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Abstract

In this research we investigate, develop and verify an approach
for exoskeleton robot control and gait analysis based on body syner-
gies. The concept of body synergies have been investigated in fields
of biomechanics, neuro-science, and brain science for over a decade.
This research is one of the first real attempts to import this knowl-
edge into implementation in engineering field.

We studied kinematic synergies of upper and lower limbs while
walking with a walking aid cane, and formulated a regression sen-
sory fusion algorithm for motion intention estimation. Targeted at
persons with hemiparesis, the algorithm can generate motion trajec-
tories for affected leg, from motion of healthy limbs and an instru-
mented cane in real time. We then developed a sophisticated robot
control system with wearable sensors, implemented with the single
leg version of Robot Suit HAL.

We verified the proposed method and developed system through
a series of experiments with healthy and hemiparetic persons. The
implementation demonstrated ability of the method to provide as-
sistance and to adapt to individual’s gait pattern without prior cal-
ibration. Comparison with an autonomous robot control system in
a pilot study showed better symmetry ratio and better cycle to cycle
step length consistency in robot assisted locomotion for three par-
ticipants with the developed method. The proposed method also
provided better symmetry ratio than that of walking without a robot
in 2 out of the 3 participants, and an increase in knee joint range of
motion for all participants.

We also introduce the concept of synergy analysis in robot as-
sisted locomotion for evaluation of human-robot interaction in as-
sisted locomotion. By exploiting the difference between kinematic
and muscle synergies in robot assisted locomotion, we proposed a
simple holistic variable that quantifies consistency between the robot
action and the wearer’s action / intention. Synergy analysis on the
hemiparetic participants in the pilot study revealed difference be-
tween the autonomous robot control system and the developed syn-
ergy based system. The result shows higher ability of the developed
system to comply with the users’ gait pattern.

The main contribution of this research is to introduce the con-
cept of body synergies to the field of robot assisted locomotion. This
approach helps bridge the gap between human motor control and
robot control, to bring assistive technologies closer to practical im-
plementation in rehabilitation and assisted life styles, which helps
the locomotion of physically challenged people.
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Chapter 1

Introduction

Locomotion and motion deficits are fatal to human well being, self
dependence, work and social activities. According to the World Health
Organization (WHO) there are annually 5 million people who suffer
from permanent disability after stroke [1], being the biggest cause
of major disability in the United Kingdom for example. In Japan,
according to the Japanese Ministry of Health, Labour and Welfare
survey in 2006 [2], more than 50% of people with physical disability
are those with upper and lower limbs disability.

Supporting people with such physical disabilities poses a chal-
lenge for both developed and developing countries. The challenge is
even more accentuated in ageing societies, where human resources
are decreasing and the number of people requiring health care is in-
creasing. Technology of wearable exoskeleton robots offer great po-
tential to assist the locomotion and rehabilitation of people with de-
ficiency in gait function due to neuronal injuries, such as hemiplegia
and paraplegia [3–9]. Advancement of exoskeleton robot technology
unlocked major achievement in the field of human gait assistance
and rehabilitation, and opened doors for new challenges in the field.
Some of the main challenges are to achieve high compliance with
human body [10, 11], and to provide comprehensive assist capabili-
ties [12]. Another major challenge is that the robot usually lacks the
capability to adequately recognize the actions and intentions of the
human wearer. Thus, rendering it unable of properly assisting the
wearer [13].

1.1 Background

1.1.1 Robot Assisted Locomotion

The current technology of active exoskeleton robots depend mostly
on rigid links applied laterally on limbs intended for assist, with ac-
tuators acting on body joints (figure. 1.1) [3, 4, 8, 14–23].

In most of current designs, actuators provide assist power in the
sagittal plane, while other degrees of freedom are constrained or left
passive. The actuators, usually rotary electric motors, provide the
assist torque which is transferred to body joints through fastening
belts fitted on related body segments (figure. 1.1).
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Rotary Actuator

Rigid Link

Fastening Belt 

(Anchor)

Segment Belt    

(Force Delivery)

Flexion /

Extension

Extension / 

Flexion

Dorsiflexion / 

Plantarflexion

Conceptual Exoskeleton Robot Design for 

Single Leg Support

FIGURE 1.1: Conceptual design of single leg wearable
exoskeleton robot. The figure illustrates a rotatory ac-
tuator to provide assist torque, rigid link between ac-
tuators, fastening belt as an anchor, and a segment belt
to transmit force from the actuator to the limb seg-
ment. This design is NOT inclusive of exoskeleton

robot technology.
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Lower limbs wearable exoskeleton robots can be generally cate-
gorized into stationary robots in combination with a treadmill; the
most iconic of which is perhaps the Lokomat® [24, 25], and mobile
wearable exoskeleton robots; the most iconic of which is probably the
Robot Suit HAL® [3, 26]. Stationary robots are used only for rehabili-
tation of people with locomotion deficits [27, 28]. Wearable robots on
the other hand are not fixed to a treadmill, and thus can be used in
a variety of applications such as assistance of Activities of Daily Liv-
ing (ADL), power augmentation / support for physical labour, and
of-course can also be used for rehabilitation in combination with a
stationary or movable treadmill.

In this researcher, we propose and develop a method for robot
control in robot assisted locomotion based on body synergies. The
method is expected to have applications in both assistance of ADL
and in rehabilitation. Therefore, we consider application with a mobile-
wearable exoskeleton robot. Namely, we use a single leg version of
robot suit HAL [4] for development and investigation throughout
the research.

1.1.2 Intention based Exoskeleton Robot Control

Providing assist with an exoskeleton robot to compensate for lost/
deficient gait function requires estimation of motion intention to op-
erate the robot in accordance with user’s intent. Researchers in the
field have used several types of sensors and inference methods to ob-
tain information about the user’s intention for robot control [5, 9, 26,
27, 29–38].

Motion intention estimation methods vary according to the in-
tended assistance level (ex. complete reproduction of movement,
support of movement ...), the level of injury or dysfunction of the
patient (ex. muscle weakness, partial or complete paralysis ...), and
the structure of the assistive robot itself.

Sensors used for obtaining information related to motion inten-
tion can be embedded in the robot itself or fitted on the user’s body.
They include physiological signal sensors such as ElectroMyoGra-
phy (EMG) and ElectroEncephaloGraphy (EEG) sensors, force sen-
sors embedded in the robot’s shoes, mechanical sensors at robot’s
joints to obtain angular rotation, attitude sensors such as gyroscopes,
and motion sensors such as Inertial Measurement Units (IMUs) fit-
ted on user’s body. Obtained sensor data are then processed through
classification or regression methods to infer the user’s intention [13].

1.1.3 Sensory Fusion Methods in Related Work

The biological signals are reliable information to estimate human
motion intention. For example, the hybrid control algorithm of HAL
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[29] consists of a human voluntary control and an autonomous con-
trol. The wearer’s voluntary muscle activity is obtained from the
bioelectrical signals, detected at the surface of the muscles, and then
the required assist torque of the actuators is computed from the es-
timated joint torque. An autonomous control method is also imple-
mented for the same robot based on pre-determined motion primi-
tives, together with the voluntary control method. However, in the
case of neuronal injury/ dysfunction such as stroke related hemiple-
gia or spinal cord injury, biological signals are different from that of
healthy persons, or even not available. Therefore, reference trajec-
tory for the assisted limb(s) needs to be computed, and the motion
intention is required to be estimated in different ways [4, 5].

Examples of motion intention estimation through classification
methods can be found in works of Kawamoto et al. [4], Suzuki et al.
[5] and Strausser et al. [9].

Kawamoto et al. [4] developed a control system for the single leg
version of HAL by using FRF (Floor Reaction Force) sensors to de-
tect the gait phase shifting intended by the patient. The robot is then
operated by assembling segments of reference trajectories to recon-
stitute the motion of the impaired limb. More extended work have
also been realized by Suzuki et al. [5] for paraplegia patients with
the use of body posture information to convey the motion intention
of paraplegic patients.

Strausser K.A. et al.[9] developed a Human Machine Interface for
SCI patients with an exoskeleton robot (eLEGS) and two crutches.
The patient convey his/ her intention to the robot using the two
crutches to perform Four-Point walking gait with assistance of the
robot and the crutches. The robot uses hip and knee angle measure-
ments, foot pressure, arm angle, and crutch load to determine the
current state and state transition in a state machine controller cus-
tomized for Four-Point gait.

As for motion intention estimation through a regression method,
Vallery et al. [30] generated the reference trajectory for the impaired
(hemiplegic) leg by utilizing the inter-joint coupling of DoFs in the
lower limbs of healthy persons, and motion of the healthy leg. By
this method they aimed to keep the coordination of the healthy and
assisted limbs, and to insure coherency of healthy and assisted limb
motion.

1.1.4 Problem Statement

Most of the mentioned paradigms do not consider human inter-limb
synergies in gait. Human gait is not only a function of the lower
limbs, but also a coordination between upper and lower limbs as
well [39–41], adding to balance and cognitive functions. Research
on human locomotion have shown evidence for the existence of a
task-dependent neuronal coupling of upper and lower limbs [42, 43].
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Also, research on inter-limb coordination after stroke [44] indicated
that stroke patients in the acute stage have close to normal synergies
in the unaffected side, and that synergies in the chronic stage depend
on the level of recovery. It was also demonstrated that high func-
tioning stroke patients preserve the ability to coordinate arm and leg
movements during walking [45].

In regard to rehabilitation, Ferris et al. [46] suggested using the
arms’ swing to facilitate lower limb muscle activation, utilizing the
neuronal coupling between upper and lower limbs in rhythmic loco-
motion tasks. Behrman et al. [47] also showed that reciprocating arm
swing in a natural and coordinated form facilitates stepping.

Vallery’s research [30, 31, 48] was probably the first to investi-
gate and develop a regression method for motion intention estima-
tion based on inter-limb synergies. However, they only considered
synergies between the lower limbs, which does not consider the up-
per limbs in gait function, and can lead to an issue of uni-directional
control when controlling and controlled variables are equal.

1.2 Purpose of this Research

The field of robot assisted locomotion is yet to explore the concept
of synergies in the control strategy. In this work we investigate the
use of upper and lower limbs’ synergies in robot control for robot
assisted locomotion. We define the case of hemiparesis as the target
of this research for the following reasons;

• Hemiparesis is one of the prevailing causes of physical disabil-
ity.

• Persons with hemiparesis have an affected side, and a less-
affected side, which adds extra value to consideration of syn-
ergies in assisted locomotion, to keep coordination between
healthy and assisted limbs.

• There are several reports that indicate the preservation of inter-
limb coordination ability in persons with hemiparesis, which
makes them good candidates to use and benefit from the prospect
of a synergy based system.

• Persons with hemiparesis usually use a walking aid cane to
help maintain balance and support body weight, which rep-
resents a valuable resource to be harvested in terms of human
robot interface. We suggest to instrument the cane with sen-
sors and use it as a device to capture upper limbs motion, and
to control the assistive robot.

The purpose is thus to explore the possibility of using upper and
lower limbs synergies in robot assisted locomotion, and in evalua-
tion of robot assisted locomotion. Using body synergies we aim to
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infer human motion intention based on biomechanical characteris-
tics of human locomotion. Using synergies ensures that estimated
motion will be in coherence with healthy gait patterns. Also, inclu-
sion of upper limbs in robot control presents additional voluntary
input for the human-robot interface, enabling intention based robot
control without the need of EMG sensors. The practical target is to
develop and realize a system that can be used be hemiparetic per-
sons, and verify the system in a clinical environment. Even though
only one wearable exoskeleton robot is used throughout the inves-
tigation, the developed method is supposed to be possible to export
to various assistive robots and robotic technologies such as active or-
thoses, prosthetics, and stationary exoskeleton robots as well.

1.3 Research Outline

We set to explore the concept of body synergies in robot assisted lo-
comotion in a series of investigations.

First, we investigate the inter-limb synergies of walking with a
walking aid cane to verify our initial hypothesis, and acquire the
healthy body synergies required for development of a synergy based
robot control system. We then formulate a body synergy based mo-
tion intention estimation and robot control method considering the
case of hemiparesis.

Second, we develop a wearable gait measurement and robot con-
trol system, a system calibration method to integrate motion sensors
with the user’s body, and a control logic for the robot.

Finally, we devise and conduct a series of experiments to: (i) Ver-
ify the proposed method and developed hardware with healthy per-
sons. (ii) Conduct pilot trials with persons with hemiparesis and the
developed system, to verify their ability to use the system. Here we
measure improvements in gait variables while using the robot, and
compare the synergy based method to an alternative autonomous
robot control method. (ii) Conduct synergy analysis of robot assisted
locomotion on the trials with hemiparetic persons. Here we measure
and quantify kinematic and muscle synergies, in order to investigate
differences between the two systems and infer human-robot inter-
actions in robot assisted locomotion. In the following sections we
present each of these steps. Then we discuss the obtained results,
and conclude with a summary of this work’s novelty and impacts,
and future directions.
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Chapter 2

Body Synergies

2.1 Neuronal Coordination of Upper and Lower
Limbs in Healthy People

Human gait is not only a function of the lower limbs, but also a co-
ordination between upper and lower limbs [39–41, 49, 50], adding to
balance and cognitive functions as well. Researches have shown evi-
dence for the existence of a task-dependent neuronal coupling of up-
per and lower limbs [42, 43]. Dietz et al. [40] demonstrated such task
dependency in gait. In their work they showed that during walk-
ing on a split-belt treadmill, short accelerations or decelerations ap-
plied on the right belt in the mid or late stance phase would result
in a specific response pattern in the right leg and bilateral arm mus-
cle EMG. Similar response pattern in arm muscles was also obtained
using tibial nerve stimulation instead of acceleration and decelera-
tion disturbances. When applying the same tibial nerve stimulation
during standing or sitting, the arm muscle responses were small or
absent. Also, Zehr et al. [50] compared the modulation patterns of
background EMG and cutaneous reflexes during walking, arm and
leg cycling, and arm-assisted recumbent stepping. Results of anal-
ysis with Principal Component Analysis (PCA) showed that across
the three tasks, four principal components accounted for more than
93% of the variability in background EMG and middle-latency reflex
amplitude. These results, and others, support the task-dependent
neuronal coupling of upper and lower limbs.

2.2 Neuronal Coordination of Upper and Lower
Limbs in Hemiplegia

Given that task-dependent coupling between upper and lower limbs
exists in human locomotion, the question is whether it is preserved
after neuronal injury, and whether it is usable in a meaningful man-
ner. Ivana et al. [44] showed that stroke patients in the acute stage
have close to normal synergies in the unaffected side, and that syner-
gies in the chronic stage depend on the level of recovery. Stephenson
et al. [45] compared the effect of supported versus unsupported arm



8 Chapter 2. Body Synergies

movements on the coordination patterns present during walking in
individuals with and without a stroke (high functioning stroke). As-
sessment of arm–leg coordination was based on relative phase index,
mean relative phase, and cross-correlation of hip and shoulder angle
trajectories. Their results showed no differences in measures of co-
ordination between healthy and stroke persons, which indicate that
the ability to coordinate arm and leg movements during walking is
preserved in high functioning stroke individuals. Dietz et al. [51]
investigated a rather complicated issue of the interaction between
affected and unaffected limbs in stroke patients. The investigation
showed that afferent input to a leg nerve of the unaffected leg leads
to a normal reflex activation of proximal arm muscles of both sides.
On the other hand, stimulating the nerve of the affected leg didn’t
cause responses on the affected or unaffected arm muscles’ EMG.
These results display an impaired processing of afferent inputs, and
also show that sensory inputs from the unaffected side have influ-
ence on the affected side. In regard to rehabilitation, Ferris et al.
[46] suggested using the arms’ swing to facilitate lower limb mus-
cle activation because of the neuronal coupling between upper and
lower limbs in rhythmic locomotion tasks. Also, Behrman et al. [47]
showed that reciprocating arm swing in a natural and coordinated
form facilitates stepping.

2.3 Body Synergies

The task-dependent neuronal coordination between limbs discussed
in the previous two sections is a manifestation of the Central Ner-
vous System’s (CNS) common programs for control of body mus-
cles (joints / limbs) to achieve locomotor tasks [52]. These common
units are referred to as motor (locomotor) primitives, or; Synergies.
In related literature, synergies are investigated in terms of limb or
joint kinematics [53–61], or as muscle synergies extracted from mus-
cle activation patterns; EMG signals [52, 62–75]. Synergies are used
to study and analyze a wide variety of motion/ locomotion and pos-
tural characteristics, and they help understand the strategies used by
the CNS to control redundancy in human musculoskeletal system to
perform a wide range of dexterous motor actions.

2.3.1 Synergies and Robot Control

The engineering field have not used/ benefited from the concept
of synergies in motor control yet. This can be attributed mainly to
the essential difference between human and robot motor control and
physical structure. Robots have a limited number of degrees of free-
dom, and are traditionally controlled to perform accurate and repeti-
tive motions. However, with the emergence of wearable robots, such
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as wearable active exoskeletons, came the need for a compliant and
human compatible robot control. Researchers in the field are now in-
vestigating robotic technologies that are human compatible, in terms
of hardware through series elastic actuators [76–78] or soft actuator
approaches [10–12], and in terms of control system through compli-
ant control [79, 80].

In our investigation we target the robot control aspect of human
compliance at the fundamental level of human motion intention esti-
mation. We propose the use of synergies as basis for motion intention
estimation and exoskeleton robot control. In this chapter we summa-
rize the concept of synergies in motor control, and in the following
chapters we present in detail our approach for using synergies in
robot control for hemiplegia, and for gait analysis in robot assisted
locomotion.

2.4 Kinematic Synergies

We use the term Kinematic Synergies to refer to body synergies ex-
tracted from kinesiological information of movement. Kinematic syn-
ergies are often investigated using PCA [44, 53, 54, 58, 81, 82].

2.4.1 Kinematic Synergies in Locomotor Tasks

Kinematic synergies reveal the redundancy in locomotion tasks. St-
Onge et al. [54] studied lower limb synergies in: going up a step, go-
ing down a step, walking, forward squat, backward squat, sideways
squat, squat on one leg, and stepping in place. They found respective
redundancy in all these movements, and they also quantified some
similarities/ differences between their respective synergies.

Ivanenko et al. [53] studied lower limb kinematic synergies of
walking at different speeds, running, hopping, crouched walking,
obstacle avoidance and air stepping. They found profound com-
mon underpinning of these movements. In their investigation they
found that the two main synergies, represented by Principal Com-
ponents (PCs), are common among all these movements to a cer-
tain degree. In further investigation of stepping in place, running
in place, hopping in place, crouching in place, air-stepping in place
and knee-locked marching they confirmed that these two synergies,
PCs, correspond to limb length and limb orientation in movement.
Their findings suggest that the control strategies in locomotion are
centered on whole-limb kinematics rather than on the underlying ki-
netics, and they give great insight/ inspiration on the locomotion
function in various movements.
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2.4.2 Kinematic Synergies in Motion / Posture Control

Kinematic synergies have also been investigated in postural hand
control [56] ,trunk control [57], interaction between posture and lo-
comotion [59], backward versus forward locomotion [61] and other
movements as well. However, these studies extend beyond the scope
and purpose of our investigation, thus they will not be discussed
here.

2.5 Muscle Synergies

Lena H Ting et al., 2007; Do muscle synergies produce task-level
functions, or are they an artefact of a sophisticated analysis?

Clark, David J. and Lena H Ting et al. et al., 2010; Evidence
suggests that the nervous system controls motor tasks using a low-
dimensional modular organization of muscle activation.

2.5.1 The Theory of Muscle Synergies

Muscle Synergies is the widely used term for body synergies extracted
from muscle activation signals, measured by means of Electromyo-
graphy (EMG). EMG signals of several muscles are recorded in the
studied motion/ locomotion task, and statistical analysis methods
are used to extract synergies between EMG signals.

The theory of muscle synergies aim to explain how the CNS con-
trol muscle groups to achieve motor tasks and subtasks [71]. It hy-
pothesizes that the CNS posses a library of motor subtasks (patterns
of activation of muscle groups), which it can flexibly combine to pro-
duce complex and natural movements [75].

Ivanenko et al. [52] studied the synergies of motoneuron activa-
tion in the spinal cord in different movements; normal walking, kick,
obstacle avoidance, stoop left and stoop right. Their findings suggest
that the muscle activity can be accounted for by five basic temporal
components, and suggest that such voluntary tasks are accomplished
by the superposition of muscle synergies, and the activation timing
of these synergies is linked to specific kinematic events. Ting et al.
[64] suggest similar architecture to explain the neuromechanics of
movement as interaction between neuronal control and biomechan-
ics in human motor control.

Bizzi et al. [68] also studied how different assemblies of a limited
set of muscle synergies can accomplish a wide variety of motor and
locomotor tasks. And a body of research investigated various shared
and specific aspects of synergies in posture and movement control as
well [65, 67, 69, 70, 72–74].
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2.5.2 Muscle Synergies in Clinical Evaluation of Loco-
motion Disorders

The concept of muscle synergy analysis has been suggested as a tool
for clinical analysis of neuronal dysfunction in movement disorders.
For example, recent literature shows muscle synergies being used
to measure and quantify deviations in CNS motor control brought
upon by disability [62, 63]. Cheung et al. [62] compared the num-
ber and structure of synergies between paretic and non-paretic limbs
of hemiparetic persons, and found that the number and structure of
synergies can be used as an indicator of the impairment level. Clark
et al. [63] also studied muscle synergies in healthy and stroke per-
sons at different walking speeds, and they found that the locomotor
impairment in post-stoke persons was correlated with a reduced set
of muscle synergies, which resulted from merging of healthy syner-
gies.
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Chapter 3

Methodology

3.1 Extraction and Representation of
Synergies

In this work we extract and use kinematic and muscle synergies at
different stages of the investigation. Therefore, in this section we
define what we will refer to later as Kinematic Synergies and Muscle
Synergies in a precise manner.

3.1.1 Definition of Synergies

Synergies of interest in this research are the inter-limb synergies in
forward gait, walking on treadmill or on ground. The synergies stud-
ied at different sections are those between upper and lower limbs,
between lower limbs, between lower limbs and walking aid cane.
These synergies are extracted from healthy persons, or persons with
hemiparesis at different stages of the investigation. At later stages
of the investigation synergies are not only extracted while walking
without the robot, but also when walking with the robot with differ-
ent control system for comparison purposes.

The term Body Synergies is generally used to refer to the Kinematic
Synergies between body limbs. When the term is used to refer to the
general phenomena of synergies, kinematic or muscle synergies, it is
pointed out in the text to avoid confusion.

3.1.2 Extraction of Synergies

Kinematic synergies are extracted from angle and angular velocity
trajectories of body joints (Hip, knee, shoulder, etc.). Muscle syn-
ergies are extracted from EMG activation signals of major muscles
related to gait, specific muscles will be indicated at designated sec-
tions.

Synergies of interest in this research are the inter-joint or inter-
muscle synergies, which will be referred to as inter-limb synergies,
or simply synergies. Opposed to some of the works referred to in
this thesis [53, 54, 62], these synergies are not to be confused with
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intra-limb synergies. Inter-limb synergies are extracted by calculat-
ing correlations between kinematics/ EMGs from both side limbs,
ipsi-lateral AND contra-lateral. Intra-limb synergies are extracted
from kinematics/ EMGs of one side limb, ipsi-lateral OR contra-
lateral. Therefore, they have different interpretation in terms of hu-
man motor control, even though they might be based on similar or
overlapping neuro-physiological bases.

For extraction of synergies from kinematic/ EMG signals, statis-
tical methods such as Principal Component Analysis (PCA) [44, 53,
54, 58, 81, 82], Factor Analysis or Non-Negative Matrix Factoriza-
tion (NNMF) [62, 63, 83] are used. With the exception of section 4.5,
synergies referred to in this thesis are extracted with PCA, and repre-
sented by principal components. Only in section 4.5 are synergies ex-
tracted with NNMF for comparison reasons between kinematic and
muscle synergies.

The reason to switch from PCA to NNMF in section 4.5 is because
of research evidence showing that PCA has lower performance in
identifying muscle synergies [83]. Thus, to insure higher consistency
in synergy comparison I elected to use NNMF in the later part of
the investigation. Whether or not NNMF has higher performance in
identification of kinematic synergies is a topic to be investigated in
future research.

3.2 Walking Aid Cane: Instrumented Cane

The cane as a walking aid does not only provide biomechanical sup-
port but also an augmentation to somatosensory, and therefore leads
to enhanced posture control. Jeka J.J. [84] showed in a series of stud-
ies that “sensory input to the hand and arm through contact cues at
the fingertip or through a cane can reduce postural sway in individ-
uals who have no impairments and in persons without a functioning
vestibular system, even when contact force levels are inadequate to
provide physical support of the body". The studies that Jeka J.J. [84]
conducted were in quiet stance case. However, other studies showed
similar benefits during ambulation. Rumpa B. et al. [85] showed that
touch cue through the cane at weight acceptance of the paretic leg
provides mediolateral pelvic stability for stroke persons.

As for using a cane to interface with an exoskeleton robot, Strausser
K.A. et al. [9] devised a system that utilizes two canes for motion in-
tention estimation. The HMI they developed uses the ground contact
information of the cane and feet to allow four-point gait for para-
plegic persons with an exoskeleton robot. Jang et al. [34] also ex-
plored walking intention estimation with a cane, but rather through
motion sensors fixed on the hands (glove module) and contact force
between the palm of the hand and the cane’s handle.

In this research, we propose a system targeted at persons with
hemiparesis. In case of Hemiparesis, the person usually uses a cane
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in the unaffected arm (contralateral to the affected leg) to support
body weight and balance [86, 87]. Therefore, we propose to utilize
an instrumented cane, forearm-type crutch, as a part of the interface
with the robot. We suggest to equip the cane with motion and force
sensors to capture its motion, while it is still supportive for the user’s
balance and somatosesnory as a traditional walking aid.

The mentioned examples utilize sensory information through the
cane only for estimating the stepping intention. Thus, control of the
exoskeleton is step-wise and segmented according to Three-Point or
Four-Point gait patterns, considering the case of paraplegia. In the
case of hemiparesis, the person has a nearly unaffected side on which
he/ she uses the cane. Having a cane, the arm is more significantly
incorporated in the coordination of gait, and the movement of cane
can be expected to be naturally a part of body synergies. There-
fore, we propose to use the cane to capture the arm’s motion and
the ground contact information.

3.3 Synergy Analysis of Gait with Walking
Aid Cane

3.3.1 Objective

For the development of a synergy based robot control method with
a walking aid cane, we first need to investigate the cane’s movement
and body joint synergies with a cane during locomotion. For this
purpose, we conducted gait analysis for walking with cane [88, 89].

In this investigation we confirm consistency of body synergies
while walking with and without a walking aid cane, and we also
explore the possibility of using a cane to capture the motion of upper
limbs in gait.

3.3.2 Experimental Setup

We recorded gait patterns of seven healthy persons while walking
with/ without a cane. The joint angles and angular velocities of the
shoulder, elbow, hip and knee joints for the right and left side limbs,
as well as the tilting angle and angular velocity of the cane were com-
puted (figure.3.2). Three cases were inspected are: (i) Joint coupling
of the lower limbs. (ii) Joint coupling of the upper and lower limbs.
(iii) Coupling of the cane and the lower limbs.

We used PCA to study the synergies (represented by principal
components) for the three sets of variables. We also evaluated the
inter-subject similarity in using the cane through a smaller set of vari-
ables.
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Data recording Full body kinematics were recorded at 120Hz with
a 3D optical motion capture system (MotionAnalays Inc.). Infrared
reflective markers were fixed on 42 anatomical landmarks on the par-
ticipant’s body, and four markers were fitted on the cane to extract
it’s movement. For measurement of the cane’s contact with ground,
three FSR (Force Sensitive Resistor) sensors were fixed on the bot-
tom of the cane to detect its initial contact, full contact, and leaving
from the ground. Data from the FSR sensors were transferred to the
motion capture system through wireless communication, and syn-
chronized with the motion capture data.

Participants Seven persons participated in this experiment. They
are males, healthy, without physiological issues of limb coordina-
tion. Experiments were done with a written informed consent. Par-
ticipants performed two trials of walking on a treadmill each for 20
seconds. The trials were performed at 2 km/h with and without the
cane. Participants were briefly introduced to the goal of the experi-
ment. All the Participants were right handed, and they all used the
cane in the right hand.

Data processing Marker labeling and model linkages were created
offline. All marker data was then filtered with a two-pass, 4th order,
zero phase shift, 6-Hz cut-off frequency butterworth filter. Missing
marker data was interpolated with a cubic spline. Joint angles were
calculated from 3D markers coordinates for the flexion and exten-
sion in the sagittal plane of the following 8 joints: leg hip, knee, arm
shoulder, elbow of both right and left sides. As well as the tilting an-
gle of the cane, also in the sagittal plane. Stride cycles were identified
from local maxima of the right hip angle. The angle trajectories were
normalized to 0 mean and 1 standard deviation and then normalized
to their average stride length to exclude step to step variations.

3.3.3 Joint-cane coordination

PCA was applied on three sets of variables. Two sets of variables
are the joint angles of lower limbs with their derived angular veloci-
ties, and the joint angles of upper and lower limbs with their derived
velocities. The other set of variables is the joint angles of the lower
limbs and the tilting angle of the cane with their derived angular
velocities. We investigated the number of principal components ac-
counting for the major part of data variability extracted from each
set of variables among the participants. The accumulated proportion
of the first principal components that exceeds 95% is considered in
this study. The first four principal components accounted for more
than 95% of the data for all the three sets of variables (Fig.3.3), except
for participants 5 and 7 while walking with cane, where the percent-
age of their first four Principal components was 94.48% and 94.67%
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respectively, which still represents the major part of data variability.
This result shows that the cane is well incorporated into the inter-
joint synergies in gait.

3.3.4 Inter-subject similarity

For evaluating the inter-subject similarity we performed PCA only
on three variables: left leg hip, left leg knee and the cane’s tilting
angle. We elected these variables since all participants were right
handed and used the cane in the right hand, and patients usually
use the cane contralateral to the affected leg [86, 87]. Another reason
to consider the angle trajectories of the left leg and cane alone is to
exclude variations resulting from other variables. We then used the
angles between the first principal component vectors among the par-
ticipants (illustrated in figure.3.4) as a measure of similarity in using
the cane [54, 90].

The angle between the first PCs of each pair of participants was
less than 9.25 degrees on average. Although it was not consistent
among the participants (figure.3.5), these low values of the angles
between principal components indicate a similar way of using the
cane.

3.3.5 Reference Trajectory Generation

For generation of a reference trajectory/ control decision of an ex-
oskeleton robot from sensory data, classification or regression meth-
ods can be used. [13, 91, 92]

The common method in classification is to generate the reference
trajectory for the intended limb by assembling segments of prere-
corded gait trajectories, and then to scale and synchronize the seg-
ments with the user’s intended motion. In regression methods, the
reference trajectory is computed continuously using a sensory fusion
algorithm.

In this research we use a regression method for motion intention
estimation. Based on the previous analysis, we propose to compute
the reference trajectory for the intended “hemiplegic" leg from mo-
tion of the cane and the other “healthy" leg. In this manner, the as-
sisted motion will be based on motion of the healthy leg and the cane
(capturing the arm motion) as well.

Implementation is done based on PCA with a method called Com-
plementary Limb Motion Estimation (CLME) suggested by Vallery
et al. [30, 31]. In this method, the matrix of the principal compo-
nents (eigenvectors of covariance matrix of the data) is rearranged to
solve for some of the variables that are assumed to be unknown, from
the remaining known variables. This provides linear mapping from
sensory data acquired from healthy limbs, into estimated motion of
affected limbs, based on their relationships in healthy people.
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The linear mapping equation is solved as follows: When Γ is the
matrix of the eigenvectors sorted in descending order in respect to
the eigenvalues, then the original data x is mapped to the new coor-
dinates y with the formula:

y = ΓTx, (1)

where the component y1 has the maximum variance of the original
data, and y2 is the second, and so on. And since Γ is an orthonormal
matrix, then x can be reconstructed from y by:

x = Γy. (2)

CLME methods suggests that, if x ∈ Rd, and y ∈ Rp, p < d, and
there is a d − p known number of x dimensions that is at least equal
to the dimensionality of y. Then Γ can be separated for the known
components x1 ∈ R(d−q) and the unknown components x2 ∈ Rq as
follows:

x1 = Γ1y, x2 = Γ2y, (3)

where Γ1 ∈ R(d−q)×p and Γ2 ∈ Rq×p are the corresponding sub-matrices
of Γ. And therefore, the unknown x2 can be solved from the known
x1 by:

x2 = Γ2Γ
#
1 x1, (4)

where Γ#
1 is the left pseudo inverse of Γ1:

Γ#
1 =

(
ΓT
1 Γ1

)−1
ΓT
1 . (5)

In the case of hemiplegia, the unknown variables are the joint tra-
jectories of the affected leg, and the known variables are the joint
trajectories of the cane and the healthy leg. Therefore, we consider
the eigenvectors matrix extracted from walking with cane trials, and
rearrange this matrix to compute the joint trajectories of the affected
leg from the trajectories of the cane and the healthy leg (angles and
angular velocities are both considered). In this way we add the pos-
ture of the cane as another variable to the estimation process, which
is controlled directly by the arm, and thus conveying the arm’s mo-
tion together with the healthy leg in the estimation process. To aver-
age the model we used the average gait cycle trajectories of the seven
participants in 3.3, we aligned the trajectories to the average mean for
each variable among the participants, and scaled them to the average
minimum and maximum values for each variable among the partic-
ipants. We created an averaged principal components (eigenvectors)
matrix by performing PCA of the concatenated trajectories of all the
participants. After that, we used it to compute the left leg trajecto-
ries by using the trajectories of the cane and the right leg. Figure.3.6
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shows the estimation result for the angle trajectories of one partici-
pant compared to the original trajectory recorded by the motion cap-
ture system.

3.4 Body Synergy based Exoskeleton Robot
Control

Based on the previous investigation of Synergy Analysis of Gait with
Walking Aid Cane we propose a method for exoskeleton robot con-
trol based on synergistic relationships between body limbs [89]. The
method can be devised for exoskeleton control in hemiplegia, para-
plegia, and healthy people, but in this research we only focus on the
case of hemiplegia as a target application. As described in the Ref-
erence Trajectory Generation section, reference trajectories for the af-
fected leg in hemiplegia can be estimated using kinesiological infor-
mation from the walking aid cane and the less affected side’s leg. We
extracted the inter-limb synergies from 7 healthy participants in the
previous investigation, and these can be used for estimation in hemi-
plegia. Figure 3.7 shows the concept of the proposed method and
measured joint angles, and an illustrative diagram of signal flow in
the proposed method.

For application with hemiparesis we assume that the user main-
tain adequate limb coordination ability in order to use the system
based on synergies of healthy persons. While basic research have in-
dicated that some ability of inter-limb coordination is preserved to
various degrees after stroke [44, 45], applicability of an exoskeleton
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robot control system based on such limb coordination is yet to be in-
vestigated, and will be addressed in later experiments in this thesis.

3.5 Proof-of-Concept

We conducted a trial for proof-of-concept of walking support with
single leg version of robot suit HAL [93]. Robot suit HAL is an ex-
oskeleton type assistive robot that can augment human power and
support people with mobility impairment [3], and the single leg ver-
sion of HAL [4] was originally developed for support of hemiplegia
patients.

We developed a real-time control system for the robot based on a
MOtion CAPture (MOCAP) system, MAC3D (Motion Analysis Inc.),
which we used for sensing whole body movement.

Using the motion capture system we captured the motion of the
participant and the cane at 120 fps, and ground contact obtained
from FSR sensors installed at the tip of the cane. The control system
computes the reference trajectory for the left leg based on captured
motion and synergy-based motion intention estimation at each time
frame. We used simple PD controllers for the robot’s hip and knee
joints to operate the robot suit HAL. The gains of the controllers were
tuned in advance for the participant for stance and swing phases.
The control commands are transmitted to HAL through wireless net-
work.

One person was asked to walk on the treadmill with HAL on his
left leg and the cane in his right arm, and with reflexive markers at-
tached on several anatomical landmarks of his body and the cane
(figure. 3.8). Figure.3.10 plots from top to bottom the angle trajecto-
ries of the right hip and knee angles, the cane’s angle trajectory, FSR
sensors reading, and then the corresponding hip and knee joints of
the robot. Both the hip and knee trajectories were close to natural
with good cycle to cycle consistency. The result shows that we were
able to control the robot in real-time according to the user’s intent,
based on the movement of the right leg, cane, and cane’s ground
contact information.

3.6 Wearable System for Exoskeleton Robot
Control

In this section we describe the hardware development and imple-
mentation of the proposed synergy based robot control method. This
includes the development of a wearable system for gait measure-
ment and robot control, system calibration, and the logic for robot
control.
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FIGURE 3.8: Setup for the proof of concept trial.
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3.6.1 Wearable System

The motion capture system is currently the most accurate mean for
acquisition of human motion. However, in recent years wearable
systems for gait measurement and analysis gained significant im-
provements in feasibility and application [94–99]. These systems
use inertial measurement sensors such as gyroscopes, accelerome-
ters, and magnetometers for measuring the motion of limb segments
and body parts. Also, force sensors embedded in shoe insole or un-
derneath it are used for measurement of ground reaction forces and
center of pressure in stance phases. Wearable sensors installed on
the shoes [94–96] enable measurement and analysis of gait variables
such as the stride length and width, single and double stance time,
foot placement, and gait phases. Other wearable systems comprising
inertial motion sensors fixed on lower limb segments [97, 98] enable
capturing the kinematics of lower limbs such as joints’ angles and
limb orientation during ambulation.

We developed a wearable gait measurement system based on in-
ertial sensors, force sensors and embedded microprocessors to con-
trol an exoskeleton robot [100, 101]. The system consists of three IMU
modules: two modules fitted on the thigh and shank of the unaf-
fected leg to acquire its motion (figure 3.11.a), and a main unit fixed
on the cane (figure 3.11.b). Modules on the thigh and the shank ac-
quire the motion (angle and angular velocity) of the hip and knee
joints of the unaffected leg. The shank module is connected to the
thigh module with wired serial communication, while the thigh mod-
ule streams motion data from both thigh and shank modules to the
main unit on the cane (figure 3.11.a,b). The module on the cane is
the main unit (figure 3.11.c). It receives motion data via bluetooth
from the thigh module, acquires the cane’s motion (angle and an-
gular velocity) from its own IMU, acquire the ground contact infor-
mation from force sensors in the shoes of the robot through wireless
communication , acquire the cane’s ground contact information from
FSR sensors, compute the control commands for the robot according
to the current status, and stream those commands to the robot via
WIFI communication. The force sensors embedded in the shoes con-
sist of floor reaction force sensors under the heel and forefoot of each
foot. The sensors provide continuous measurement of the floor reac-
tion forces, and are used together with the FSR sensors on the tip of
the cane to monitor the ground contact patterns for start-walk-stop
support as well as for modification of control parameters in stance
and swing phases.

3.6.2 System Calibration

The sensor fusion algorithm for each IMU takes readings from 3-
axis Gyroscope, 3-axis Accelerometer and 3-axis Magnetometer, and
outputs the coordinates of sensor frame relative to reference frame
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(earth frame) in quaternion form. Performance of the algorithm is
described in [102]; static RMS error < 0.8◦, dynamic RMS error <
1.7◦. In order to find the joint coordinates from the sensor coordi-
nates a transformation is needed from the sensor frame to the joint
frame. For performing this transformation we followed a procedure
similar to that in recent methods [98, 103]. The transformation from
sensor frame to joint frame is given by Equation (6)

qEJ = qES ⊗ qSJ (6)

The quaternions qEJ , qES and qSJ represent the orientation of joint frame
relative to earth frame, sensor frame relative to earth frame, and joint
frame relative to sensor frame, respectively. Operator⊗ is the quater-
nion multiplication. Therefore, to transform the sensor frame to joint
frame we need to find the orientation of joint frame relative to sensor
frame qSJ . To do this we assume an initial position where the joint
frame is known relative to earth frame. In our system we consider
the initial position as quiet standing with the leg fully extended (leg
completely vertical) and the person is roughly facing north. In this
pose we assume that the joint frame for both hip and knee joints is
identical to earth frame. From this position we can extract the quater-
nion of joint frame relative to sensor frame as in Equation (7)

qSJ = (qES )−1 ⊗ qEJ (7)

After calculating qSJ from the initial position we can use it to find
the joint coordinates from the sensors coordinates assuming that the
sensor mounting on the limb segment will not change while walking
(sensor is attached firmly on the limb segment). We find the knee
joint coordinates from the sensor fixed on the shank, and the hip
joint coordinates from the sensor fixed on the thigh. Then we extract
the joint angles in the sagittal plane since only motion in the sagittal
plane is required in our system (the robot only provides assistance in
the sagittal plane).

For the cane module this procedure was not required since the
module is permanently fixed to the cane and well aligned to its axis.
Therefore, just extracting the angle in the sagittal plan from the sen-
sor’s frame is adequate to produce the required cane’s tilting angle.

3.7 Robot Control

For implementation of the developed robot control method we use
the single leg version of Robot Suit HAL. We provide the control ref-
erence to the robot from the developed wearable measurement sys-
tem, and the robot’s embedded motor control algorithm handles the
execution. This modular approach for robot control allows for stack-
ing additional modules of control in the future, allowing the capacity
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FIGURE 3.12: Start, walk and stop support based on
ground contact patterns.

for further considerations (e.g. balance monitoring, dynamic stabil-
ity...).

3.7.1 Start, Stop, and Continuous Robot Control

Even though there are methods to estimate gait initiation intention,
they are mostly investigated in healthy persons [104–108], and thus
are probably not possible to use with persons with locomotion deficits.
For this purpose we developed a feasible method for implementa-
tion of the developed synergy based control with a simple interface
for support of gait initiation (start) and termination (stop) functions
with robot.

The system monitors the status of a start-stop button fitted on the
handle of the cane and the ground contact patterns of the feet and
the cane to detect start, walk, and stop conditions (figure 3.12). We
figured the start and stop conditions for this particular version con-
sidering the case of left side hemiplegia, where the user would be
holding the cane with the right arm (unaffected side), and the robot
would be fitted on the left leg (affected side). In this case we consider
that the user would typically start with the left leg and the cane, since
the right (unaffected) leg is more capable of supporting the body
weight and balance requirements for starting. Accordingly, the start
assist is triggered when the button is on, the right foot ground con-
tact force is large, and the left foot and cane ground contact forces
are small (Figure 3.12.a). Transmission to the continuous walking
mode is made at the next heel strike of the assisted leg, a state at
which the unaffected leg is near to toe-off, and the cane is at contact
with ground or close to it (Figure 3.12.b). From this point assistance
would be based on synergy-based motion intention estimation from
the cane and unaffected leg, as explained in previous sections. The
estimated trajectories are streamed to the robot, and tracked with the
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actuators on the robot’s hip and knee joints with PD controllers. The
ground contact information from the robot’s feet are used to modify
control parameters in different conditions (Stance, Swing). To stop
walking the user pushes the handle button again to release, then at
the next heel contact of the unaffected leg (Figure 3.12.c), toe-off of
the affected leg, the stop motion would start, leading to quiet stand-
ing condition (Figure 3.12.d). This pattern is also based on the stop-
ping motion being supported by the unaffected leg.
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Chapter 4

Experiments

We devised and conducted a series of experiments to verify and eval-
uate the function of the proposed method and developed system in
healthy and hemiparetic persons. Here we present these experiments
with their goals and outcomes.

4.1 Verification Experiment with Healthy
Persons

Objective

We devised this experiment to verify function of the developed method
with healthy persons, and to test the function of the developed wear-
able gait measurement and robot control system against a motion
capture system [100].

Setup

We implemented the proposed synergy based control method using
two systems, one is implemented with a 3D-Motion Capture System
(MOCAP), and one with the developed wearable systems based on
IMU’s. We asked four healthy persons to walk on a treadmill with
the MOCAP and wearable systems. Experiments were done with a
left leg version of Robot Suit HAL, with the cane being used in the
right arm (figure 4.1.a). We only used the continuous walk support,
to avoid any fall risks that could result from using the start and stop
support on a treadmill. We then calculated gait variables for both
cases and compared the results.

Results

We extracted and compared the trajectories and step related gait vari-
ables from the walking trials. For each participant we extracted 10
consequent gait cycles from a trial of walking with the wearable sys-
tem and 10 consequent gait cycles from a trial with the MOCAP sys-
tem. Steps and gait cycles were marked by identifying heel-strikes of
the right and left legs from the ground contact data. We selected the
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cycles as to avoid having more than 5 missing frames at any point.
Then we interpolated any missing frames with cubic interpolation,
and smoothed the trajectories with a two-pass, 4th order, zero phase
shift, 6-Hz cut-off frequency butterworth filter [109].

The joint angle trajectories show close to normal assisted motion
trajectory on the robot’s hip and knee joints, compared to that of the
unassisted motion on the right leg’s hip and knee trajectories (figure
4.1.b). However, the range of motion on the robot’s knee was smaller
than that on the other side. This observation has several possible un-
derlying causes. One is imperfections in the motion estimation algo-
rithm, another is the change in balance and gait dynamics resulting
from wearing a robot on one side of the body. From the cane’s tra-
jectory we note some variation in range between the participants, as
we encouraged participants to adjust the motion of the cane to reach
more comfortable gait.

Though participants walked at the same speed on the treadmill,
they had different body constitutions and walked at their own pre-
ferred cadence (figure 4.2). participants had slightly varying step
length between the right and left sides (figure 4.3). Which is reflected
in the symmetry ratio (considered here as the ratio of right step to
left step). participants 1 and 2 achieved close to 1 (more symmetri-
cal gait) ratio for both the wearable system and MOCAP trials, while
participants 3 and 4 had more varying symmetry ratios, closest to 1
is the wearable system trial of participant 4.

4.2 On-ground Start and Stop Experiment

Objective & Setup

We conducted this experiment to verify the usability of the start and
stop functions in the developed system. We asked one healthy per-
son to walk on ground with the robot and developed wearable sys-
tem. Function of the system including start and stop was explained
to the participant. The participant performed 7 steps of walking on
ground including start and stop steps.

Result

The participant was able to successfully walk with the robot, and
transitions from start to continues gait to stop were performed suc-
cessfully as shown in trajectories and transition moments in figure
4.4.
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FIGURE 4.5: Overview of EMG measurement while
walking with the exoskeleton robot.

4.3 Inspection of Muscle Activation with the
Exoskeleton Robot

Objective & Setup

We tested some of the major lower limbs muscle activation with the
proposed system in one healthy person [93]. The participant walked
on a treadmill with the single leg version of Robot Suit HAL on his
left leg and the cane in his right arm (figure.4.5). EMG data was
also captured on the left leg (assisted with HAL) during the trial.
The participant walked on the treadmill for several minutes with the
robot suit, and also without it.

TABLE 4.1: Mean muscle EMG values

Muscle With Robot Without Robot
Vastus Medialis 6.9 (mv) 9.3 (mv)
Vastus Lateralis 8.3 11.6
Tibialis Anterior 22.6 23.8
Semitendinosus 23.9 33.6
Biceps Femoris 17.7 19.6

Gastrocnemius Lateralis 30.9 37.7
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Result

Figure 4.6 shows the trajectories of right hip and knee joint angles,
left hip and knee joint angles, and cane’s angle trajectory in the upper
side. The lower side shows the measured EMG muscle activation of
Vastus Medialis, Vastus Lateralis, Tibialis Anterior, Semitendinosus,
Biceps Femoris, and Gastrocnemius Lateralis respectively from up
to down. The left side of the figure shows the data of walking with
the robot, and the right side shows the data of walking without the
robot.

Reduction in the amplitudes of EMG signals for walking with the
robot, mean muscle EMG values, is shown in table 4.1. From fig-
ure 4.6 we noted difference in patterns of EMG activation between
walking without the robot, and walking with the robot. Since it is
difficult for a healthy person to completely relax his muscles volun-
tarily while walking and receiving appropriate feedback signals, we
expect this issue to be a contributing factor to the difference in EMG
patterns. Similar investigation with hemiparetic persons could re-
veal more insights into the function of robot, and interaction between
the robot and the wearer.

4.4 Pilot Study with Hemiparetic Persons

Objective

In this investigation we set to verify the clinical applicability of the
developed exoskeleton control method with hemiparetic persons [110].
The objective of this experiment is not to use the method in a clinical
application such as rehabilitation, but rather to verify the applicabil-
ity of the proposed method and developed system in such a clinical
environment. Also, the objective is to compare the performance of
developed method relative to an alternative autonomous robot con-
trol method based on pre-recorded gait trajectories, and detection of
gait phase shift from shoe insole sensors. The outcomes assessed in
this experiment are:

1. The user being able to walk with the system (control the robot
with the wearable sensors and cane).

2. The step length of right and left legs when walking with / with-
out the robot (symmetry ratio).

3. The joints’ range of motion when walking with / without the
robot (hip and knee joints on both sides in the sagittal plane).

4. The cadence and time for 10 meters when walking with / with-
out the robot.
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TABLE 4.2: Table of participants and their respective clinical condition / locomotion ability.

Participant (Sex:Age) Stroke Type Affected Stroke Duration Brunnstrom Barthel
Brain Side Location from stroke Stage Index

1 M:58 Cerebral Hemorrhage Right Putamen 5 years IV 75

2 M:44 Subarachnoid Hemorrhage Right Middle Cerebral Artery 4 years IV 95

3 M:46 Cerebral Infraction Right Brain Stem 8 years V 95

4 F:62 Cerebral Hemorrhage Right Thalamus 8 years IV 85

5 M:52 Cerebral Hemorrhage Right Putamen 18 years III 95
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Participants

In collaboration with the Physical Rehabilitation Department in the
University of Tsukuba Hospital we recruited five hemiparetic per-
sons as test-pilot volunteers to evaluate the clinical applicability of
the proposed method. The participants were all left side hemiparetic
who are using a walking aid cane, or have used a cane at some point
after acquiring the hemiparetic condition. All participants signed
an informed consent, and all procedures were approved for by the
ethics committee in the University of Tsukuba. The participants’ clin-
ical condition and locomotion ability are shown in Table 4.2.

Setup

We asked the participants to walk on flat ground in a room fitted with
16-camera optical motion capture system. Each participant walked
a 10 meters pathway two times without the robot. Those who were
able to walk with the robot walked two times with the developed
synergy-based system, and then with the autonomous control sys-
tem. There was no training sessions prior to the experiments, and
all participants had not walked with an assistive exoskeleton before.
Since all participants had left side hemiparesis (right side of the brain
is affected), they used a left side version of the robot, with the cane in
right arm and wearable sensors on the right leg. A capture from the
experiment is shown in figure 4.7 with all mounted devices. Since
we asked the participants to use the instrumented cane that we de-
veloped instead of their usual walking aid canes, we modified the
height of the cane for each participants to their comfort. Reflexive
markers were fitted on the participants’ lower limbs, the cane and the
robot to capture motion trajectories in the trials using the 3D motion
capture system (Vicon MXTM System). Wireless EMG sensors (DEL-
SYS TrignoTM) were fitted on the surface of iliopsoas group, gluteus
maximus, rectus femoris and biceps femoris muscles of both legs.

Results

Three participants (participants 1,2,3) out of the five participants were
able to walk with the robot. Data analysis and comparison was only
conducted for those who were able to successfully walk with the
robot. The first trial, 10 meters, of each condition was considered
as a familiarizing phase and was not used in the analysis. Only data
from the second trial of each condition was used to create the results.

Joint range of motion: When walking without the robot, partici-
pants had similar range of motion on the hip joint between right and
left legs, but the left side’s (affected side) knee suffered a pronounced
decrease in range of motion compared to the less-affected side (figure
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4.8). When walking with the robot, with both the autonomous sys-
tem and the synergy based system, there was an increase in range of
motion on the affected side’s knee joint compared to walking without
the robot, while the affected side’s hip joint range of motion varied in
decrease or increase compared to walking without the robot. It can
be noted that there was also a difference in joints’ range of motion
on the less-affected side as well, though not directly acted on by the
robot, which was in general a decrease in range of motion of these
joints.

Step length and symmetry ratio: There was no obvious trend in
the increase or decrease of the step length of either legs among the
participants (figure 4.9). As for the symmetry ratio (right leg step
length to left leg step length), participants had better symmetry ratio
(value closer to 1) without the robot and with synergy based system
compared to walking with the autonomous system. By comparison
of the synergy based system and no-robot conditions, we found that
2 out of the 3 participants had better symmetry ratio with the syn-
ergy based system, while one had better symmetry ration without
the robot. As for no-robot and autonomous system conditions, all
participants had better symmetry ratio while walking without the
robot.

Cadence and speed: Participants were instructed to walk at their
preferred speed in all trials. All participants walked slower (time for
10 meters) and at a lower cadence (steps per minute) with the robot
compared to walking without the robot (table 4.3).
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TABLE 4.3: Cadence and time for 10 meters for (measured from the second trial for three participants).

Participant Robot Control System Cadence 10 Meters Time
(step/minute) (seconds)

1 No – 35 20.32
1 Yes Autonomous System 28.28 30.18
1 Yes Synergy based System 29.52 22.22
2 No – 41.63 15.64
2 Yes Autonomous System 34.03 16.96
2 Yes Synergy based System 33.5 19.81
3 No – 36.75 16.32
3 Yes Autonomous System 25.94 21.03
3 Yes Synergy based System 26.75 22.43
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4.5 Synergy Analysis in Robot Assisted
Locomotion

Objective

The concept of synergy analysis has surfaced in recent literature of
motion analysis [52, 62]. In assisted locomotion, kinematic syner-
gies are a result of the final outcome of robot assisted gait captured
by the motion capture system, while the muscle synergies are a di-
rect result of the user’s intended motion extracted from EMG signals
(figure. 4.11). Therefore, by comparing the kinematic synergies with
corresponding muscle synergies under different control systems, we
can infer the interaction between the user and the robot. We pro-
pose such synergy comparison as a criteria to evaluate the function
of different exoskeleton robot control systems in regard to synerges-
tic cohesion with the user’s gait [111].

Method

EMG recordings of the three participants who were able to finish all
trials in the pilot study were used for analysis. The three hemiparetic
participants walked without the robot, with the robot using the de-
veloped control method, and with the robot using the autonomous
control method. Recordings were acquired from the motion capture
data for joint angles, and from wireless EMG sensors for iliopsoas
group, gluteus maximus, rectus femoris and biceps femoris muscles
of both legs. EMG signals were down-sampled to 1 Khz, smoothed
with a butterworth band-pass filter (40 400 Hz, 3rd order), rectified,
integrated and variance normalized.

Synergies were extracted using Non-Negative Matrix Factoriza-
tion (NNMF). This method represents target variables as a linear
combination of time-invariant synergies and time-varying activation
coefficient. To calculate the kinematic synergies we used NNMF with
the joint angle trajectories in the sagittal plane of right and left legs’
hip and knee joints. As for muscle synergies, due to difficulties in
fitting the EMG sensors together with the robot and other wearable
motion sensors, some EMG signals were corrupted. Therefore we
excluded the two EMG signals that were most affected on each leg,
leaving 4 signals for the analysis, two from each side for each partic-
ipant. The channels were consistent for different conditions for each
participant.

Results

We calculated the correlation coefficients between synergies of walk-
ing without the robot and walking with the robot under autonomous
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control and synergy based control respectively. The results for mus-
cle synergies (figure 4.12) show very little difference between the No
robot and autonomous control correlation coefficient, and the No
robot and Synergy based control correlation coefficient (difference
<= 0.06), for all participants. On the other hand, the same inves-
tigation on kinematic synergies (figure 4.13) showed bigger differ-
ences, 0.2 for first participant, 0.15 for second participant, and 0.34
for the third participant. The results also show that the synergy based
system had higher correlation coefficients with walking without the
robot in terms of kinematic synergies, than the autonomous system
did, even though the muscle activation did not differ as significantly.
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Chapter 5

Discussion

We have demonstrated in a series of experiments the feasibility of
the proposed synergy based exoskeleton robot control method. The
results obtained from respective experiments will be discussed here
with there implication, justification, and limitations. Some of the
simulations and proof of concept trials mentioned in the Method-
ology, chapter 3, will not be discussed here since their objective is
simply to serve as basic testing of the proposal conducted through-
out the development stage.

5.1 Body Synergy Analysis of Gait with
Walking Aid Cane

Investigation of upper and lower limbs synergies while walking with/
without a walking aid cane revealed an important observation, that a
walking aid in gait is used in coordination with other body limbs,
or in other words, the cane falls within the inter-limb synergies of
gait. This result is of importance for engineering applications since
it provides justification to instrument and utilize a walking aid cane
for motion intention estimation. It is also of importance from a phys-
iological aspect, as in the theory of tool use and tool representation
in the body schema [112, 113]. The exact representation of a walk-
ing aid cane in the body schema is difficult to interpret only from
this experiment. However, future research on the topic can benefit
from this result, and research may reproduce this investigation with
similar/ variant conditions to study the use and representation of a
walking aid cane.

The investigation of inter-subject similarity showed the angle be-
tween first principal components, used as index of similarity, to be
smaller that 10 degrees on average. But the actual distribution had
individual differences as large as 30 degrees. In visual inspection
we noted cases of similarity between small participant groups (2∼3
participants), and larger differences between sub-groups. It poses an
interesting question to investigate inter-group similarities and differ-
ences, and searching for biomechanical correlations and underpin-
nings between these sub-groups.



56 Chapter 5. Discussion

Limitations: The investigation was only conducted in treadmill walk-
ing. Gait on flat ground differs in some biomechanical aspects from
gait on a treadmill [114–116]. Therefore, the results might be influ-
enced by this experimental condition, but such influence is unlikely
to be disruptive of the concluded results.

5.2 Verification Experiment with Healthy
Persons

In the experiments with healthy persons we inspected the function
of the developed wearable gait measurement and robot control sys-
tem compared to an optical MOtion CAPture (MOCAP) system. We
found the function of the wearable system to be comparable to that
of the MOCAP system, which means it can be used for robot control
without serious deterioration in performance or accuracy. Wearable
IMU/ force sensor systems are steadily becoming a viable and af-
fordable option for gait measurement and analysis [94, 97, 98]. This
research is one of few to utilize such a wearable system in control
of an assistive robot in real time. The wearable system have the ad-
vantage of being much more compact and portable, thus possible to
implement and use in various environments and scenarios.

Using small and wearable sensors enables capture of several gait
related signals, which in turn enables incorporation of several sen-
sory modalities in the sensory fusion algorithm. Enhanced uni-modal
and multi-modal sensory fusion algorithms will enable better and
more comprehensive motion intention estimation methods for sup-
port of a wide variety of ADL with robotic technology.

An important observation of this experiment is that all partic-
ipants were able to walk the developed synergy based system at
different cadence and step lengths without the need for prior cal-
ibration. This outcome reflects the flexible nature of the synergy
based system, since it generates assisted motion based on motion
of the user’s contralateral leg and cane, and thus inherently adapts
with the user’s gait pattern.

Limitations: The investigation was only conducted in treadmill walk-
ing. The number of participants might not be adequate to repre-
sent the target user group. All the participants were young male
adults, thus they might also differ from target users in terms of mus-
culoskeletal structure. No EMG recordings were obtained during the
experiment due to extra burden of experimental setup, therefore it is
not possible to investigate the robot/ user contributions in the per-
formed gait. However, one participant study with EMG recording
was conducted separately, and contribution of the robot to the as-
sisted motion was confirmed [93].
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5.3 Pilot Study with Hemiparetic Persons

In the pilot study we tested the proposed method and developed sys-
tem with five hemiparetic persons. Three out of the five participants
were able to walk with the robot.

5.3.1 Inclusion Criteria

Since not all participants were able to walk with the system, that in-
dicates different ability of hemiparetic persons to use the exoskeleton
robot. We searched for criteria of ability to use the exoskeleton robot
in terms of body synergies. Researchers have found that the locomo-
tor impairment in post-stoke persons was correlated with a reduced
set of muscle synergies, which resulted from merging of healthy syn-
ergies [63]. In our post-experiment analysis, we calculated the kine-
matic synergies of lower limbs and cane for all the test pilots while
walking without the robot (figure. 5.1). The results show that the
participants who were able to walk with the robot (participants 1,2,3)
had closer synergy distribution to healthy persons (figure. 3.3) than
those who were not able to walk with the robot (participants 4,5).
David J. Clark et al. [63] found in there research that the first synergy
module in the paretic side account for a larger percentage of data
variability than the non-paretic side, and than in controls. Therefore,
we suggest that the percentage of the first synergy module can be
used as criteria of synergetic coordination ability, and ability to use
the robot as in our work. Participants 4 and 5 had a percentage for the
first synergy module of 80% and 73% respectively, higher than par-
ticipants who were able to walk with the robot (< 60%), and much
higher than healthy persons (< 40%). The biomechanical interpre-
tation of this criteria is; in order to be able to use the robot, a user
need to have at least two independent synergies that account for
about 80% of data variability in their inter-limb coordination.

5.3.2 Cadence, Speed, and Step length

Participants walked with different cadence and gait speeds without
the robot, with the autonomous control system, and with the syn-
ergy based system respectively. The difference between no robot and
walking with robot conditions is to be expected for first time users of
an exoskeleton robot, due to problems of habituation and altered dy-
namics due to wearing the robot. Difference between walking with
the autonomous control system and the synergy based system, on
the other hand, can be explained differently. Together with the dif-
ference in cadence and gait speed with the autonomous system there
was a difference in step length on the assisted side compared to the
unassisted side (figure. 4.9), shown in symmetry ratio (figure. 4.10),
and a difference in cycle-to-cycle step length, shown in the larger
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FIGURE 5.1: Percentages of data variability accounted
for by principal components for the pilot participants
extracted from lower limbs and cane kinematics of

walking without the robot.

standard error values on the step length of the assisted side (right
step length to left step length ratio). This difference shows a differ-
ent approach of the autonomous system to adapt with user’s gait.
On the other hand, the synergy based system, whilst able to adapt
to the user’s gait pattern, also maintains consistent step length rel-
ative to the contra-lateral side, shown in enhanced symmetry ratio,
and consistent step length from cycle to cycle as well, shown in the
small standard error on the assisted side’s step length.

5.3.3 Symmetry Ratio

In regard to symmetry ratio, the synergy based system was always
better than the autonomous system, and better in 2 out 3 partici-
pants than walking without the robot. These results are probably
due to the functional difference between the two systems. The au-
tonomous system provides assist based on the detected phase shift
on the foot sensors’ solely, and does not take into consideration the
joints’ motion of the unaffected side. The synergy based system, on
the other hand, generates assisted motion based on direct mapping
from the unaffected leg and cane (arm) motion, and thus has the in-
herent ability of providing assistance in coordination with the mo-
tion of unassisted limbs, and adapting to the user’s gait.
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5.3.4 Joints’ Range of Motion

From the results of joints’ range of motion we observe a general trend
of the autonomous system to provide a high increase in joints’ range
of motion on the affected side, that they sometimes surpassed the
range of motion on the unaffected side. On the other hand, with
the synergy based system, the joints’ range of motion increase on
the affected side was present but lesser than the range on the unaf-
fected side. The percentage difference between right and left sides’
hip joint was lesser with the synergy based system, and higher with
the autonomous system, and vice versa for the knee joint. These
results show higher advantage in range of motion from using the
autonomous system. The synergy based system can be tuned with
augmentative gain operands for specific joints if such consideration
is deemed beneficial by physical therapists for rehabilitation, or for
assist of ADL.

Limitations: The pilot studies were only conducted with three
hemiparetic participants. Since these are the first studies to be con-
ducted with the proposed method, it was necessary to test first with
higher functioning persons, thus the inclusion criteria only included
those with independent gait function. Barthel Index (a measure of
performance in ADL) of the participants was; 75, 95 and 95 respec-
tively. Further testing of the system is needed with persons of lower
gait function, who might require assist more than the participants in
the current study. Also, for use in rehabilitation, the system’s perfor-
mance need to be tested more rigorously in clinical environments.

5.4 Synergy Analysis in Robot Assisted Lo-
comotion

We explored a novel method of gait analysis in robot assisted loco-
motion. The concept of Synergy Analysis in Robot Assisted Locomotion
depend on the difference between kinematic and muscle synergies
while walking with an exoskeleton robot. While walking with the
assist of an exoskeleton, the kinematic synergies are a result of the
robot actuation and the user’s contribution to gait, while the muscle
synergies are a direct outcome of the physiological signals, muscle
activation EMGs, produced of the user’s CNS. Exploiting the dif-
ference between kinematic and muscle synergies in robot assisted
locomotion, we proposed a simple holistic variable that quantifies
consistency between the robot action and the wearer’s action/ in-
tention.

By performing Synergy Analysis on MOCAP and EMG data ac-
quired from the pilot study we found that the two control systems,
autonomous and synergy based systems, behaved differently in terms
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of synergistic relationships between the limbs, even though the mus-
cle activation did not differ as significantly. The synergy based sys-
tem had higher correlation coefficients with walking without the robot
in terms of kinematic synergies, than the autonomous system did.
This indicates that the synergy based system had higher ability to
operate in cohesion with the user’s body synergies. Yet the synergy
based system was able to produce enhancements in some gait param-
eters such as range of motion on the assisted knee joint, and symme-
try ratio.

We suggest that the proposed method of Synergy Analysis in Robot
Assisted Locomotion can be used as a holistic criteria for user-robot in-
teraction in robot assisted locomotion. We also suggest that synergy
based robot control / synergy based analysis, can be used in reha-
bilitation programs to provide assist in cohesion with users’ body
synergies, and to quantify human-robot interaction. Synergy analy-
sis in robot assisted locomotion can also be used in conjunction with
other measures, such as muscle fatigue [117], and adaption (change)
of user’s body synergies during and after rehabilitation.
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Chapter 6

Conclusions and Future
Directions

In this research we explored and realized an approach for use of body
synergies in motion intention estimation, exoskeleton robot control,
and gait analysis in robot assisted locomotion.

We developed an online motion intention estimation algorithm
using motion of healthy limbs and an instrumented cane to estimate
the motion of affected limbs in hemiplegia. We then developed a so-
phisticated robot control system with wearable sensors, and imple-
mented the method with the single leg version of Robot Suit HAL.

We verified the proposed method and developed system through
a series of experiments with healthy and hemiparetic participants.
The implementation demonstrated ability of the system to provide
assistance and to adapt to individual’s gait pattern without prior cal-
ibration. Comparison with an autonomous control system in the pi-
lot study showed the proposed method to provide a better symmetry
ration in assisted locomotion. The proposed method also provided
better symmetry ratio than that of walking without a robot in 2 out
of the 3 participants who were able to walk with the robot, and an
increase in joint range of motion on the assisted knee joint.

6.1 Contribution of this Work

6.1.1 Contribution to Robot Control

The main contribution of this work is to introduce the concept of
synergies to the field of exoskeleton robot control and gait analysis
in assisted locomotion. This approach helps bridge the gap between
human motor control and robot control, to bring assistive technolo-
gies closer to practical implementation in rehabilitation and assisted
life styles. While the concept of synergies have been investigated in
fields of biomechanics, neuro-science, and brain science for over a
decade, this research is one of the first real attempts to import this
knowledge into implementation in engineering field.
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6.1.2 Contribution to Gait Analysis

Traditional gait measures such as gait speed, cadence, step length
and symmetry ratio are the main criteria used in characterization of
gait. However, these criteria have been devised for gait without ac-
tive assistive technology, and they are insufficient to describe the in-
teractions during robot assisted locomotion. New exoskeleton robots
and control methods are constantly being developed, many of which
are based on motion intention estimation, and aim at a user coopera-
tive schemes. Thus, finding new criteria to evaluate human-robot in-
teraction in assisted locomotion such as the one we suggested in the
synergy analysis will be of great help in evaluating different robot
control methods. Although the analysis of data acquired in the pi-
lot study was not fully comprehensive, it paves the way for future
studies to evaluate and apprehend body synergies in robot assisted
locomotion.

6.2 Future Directions

6.2.1 Application with Various Assistive Robotic Plat-
forms

In this researcher we used a mobile-wearable exoskeleton robot for
development and implementation of the proposed approach. The
Robot Suit HAL [3] provides a suitable platform for research and
development for gait assist, sensory fusion, and motion intention es-
timation methods. However, the developed method of robot control
based on body synergies can be implemented with a variety of as-
sistive technologies. The method is expected to have applications
in both assistance of ADL and in robot assisted rehabilitation. For
practical application, the method can be implemented with a one
joint (hip, knee, or ankle) active orthosis, by fusing motion data from
available unaffected limbs/ joints. Application with active prosthet-
ics is also possible with the same approach.

6.2.2 Application in Rehabilitation

Robot assisted rehabilitation is one of the most important applica-
tions of lower limbs exoskeletons. The Robot Suit HAL have been
used in several robot assisted rehabilitation studies, and it’s effect on
rehabilitation have been verified [6, 7].

The proposed method of synergy based robot assisted locomo-
tion also have potential merits for rehabilitation. Since synergies of
healthy/ normal gait patterns are used as means of regression in
the developed method, it is expected to help rehabilitate the inter-
limb coordination ability as well as sensory-motor function of the
users. Also, since motion information from upper limbs is included
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through the use of a walking aid cane, the method can also be ex-
pected to benefit from the neuronal coupling of upper and lower
limbs in gait.

Previous research have shown evidence that arms’ swing facili-
tates lower limb muscle activation because of the neuronal coupling
between upper and lower limbs in rhythmic locomotion tasks [46,
47]. Having a cane, the arm is more involved in gait, and using the
cane to control the robot further motivates the action or arm swing.
Researchers have also shown that using a cane enhances somatosen-
sory and balance function in quite stance [84] and during gait as well
[85]. For these reasons we foresee the developed approach to have
advantages on robot assisted rehabilitation due to its synergistic na-
ture, and due to using a walking aid cane.

6.2.3 Comprehensive Synergy based Robot Control

In this research we only investigated synergies of forward gait and
implemented a robot control method as such. Synergies can be stud-
ied and extracted in a variety of locomotion tasks [53, 54], and syn-
ergy based assist methods can be designed respectively. However,
such a comprehensive assist framework is beyond the size of this
work, and the assist capabilities of current exoskeleton robot hard-
ware technology. In theory, synergies of various locomotor tasks can
be extracted, and a generalized motion intention estimation frame-
work can be formulated. With the help of a scenario detection/ es-
timation algorithm, appropriate synergies for current task can be se-
lected and used for exoskeleton robot control to achieve a compre-
hensive robot control. In such a system detection of current task,
transition between different assist modes, and dynamic balance con-
trol are vital issues that need to be addressed for safe and smooth
operation. Also, we only use motion information from leg joints and
walking aid cane in the current research for the sensory fusion algo-
rithm. However, multi-modal sensory fusion algorithms can also be
considered for inclusion of other kinematic/ physiological signals,
which might have respective advantages depending on the signals
used and the targeted user groups.
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