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Abstract— Movement patterns are commonly disrupted after
a neurological incident. The correction and recovery of these
movement patterns is part of therapeutic practice, and should
be considered in the development of robotic device control
strategies. This is an area which has limited exploration in
rehabilitation robotics literature. This work presents a new
strategy aiming at influencing the cost associated with a
movement, based on the principle of optimal motor control.
This approach is unique, in that it does not directly modify
the movement pattern, but instead encourages this altered
movement. This ‘Indirect Shaping Control’ is applied in a
preliminary experiment using an end-effector based device with
5 healthy subjects. The study concludes that such an approach
may encourage changes in movement patterns which do persist
to out-of-robot reaching actions, but this was not consistent
over all subjects and further experiments are required.

I. INTRODUCTION

Recovery from motor impairment after neurological in-
cident can result in ‘incorrect’ movement patterns —
stereotypically the shoulder abduction/elbow flexion synergy
[1], [2]. Whilst such movement patterns often allow these
individuals to produce movements —and thus allow for
function— in the early stages after neurological incident,
sustained use of such movement patterns can prevent recov-
ery of normal movement patterns. This may, in turn, limit the
ultimately achievable range of movements, limiting long term
independence. As such, correcting these movement patterns
is a common goal of rehabilitation.

Robotic devices are often seen as a potential tool in the
rehabilitation process, due to their capability to provide semi-
supervised or unsupervised therapy to patients at an increased
dosage, with studies demonstrating their effectiveness in
this space [3], [4]. However, it is important to ensure that
movement patterns are correct in the exercises performed
with such devices.

A second key aspect of therapy is the desire to ensure
that the therapy performed generalises to other tasks or
movements. Within the context of movement patterns using
robotics, this can be considered ensuring movement patterns
improved during a robotic therapy session are maintained
when the patient is no longer in the robotic device [5].

The present work proposes an approach to both encourage
specific movement patterns and generalisation of said move-
ment patterns to movements outside of the robotic device.
Although this problem has been approached using robotic
exoskeletons [6] very little has been done using end-effector
based devices, which have the advantages of a lower-cost and
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higher practicality and usability given their simpler design
and easier setup.

Encouraging certain movement patterns is thus performed
here using an indirect shaping approach, which creates an
environment which makes certain movement patterns more
physically demanding to execute, without interacting at the
joint level. This approach is motivated by the theory of
optimal motor control [7]-[10], which suggests that humans
naturally resolve the inherent redundancy associated with
movement of the human body through cost minimisation.
A number of experimental and simulation studies have
investigated possible factors within this cost, and it is likely
that this cost has a number of components. Amongst these
components, energy consumption emerges as a contributing
factor.

The approach presented in this work also aims to promote
generalisation of the movement pattern changes outside of
the training environment by not providing explicit instruc-
tion about the force-field objective. Motor adaption studies
indicate that the context or scenario in which training is
performed affects how the adaptation generalises. This has
been demonstrated, for example, in experiments in which
different types of visual feedback are provided [11]. As
such, this study also sought to explore whether providing no
explicit instruction to the user (and thus having the movement
pattern evolving ‘naturally’) would result in a generalisation
of the movement pattern to movements outside the robot.

This work provides a preliminary study into this approach,
proposing a dedicated robotic control strategy and an imple-
mentation on a 3D manipulandum. Investigations are then
performed on 5 healthy subjects, with a simple reaching task.

II. BACKGROUND

Pathological synergies after neurological incident arise as
the result of cortical reorganisation after the disruption of
healthy synergies due to the incident itself [12]. In this
recovery process, certain ‘correct’ synergies may be favoured
through encouragement of such movement patterns, which is
reflected both in traditional therapy practices (for example, in
Neurodevelopmental Techniques and Bobath Therapy [13]),
as well as through the use of technology in rehabilitation.

The present work proposes an approach motivated by
optimal control theory — for which some background is
presented here. This is followed by a short description of
existing strategies for encouraging certain movement patterns
with the use of technology.

A. Optimal Motor Control

Motor activities performed by humans are commonly ex-
tremely redundant — that is, there are generally significantly



more degrees of freedom available in the human body than
required to complete a task [14]. Resolution of this redun-
dancy is often suggested to be a result of an optimisation
— that, when performing a movement, humans attempt to
minimise some cost function, which dictates the resulting
movement patterns. The exact cost function is still a topic of
investigation, and it is likely that it depends on a number of
factors. However, models have been proposed on minimising
a number of parameters associated with internal states, such
as work [15], torque [10] and effort [9]. Furthermore, others
have suggested that movements are also optimised with
respect to task objectives — such as to minimise possible
variance in movement at the end-effector (i.e. the hand) [7].
Although some debate still remains about the validity of
each of these models independently, it is clear that such
movements are likely to minimise a cost associated with
energy consumption.

Another contributing factor to this internal optimisation is
the suggestion that commonly-used movement patterns are
more heavily favoured. This is manifested in ‘use-dependent
learning’, which suggests that as particular movements are
repeated, they become increasingly commonly executed with
less variance [16].

Based on these principles, it is hypothesised that a modifi-
cation of the environment in which an exercise is performed
will result in a change in movement pattern — as the brain’s
natural motor control mechanisms attempt to find a new
optimum. Furthermore, due to the phenomenon of ’use-
based learning’, repeated performance of a task with a novel
movement pattern may also result in this movement pattern
being preferred once the environment has been removed —
i.e. generalisation of this movement patterns to other tasks.

B. Strategies for shaping movements using technology in
rehabilitation

With the increasing number of devices being introduced
for rehabilitation, and in acknowledgement that correct
movement patterns are essential in rehabilitation, a number
of different strategies have been proposed to encourage them.

Simpler devices alert the patients of incorrect movement
patterns — such as systems providing haptic or auditory cues
in case of a torso-based compensatory movement [17], [18].

In contrast, the Time-Independent Functional Training
(TIFT) controller encourages correct movement patterns by
only allowing task (hand) progression when correct move-
ment patterns are performed — specifically, when the move-
ment is made in the ‘correct’ joint space direction. TIFT has
been implemented both with a direct feedback at the joint
level [19] and with indirect feedback at the hand level [20].
Similarly, movement patterns can be efficiently constrained
using exoskeleton devices as with the Kinematic Synergy
Controller (KSC) [21], [22].

Another interesting approach for movement pattern cor-
rection has been to focus on individual ability for under-
represented muscle groups in isometric contraction [23],
which saw improvements in the pathological synergy.

It is to note that most of these approaches rely on ex-
plicit instructions about the expected change of movements
patterns. As such, the specific movement pattern may be
considered part of the ‘task’ to be achieved. Although this
instruction is likely to accelerate the immediate adoption of
these movement patterns, this may paradoxically reinforce
their context-dependence and thus limit their generalisation.
It is perhaps interesting to relate this to the well-studied
Knowledge of Result (KR) and Knowledge of Performance
(KP) paradigm, for which the movement pattern would
generally be associated with KP [24]. It is suggested here
that, in the case in which instruction is given to adhere to
a given movement pattern, the movement pattern becomes
KR, rather than KP — making the characteristics of the
generalisation particularly hard to assess in experimental
settings.

However, Proietti et al. have shown that subjects can adapt
to a force-field enforcing movement patterns and generalise
the learned effect to additional movements without explicit
instructions [22], suggesting that this approach is viable.

The present study therefore seeks to investigate whether
movement patterns can unconsciously be modified by a
specific physical interaction strategy, which subtly makes it
physically less demanding to follow a desired movement
pattern. As a result of this unconscious adoption of the
movement patterns, it is hypothesised that the movement
patterns may generalise in a similar way. However, the
present work does not seek to prove this specifically — this
is left to a future study.

III. METHODS

This first study investigates whether reaching movement
patterns can be modified by changes to the dynamics of
the environment, specifically at the task level (i.e. the hand).
Based on the principle of optimal motor control, it is hypoth-
esised that such changes will cause a change in the movement
patterns. Furthermore, this study also investigates whether
such changes persist in the non-modified environment.

This was investigated using a reaching task, in which
healthy subjects (N = 5) were asked to use their dominant
hand to make reaching movements towards a target. The
reaching environment was modified through the use of an
end-effector based robotic device, the EMU [25], with a
control implementation termed ‘Indirect Shaping Control’.
This experiment was conducted under ethics approved by
the University of Melbourne Human Research Ethics Com-
mittee, under ID 1749444,

A. Experimental Protocol

The experimental protocol was divided into three phases
— Pre-Test, Intervention and Post-Test. In turn, the Pre-Test
and Post-Test are divided into two conditions each — Free
and Robot. (see Table I). In both the Pre-Test and Post-Test
phases, no changes to the environment were used. In the
Free condition, it is clear that no adjustment is possible to
the environment. In the Robot condition, the robot was set to
a ‘transparent’ mode, in which the device was set to impart



TABLE I
EXPERIMENTAL PROTOCOL

Pre-Test Intervention Post-Test
Condition Free Robot Robot Robot Free
Control - Trans. | Ind. Shaping Trans. -
Trial No. (1) | 1-25 | 26-50 51-150 151-175 | 176-200

as little force onto the subject as possible. This condition was
included to investigate the possibility that simply including
the robot would change movement patterns.

The Indirect Shaping Control (ISC) in the Intervention
phase was introduced and phased out gradually. The magni-
tude of the change in environment was scaled linearly over
the first 15 and last 15 trials within this phase. This was
constructed to reduce the possibility that the subject would
consciously change their movement pattern in response to an
obvious change in environment. Furthermore, the reaching
task was presented as a multiple choice quiz in order to
distract the subjects from their movement patterns.

Subjects were told that they were to perform 200 move-
ments, with the first and last 25 out of the robot. They
were not told of the existence of the intervention phase.
At experiment completion, the subjects were asked whether
they noticed a force being applied to them by the robot,
and, if so, to describe how the force was applied, if they
could. This step was used to qualify whether the subjects
had consciously identified the change in environment and
modified their movement patterns accordingly.

B. Reaching Task

This experiment used a reaching task with the subjects’
dominant hand (n = 5, right) whilst the subjects were seated.
The reaching task required the subject to move their hand
from a ‘home’ position next to their right knee, to a target
presented on a touch screen aligned with their midline at
80% of their maximum reach distance, at approximately mid-
torso height. Due to the nature of the multiple choice quiz,
the position of the target on the touch screen varied slightly,
but was always within the same 60 60 mm area. A new
question was not shown until the hand had returned to within
30 mm of the home position. Subjects were not given specific
instructions as to when they were to start or complete the
movement, nor were they asked to move at a specific speed.

C. Swivel Angle

This work models the upper limb as a two link mechanism
with a spherical shoulder joint, and a revolute elbow joint.
Based on this model, in a reaching action, there is one
redundant degree of freedom, which can be parameterised
by the swivel angle. The swivel angle is defined as the angle
between the plane defined by the shoulder, elbow and wrist
locations, and a vertical plane including the shoulder and
wrist locations [15]. With respect to Figure 1, the normal
vector of the SEW plane can be calculated as:
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Fig. 1. Points of significance on the arm model.

Assuming the subject’s torso remained straight, the swivel
angle can thus be calculated as:

= arccos(Narm - [0;0;1]7) 2

D. Indirect Shaping Control

The objective of the shaping strategy was to change the
dynamics of the environment, to one in which a target
movement pattern requires less energy to perform than the
subjects’ own ‘normal’ movement patterns. In this case, an
increase in swivel angle during the movement was encour-
aged by application of a proportional dissipative viscous
force field, fyis at the subject hand, defined as:

b(;ri)x 3)
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where the scalar dissipation coefficient b ( ;r;i) was con-
structed as a product of three parameters to encourage an
increase of the swivel angle. The first parameter, b ( ) was
used to explicitly make movements with lower swivel angles
more difficult. The second, b, (r), scaled with distance from
the original ‘home’ position I — to ensure that starting each
movement was not too difficult, given that the swivel angle
at the ‘home’ position was the same under all conditions.
Finally, the bj was changed according to the current trial
number — such that the viscous field was gradually intro-
duced or removed during the Intervention phase. Specifically:
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and b; 2 [0; 1], dependent on the trial number.

This experiment used values of bmax = 1, Fmax = 250
mm, and bj was set to linearly ramp from O to 1 in the first
15 trials of the Intervention, and from 1 to O in the last 15
trials of the Intervention (see Figure 2).






