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ARTICLE INFO ABSTRACT

Article history: This paper investigated the ability of a hybrid time-delayed artificial neural network
Received 26 October 2014 (TDANN)/autoregressive TDANN (AR-TDANN) to predict clenching movements during mastication
Received in revised form 18 February 2015 from surface electromyography (SEMG) signals. Actual jaw motions and SEMG signals from the
Accepted 2 April 2015 masticatory muscles were recorded and used as output and input, respectively. Three separate
TDANNSs/AR-TDANNs were used to predict displacement (in terms of position/orientation), velocity,
and acceleration. The optimal number of neurons in the hidden layer and total duration of delays were
obtained for each TDANN/AR-TDANN and each subject through a genetic algorithm (GA). The kinematic
modeling of a human-like masticatory robot, based on a 6-universal-prismatic-spherical parallel robot, is
described. The structure and motion variables of the robot were determined. The closed-form solution of
the inverse kinematic problem (IKP) of the robot was found by vector analysis. Thereafter, the framework
for an EMG-based human mastication robot interface is explained. Predictions by AR-TDANN were
superior to those by TDANN. SEMG signals from mastication muscles contained important information
about the mandibular kinematic parameters. This information can be employed to develop control
systems for rehabilitation robots. Thus, by predicting the subject’'s movement and solving the IKP, we
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provide applicable tools for EMG-based masticatory robot control.

© 2015 Published by Elsevier Ltd.

1. Introduction

The significance of the chewing process on digestion and health
necessitates studies of the mastication system. Mastication in
humans consists of two basic movements, clenching and grind-
ing. For clenching, the mandible moves in the sagittal plane; for
grinding, it traces a circular path in the frontal plane. More than 20
muscles are involved in the process of human mastication, with
six of them playing the major role in mandible control during
coordinated masticatory movements [40,45]. These muscles are
the temporalis muscles, attached from the side of the skull to the
top of the mandible; the masseter muscles, attached between the
cheek and the lower rear section of the mandible; the medial ptery-
goid muscles, attached to the inside of the skull and the mandible;
the lateral pterygoid muscles, horizontally attached between the
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skull and the mandible; and the digastric muscle, attached between
the skull and the chin. The masseter and temporalis muscles are
primarily employed during clenching, whereas the pterygoid mus-
cles have their main role during grinding. During jaw closing, the
mandible is elevated by the temporalis and masseter muscles,
while it is protruded by the masseter muscles. Pterygoid muscles
protrude the mandible, produce its side-to-side movements, and
generate the grinding motion.

Researchers have utilized various methods to study the chew-
ing process, including gnathosonics for measuring the sounds
of mastication, ultra-high-speed cinematography for measuring
mandibular movement and velocity, and laryngophone for moni-
toring swallowing [ 15]. Small markers or magnets have been used
to record the chewing trajectory [43,17]. Electromyography (EMG)
has been employed to study changes in the electrical activity of
the muscles during mastication [15,36,26,20]. Changes in EMG
parameters are better able to assess the sensory characteristics
than mechanical measurements [15]. Experimentally obtained
signals, together with the physiological cross-sectional area of the
muscles, have been employed to estimate instantaneous muscle
forces [4,31] or to differentiate food-texture characteristics [15].
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Additionally, EMG has been used to identify differences in chewing
patterns between individuals and to classify individuals into
groups according to their chewing efficiency [21,5-7].

Recently, EMG signals recorded from the muscles have been
applied to control and classify the motion of prosthetic limbs [14],
wheelchairs, and teleoperated robots [8,30,16,46,13,38,19]. Indeed,
there have been various attempts to classify different movements
for the purpose of controlling prostheses. Methods that have been
applied to classify motions and categorize the mastication pro-
cess include autoregressive (AR) models [16], Bayesian classifiers
[22], artificial neural networks [25,18,41,42], fuzzy neural networks
[3], dynamic recurrent neural networks [10], probabilistic neural
networks [13,9], and Bayesian networks [8]. For instance, Graupe
et al. [16] used an AR model to extract features from EMG signals
and determine motions [47]. Au et al. [2] found that a time-delayed
artificial neural network (TDANN) was capable of predicting shoul-
der and elbow motions from only EMG signals.

EMG signals are nonstationary. The feature patterns vary sig-
nificantly depending on the tasks and conditions of the users. In
addition, EMG signals are very likely to be affected by artifacts
and noise. In practical applications, it is difficult to achieve suf-
ficient accuracy and stable performance of motion classification
when using only EMG signals. This achievement requires the careful
operation of a prosthetic device or human-assisting manipulator.
However, predicting the trajectory can be very helpful for guiding
prosthetic devices in space. Toward this endeavor, a dentist-guided
masticatory robot was recently developed for training patients with
jaw disorders [39].

This study aimed to predict the kinematic parameters of motion
during jaw opening and closing using surface EMG (SEMG) signals.
Because surface electrodes are only able to record the electri-
cal activities of the bilateral masseter and temporalis muscles,
this paper focused on clenching movement. For motion predic-
tion, a hybrid TDANN/auto-regressive TDANN (AR-TDANN) was
developed from the experimental results. Predicted trajectory
parameters were applied in a case study, to solve the inverse kine-
matic problem (IKP) and to estimate variations in the actuators
(muscles) during jaw opening/closing. These findings will provide
tools to control masticatory robots using SEMG signals.

The rest of the paper is organized as follows. The experimental
setup, protocol, and hybrid algorithm are explained in Section 2.
Kinematics of the masticatory robot and the hybrid motion frame-
work for the SEMG-based human mastication robot interface are
discussed in Section 2.4. The performance of the TDAAN/AR-TDANN
in predicting the kinematic parameters of motion is presented in
Section 3. This section also provides the results from solving the
IKP problem, based on the predicted time-varying moments for
one subject. A discussion and some remarks on future works are
presented in Sections 4 and 5.

2. Materials and methods
2.1. Experimental setup

An 8-channel EMG system, with a sampling rate of 1kHz, was
used for recording the electrical activity of muscles (SEMG). For
each subject, SEMG signals were recorded from four muscles:
namely, the bilateral masseter and temporalis muscles (Fig. 1a).
Surface electrodes were placed ~2 cm apart, oriented parallel to
the muscle fibers, between the belly of each muscle and its end.
Recorded raw SEMG signals were passed through a bandpass
(15-400 Hz) 3rd order Butterworth filter [12]. A notch filter (50 Hz)
was used to eliminate power line noise. The resulting signals were
rectified and smoothed by a moving average window of size 200.
The sampling rate of the preprocessed SEMG signals was reduced
to 250 Hz, to match the sampling rate of the motion data. The z-
scores of the processed signals were computed and used for further
processing.

To trace the chewing trajectory, the Simi Reality Motion System
(GmbH, Germany) was employed. Recorded data were prepro-
cessed before modeling, using the Simi Motion software (Website:
www.simi.com). The camera output was digitized to 250 frames
per second (fps). Frequencies above 7 Hz were removed. To track
the jaw motion, six small reflective markers, ~10 mm in diameter,
were placed at specific facial locations (Fig. 1). Forehead markers
were used as reference points.

2.2. Experimental protocol

We recruited seven volunteers (four males, age: 23 +2 years)
for this study. All subjects were well-informed about the proce-
dure and provided written consent to the experimental protocol.
Subjects were seated in a comfortable chair and instructed to sit still
during recording sessions. They were unable to view the computer
screen. Each experiment consisted of six repeated trials. In each
trial, subjects were asked to perform a symmetrical maximum vol-
untary mandible opening and closing in the sagittal plane (Fig. 2)
within an interval of 5 s without the chin deviated toward the right
or left side.

2.3. Genetic algorithm (GA) & TDANN

2.3.1. TDANN structure

A schematic of the TDANN used in this study is shown in Fig. 3.
Nodes of the first hidden layer had log-sigmoidal transfer functions,
and nodes of the output layer had purely linear transfer functions.
Different delays of SEMG signals from the temporalis and masseter
muscles were used as inputs. Kinematic variables (i.e., position, lin-
ear velocity, and acceleration of the chin point (CP) along the x- and

(b)

Fig. 1. (a) Marker position on the subject’s face. (b) Two-dimensional reconstruction of the marker set.
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Fig. 2. View of clenching in the sagittal plane.

z-axes, and the angle, angular velocity, and acceleration about y-
axis) were set as outputs. Velocity and acceleration variables were
determined by calculating the first and second derivatives of the
trajectory related curves. Three TDANNSs were trained for predict-
ing the position/orientation ( xcp, Zcp, B), velocity (jcp, Zq,, B), and
acceleration (¥cp, Zcp. B) kinematic parameters, respectively.

Additionally, we proposed an AR-TDANN for better prediction
of the kinematic variables. In this scenario, different delays of out-
put variables were fed back to the system (Fig. 3) and used for
predicting the current output values. Weights and biases of the
network were initialized with random values. Batch training was
used, in which the weights between the neurons were updated only
after all of the training samples were exposed to the network. The
Levenberg-Marquardt method [44], which gave the best possible
results, was used for training.

2.3.2. Choice of TDANN structural parameters

The optimal number of neurons in the hidden layer and total
duration of delays used for SEMG inputs were determined by a GA.
The role of the GA was to find the best reference input and num-
ber of neurons for the prediction process. The TDANN (AR-TDANN)
searched for the best nonlinear mapping function to predict the tar-
gets (kinematics variables), based on the schematic provided by the
GA. The number of neurons in the hidden layer and the total delay
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Fig. 4. Block diagram of the proposed technique.
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were restricted to 10-60 and 0-1000 ms (with 200-ms intervals),
respectively.

To obtain the best possible results, a fitness function was defined
from the prediction error of the neural network, as follows:
F =ally - JIl + max(y - §) + Bstd(y — ) (1)
where y and j represent the measured and estimated output vec-
tors, respectively. & and 8 were chosen empirically and added to
balance the variation range of different terms on the right-hand
side of Eq. (1). Three GA operators (selection, crossover, and muta-
tion) led to a near-optimal solution through iterative computation.
The crossover fraction was set to 0.8. Fig. 4 illustrates the proposed
training algorithm.

Optimal parameters of TDANN/AR-TDANN were separately
computed for each subject. After the optimal networks were
found, three evaluation criteria were used to validate the trained
networks: namely, the relative mean square error (RMSE),
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Fig. 3. Structural diagram of the TDANN (solid lines) and AR-TDANN (solid and dashed lines). f, = 50, 100, or 150 ms.
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Fig. 5. (a) Mandible, actuators, and connecting points. (b) Schematic representation of the skull, mandible, and corresponding reference coordinate systems.

cross-correlation (CC), and average absolute error (AAE). The equa-
tions for these parameters are given below [33].

~ \2
RMSE = 100 « E'Z(:y’(_;;') (2)
Wi
CC = 100 5 —2i0i* 9D 3)
O CORYINOR
AAE — M (4)

where n is the number of samples. CC is a measure of similar-
ity between y and y, regardless of scaling. The proposed system
was trained with 50% of the recorded data, while validation was
performed with 50% of the data.

2.4. SEMG-based kinematic prediction

The primary motivation of this section is to determine whether
sufficient information could be extracted from the SEMG signals
of mastication muscles to control a masticatory robot. For this
purpose, we solved the IKP, using the predicted kinematic param-
eters of motion from the SEMG signals. To represent the geometry
of human mastication, we used a general 6-universal-prismatic-
spherical (UPS) Stewart-Gough platform. The mobile and stationary
platforms represent the human mandible and skull, respectively,
and the actuators represent the jaw muscles (schematic in Fig. 5).
Dimensions were chosen according to the available literature [45].
Actuators S; to Sg in Fig. 5(a) represent the lateral pterygoid, tem-
poralis, and masseter muscles, respectively. G; and M; (i=1,2...6)
represent the connecting locations of these muscles to the skull
and mandible. Two coordinate systems, {S} and {M}, are attached
to the skull and mandible.

We used vector algebra to obtain the closed-form equations for
the kinematics of the human-like masticatory robot. The config-
uration of the masticatory robot is specified by the position and

Fig. 6. Schematic diagram of the 6-UPS masticatory robot.

orientation of the system {M} with respect to {S} (Fig. 6). For each
leg, a vector loop equation can be written as,

Sa;+5s; =P+, RMb; (i=1,2,...,6) (5)

where SP and Sa; are the position vectors of the CP and mandible
joint with respect to the skull coordinate system, respectively, and
Mp, represents the position vector of the skull joint with respect
to the mandible coordinate system. The magnitude of s; represents
the actuated muscle length. The orientation of the mandible system
{M} with respect to the skull coordinates {S}, referred to as the
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Fig. 7. Hybrid structure of an SEMG-based human mastication/robot interface.

mandible’s rotation matrix SMR, is defined using roll, pitch, and yaw
angles y, B, and «, respectively, as shown in Eq. (6).

cycB cysBsa—syca cyspco+sysa
sycB sysBsa+cyca syspco—cyso (6)
-sB cBsa cBca

where cf=cos(B), s(8)=sin(8), and so on. According to Eq. (5), we
have

s
uR=

3. Results

Sample SEMG (before preprocessing) and kinematic data
obtained from one subject are shown in Fig. 8. During each trial,
the subject opened and closed his jaw in the pre-specified time
interval. Due to the symmetric role of the aforementioned muscles
in the defined task, the data obtained from one temporalis and one
masseter muscle were used for processing steps.

Sx Py by ay 3.1. TDANN prediction of masticatory kinematics

— S _
Sy 0 =4 P o+ uRq by Gy 7) The SEMG recording from one subject was used to assess the
Sz P, b, a ability of three TDANNS to predict the position/orientation, veloc-

Therefore, the lengths of the actuators can be obtained as fol-
lows:

Si=|Isil| = \/sizx-i-si/-i-sizz: \/SsiTSS,» (i=1,2,...,6) (8)

Eq. (8) provides the solution to the IKP. Position vectors Sa; and
Mp, are fixed and known in the IKP. Therefore, by specifying the
trajectory of the mandible, and knowing SP and SMR, Eq.(8) provides
the required lengths of the six muscles.

The proposed mastication human robot is shown in Fig. 7. This
system comprises two major parts: (1) SEMG-based kinematic pat-
tern detection (EKP), and (2) motion decision (MD). In EKP, three
TDANNSs predict the corresponding position/orientation, velocity,
and acceleration of subject’s mandible, from the sampled prepro-
cessed data SEMGy(t), where d=1,2,...,n. In MD, the required
lengths and orientations of the six muscles are determined by using
the EKP block estimate and the IKP solution (Eq. (5)). By predicting
the subject’s movement and solving the IKP, we provide applicable
tools for controlling an SEMG-based masticatory robot.

ity,and acceleration of the mandible (Fig. 9). The performance of the
proposed method was evaluated with the validation dataset. The
three rows represent (from top to bottom) the kinematic parame-
ters of the x, z, and B variables. The three column panels represent
(from left to right) position/orientation, velocity, and acceleration.
Four input cases were chosen: SEMG signals of the temporalis and
masseter muscles at different delays (with no output delay, using
TDANN), and SEMG signals with output delays of 50, 100, and
150 ms (using AR-TDANN). Output delays were used to evaluate
the efficiency of the proposed method in the case that cameras with
different resolutions (in terms of fps) are employed. In general, the
TDANN performed well in predicting each of the three kinematic
parameters. However, adding output feedback (using AR-TDANN)
significantly improved the outcome. Averages of the evaluation
criteria (i.e., fromEgs. (2) to(4)) are shownin Table 1 for all subjects.
These criteria were calculated for the training and validation stages.
Each cell presents the RMSE, CC, and AAE results. In most cases,
the velocity and acceleration predictions were less accurate than
the position/orientation predictions. Because these two parameters
were computed by numerical differentiation, larger error values

1
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Fig. 8. Sample dataset recorded from one subject.
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Fig. 9. Performance of TDANNs and AR-TDANNS s in predicting three kinematic parameters (position/orientation, velocity, and acceleration). All inputs and output were
normalized as z-scores. The three rows represent (from top to bottom) kinematic parameters for the x, z, and § variable, respectively.

were expected. Prediction was improved by considering output
delays. As expected, a delay of 50 ms was the most effective for
improving the model; however, including output delays of 100 or
150 ms also provided satisfactory results.

We investigated the efficiency of a TDANN (AR-TDANN) trained
on signals obtained from one subject in predicting the output
parameters for another subject. Fig. 10 presents the evaluation of
network performance. Each bar in the figure represents the mean
CC/AAE for predicting the dynamic parameters of maximum jaw
opening/closing across all seven subjects, with the vertical bar
indicating standard deviation. In general, the performance of the
AR-TDANNS was superior to that of the TDANNs. The prediction
error of position/orientation was less than the prediction error of
velocity and acceleration. From this figure, it can be concluded
that the identified models for position/orientation, velocity, and
acceleration, trained on the data obtained from subject 2, can be
appropriately generalized to other subjects. In all subjects, the
prediction power of TDANN was significantly improved when an
output delay of 50 ms was used. Fig. 10c demonstrates that the
identified model for acceleration for each subject was not applica-
ble to other subjects, due to the complexity of acceleration, except
when an output delay of 50 ms was used.

Table 2 presents the mean RMSE, AAE, and CC values for
the seven subjects, obtained through inter-subject validation of
the developed models for TDANN and AR-TDANN. TDANN pre-
dicted mastication motions with reasonable accuracy when using
recorded SEMG signals from mastication muscles. However, the

results were significantly improved by employing the AR-TDANN
architecture.

One-way ANOVA (analysis of variance) and multiple com-
parisons were performed on three groups of predictions
(position/orientation, velocity and acceleration) to compare the
performance of the models with NOF (no output feedback) and
output feedback at 50, 100 and 150 ms delays. The analysis sta-
tistically verified significant for a p-value less than 0.05. The
p-values for the three groups are shown in Table 3. Moreover,
the box plot in Fig. 11 illustrates the range of the prediction
%RMSE for cases NOF and 50-150 ms output delays. In general,
it was concluded that the AR-TDANN gave lower %RMSE com-
pared to TDANN. In other words, the error reduced from TDANN
to AR-TDANN, with the output delay of 50 ms having the most
significant reduction in %RMSE (p < 0.0008 for position/orientation,
p<0.0003 for velocity and p < 2e—6 for acceleration). Table 3 shows
that a delay difference of 100ms in the output feedback pro-
vides significant differences in the prediction accuracy, while this
does not hold when the delay difference is reduced to 50 ms. We
also investigated whether by employing the models with NOF or
50-150ms output delays as feedback one of the target variables
(x, z, and B variables) were predicted more accurately compared
to the other two. In order to do this ANOVA was performed on
the %RMSE values obtained after validation. Table 4 shows that
almost all models did not performed significantly different (in
the statistical sense) in predicting the target variables (and their
derivatives).
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Table 1
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Mean RMSE, CC, AAE values for validation networks.

Displacement Velocity Acceleration
Training Validation Training Validation Training Validation
Sub. 1
"NOF 36,87,0.3 59, 75, 0.5 39, 89,0.3 43,82,0.4 16,92,0.2 61,71,04
OD 50 ms 0.7,99, 0.04 0.7,99, 0.05 3,99, 0.09 4,99,0.1 4,98,0.1 6, 96, 0.1
0D 100 ms 2.9,98,0.1 2,98,0.1 9,98,0.1 10,97,0.1 12,95,0.2 16,92,0.2
0D 150 ms 2,98,0.1 2,98,0.1 9,98,0.1 10,97,0.1 10,94,0.2 25, 86,0.3
Sub. 2
"NOF 6,96,0.2 39,78,04 27,85,0.4 50,72,0.4 11,94,0.2 65, 65, 0.4
OD 50 ms 0.1, 99, 0.02 2,98,0.07 0.7, 99, 0.06 4,98, 0.1 4,98,0.1 14,92,0.2
OD 100 ms 1,99, 0.07 14,95, 0.1 1.5,99,0.1 7,95,0.1 2.5,99,0.1 15,92,0.2
OD 150 ms 0.9, 99, 0.08 6,96, 0.1 2,98,0.1 14,92,0.2 4,98,0.2 28,84,0.3
Sub. 3
"NOF 63,73,0.5 64,77,0.5 33,90,0.3 58, 82,0.5 46,78, 0.5 53,76,0.5
OD 50 ms 5,97,0.1 39, 98, 0.09 10,96, 0.2 10,94,0.2 31,84,0.3 30, 85,0.3
0D 100 ms 8,97,0.1 6,97,0.1 24,90,0.3 22,90,0.2 93,62, 0.6 65,72,0.4
OD 150 ms 19,95,0.2 10,95, 0.1 29, 89,0.3 31, 86,0.3 75, 60, 0.6 96, 53, 0.6
Sub. 4
"NOF 10,94,0.2 8,96,0.2 17,91,0.3 6,97,0.1 31, 84,0.5 20,91,0.4
OD 50 ms 1.3, 99, 0.09 0.9, 99, 0.06 1.7,99, 0.1 0.8, 99, 0.05 7,96,0.2 7,96,0.1
OD 100 ms 1,99,0.1 1,99, 0.08 6,97,0.2 6,96, 0.1 8.3,95,0.2 21,88,0.3
OD 150 ms 3,98,0.1 2,98,0.1 7,96,0.2 5,97,0.1 24,93,04 28,84,0.3
Sub. 5
"NOF 11,94,0.3 33,82,04 9,95,0.2 41(81)[0.3] 20,91,0.4 49,76,0.4
OD 50 ms 1.5,99, 0.09 0.9, 99, 0.06 1.1, 99, 0.09 1,99, 0.08 6,96, 0.1 6, 96, 0.1
0D 100 ms 2.7,98,0.1 4.7,97,0.1 3,98,0.1 6,97,0.1 7,96,0.2 15,94,0.2
0D 150 ms 5,97,0.2 9,94,0.2 5,97,0.2 8,96,0.2 13,92,03 27,85,0.3
Sub. 6
"NOF 3,98,0.1 24,88,0.3 3,98,0.1 25, 88,0.3 18,91,0.3 38,79,0.4
OD 50 ms 0.1, 99, 0.02 0.9, 99, 0.05 0.4, 99, 0.04 0.8, 99, 0.05 59,97,0.1 6,96, 0.1
OD 100 ms 0.2,99,0.03 1,99, 0.06 1.2,99, 0.08 2,98,0.1 9,96,0.2 11,34,0.2
OD 150 ms 0.4, 99, 0.05 2,98,0.09 1,99, 0.1 4,97,0.1 12,95,0.2 27,85,0.3
Sub. 7
"NOF 20,90,0.3 81,62,0.5 9,95,0.2 29, 88,04 23,88,0.3 64,77,0.4
OD 50 ms 0.9, 99, 0.07 3,98,0.1 1.7,99, 0.09 4,97,0.1 4,98,0.1 11,94,0.2
0D 100 ms 3,98,0.1 5,97,0.1 3,98,0.1 6,97,0.1 8,96,0.2 41,83,04
0D 150 ms 4,98, 0.1 8,95,0.2 12,94,0.2 15,92,0.2 15,92,0.2 15,92,0.2
" NOF: no output feedback (TDANN), OD: output delay (AR-TDANN).
Table 2
Mean RMSE, AAE and CC values for all subjects.
Method Displacement Velocity Acceleration
Avg. RMSE Avg. AAE Avg. CC Avg. RMSE Avg. AAE Avg. CC Avg. RMSE Avg. AAE Avg. CC
TDANN
NOF 44 + 25 04 + 0.1 80+ 10 36 +£17 0.3 +0.1 84 +7 55+9 04 + 0.03 73+ 4
ARTDANN
OD 50 ms 1.9+ 1.1 0.08 + 0.02 99 £+ 0.5 3.7+32 0.1 + 0.04 98 + 1.6 11+8 0.2 + 0.06 944+ 4
OD 100 ms 51+44 0.1 + 0.04 97 +£1.3 79 +£6.5 0.1 + 0.05 96 + 2.8 26 £ 19 0.3 +0.1 87 +7
OD 150 ms 6 + 3.7 0.1 + 0.05 97+1.7 12+9 0.2 + 0.07 94 + 4 43 + 30 0.4+0.1 80 +12
* NOF: no output feedback (TDANN), OD: output delay (AR-TDANN).
Table 3
p-Values for comparing the accuracy of all models.
Displacement Velocity Acceleration
'NOF 50 ms 100 ms 150 ms "NOF 50 ms 100 ms 150 ms "NOF 50 ms 100 ms 150 ms
"NOF - <8e—4 <0.002 <0.002 - <3e—4 <0.002 <0.008 - <2e-6 <0.005 <0.4
p-Value 50 ms - - <0.09 <0.01 - - <0.1 <0.02 - - <0.09 <0.02
100 ms - - - <0.5 - - - <0.2 - - - <0.2
" NOF: no output feedback, output delays of 50-150 ms.
Table 4
p-Values for comparing the accuracy of displacement, velocity and acceleration.
‘NOF 50 ms 100 ms 150 ms

Displacement Velocity Acceleration Displacement Velocity Acceleration Displacement Velocity Acceleration

Displacement Velocity Acceleration

p-Value <0.006

<0.1 <0.2

<0.2 <0.3

<0.2

<0.3

<0.3

<0.3

<0.1

<0.3

<0.2

" NOF: no output feedback, output delays of 50-150 ms.
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Fig. 10. Summary of CC and AAE values of TDANN of each subject’s models to another subject. Each bar represents the average AAE and CC values for all subjects. Error bars

indicate the standard deviation.

3.2. Case study of SEMG-based kinematic prediction

According to the results, considerable information can be
obtained from SEMG recordings about the static position and
dynamics of motion during mastication. An automatic control
scheme might also be possible for the control of the mastication

model. Based on the results above and Fig. 7, SEMG signals can be
used to predict the length and orientation of each muscle during
mastication by solving the IKP. For this purpose, the SEMG sig-
nal of subject 4 was employed as a case study. Considering the
TDANN output of this subject as the input of the IKP (Eq. (5)), the
required lengths and orientation of the actuators (muscles) were
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Fig. 12. Posture of the mastication muscles and mandible during clenching for sub-
ject 4. Trajectory of CP and LCP are shown. (For interpretation of the references to
color in the text, the reader is referred to the web version of this article.)

computed. Representative posture variations, both orientation and
position, during the trajectory and their IKP solutions are illustrated
in Fig. 12. The blue dotted line and red dashed line correspond to
the muscles and mandible, respectively (e.g., segment AsBs repre-
sents the right temporalis muscle). Bold black lines show the paths
of the CP and the left condyle point (LCP). Fig. 12 shows that this
path can be obtained (in two or three dimensions) by the method
suggested in the present study. The time-varying behavior of the
muscle lengths, linear velocity, and linear acceleration are shown
in Fig. 13 for one subject.

4. Discussion

The aim of this study was to develop an SEMG-based model by
means of which jaw opening and closing during the mastication
process can be reproduced. The results presented above indicate
that if a gross prediction of the jaw motion is desired a TDANN can
predict the trajectory with reasonable accuracy using only SEMG
signals. The predictions are less accurate during maximum jaw
opening. Accuracy compensation can be obtained by using the AR-
TDANN structure (Fig. 9).

Other nonlinear system identification methods [32] could also
be used in combination with GA for predicting the jaw motion
from SEMG signals. However, the robust convergence properties
of the backpropagation method and the relatively small number of
unknown parameters to be estimated in TDANN/AR-TDANN made
it an appropriate choice for modeling the underlying dynamics.

Generalization is one of the characteristics required for the
developed model to be applicable for control purposes (e.g.
masticatory robots with closed loop control systems). A recent
study [6] suggested that the identified TDANN for one subject may
not be valid for another subject. Discrepancies may be owing to
differences between subjects in, for example, electrode position-
ing with respect to the motor points of the muscles, the amount of
tissue between the electrodes and muscles, and characteristics of
the muscles/muscle fibers [29]. In Fig. 10 we demonstrated that the
models trained on the data obtained from one of the subjects could
be appropriately generalized to other subjects. This observation
suggests that these models are more comprehensive than previ-
ous ones. The improvement may be due to our use of an automatic
method (GA) to determine the model architecture. Inter-subject
variations of prediction accuracy could be owing to differences in
jaw geometry, oral status, and other factors that were not consid-
ered in our model.

SEMG signals have previously been employed for recogniz-
ing intended motions of the musculoskeletal system with success
[24,35,28]. However when predicting the natural movement and
its moments is required inputs other than the SEMG signals are
commonly adopted [23,34]. In this paper we demonstrated that
including different delays of the recorded trajectory as inputs in
the model provided significant improvement (in statistical sense)
in the prediction ability of the proposed model (Table 3 and Fig. 11).

Numerous studies have evaluated the performance of the
temporomandibular joint (TM]) using the trajectory of condylar
paths [11]. Studies have characterized the compound movement
of the TM] in two and three dimensions. Spoor [37] and Gallo et al.
[1] used the screw axis model (also known as the finite helical axis
model) to model TM] movements in three dimensions. Grimes
etal. [27] employed a tracking system and software with the screw
displacement axis (SDA) model to perform a mathematical analysis
of the movement of an object in three dimensions. They calculated
rotation, translation, and the two- and three-dimensional charting
of the condylar path. The muscle behavior could be approximated
by harmonic series. In the current study it was possible to identify
the path of each point in the mandible, the muscle orientation,
and the muscle length during mastication movements by using
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Fig. 13. Time-variations in (a) length, (b) linear velocity, and (c) linear acceleration during chewing.

the proposed hybrid structure. Although the kinematic motion
parameters were estimated using only SEMG signals from the
masseter and temporalis muscles, once the estimation is complete,
the IKP can be solved to compute the time-varying length of all
three muscles (Fig. 13).

This study was limited to clenching movements since consider-
ing the ethical issues we only used surface electrodes for recording
the electrical activity of the muscles. Employing needle electrodes
and recording the electrical activity of pterygoid muscles can
provide the required tools for predicting lateral jaw motion dur-
ing mastication, hence having a more realistic reproduction of the
system under study. In that case the same techniques explained
in this paper could easily accommodate a combination of the new
muscles along with the ones employed in the current study.

5. Conclusion

EMG has been widely used as a control command for pros-
theses and powered exoskeleton robots. This paper considered
whether recorded SEMG signals from voluntary muscles are suffi-
cient for predicting the kinematics (position/orientation, velocity,
and acceleration) of mandible motion in clenching movements.
Two different methods, TDANN and AR-TDANN, were proposed.
In general, the results showed that: (1) the TDANN and AR-TDANN
methods are capable of providing reasonably accurate estimations
of mastication motion, and (2) the SEMG signals contain important
information about mastication movement. In all cases, the perfor-
mance of AR-TDANN was better than that of TDANN. However, in
the absence of motion sensors, TDANN would be sufficiently effi-
cient for controlling masticatory robots.

The provided analysis will aid researchers in characterizing
and investigating the mastication process, through the specifica-
tion of SEMG signal patterns (e.g., muscle displacements) and the
observation of the resulting mandible movement. Such models can
provide clinical insight into the development of more effective
rehabilitation therapies, and can aid in assessing the effects of an
intervention. This methodology can be applied to any teleoperated
robot or orthotic device (exoskeleton), either for rehabilitation or
extension of human ability.
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