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Input error analysis of an EMG-driven muscle model
of the plantar flexors
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EMG is a useful tool for quantifying muscle forces and studying motor control strategies. However, the relationship between EMG
and muscle force is not trivial, and depends in part on muscle dynamics. This work has the following objectives: the first, to find muscle
excitations and partial joint torque contribution patterns in isometric plantar flexions, considering low and medium/high contractions.
The second, to correlate such patterns with an EMG-driven muscle model error, indirectly assessed by the associate joint torques. Indi-
vidual muscle contributions were calculated using the model driven by the measured EMG and compared to the total joint torque from
dynamometric measurements. Thirteen young males performed a protocol with low and medium/high intensities contractions. Input
functions were the normalized EMG of each triceps surae and tibialis anterior muscles. RMS error was calculated between the measured
and estimated torque curves. The trends observed were: the order of individual muscle contributions to the total torque (SOL, GM, GL)
was different from the order of the contraction intensities (GM, SOL, GL); the model was more accurate for medium/high contractions;
the worst estimations occurred when excitation input signals found from EMG were underestimated. Possible causes for such errors and

improvement suggestions are addressed.
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1. Introduction

Electromyography is a classical technique to study
motor control strategies [1], [2]. Such signals can be
measured non-invasively and provide highly valuable
functional information about the muscle dynamic
state, especially when they are associated with other
experimental approaches, such as kinematics and dy-
namic measurements [3], [4]. If normalized EMG
amplitudes are analyzed comparatively among mus-
cles, they can provide a raw estimation of muscle
force, and many inferences in the motor control field
are usually performed based on such information [5].

Static and dynamic force-generating capabilities
vary substantially among muscles and individuals.
Thus, force estimations based on a direct relationship

with EMG may mislead the interpretations about the
actual role of the muscle, regarding its effective con-
tribution to generating joint torque [7]. According to
the same authors, EMG to force, torque or movement
comprises four stages: activation dynamics, contrac-
tion dynamics, musculoskeletal geometry and multi-
body dynamics.

EMG-driven models can be used to improve mus-
cle force predictability. Processed EMG is associated
with the neural input u(#) of the model and musculo-
tendon force with output. By knowing muscle moment
arms, joint torques can be estimated, more specifi-
cally, the individual contribution of each muscle to the
total joint torque. Since the seminal works of HOF et
al. [8], EMG-driven models have been used by several
authors [7], [10] to solve a broad class of biomechani-
cal problems. Some authors formulate the forward
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dynamics problem with EMG as inputs for upper limb
[11] and lower limb [12]. Others use EMG associated
with inverse dynamics as [9] and also with optimiza-
tion [13], [14], as well as forward dynamics and opti-
mization such as [15].

A formulation of muscle contraction dynamics has
been proposed by MENEGALDO and OLIVEIRA [16]
based on the classical nondimensional musculotendon
actuator of ZAJAC [17]. We have added, following
SCHUTTE et al. [18], parallel elastic and damping ele-
ments to the contractile part. Such a model resulted,
for a specific testing protocol and using scale factors
for some model parameters, in approximately 11%
Root Mean Square Error (RMSE) for the prediction of
submaximal plantar flexion isometric torques. How-
ever, torque estimation errors varied as much as 30%
among the experimental subjects. Studying the sources
of such errors is imperative to extend model accuracy
and applicability.

Our analysis was performed over the triceps surae
muscle group, which has several suitable characteris-
tics: it is responsible for more than 90% of the plantar
flexor torque, all the three components are easily as-
sessable by surface EMG and have a high functional
importance for daily activities and sport practice. Such
muscle group has been extensively studied in the bio-
mechanics modelling literature (e.g., [9], [15], [19]-
[22]).

The objective of this work was to confront the ob-
served model errors with the input EMG signals and
suggest some directions to improve plantar flexion
isometric torque prediction using the model.

2. Materials and methods

A group of 13 adult young male subjects (age:
18.6 £ 0.7 years, mass: 65.6 £ 6.0 kg and height:
173.9 £ 7.8 cm) was selected to participate in the
study. The volunteers from the military personnel of
the Physical Education School of the Brazilian Army,
Rio de Janeiro, were engaged in a regular regimen of
physical activity. All participants provided their writ-
ten consent and did not report any history of osteo-
myoarticular injury to the right knee or ankle. The
experiment was approved by the Federal University of
Rio de Janeiro Ethical Committee (Proc. No. 031/07
HUCFF).

The subjects laid prone on a Norm/Cybex™ Dy-
namometer, with the knee extended and the ankle
at neutral (90°) position (figure 1). Each volunteer
was instructed to follow a protocol consisting of two

10-second sustained contraction steps of submaximal
loads. Steps amplitude corresponded to 20 and 60% of
the Maximum Voluntary Contraction (MVC) torque
each, separated by a 10-second relaxing interval (see
figure 2). A feedback display of the actual dyna-
mometer torque on-line output was provided to the
subject, who attempted to match it with a mask of the
step protocol plotted on the computer screen. Such
a mask was personalized for each subject, as a func-
tion of his measured MVC torque. The right foot was
firmly fixed to the dynamometer foot adaptor. The
experiments were preceded by a familiarization ses-
sion, which consisted of submaximal plantar flexion
contractions followed by one maximal effort and step
protocol trials. Plantar flexion torque associated with
a maximal voluntary contraction (MVC) was collected
twice with two-minute rest between the trials. The
highest value was selected as the maximum subject
torque.

Fig. 1. EMG electrodes positioning and
foot fixation on Cybex™ foot adaptor

Torque signal and surface EMG were synchro-
nously collected (figure 1) using a electromyography
(EMGSystem™, model EMG 800C, Brazil), with
CMRR = 106 dB and analogical band-pass filter of
10-500 Hz, 2 kHz sampling rate, 16 bits A/D con-
verter. Ag—AgCl pre-gelled electrodes were posi-
tioned on gastrocnemius medialis (GM), gastrocne-
mius lateralis (GL), soleus (SOL) and tibialis anterior
(TA) muscles, according to SENIAM recommenda-
tions, after skin preparation [23]. Reference electrode
was positioned on the left lateral malleolus. Raw EMG
signal was initially band-pass filtered (15-350 Hz)
to remove artifacts [2] and then rectified and low-pass
filtered with a 2nd order Butterworth filter (2 Hz
cut-off frequency). Input excitation signal u(¢) for the
muscle model was found by normalizing the proc-
essed test protocol EMG by MVC EMG.
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Fig. 2. Torque contribution curves from each muscle and total torque (sum), showing also the test protocol (target),
for one example subject (above). Total torque generated by the model and measured by dynamometer (below).
The thin dotted vertical lines represent the time limits (before and after the 20% and 60% MVC steps) used to calculate the RMSE.
Individual muscle torque contributions: soleus (SOL), gastrocnemius medialis (GM), gastrocnemius lateralis (GL), tibialis anterior (TA)

The muscle model described in [16] was integrated
using Matlab™ Ordinary Differential Equations
“o0de45” solver, with u(¢) as the input. The estimated
torque output was found by the sum of each simulated
muscle force multiplied by its respective ankle angle
moment arm, using the polynomial equations from
[24]. TA moment arm was considered negative, since
it is a dorsiflexor. Muscle model parameters were
taken from the “Both Legs with Muscles” model of
OpenSim [25].

Differences between simulated torque and Cy-
bex™ dynamometer measured torque was calculated
as the normalized Root Mean Square Error (RMSE)
between the two curves:

IO T0);

RMSE (%)= x100% ,
™ .. N
(D
where:
TM  —the Cybex"™ measured torque,
N — the simulated torque,
N — the number of samples in the time series,

TM.x —the maximum dynamometer measured
torque at MVC for each subject.

Each part of the experimental protocol comprising
low (20% MVC) and medium/high (60% MVC) in-
tensities was considered separately.

The group was then divided into two subgroups of
poor- and good-torque estimation (PE and GE, re-
spectively), and the Mann—Whitney U test was ap-

plied to assess significant changes of the individually
estimated torque and excitation function of muscle.
Linear regression and the Pearson coefficient correla-
tion were applied to test the relationship between
muscle excitation and model prediction error. Signifi-
cant difference between means was set as a p value of
0.05 (Statistica 7.0 — StatSoft, Inc.).

3. Results

Torque curves estimated from the EMG-driven
model and those measured by the dynamometer are
shown in figure 2 for one example subject. Consider-
ing the total group, the %RMSE was significantly
higher for the low intensity level compared to the
medium/high one, showing a high coefficient of
variation among the subjects (low: 23 = 10.84%; me-
dium/high: 18.15 + 11.11%, p = 0.046).

In order to identify possible sources of model er-
rors, the entire set of results were further divided into
two groups, considering an error threshold of 20%,
which is approximately the mean error value for both
low and medium/high steps. Subjects were sorted
according to their corresponding error values. The
table presents the mean values (standard deviation) of
each muscle contribution to the total joint torque. The
individual muscle contributions to total torque pre-
sented similar patterns (p > 0.05 for all muscles and
torques) in both PE and GE groups for the 20 and
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Table. Mean + standard deviation of the relative individual torque contribution to the total joint torque estimation,
for low (20% MVC) and medium/high (60% MVC) contraction intensities.

Tax: Maximum torque in the MVC test. GE: good estimations, PE: poor estimations

%RMSE SOL GM GL TA Ty (NM)
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Fig. 3. Mean excitation u(f). GE: Good Estimation; PE: Poor Estimation.
*p < 0.05 between GE and PE. Soleus (SOL), gastrocnemius medialis (GM) and gastrocnemius lateralis (GL).
For: a) 20% MVC contraction, b) 60% MVC contraction
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Fig. 4. Scatterplot and linear regression of the excitation u(¢) and %RMSE for:
a) 20% MVC contraction: soleus (SOL): r =—-0.37, p = 0.22, gastrocnemius medialis (GM):
r=-0.84, p = 0.0003, and gastrocnemius lateralis (GL): r =-0.61, p = 0.0262,
b) 60% MVC contraction: soleus (SOL): r=-0.71, p = 0,0060, gastrocnemius medialis (GM):
r=-0.56, —= 0.0464, and gastrocnemius lateralis (GL): » =-0.62, p = 0.0235

60% MVC steps. The sharing contributions among the
muscles, from the highest to the lowest, followed the
order: SOL, GM, GL.

In figure 3, the mean values for the input excita-
tion signal u(f) are shown as a percentile of subject
specific MVC for the PE and GE groups. The exci-
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tation levels present the differences between PE and
GE groups for all muscles (significant for GM at
20% MVC step and for SOL and GL at 60% MVC
step). In figure 4, the linear regression of the exci-
tation u(¢) vs. %RMSE shows a significant inverse
correlation for all the muscles in the 60% MVC
case. In the 20% MVC step, GM and GL show the
same trend.

4. Discussion

The results revealed a greater contribution of SOL
muscle followed by the GM to the total torque, for
both effort intensities. GL contributed less, although
a significant increase from low to medium/high inten-
sity level could be observed. The model estimated
a small torque contribution of TA, showing that only
a small amount of co-contraction was present in this
task, in agreement with HOF [27]

The contributions from each muscle to total
torque presented similar patterns in both PE and GE
groups for the 20 and 60 %MVC steps. Muscle force
share in the total torque always followed the se-
quence SOL, GM, GL and thus no relationship was
found between torque sharing patterns and modelling
errors. However, higher excitations were found in the
GE group. It is important to emphasize that the rela-
tive error for the PE group, independently of the
contraction intensity, was found in underestimation.
Based on the correlation coefficients (figure 4), low
excitation can be correlated with model accuracy
reduction, suggesting that possibly an underestima-
tion of u(¢) from the EMG and/or an overestimate of
MVC may have occurred.

Inherent limitations of the superficial EMG tech-
nique have to be considered. EMG acquisition was
based on bipolar configuration whose methodological
problems have been extensively addressed in the lit-
erature. EMG signals constitute a summation of the
motor units action potentials, occurring within the
detection area of the electrode. Each motor unit action
potential is biphasic or triphasic, and not strongly
synchronized. Thus, constructive and destructive su-
perimpositions occur, leading to a ‘“natural” large
variance of the EMG’s linear envelope [1] that does
not strictly represent fluctuations in muscle activation.
Electrodes positioning with relation to the innervate
zone can affect drastically the signal amplitude, as
well as the conductor volume, which depends on the
distance between the signal origin and the detection
system, and varies among the anthropometric charac-
teristics of each subject [1], [S].

Triceps surae shows a pinnate fiber arrangement,
which can possibly hinder the interpretation of surface
EMG signals recorded from these muscles. Thus, the
one-channel bipolar surface EMG may not represent
actual excitation u(f) for the muscle as a whole, as
hypothesized by the model. It assumes a single input
for each muscle, when excitation actually has a spatial
distribution over the muscle surface [22], [28], [29].
Multiple, spatially distributed EMG channels collect
independent information from separate sources and
map myoelectric activity over a wide superficial area.
Such a method would thus increase the reliability of
the muscle excitation measurements. STAUDENMANN
et al. [5] report up to 30% improvement of force esti-
mation for the triceps brachii during three different
contractions levels, without using muscle mechanical
models. Our group has shown in a previous study, by
using a similar plantar flexion protocol, that High
Density (HD) EMG reduced the torque estimation
error by approximately 16% for the medium/high
effort [30]. On the other hand, reliable detection of
surface EMG from several electrodes, closely sepa-
rated from each other, represents a difficult technical
problem. Complexity of the analysis increases consid-
erably, since the recording signal has two spatial and
one temporal dimension [31].

The reliability of the maximal voluntary isometric
(MVC) test can be another source of model prediction
errors. The difficulty in fixing the foot for reliable
plantar flexion maximal torque acquisition is reported
by many authors. Joint angular displacement can
reach, in extremes cases, 20° of plantar flexion [32]. If
the joint extends, the muscles from triceps surae
shorten [32], [33] and the force at maximum excita-
tion deviates further from the optimal length, which
occurs about 20° of dorsiflexion, in static conditions
(simulated with Opensim). MAGNUSSON et al. [34]
suggested considering ankle rotation for correcting the
Achilles tendon displacement during MVC tests to
avoid overestimated strain values. Weaker than MVC
torques are produced when the step test protocol is
applied (20 and 60% MVC). If the heel keeps contact
with the dynamometer foot apparatus, this compara-
tively advantageous situation will demand less neural
effort. Thus, the modelled relationship between nor-
malized u(¢) and force fails due to an unreliable nor-
malization. With this potential problem in mind, we
firmly fixed the subject’s foot to the dynamometer
foot adaptor. A custom-made rear heel u-shape appa-
ratus was used to constrain the undesirable plantar
flexion during MVC (figure 1). Heel linear displace-
ment was assessed during MVC by a simple apparatus
consisting of a pointer tightly fastened to the foot rear
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and a ruler that remained fixed, filmed by a video
camera. The mean (standard deviation) displacement
value of 1.92 + 0.85 cm was recorded. It is possible
that for some subjects, the foot positioning precaution
resulted not completely worthy.

The two-step protocol allows evaluating the be-
haviour of the model in the rise, fall and sustentation
of the force level, as well as the existence of unex-
pected delays, which should be more difficult to ver-
ify in the case of ramp tests [22]. The fact of using
isometric contractions reduces the trend to produce
artifacts in the EMG signal, keeps the task more uni-
form among the subjects and does not present prob-
lems regarding the integration of multibody differential
equations, where small errors in moment estimation
become serious when joint positions are found by
integration [7].

In this paper, no optimization was used, since one
of the objectives of study was to address the error
characteristics. We believe that more reliable models
allow reducing the number of variable parameters and
narrowing the constraints of the optimization problem,
keeping it more physiologically meaningful.

Any biomechanical model has numerous sources of
errors in special non-modelled physiological or me-
chanical phenomena and the lack of model parameters
reliability. However, it can be suggested that some
experimental errors can aggravate such model limita-
tions, namely: using processed single channel surface
EMG to estimate model excitation and unreliable nor-
malization from MVC EMG. Some directions to im-
prove model predictability can be pointed out, such as:

a) Use multi-channel EMG.

b) Test other formulations of linear or non-linear
activation dynamics, or use more sophisticated muscle
models suitable to simulate low intensity contractions,
such as WINTERS model [35].

¢) Obtaining more reliable and subject-specific
model parameters [36].

In this paper, the isometric plantar flexor torques
generated by normal young male subjects and meas-
ured by a dynamometer were compared with the re-
sultant torque estimated using an EMG-driven Hill-
type muscle model. Model predictability was better
for medium/high (60% MVC) when compared to low
contractions (20% MVC) and the order of the partial
contributions to the total torque was, from highest to
lowest, as follows: SOL, GM and GL. Such an order
was not followed when analyzing muscle excitations.
Input errors related to processing surface EMG in the
estimation of model excitation and unreliable nor-
malization from MVC EMG can be pointed as possi-
ble causes for the observed error levels.
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