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Abstract—Deweighting of the limb is commonly performed
for patients with a neurological injury, such as stroke, as it
allows these patients with limited muscle activity to perform
movements. Deweighting has been implemented in exoskeletons
and other multi-contact devices, but not on an end-effector
based device with single contact point between the assisting
robot and the human limb being assisted. This study investigates the effects of deweighting using an end-effector based
device on healthy subjects. The muscle activity of five subjects
was measured in both static postures and dynamic movements.
The results indicate a decrease in the activity of muscles which
typically act against gravity — such as the anterior deltoid and
the biceps brachii — but also suggest an increase in activity in
muscles which act with gravity — such as the posterior deltoid
and the lateral triceps. This can be explained by both the
change in required muscle-generated torques and a conscious
change in approach by the participants. These observations
have implications for neurorehabilitation, particularly with
respect to the muscle activation patterns which are trained
through rehabilitation exercises.
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I.

I NTRODUCTION

Each year, more than 15 million people experience their
first stroke, with approximately two in three surviving.
Unfortunately a large proportion of stroke survivors remain
disabled after their incident, with up to two in three being
permanently disabled [1]. Providing adequate opportunities
for rehabilitative exercise to these survivors remains a challenge for health systems around the world.
Robotic devices have been viewed as tools which can
be used to improve accessibility to upper limb training after
stroke [2], given their ability to mechanically assist movements. Such devices are commonly developed for those with
muscle weakness, which limits their capacity to exercise
independently. These devices take the form of either an
exoskeleton, which aims to provide a robotic joint for each
controlled physiological joint (such as the ARMin [3]), or
end-effector based devices, which make contact with the arm
at only a single location (such as the ADLER [4] or the
EMU [5]).
A common practice in rehabilitation for people with
muscle weakness in the upper limb is the mechanical
deweighting of the arm through providing external support.

This allows the patients to use their limited muscle function
to initiate movements, without first having to overcome the
effects of gravity [6]–[8]. Control strategies for achieving
this have been developed for both exoskeleton-style robotic
devices [9], and recently, in a previous work by the authors,
for end-effector based devices [10].
Although the goal of deweighting the arm is to reduce
the muscle activation levels required to hold or move the
patient’s arm, the support itself is provided only at the
joint movement level (as opposed to directly assisting individual muscles). Deweighting therefore does not uniformly
decrease the activation levels across all muscles or even
muscle groups for a given movement. As neurorehabiltiation
often focuses on retraining muscle recruitment and muscle
activation patterns, it is important that when analysing a
robotic control strategy, the effects at the muscle level are
considered.
Therefore, the goal of this work was to evaluate the effect
of a deweighting control algorithm on muscle recruitment.
Previous analyses have been conducted for the exoskeleton
devices [9], [11], as well as passive deweighting devices
[12], [13] but is yet to be applied to the end-effector based
robotic concept. The use of an end-effector based device
means that the effects of gravity in the joint space cannot be
completely compensated for, as the device provides support
at a single point of the human arm. The work sought to
understand the consequences of such conditions through the
use of an experimental protocol investigating both static
postures and dynamic movements.
II.

D EWEIGHTING A LGORITHM

The deweighting algorithm evaluated within this work
was introduced and validated using a mechanical arm in [10].
However, a brief overview is provided here.
The algorithm is derived by modelling the human arm
as a two-link mechanism with 3 intersecting revolute joints
representing the shoulder (S) and a single revolute joint
representing the elbow (E) (see Figure 1). It is assumed
that the robotic device is capable of applying a generalised
force (fr , mr ) at its end-effector to the human wrist (W ).
The equation of motion of the human arm, which can be
written in the following form, is then considered:
Mh (qh )q̈h + Ch (qh , q̇h )q̇h + gh (qh ) = τ h ,
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where Mh (qh ) ∈ R , Ch (qh , q̇h ) ∈ R
and gh (qh ) ∈
R4 are the mass, Coriolis matrix and gravity components of

Italy) at 2000Hz. All electrodes were placed in correspondence to [15] except for the PM which was placed centrally
in the sternocostalis area [16].

Fig. 1: The two-link mechanism representing the arm. q1−3
combine to represent the shoulder joint, and q4 represents
the elbow joint. lua , lf a , mua , mf a represent the lengths and
masses of the upper and forearms respectively.

the human arm, and τ h ∈ R4 is the torque at each joint
generated by the human through their muscles.
The objective of the deweighting algorithm is for the
robot to apply a generalised force (fr , mr ) to compensate
for the gh (qh ) component of the equation of motion of the
human arm, such that τ h , the force required to be produced
by the human muscles, is reduced. This can be calculated
using information about the posture of the arm (qh ).
The robotic device (EMU, [5]) utilised in this experiment
is underactuated, with only 3 actuated degrees of freedom,
applying fr but no moment (mr = 0) through its endeffector to the human wrist. The force applied at the endeffector is therefore of the form:
fr = JhT # (qh )g(qh ),

(2)

where JhT # (qh ) is the posture-dependent generalised inverse
of the Jacobian of the human’s arm.
III.

M ETHODS

This study investigated the effects of the deweighting
algorithm on human subjects, through the implementation
on the EMU upper limb rehabilitation robotic device and
the measurement of electromyographic (EMG) data in static
and dynamic conditions. Five healthy male subjects (age
27.4 ± 4.7 years, weight 62.6 ± 9.1 kg) were included in this
study, which was approved by The University of Melbourne
Human Ethics Advisory Group (ID: 1749444).
A. Apparatus and Parameters

The posture of the subjects was measured using TrakStar
magnetic sensors (Ascension Technologies, USA), which
were used to measure the orientations of the upper arm and
forearm. It was assumed that the subject remained seated
upright throughout the experiment.
B. Protocol
The protocol investigated both static and dynamic conditions. At the start of each session, the EMG sensors
were placed on the 6 areas of interest. The Maximum
Voluntary Contraction (MVC) of each muscle was measured.
Following this, the subject was seated, attached to the EMU
robot and magnetic sensors used to measure the subject’s
posture were attached. Data were captured for the static and
dynamic conditions as follows:
1) Static Condition: The static condition tested the ability of the device to reduce muscle activity when a subject’s
arm was not moving. Four postures were tested, as detailed
in Table I, and visualised in Figure 2. Postures 1 to 3 were
chosen as they demonstrate progressively increasing amount
of joint torques to compensate for the gravity of the arm
— through progressive increases of both the shoulder elevation and elbow extension — whilst remaining functional
postures. Posture 4 was chosen explicitly to investigate the
effects of the unactuated wrist joint of the EMU robot [10]
— that is the robot cannot produce a torque around the
swivel angle [17].
TABLE I: Static Postures
Posture
q1
q2
q3
q4
P1
10
20
0
10
P2
10
40
0
90
P3
10
80
0
30
P4
25
80
75
45
*Angles are reported in degrees, with reference to Figure 1

For each posture, the subject’s arm was positioned based
on the measurement feedback given on a computer monitor,
as measured by the magnetic sensors. The subject was
considered ‘in posture’ if the angle error of each joint was
less than 5◦ .

The proposed method requires an estimation of anthropomorphic parameters of the subject — namely the masses
(mua and mf a ), lengths (lua and lf a ) and locations of the
centres of mass (lcua and lcf a ) of the upper-arm and forearm.
Lengths were directly measured prior to the experiment and
segment masses were estimated based on the body mass of
each subject according to Harless’ ratios reported in [14].

Once the subject was at the desired posture, the robotic
device was set one of two modes — the Transparent mode,
where no force was applied onto the human subject’s arm
and the Deweighting mode, with the deweighting algorithm
activated. In each mode, the subject was asked to maintain
that posture and the EMG data were measured for 10
seconds, although the subject was not made aware of the
start of the recording until the data capture had finished.

The EMG data of 6 muscles used in activities of daily
living: the biceps brachii (BB), lateral triceps (LT), posterior
deltoid (PD), anterior deltoid (AD), pectoralis major (PM)
and upper trapezius (UT) were recorded simultaneously by
pre-amplified EMG surface electrodes (Cometa, Bareggio,

2) Dynamic Condition: Two movements were studied.
The first movement — the “reaching movement” originated
with the hand at the subject’s upper thigh in a seated
position, with a physical target placed at 80% of the subject’s
maximum reach, directly forward, and at shoulder height.

Fig. 2: The four postures used in the Static Condition tests.

The second movement — the “nose touch movement” —
originated with the hand at the subject’s knee, and ended
at the subject’s nose. These movements were chosen due to
their functional relevance.

the Paired Wilcoxon Signed-Rank Test (p < 0.05). As such,
the results are presented and discussed as trends.

A metronome was set to one beat every 1.5 seconds, and
the subjects were asked to move back and forward along the
movement path every 1.5 seconds (i.e. 1.5 seconds from
initial to final position and 1.5 seconds to return to the
initial position). This was repeated for both “transparent”
and ”deweighted” robot conditions, with EMG data captured
for 3 complete cycles — once again, the subjects were not
advised of when this recording had started.

The percentage of MVC for each posture and each
condition (statics,c,p,m ), for all subjects, are presented in
Figure 3. It can be observed that in all postures in the
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The analysis was conducted in a similar way to the static
condition — a normalised RMS value over the duration of
the movement o. For this analysis, the forward and return
directions (d) were analysed separately:
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2) Dynamic Condition: The captured data for each
movement was segmented by manually identifying the time
at which the subject first started moving (based on the
location of the wrist as recorded by the robotic device). The
following 1.5 seconds was taken as the forward motion, and
the subsequent 1.5 seconds as the backwards motion.

PD

5

0

5

0

0
20

8
15

Posture 4
(% MVC)

statics,c,p,m

RM S(es,c,p,m )
=
.
RM S(M V Cs,m )

AD

2

Posture 3
(% MVC)

1) Static Condition: For each subject s, posture p,
condition c (transparent and deweighting) and muscle
group m, the Root Mean Square (RMS) value of a
3 seconds period starting at 2.5 seconds was computed
(RM S(es,c,p,m )) and normalised against the subject-specific
MVC (RM S(M V Cs,m )) as follows:
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Fig. 3: Static Condition Results: Normalised RMS EMG in
each posture, for biceps brachii (BB), lateral triceps (LT),
posterior deltoid (PD), anteriordeltoid (AD), pectoralis major
(PM), and upper trapezius (UT), under Transparent and
Deweighting conditions for all subjects.

It is noted that due to the limited number of subjects
(five), no results were statistically significant according to

transparent condition, the AD had the largest %MVC value,
indicating the importance of this muscle in sustaining the
arm against gravity. It is also noted that the utilisation of

dyns,c,o,d,m =
IV.

RM S(es,c,o,d,m )
.
RM S(M V Cs,m )
R ESULTS

this muscle is decreased in all postures by the deweighting.
This was also the case for the UT, to a smaller extent.
The muscles most significantly contributing to the control of the elbow — BB and LT — both demonstrated only
a small percentage of utilisation in all postures and the
data indicated that activation of the biceps decreased in all
postures.
B. Dynamic Condition
The normalised overall muscle recruitment can be seen in
Figure 4. Movements against gravity saw a large decrease in
the recruitment of muscles, which operate against gravity in
these movements — particularly when the motions were also
against gravity. However, it is also noted that some muscles
which operate in the same direction as gravity — LT and
PD — also increased their activations in these movements.
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B. Muscle Recruitment Changes
It is also important to note that for both the static
and dynamic conditions, muscle activation change is not
uniform over all muscles. In particular, although activations
of the biceps brachii, anterior deltoid and upper trapezius
are decreased across postures and movements, activations
of the other muscles are maintained, or even increased in
some postures and movements. Most notably activations of
the lateral triceps and posterior deltoid were increased in
almost all postures and movements. This indicates muscle co-contraction, which leads to increased subject joint
impedance [18], possibly due to a reaction of the subject to
the unfamiliar environment. Moreover this increase is more
pronounced in movements in the direction of gravity (i.e.
down). This can be explained by the fact that subjects have
to counteract the gravity support provided, which does not
exist in transparent — and everyday — conditions. This
suggests that, in order to provide a deweighting suitable
for movements in and against gravity, specific compensation strategies, relative to movement direction should be
designed.
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C. Implications for Neurorehabilitation
Deweighting is a commonly-employed technique for
neurorehabilitation, and typically allows a patient to engage
their limited muscle activity in movement of their limb.
However, it is important to consider the overall objective
of neurorehabilitation — to reconstruct the neuromotor loop
to enable patients to use their limbs in everyday life, that is,
without the assistance of machine or therapist.

10

5

5

0

Nose Touch - Reverse
(% MVC)

PD

the elbow and the shoulder — as demonstrated by the
reduction in muscle activity in muscles normally recruited
to compensate for the effects of gravity (the biceps brachii,
upper trapezius, and anterior deltoid). This indicates that
end-effector based devices are capable of providing some
deweighting of the arm, and is of interest particularly when
comparing such devices with exoskeletons and multi-contact
sling based devices — which by construction are capable of
providing this support.
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Fig. 4: Dynamic Condition Results: Normalised RMS EMG
for for all subjects for biceps brachii (BB), lateral triceps
(LT), posterior deltoid (PD), anteriordeltoid (AD), pectoralis
major (PM), and upper trapezius (UT), for each movement
and direction, under Transparent and Deweighting conditions

V.

D ISCUSSION

A. Deweighting with End-Effector Based Devices
The results suggest that end-effector based devices are
capable of compensating for the effects of gravity at both

This study suggests that, with an end-effector based
device — but also more generally with rehabilitation robots
and even therapist-supported deweighting — muscle recruitment may change besides a simple reduction. As such, possible negative effects of these changes must be balanced with
the obvious benefits of providing deweighting. These effects should also be further investigated with neurologically
disabled subjects who present different muscle recruitment
patterns.
VI.

C ONCLUSION

This study investigated the effects of a deweighting
strategy for a 3D end-effector based rehabilitation device
for the upper limb on muscle recruitment in both static
and dynamic conditions. The results indicate a decrease in
the muscle activity for muscles which typically act against
gravity at both elbow and shoulder, but also suggest that
there is an increased activity of the antagonist muscles. This

can be explained both by the adaptation to an unfamiliar
environment by the subject as well as by the deweighting
strategy, making movements in the same direction as gravity
more difficult. Thus, care should be taken in the use of
robotic devices and deweighting in neurorehabilitation and
further experiments conducted, to ensure that such differences are in the interests of the patients’ recovery.
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