer EV, Mitra S. Methodological and interpretive issues in 
posture- cognition dual- tasking in upright stance. Gait Posture. 
2008;27(2):271- 279. doi:10.1016/j.gaitp ost.2007.04.002

 22. Eriksson PO, Häggman- Henrikson B, Nordh E, Zafar H. Co- 
ordinated mandibular and head- neck movements during rhyth-
mic jaw activities in man. J Dent Res. 2000;79(6):1378- 1384. 
doi:10.1177/00220 34500 07900 60501

 23. Miyahara T, Hagiya N, Ohyama T, Nakamura Y. Modulation of 
human soleus H reflex in association with voluntary clenching of 
the teeth. J Neurophysiol. 1996;76(3):2033- 2041. doi:10.1152/
jn.1996.76.3.2033

 24. Alstermark B, Pinter MJ, Sasaki S, Tantisira B. Trigeminal exci-
tation of dorsal neck motoneurones in the cat B. Exp Brain Res. 
1992;92:183- 193.

 25. Abrahams VC, Kori AA, Loeb GE, Richmond FJR, Rose PK, Keirstead 
SA. Facial input to neck motoneurons: trigemino- cervical reflexes in 
the conscious and anaesthetised cat. Exp Brain Res. 1993;97(1):23- 
30. doi:10.1007/BF002 28814

 26. Clark GT, Browne PA, Nakano M, Yang Q. Co- activation of 
Sternocleidomastoid muscles during maximum clenching. J Dent 
Res. 1993;72(11):1499- 1502.

 27. Giannakopoulos NN, Schindler HJ, Hellmann D. Co- contraction be-
haviour of masticatory and neck muscles during tooth grinding. J 
Oral Rehabil. 2018;45(7):504- 511. doi:10.1111/joor.12646

 28. Ruggiero DA, Ross CA, Reis DJ. Projections from the spinal trigem-
inal nucleus to the entire length of the spinal cord in the rat. Brain 
Res. 1981;225(2):225- 233. doi:10.1016/0006- 8993(81)90832 - 5

 29. Contreras RJ, Beckstead RM, Norgren R. The central projections of 
the trigeminal, facial, glossopharyngeal and vagus nerves: an auto-
radiographic study in the rat. J Auton Nerv Syst. 1982;6(3):303- 322. 
doi:10.1016/0165- 1838(82)90003 - 0

 30. Ringhof S, Stein T. Biomechanical assessment of dynamic balance: 
specificity of different balance tests. Hum Mov Sci. 2018;58:140- 
147. doi:10.1016/j.humov.2018.02.004

 31. Dworkin SF, LeResche L. Research diagnostic criteria for temporo-
mandibular disorders: review, criteria, examinations and specifica-
tions, critique. J Craniomandib Disord. 1992;6(4):301- 355.

 32. Kiss RM. A new parameter for characterizing balancing ability on an 
unstable oscillatory platform. Med Eng Phys. 2011;33(9):1160- 1166. 
doi:10.1016/j.meden gphy.2011.04.017

 33. Freyler K, Gollhofer A, Colin R, Brüderlin U, Ritzmann R. Reactive 
balance control in response to perturbation in unilateral stance: 
interaction effects of direction, displacement and velocity on 
compensatory neuromuscular and kinematic responses. PLoS One. 
2015;10(12):1- 18. doi:10.1371/journ al.pone.0144529

 34. Giannakopoulos NN, Rauer AK, Hellmann D, Hugger S, Schmitter 
M, Hugger A. Comparison of device- supported sensorimotor train-
ing and splint intervention for myofascial temporomandibular disor-
der pain patients. J Oral Rehabil. 2018;45(9):669- 676. doi:10.1111/
joor.12662

 35. Hermens HJ, Freriks B, Merletti R. European Recommendations 
for Surface Electromyography: Results of the SENIAM Project. 
1999.

 36. Kiss RM. Do lateral dominance, body mass, body height and direc-
tion of perturbation influence the Lehr’s damping ratio, which char-
acterizes the balancing ability on an unstable oscillatory platform? 
Environ Health Biomedicine. 2011;15:373- 382. doi:10.2495/EHR11 
0321

 37. Nonnekes J, Scotti A, Oude Nijhuis LB, et al. Are postural responses 
to backward and forward perturbations processed by different 
neural circuits? Neuroscience. 2013;245:109- 120. doi:10.1016/j.
neuro scien ce.2013.04.036

 38. Chen CL, Lou SZ, Wu HW, Wu SK, Yeung KT, Su FC. Effects 
of the type and direction of support surface perturbation 
on postural responses. J NeuroEng Rehabil. 2014;11(1):1- 12. 
doi:10.1186/1743- 0003- 11- 50

 39. Akay T, Murray AJ. Relative contribution of proprioceptive and ves-
tibular sensory systems to locomotion: opportunities for discov-
ery in the age of molecular science. Int J Mol Sci. 2021;22(3):1467. 
doi:10.3390/ijms2 2031467

 40. Richardson JTE. Eta squared and partial eta squared as measures of 
effect size in educational research. Educ Res Rev. 2011;6(2):135- 147. 
doi:10.1016/j.edurev.2010.12.001

 41. Cohen J. A power primer. Psychol Bull. 1992;112(1):155- 159. doi:10.
1037/0033- 2909.112.1.155

 42. Hughey LK, Fung J. Postural responses triggered by multidirec-
tional leg lifts and surface tilts. Exp Brain Res. 2005;165(2):152- 166. 
doi:10.1007/s0022 1- 005- 2295- 9

 43. Munoz- Martel V, Santuz A, Ekizos A, Arampatzis A. Neuromuscular 
organisation and robustness of postural control in the presence of 
perturbations. Sci Rep. 2019;9(1):1- 10. doi:10.1038/s4159 8- 019- 
47613 - 7

 44. Manfredini D, Winocur E, Guarda- Nardini L, Paesani D, Lobbezoo 
F. Epidemiology of bruxism in adults: a systematic review of the 
literature. J Orofac Pain. 2013;27(2):99- 110. doi:10.11607/ jop.921

 45. Henry M, Baudry S. Age- related changes in leg proprioception: 
implications for postural control. J Neurophysiol. 2019;122(2):525- 
538. doi:10.1152/jn.00067.2019

 46. Delafontaine A, Hansen C, Marolleau I, Kratzenstein S, Gouelle A. 
Effect of a concurrent cognitive task, with stabilizing visual infor-
mation and withdrawal, on body sway adaptation of parkinsonian’s 
patients in an off- medication state: a controlled study. Sensors. 
2020;20(18):5059. doi:10.3390/s2018 5059

 47. Petró B, Nagy JT, Kiss RM. Effectiveness and recovery action of a 
perturbation balance test– a comparison of single- leg and bipedal 
stances. Comput Methods Biomech Biomed Engin. 2018;21(10):593- 
600. doi:10.1080/10255 842.2018.1502278

https://doi.org/10.3389/fpsyg.2016.00291
https://doi.org/10.3109/08990220.2015.1043120
https://doi.org/10.3109/08990220.2015.1043120
https://doi.org/10.1080/08869634.1992.11677886
https://doi.org/10.1080/08869634.1992.11677886
https://doi.org/10.1016/j.jpor.2009.09.002
https://doi.org/10.1016/j.jpor.2009.09.002
https://doi.org/10.1371/journal.pone.0192251
https://doi.org/10.1371/journal.pone.0192251
https://doi.org/10.1016/S1388-2457(00)00279-0
https://doi.org/10.1016/S1388-2457(00)00279-0
https://doi.org/10.1016/j.gaitpost.2007.04.002
https://doi.org/10.1177/00220345000790060501
https://doi.org/10.1152/jn.1996.76.3.2033
https://doi.org/10.1152/jn.1996.76.3.2033
https://doi.org/10.1007/BF00228814
https://doi.org/10.1111/joor.12646
https://doi.org/10.1016/0006-8993(81)90832-5
https://doi.org/10.1016/0165-1838(82)90003-0
https://doi.org/10.1016/j.humov.2018.02.004
https://doi.org/10.1016/j.medengphy.2011.04.017
https://doi.org/10.1371/journal.pone.0144529
https://doi.org/10.1111/joor.12662
https://doi.org/10.1111/joor.12662
https://doi.org/10.2495/EHR110321
https://doi.org/10.2495/EHR110321
https://doi.org/10.1016/j.neuroscience.2013.04.036
https://doi.org/10.1016/j.neuroscience.2013.04.036
https://doi.org/10.1186/1743-0003-11-50
https://doi.org/10.3390/ijms22031467
https://doi.org/10.1016/j.edurev.2010.12.001
https://doi.org/10.1037/0033-2909.112.1.155
https://doi.org/10.1037/0033-2909.112.1.155
https://doi.org/10.1007/s00221-005-2295-9
https://doi.org/10.1038/s41598-019-47613-7
https://doi.org/10.1038/s41598-019-47613-7
https://doi.org/10.11607/jop.921
https://doi.org/10.1152/jn.00067.2019
https://doi.org/10.3390/s20185059
https://doi.org/10.1080/10255842.2018.1502278


336  |    FADILLIOGLU et AL.

APPENDIX 1

 48. Alizadehsaravi L, Bruijn SM, Maas H, van Dieën JH. Modulation 
of soleus muscle H- reflexes and ankle muscle co- contraction with 
surface compliance during unipedal balancing in young and older 
adults. Exp Brain Res. 2020;238(6):1371- 1383. doi:10.1007/s0022 
1- 020- 05784 - 0

 49. Cavanaugh JT, Guskiewicz KM, Stergiou N. A nonlinear dynamic 
approach for evaluating postural control: new directions for the 
management of sport- related cerebral concussion. Sports Med. 
2005;35(11):935- 950.

 50. Federolf PA. A novel approach to study human posture control: 
“Principal movements” obtained from a principal component 

analysis of kinematic marker data. J Biomech. 2016;49(3):364- 370. 
doi:10.1016/j.jbiom ech.2015.12.030

How to cite this article: Fadillioglu C, Kanus L, Möhler F, et al. 
Influence of controlled masticatory muscle activity on dynamic 
reactive balance. J Oral Rehabil. 2022;49:327– 336. 
doi:10.1111/joor.13284

Head Trunk Pelvis Knee Foot

in mm/s in mm/s in mm/s in mm/s in mm/s

JAW Mean 33.82 27.68 29.41 78.88 107.40

SD 9.72 7.02 7.54 12.20 19.02

TON Mean 46.12 32.64 34.06 92.21 129.71

SD 23.22 9.43 7.72 18.38 27.44

HAB
all

Mean 47.79 33.75 35.03 87.91 124.70

SD 19.50 9.53 9.38 18.43 27.41

HAB
w/o clenching

Mean 42.01 31.66 33.11 84.88 118.99

SD 12.87 7.85 6.75 17.74 22.67

HAB with clenching Mean 72.81 42.80 43.32 101.07 149.47

SD 26.47 12.64 16.11 18.44 37.67

Abbreviations: HAB, habitual jaw position; JAW, jaw clenching; TON, tongue pressing.

TA B L E  A 1  Mean speed of the five 
anatomical regions given as mean and 
standard deviation (SD) for different 
groups
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