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Abstract—Electromyography (EMG) has been frequently
proposed as the driving signal for controlling powered
exoskeletons. Lot of effort has been spent to design accurate
algorithms for muscular torque estimation, while very few
studies attempted to understand to what extent an accurate
torque estimate is indeed necessary to provide effective
movement assistance through powered exoskeletons. In this
study, we focus on the latter aspect by using a simple and “low-
accuracy” torque estimate, an EMG-proportional control, to
provide assistance through an elbow exoskeleton. Preliminary
results show that subjects adapt almost instantaneously to the
assistance provided by the exoskeleton and can reduce their
effort while keeping full control of the movement.

I. INTRODUCTION

Powered exoskeletons are wearable robots designed to
assist humans in performing movements. The assistance
provided by these devices can be exploited to several ends:
either to augment the performance of healthy humans,
enhancing their endurance [1] or strength [2], or to restore
normal abilities in patients affected by movement disorders,
such as tremor [3], hemiplegia [4] or paraplegia [5], or
finally for neuro-muscular rehabilitation [6].

The most common way of realizing this kind of assistance
consists in estimating the joint torques needed to perform the
intended movement, and then in providing the wearer with a
constant fraction of said torque through the robot, depending
on the needs of the user and on the specific goal of the
treatment [7][8]. As a result of the assistance, the wearer is
supposed to adapt his/her motor behavior, in terms of muscle
activations, to exploit the extra torque and to reduce the
metabolic effort required to perform the movement [9].

Despite encouraging results, this method presents two
main drawbacks. First, an accurate estimation of the torque
needed by the user to perform the movement is very difficult
to obtain in real-time. In addition, the user’s reaction to the
extra-torque provided by the robot cannot be modeled, but
should be taken into account in order to design an effective
assistive control. A possible strategy for estimating the
torque needed to perform the intended movement consists in
solving the inverse dynamic problem [10]. This method
requires a good estimate of joint positions, velocities and
accelerations, as well as an accurate dynamic model of the
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user’s limb to be assisted. Moreover, any physical
interaction with the external environment (including the
exoskeleton) should be measured by means of force sensors
and included in the model. These requirements are hard to
satisfy, and make this approach impractical in most real-
world scenarios.

Another torque estimation method consists in exploiting
the electro-myographic (EMG) signals that are generated by
the neuro-musculo-skeletal system to produce the intended
movement. EMG signals, resulting from the motor neuron
impulses that activate the muscle fibres, can be correlated
with the force produced by muscles and the torque exerted at
the joint level [11]. EMG-based torque estimation presents
some intrinsic advantages. First of all, the incipit of EMG
signal starts about 20-80ms before the muscle contraction
takes place [12]. This delay can be exploited for real-time
computation of assistive torques, as well as to compensate
the limited bandwidth of the robot actuation system. In
addition, EMG-based control does not require to take into
account if the wuser is interacting with the external
environment or is moving freely. EMG-based methods do
not need a dynamic model of the user’s limbs and, most
importantly, allow to estimate the torque before the
movement takes place, so that the user can be assisted even
if not able to initiate the movement autonomously.

Different approaches have been proposed in the past to
estimate the muscular torques starting from EMG activation,
ranging from black-box neural networks [13], neuro-fuzzy
classifiers [14], and Hill models [15][16]. In these studies, a
lot of effort was spent in designing algorithms aiming at the
best possible torque estimate accuracy. Particular attention
was given to develop estimation methods that reduce the
need for complex subject- and session-dependent calibration
procedures, lowering, at the same time, the required
computational power. Despite the huge effort spent to
achieve high estimation accuracy, very little attention has
been paid to understand if an accurate torque estimate is
indeed necessary to provide effective movement assistance
through powered exoskeletons.

In this paper we focus on the latter aspect by exploring to
what extent the EMG-torque estimation algorithm can be
simplified, while still providing effective movement
assistance. Specifically, we are not interested on raw open-
loop prediction of EMG but rather on closed-loop usability
of the system. We postulate that the adaptation capacity of
the user (i.e. the motor learning ability) can compensate for
torque estimate imprecision, without adding further
cognitive effort to that the user normally spends in
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Fig. 1 Overview of NEUROEZXos: (a) lateral view, (b) front view.
controlling his own arm movement. With this aim, we test
the user reaction to a simple and “low-accuracy” assistive
torque provided through an elbow exoskeleton. This
simplified torque estimate is obtained by applying a
proportional gain to the envelope of EMGs recorded from
the muscles involved in the movement. As already shown by
Hogan in [17], this approximation holds only for isometric
contractions, and therefore introduces a systematic error in
the estimate when applied in dynamic conditions.
Surprisingly enough, we observed that subjects are able to
adapt almost instantaneously to the assistance provided by
the exoskeleton and can reduce their effort while keeping
full control of the movement.

This paper presents the description of the EMG-based
proportional control system along with its implementation
on the NEUROEZXos platform, a powered exoskeleton for the
elbow assistance. The proposed assistive control was tested
on two subjects performing an elbow flexion/extension
movement against gravity (i.e. in non-isometric, non-
isotonic muscle contraction conditions). Results of the
experiment along with discussions are reported.

II. METHODS

A. The NEUROEXxos platform

The NEUROExos [18][19], shown in Fig. 1, is an elbow
powered exoskeleton. User’s upper- and lower-arm are
rigidly connected to the robotic links, which have a double
shell structure: an outer carbon-fiber shell allows to transmit
the assistive force, and an inner flexible shell improving the
comfort of the user [20]. NEUROExos is provided with an
adaptive, passive-compliant actuator, implemented by means
of an antagonistic non-linear elastic actuation system located
remotely from the user [21]. Torque is transmitted to the
NEUROExos joint by means of steel wire ropes routed
trough Bowden cables. The driving block is composed by a
driving pulley (radius of 19 mm), which the antagonistic
steel ropes wrap around and a planetary gear amplifying the
input torque of a factor four. The platform is equipped with
two cable force sensors, and with a 4096 ppr rotary encoder.

B. EMG processing and proportional controller

Surface EMG activity from the biceps brachii and triceps
brachii muscle were picked up by pre-gelled Ag/AgCl 8 mm
diameter bipolar surface electrodes (Pirronse&Co., Italy)
attached about 2 cm apart along the longitudinal axis of the

muscle belly. EMG recordings were digitized at 1 kHz using
the Telemyo 2400R G2 analog output receiver (Noraxon
USA Inc., AZ, USA) with an internal band-pass filter (10-
500 Hz) and a gain coefficient of 2000. Raw EMG signals
were processed to obtain the linear envelope (LE) profiles
which resemble the muscle tension waveforms during
dynamic changes of isometric forces [22]. LEs were
obtained on-line through full-wave rectification of band-
passed EMG signals and post-filtering by means of a
second-order low-pass Butterworth filter with a cut-off
frequency of 3 Hz [23]. As showed in the NEUROExos
control scheme (Fig. 2), LEs gathered from biceps and
triceps muscle (i.e. LE;, and LE;.) were multiplied by two
different constant factors Ky;. and K., to obtain the force
set-points for the NEUROExos flexor and extensor cable
respectively (ﬁﬂx and F,,,). Cable forces (Frie and Foyy)
were regulated by the NEUROExos closed-loop low-level
controller to produce the final assistive torque on the user
joint. EMG recordings and sensor outputs were
synchronized and saved by means of a Labview® routine
running at 1 kHz on a real-time controller NI PXI-8196
(National Instrument, TX, USA).

C. Experimental procedure

After the set-up of EMG recording apparatus, subjects sat
on a chair and wore the NEUROEZxos on their right arm. The
weight of NEUROExos was supported by an external frame,
which also constrained the upper arm to an inclination of
about 30 deg to the gravity vector, as shown in Fig. 1. The
experimental procedure was divided in two phases. In the
first part, the subject chose the two gains of the proportional
controllers (K. and Kg;.), one after the other, starting from
the biceps. Both gain values were initially set to 0. The
subject was instructed to increase the gain gradually using a
knob while moving his/her elbow freely. The experimenter
exhorted subjects to increase the gain as long as they felt
comfortable with the level of assistance. After K, was
properly set, the same procedure was repeated for the K.
No time constraint was given to subjects for this procedure,
but no more than 2 minutes were needed.

Subjects took rest for 10 minutes outside the exoskeleton
before the second part of the experiment started. In this
phase, participants were asked to make cyclical
flexion/extension movement with a target amplitude of 50
deg, and pace of 1Hz. Augmented visual feedback was
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Fig. 2 Block diagram of the proportional EMG controller.
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Fig. 3 Mean position and velocity profiles over different assistance levels
for the two subjects. Different color lines are used for each assistance level.

provided to subjects using a computer screen, which
displayed current elbow angle and target movement range by
means of a vertical cursor, an upper and a lower bound. In
addition, a metronome supplied the desired movement pace
to which the user was asked to synchronize. While
performing this cyclical movement, subjects experienced
three increasing level of assistance obtained by setting the
actual force gain values (Ky;, and Kgi) to 50%, 100% and
150% of the preferred values previously chosen. Each level
of assistance lasted one minute, and was interleaved by 1
minute of no-assistance condition (Ky;. and K. equal to 0).

1. RESULTS

Data acquired during the flexion/extension trials (e.g. joint
angle, cable force sensors, EMG envelopes) were divided
into sequences of 60 seconds, with homogeneous levels of
assistance provided to the subjects. Each sequence was
separated in flexion/extension cycles using a peak detection
algorithm. The cycles during which a transition occurred
were not included in the analysis.

Within each cycle, we computed cycle amplitude
(difference between maximum and minimum angular
position) and cycle duration, in order to assess the
fulfillment of the kinematic task across the different
assistance conditions. Table I reports the mean cycle
amplitude and duration along with standard deviations for
each assistance condition experienced by the two subjects.

Mean position and velocity profiles were also calculated
for each assistance level and are reported in Fig. 3 with
different colors, in order to verify if movement kinematics

Table 1

Average cycle amplitude and duration for the each assistance level.

0 50% 100% 150%
— Cycle 53.43°k | 53.62°+ | 53.48°+ | 54.46°+
] amplitude 4.33° 2.98° 3.56° 4.62°
- Cycle 0.997+ 1.00+ 0.983+ | 0.989+
« duration 0.042 s 0.038 s 0.064 s 0.066 s
. Cycle 48.77°+ | 48.91°t | 49.71°+ | 50.47°%
] amplitude 2.40° 2.61° 2.59° 3.47°
£ Cycle 0.991+ | 0.982+ 1.002+ 1.001+
« duration 0.041 s 0.037 s 0.054 s 0.052s

was altered by the provided assistance.

To explore the effect of the proposed assistive control on
the subject’s muscular activity, mean and maximum value of
biceps and triceps EMG envelopes were computed. Fig. 4
shows the mean biceps envelope profiles of the two subjects,
for each level of assistance, using different color lines.
Finally, Fig. 5 reports the peak of biceps envelope, for each
movement cycle overall the trial in order to investigate if
any kind of trend was present.

IV. DiScUSSION

Mean cycle amplitude and duration (Table 1) did not
change significantly across different assistance levels.
Moreover, standard deviation values, gathered from different
assistive levels, are very similar, meaning that elbow
movement variability was not altered by the assistive
control. Besides mean amplitude and duration, the kinematic
profiles, as performed by subjects under different assistance
level, were also very similar, to such an extent that lines of
different colors are hardly visible on Fig. 3. These
experimental results clearly demonstrate that movement
kinematics was not significantly altered in any tested
condition. Subjects could keep the full control of their arm
movement despite the “simplified” assistive controller.

On the contrary, biceps EMG envelopes, as shown in Fig.
4, were significantly decreased by means of the extra torque
provided by the exoskeleton, indicating an effective
reduction of the effort spent by subjects for movement
generation. This result is particularly encouraging if we
consider the well-known difficulties of EMG-based control
in assisting movements that require very low muscular
effort, and consequently produce low EMG signals, such as
the unconstrained elbow movement that we tested [14].
Similar conclusions can be drawn by analyzing the peaks of
the biceps EMG envelope reported in Fig. 5. Despite the
observed variability, a clear reduction can be seen if the
mean of the peak over each assistance level is considered
(horizontal black segments of Fig. 5).

Quite surprisingly, the analysis of the peaks of biceps
EMG envelope, does not reveal any clear trend that could
underline a motor learning process such e.g. the one
observed by Ferris [9] who used a similar EMG proportional
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Fig. 4 Mean biceps envelope profiles of the two subjects. Different color
lines are used for each assistance level (blue: K =0%; green: K = 50%; red:
K =100%, cyan: k = 150%).
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Fig. 5 Peaks of biceps EMG envelope recorded on each cycle overall the experiment. Different colors are used for each assistance level. The vertical dashed
lines indicate the time when the assistance level changed. The black line corresponds to the mean of the envelope peaks over a specific assistance level (blue:

K =0%; green: K = 50%; red: K = 100%, cyan: k = 150%).

controller for an ankle exoskeleton. EMG envelop peaks
were apparently constant during the 60 seconds performed at
a constant assistance level, while one should have foresee
that as subjects adapted and learned how to exploit the
assistance provided, the effort spent, and then the EMG
peaks, should have been reduced. Further analyses and
studies should be performed to answer these questions.

V. CONCLUSIONS AND FUTURE WORKS

This work investigates about the possibility of using a
proportional EMG controller for providing assistance
through powered exoskeletons. We postulate that humans
can rely on their motor adaptation ability to compensate for
the inaccuracy of the controller, which provides the user
with an additional torque that does not correspond to a
constant fraction of that actually needed to perform the
intended movement. Preliminary results reported in the
paper show that subjects can effectively adapt to this kind of
assistance and take advantage of the assistive torque.
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