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�The mind is like a parachute. It doesn't work if it's not open.�
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Abstract

Research in robot-assisted rehabilitation of gait has known a paradigm shift to-
wards a more �human-centered� approach, focusing on assistance-as-needed, in-
creased functionality and adaptability of the environment displayed by the device.
Physical human-robot interaction (pHRI) is a key aspect in this approach. From
an engineering viewpoint the improvement of pHRI is sought in wearable design,
high performance actuator technologies and dedicated control strategies.

In this dissertation a combination of lightweight, intrinsically compliant actuators
with high force output (pleated pneumatic arti�cial muscles) and safe, adaptable
guidance along a target trajectory is investigated for end use in a full lower limb
exoskeleton. A powered knee exoskeleton, KNEXO, has been developed for this
purpose.

In its design, emphasis was laid on optimising the actuator system con�guration
and on the adaptability of the human-robot interface.

As for control, two di�erent, but complementary control strategies have been stud-
ied by means of simulations and experiments: a torque controller and a trajectory
tracking based assistive controller. The torque controller supports an unassisted
walking mode, that serves as a baseline for the performance evaluation of robotic
assistance and that enables the recording of reference and target trajectories. The
assistive controller uses proxy-based sliding mode control (PSMC) in conjunction
with a non-model based support torque to provide an assisted walking mode that
safely allows for deviations from the target trajectory.

Treadmill walking experiments have been performed in unimpaired subjects wear-
ing KNEXO in order to assess wearability and to investigate controller performance
in view of impaired subject testing. Experimental results veri�ed that the combi-
nation of intrinsically compliant actuators with proxy-based sliding mode control
achieves compliant guidance and at the same time exhibits a safe and tunable re-
sponse to human-robot interaction torques. Following this positive evaluation, a
hemiparetic stroke patient and a multiple sclerosis patient participated in a series
of pilot assisted walking experiments. Provided a patient-speci�c controller tuning,
based on experience gained from experiments with unimpaired subjects, KNEXO
e�ectively supports and compliantly guides the subject's impaired knee. Both in
unimpaired and impaired subjects gait kinematics measurements and muscle EMG
measurements have been performed to quantify human-robot interaction.

Considering these promising results, the methods proposed in this work contribute
towards a more human-centered rehabilitation of gait.
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Chapter 1

Introduction

1.1 Motivation

Gait impairment has a major impact on health-related quality of life. The inability
or reduced ability to walk a�ects a person's ability to perform activities of daily
living, induces physical deconditioning and puts strain on his/her psychological and
psychosocial well-being. Rehabilitation of gait is essential for promoting recovery
and improving quality of life. The physical therapy involved varies greatly depend-
ing on the cause and nature of gait disorders. Prevalent causes of gait impairment
are neurological disorders and injuries, such as stroke, spinal cord injury, multi-
ple sclerosis and Parkinson's disease. The burden of these disorders on worldwide
public health and the related demands for health resources are underestimated and
projected to keep rising in the future (World Health Organisation, 2006).

Gait training, over ground or on a treadmill, has become an essential part of reha-
bilitation therapy in patients su�ering from these disorders and its e�ectiveness is
increasingly evidenced by clinical trials and advancements in neuroscience. Seem-
ingly trivial, the notion of �(re)learning to walk by walking� hides some of the key
research questions that puzzle not only the �eld of rehabilitation science. Similar to
the neurological principles underlying human walking itself, the principles under-
lying motor learning and neural recovery are not yet fully understood and subject
of ongoing research. By consequence, research e�orts in the �eld are focused on
quantifying the rehabilitation process and identifying rehabilitation practice that
maximises outcome.

In one of the existing practices, body-weight supported treadmill training (BW-
STT), the patient's body weight is partially supported by an overhead harness while
his/her lower limb movements are assisted by one up to three physiotherapists. The
strenuous physical e�ort encumbering the therapists and the resulting short train-

1
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ing session duration was one of the main reasons for introducing robotics into gait
rehabilitation. Although this introduction was envisaged by therapists as well, it
was mainly driven by engineering, strengthened by technological advancements in
robotics and prior research into powered exoskeletons for humans. The advantages
that were initially aimed at by automating therapy, namely enhancing intensity,
repeatability, accuracy and quanti�cation of therapy, are indeed easily associated
with robotics. However, a robot operating in close physical contact with an im-
paired human requires an approach to robot performance that di�ers signi�cantly
from the viewpoint of industrial robotics. Accurate repeated motion imposed by a
position controlled robot is considered contraproductive for many reasons: a lack of
adaptable and function speci�c assistance, a limitation of the learning environment,
reduced motivation and e�ort by the patient. Nowadays, the �eld of rehabilitation
robotics is increasingly convinced by a human-centered approach in which robot
performance is focused on how the robot physically interacts with the patient.

A focus on the human in the robot puts emphasis on the adaptability and task
speci�city of robotic assistance required to achieve �assistance-as-needed�. At the
same time, safety of interaction, preventing harm and discomfort, is mandatory.
Variable sti�ness or variable impedance is a promising concept in robot design and
control that addresses both safety and adaptability of physical human-robot inter-
action (pHRI). It implies that the robot gives way to human interaction torques
to a desired and adjustable extent. This adds to the high requirements that were
already posed by the application, for instance with regard to wearability (compact
and light weight design, adjustable to the individual) and actuator performance
(high torque output, high power-to-weight ratio). Hence, in the development of
novel prototypes rehabilitation roboticists are faced with the challenge of combin-
ing suitable design concepts, high performance actuator technologies and dedicated
control strategies in view of improved physical human-robot interaction. Improve-
ment, that should lead to a better insight into the e�ects and e�ectiveness of
robot-assisted rehabilitation and ultimately, leads to better therapies.

1.2 Robot-assisted rehabilitation of gait

1.2.1 Gait rehabilitation

In persons with damage to the central nervous system, for instance due to stroke
(brain damage) or incomplete SCI (spinal cord damage), task-speci�c and intensive
gait training leads to (partial) recovery of motor function and improved gait (Bar-
beau and Rossignol, 1994; Dietz et al., 1994; Hesse et al., 1995). In addition, there
are several secondary positive e�ects on the physical and mental condition of these
patients (Hidler et al., 2008). Gait training prevents many of the secondary compli-
cations that often result from neurological injury and gait impairment (e.g. joint
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sti�ening, muscle atrophy, cardiovascular deterioration, pneumonia, deep venous
trombosis). Therefore, treadmill training is a well-established practice nowadays
in rehabilitation centers for the neurologically impaired.

The driving force behind neural recovery is neural plasticity, the ability of neural
circuits, both in the brain and the spinal cord, to reorganise or change function
(Elbert et al., 1994). This process was clearly evidenced in prior animal research,
revealing the existence of so called �central pattern generators� at the level of the
spinal cord that allow to reinstill animal gait through training following spinal
cord leasion. However, neural recovery has proven to be much more complex in
humans, as human walking involves both spinal control and brain control (Yang and
Gorassini, 2006). For rehabilitation to be successful neural plasticity should thus
be maximally promoted. Although the mechanisms underlying neural recovery are
not yet fully understood, there is a growing consensus about the major enabling
principles. Sensory input from the muscles and joints to the central nervous system
(a�erent input) is crucial (Ridding and Rothwell, 1999; Harkema, 2001). Also,
these sensory cues should match as closely as possible with those normally involved
in the task to be relearned. Some critical cues of human locomotion have been
established, but are subject of ongoing research (Behrman and Harkema, 2000).
Another important requirement for recovery is that training should be intensive
and that it should be started as early as possible after the injury to maximise
outcome (Sinkjaer and Popovic, 2005).

The need for intensive training and the aim of relieving therapists from the phys-
ical strain induced by manually assisted gait training, triggered the application of
robotic assistance to gait rehabilitation. The development and use of gait rehabili-
tation robots both in rehabilitation practice and in research labs has strengthened
the validity of some concepts that are believed to underlie gait retraining in general
and also to increase the e�ectiveness of robot-assisted training itself. A key �nding
is that assisting movements (too much) may result in reduced e�ort and decreased
motor learning (Marchal-Crespo and Reinkensmeyer, 2008). This is evidenced by
motor learning studies in unimpaired subjects involving robotic assistance to learn
a movement task, and appears to apply to neural recovery as well. Some studies
explored the bene�ts of amplifying movement errors instead of correcting them,
which was found to improve short term motor learning, as reported for instance
in Reisman et al., 2007. It was also shown that the training should be adapted
to the skills of the subject: similar to providing too much assistance, providing
too little is counterproductive (Emken et al., 2007). Another important aspect
to training is active participation, which is promoted by motivation. The robotic
training environment should trigger the subject to self-initiate and actively con-
tribute to the movements and also to sustain e�orts (Lotze et al., 2003). The
suggestion that e�ort may be more important than (robotic) assistance, questions
the rationale behind the use of robots in movement therapy (Reinkensmeyer et al.,
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2007). Nonetheless, many rationales for using robotic assistance in gait rehabil-
itation can be found in literature (Guglielmelli et al., 2009; Marchal-Crespo and
Reinkensmeyer, 2009). Previously unexplored movements provide novel sensory
information to the patient, assistance makes gait training more safe and intense,
and helping the patient accomplish desired movements is an important motivating
factor (an extensive overview can be found in Marchal-Crespo and Reinkensmeyer
(2009)).

The aforementioned concepts are encompassed by a best practice in assistance-
based robotic therapy commonly referred to by �assistance-as-needed�, implying
that the robot should assist only as much as needed and only where needed. Hence,
the level of assistance should be adaptable and task (or function) speci�c. Newly
developed robot technology for gait rehabilitation is increasingly focused on this
paradigm. The following section puts emphasis on general concepts and hardware.
An overview of control strategies in robot-assisted gait rehabilitation is given in
section 3.1.1.

1.2.2 Gait rehabilitation robots

In the course of merely ten years, the number of devices for upper and lower
limb rehabilitation, and from a broader perspective, the advancements in assistive
technology, have grown remarkably. Hence, the following overview cannot, nor is
meant to be exhaustive. Although common challenges are faced in the development
of robots for the upper limbs, this overview is limited to devices for the lower limbs.

Similarly to rehabilitation robots for the upper limb, gait rehabilitation robots can
be categorised according to their underlying kinematic concept into end-e�ector
based and exoskeleton based robots (Guglielmelli et al., 2009). End-e�ector based
robots interact with the human body in a single point (through their end-e�ector),
whereas exoskeleton based robots interact with the human body in di�erent points
across human joints. The latter typically have an anthropomorphic, serial linkage
type structure that acts in parallel with the lower limbs. Seldom, there are gait
training devices not belonging to any of these two categories. String-man, a device
consisting of tensioned wires attached to the body is an example (Surdilovic et al.,
2007).

A commercially available end-e�ector based device is the GT1 Gait Trainer (Reha-
stim, Germany). It is based on a doubled crank and rocker gear system, driving two
programmable footplates, generating gait-like movements of the lower limbs (Hesse
and Uhlenbrock, 2000). More recently, a successor is being developed, the Hap-
ticWalker, based on the same concept of permanent foot-machine contact (Schmidt
et al., 2005a). This concept is also typically found in parallel type rehabilitation
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Figure 1.1: Gait rehabilitation robots: end-e�ector based (e.g. HapticWalker) and
exoskeleton based (e.g. Lokomat®). Related applications supporting the devel-
opment of exoskeleton based gait rehabilitation robots: human performance aug-
menting exoskeletons (e.g. HAL), assistive exoskeletons (e.g. ReWalk®), powered
prosthetics (e.g. C-leg®).

robots with a platform for rehabilitation of the ankle/foot and for balance train-
ing as for instance in Saglia et al. (2010); Yoon and Ryu (2005). ARTHuR is a
unilateral 2 DOF device using a backdriveable two-coil linear motor and a pair of
lightweight linkages to drive a footplate (Emken et al., 2006). It has been used
primarily to study motor learning principles and to evaluate a teach-and-replay
procedure with impedance adaptation (Emken et al., 2008).

Most gait rehabilitation robots are exoskeleton based and prototype development
in this type of devices is often supported and stimulated by advancements in related
applications: assistive exoskeletons, human performance augmenting exoskeletons
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and powered prosthetics (see �g. 1.1). Rehabilitation exoskeletons, assistive ex-
oskeletons and human performance augmenting exoskeletons are the three main
types of powered exoskeletons for humans and the past decade has seen a multi-
tude of research prototypes and devices of this sort. As their common rationale
is the assistance of human gait, these exoskeletons are not easily categorised and
sometimes assistive exoskeletons and human performance augmenting exoskeletons
�nd their way to a rehabilitation setting. Also, from an engineering viewpoint,
these applications have common requirements with respect to the performance of
the actuators, the weight and compactness of the structure and the wearability of
the design. There remains however a clear distinction of basic functionality. Re-
habilitation exoskeletons are aimed at recovery of impaired function, whereas as-
sistive exoskeletons assist impaired function and human performance augmenting
exoskeletons augment sound function. Powered prosthetics replace lost function.
Although acting in series with the human body instead of in parallel, powered lower
limb prostheses also inspire the development of gait rehabilitation exoskeletons, as
they require high performance actuators, gait phase detection and user-oriented
control. An overview of the state-of-the-art in powered lower limb prosthetics can
be found in Martin et al., 2010; Versluys et al., 2009a.

To date there are two commercially available exoskeleton-based gait rehabilita-
tion robots: the AutoAmbulator (Healthsouth, US) and the Lokomat (Hocoma,
Switzerland). Both devices consist of a treadmill, an overhead suspension system
with a harness and a robotic orthosis attached to the patient's lower limbs, assist-
ing the hip and the knee bilaterally. The Lokomat, in particular, has undergone
substantial testing with patients and, as opposed to AutoAmbulator, is extensively
reported in literature. Lokomat, originally purely position controlled, uses ball
screw actuators and joint-space impedance control to achieve naturalistic joint tra-
jectories at the hip and knee. Various patient-cooperative control strategies have
been investigated (Jezernik et al., 2004; Duschau-Wicke et al., 2008) as well as a
hardware extension of the system with additional actuated DOF (ab/adduction of
the hip and lateral and vertical pelvic displacement, see Bernhardt et al., 2005b),
but most functionalities were not transferred to the device that is currently on the
market and in use in rehabilitation centers.

Several research groups recognised the need for assistance-as-needed control strate-
gies and for more physiological gait movements, both considered essential to in-
crease the e�ectiveness of robot-assisted gait training. Most research e�orts are
focused on introducing adaptable compliance (or variable impedance) into the hard-
ware and/or the control of the system and on extending the number of DOF of the
exoskeleton, i. e. active DOF (actuated) and/or passive DOF (passive elements or
none).
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In LOPES, besides �exion/extension of the knee and hip, lateral and forward/
backward displacement of the pelvis and abduction/adduction of the hip are as-
sisted (Veneman et al., 2007). Bowden-cable based series elastic actuators are used
to power the exoskeleton's joints for reasons of inherent safety and force tracking
performance (Veneman et al., 2005). The device is intended for use in stroke pa-
tients and focus is on task-speci�city of assistance by means of virtual model control
(Ekkelenkamp et al., 2007). PAM and POGO use pneumatic cylinders to compli-
antly assist �ve out of six DOF of the pelvis and �exion/extension of the knee and
hip. Zero-force control and impedance control are used consecutively in a teach-
and-replay procedure (Aoyagi et al., 2007). Both LOPES and PAM/POGO are
treadmill based devices. The WalkTrainer (Stau�er et al., 2009) is a mobile over-
ground walking device, that consists of a mobile base with an active body weight
supporting harness, a pelvic orthosis (6 actuated DOF) and two leg orthoses (3
actuated DOF each) (Allemand et al., 2009). It combines task-space impedance
control of the orthoses with closed-loop functional electrical stimulation (FES) of
the paraplegic patient's leg muscles. The KineAssist (Kinea Design, US), although
mobile as well, is not exoskeleton based and primarily intended for adaptable body
weight support and walking balance training of stroke patients.

Besides bilateral prototypes, several unilateral rehabilitation exoskeletons, com-
prising one or more powered joints, have been developed. ALEX is a leg exoskeleton
of which the hip and knee joint are actuated by linear drives (Banala et al., 2009).
A force �eld controller is implemented in task-space that displays a position de-
pendent force �eld acting on the foot. In Sawicki et al. (2005) ankle-foot and knee-
ankle-foot orthoses powered by McKibben type pneumatic muscles are investigated
for task-speci�c rehabilitation. This actuator type has also been implemented in,
amongst others, a bilateral prototype reported in Costa and Caldwell (2006) and
in an ankle rehabilitation device for stroke patients in combination with springs
(spring over muscle actuator) reported in Bharadwaj and Sugar (2006). SERKA is
an active knee orthosis for gait training focusing on sti� knee gait in stroke patients
(Sulzer et al., 2009). It is driven by a rotational series elastic actuator, similar to
the actuator type implemented in LOPES, capable of providing low torques during
zero-torque control (1Nm) and considerably high torques (up to 41Nm), while
keeping the added mass low by means of remote actuation through Bowden cables.
AKROD is a knee orthosis with an electro-rheological �uid (ERF) variable damper
component to correct hyperextension of the knee and sti� knee gait in stroke pa-
tients (Weinberg et al., 2007). The ERF brake provides only resistive torques
(up to 78Nm) and does not introduce any positive power at the knee joint. En-
tirely passive systems have been developed as well. The gravity balancing orthosis
(GBO) compensates the gravitational torques acting at the hip and the knee of the
combined system (orthosis and leg) during swing by means of a dedicated spring
mechanism (Banala et al., 2006). SUE is a passive bilateral exoskeleton with tor-
sion springs in the hip and knee joints optimised for propulsion of the legs during
swing in treadmill walking (Mankala et al., 2007).
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Also in the �eld of assistive exoskeletons, a multitude of devices and prototypes
has been developed, some of them also envisaged for use in rehabilitation or per-
formance augmentation. The ReWalk (Argo Medical Technologies, Israel) is a
bilateral robotic suit for the mobility impaired that is near to being released to the
market. Some exoskeletons are speci�cally aimed at assisting the elderly, such as
the walker based exoskeleton EXPOS reported in Kong and Jeon (2006), others
focus entirely on body weight support, such as the Moonwalker (Krut et al. (2010))
and the Bodyweight Support Assist by Honda. A combination of a quasi-passive
exoskeleton with functional electrical stimulation (FES) is proposed in Farris et al.
(2009). Many single joint exoskeletons have been developed. The DCO (Hitt
et al., 2007) and the AAFO (Blaya and Herr, 2004) are examples of active ankle
foot orthoses making use of series-elastic actuators to assist in push-o� or to correct
dropped foot gait.

The majority of human performance augmenting exoskeletons for the lower limbs
has been designed for load carrying augmentation (e.g. carrying a backpack) with
military applications in mind, such as BLEEX (Kazerooni and Steger, 2006), the
Sarcos exoskeleton (Sarcos, US) and NTU exoskeleton (Low et al., 2005). Their
control strategies are dedicated to unimpaired users. A quasi-passive leg exoskele-
ton, using a fraction of the power consumed by the aforementioned devices, is
reported in Walsh et al. (2007). The robot suit HAL (Cyberdyne, Japan), of which
the control relies on muscle EMG measurements, is currently being evaluated as
an assistive exoskeleton for the mobility impaired. For an extensive overview of
powered lower limb exoskeletons the reader is referred to Dollar and Herr (2008).

1.2.3 ALTACRO

A �ve year concerted research action project, ALTACRO (Automated Locomotion
Training using an Actuated Compliant Robotic Orthosis), was set out starting
from 2008 by a consortium involving three faculties of Vrije Universiteit Brussel
with the aim of addressing some of the identi�ed challenges in robot-assisted gait
rehabilitation. Engineers, physiotherapists and doctors collaborate on this topic
in a multidisciplinary research group ARTS (Advanced Rehabilitation Technology
and Science1) and conduct research into four aspects of robot-assisted gait training:

� active assistance at the ankle

� balance and load distribution
1A consortium of the Robotics & Multibody Mechanics research group (R&MM), the De-

partment of Human Physiology and Sports Medicine (MFYS), the Department of Biomechanics
(BIOM), the Department of Rehabilitation Research (RERE), the Department of Experimental
Anatomy (EXAN) and the Department of Orthopedics and Traumatology at Vrije Universiteit
Brussel
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� functional, three dimensional gait kinematics

� physical human robot interaction

The project involves the development of a novel full lower body exoskeleton pow-
ered by compliant actuators and the clinical evaluation of its concepts aimed at
improving robot-assisted gait rehabilitation in the four aforementioned areas.

The gait rehabilitation devices currently in use in rehabilitation centers do not
provide any controlled assistance at the ankle joint. The lack of actuation at
the ankle possibly has an adverse e�ect on the recovery of functional gait, as in
normal human walking the largest peak moments of force occur at the ankle joint.
Also causes of gait dysfunction like dropped foot or spastic foot extension cannot
be adequately countered during therapy. Support of the ankle/foot may even be
considered an essential safety requirement for robot-assisted gait training.

A suspension system that lifts a part of the patient's body weight, as used in
BWSTT, introduces an unnatural load distribution in the patient's body, since the
lower limbs are only subject to a part of the bodyweight. Step rehabilitation train-
ing practice indicates su�cient loading of the patient's body is required to generate
a�erent inputs close to those occurring during una�ected walking (Behrman and
Harkema, 2000). The suspension system also hinders the normal balance and pos-
tural reactions of the patient that are required for functional walking. As there
is currently no consensus regarding the preferred amount of body weight support
(Hidler, 2005), a robotic exoskeleton capable of providing full body weight support
without any additional suspension system could open up possibilities.

To date, gait assistance in commercial exoskeleton-type robots is restricted to
planar motion, resulting in relatively large movements of the body relative to the
device (Neckel et al., 2006). However, it is assumed that robot-assisted gait training
may bene�t from more physiological robotic joints, allowing movements closer to
the three dimensional kinematics of human gait. Introducing this principle in a
rehabilitation robot may be bene�cial to training and recovery of coordination and
equilibrium.

A key feature of rehabilitation robotics is the close human-robot interaction in-
volved. The device should be capable of adaptable, compliant behaviour both for
reasons of safety and functionality. The envisaged bene�ts of adaptable compli-
ance (or variable impedance) on the control level (e.g. impedance control with
parameter adaptation) and on the hardware level (compliant actuators), which are
recently being investigated by some of the research groups active in the �eld, need
to be further explored. For instance, from the safety viewpoint, the need for com-
pliance in the event of spasticity2 of the leg muscles has not yet been addressed

2Spasticity is de�ned as a motor disorder characterised by a velocity-dependent increase in
muscle tone with exaggerated tendon jerks, resulting form hyperexcitability of the stretch re-
�ex (Lance, 1980). It results in increased resistance against passive motion. Spasticity is often
diagnosed in neurological disorders as SCI, stroke and multiple sclerosis.
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su�ciently. Another topic of research related to safety and functionality is how to
set the compliance (or impedance) such that the assistance is as needed, while en-
suring safety and continuity of the assisted movements. The shift from sti� position
control to strategies involving adaptable compliance (variable impedance) intrinsi-
cally implies reduced accuracy of movements and enhanced control over physical
human-robot interaction. This dissertation speci�cally addresses the topic of phys-
ical human-robot interaction in robot-assisted gait rehabilitation in the framework
of the ALTACRO project.

1.3 Goal and approach

The goal of the work reported in this dissertation is to investigate suitable design
and control concepts for a gait rehabilitation robot powered by compliant actuators
and in view of safe and adaptable physical human-robot interaction (pHRI).

The compliant actuator used in this work is the pleated pneumatic arti�cial muscle
(PPAM), developed by Daerden (1999). The PPAM is a special type of pneumatic
muscle, a contractile device consisting of a thin membrane that is operated by
pressurised air. Pneumatic muscles have a high force-to-weight ratio and they are
intrinsically compliant, due to the compressibility of air. They are typically coupled
to a joint directly, without a complex transmission, and used in antagonistic pairs
to power a joint, which forti�es the qualitative analogy with biological muscles.
With this con�guration of pneumatic muscles one is capable of controlling both
the torque and the intrinsic compliance of a robotic joint, which makes them a
suitable candidate for the application under study. The nonlinear force-contraction
characteristic and the pressure dynamics underlying their performance are two key
aspects speci�c to this type of actuator that need to be dealt with in the design
and control of a robotic joint powered by pneumatic muscles.

In order to evaluate the proposed design and control concepts, a knee exoskeleton
powered by PPAMs has been developed in this work. In the development of this
research prototype several important stages are addressed: actuator system design,
mechanical structure design, system modelling and simulation, controller design
and control performance evaluation. Since the main objective is to study safe
and adaptable pHRI in robotic gait assistance, performing extensive experiments
with the prototype in unimpaired subjects before passing on to patient testing was
considered of great importance. A pilot robot-assisted walking study with a stroke
patient and a multiple sclerosis patient forms the concluding stage of this work.

1.4 Outline

This dissertation describes the design, the control and the evaluation of a compliant
powered knee exoskeleton, named KNEXO, in three respective chapters.
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Design of KNEXO, a knee exoskeleton powered by PPAMs

After an overview of the fundamental design choices made for the prototype a short
introduction to gait terminology and conventions, and to gait analysis focused on
the knee is given in section 2.2, as it provides an essential framework for design,
control and performance evaluation.

The design of the actuator system is elaborated in section 2.3. Its requirements are
de�ned on the basis of gait analysis data. A detailed overview of the characteristics
of the PPAM and its possible con�gurations in a robotic joint are given. Starting
from a trial-and-improvement design of an antagonistic con�guration of PPAMs a
multi-objective optimisation approach is investigated. An exhaustive search based
optimisation method is proposed and applied to two con�gurations with a di�erent
force transmission concept.

Di�erent intermediary prototypes and setups were developed to come to the �-
nal prototype, all of them described in section 2.4. The mechanical structure of
KNEXO is explained with focus on wearability.

Section 2.5 gives an overview of the instrumentation with emphasis on sensing for
control and safety.

Control for safe, compliant and adaptable robotic assistance

This chapter starts by giving an overview of existing assistance-based control
strategies (high level control) for gait rehabilitation, focusing on the implementa-
tion of �assistance-as-needed�, and an overview of the state-of-the-art in control
of pneumatic muscles (low level control). Also in section 3.1, the main challenges
regarding control and the approach followed in this work are given.

The simulation models of the combined human-robot system and of the actua-
tor system (torque output, valve dynamics), described in section 3.2, support the
implementation of di�erent controllers:

� A torque controller is proposed and experimentally evaluated in section 3.3.

� Section 3.4 elaborates on a trajectory tracking approach to assistance-based
control. A trajectory tracking control method is explained and two di�erent
implementations are proposed, one of which using the aforementioned torque
controller as an inner torque control loop.

Aspects related to the generation and synchronisation of the target trajectory in
support of the assistive controllers are discussed separately in section 3.5.

Robot assisted walking with KNEXO

The experiments with unimpaired subjects, covered by section 4.2, address the
three main objectives to be met in view of patient testing: unassisted walking, as-
sisted walking with safe guidance, assisted walking with adaptable physical human-
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robot interaction.

Finally, section 4.3 presents and discusses pilot assisted walking experiments with
two impaired subjects: a stroke patient and a multiple sclerosis patient.

1.5 Main contributions

The goal of this dissertation is to contribute to the improvement of physical human-
robot interaction (pHRI) in robot-assisted rehabilitation of gait by developing and
studying suitable design and control concepts of a gait rehabilitation robot powered
by compliant actuators. In addition, this work was aimed at smoothing the way
to the development of a novel full lower body exoskeleton within the framework of
an ongoing research project ALTACRO (see 1.2.3).

The main contributions with regard to design are:

� a methodical, optimisation based approach to the design of a robotic joint
powered by pleated pneumatic arti�cial muscles (PPAMs).

� KNEXO, a knee exoskeleton powered by PPAMs, as a research prototype for
the implementation and evaluation of control strategies for safe and adaptable
robotic assistance.

The main contributions with regard to control are:

� a simulation model of KNEXO, comprising an actuator system model and a
model of the combined human-robot system.

� a torque controller based on force sensor feedback and on a model-based
feedforward.

� a trajectory tracking controller for safe and adaptable robotic assistance using
the aforementioned torque controller as an inner torque control loop.

The main contributions with regard to the evaluation of the proposed design and
control concepts:

� a study of the e�ects of compliant robotic guidance by KNEXO in unimpaired
and impaired subjects, combining exoskeleton data with gait kinematics anal-
ysis and muscle activity measurements.

� pilot experiments with a stroke patient and a multiple sclerosis patient, pro-
viding valuable end-user feedback.
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A list of publications resulting directly from this work and from related work in
collaboration with colleagues can be found after the concluding chapter.





Chapter 2

Design of KNEXO, a knee exoskeleton

powered by PPAMs

2.1 Introduction

As emphasized in the introductory section, the main purpose of KNEXO, the knee
exoskeleton developed in this work, is the implementation of design and control
concepts, smoothing the way towards the development of a novel full gait rehabili-
tation exoskeleton. The design framework of the prototype can be summarised by
the following list of conceptual design choices.

� the exoskeleton is wall grounded and not body grounded

� the mechanical structure is a serial linkage interconnected by a revolute joint,
acting in parallel with the human lower limb

� the exoskeleton's knee joint is powered by pleated pneumatic arti�cial muscles

� the powered joint should be capable of providing a joint torque, a speed and
a range of motion comparable to sound human knee joint performance during
walking at typical treadmill walking speeds in gait rehabilitation training

� the physical human-robot interface should be adaptable to a wide range of
human statures and sizes

The choice for an externally mounted system (see �g. 2.1 left), instead of a portable
system (see �g. 2.1 right) adheres to the conventional framework of treadmill based
full lower body exoskeletons for gait rehabilitation. The latter are typically exter-
nally mounted to allow a compensation of the robot's weight and to maintain
balance of the combined human-robot system. This choice does not free the design
from the requirement of weight and inertia minimisation, which is one of the ma-
jor bottlenecks encountered in the design of fully wearable powered exoskeletons.

15
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Figure 2.1: Wall grounded (left) and body grounded (right) exoskeleton

Since the dynamics of the robot cannot be fully compensated by the controlled ac-
tuator system, minimising the robot's weight and inertia is hence equally relevant
in wall grounded exoskeletons. Energetic autonomy however, another bottleneck
in portable robot design, is not an issue.

Recent research in non-anthropomorphic, kinematically redundant exoskeletons
reveals promising characteristics in terms of minimisation of undesired interac-
tion forces (Schiele and van der Helm, 2006). These interaction forces are due to
misalignments of the robotic joints and the human joints, and typically occur in
conventional exoskeleton designs. In addition, alignment of the exoskeleton during
�tting is not required or reduced. This kinematic design concept, however, dras-
tically increases design complexity and although successfully applied to an arm
exoskeleton for force-feedback tele-operation (EXARM, Schiele, 2008) it is a sub-
ject of ongoing research whether it would be as bene�cial for powered exoskeletons
designed to transfer higher torques (Sergi et al., 2010; Stienen et al., 2009). For
the mechanical structure of KNEXO the conventional and most straightforward
anthropomorphic kinematic structure with links interconnected by a revolute joint
was chosen.

The rationale behind the use of pleated pneumatic arti�cial muscles (PPAMs) as
compliant actuators in this work is threefold. Their high force to weight ratio, their
intrinsic compliance, and the adaptability of the compliance of a joint powered by
PPAMs make this actuator a suitable and interesting candidate for implementa-
tion in a compliantly powered exoskeleton. These advantages and the underlying
characteristics of the PPAM are elaborated further in section 2.3.2.

The actuators should provide the exoskeleton with the required torque and power
to fully support the function of the knee at moderate walking speeds in the absence
of human knee joint torque and power. The approximation of the actuator system's
requirements is based on gait analysis data of the sound human knee. Since a pro-
totype design was envisaged, this approach was preferred over a design supporting
simulation study involving a multibody model of the human and the robot.
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A �nal conceptual design choice concerns the physical interface between the ex-
oskeleton and the wearer. Unlike a powered exoskeleton intended as an assistive
device, a gait rehabilitation exoskeleton for treatment in a facility setting is not
customised to a single user. The prototype's interface should be adaptable in order
to �t the individual wearer, allowing for a wide range of human statures and sizes
in view of experimental studies.

Based on the aforementioned conceptual design choices a prototype design was
made. The design process was primarily focused on

� actuator system design

� adaptability of the physical human-robot interface

� weight compensation of the device

In particular, special attention was paid to the investigation of a methodical ap-
proach to the design of an actuator system consisting of PPAMs. This approach
could then be used for any PPAM-powered joint of a full active lower limb exoskele-
ton.

The description of the prototype design is structured according to its three main
functional components: the actuator system, the mechanical structure and the
instrumentation, are covered by section 2.3, 2.4 and 2.5 respectively. For the sake
of clarity and completeness, a selective terminology overview as well as a short
description of some fundamentals of the biomechanics of human gait with focus
on the knee are included in this chapter in section 2.2. This �toolbox� provides a
starting point for the actuator system design described in section 2.3. In the �nal
section of this chapter the entire design is summarised in a short overview.

2.2 Toolbox: into the biomechanics of human gait

After a brief overview of basic gait related terminology and conventions used
throughout this work, the kinematics and kinetics of the knee joint are brought
into focus. The design requirements of the actuator system (chapter 2), as well as
the controller design (chapter 3) and the analysis of results of treadmill walking
experiments (chapter 4) rely on this framework.

2.2.1 Basic gait terminology

Human gait is a series of cyclic lower limb and whole body movements, characterised
by its constituent repeated sequence, the walking pattern or gait cycle. The gait
cycle is divided into di�erent gait phases and marked by di�erent gait events, as
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Figure 2.2: The human walking gait cycle: di�erent gait phases and gait events
according to Perry (1992). The left and right stick �gure correspond respectively
with the start and end of each phase (stick �gures adopted from Perry (1992)).
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illustrated by �g. 2.2. A gait cycle covers a stride, starting from the initial contact
with the ground of one foot and lasting till the next initial contact of that same
foot. A stride thus consists of two consecutive steps. In normal human gait initial
contact corresponds with the heel strike. The di�erent gait events correspond
with functional time instances, whereas the gait phases relate to functional time
intervals.

The consecutive gait events indicated on �g. 2.2 are: initial contact (IC), foot
�at (FF; foot �at on the ground), heel-o� (HO; heel is lifted from the ground),
toe-o� (TO; toes are lifted from the ground). Other gait events, such as midstance
and midswing, have been de�ned and used in literature, but nomenclature and/or
de�nitions vary. The gait phase between heel strike and toe-o� of the same foot,
during which it is in contact with the ground, is the stance phase. The phase in
which the foot is not in contact with the ground is the swing phase. At natural
cadence (number of steps per time unit) the stance phase and the swing phase
account for about 60% and 40% of the stride period respectively. Combining these
phases for both limbs, one infers there is a phase during which both limbs are in
stance, called double support phase, lasting about 10% of the stride period and
occurring twice in each stride. The single support phase (40% of the stride period
for each limb) corresponds with one limb being in stance, while the other is in
swing. It is important to note that quantities related to gait timing, such as the
stride period and the ratio of stance time to swing time, as well as quantities related
to distance, such as the step length, vary with walking speed. Both cadence and
step length increase equally with increasing walking speed up to a step length limit.
The ratio of stance time to swing time decreases with increasing stride length and
with increasing walking speed.

The stance and swing phase can each be subdivided in di�erent functional gait
phases (see �g. 2.2). Di�erent gait phase de�nitions exist in literature. The phases
listed below are in accordance with Perry (1992).

� Initial contact: 0-2% stride. The foot makes contact with the ground.

� Loading response: 0-10%. Begins at initial contact and ends at toe-o� of
the other (contralateral) foot. Covers the �rst double support period, during
which the body weight is shifted from the contralateral leg to the other.

� Mid stance: 10-30%. The �rst half of the single support interval, starting
with contralateral toe-o� and ending when the body weight is aligned over
the forefoot

� Terminal stance: 30-50%. The body is progressed beyond the forefoot. Ends
at initial contact of the contralateral foot.

� Pre-swing: 50-60%. Covers the second double support period and ends at
toe-o�. Terminates the stance phase.
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Figure 2.3: Link-segment model: a) Coordinate system, b) Simpli�ed 2D model of
the lower limb.

� Initial swing: 60-73%. Starts at toe-o� and ends when the swinging foot is
opposite the contralateral stance foot.

� Mid swing: 73-87%. The leg is swung further forward. Ends when the lower
leg is vertical.

� Terminal Swing: 87-100%. The lower leg advances ahead of the upper leg
until the leg is quasi stretched. Ends at initial contact of the foot.

2.2.2 Biomechanical link-segment model and conventions

The analysis of the kinematics and kinetics of human gait requires a three di-
mensional link-segment or multibody model. Figure 2.3.b shows a simpli�ed 2
dimensional link-segment model of one lower limb and the upper body as a whole.
This linkage model is bound to the plane of progression and thus only captures
the principal movements in that plane. The plane of progression or sagittal plane
is one of three orthogonal planes related to a reference coordinate system placed
in the body's center of mass, depicted in �g. 2.3.a. This coordinate system is
formed by the direction of progression (X), the vertical axis (Y) and the lateral
axis (Z), satisfying the right hand rule. Besides the sagittal plane (XY), it de�nes
the frontal plane (YZ) and the transverse plane (XZ). These coordinate de�nitons
are in accordance with Winter (1991), the sign conventions for joint angles and
joint moments explained next di�er. In �g. 2.3.b relative angles between adjacent
links, joint angles, are de�ned for kinematics analysis.
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Figure 2.4: Gait analysis measurement setup: camera-based motion capture by
means of re�ective marker tracking and a force plate for ground reaction force
measurements.

In gait analysis these relative angles are typically calculated on the basis of a link-
segment model and absolute position measurements by a camera-based motion
capture system (see �g. 2.4). Relative (in-plane) segment rotation is described
with the terms extension and �exion. For the hip (θh), �exion implies forward
rotation of the upper leg towards the chest, for the knee (θk) it implies bending of
the knee, for the ankle (θk) it implies forward rotation of the foot towards the knee
(also called ankle dorsi�exion). Respectively, extension implies backward rotation
of the upper leg, stretching of the knee and backward rotation of the foot away
from the knee (also called ankle plantar�exion). All counter clockwise angles are
de�ned positive in �g. 2.3.b. The absolute angle of the trunk, denoted by θt, is
slightly negative and nearly constant in normal walking. The relative angle of the
toe segment, denoted by θf , is nearly 0° during the entire swing phase and the
period of the stance phase between foot �at and heel-o�.

A gait kinetics analysis, i.e. an analysis of the forces, moments, energies and
powers of gait movements, requires, besides a kinematics model, the knowledge
of the inertial parameters of the link-segment model and a convention for joint
moment polarity. The joint moment is the total moment of all internal forces (due
to muscles, friction, ligaments etc.) acting at that joint. The sign convention
has been chosen such that a moment vector and an angular velocity vector have
the same sign if the moment and the rotation have the same sense. All counter
clockwise moments are hence positive (see �g. 2.3.b). An extension moment and
an extension, as well as a �exion moment and a �exion result in positive mechanical
power. The instantaneous mechanical power P produced at the joint is the scalar
product of the joint moment τ and the joint angular velocity ω:
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P (t) = τ (t) � ω(t). (2.1)

The work W or energy related to joint motion in a time interval [t0, t0 + T ] is
de�ned as the time averaged instantaneous power:

W =

t0+T∫
t0

P (t)dt. (2.2)

The average power P̃ over the time interval [t0, t0 + T ] thus equals

P̃ =
W

T
. (2.3)

In gait analysis human joint moments are calculated from the dynamics equations
of a link-segment model, the kinematics (measured by means of a camera-based
tracking system, see �g. 2.4) and the external forces, i.e. ground reaction forces
(measured by means of a force plate, see �g. 2.4). In this work gait analysis is
performed during treadmill walking and it does not incorporate ground reaction
force measurements. In order to gain insight in the source of joint moment and
power, muscle electromyography (EMG) measurements are performed to capture
muscle activity.

2.2.3 Muscle activity

Muscle activity can be measured indirectly by means of electromyography (EMG)
measurements, capturing the electrical signals resulting from the electrochemical
reactions that take place in activated muscles. The electrical activity of a muscle
is the combined result of the activation of several (hundreds of) motor units, i.e.
groups of muscle �bers activated by a single motor nerve. It depends on the number
and timing of activated motor units, their size and condition (Perry, 1992; Winter,
1991).

Surface electrodes attached to the skin or indwelling needle electrodes, are used
to capture this electrical activity. Surface electrodes in particular are most com-
monly used in gait analysis for measuring activity in larger, super�cial muscles
over a relatively large area. Integratively recording global activity is an advan-
tage, but also poses di�culties in correctly measuring, processing, analysing and
interpreting EMG data, topics extensively discussed in literature (Soderberg and
Knutson, 2000). Measurement standards are found for instance in Merletti (1999).
Raw EMG data, i.e. voltage signals with peak-to-peak amplitudes in the order of
[100 − 1000]µV and spectral content in a range of [5 − 500]Hz, are only suitable
for the assessment of general muscle activity (on-o�).
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For a higher level interpretation of the timing and intensity of activation and
the relation with muscle force, processing of EMG data is required (see Soderberg
and Knutson (2000) for a comprehensive overview). This is especially important
when relating electrical activity to muscle tension and joint motion. The pro-
cessing is mainly concerned with retrieving an estimator of magnitude and with
normalization of this magnitude for comparison between measurements (in di�er-
ent muscles or subjects, for instance). The former is typically done by taking the
root-mean-square (RMS) or the linear envelope (recti�cation and �ltering) of raw
data. Normalisation is done by scaling against a reference value taken from EMG
data of static or dynamic e�ort. The most commonly used reference in unimpaired
subjects is maximal voluntary isometric contraction (MVIC or MVC), which pro-
vides a measure of maximal e�ort in static conditions. A time domain analysis
of normalised, linear enveloped EMG data bene�ts from a quanti�cation of tim-
ing (on-o�) and amplitude (peak, mean) of signal levels in view of a comparison
between measurements or a comparison with �normal� EMG patterns reported in
literature (see for instance Winter (1991)). In this work, a comparison is made
between measurements of unimpaired subjects in di�erent conditions and therefore
a discussion of �normal� EMG patterns is outside the scope of this overview.

2.2.4 Knee joint kinematics and kinetics

In view of the design and control of a powered knee exoskeleton, this section is
centered on the kinematics and kinetics of the human knee joint. When analysing
data originating from gait analyses it is important to bear in mind that besides
the error sources residing in the modelled and the measured quantities, large vari-
ations are observed due to the natural variability between di�erent individuals and
between di�erent data sets of the same individual.

Figure 2.5 shows data originating from Winter (1991), averaged over 19 unim-
paired adults, walking overground with a natural cadence (≈ 105 steps/minute)
and a slow cadence (≈ 87 steps/minute). The average walking speeds at these
cadences were 4.8 km/h and 3.6 km/h respectively. Joint angle, moment of force,
instantaneous power and their corresponding standard deviation curves are plot-
ted against percentage of stride. The moment of force and instantaneous power
are normalised with respect to body mass. These data apply only to the sagittal
motion of the knee joint and, hence, do not re�ect the existing but smaller mobility
in the frontal and transverse plane. For an easier interpretation the di�erent phases
of gait as listed in section 2.2.1 are indicated: loading response (LR), mid stance,
terminal stance, pre swing, initial swing, mid swing and terminal swing.

The two major functions of the knee are providing limb stability during stance
and a large mobility (about 60-70°) during swing in order to achieve su�cient
clearance of the foot with the ground. The knee is slightly �exed prior to initial
contact. At initial contact a �exion moment (negative) stabilises the knee that is
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Figure 2.5: Averaged gait analysis data of the human knee joint: angle, normalised
moment of force and normalised power with [−σ,+σ] con�dence bounds as a func-
tion of stride percentage at natural (blue) and slow (green) cadence (data taken
from Winter (1991)).
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subject to an external extension moment generated by the ground reaction force.
During the loading response phase the knee is �exed and a large extension moment
(positive) is built up until the maximum weight bearing load is reached. At the
end of the loading response phase this extension moment can reach up to [0.5 −
1]Nm/kg at natural cadence. Power absorption takes place as the knee �exes while
counteracting gravity. From mid to terminal stance the knee is in single support
phase and extended, while the body is progressed over the stationary foot. The
knee joint moment grows negatively. During pre swing the limb is being pushed o�,
while the body weight is transferred to the other limb. A knee �exion occurs prior
to toe-o� and this is continued during initial swing. Since this knee �exion occurs
on average under a small extension moment power is absorbed. From the onset of
initial swing (toe-o�) on the knee joint moment is close to zero. Maximum �exion
is reached and from mid swing on the knee is extended to timely reach a quasi-
stretched leg con�guration prior to the next initial contact. Maximum extension
occurs slightly before initial contact of the next stride and is accompanied by a
small �exion moment resulting in power absorption. At slow cadence (lower walking
speed) the knee �exion during the loading response phase is less pronounced when
compared with natural cadence and it is accompanied by a lower extension moment.
Lower moments and/or angular velocities imply lower power magnitudes.

It is important to note that the joint moments are the net result of all internal
forces. In the absence of any voluntary muscle force, a so called passive elastic joint
moment is observed due to tendons and ligaments. The in�uence is considerable
near full extension of the knee (up to about −10Nm) and at large �exion angles
(up to about 5Nm at 90°) according to Riener and Edrich (1999).

It is clear from the short overview given in this section that due to the natural
variability of gait and due to the model and measurement constraints gait anal-
ysis data are prone to large variations. Hence, from an engineering viewpoint,
care should be taken when interpreting gait analysis data and translating it into
guidelines for the design and control of a powered exoskeleton.

2.3 Actuator system

Given the design choices made in the introductory section (section 2.1) and the ba-
sics of gait analysis in section 2.2, the actuator system requirements are speci�ed
�rst. Before selecting and dimensioning the actuator con�guration, the actuator
itself, the pleated pneumatic arti�cial muscle (PPAM) and its essential character-
istics are presented in detail. The �rst design, based on an actuator con�guration
using levers for actuator force transfer to the joint, provides a better insight into
the complexity of the design problem. A multi-objective optimisation method is
presented as a methodical approach to the design of a joint powered by PPAMs. In
order to improve the compactness of the con�guration, the second design is based
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Figure 2.6: Moment of force as a function of knee joint angle for an unimpaired
subject (75kg) walking at a natural cadence (4.8km/h). Stride percentage is marked
at the indicative start of each phase (see section 2.2.1). Data based on gait analysis
data from Winter (1991).

on an actuator force transfer by four bar linkages. By means of the knowledge
gained from the �rst design and the same optimisation method a �nal design solu-
tion is selected and integrated in the design of the exoskeleton described in section
2.4.

2.3.1 Requirements

The actuators should provide the exoskeleton with the required torque and power
to fully support the function of the knee at low to moderate walking speeds in the
absence of human knee joint torque and power. Gait analysis data from Winter,
1991 of the una�ected knee joint, previously described in section 2.2.4, was used as
a reference for the range-of-motion and the torque output of the robotic knee joint.
Since gait rehabilitation training of impaired subjects on a treadmill is typically
performed at walking speeds in a range of [1.5 − 3.5] km/h (Hornby et al., 2005),
gait data collected for low walking speeds has been primarily looked into. Data
for moderate (natural) walking speeds can be viewed as a maximum rating. The
rationale behind the choice of using the gait analysis data provided by Winter,
1991 instead of building a custom made gait database is twofold. First, the data
in Winter, 1991 provides su�cient detail to approximate the average knee torque
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and power requirements in the sagittal plane. Second, this data has been used in
several other human lower limb exoskeleton designs (see for instance Chu et al.
(2005); Veneman et al. (2007)), which provides a reference for comparison.

For easier interpretation, the moment and angle data are combined into a moment-
angle cycle, as illustrated by �g. 2.6. Here, the di�erent gait phase transitions (see
2.2.1) and related stride percentages indicate how the cycle elapses in time. Figure
2.7 shows the average moment-angle cycles of an unimpaired subject with a body
weight of 90 kg at natural (blue) and slow cadence (green). For both cycles each
of the four combinations of [θk ± σθk

, τk ± στk
] have been added to illustrate the

natural variability of the data, where σθk
and στk

are the standard deviations of
the knee joint angle and of the knee joint moment respectively.

On this basis the required maximal actuator torque has been chosen as an enve-
lope enclosing the majority of moment-angle cycles for slow cadence of a subject
with about a 95th percentile body weight (90 kg) of the Belgian population. The
actuator system should allow for a joint range of motion of 90°. Angular velocity
amplitudes are typically in a range of [0 − 10] rad/s, as can be seen in �g. 2.8.
According to a Fourier analysis of the torque curves depicted in �g. 2.5 the peak
torques occurring during limb loading at about 15% of stride can be accurately cap-
tured by a �fth order Fourier series, indicating that large knee joint torques have
frequencies up to 5 times the fundamental walking frequency. For 95th percentile
body weight and slow walking this implies torques up to 50Nm (peak-to-peak) at
frequencies up to 3.5Hz and for normal walking 70Nm (peak-to-peak) at 4.5Hz.
The actuator system should be capable of generating such torques. Similar torque
requirements based on gait analysis are reported in Veneman et al., 2005.

In view of compactness, the actuators should �t in a bounding box of approx-
imately (0.30m × 0.20m × 0.10m) along the upper leg between the knee joint
and the hip joint. Anthropometric data (NASA, 1978) was used as a reference for
human body dimensions and constraints.

2.3.2 PPAM

2.3.2.1 Introduction

A pneumatic arti�cial muscle (PAM), also called a �uidic muscle, an air muscle or
pneumatic muscle actuator, is a contractile linear actuator operated by gas pres-
sure. Its core element is a reinforced closed membrane that expands radially and
contracts axially when in�ated with pressurised air. Hereby the muscle generates
a uni-directional pulling force along the longitudinal axis.

Over the years, di�erent types have been developed. The McKibben muscle
(Schulte (1961); Caldwell et al. (1995); Chou and Hannaford (1996)) is the most
well known type, and it is commercially available with di�erent companies (Shadow
Robot Company, Merlin Systems Corporation, Hitachi Medical Corporation and
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Figure 2.9: Second generation pleated pneumatic arti�cial muscle (PPAM) at three
di�erent states of contraction

Festo). It consists of a rubber tube, which expands when in�ated, surrounded
by a netting that transfers tension. The McKibben muscle has some important
drawbacks: moderate capacity of contraction (limited to 20% to 30% of its initial
length), hysteresis as a result of friction between the outer sleeve and the rubber
tube, and the presence of a threshold pressure, under which no contraction occurs.

Daerden (1999) developed a new PAM, the Pleated Pneumatic Articial Muscle
(PPAM, Daerden and Lefeber (2001, 2002)), to remedy some of these disadvan-
tages. The PPAM has a folded membrane that unfolds as it expands. Because of the
unfolding, there is virtually no threshold pressure and there is a strong reduction
of energy losses in comparison to other muscle types. It can develop higher forces
and it can reach higher levels of contraction (up to 40% of the muscle's maximum
length). Since it can contract more along its longitudinal axis than a McKibben
muscle, the PPAM expands more radially as well, which is a disadvantage, since
one generally seeks to maximise the compactness of the actuator system. The main
disadvantage of the PPAM is that it is not commercially available, but self-built
and mainly handmade. The manual production process is a source of variations in
quality and durability. Verrelst et al. (2006a) have developed a second generation
of the PPAM to extend its lifespan and to simplify the construction process of the
muscles. Figure 2.9 shows three di�erent states of contraction of a (second gener-
ation) PPAM. The membrane (black) is made of a �exible, woven polyester fabric,
made airtight by a polymer liner. Each pleat contains a strand of high modulus
Kevlar® �bre (yellow), a para-aramid synthetic �bre. As the pressure inside the
device is increased, the pleats in the membrane unfold and it expands radially. The
Kevlar® �bre strands in the pleats, which are being pushed away from the mus-
cle's longitudinal axis by the expanding membrane, translate this radial expansion
into a longitudinal contraction. More recently a third generation design has been
developed that further reduced the construction time and the complexity of the
fabrication process (Villegas et al., 2010).
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The PPAMs used in this work adopted the second generation design, but they
have integrated end �ttings dedicated to the application to cope with restrictions
of space.

2.3.2.2 Characteristics

Mathematical models of the PPAM's characteristics have been developed by Daer-
den and Lefeber (2001) and further re�ned and experimentally validated by Verrelst
et al. (2006a). Although providing a detailed basis, these models are quite com-
prehensive and their outcome is not readily applicable to the design and control of
PPAMs in a black-box fashion. In what follows the most straightforward model, i.e.
assuming membrane and �bre inelasticity and neglecting the weight of the muscle's
moving parts, will be used to determine the PPAM's characteristics of interest to
the design procedure explained in this chapter and the control strategies described
in the next chapter.

To obtain the model solution that relates the geometry of the muscle's membrane
to muscle characteristics such as the exerted force, the enclosed volume and the
maximal diameter, the following set of equations needs to be solved:

E(ϕR \m)− 1
2F (ϕR \m)

√
m cosϕR

=
l0
2R

(1− ε) (2.4)

F (ϕR \m)√
m cosϕR

=
l0
R

(2.5)

in which E(ϕR \ m) and F (ϕR \ m) stand for elliptical integrals of the �rst and
second kind, l0 is the muscle's uncontracted length (or maximal length), R is its
radius in uncontracted state (or minimal radius) and ε is the muscle contraction -
if one denotes the muscle length by l - de�ned by

ε =
l0 − l
l0

= 1− l

l0
. (2.6)

Note that these geometrical properties are attributed to the muscle membrane
and not to the entire PPAM including end �ttings. The ratio of maximal length
to minimal radius l0/R, appearing in the equations above, is called �slenderness�.
The model solution is parameterised in ϕR and m and these model parameters also
appear in the analytic expressions that the model provides for muscle force, volume
and maximal diameter as will be shown in the following paragraphs. The set of
equations 2.4-2.5 needs to be solved numerically for ϕR and m, given a certain
muscle geometry de�ned by the slenderness l0/R and given a certain contraction ε.
The values obtained for ϕR and m can then be substituted into each of the analytic
expressions. For a better understanding, consider a characteristic



Design of KNEXO, a knee exoskeleton powered by PPAMs 31

Y = Y (ϕR,m,R, l0) (2.7)

that is generally a function of muscle geometry parameters l0 and R, model param-
eters ϕR and m, and some other quantities (e.g. internal pressure), depending on
the speci�c characteristic under study, which are not explicitly written here. Since
eq.2.4-2.5 holds, eq. 2.7 can be written as

Y = Y (ϕR(ε,
l0
R

),m(ε,
l0
R

), R, l0). (2.8)

As shown in Daerden and Lefeber (2001), Y can be reformulated by introducing a
dimensionless characteristic function y0, depending exclusively on contraction and
slenderness. Regrouping the other quantities in Y ′ , having the same dimension as
Y , leads to

Y = Y ′y0(ε,
l0
R

). (2.9)

As a result PPAMs with identical slenderness have, apart from the scale factor Y ′,
identical characteristics as a function of contraction. Because the dependency on
ε and l0/R cannot be written directly in analytical form, evaluating the charac-
teristics of a PPAM in the design stage requires numerically solving eq. 2.4-2.5 at
each ε for the muscle geometry under study. The design stage aims at selecting the
appropriate muscle geometry that meets the requirements expressed in terms of the
characteristics of interest. Once the muscle geometry (l0/R) has been selected, the
dimensionless characteristic functions are approximated by y0(ε), a sum of power
functions. In this work the �tting function has the following form

y0(ε) = y1 + y2ε
−2 + y3ε

−1 + y4ε+ y5ε
2 + y6ε

3 + y7ε
4. (2.10)

The coe�cients y1 . . . y7 are determined by �tting eq. 2.10 to the theoretical y0(ε)
or to measured data. By doing so, the characteristics are easier to handle and
evaluate in the modelling stage and the control stage. The muscle characteristics
of interest to this work and explained in what follows are: the muscle's exerted
force, the volume enclosed by the muscle, the maximal diameter of the muscle and
the muscle's compliance.

Force When neglecting the work needed to deform the membrane's material (very
low for a PPAM due to its pleated structure) and the force needed to overcome the
inertia of the muscle's moving parts (generally very low compared with the inertia
of the load), the force generated by a pneumatic arti�cial muscle can be written as
(Daerden (1999))

F = −pdV
dl
. (2.11)
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Figure 2.10: Dimensionless force ft0 as a function of contraction ε for di�erent
values of slenderness l0/R.

In this expression, p is the gauge pressure inside the muscle, dV the in�nitesimal
change of the muscle volume (the volume enclosed by the membrane), and dl the
change in actuator length. The volume of the actuator increases with decreasing
length until a maximal volume is reached. At this point, which corresponds to
maximal contraction, the force becomes zero. At low contraction forces tend to
be very high. The fact that the force changes as a function of contraction is an
essential di�erence between the pneumatic muscle and the pneumatic cylinder. The
force generated by a pneumatic cylinder at gauge pressure p is proportional to the
piston area inside the device. Since the piston area is constant, the force does not
change with piston position. A pneumatic muscle can be considered as a pneumatic
cylinder with varying piston area (equal to −dV/dl).
The mathematical model as extended by Verrelst et al. (2006a) yields the following
formula for the static muscle force:

F = p
n

2π
sin(

2π
n

)R2 1− 2m
2m cos2 ϕR

. (2.12)

In this expression, p is the applied gauge pressure, n the number of �bre strands
and ϕR and m are the parameters in which the model solution is parameterised.
The in�uence of the number of �bre strands decreases with increasing n, since

lim
n→∞

n
2π sin( 2π

n ) = 1. If n is higher than 30 for instance, its in�uence comes down
to less than 1%. Because of this, the dependence on n is usually not explicitly
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Figure 2.11: Force exerted by a PPAM with l0/R = 8 and l0 = 0.1m as a function
of contraction ε for di�erent gauge pressures p.

written. By introducing a nonlinear, dimensionless force function ft0 eq. 2.12 is
reformulated as

F = pl20ft0(ε,
l0
R

). (2.13)

ft0 is shown in �gure 2.10 for di�erent values of slenderness. As expected, �gure
2.10 and eq. 2.13 show there is a varying force-displacement relation at constant
gauge pressure, with high forces being generated at low contractions and very low
forces at high contractions. This can be seen in �g. 2.11 for a muscle with l0/R = 8,
l0 = 0.1 and n = 32. For a PPAM with a speci�c slenderness ft0 is approximated
by

ft0(ε) = f1 + f2ε
−2 + f3ε

−1 + f4ε+ f5ε
2 + f6ε

3 + f7ε
4. (2.14)

Since low contractions correspond to very high forces (see �g. 2.11), contraction is
kept above a certain minimum - typically about 5% - in order to avoid excessive
material loading. For the same reason, and in order to ensure su�cient lifespan for
the actuators, gauge pressures have to be limited. Although in this work a conser-
vative limit of 3.5 bar (or 350 kPa) is chosen, the PPAM can generally withstand
pressures of up to 4.5 bar (or 450 kPa), which is lower than the industrially used 6
to 10 bar.
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Figure 2.12: Volume enclosed by a PPAM with l0 = 0.1m as a function of contrac-
tion ε for di�erent values of slenderness l0/R.

Volume Since the enclosed volume of a pneumatic muscle changes with contrac-
tion, the pressure regulating servo valves continuously have to adjust the air�ow
in or out of the muscle in order to keep the gauge pressure at the desired value.
In order to model this interaction as well as to calculate additional characteristics
such as compliance, it is necessary to know the volume of the muscle. Analo-
gously, by introducing a nonlinear, dimensionless volume function v0 the formula
parameterised in ϕR and m is reformulated as

V = l30v0(ε,
l0
R

). (2.15)

For a PPAM with a speci�c slenderness v0 is approximated by

v0(ε) = v1 + v2ε
−2 + v3ε

−1 + v4ε+ v5ε
2 + v6ε

3 + v7ε
4. (2.16)

The enclosed volume V as given by eq. 2.15 is shown in �g. 2.12 for a PPAM with
l0 = 0.1 and di�erent values of slenderness.

Diameter The central diameter of the pneumatic muscle determines the bound-
ing box to be respected when integrating the actuator in the design of the structure.
Contact of the membrane with the surrounding structure should be avoided at the
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Figure 2.13: Dimensionless diameter d0 as a function of contraction ε for di�erent
values of slenderness l0/R.

risk of wear and rupture of the membrane. The central diameter is written

D = l0d0(ε,
l0
R

) (2.17)

and the dimensionless function d0, relating this diameter to a percentage of the
muscle's uncontracted length l0, is approximated by

d0(ε) = d1 + d2ε
−2 + d3ε

−1 + d4ε+ d5ε
2 + d6ε

3 + d7ε
4. (2.18)

Figure 2.13 shows d0 at di�erent values of slenderness. The characteristics of the
di�erent muscle geometries are shown up to their feasible maximal contraction. The
overall - i.e. over the entire range of operation - maximal diameter of the PPAM
depends on the maximal contraction level attainable in the speci�c application.

Compliance The compliance, and its inverse the sti�ness, of the PPAM can be
calculated from eq. 2.13. De�ning the mechanical sti�ness as the derivative of the
amplitude of the restoring force F exerted by the PPAM on its end point with
respect to the displacement x of that point, written as

k =
dF

dx
,

one obtains
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k = −dF
dε

1
l0

(2.19)

= −dp
dε
l0ft0 − pl0

dft0
dε

. (2.20)

The sign convention is such that a positive sti�ness implies a restoring force ampli-
tude that increases with displacement. Eq. 2.20 shows two distinct contributions
to compliance, namely the change of pressure with contraction and the varying
force-contraction characteristic. Given a certain muscle geometry the only way to
achieve a speci�c compliance is by controlling the variation of gauge pressure with
contraction. The PPAM's passive compliance (or intrinsic compliance) will be ob-
served in the absence of pressure control (e.g. if the valves are closed) or if the air
�ow dynamics are much slower than the dynamics of the muscle's end point.

If one considers the case of �closed� valves, in which the gauge pressure is not
being controlled by inlet or outlet �ow, the pressure inside the muscle is related
to the muscle volume. In Vanderborght et al. (2008b) and Vanderborght et al.
(2006a) a model has been experimentally validated that describes this relationship
as a polytropic compression/expansion governed by

PV n = c (2.21)

with the absolute pressure denoted by P = Patm + p , the polytropic coe�cient
denoted by n (in isentropic conditions n = 1.4 for dry air at room temperature)
and c a constant throughout the polytropic process. Starting from eq. 2.21 one
obtains

dP

dε
=

d(cV −n)
dε

= PV n
dV −n

dε

= PV n(−n)V −(n+1) dV

dε

= −nP 1
V

dV

dε

and taken into account that P = Patm + p and that eq. 2.15 holds, this results in

dp

dε
= −n(Patm + p)

1
v0

dv0

dε
. (2.22)
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The intrinsic sti�ness characteristic of a PPAM is thus de�ned by

k = nl0ft0(Patm + p)
1
v0

dv0

dε
− pl0

dft0
dε

. (2.23)

The derivatives dv0
dε and dft0

dε are calculated by taking the derivative of equations
2.4-2.5, solving them for dϕR

dε and dm
dε by means of symbolic mathematics software,

and substituting these expressions in the derivative of v0(ϕR,m) and ft0(ϕR,m)
(see eq. 2.12 for ft0) with respect to ε. For a PPAM with speci�c slenderness dv0

dε

and dft0
dε are approximated by a polynomial function as given by eq. 2.10. It is

important to note that eq. 2.23 describes the �intrinsic� sti�ness of the PPAM,
namely the sti�ness that is observed in the absence of pressure control or outside
the pressure control bandwidth. Figure 2.14 shows the intrinsic sti�ness given by
eq. 2.23 as a function of contraction and gauge pressure for a PPAM with l0/R = 8
and l0 = 0.1m, while n = 1.4 and Patm = 1 atm. As expected, intrinsic sti�ness
increases linearly with gauge pressure and nonlinearly with decreasing contraction,
attaining very high values at low contraction levels. The surface plot gives the
instantaneous relationship between intrinsic sti�ness on the one hand, and gauge
pressure and contraction on the other, but does not show the dependence of gauge
pressure on contraction as given by eq. 2.22. The latter is illustrated by the
black curve corresponding with starting conditions p = 1.5 bar and ε = 30%, and
yielding the consecutive intrinsic sti�ness values for the PPAM elongated up to
10% contraction under closed valve conditions.

2.3.3 Actuator con�guration

Once the characteristics of a single PPAM are known, one should decide on how
to con�gure several PPAMs to power the robotic joint, while taking into account
how the con�guration of the actuators a�ects the characteristics of the joint.

2.3.3.1 Series and parallel arrangement

Besides di�erent muscle geometries, one can opt for di�erent arrangements of two or
more single PPAMs with the same geometry in series and/or parallel, as illustrated
by �g. 2.15a. This option is particularly useful if spatial constraints apply, limiting
the maximal diameter and maximal length of the muscles.

The characteristics of the series and parallel PPAMs can be straightforwardly re-
lated to the characteristics of their single constituent PPAM. Table 2.1 summarises
these relationships, as well as those of a series-parallel combination. The number
of single muscles in a series or parallel arrangement is denoted by ns and np re-
spectively and the variables related to the series and parallel PPAM by subscript
•ns and •np respectively. Variables without these subscripts are related to the
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Figure 2.14: Intrinsic sti�ness of a PPAM with l0/R = 8 and l0 = 0.1m as a
function of contraction ε and gauge pressure p. The polytropic law relating p to ε
is illustrated by the sti�ness curve in black for the PPAM elongated from 30% (@
p = 1.5bar) up to 10% contraction.
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series parallel

stroke ∆lns ns∆l ∆lnp ∆l

contraction εns

∆lns
nsl0

εnp

∆lnp

l0

force Fns F (ε, l0
R

) Fnp npF (ε, l0
R

)

volume Vns nsV (ε, l0
R

) Vnp npV (ε, l0
R

)

sti�ness kns
1

ns
k(ε, l0

R
, p) knp npk(ε, l0

R
, p)

series-parallel

stroke ∆lns,np ns∆l

contraction εns,np

∆lns,np

nsl0

force Fns,np npF (ε, l0
R

)

volume Vns,np nsnpV (ε, l0
R

)

sti�ness kns,np

np

ns
k(ε, l0

R
, p)

Table 2.1: Formulas relating characteristics of series and parallel PPAMs to the
characteristics of their constituent single PPAM.

constituent single PPAM of the arrangement. The most important properties are
that a series PPAM exerts the same force as its constituent, having ns times its
stroke, whereas a parallel PPAM exerts np times the force of its constituent, while
having the same stroke. The advantage of a series PPAM with respect to a single
PPAM (with the same geometry as the constituent of the series PPAM) in the case
of identical stroke for instance is illustrated by �g. 2.15.b. The series PPAM has
the same force-contraction characteristic as the single PPAM (see table 2.1), but
at a given stroke it operates at lower contraction levels and thus generates higher
forces. This follows from table 2.1:

εns
=

∆lns

nsl0
=

∆l∗
nsl0

=
1
ns
ε ∗ .

At the same time lower contraction levels result in a smaller muscle diameter.

If the application involves spatial constraints in addition to a required force-stroke
characteristic, extracting general guidelines for the selection and arrangement of
PPAMs becomes considerably more complex. This is due to the dimensions of end
�ttings and divider rings (depending on muscle geometry and transferred force)
and it is also due to the fact that the characteristics of the constituent PPAM
depend on muscle geometry. As an example, one can consider a single PPAM and
a limit on the muscle's diameter. It can be inferred from eq. 2.17 and �g. 2.13
showing the dimensionless diameter function d0, that increasing a single muscle's
maximal length l0 by a factor n in order to increase the stroke from ∆l → n∆l is
only possible at the expense of an increased maximal muscle diameter. Hence, if
ε is constant in �g. 2.13 and slenderness l0/R is increased by n, the decrease of
d0 can not compensate the increase of l0 in the expression of the diameter D (eq.
2.17). Even if the stroke is kept constant in order to obtain a higher force output
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Figure 2.16: Antagonistic con�guration of PPAMs with di�erent force transmission
mechanisms: a) pulley, b) levers, c) levers and gears, d) four bar linkages.

at the same stroke (dividing ε by n and increasing slenderness l0/R by n in �g.
2.13), the maximal muscle diameter increases. A series arrangement is the only
solution in these cases.

If a limit is imposed on muscle diameter and length, as it is the case in our
application, a parallel arrangement is only successful in increasing force output at
a given stroke if the bounding box of the muscle arrangement is such that L .W
(see �g. 2.15). If L &W holds, a series arrangement is more successful. This follows
from the single PPAM generally �tting a cubic bounding box (L ≈ W ≈ B) and
from the aforementioned series and parallel PPAM characteristics.

2.3.3.2 Antagonistic con�guration & force transmission

Since PAMs are contractile devices, they are single acting actuators. Consequently,
to obtain a bidirectionally actuated revolute joint, one has to con�gure (at least)
two single acting PAMs in an antagonistic setup. The actuator force can be trans-
ferred to the joint in di�erent ways, determining the characteristics of the powered
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joint. The two most common and straightforward ways are by using a pulley mech-
anism (�g. 2.16.a) or a lever (�g. 2.16.b).

In the case of a pulley mechanism, the e�ective lever arm is constant, equal to
the radius of the pulley, so the torque generated by a muscle is proportional to its
pulling force. As can be seen in �g. 2.11, the force drops rapidly with contraction,
limiting the e�ective range of operation in which the powered joint produces useful
torque. Since the e�ective lever arm is constant, the muscles exert their force along
a �xed direction. This is bene�cial for the compactness of the joint, as the muscles
can be placed close to the structure.

In the case of a force transmission through a lever a careful selection of the muscle's
points of attachment to the structure results in an e�ective lever arm that increases
in length with increasing contraction. In this way the strongly nonlinear force-
contraction characteristic can be compensated to some extent and the torque-angle
characteristic of the joint can be shaped in a more suitable way. A drawback,
however, is that the direction of the force and thus the orientation of the muscles
changes with the joint angle. This might raise a con�ict with the spatial constraints
of the structure, especially if a large angular range of motion is desired.

As mentioned in section 2.3.1 the robotic knee joint should indeed meet stringent
requirements, especially the required range of motion (90°) and the bounding box
the PPAMs should �t in (0.30m × 0.20m × 0.10m). It will be shown in the
following section that in the particular case of the knee joint using regular levers
for force transmission is suboptimal. To ease the trade-o� between better matching
a required torque-angle characteristic and enhancing compactness the feasibility of
an additional transmission was investigated. A simple gear system placed in series
as depicted in �g. 2.16.c was not retained for reasons of backlash and friction and
because of its �xed transmission ratio. Alternatively, instead of a regular lever
combined with an additional transmission mechanism, a four bar linkage placed
at either side of the joint was selected as a promising candidate (see �g. 2.16.d).
In fact, a four bar linkage can be seen as a regular lever combined with a varying
transmission ratio. As will be shown in section 2.3.5, the proposed con�guration
conveniently combines compactness with good torque shaping capabilities.

2.3.4 Towards an optimised actuator system design

Designing the actuator system boils down to selecting the design parameters of the
actuators and the selected actuator con�guration such that the characteristics meet
the requirements outlined in section 2.3.1. As a best practice, �rst the antagonistic
con�guration of PPAMs with regular levers was investigated as an actuator system
for a powered exoskeleton. Initially, a suitable design was sought by so called �trial
and improvement�, relying on the knowledge gained during the design process to
�nd a solution that meets the requirements. This approach may fall short in two
aspects:
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Figure 2.17: Antagonistic con�guration of PPAMs with levers: design parameters

� In �challenging� designs, subject to many constraints and involving a large
number of design parameters, �nding even a feasible solution - if any - is
di�cult,

� In applications with focus on actuator systems with low weight, slim size and
high performance it is worth searching for an optimal design instead of a
feasible design.

Therefore the design problem was formulated as a multi-objective optimisation
problem and an exhaustive search optimisation technique was used to �nd an op-
timal solution.

2.3.4.1 Design by trial and improvement

Design parameters Figure 2.17 shows a schematic drawing of an antagonistic
con�guration of PPAMs with regular levers. The upper and lower links are inter-
connected by a revolute joint in O. The actuators operate in a plane perpendicular
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to the joint axis. For easier interpretation, the actuators are named after their
biomechanical counterparts (see section 2.2): �extensor� refers to the actuator on
the right side, ��exor� refers to the actuator on the left side. The extensor and
�exor PPAM are depicted as series PPAMs (ns = 2), but they can be di�erent
series/parallel arrangements in general (see section 2.3.3.1), as long as they are
connected with the upper and lower link in the hinging attachment points Bi and
Di respectively ( i = 1 for extensor side, i = 2 for �exor side). For the sake
of simplicity, con�gurations with multiple PPAMs at the same side acting through
di�erent sets of attachment points were not considered. Once all mechanical design
parameters of the structure are determined, the only remaining degree of freedom
is the relative angle between upper and lower link, represented by q. The orienta-
tion of the levers ODi with respect to the lower link is determined by the angles αi
(i = 1, 2). The locations of points Bi andDi at a certain joint angle q are dependent
of the lengths bi, li, di and the angles αi. Hence, the kinematics of the con�guration
as a function of q is fully de�ned by the following mechanical parameters: bi, li, di,
αi. This leaves the state of the actuators to be determined. As shown in section
2.3.2.2, all characteristics of a single PPAM depend entirely on muscle geometry
(l0, R) and muscle contraction (ε). Series and parallel combinations of PPAMs
are de�ned by ns and np, representing the number of single PPAMs in series and
parallel respectively (see section 2.3.3.1). Considering again the antagonistic setup
depicted in �g. 2.17, one should note that although the attachment points de�ne
the direction of force of each muscle group, their contraction level is still unde�ned.
Setting the contraction levels ε0i at a speci�c angle q0 unambiguously de�nes the
relation between εi and q. In practice, this is achieved by selecting the appropriate
length for each of the connecting rods coupling the muscle group to the attachment
points. Thus, contraction εi at a certain joint angle q is dependent of ε0i and bi, li,
di, αi. In summary, the characteristics of this antagonistic con�guration of PPAMs
with regular levers are fully de�ned by the following set of 18 mechanical design
parameters, represented by design parameter vector X:

X = [l01 R1 ns1 np1 ε01 b1 l1 d1 α1 l02 R2 ns2 np2 ε02 b2 l2 d2 α2]. (2.24)

Torque characteristic As can be seen in �g. 2.17, the extensor PPAM exerts a
force, denoted F1, between point B1 and point D1 and hereby generates a moment
of force MO1 in O that is given by

MO1 = OD1 × F1e1 (2.25)

with
e1 =

OB1 −OD1

‖OB1 −OD1‖
and ‖ � ‖referring to the Euclidean norm. Since OD1 and e1 are bound to the
xy-plane, MO1 only has a z-component, denoted by τ1 and written as
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τ1 = MO11z

= F1(OD1 × e1).1z

= F1r1 (2.26)

where r1 = (OD1×e1).1z is the lever arm, i.e. the perpendicular distance between
the pivot O and the line of action of the actuator force. By substituting F1 in eq.
2.26 with the general expression of the force exerted by a series-parallel PPAM (see
table 2.1 combined with eq. 2.13) one obtains

τ1 = p1l
2
01np1ft01r1. (2.27)

Since ft01 = ft01(ε1(q, ε01, b1, l1, d1, α1, ns1), l01/R1) and r1 = r1(q, b1, l1, d1, α1)
hold, eq. 2.27 can be rewritten as

τ1 = p1l
2
01np1ft01(q, l01, R1, ns1, ε01, b1, l1, d1, α1)r1(q, b1, l1, d1, α1)

= τ1(q, l01, R1, ns1, np1, ε01, b1, l1, d1, α1), (2.28)

which, once all design parameters have been chosen, simpli�es to

τ1(q) = p1l
2
01np1ft01(ε1(q))r1(q). (2.29)

By introducing a so called �torque function� mτ1(q) = l201np1ft01(ε1(q))r1(q) eq.
2.29 is further simpli�ed to

τ1(q) = p1mτ1(q). (2.30)

The function ε1(q) can be derived by applying the formula for the contraction of a
series-parallel PPAM (see table 2.1):

ε1(q) =
∆lns,np

nsl0

= ε01 +
‖OB1 −OD1‖q0 − ‖OB1 −OD1‖q

nsl0
, (2.31)

where subscript q0 and q refer to an evaluation of a function at the respective joint
angle.

Analogously, one calculates the torque exerted by the �exor PPAM and, by adding
both torque terms, one obtains the total torque τ(q) exerted by the actuators:
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τ(q) = p1mτ1(q) + p2mτ2(q). (2.32)

Equation 2.32 relates the torque produced by the actuator system at the joint to
the gauge pressures of the individual PPAMs. Hence, it is useful if these gauge
pressures are considered as the input variables of the system, provided that the
torque is the output variable. A key property appearing from this formula is that
the output (torque) not only depends on the input (gauge pressures) but also on
the joint angle. Alternatively, if one considers the use of the actuator forces as
inputs, the torque can be formulated as

τ(q) = F1r1(q) + F2r2(q). (2.33)

Since the lever arms change with joint angle, they can be designed such that
they compensate the nonlinear force-contraction characteristics of the individual
PPAMs. For design purposes, the output torque characteristic, denoted τMAX , is
de�ned as the maximal torque output provided by the actuator system in both
directions. Using the formulation of eq. 2.32, one obtains

τMAX(q) =

{
τ1MAX = pMAXmτ1(q)
τ2MAX = pMAXmτ2(q)

, (2.34)

where pMAX is the maximal allowable gauge pressure (chosen 3.5 bar in this work).

Compliance characteristic By means of the torque formulas given by eq. 2.33
and eq. 2.32 the sti�ness (the inverse of compliance) of the powered joint can be
calculated. The mechanical rotational sti�ness is de�ned as the derivative of the
amplitude of the restoring torque exerted by the PPAMs on the lower link with
respect to the angular displacement of that link and thus given by

K = −dτ
dq
,

which, applied to eq. 2.33, yields

K(q) = −dF1

dq
r1(q)− F1

dr1(q)
dq

− dF2

dq
r2(q)− F2

dr2(q)
dq

. (2.35)

The sign convention is such that a positive sti�ness implies a restoring torque
that increases with angular displacement. The joint sti�ness can be related to the
sti�ness of the individual PPAMs by combining dFi

dq = dFi

dεi

dεi

dq with eq. 2.19 (see
section 2.3.2.2), which yields

K(q) = k1l01
dε1

dq
r1(q)− F1

dr1(q)
dq

+ k2l02
dε2

dq
r2(q)− F2

dr2(q)
dq

. (2.36)
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Equation 2.36 shows two contributions to the sti�ness of the joint: the sti�ness due
to the intrinsic sti�ness (ki) of the PPAMs and the sti�ness due to the variation
of the lever arms (dri(q)

dq ) with the joint angle. To obtain the sti�ness as a function
of gauge pressures, one performs an analoguous derivation starting from eq. 2.32,
which leads to

K(q) = −dp1

dq
mτ1(q)− p1

dmτ1(q)
dq

− dp2

dq
mτ2(q)− p2

dmτ2(q)
dq

. (2.37)

Considering the case of closed valves, as explained in section 2.3.2.2, in which eq.
2.22 relates gauge pressure to muscle volume, and combining this equation with
eq. 2.37 and with dpi

dq = dpi

dεi

dεi

dq one obtains

K(q) = n(Patm + p1)
1
v01

dv01

dε1

dε1

dq
mτ1(q)− p1

dmτ1(q)
dq

(2.38)

+n(Patm + p2)
1
v02

dv02

dε2

dε2

dq
mτ2(q)− p2

dmτ2(q)
dq

, (2.39)

where

dmτi(q)
dq

= l20inp1(
dft0i(εi)
dεi

dεi
dq
r1(q) + ft0i(εi(q))

dr1(q)
dq

)

and, since eq. 2.31 holds,

dεi
dq

= − 1
nsl0

d‖OBi −ODi‖q
dq

.

By introducing so called �sti�ness functions�, namely K1, K2 and KATM , and
regrouping terms containing p1, p2 and PATM in eq. 2.38, a more concise formula
for the sti�ness K(q) can be derived:

K(q) = p1K1(q) + p2K2(q) + PATMKATM (q). (2.40)

As it is the case for the torque τ(q) (see eq. 2.32), the sti�ness of the joint K(q)
not only depends on gauge pressures, but on joint angle as well. Equations 2.32
and 2.40 form a set of equations to be solved in order to obtain the required gauge
pressures that produce the desired torque and sti�ness. Provided an output torque,
the joint sti�ness is thus adaptable within a certain range, limited by the torque
requirement on the one hand and the gauge pressure limit on the other. This
adaptable sti�ness is a key property of the antagonistic con�guration of PPAMs.
For design purposes the feasible sti�ness range of the powered joint is de�ned by
KMAX |τREQ

and KMIN |τREQ
, respectively the maximum and minimum of
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K = p1K1 + p2K2 + PATMKATM

subject to

τREQ = p1mτ1 + p2mτ2

0 ≤ p1 ≤ pMAX

0 ≤ p2 ≤ pMAX

which leads to

KMIN |τREQ
= max(0,

τREQ
mτ1

).(K1 −
mτ1

mτ2
K2) +

τREQ
mτ2

K2

+PATMKATM (2.41)

KMAX |τREQ
= min(

τREQ − pMAXmτ2

mτ1
, pMAX).(K1 −

mτ1

mτ2
K2)

+
τREQ
mτ2

K2 + PATMKATM (2.42)

If the required torque τREQ is equal to the maximal torque output τMAX , as de�ned
by eq. 2.34, the minimal and maximal sti�ness characteristic coincide. Hence, the
sti�ness range at a given required output torque depends on how close the required
torque is to the maximal output torque.

Design procedure To facilitate the design by trial and improvement, a graph-
ical user interface (GUI) was considered indispensable for easy design parameter
selection and visualisation of characteristics of the selected muscle arrangement
and joint con�guration. The GUI was conceived to be also used for joints (e.g.
ankle, hip) other than a powered robotic knee joint. Figure 2.18 shows the main
GUI window containing:

A PPAM input �elds: l01, R1, ns1, np1, l02, R2, ns2, np2 determine PPAM
geometry

B PPAM numeric output : construction parameters for the selected PPAM
geometry, i.e. required number of �ber strands, �bre radius, �bre bond
length in the end �ttings, membrane fold depth

C PPAM graphical output : dimensionless force function ft0(ε) , indi-
vidual muscle diameter D(ε), total volume V (ε), dimensionless stress
function s0(ε)
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Figure 2.18: Graphical user interface for design by trial and improvement of a
PPAM actuator system with levers.



Design of KNEXO, a knee exoskeleton powered by PPAMs 49

D PPAM optional input �elds: spring constant and reference angle of a
linear torsion spring to investigate the bene�t of a passive element in
parallel with the PPAMs

E Con�guration input �elds: ε01, b1, l1, d1, α1, ε02, b2, l2, d2, α2 and the
reference angle q0 related to ε0i determine the con�guration of the
PPAMs

F Con�guration graphical output: torque functions ti(q) , lever arms
ri(q), contraction levels εi(q), sti�ness functions Ki(q) and KATM (q),
dεi(q)/dq, dri(q)/dq

G Actuator system input �elds: required torque-angle characteristic based
on normalised gait analysis data (Nm/kg) from Winter (1991), body
weight (kg).

H Actuator system graphical output: torque characteristic (see eq. 2.34),
sti�ness characteristic (see eq. 2.41-2.42)

Alongside the use of this GUI a CAD model of the con�guration is used to verify
practical feasibility and to check for spatial constraints. It became clear from this
process that �nding a design solution that merely complies with the constraints
is a challenge. Also, feasible solutions can possibly be improved. The con�gura-
tion displayed in �g. 2.18 shows a high extensor torque output at large �exion
angles, where it is indeed not required. An optimisation approach based on design
objectives and taking into account design constraints would lead more quickly to
feasible design solutions and also better solutions in terms of the objectives. Since
di�erent design objectives are relevant here, the design problem is formulated as a
multi-objective optimisation problem.

2.3.4.2 Design as a multi-objective optimisation problem

The multi-objective optimisation (MOO) problem related to the con�guration with
regular levers is formulated as follows:

Find X = [l01 R1 ns1 np1 ε01 b1 l1 d1 α1 l02 R2 ns2 np2 ε02 b2 l2 d2 α2]
To minimise O(X) = [O1(X) . . . On(X)]
Subject to C(X) = [C1(X) . . . Cm(X)],
where X is the vector of design parameters (see eq. 2.24), O(X) is the vector
of n objective functions and C(X) is the vector of m constraint functions. The
following objective functions to be minimised were considered:

� O1(X) = (τMAX − τREQ): the root mean square of the di�erence between
the required and the maximal torque output characteristic. By minimis-
ing torque overdimensioning, one can scale down actuator dimensions and
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decrease structural loading for those areas of operation where the actuator
systems shows overperformance.

� O2(X) = (Di)MAX : the maximal diameter of the PPAMs over the range of
operation. Minimising the maximal diameter should increase compactness of
the con�guration and penalise operation of the PPAMs at large contraction
levels, corresponding to low output forces.

� O3(X) = (Fi)MAX : the maximal force exerted by the PPAMs over the range
of operation. Since the maximal load on the structure determines the minimal
cross section of its components, minimising this load should decrease the
weight of the structure and increase compactness.

� O4(X) = 1/(KMAX)MEAN : the compliance based on the maximal joint sti�-
ness averaged over the range of operation. Since the use of compliant actua-
tors is rather new in the �eld of rehabilitation robotics, no detailed guidelines
exist on how to design actuators for compliance in such applications. More-
over, these guidelines should address the passive compliance, intrinsic to the
actuator, as well as the active compliance resulting from control. Rather
than investigating this topic in a prior simulation study, it was decided to
address it in a more pragmatic way in actual experiments with the device in
test subjects. Therefore, maximising the sti�ness range of the powered joint,
regardless of any torque requirement, was considered a sensible choice.

Several constraints, mainly spatial in nature, have to be taken into account. The
following constraint functions were considered:

� ‖ τMAX ‖≥‖ τREQ ‖: the maximal torque characteristic should exceed or at
least coincide with the required torque characteristic.

� ‖ ri ‖≥ rmin: singular actuator con�gurations (ri = 0) may not occur in the
range of operation and, more conservatively, the lever arm should be large
enough to prevent spatial obstruction.

� εi,MIN ≤ εi ≤ εi,MAX : contraction has a lower and upper bound. The lower
bound is typically about 5% , the upper bound, at which forces drop too low,
depends on muscle slenderness, as can be seen in �g. 2.10 in section 2.3.2.2.

� other spatial constraints: e.g. the PPAMs should �t in a predetermined
bounding box and may not be obstructed. These constraints were also veri�ed
with the CAD model of the con�guration.

The fact that there are multiple objectives and constraints, generally nonlinear in
the design parameters, make this MOO problem complex and hard to solve.

Typically, optimisation techniques for solving MOO problems are based on scalar-
isation of the objective function vector O(X) (Miettinen, 1999). The di�erent ob-
jectives are combined into one single objective, for instance by linear combination,
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l01 R1 ns1 np1 ε01 α1 d1 l1 b1
(m) (m) (-) (-) (%) (°) (m) (m) (m)

∆xk 0.002 0.001 1 1 1 1 0.001 0.001 0.001

Table 2.2: Parameter resolution values as used in sensitivity calculations shown in
�g. 2.19.

after which single objective optimisation techniques can be used. A drawback of
scalarisation is that it requires prior knowledge of the designer about the problem
(on what basis will preferences between objectives be pointed out ?) and that prob-
lem simpli�cation comes at the cost of loss of information (potential solutions might
be missed out). Another aspect of importance is the discrete nature of the design
parameters. The solution of a continuous MOO problem might provide parameter
values for muscle geometries that are di�cult to realize in practice. Discretisation
of these parameters gives the designer control over the feasible solutions. For each
combination of discrete parameters a continuous optimisation problem in the re-
maining parameters could then be solved. Although it comes at the cost of reduced
optimality, it was decided to discretise the entire solution search space in order to
avoid prior scalarisation and the MOO problem was solved by means of exhaustive
search optimisation.

2.3.4.3 Exhaustive search optimisation

Exhaustive search, also known as brute-force search or direct search, is a straight-
forward technique that consists of generating all possible solutions to a problem de-
�ned in a discretised search space. Unlike metaheuristics (e.g. genetic algorithms,
simulated annealing, di�erential evolution (Blum and Roli, 2003)), techniques that
are used for combinatorial optimisation in a discrete search space, exhaustive search
is not aimed at iteratively trying to �nd a more optimal solution, but at enumer-
ating all optimal solution candidates. This technique is computationally expensive
as computation time is roughly proportional to the number of solutions. For large
size problems, characterised by a large (number of parameters) and dense (pa-
rameter resolution) search space, and for problems with costly objective function
evaluations, reducing the search space is mandatory. Here, this was done in three
ways: by reducing the number of parameters, narrowing the parameter bounds and
adapting the discrete step size.

Search space reduction Close inspection of the objective and constraint func-
tions reveals that the MOO problem, as formulated in section 2.3.4.2, can be re-
formulated as two separate MOO problems, one for the extensor side and one for
the �exor side of the actuator system. This can be inferred from the fact that min-
imising (τMAX − τREQ)RMS is equivalent to minimising (τ1,MAX − τ1,REQ)RMS
together with (τ2,MAX − τ2,REQ)RMS , and that minimising 1/(KMAX)MEAN is
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Figure 2.19: Scaled sensitivity S1k of objective function O1 with respect to the
design parameters xk (k = 1 . . . 9) in di�erent points X0 of the search space.

equivalent to minimising 1/(K1,MAX)MEAN together with 1/(K2,MAX)MEAN . The
constraint ‖ τMAX ‖≥‖ τREQ ‖ becomes ‖ τi,MAX ‖≥‖ τi,REQ ‖. If one considers
the original number of points of the 18 dimensional discretised search space, N18,
and assumes a �xed parameter step size, one indeed obtains a signi�cant search
space reduction by splitting the problem in two subproblems de�ned in a 9 dimen-
sional search space. Hence, the new number of points N2×9 relates to N18 as given
by N2×9 = 2

√
N18. Each MOO subproblem is now designated to a design param-

eter vector Xi = [l0i Ri nsi npi ε0i bi li di αi]. The remaining procedure, explained
in what follows, applies to each of the subproblems, unless noted otherwise.

After problem decomposition a sensitivity analysis was performed to evaluate the
relative e�ect of design parameter changes on the objective functions and elimi-
nate non-dominating parameters from the parameter vector. The sensitivity of the
objective functions to parameter variations can be assessed locally by observing
the partial derivatives of the objective function with respect to those parameters,
evaluated in a �xed point in the search space. To enable mutual comparison, the
partial derivatives are multiplied by a scale factor, the design parameter resolution,
which yields a �scaled� sensitivity. This scaled sensitivity, denoted by Sjk, of the
objective function Oj (1 ≤ j ≤ n) to variations of design parameter xk (xk ∈ X)
at a point X0 of the search space is thus given by:
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Sjk = ∆xk

∣∣∣∣∂Oj∂xk

∣∣∣∣
X0

, (2.43)

with ∆xk the resolution of design parameter xk and |�|X0
denoting evaluation at

point X0. In the case of O1, O3 and O4 the partial derivative in eq. 2.43 was
calculated by means of symbolic mathematics software. In the case of O2 a �rst
order approximation was calculated numerically. Figure 2.19 shows the scaled sen-
sitivities of objective function O1 in ten di�erent points of the search space, based
on the parameter resolution values listed in table 2.2. Based on these results, li and
bi have been excluded from the parameter vector Xi. Parameters nsi and npi were
also excluded for two reasons. They can only take a limited number of integer val-
ues because of spatial constraints and more importantly their value greatly a�ects
feasible bounds for the remaining parameters l0i, Ri , ε0i , di , αi. These parameter
bounds can thus be tailored to each speci�c subproblem.

In summary, after problem decomposition and search space reduction, an exhaus-
tive search needs to be performed, given a feasible parameter set [nsinpibi li], for the
set of remaining parameters [l0iRi ε0i di αi]. Since all dimensionless characteristics
of the PPAM depend on the muscle's slenderness l0/R the set [l0i l0i/Ri ε0i di αi]
was used instead. By approximating these characteristics by �tting functions (see
eq. 2.10 in section 2.3.2.2) for each value of slenderness prior to optimisation, the
computation time of the optimisation routine is drastically reduced.

Exhaustive search procedure In the exhaustive search process, parameter
combinations are generated iteratively, according to the step size and within the
parameter bounds. Each combinatorial candidate is checked for constraint viola-
tions. Afterwards, the obtained set of valid solutions can be searched for solutions
that are optimal in terms of the objectives. In the �eld of multi-objective optimisa-
tion various de�nitions of optimality exist (Ehrgott and Gandibleux (2000)). Here
Pareto optimality was used as a criterion. A solution is Pareto optimal if no other
solution exists that is at least better at one objective and not worse at the other
objectives. The set of Pareto optimal solutions thus contains only �non-dominated�
solutions, that cannot be improved in one of the objectives, without hurting one
or more of the other objectives. Since each single objective optimum is a Pareto
optimal solution, the set of optimal solutions contains at least n (= dim(O(X)))
solutions. Out of the set of Pareto optimal solutions the �most optimal� solution
is selected. Alternatively, the designer rede�nes the optimality criterion and/or
the objectives in order to change or reduce the set of optimal solutions. Possible
strategies for the latter include transforming objectives into constraints or merging
objectives by means of linear combination (scalarisation). The knowledge gained
from the distribution of the set of valid solutions and the set of optimal solutions
helps the decision maker in this process. The entire procedure is summarised by
the �ow chart shown in �g. 2.20.
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Figure 2.20: Flow chart of the optimisation procedure for the con�guration with
levers.

l01 l01/R1 ε01 d1 α1 b1 l1 ns,1 np,1
m - % m ° m m - -

lower bound 0.08 5 15 0.03 30 0.10 0.30 2 1
∆ 0.005 0.5 1 0.001 1 0.02

upper bound 0.14 10 45 0.10 150 0.12

Table 2.3: Design parameter ranges and step sizes for the extensor side of the
con�guration with levers corresponding with the feasible solution sets depicted in
�g. 2.21.

l01
l01
R1

ε01 d1 α1 O1 O2 O3 O4

m - % m ° Nm m kN rad/Nm

min(O1(X)) 0.125 10 32 0.049 116 108

min(O2(X)) 0.125 10 28 0.044 124 0.100

min(O3(X)) 0.13 10 32 0.049 120 5.81

min(O4(X)) 0.14 9.5 28 0.066 130 1.39 10−3

Table 2.4: Parameter values corresponding with the single objective optima of the
extensor side (see �g. 2.22).
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Figure 2.21: Feasible solution sets for the extensor side of the con�guration with
levers: solution set for b1 = 0.12m (coloured dots) and for b1 = 0.10m (black dots).
Colour map (purple�green) indicates closeness to optimality.
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Figure 2.22: Value path illustration of the set of Pareto optimal solutions for the
extensor side of the con�guration with levers with b1 = 0.12m. Single objective
optima are coloured (O1 red, O2 green, O3 blue, O4 yellow).

Figure 2.21 shows two sets of feasible design solutions for the extensor side of the
con�guration with levers. The corresponding design parameter ranges and step
sizes are listed in table 2.3. Each graph in �g. 2.21 depicts one of the objective
functions O1 . . . O4 as a function of the parameters α1, d1 or ε01, l01. The solution
set corresponding with b1 = 0.12m is represented by coloured dots according to the
objective function value (green (minimum)� purple (maximum)), the solution set
corresponding with b1 = 0.10m by black dots. Parameter b1 has a major e�ect on
the size of the solution space. For values below b1 ≈ 0.10m no feasible solution is
found that complies with the spatial constraints, while providing su�cient torque.
Larger values generate better solutions in terms of the objectives, but decrease
compactness. No solutions were found for ns,1 > 2 and for ns,1 = 1 only bulky
solutions were found with b1 ' 0.12m and l01 ' 0.16m.

From these graphs one can infer how to narrow down the search space to an op-
timal solution region and how the objectives are a�ected by parameter changes.
According to the four top graphs in �g. 2.21 for instance, keeping torque overdimen-
sioning (O1), maximal diameter (O2) and maximal muscle force (O3) low, requires
small values for d1, whereas a design for maximal sti�ness (O4) requires large values
for d1. The in�uence of l0 also indicates the con�icting nature of O4 with respect
to the other objectives. Figure 2.22 shows a so called �value path illustration� of
Pareto optimal solutions, extracted from the full set of solutions for b1 = 0.12m.
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l01 l01/R1 ε01 d1 α1 b1 l1 ns,1 np,1
m - % m ° m m - -

lower bound 0.06 5 5 0.025 0 0.06 0.30 2 1
∆ 0.005 0.5 1 0.001 1

upper bound 0.12 10 20 0.07 90

Table 2.5: Design parameter ranges and step sizes for the �exor side of the con�g-
uration with levers.

l02
l02
R2

ε02 d2 α2 O1 O2 O3 O4

m - % m ° Nm m kN rad/Nm

min(O1(X)) 0.09 9 9 0.036 38 14.5

min(O2(X)) 0.085 8 5 0.036 39 0.077

min(O3(X)) 0.09 9 9 0.037 36 2.28

min(O4(X)) 0.12 10 5 0.036 60 2.12 10−3

Table 2.6: Parameter values corresponding with the single objective optima of the
�exor side.

The objective function values have been normalised, i.e. transformed to a range
of [0 . . . 1], by means of the minimal and maximal single objective values for easier
interpretation and comparison of solutions. The normalised objective vector is
given by

ONORM (X) = [O1,NORM (X) . . . On,NORM (X)]

= [
O1(X)−min(O1(X))

max(O1(X))−min(O1(X))
. . .

On(X)−min(On(X))
max(On(X))−min(On(X))

].

Each single objective optimum (coloured value paths in �g. 2.22) is a Pareto
optimum. The parameter values corresponding with the single objective optima are
listed in table 2.4. In spite of the relative gain that can be achieved by optimisation
the optimal design solutions for the extensor side are not satisfying the need for
compactness. This appeared to be less the case for the �exor side, as the required
�exion torque is lower and the placement is more favourable with respect to the
range of motion of the link, reducing the risk of obstructions. Feasible solutions
have been found up to b2 ≈ 0.06 for ns,2 = 2 . Table 2.6 lists the parameter ranges
and the single objective optima of a representative optimisation run for the �exor
side with [b2 = 0.06m, l2 = 0.30m, ns,2 = 2, np,2 = 1] as the �xed parameter set.

The exhaustive search optimisation method generates optimal solutions in a straight-
forward and intuitive way, while providing a better insight into the nature of the
design problem. The major bottlenecks appearing from the analysis are the large
range of motion of the joint for the �exor side, and the high extension torque peak
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Figure 2.23: Four bar linkage.

and the spatial constraints for the extensor side, resulting in moderate compact-
ness. To further improve on the di�erent objectives, the bene�ts of a di�erent force
transmission are investigated in the following section.

2.3.5 Antagonistic setup of PPAMs with four bar linkages

The same methodical approach as previously explained is applied to the design of
a con�guration using four bar linkages instead of levers for force transmission. The
four bar linkage (see �g. 2.23), the most simple planar 1 DOF closed kinematic
chain, is commonly found in biological systems (e.g. skeletal systems, ligaments)
and it is used in machine design to generate relatively complex motion (with a
relatively simple mechanism) or to introduce a mechanical advantage in force or
torque transmission. The linkage is proposed here in order to increase the range of
motion of the powered joint, while avoiding mechanical obstruction, and in order to
bene�t from the mechanical advantage for a better matching of the required torque
characteristic. The design parameters, the characteristics and the optimisation
problem are formulated and a �nal design solution is presented.

2.3.5.1 Con�guration

Figure 2.24 shows a schematic drawing of an antagonistic con�guration with four
bar linkages. The upper and lower link are interconnected by a hinge joint in O
and their relative angle is denoted by q as it is the case for the previously studied
con�guration depicted in �g. 2.17. The extensor PPAM and �exor PPAM are
connected to the upper link in hinging points Bi and to the lower link, unlike the
con�guration with levers, through planar four bar linkages with hinging points O,
Fi, Di and Gi with subscript i denoting the extensor side (i = 1) and �exor side
(i = 2). The link connecting O and Fi is referred to as the �xed link. The link
connecting Fi and Di is referred to as the input link, since the actuator acts directly
on this link. The output link is part of the lower link and it connects O and Gi. Its
orientation with respect to the lower link is de�ned by the angle αi. The coupler
link, connecting Di and Gi, transfers forces between the input link and the output
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link. Since a planar four bar linkage has one degree of freedom and both linkages
have their output link �xed to the lower link of the joint, the only remaining degree
of freedom of the con�guration, once all design parameters have been determined,
is the joint angle q.

Figure 2.24: Schematic drawing and determining mechanical parameters of an
antagonistic con�guration of PPAMs with four bar linkages

Hence, the kinematics of the con�guration as a function of q are de�ned by linkage
link lengths fi, di, gi, ci, lengths bi, li and angles αi. As explained in section 2.3.4.1,
the characteristics of the PPAMs depend on muscle geometry (l0i, Ri), the number
of single PPAMs in series and parallel (nsi, npi), muscle contraction (εi), and the
contraction level ε0i at a speci�c angle q0. In summary, the characteristics of this
antagonistic con�guration with four bar linkages are fully de�ned by the following
set of 24 mechanical design parameters:

X = [l01R1 ns1 np1 ε01 b1 l1 f1 d1 c1 g1α1 l02R2 ns2 np2 ε02 b2 l2 f2 d2 c2 g2α2]. (2.44)
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2.3.5.2 Characteristics

The derivation of the characteristics of the con�guration with four bar linkages
is analogous to the steps taken in section 2.3.4.1 treating the con�guration with
levers. The major di�erence resides in the transmission ratio introduced by the
linkages. Detailed calculations related to the analysis of the four bar linkages can
be found in appendix A.

Torque characteristic The extensor PPAM, as can be seen in �g. 2.24 generates
a moment of force MF11 in point F1 that is given by

MF11 = F1D1 × F1e1 (2.45)

with e1 = (OB1−OD1)/‖OB1−OD1‖. The z-component of MF11, representing
the torque produced by the extensor PPAM at the input link of the four bar linkage,
and denoted by τ1,IN , is written as

τ1,IN = MF111z

= F1(F1D1 × e1)1z

= F1r
′
1 (2.46)

where r′1 = (F1D1 × e1)1z is the lever arm. The torque τ1,OUT at the output
link of the four bar linkage is related to the torque τ1,IN at its input link. Their
ratio represents the mechanical advantage or the transmission ratio of the linkage,
denoted by rt1 (see appendix A):

rt1 =
τ1,OUT
τ1,IN

. (2.47)

Since the linkage output torque τ1,OUT equals the torque τ1 applied by the extensor
PPAM onto the lower link, the latter is written as

τ1 = F1r
′
1rt1 (2.48)

Substituting F1 in eq. 2.46 with the force formula for a series-parallel PPAM (see
table 2.1 combined with eq. 2.13) leads to

τ1 = p1l
2
01np1ft01r

′
1rt1. (2.49)

Since ft01 = ft01(ε1(q, ε01, b1, l1, f1, d1, c1, g1, α1, ns1), l01/R1),
r′1 = r1(q, b1, l1, f1, d1, c1, g1, α1) and rt1 = rt1(q, f1, d1, c1, g1, α1) hold, eq. 2.49 is
a function of the design parameters related to the extensor side:
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τ1 = τ1(q, l01, R1, ns1, np1, ε01, b1, l1, f1, d1, c1, g1, α1). Once all design parameters
have been chosen the torque is written as

τ1 = τ1(q)

= p1l
2
01np1ft01(ε1(q))r′1(q)rt1(q)

= p1mτ1(q), (2.50)

with the torque function mτ1(q) = l201np1ft01(ε1(q))r′1(q)rt1(q) and ε1(q) as de�ned
previously by eq. 2.31.

By combining an analogous derivation of τ2 with eq. 2.50 one obtains the total
torque τ(q) exerted by the actuators in the same form as used for the con�guration
with levers:

τ(q) = p1mτ1(q) + p2mτ2(q). (2.51)

A substitution of r′1rt1 in eq. 2.46 by r1 and combination with τ2 yields the torque
formula in the other familiar form:

τ(q) = F1r1(q) + F2r2(q). (2.52)

In the design stage evaluating the torque output requires numerically solving the
linkage equations (see appendix A). Once the design parameters of the con�guration
have been selected the torque functions are approximated by a �tting function in
q.

Compliance characteristic By means of the torque formulas given by eq. 2.33
and eq. 2.32 the sti�ness (the inverse of compliance) of the powered joint can be
calculated, starting from

K = −dτ
dq
,

and proceeding as was done in section 2.3.4.1. Analogously, sti�ness functions can
be introduced and, once the design parameters have been selected, these can be
approximated by �tting functions in q.

2.3.5.3 Objectives

Three objective functions were retained from the objective vector considered previ-
ously for the con�guration with levers. As a fourth objective, the minimal perpen-
dicular distance between the input link and the joint axis in O was to be maximised
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to avoid obstruction. The objective related to sti�ness has been omitted on the
basis of the results discussed in section 2.3.4.3. The �design for (passive) sti�ness�
objective and the �design for torque/compactness� objectives are competing objec-
tives leading to opposing design solutions. In a design uniquely for sti�ness the
active (controlled) compliance cannot be left out of account. Since the prototype
is intended for the implementation of di�erent controllers (and not a compliance
controller in speci�c), a detailed simulation study of the controlled actuator sys-
tem was not considered as supportive to the actuator system design as it is to the
controller design, explained in chapter 3.

Hence, the following objectives have been considered:

� O1 = (τMAX − τREQ)RMS : the root mean square of the di�erence between
the required and the maximal torque output characteristic.

� O2 = (Di)MAX : the maximal diameter of the PPAMs over the range of
operation.

� O3 = (Fi)MAX : the maximal force exerted by the PPAMs over the range of
operation.

� O4 = 1/(d(O,FDi))MIN : the inverse of the minimal distance between the
input link and the joint axis in O.

2.3.5.4 Constraints

Several constraints, mainly related to limitations of space and proper operation
of the PPAMs, have to be taken into account. The following constraint functions
were considered:

� ‖ τMAX ‖≥‖ τREQ ‖: the maximal torque characteristic should exceed or at
least coincide with the required torque characteristic.

� The four bar linkage equation should have a solution throughout the entire
range of operation (see appendix A).

� ‖ FDi ×BDi ‖> 0, ‖ OG×DGi ‖> 0: singular con�gurations of the actu-
ator and the input link, and the coupler and the output link may not occur
in the range of operation.

� (d(O,FDi))MIN ≥ c, (d(O,DGi))MIN ≥ c: the perpendicular distance be-
tween the joint axis and the input link or the coupler respectively may not
drop below a limit to avoid obstruction.

� εi,MIN ≤ εi ≤ εi,MAX : contraction has a lower and upper bound, as ex-
plained in section 2.3.2.2, the lower bound is typically about 5% , the upper
bound, at which forces drop too low, depends on muscle slenderness, as can
be seen in �g. 2.10 in section 2.3.2.2.
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Figure 2.25: Flow chart of the optimisation procedure for the actuator con�guration
with four bar linkages.

� other spatial constraints: e.g. the PPAMs should �t in a predetermined
bounding box and may not be obstructed. These constraints were also veri�ed
with the CAD model of the con�guration.

2.3.5.5 Parameters

Given the large number of design parameters, the parameter vector in eq. 2.44
was reduced, based on the results of the study of the con�guration with levers. As
was done previously, the problem is decomposed into two separate optimisation
problems, one for each side of the con�guration. Since the presence of a four bar
linkage narrows down the feasible options for l0i, Ri, nsi and npi because of space
limitations, these parameters have been left out of the optimisation procedure. The
same conclusion was drawn before for parameters li and bi. Hence, given a feasible
parameter set [l0iRi nsi npi bi li], the set of remaining design parameters subject to
the optimisation procedure is [ε0i fi di ci gi αi].

2.3.5.6 Optimisation procedure

The entire procedure, summarised in �g. 2.25, is analogous with the optimisation
�ow chart of the con�guration with levers. After problem decomposition and search
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Figure 2.26: Full set of valid solutions represented in (Oi,S , Oj,S)-axes with i, j ∈
{1, 2, 3, 4} and i 6= j

space reduction, all feasible parameter combinations are checked for constraint
violation. Then, the set of valid solutions is searched for Pareto optimal solutions.
Knowledge of the set of valid solutions and the set of Pareto optimal solutions and
their distribution helps the decision maker either selecting one single solution or
rede�ning the problem in order to change and/or reduce the set of solutions. The
code to generate Pareto optimal solutions has been developed in MATLAB. The
solver of the four bar linkage equation was programmed in C to speed-up bottleneck
calculations.
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f1 d1 c1 g1 ε01 α1

m m m m % °
lower bound 0.04 0.04 0.05 0.04 25 20

∆ 0.001 0.001 0.001 0.001 1 1
upper bound 0.06 0.07 0.08 0.07 35 80

Table 2.7: Parameter bounds and step size for the optimisation of the extensor side
of the con�guration with four bar linkages.

A full set of valid solutions for the design problem related to the extensor side
of the con�guration is depicted in �g. 2.26. The parameter set assigned prior to
optimisation equals [l01 = 0.1m R1 = 0.0125m ns1 = 2 np1 = 1 b1 = 0.06m l1 =
0.3m]. The bounds and step size for the parameters subject to optimisation are
listed in table 2.7. Besides the distribution of solutions in the search space, one
can gather how much can be gained by optimisation and whether it is justi�ed to
search for an optimal solution. For that purpose, the objective function values in
�g. 2.26 are scaled by the respective single objective optima. The scaled objective
vector is given by

OS(X) = [O1,S(X) . . . On,S(X)]

= [
O1(X)

min(O1(X))
. . .

On(X)
min(On(X))

]

Each solution is represented by a dot in (Oi,S , Oj,S)-axes, with the objective func-
tions as de�ned in section 2.3.5.3. Optimal solutions in terms of the represented ob-
jectives are found in each graph's bottom left corner. The function value boundaries
seen with O2,S , O3,S and O4,S are due to constraints and/or parameter bounds.
The discretised distribution of O2,S in particular is due to the fact that the maxi-
mal diameter is determined exclusively by ε0i. One infers from the graph top right
in �g. 2.26, that O1,S and O3,S increase about 80% and 25% respectively, when,
instead of the optimal solution, the �worst� feasible solution is chosen. Hence, even
in this highly constrained design problem considerable improvement with regard
to the objectives can be achieved by optimisation.

Figure 2.27 shows a value path illustration of Pareto optimal solutions, extracted
from the full set of solutions. The objective function values have been normalised
according to

ONORM (X) = [O1,NORM (X) . . . On,NORM (X)]

= [
O1(X)−min(O1(X))

max(O1(X))−min(O1(X))
. . .

On(X)−min(On(X))
max(On(X))−min(On(X))

].

Each single objective optimum (coloured value paths in �g. 2.27) is a Pareto
optimum. In order to select one single optimal solution out of the set of Pareto
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Figure 2.27: Value path illustration of a set of Pareto optimal solutions. Sin-
gle objective optima are coloured, the selected optimal solution de�ned by
min(OLC,NORM (X)) is marked in black.

optimal solutions, one needs to formulate preferences between objectives. Here, a
weighed sum of the normalised objective function values with equal weights was
chosen, transforming the normalised objective vector in a scalar objective function
given by

OLC,NORM (X) =
1
n

(O1,NORM (X) + . . .+On,NORM (X)).

The optimal solution that minimises OLC,NORM (X) is represented by the black
value path in �g. 2.27. The related design parameters are [ε01 = 29% f1 =
0.05 d1 = 0.063 c1 = 0.072 g1 = 0.057 α1 = 60°].
Figure 2.28 shows OLC,NORM (X) as a function of each parameter, while all other
parameters are set equal to the optimal parameter values and held constant. The
optimal solution, corresponding to the black value path in �g. 2.27, is indicated
by a black dot. In these graphs one observes that the optimal solution lies on the
solution space boundary and that separate parameter variations are only feasible
in a small range. The slope of each curve corresponds with the partial derivative
of the objective function with respect to the respective parameters. As previously
mentioned in section 2.3.4.3, this partial derivative is a measure for the sensitivity
of the objective function to parameter variations.
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Figure 2.28: Sensitivity of the objective function OLC,NORM (X) near the optimal
solution.

Even small parameter changes considerably a�ect optimality. Non-zero slopes near
the selected optimal solution indicate that its optimality is due to the solution space
boundary. The constraints de�ning this boundary impose a limit on the achievable
compactness of the design.

For the �exor side, an optimal parameter set was found analogously. The pa-
rameters de�ned prior to optimisation were [l02 = 0.08m R2 = 0.0125m ns2 =
2 np2 = 1 b2 = 0.06m l2 = 0.3m]. Main di�erences with the procedure for
the extensor side are that the selection of parameter f1 narrowed down the fea-
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fi di ci gi ε0i αi O1 O2 O3 O4

m m m m % ° Nm m kN m−1

extensor 0.05 0.063 0.072 0.057 29 60 26.1 0.086 4.23 43.5

�exor 0.068 0.063 0.072 0.03 5 20 12.0 0.075 2.75 18.1

Table 2.8: Parameter and objective function values corresponding with the selected
four bar linkage con�gurations minimising OLC,NORM (X).

sible range for f2 (see �g. 2.24) and that a solution near the optimal solu-
tion (min(OLC,NORM (X))) was ultimately selected so that d1 and c1 match d2

and c2 respectively to ease manufacturing. The selected design parameters are
[ε02 = 5% f2 = 0.068 d2 = 0.063 c2 = 0.072 g2 = 0.03 α2 = 20°].

All selected design optimisation parameters and their respective objective func-
tion values are summarised in table 2.8 for easier comparison with the values in
table 2.4 related to the con�guration with levers. Even when comparing the se-
lected optimal solution (min(OLC,NORM (X))) of the extensor side with the single
objective optima O1 . . . O3 of the same side of the con�guration with levers, con-
siderable improvement can be observed. Also, by reducing b1 from 0.12 → 0.06
the four bar linkage con�guration is at least twice as compact. For the �exor side
improvements are less pronounced: since the requirements and constraints are less
critical, a near optimal solution has been selected.

2.3.5.7 Design solution

The theoretical torque characteristics of the actuator system design selected in the
previous section are shown in �g. 2.29-2.30.

In �g. 2.29 the maximal actuator torque output (blue) is compared with the
maximal required torque (red). The maximal required torque, as introduced in
section 2.3.1, is based on gait analysis data of the knee joint measured in unimpaired
subjects, taken from (Winter (1991)). A representative torque-angle curve of a
subject weighing 75 kg and walking at normal cadence is shown in grey. The
design bottleneck for the positive torque characteristic τ1MAX is the large extensor
torque required during stance. Hence, in case of small knee joint angles the extensor
PPAM is at a high contraction level, generating a low force output. The negative
torque characteristic τ2MAX is largely determined by the large required range of
motion, rather than by the required �exion torque.

Figure 2.30 shows the torque functions related to the input link (purple) and the
output link (blue) of the four bar linkages, as well as their transmission ratios
(green) as a function of joint angle. Both transmission ratios are well below one
and the relative di�erence supports the previous observations.
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Figure 2.29: Torque characteristic of the actuator system: maximal output torque
(blue) and maximal required torque (red) as a function of joint angle, typical
moment-angle curve for the knee joint of an unimpaired subject (75kg) walking at
a normal cadence (grey, based on data from Winter (1991), see section 2.3.1.

Due to these design bottlenecks and the fact that the transmission ratios cannot be
arbitrarily shaped, the actuator system is somewhat overdimensioned in the range
corresponding with low muscle contraction levels and high pulling forces. However,
due to the use of four bar linkages for force transmission, a design solution has
been found that meets the speci�cations and that is much more compact than a
con�guration based on levers.

2.3.6 Conclusion

Two key properties of pleated pneumatic arti�cial muscles make their use as ac-
tuators for powering a robotic joint challenging: their nonlinear force-contraction
characteristic and their intrinsic compliance.

A force transmission based on four bar linkages was proposed in order to cope
with the nonlinear force output and to meet the requirements while satisfying tight
constraints. When compared to conventional levers or pulleys, the variable trans-
mission of the linkage allows shaping the torque-angle characteristic of the joint
more freely, while extending its range of motion and increasing compactness. To
the author's knowledge, this approach has not been used before for pneumatic
muscle force transfer to a robotic joint. A methodical approach to the design of
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Figure 2.30: Torque functions and transmission ratios of the actuator system:
torque functions related to the input link (purple) and output link (blue) of the four
bar linkages and transmission ratios (green) of the four bar linkages as a function
of joint angle.

Figure 2.31: Final actuator system design: range of operation.



Design of KNEXO, a knee exoskeleton powered by PPAMs 71

an actuator system powered by PPAMs was considered indispensable for several
reasons. In view of a full lower limb exoskeleton design, such a joint design method
could drastically reduce overall design time and improve design quality. Moreover,
due to the large number of design parameters and constraints, the design problem
tends to grow too complex to �nd merely feasible solutions by trial and improve-
ment. By means of the mathematical model of the PPAM and the kinematic
analysis of the proposed con�guration, di�erent design objectives and constraints
can be formulated as a function of the design parameters.

The adaptable compliance of the joint has been considered, but it was found
di�cult to translate into �design for compliance� guidelines, since the passive (in-
trinsic) compliance range depends on the required torque and the active (con-
trolled) compliance range depends on the behaviour of the controller. A �design
for torque/compactness� was considered in the �nal design. A straightforward op-
timisation technique based on exhaustive search provided more insight into the
multiobjective optimisation problem. The most important observation is that the
solution space is highly constrained, in spite of which still considerable improve-
ment can be achieved by searching for an optimal instead of a feasible solution. By
reducing the search space, computation time was lowered to an acceptable level. In
order not to miss out optimal solution candidates the search space reduction was
based on subproblem formulation and sensitivity analysis.

An optimal design solution, meeting the speci�cations, was selected and has been
integrated into the exoskeleton structure, of which the design is addressed in the
next section.

2.4 Mechanical structure

2.4.1 Requirements

Although weight minimisation is important in view of wearability, this was not
considered the main objective of this design. Emphasis was rather put on ro-
bustness and durability, since the device must be capable of safely generating and
transferring considerable torques in close contact with a human wearing it. The me-
chanical structure should be a serial linkage, interconnected by (a) revolute joint(s)
and acting in parallel with the human lower limb. Also, the exoskeleton needs to
be connected to an external �xed reference, providing weight compensation of the
device.

2.4.2 Prototype versions

KNEXO, the current design of the powered knee exoskeleton, is preceded by dif-
ferent intermediate prototypes and test setups.
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Figure 2.32: 1 DOF pendulum setup.

a b

Figure 2.33: Body-grounded exoskeleton with footplate: a) CAD concept model,
b) prototype.
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a b

c d

Figure 2.34: Wall-grounded exoskeleton: a) CAD concept model, b) prototype, c)
weight compensating arm, d) prototype close up.
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a b

Figure 2.35: KNEXO: a) overview, b) adjustable interface

First a 1 DOF pendulum setup (see �g. 2.32) was built in order to implement
and test controllers on the actuator system previously described in section 2.3.
Experimental results obtained by means of this set up are presented and discussed
in section 3.3-3.4 of chapter 3.

The �rst exoskeleton-type prototype (see �g. 2.33), adopting the same actuator
system, was a powered knee orthosis with a footplate interconnected by a passive
ankle joint. Because of the remaining added weight during swing and the in�uence
of the footplate on foot roll, the body-grounded orthosis was adapted into a wall-
grounded exoskeleton (see �g. 2.34). The latter did not have a footplate and its
structure was extended with an additional upper body link that was connected to a
�xed reference by means of a weight compensating arm. The human-robot interface
consisted of two-piece thermoplastic cu�s with a foam inlay and Velcro straps at
the lower leg, the upper leg and the hips. Their position and orientation with
respect to the exoskeleton frame were adjustable by means of slider mechanisms.
Pilot experiments performed with this prototype are discussed in section 4.2.2 of
chapter 4.

In view of extended testing with unimpaired and impaired subjects, this prototype
was adapted into the current prototype version, named KNEXO.
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a b

Figure 2.36: Adaptability of the interface: a) cu� with respect to link, b) upper
link with respect to lower link.

2.4.3 KNEXO

2.4.3.1 Structure

KNEXO consists of a lower leg link and an upper leg link, each provided with two
rigid semi-circular cu�s. The joint is powered by the actuator system, as described
in section 2.3. Adjustable mechanical limiters prevent lower link motion beyond
the required range of motion, typically [0 − 90]°. An upper body link has been
omitted to minimise disturbance of pelvic motion. A weight compensating arm is
connected to the upper leg link. Most parts of the structure are made of aluminium
alloy 6060 (AlMgSi0.5) or 6082 (AlMgSi1), except for small, highly loaded parts
made of engineering steel. The weight of KNEXO is about 4.5 kg.

2.4.3.2 Interface

In order to �t a wide range of subjects in terms of statures and sizes the structure
as well as the cu�s have been made adaptable. Anthropometric data was used as a
guideline (NASA (1978)). Figure 2.36 gives an overview of all adjustable degrees of
freedom of the cu�s relative to the link (see �g. 2.36.a ) and of the links relative to
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each other ( see �g. 2.36.b ). A series of rigid cu�s in di�erent sizes was chosen over
�exible single sized cu�s to obtain a su�ciently sti� interface, while transferring
high torques.

2.4.3.3 Weight compensation

The weight compensating arm, shown in �g. 2.37, is a telescopic arm connected
to the upper leg link of KNEXO, near the pelvis, by means of a ball joint and
to the �xed reference by means of a universal joint. In this way all translational
DOF (forward/backward: 0.3m, other translational: 0.2m) and rotational DOF
(�exion/extension: unlimited, other: 40°) are unconstrained within a suitable range
to accommodate normal pelvic motion during treadmill walking. The simple weight
compensation mechanism is based on gravity balancing theory (Rahman et al.
(1995)). It consists of a linear tension spring that acts as a �zero free length
spring� between a connection point on the arm and a connection point on the �xed
reference, but that is placed remotely by means of a pulley.

For a better understanding a planar force diagram is shown on top of the actual
mechanism depicted in �g. 2.37, indicating the external forces acting on the arm.
The weight of the exoskeleton is transferred to the arm through the ball joint in
E. This load is combined with the arm's own weight, resulting in the vertical force
Fg acting in G. A spring force Fs acts along AB in A. In order to have static
equilibrium the total moment MO in O should be zero, which yields

MO = (OG× Fg)+(OA× Fs) = 0.

Denoting the force originating from a spring with zero free length, sti�ness k and
its end points in A and B by Fs = kx and using the annotations in �g. 2.37, one
obtains

Fglsinθ = kxr,

and, since r = a sinβ and x sinβ = b sin θ hold, this simpli�es to the following
condition for the spring sti�ness k:

k =
Fgl

ab
. (2.53)

The static equilibrium condition is independent of the angle θ between the arm and
the vertical �xed reference. Thus, a spring of which the actual elongation equals the
distance between points A and B, and the sti�ness complies with eq. 2.53 ideally
garantees static equilibrium of the arm loaded by the exoskeleton. Since a physical
spring has non-zero free length, these requirements can only be met by placing a
spring with the aforementioned sti�ness outside segment AB, in this case between
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Figure 2.37: Weight compensating arm based on gravity balancing by means of a
zero free length spring.
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C and D, and setting the pretension such that the actual elongation of the spring
equals x. Obviously, in a practical set up nonidealities cause deviations from the
ideal force diagram depicted in 2.37: for instance a di�erence between the line of
action of the spring and the path of the cable de�ning its elongation, variations of
l with θ due to the location of E o� the arm's centerline and an additional friction
force due to the pulleys. Since the telescopic arm is allowed to extend and shorten,
these nonidealities are acceptable. During normal operation, within a limited range
of θ, the mechanism e�ectively compensates the exoskeleton's weight (approximate
mass 4.5 kg), while allowing a su�cient range of motion.

2.5 Instrumentation

2.5.1 Control system

Data-acquisition is performed by a National Instruments PCI-6229 data-acquisition
board. All controllers and high-level data-acquisition have been programmed in
C/C++. The sampling rate was set at 1 kHz. Higher sampling rates appeared
not to be feasible without recurring to real-time target software, however, since
the valves have minimal opening/closing times of about 1ms, a sampling time of
1ms was considered su�cient. The data-acquisition board uses hardware-timing
for deterministic acquisition.

2.5.2 Actuator output

2.5.2.1 Valves

The gauge pressure of each PPAM is regulated by a Kolvenbach KPS 3/4-00 3/3-
way pressure regulating servo valve. An integrated PID controller controls the
air�ow into or out of the muscle using the desired pressure level, taken from a
voltage input, as a reference and the actual pressure inside the valve, measured
by an internal pressure sensor, as the system output. Since the valve's internal
pressure is used instead of the internal muscle pressure, tubing between the valve
and the muscle is kept as short as possible.

2.5.2.2 Pressure sensors

A di�erential pressure sensor, HCX005D6V by Sensortechnics, is used for gauge
pressure measurements in each PPAM. The pressure di�erence between the two
sensing ports of the HCX005D6V is converted to a voltage and ampli�ed to a
range of [0.5− 4.5]V by a built-in signal ampli�er. One sensing port is connected
to the muscle's interior, whereas the other is subject to atmospheric pressure.
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Figure 2.38: Custom-made force sensing: a) coupler equipped with a strain gage
Rosette at each of two opposite sides, b) measuring circuit with full Wheatstone
bridge.

Di�erential pressure sensors have been chosen over absolute pressure sensors, since
the former are not a�ected by atmospheric pressure variations.

2.5.2.3 Custom-made force sensors

Due to space limitations, custom-made force sensors were chosen over commercially
available force sensors or torque sensors for a more direct torque measurement,
that is not based on pressure measurements and the use of the muscle model. The
coupler of each four bar linkage is equipped with two pairs of strain gages. Each pair
is a 2-element strain gage Rosette consisting of two perpendicular identical single
strain gages, as shown on �g. 2.38.a. This particular strain gage con�guration has
the advantage of a higher measuring sensitivity and the cancellation of bending
strain contributions to the measurement, as will be illustrated further.

Ideally, the coupler is loaded purely in tension. For an optimal measurement range
of the strain gages the cross section can be sized such that the maximal allowable
strain occurs approximately at the maximal load. The minimal cross section area
is thus given by

AMIN =
FMAX

EεMAX
(2.54)

≈ 36mm2
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in which E is the modulus of elasticity of the alloy (70GPa), FMAX the maximal
load of the coupler during operation (2500N) and εMAX the maximal strain (10−3).
The actual I-beam cross section has been conservatively chosen equal to 52mm2.

The four strain gages are integrated into an electrical circuit, a so called full
Wheatstone bridge, to measure the change of resistance due to mechanical strain.
Each strain gage is electrically equivalent to a resistor with variable resistance, as
indicated in �g. 2.38. The voltage Vin is related to the �xed excitation voltage
Vexc and the resistor values R1 . . . R4 as follows:

Vin = Vexc
R1R3 −R2R4

(R1 +R2)(R3 +R4)
. (2.55)

In the unloaded case, the bridge should be balanced, i.e. Vin = 0, therefore R1R3 =
R2R4 is required. Introducing resistance variations ∆R1 . . .∆R4 in eq. 2.55 with
respect to the balanced condition and omitting second order terms yields

∆Vin = Vexc

R2
R1

(1 + R2
R1

)2
(
∆R1

R1
− ∆R2

R2
+

∆R3

R3
− ∆R4

R4
). (2.56)

The gage factor k of for instance strain gage 1 relates the variation of its resistance
R1 to its strain ε1, so ∆R1/R1 = kε1 holds, with k = 2.11 for all the strain gages
used in this setup. Introducing the gage factor in eq. 2.56 and using R2/R1 = 1, as
all strain gages have an identical resistance in the balanced condition (R = 120 Ω),
one obtains

∆Vin = Vexc
1
4
k(ε1 − ε2 + ε3 − ε4). (2.57)

If one con�gures the strain gages such that 1 and 3 are aligned longitudinally and
2 and 4 transversally, the sensitivity is e�ectively increased since the strains of the
strain gages relate to the longitudinal extension strain ε of the coupler as given by

ε1 = ε

ε2 = −νε

ε3 = ε

ε4 = −νε,

in which ν stands for the Poisson ratio of the alloy (0.33). It is also clear from eq.
2.57, that strain due to bending is cancelled out, as bending causes variations of
ε1 and ε3 with equal amounts, but opposite signs. Equation 2.57 is rewritten as
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∆Vin = Vexc
1
4
k(2 + 2ν)ε,

and by setting Vexc = 5V , k = 2.11, ν = 0.33 and ε equal to the maximal strain
(at the maximal load) one obtains the input range of the ampli�er circuit Vin ≈
[0− 4.8]mV .

For signal conditioning Futek CSG110 ampli�ers are used. By means of gain
adjustment and precision shunt resistors the output voltage range is scaled and
o�set to approximate Vout ≈ [0 − 10]V , the required input range of the data-
acquisition board. The o�set compensates for the initial out-of-balance voltage, due
to the fact that the balance condition R1R3 = R2R4 is never exactly satis�ed. The
entire force sensing circuit has been calibrated in a high precision tensile test bench
and tested for stability and repeatability prior to integration into the exoskeleton.
The calibration and veri�cation results are discussed in section 3.2.1.3 of chapter
3.

2.5.3 Exoskeleton kinematics

2.5.3.1 Encoder

The knee and hip joint angle of the prototype in �g. 2.34 and the knee joint
angle of KNEXO are measured by means of miniature high resolution incremental
optical encoders, AEDA-3300 BE1 by Avago Technologies. If both rising and falling
edges of the quadrature encoder output signals are taken into account, this encoder
type has a maximum of 80000 counts per revolution. The angular resolution,
expressed in degrees (°) and radians (rad), equals ∆q = 360°/80 000 = 0.0045° ≈
7.85 10−5rad, which outperforms typical requirements.

As for the angular velocity, typical values for the joints are found in the range
of [0 − 10] rad/s. The angular velocity is calculated by counting the amount of
encoder pulses detected during a �xed time period. This boils down to using a �rst
order di�erence approximation with the sampling time Ts as the time step. The
angular velocity resolution ∆ω, expressed in degrees per second (°/s) and radians
per second (rad/s), is thus given by ∆ω = ∆q/Ts = 4.5 °/s ≈ 0.0785 rad/s. This
is the maximal quantisation error of the angular velocity signal, i.e. the maximal
error, due to discretisation by the encoder, between the real and measured angular
velocity. Consequently, relative angular velocity errors tend to become high at
low speeds. Since the angular velocity resolution is proportional to the angular
resolution, the angular resolution has been chosen as small as feasible in view of a
higher velocity signal quality. The latter is important for control as it a�ects the
quality of any controller output that consists of a velocity based feedback term.
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2.5.3.2 Absolute position measurement

During speci�c experiments with unimpaired and impaired subjects, absolute po-
sition measurements of KNEXO have been performed by means of a Vicon 612
motion analysis system with 7 high speed infrared cameras capturing the position
of re�ective markers at a frame rate of 250Hz. These measurements were processed
o�ine to evaluate relative displacements between the exoskeleton and the wearer's
body. An absolute position measurement for real-time use in the exoskeleton's con-
trol system has been considered as well. Knowledge of the orientation with respect
to the gravitational �eld could be used by a model-based gravity compensation
algorithm that outputs a desired support torque to the actuator system. Since ei-
ther a series of relative position measurements or a combination of accelerometers
and gyroscopes would be required, it was decided to omit such absolute position
measurement. The support torque generation is therefore based on a di�erent
approach, discussed in section 3.4.2.4 of chapter 3.

2.5.4 Gait phase detection

The detection of di�erent phases of gait is important for o�ine analysis and evalua-
tion of measurements. Moreover, online gait phase detection is essential to achieve
a more dedicated and intelligent control of the exoskeleton. Some aspects that
make gait phase detection di�cult in this particular application are:

� Since only one relative angle measurement (of the knee joint) is available, as
explained in section 2.5.3.2, the system lacks information about other joints
of both lower limbs.

� Since the device is intended for impaired subject testing, the measurable
quantities used for gait phase detection cannot be treated similarly as data
originating from unimpaired subjects.

For KNEXO gait phase detection has been limited to foot contact detection for
synchronisation purposes, as discussed in section 3.5.2 of chapter 3.

2.5.4.1 Feasibility of accelerometer measurement

Ideally, the foot contact detectors are integrated into the exoskeleton. Treadmill
walking experiments performed at di�erent speeds with the exoskeleton equipped
with a piezoelectric accelerometer indicated its ine�ectiveness in detecting initial
contact. Acceleration levels at the instance of heel strike were too low relative to
other acceleration peaks during gait to be repeatably distinguishable, because of
the absence of direct contact of the exoskeleton with the ground and the compliance
of the interface between the wearer and the exoskeleton.
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Figure 2.39: Force sensing resistor used for foot contact detection.

2.5.4.2 Force sensing resistors

In spite of the evident drawbacks of foot contact sensors placed on the wearer's foot
sole or shoe outsole, these had been ultimately selected as the most simple and re-
liable solution. A force sensing resistor (FSR, see �g. 2.39) is simply strapped onto
the subject's heels. The output signal of each FSR is fed to a voltage divider that
determines sensitivity, sampled by the data-acquisition board and passed through
a threshold detection with deadband. Especially in subjects with a�ected gait,
tuning of FSR placement and detection is required to cope with unpredictable and
variable foot contact.

2.5.5 Safety

Besides mechanical safety measures being provided, such as an overhead fall pro-
tection harness and range of motion limiters on the knee joint, a range of safety
checks is performed in the control software related to foot contact and actuator
state (force, pressure). Manually activated emergency stop buttons cut o� the
pressure supply of the valves directly, providing a safe bypass in case of control
software malfunction.

2.6 Overview

KNEXO, the research prototype developed in this work, is a knee exoskeleton
powered by pleated pneumatic arti�cial muscles, a pneumatic muscle type that
outperforms the well known McKibben muscles in terms of stroke length and force
output. The actuator system consists of an antagonistic setup of two series PPAMs,
each connected to the joint by means of a four bar linkage. The four bar linkage
allows a better matching of the required torque and a much more compact design,
when compared with conventional mechanisms used in pneumatic muscle systems,
such as �xed levers or pulleys. Dimensioning the PPAMs and linkages is a com-
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plex design task that bene�ts from a methodical approach. It was shown that a
multiobjective optimisation by means of exhaustive search provides compact so-
lutions, satisfying the torque requirements that were based on gait analysis data
of sound knee function. The �nal actuator system design has a range of motion
of 90° and generates peak extension and �exion torques of 75Nm and 60Nm re-
spectively. It incorporates custom-made force sensors for actuator torque sensing.
KNEXO's mechanical structure and adjustable interface with the wearer have been
designed in view of extensive testing. The device is wall-grounded by a gravity-
balancing arm in order to compensate its weight during treadmill walking. For gait
phase detection force sensing resistors attached to the foot were deemed the most
straightforward.



Chapter 3

Control for safe, compliant and adaptable

robotic assistance

3.1 Introduction

In the introductory chapter a general overview of the state-of-the-art in robot-
assisted gait rehabilitation was given with emphasis on hardware and the concept
of assistance-as-needed in the control of gait rehabilitation robots was only brie�y
discussed. This chapter deals with the study and implementation of di�erent con-
trollers on KNEXO in view of safe, compliant and adaptable robotic assistance of
gait. Before passing on to modelling and control of KNEXO, the state-of-the-art
in robot control for gait assistance is �rst looked at in this section, as it provides
a framework for understanding di�erent challenges in control of gait rehabilitation
robots for the lower limbs. The challenges addressed in this work and the approach
followed thereby are discussed.

3.1.1 State-of-the-art

First, a summary restricted to high-level (robot-level) control strategies is given.
After that, existing low-level (actuator-level) controllers for pneumatic muscle ac-
tuators are discussed brie�y.

3.1.1.1 Control strategies for gait assistance

As mentioned in the introductory chapter, various control strategies are being ex-
plored for robot-assisted rehabilitation of gait. The principles of motor learning
and recovery in robot-assisted neuro-rehabilitation are not yet fully understood
and therefore di�cult to translate into controller design guidelines (Reinkensmeyer
et al., 2007). Control strategy developments therefore tend to be based on general

85
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concepts in rehabilitation, neuroscience and motor learning and many advance-
ments are, for the time being, engineering-driven, seeking improvements in robot
control to realise those general concepts.

According to Marchal-Crespo and Reinkensmeyer, 2009 the existing high-level
controllers can be divided into four categories, depending on the underlying ap-
proach to achieve recovery:

� assistance based: the robotic device provides functional assistance, i.e. assis-
tance of a functional task such as supporting the body-weight, advancing the
limbs, ... (e.g. Duschau-Wicke et al., 2008; Ekkelenkamp et al., 2007; Aoyagi
et al., 2007; Agrawal et al., 2007)

� challenge based: in which a functional task is made more di�cult or chal-
lenging, as opposed to assistance based strategies envisaged to facilitate a
task (e.g. Yoon and Ryu, 2005; Lam et al., 2008; Emken and Reinkensmeyer,
2005).

� virtual-reality based: a haptic interface is used to simulate speci�c environ-
ments and/or activities (e.g. Schmidt et al., 2005b; Zimmerli et al., 2009).

� non-contact coaching based: a mobile robotic coach, making no physical
contact, encourages the patient (e.g. Mataric et al., 2007).

For a robotic device the terms assistance and challenge both relate to the way
in which the device physically interacts with the patient in order to accomplish
a certain task. As such they de�ne a spectrum of possible control strategies that
could apply to di�erent patients with di�erent impairment levels or to a single
patient throughout his/her recovery. Challenge based strategies in robotic therapy
are often based on the device providing resistance against movements or amplify-
ing movement errors with respect to a reference trajectory (Marchal-Crespo and
Reinkensmeyer, 2009). These challenge based strategies are likely to be more e�ec-
tive in mildly a�ected patients and, especially in gait recovery, these would require
a combination with an assistance based strategy to safely support patients with un-
su�cient strength and/or motor control. In this work and in the following overview
focus is on assistance based strategies.

A suitable way of di�erentiating between assistive control strategies is in terms of
the activity level of the robot and the human-in-the-robot (Veneman et al. (2007)).
At the one side of the spectrum of possible assistive control strategies one can en-
visage a system that is controlled to minimally interact with the human (patient-
in-charge), at the other the system is controlled to, at least partly, take over human
function (robot-in-charge). The e�ectiveness of either strategy will likely depend on
the residual strength and motor control of the patient: severely impaired patients
would rather require a robot in a robot-in-charge mode to ensure safety and conti-
nuity of movements, whereas patients with su�cient walking ability would bene�t
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more from a device in a patient-in-charge mode that only intervenes when required
during movements initiated and largely controlled by the patient. The ideal lim-
its of the assistance level scale, namely full assistance (100% robot-in-charge) and
zero assistance (100% patient-in-charge), respectively correspond with the robot
providing the required power to generate its own and the patient's motion, and
with the robot perfectly compensating its own dynamics, such that the presence
of the device is not felt. Non-idealities, such as the uncompensated dynamics of
the robot, yield negative assistance and cause a shift towards a challenge based
situation as explained previously.

As discussed in the introductory chapter some properties of assistance based ther-
apy can negatively a�ect motor learning and neural recovery. The assistance in�u-
ences and eases the task to be relearned and as such it may induce a decrease of the
patient's e�ort (Israel et al., 2006) and reduced or altered motor learning (Marchal-
Crespo and Reinkensmeyer, 2008). This observation has led to a paradigm shift
in robot-assisted rehabilitation of gait towards �assistance-as-needed�. In order to
maximise assistive therapy outcome the assistive controller should assist as much
or little as needed for the speci�c task, while triggering the patient to maximise
his/her own e�orts. Initially, assistive controllers were conceived as (high feedback
gain) position-based controllers with a �xed target trajectory (Colombo et al.,
2001). Such an assisting environment does not promote nor allow patient induced
variability of the gait pattern and therefore it can be considered almost equivalent
to a pure robot-in-charge mode. With the assistance-as-needed paradigm focus
has shifted towards adaptivity of assistance, both in the targeted function/task
(task-speci�city) and in the assistance level. The adaptivity of assistance is en-
visaged between di�erent individuals, di�erent phases in therapy and also online,
within the individual training session. From the state-of-the-art overview in the
introductory chapter it is clear how the paradigm shift has in�uenced robot design
on the hardware level: compliance as a means to provide variability has found its
way to actuator design, either in the form of an intrinsically compliant actuator,
a passive compliant element in series with a sti� actuator, or a passive compliant
element alone. The following non exhaustive overview is aimed at listing some of
the di�erent ways of implementing the assistance-as-needed concept on the control
level.

Variability in assistance is generally achieved by means of one or a combination
of the following concepts:

� task/function speci�c assistance

� adaptivity of the assistance level

� adaptivity of timing

� adaptivity in space
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Task/function speci�c assistance implies that the assistance is tailored to the
gait function(s), joint(s) or limb(s) that need(s) it and in the meantime assistance is
reduced where it is useless or adverse. Hybrid force-position control has been used
to promote free motion during swing (force control) while using position control
during stance (Bernhardt et al., 2005a, Lokomat). A similar approach has been
conceived for training of the hemiparetic: position control (Bernhardt et al., 2005a,
Lokomat) or impedance control (Vallery et al., 2009, LOPES) of the impaired side
and force control of the una�ected side. Another example of task-speci�c assistance
is the use of Virtual Model Control (Ekkelenkamp et al., 2007, LOPES). A virtual
model simulates a speci�c action that needs to be performed on the patient by
means of the exoskeleton (eg. foot lift during swing, body weight support, ...).
The virtual model control is implemented by means of impedance control (in joint
space or task space) de�ning the interaction between the actual joint/limb motion
and a moving or �xed target position. For several reasons di�erent research groups
have used force control to apply the zero assistance mode (patient-in-charge mode)
also to the entire device: to record unassisted gait for use as target trajectories
in a position/impedance control scheme (Aoyagi et al., 2007, PAM, van Asseldonk
et al., 2007, LOPES) and as a reference or baseline for the assisted mode (van
Asseldonk et al., 2008, LOPES). In order to approximate the ideal zero assistance
level the robot's dynamics are modelled and partly compensated. In that case,
instead of controlling the actuator output towards zero force/torque, the interaction
forces/torques between the robot and the human are minimised.

Adaptivity of the assistance level is often accomplished by using a mea-
sure of the patient's e�ort or a measure of how well the patient performs a task
either directly as a feedback control signal or indirectly as a means to scale one or
more control parameter(s). Patient-driven motion reinforcement (Bernhardt et al.,
2005a, Lokomat) belongs to the �rst category, since a support torque is calculated
as the product of a scale factor and the (modelled) active torque exerted by the pa-
tient. In Duschau-Wicke et al., 2008 (Lokomat) the support torque, proportional to
the error between the actual and target trajectory, is recalculated at every gait cycle
by an iterative learning controller. The second category groups several variations
on the parameter scaling approach depending on the underlying control scheme. A
forgetting factor is used for instance on the PD gains of a position control scheme
(Emken et al., 2008, ARTHuR) and on an error-based learning controller (Emken
et al., 2005, ARTHuR) reducing the assistance over time and ensuring the patient
is su�ciently challenged. In Riener et al., 2005 (Lokomat) the impedance control
parameters are scaled with the patient's e�ort, such that a larger contribution of
the patient allows for larger trajectory deviations.

Adaptivity of timing is always related to adaptivity in space and vice versa,
since a gait pattern is de�ned both in space and time. Moreover, for position based
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control (eg. position control, impedance control) the timing and the amplitude of
the target trajectory a�ect the assistance level as well. Imposing a target trajec-
tory without imposing a related timing has been done by set point control or path
control. In Banala et al., 2007 (ALEX) PD set point control is used in which the
target position is only switched to the next set point if the actual position is close
enough to the current set point. In Aoyagi et al., 2007 (PAM) the target trajectory
of the PD controller is determined on the basis of the actual state of the robot and
the target trajectory of the robot de�ned in state-space. A moving window limits
candidate target trajectory points to points close to the actual state. The di�er-
ence in timing between the two points is fed to a synchronisation algorithm that
selects the appropriate target trajectory point. The approach in Duschau-Wicke
et al., 2008 (Lokomat) combines impedance control with the aforementioned set
point generation method and the use of a moving window. In addition, an auto-
matic treadmill speed adaptation algorithm changes the treadmill speed according
to an admittance control scheme, using the measured interaction force between
the human and an external �xed reference as an input. Instead of altering time
dependent trajectories, some methods generate a position dependent force �eld or
velocity �eld. The force �eld controller proposed in Banala et al., 2009 (ALEX)
displays a force tangential to a required foot trajectory inside a �virtual tunnel�, a
normal force towards the target trajectory outside that tunnel and a damping force
to limit foot velocity. In Cai et al., 2006 two velocity �eld controllers are proposed.
One has a virtual tunnel with tangential velocity inside and inward spiraling veloc-
ity outside, whereas the other has a small moving window with tangential velocity
inside and a radial velocity �eld outside pointed towards the windows center.

Adaptivity in space is either achieved by altering the target trajectory of a
position-based controller or it is intrinsic to a non-position-based controller (eg.
force controller). The aforementioned force �eld and velocity �eld controllers are
examples of the latter: the actual position can vary almost freely within the bound-
aries of the virtual tunnel. The force controllers discussed in the paragraph about
task/function speci�c assistance also allow for patient-induced gait pattern adapta-
tion. The same goes for the impedance controllers used in Lokomat (Riener et al.,
2005), LOPES (Veneman et al., 2007) and WalkTrainer (Stau�er et al., 2009) and
for the position controllers implemented in devices with intrinsically compliant or
backdriveable actuators (ARTHuR, PAM, POGO (Reinkensmeyer et al., 2006)).
Di�erent target trajectory adaptation algorithms for position-based control have
been proposed in Jezernik et al., 2004. These algorithms calculate a target gait
pattern adaptation that minimises the active patient torque. In Vallery et al.,
2009 the target trajectory of the impedance controller for the impaired leg is based
on the recorded motion of the unimpaired leg fed to a so called �complementary
limb motion estimation� algorithm. This allows for a patient-induced adaptation
of gait both in space and in timing. The use of surface EMG sensors in a so called
proportional myoelectric control should be mentioned as well (Gordon and Ferris,



90 CHAPTER 3

2007; Lee and Sankai, 2002). Providing an output torque proportional to processed
EMG signals indirectly puts the human in control of the timing and the level of
assistance. EMG-based torque control thus �ts in the previous categories as well.

3.1.1.2 Control of pneumatic muscle actuators

Position and tracking control Most of the research in pneumatic muscle con-
trol has been focused on position and tracking control. If the system consists of
antagonistically con�gured muscles, these controllers invariably use some form of
the ∆p-approach (see section 3.3.1.1) to make the number of controller outputs
equal to the number of degrees of freedom. Conventional PID position control has
often been used for pneumatic muscle systems (Caldwell et al. (1993); Tondu et al.
(1994); Caldwell et al. (2001); Caldwell and Tsagarakis (2002); �itum and Herceg
(2008)), sometimes complemented with a feedforward term in the controller. Mod-
i�ed versions of PID control have been reported in Schröder et al. (2003); Thanh
and Ahn (2006a,b). The fact that the muscle parameters are usually not very well
known has led several authors to propose adaptive controllers, as in Nouri et al.
(1994); Medrano-Cerda et al. (1995); Caldwell et al. (1995). Lilly (2003); Zhang
et al. (2007) also propose adaptive controllers for pneumatic muscle systems, but
their work is purely simulation based. The di�culty in modelling systems actuated
by pneumatic muscles has led to a lot of controllers that use soft computing meth-
ods (i.e. neural networks, fuzzy logic, evolutionary algorithms, ...), as reported in
Hesselroth et al. (1994); van der Smagt et al. (1996); Eskiizmirliler et al. (2001);
Carbonell et al. (2001a); Balasubramanian and Rattan (2003b); Chang and Lilly
(2003); Balasubramanian and Rattan (2005); Chang et al. (2006); Yamazaki and
Yasunobu (2007). Because of its robustness, sliding mode control has received a
lot of attention as well, mostly in simulation based studies (Sira-Ramírez et al.
(1996); Cai and Yamaura (1996); Repperger et al. (1998); Cai and Dai (2000);
Raparelli et al. (2001); Carbonell et al. (2001b); Cai and Dai (2003); Lilly and
Quesada (2004); Lilly and Yang (2005); Yang (2006)), but experimental work has
been reported as well (Nouri et al. (1994); Hamerlain (1995); Tondu and Lopez
(2000); Chettouh et al. (2006, 2008a,b); Van Damme et al. (2009b)). Computed
torque or inverse dynamics control was used in Verrelst (2005); Hildebrandt et al.
(2005); Vanderborght et al. (2006b); Verrelst et al. (2006b); Vanderborght et al.
(2008a). Various other forms of nonlinear control have also been proposed, see
Kimura et al. (1997); Carbonell et al. (2001b); Hildebrandt et al. (2002); Asche-
mann and Hofer (2006); Schindele and Aschemann (2008). In the work reported in
Van Damme et al. (2009a) proxy-based sliding mode control is applied to achieve
good trajectory tracking while ensuring a safe response to perturbations.

Force or torque control PID-based torque control based on joint torque
measurements has been used in Tsagarakis and Caldwell (2003); Caldwell and
Tsagarakis (2002); Costa and Caldwell (2006) for robot-assisted rehabilitation.
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Sardellitti et al. (2007) proposes torque control based on pneumatic muscle force
measurements, while Schröder et al. (2003) presents a controller with inner torque
loop that is entirely model based, i.e. it doesn't use force or torque sensors. Norit-
sugu and Tanaka (1997) have presented an impedance controller using a force
sensor in the tool-center point. Veneman (2007) proposes a linear block-oriented
force controller based on feedback linearization.

Compliance control Since in an antagonistic setup two muscles control a single
degree of freedom, it is possible to control compliance (the inverse of sti�ness) in
addition to position or torque. Simultaneous position and compliance control is
presented in Clapa et al. (2006); Mao et al. (2006); Vanderborght et al. (2008b),
and adaptive simultaneous position and compliance control in Tonietti and Bicchi
(2002).

Open loop control As already noted by Inoue (1987), pneumatic muscle sys-
tems can be controlled without feedback, using only model-based feedforward con-
trol. This idea has been applied in Balasubramanian and Rattan (2003a); Sugar
et al. (2007).

3.1.2 Challenges

In this work, controller design is faced with several important challenges related to
the application, a powered knee exoskeleton for robot-assisted gait rehabilitation,
and to the speci�c use of pneumatic art�cial muscles.

An aspect of primary concern is safety. The general notion of safety covers a
broad range of requirements with respect to hardware design, (control) software
design and user protocols. The use of actuators with built-in mechanical com-
pliance is an important safety measure on the level of hardware design. Hence,
the behavior of the powered joint in response to an external torque will always be
inherently compliant, regardless of the bandwidth of the controller. Nonetheless,
the controller greatly in�uences the system's response and overall safety as well.
Therefore, it may not counteract the intrinsic compliant behavior of the system.
In addition the controller should ensure stability of the combined system of the
robot and the human. Treating the stability of this coupled human-robot system
is di�cult for several reasons. The system is nonlinear and timevarying and it is
characterised by large uncertainties due to the human that is part of the system.
From the viewpoint of the robot, the environmental conditions (inertial, sti�ness
and damping properties of the joint, properties of the coupling) determined by the
human vary constantly. As a consequence, a de�nition and analysis of stability
is far more complex than it is the case for well-determined, time-invariant linear
systems.
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Another challenge is synchronising the device's behavior with the human. Ac-
cording to the assistance-as-needed concept the assistance should blend in with the
patient's residual strength and motor control. This is especially the case for a uni-
lateral device with a single powered joint, as considered in this work. Such a device
(inter)acts locally, but a�ects the patient's gait globally and thus it should ideally
collect global information to tune its assistance. In the case of a position-based
control strategy the problem of tuning the level and the timing of the assistance
boils down to what the target trajectory should look like, how it should be timed
and how the feedback gains are to be set.

A third challenge concerns the translation of control concepts into di�erent func-
tionalities of the device and vice versa such that these concepts become transparent
and useful to the device operator. Ultimately, the intended operator of the reha-
bilitation device, the physiotherapist, should be able to operate it in view of a
rehabilitation target without any knowledge of low-level implementation.

The use of pneumatic arti�cial muscles brings about essential advantages, but also
makes controlling the system more challenging. This is mainly due to the actuator's
nonlinear characteristics, model uncertainties and the pressure dynamics. More
speci�cally, one is confronted with the following:

� The nonlinear torque-angle characteristic of the PPAM powered joint: the
torque output of the PPAM does not only depend on gauge pressure, but
also varies nonlinearly with joint angle.

� The nonlinear compliance characteristic of the PPAM powered joint: the
compliance of the joint is a nonlinear function of the gauge pressures and the
joint angle.

� Hysteresis in the force-contraction relation of a PPAM: PPAMs display, al-
beit less pronounced compared with McKibben type muscles, hysteresis in the
exerted force (the muscle's exerted force is higher during elongation than dur-
ing contraction). A di�erence of about 5% is typically observed (Van Damme
et al., 2008). In an antagonistic con�guration, the hysteresis errors of each
side add up, instead of compensating one another, since muscle contraction
variations have opposite signs, regardless of the direction of rotation of the
joint.

� Uncertainty on the geometrical parameters of the PPAM: the actual uncon-
tracted length l0 and minimal radius R of a PPAM do not exactly match the
design values and they are di�cult to determine.

� Inaccurate knowledge of the valve dynamics: the used servo valve is a priori
a black-box system.
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� Relatively slow pressure dynamics: relatively large time delays (over 100ms
for large pressure steps) are observed between a control signal step being
fed to the valve and the muscle pressure reaching steady-state. Many factors
in�uence pressure dynamics: the dynamics of the valve, the pneumatic circuit,
the supply pressure level, the volume change of the PPAM.

� The coupling between muscle gauge pressure and kinematics of the joint: the
gauge pressure inside the muscle changes with inlet/outlet �ow, but also with
joint angle due to the changing muscle volume.

3.1.3 Approach

In this work two complementary control strategies are investigated. A torque con-
troller is conceived to display an unassisted (patient-in-charge) mode and a trajec-
tory tracking controller to display a safe assisted (robot-in-charge) mode.

Apart from serving as a baseline for evaluating the e�ects of robotic assistance,
the patient-in-charge mode allows for the recording of target trajectories to be used
in the trajectory based robot-in-charge mode. Additionally, the torque controller
may serve as an inner torque control loop for the outer position control loop of the
robot-in-charge mode. The torque control is achieved by means of conventional PI
control using force sensor feedback combined with a feed forward term based on
the actuator model. This controller is described in section 3.3.

For the robot-in-charge mode a system is envisaged that safely allows for tra-
jectory deviations by combining the actuator's built-in compliance with a suitable
trajectory tracking controller. The combination of trajectory tracking and a safe re-
sponse to perturbations can be achieved with Proxy-based Sliding Control (PSMC,
Kikuuwe and Fujimoto, 2006). This has been demonstrated experimentally in
Kikuuwe and Fujimoto (2006) for a manipulator powered by electric drives and in
Van Damme et al., 2009a for a manipulator arm powered by pleated pneumatic
arti�cial muscles. Section 3.4 explains the characteristics of PSMC and describes
the functional interpretation and required modi�cations when applying PSMC to
robot-assisted gait training with KNEXO. The topic of trajectory generation and
synchronisation is discussed separately in section 3.5. The models used in the
control software and in simulations of the system are explained in section 3.2.

3.2 Modelling

3.2.1 Parameter estimation

Straightforward static models were used to relate the input and output voltage
signals of the control software to the physical quantities of interest, namely the



94 CHAPTER 3

muscle gauge pressures, the valve pressures, the forces applied to the force sensors
and the actuator torque.

3.2.1.1 Pressure sensors

The di�erential pressure sensors have a rated output voltage span of [0.5 − 4.5]V
for a gauge pressure span of [0 − 5] bar. Since they are susceptible of fabrication
o�set errors a calibration with a measurement standard has been performed using
the standard linear relation between voltage Vp and gauge pressure p:

p = c1pVp + c0p. (3.1)

Coe�cients c0p and c1p have been determined using a least squares estimate (see
table 3.1).

3.2.1.2 Valves

The servo valves produce 1 bar pressure per volt input signal. This gain can be
considered constant, but pressure o�set variations (up to 0.1 bar) are observed
depending on the internal operating temperature of the valve. This temperature
dependency is not modelled, but dealt with by recalibrating the o�set by means of
the di�erential pressure sensor. The relation between the valve output pressure p
and the valve control signal voltage Vv is described by

Vv = c1vp+ c0v, (3.2)

and c0v is recalculated in a short calibration procedure prior to every experiment
performed with the device to take into account o�set variations due to temperature.
Coe�cient c1v has been determined using a least squares estimate (see table 3.1).

3.2.1.3 Force sensors

The custom made strain gage force sensors have been calibrated in a force test
bench (Instron 4505H2267 electro-mechanical, [0−10] kN , 0.2% relative accuracy).
A standard linear model relates the force Ffs acting on the sensor to its output
voltage Vfs:

Ffs = c1fsVfs + c0fs. (3.3)

The output voltage is measured at the output of the signal conditioner/ampli�er,
set up as explained in section 2.5.2.3. Coe�cients c0fs and c1fs have been deter-
mined using a least squares estimate based on data originating from several load
cycles on the test bench between [0 − 2500]N (see table 3.1). In order to verify
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p1 p2 Vv,1 Vv,2 Ffs,1 Ffs,2

c1x 1.272 1.269 1.012 0.998 312 332

c0x −0.651 −0.658 [0.150... [0.050... −[145... −[35...

0.250] 0.150] 175] 65]

Table 3.1: Estimated gains and o�sets for pressure sensors, valves and force sensors.

Figure 3.1: Force sensor signal long term stability: relative force deviations and rel-
ative voltage deviations with respect to average over a period of 17 hours (colormap
indicates evolution in time from green�magenta). For each sensor the estimated
gain c1 is indicated by the slope of the grey line.

the short and long term stability of the voltage signals, measurements have been
performed with a constant load (�xed mass) during short (a few minutes after
power-on) and long periods (1-3 days). Figure 3.1 shows relative variations of the
force measured by the test bench and the sensor output voltage with respect to the
average signal values over a period of 17 hours (1 measurement/minute). The time
of measurement is indicated by a colour map (green�magenta). Variations should
be evaluated with respect to the estimated gain c1fs of the sensor indicated by
the grey line. Consecutive measurements tend to lie along virtual lines with sim-
ilar slope. Long term variations are limited to about 1-2%. Figure 3.2 shows the
force sensor signal quality with respect to short term variations at zero load. The
large spikes in the blue (un�ltered) signal, which are also apparent from �g. 3.1,
are due to high-frequency noise (> 1 kHz) originating from the ampli�er circuit.
Since the sample frequency is 1 kHz, the high frequency noise is downsampled and
distributed over the entire measurable frequency range. By means of a passive low
pass �lter the noise level is reduced signi�cantly (reduction of variance: 0.9N2 �
0.06N2) . The o�set parameter c0fs is recalculated in a short calibration procedure
prior to every experiment performed with the device.
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Figure 3.2: Force sensor signal quality: force sensor measurements based on voltage
readings fed to eq. 3.3. With (red) and without (blue) passive low pass �lter.

3.2.1.4 Actuator torque

It was shown previously in section 2.3.5.2 of chapter 2 that the actuator torque can
be written as a function of gauge pressures,

τ(q) = p1mτ1(q) + p2mτ2(q), (3.4)

with mτi(q) the so called torque functions depending on the PPAM's geometry,
the con�guration and the four bar linkage, and as a function of the muscle forces,

τ(q) = F1r1(q) + F2r2(q), (3.5)

with ri(q) the lever arms depending on the con�guration and the four bar linkage.
Alternatively, the actuator torque can be written as a function of the forces Ffs,i,
acting on the couplers of the four bar linkages and measured by the force sensors:

τfs(q) = Ffs,1r”1(q) + Ffs,2r”2(q), (3.6)

with r”i(q) the lever arms of the couplers given by r”i(q) = (ODi ×DiGi).1z (see
�g. 2.24 for notations). To avoid solving the linkage equations (see appendix A)
the functions r”i(q) are approximated by a polynomial as given by

r”i(q) = c5q
5 + c4q

4 + c3q
3 + c2q

2 + c1q + c0, (3.7)

with coe�cients c0 . . . c5 corresponding with the least squares estimate based on
theoretical lever arm data (see table 3.2).

Due to uncertainties on the muscle geometry and on the initial muscle contraction
set during the assembly of the actuator system, deviations between the theoretical
and the actual torque functions can be expected, as reported in Verrelst (2005);
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c5 c4 c3 c2 c1 c0
r”1 [10−3] 0.6213 1.396 −4.273 −12.21 13.07 53.74
r”2 [10−3] 0.1770 0.06602 −3.628 5.177 13.31 −24.43
mτ1 0.9082 −5.376 −36.46 −71.99 −55.02 5.344
mτ2 −5.557 −25.80 −41.93 −28.54 −17.36 −17.24

Table 3.2: Estimated polynomial coe�cients for lever arm functions and torque
functions.
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Figure 3.3: Torque function approximation for the extensor (left) and �exor (right)
side of the actuator system: theoretical torque function by design (blue), torque
function �t (eq. 3.8) based on measurements (red) and theoretical torque function
approximation of the experimental �t (green).

Van Damme (2009). To remedy these deviations and to avoid solving the PPAM
equations (see section 2.3.2.2) and the linkage equations (see appendix A) each
torque function mτi(q) is approximated by

mτi(q) = c5q
5 + c4q

4 + c3q
3 + c2q

2 + c1q + c0, (3.8)

with coe�cients c0 . . . c5 corresponding with the least squares estimate based on
measured data (see table 3.2). The measured data, i.e. joint angle q, muscle
pressure pi and force Ffs,i relate to the torque function mτi(q) as given by

mτi(q) =
Ffs,ir”i(q)

pi
.

The �tted torque functions (red) are shown in �g. 3.3 and compared with the
theoretical torque functions (blue) as calculated in section 2.3.5.

When comparing these functions, one should note that the experimental �t does
not account for the hysteresis that is present in the PPAM's output and in the
measurement data that has been �tted. As such it provides an underestimation of
the output during muscle extension and an overestimation during muscle contrac-
tion. The di�erence in the hysteretic output can typically attain 5%. Accurately
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modelling this hysteresis e�ect is di�cult, since it requires the hysteretic state of
the muscle (initial conditions) to be known at start up (Van Damme, 2009).

Also, it should be noted that the experimental �t is more susceptible to errors in
the range of small contraction levels (large �exion angles for the extensor PPAM
and small �exion angles for the �exor PPAM) corresponding with high muscle
forces and low muscle pressures.

As previously mentioned, the discrepancy between the designed and measured
characteristics can be partially attributed to di�erences between the designed and
actual values of muscle geometry (l0, R) and initial contraction (ε0). This is il-
lustrated by the theoretical �t (green) that is found by applying small deviations
to the aforementioned design parameters underlying the designed characteristic
(blue). Both theoretical �ts in �g. 3.3 result from a reduction of the parameters
with 4ε0 = −1%, ∆l0 = −0.001m and ∆R ≈ −0.001m, which are rather small
and thus realistic parameter variations.

The large deviations for the extensor side at small �exion angles cannot be ex-
plained on the basis of the previous �ndings, but are due to a fabrication �aw. In
spite of this, it was decided not to manufacture a substitute. Priority was given
to implementing control strategies and performing experiments with healthy and
impaired subjects with the actuator system as-is.

3.2.2 Simulation models

3.2.2.1 Mechanical model

Although the exoskeleton has one single powered degree of freedom (DOF), the cou-
pling with the human body makes that the combined human-robot system requires
quite elaborate and relatively complex models in order to accurately describe its
dynamics. A 2D multi-body model of the human body alone that captures bending
of the toes for instance, as suggested in �g. 2.3, would require a total of 9 body
segments to be included. Besides the number of DOFs, one should decide on how to
model the di�erent joint torques or joint movements produced by the (un)impaired
human and the interface between the human and the robot as well.

The approach followed in this work puts the focus on the principal functions of the
(un-)assisted human knee joint, i.e. toe clearance during swing and limb support
during stance, by means of simpli�ed models of the human-robot system. The main
objective of the simulations is to gain a qualitative insight into the performance
to be expected from the controlled device and into the major points of attention
when moving towards experiments.

For the mechanical model two gait phases are considered separately: the swing
phase and the single support period of the stance phase of the leg to which the
exoskeleton is attached. For both phases under study a 2 DOF link model bound
to the sagittal plane is used.
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Figure 3.4: Mechanical model for the swing phase: 2 DoF link model (right) of the
swing leg and the powered knee exoskeleton (left).
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Figure 3.5: Mechanical model for the stance phase: 2 DoF link model (right) of
the stance leg and the powered knee exoskeleton (left).
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The models applying to the swing phase and the single support phase are illus-
trated by �g. 3.4 and �g. 3.5 respectively. It is assumed that the human-robot
coupling is rigid and that the center of mass Gi of each link is located on the link.

In the model for the swing phase (see �g. 3.4) the upper body link is considered
�xed. Motion of the foot relative to the lower leg is not taken into account. The
mass, the center of mass and the moment of inertia about 1z of the upper and
lower leg link account for the respective human body segments (anthropometric
data taken from NASA (1978)) as well as for the respective exoskeleton segments
(estimations based on measurements and CAD). The equations of motion of this 2
DOF link model can be written in the following form:

H(q)q̈ +C(q, q̇)q̇ +G(q) = τ . (3.9)

In this equation q = [q1 q2 ]T is the vector of joint angles and τ = [τ1 τ2 ]T is
the vector of �actuator� joint torques as indicated in �g. 3.4, H(q) is the inertia
matrix, C(q, q̇) is the centrifugal matrix and G(q)= [G1 G2 ]T is the vector of
gravitational torques acting in the joints. Each �actuator� joint torque τi is the
net result of all torques τhum produced by the human actuators (see section 2.2.2)
and all torques τexo produced by the exoskeletal actuators at that joint. At the
hip joint the only contribution is produced by the human (τ1 = τhum), whereas at
the knee joint both the human and the exoskeleton contribute to the joint torque
(τ2 = τexo + τhum).

The model for single support stance (see �g. 3.5) assumes that the foot is �xed in
space and considers the lower and upper leg segments as previously explained for
the swing phase. Unlike in the previous model, the upper body and the swing leg
are simpli�ed into a single point mass located in the hip joint with mass m3 and
moment of inertia Iz,G3 . This yields the inverted con�guration of the 2 DOF link
model depicted in �g. 3.4. The equations of motion of this model can be written
in the same form as given by eq. 3.9, using the parameters as de�ned in �g. 3.5.
At the ankle joint the actuator torque is produced by the human (τ1 = τhum) and
at the knee joint the actuator torque combines the torque generated by the human
and by the exoskeleton.

The exoskeleton torque τexo is produced by the actuator system according to the
approximation described in section 3.2.1. The human torque τhum is modelled
depending on the case under study, as will be explained in the parts dedicated to
simulation results in sections 3.3 and 3.4.

3.2.2.2 Pressure dynamics

The pressure dynamics model should at least re�ect the principal characteristics of
the entire pressure supply system consisting of the muscles, tubing, the valves and
the supply bu�er.
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Figure 3.6: Open system pressure dynamics model: white-box model (a) and black-
box model (b) of valve-tubing-supply system.

Hence, as mentioned in section 3.1.2, the pressure dynamics are relatively slow
and therefore determinant in the dynamics of the actuator system's output. In Ver-
relst (2005) a thermodynamic model is proposed of a pneumatic system consisting
of a PPAM. The system is modelled as an open thermodynamic system, where the
control volume is de�ned as the muscle with tubing and where the ori�ce of the
inlet/outlet valve is de�ned as the inlet/outlet to the control volume. Figure 3.6.a
depicts a schematic of the system. The pressurised air inside the control volume
is considered as an ideal gas, uniform over the control volume, and its thermody-
namical state is determined by the absolute pressure P , volume V , temperature
T and mass m. The variation dP of the pressure P follows from the �rst law of
thermodynamics applied to the control volume, resulting in (Verrelst (2005))

dP =
n

V
(−PdV + rTsdmi − rTdmo), (3.10)

where r is the dry air gas constant ( 287 Jkg−1K−1), Ts the supply air temperature,
mi and mo the air mass �owing through the inlet and outlet respectively, and n
the polytropic coe�cient. A valve model should then be added that describes the
dynamics of the mass �ow(s) through the valve(s).

An alternative approach, reported in Van Damme et al. (2009a), does not rely on
a white-box model of the valve-tubing-supply system. It starts from the model in
eq. 3.10 and groups the pressure change contributions due to a change of volume
(dPdV ) and to a change of air mass (dPdm) such that

dP = dPdV + dPdm

= −nP
V
dV + dPdm. (3.11)

One should note that the contribution dPdV has been introduced previously in the
derivation of the compliance characteristic of the PPAM (see section 2.3.2.2).
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Replacing in�nitesimal variations (d•) with time derivatives (•̇) in eq. 3.11 and
taking into account that P = p + PATM holds and that the change of the muscle
volume is related to the change of the joint angle q, leads to

ṗ = −n (p+ PATM )
V

dV

dq
q̇ + ṗdm. (3.12)

The e�ect on muscle pressure of the servovalve's air mass �ow is approximated by
a black-box �rst-order model as given by (Van Damme et al., 2009b)

ṗdm = − p

Tv
+
pd
Tv
, (3.13)

where pd is the desired muscle gauge pressure and Tv is the time constant of the
valve system. Combining eq. 3.12 and eq. 3.13 yields the approximated pressure
dynamics

ṗ = −n (p+ PATM )
V

dV

dq
q̇ − p

Tv
+
pd
Tv
. (3.14)

3.3 Torque control

3.3.1 PI torque control with model based feedforward

The system output variable to be controlled, the actuator torque, can be written
as a function of the system input variables, the gauge pressures, as given by the
established torque formula

τ(q) = p1mτ1(q) + p2mτ2(q). (3.15)

Hence, an in�nite number of pressure value pairs satis�es this formula and therefore
an additional equation needs to be included that, together with eq. 3.15, yields
one single solution for p1 and for p2.

3.3.1.1 ∆p-approach

An additional equation can be found by considering the intrinsic joint sti�ness K
(see section 2.3.4.1, eq. 2.40) as an additional system output. The set of equations
relating them to the system input variables p1 and p2 is given by{

τ = p1mτ1 + p2mτ2

K = p1K1 + p2K2 + PATMKATM

. (3.16)

Alternatively, instead of considering an additional system output, a set of interme-
diate control variables, namely pm and ∆p, can be used such that
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{
p1 = pm + ∆p
p2 = pm −∆p

(3.17)

holds. This so called ∆p-approach (Inoue, 1987) de�nes a mean pressure pm for
both muscles and a pressure di�erence ∆p. The main advantage of this approach
is that the pressures can be easily set in a way that the entire allowable pressure
range can be covered by the controller. This is the case when pm = pMAX/2. At
this set point the controlled system can achieve the entire feasible torque range
regardless of the joint angle by means of the proper ∆p. The torque τ can thus be
set according to

{
τ = pm(mτ1 +mτ2) + ∆p(mτ1 −mτ2)
pm = pm

, (3.18)

which, given eq. 3.17, is equivalent with

{
τ = p1mτ1 + p2mτ2

pm = p1+p2
2

. (3.19)

Besides ∆p and pm one could consider other intermediate control variable pairs, as
long as they are a function of the system input variables p1 and p2. For instance ∆p
and Fm, the mean pulling force of the muscles (as considered by Sardellitti et al.
(2007)), or ∆p and Cm, the mean torque amplitude of the muscles. In the case
of non-symmetrical muscle con�gurations (di�erent force/torque characteristics for
each side) it is less straightforward to cover the entire torque range with these
variables than it is the case with pm, since their set points need to be adapted with
the joint angle and with the required torque. Therefore the ∆p-approach has been
implemented in all controllers used in this work.

3.3.1.2 Controller

Given a set point for the mean pressure pm, the torque controller calculates the
appropriate ∆p such that the actuator torque τ matches the desired torque τd. In
the absence of modelling errors, the appropriate ∆p, denoted by ∆pFF , is straight-
forwardly found by means of the model-based torque formula in eq. 3.20:

∆pFF =
τd − pm(mτ1 +mτ2)

(mτ1 −mτ2)
. (3.20)

A feedback term, denoted by ∆pPI , consisting of a proportional and an integral
error term, is added to compensate the output for the model errors in eq. 3.20:



104 CHAPTER 3

robot

p

+
+

+
+

-
+

Pm

servo 
valve

servo 
valve

+
-

pFF

pPI p

p1d

p2d

p1

p2

Ffs,2

Ffs,1

d

Ffs,i

kp

∫ ki

+
+

TORQUE CONTROL SYSTEM p1sv

p2sv

Figure 3.7: Control scheme of the implemented PI torque controller with model-
based feedforward.

∆pPI = kp(τd − τ) + ki

t1∫
t0

(τd − τ)dt, (3.21)

where τ is the torque based on force sensor measurements as given by eq. 3.6 and
kp and ki are the proportional and integral gain respectively. The integral term is
bound to avoid integral wind up. Addition of the feedforward and feedback terms
yields the control law for the torque controller output:

∆p = ∆pFF + ∆pPI . (3.22)

The control scheme is depicted in �g. 3.7.

3.3.2 Performance evaluation

The purpose of the torque controller is twofold: to serve as an inner torque control
loop that tracks the torque set point of a trajectory controller and to display an
unassisted mode for the exoskeleton by controlling the actuator system output
towards zero torque. In the following sections the performance of the controller
with regard to torque tracking and displaying zero torque is discussed.

3.3.2.1 Torque tracking

In order to gain insight in the torque tracking performance of the controller, the
dynamic response of the controlled actuator system in isometric conditions (q̇ = 0)
has been investigated on the test setup depicted in �g. 3.8.

For linear systems the dynamic response is often characterised by the bandwidth
de�ned on the basis of transfer function measurements (frequency response function
(FRF) measurements).
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Figure 3.8: Test setup for control performance evaluation.

Provided a known periodic excitation signal with period T , denoted u(t), fed to a
linear system g(t) and a measured system output signal y(t), the frequency response
function value G(jωk) at frequency fk is calculated as

G(jωk) =
Y (k)
U(k)

, (3.23)

where U(k) and Y (k) are the discrete Fourier transform values at frequency fk of
u(t) and y(t) respectively, ωk = 2πfk and fk = k/T with k = 1 . . . F∈ N (Papoulis,
1962). The bandwidth is the frequency fk at which the magnitude spectrum of
G(jωk), expressed in dB (20 log10()), drops by 3 dB relative to the magnitude near
0Hz. The magnitude of G(jω) at this −3 dB point corresponds with 70.7% of the
magnitude at fk = 0.

In the case of the controlled actuator system the input signal is a desired torque
trajectory u(t) = τd(t) and the output signal is the measured actuator torque
y(t) = τ(t). The system under study is, however, nonlinear: the system's response
depends on the amplitude of the input signal u(t) or, in the frequency domain, on
the magnitude and phase of the spectral content of u(t) (i.e. U(k), k = 1 . . . F ).
This is due to the underlying nonlinear relationship between valve pressure set point
and measured muscle force as reported in Davis et al. (2002) for an isometric setup
of a McKibben type muscle and in Versluys et al. (2009b) for an isometric setup of
a PPAM. Consequently, the function as calculated by means of eq. 3.23 is not an
input-independent characteristic of the system and since the aforementioned −3 dB
point varies with the input signal, it does not characterise the system's dynamic
response.
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Figure 3.9: Multisine input signal: normalised time domain signal (top) and its
magnitude spectrum (bottom) with τO = 0Nm and fk ∈ [0.1 20]Hz.

In order to study the in�uence of the amplitude of the input signal's spectrum and
of the controller settings on the dynamic response of the system eq. 3.23 was still
used to capture the input-output relation of the system in the frequency domain.
One should bear in mind that these results cannot be generalised, regardless of the
input signal. The input signal that was used here is based on a Schroeder multisine
signal s(t) given by

s(t) =
F∑
k=1

A cos(2πfkt+ φk), (3.24)

where φk are the Schroeder phases de�ned by φk = −k(k + 1)π/F (Pintelon and
Schoukens, 2001). This signal has a �at spectrum in the user-de�ned frequency
band [f1 fF ], for which fk = lk/T with lk ∈ N and T being the period of the
multisine signal. The phase relations of the harmonically related sine waves are
such that the signal's crest factor (the ratio of the signal's peak value to the signal's
rms value) is lower compared with a random phase multisine signal. The frequency
lines were chosen according to lk = 1 . . . F , the peak value was scaled to τA and an
o�set τO was added to obtain the input signal τd(t) given by
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Figure 3.10: In�uence of the input signal's amplitude on the system's dynamic
response: magnitude spectrum (top) and phase spectrum (bottom) of G(jω) for
di�erent values of τA.

τd(t) = τA
s(t)

max(abs(s(t)))
+ τO (3.25)

(see �g. 3.9). The normalised input signal in �g. 3.9 for instance is obtained by
setting τO = 0 Nm and choosing the period T = 10 s and F = 200 such that
lk = 1 . . . 200 and fk ∈ [0.1 20]Hz. In the performed experiments, multiple periods
of the multisine signal are fed to the system sequentially and the retrieved output
signal is averaged over all periods in the time domain prior to applying the Fourier
transformation and calculating the ratio of the averaged output spectrum over the
input spectrum according to eq. 3.23. The magnitude of this ratio will be referred
to as the (input-dependent) gain of the system. Unless noted otherwise the con-
troller settings during these experiments are kp = 0.1 bar/Nm, ki = 0.05 bar/Nm.s
and pm = 1.5 bar, and the joint angle is �xed at 30°.

As expected the input signal's amplitude indeed in�uences the gain of the system,
as can be seen in �g. 3.10. Ideally, the magnitude (dB) and phase (°) are both zero
regardless of the input signal. For frequencies above a certain frequency band the
magnitude drops and the phase lag between output and input signal increases more
rapidly. This frequency band decreases with increasing input signal amplitude,
while the magnitude drop increases. The spikes in the spectra are due to system
nonlinearities and not to measurement noise, as the standard deviation on a series
of response measurements was found to be around −[50− 60] dB.
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Figure 3.11: In�uence of the mean pressure on the system's dynamic response:
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Figure 3.13: In�uence of the controller's feedforward term on the system's dynamic
response: magnitude spectrum (top) and phase spectrum (bottom) of G(jω) in case
the feedforward term ∆p is turned on (straight line) or o� (dotted line).

The in�uence of the input signal's o�set is not illustrated here, since it largely
depends on the pressure range that the actuator system covers while responding
to the input signal. No signi�cant in�uence has been observed for small o�sets.
Control performance does deteriorate if the required muscle pressure approaches
zero gauge pressure, since in that case the time needed to de�ate the muscle vol-
ume increases signi�cantly. This is due to the fact that the pressure di�erence
between the muscle and the exhaust that acts as a driving force for the outlet mass
�ow becomes small. Since the muscle pressure range is centered around the mean
pressure pm, the latter should be chosen such that pressures close to zero gauge
pressure are avoided. This can be inferred from �g. 3.11.

The in�uence of controller gains kp and ki can be observed in �g. 3.12. Omitting
the integral term has no signi�cant in�uence on the system's dynamic response
(black curve covered by green curve in �g. 3.12). It does introduce a steady
state error, however, which has been observed, but cannot be inferred from this
graph. Decreasing the proportional gain kp adversely a�ects the system gain. The
proportional gain was not increased beyond 0.15 bar/Nm, because during prior
step response experiments undesired oscillations tended to occur at higher gain
settings. The grey curve shows the system's response in the case of a feedforward
term only (kp = 0, ki = 0).
The necessity of the model-based feedforward term ∆pFF is apparent from �g.
3.13. Especially at low frequencies the gain drops signi�cantly if ∆pFF = 0. This



110 CHAPTER 3

−1

−0.5

0
A

ng
le

 (
ra

d)

−10

−5

0    

5

10

A
ng

ul
ar

 v
el

oc
ity

 (
ra

d/
s)

0 5 10 15 20 25

−5

0  

5

T
or

qu
e 

(N
m

)

Time (s)

Figure 3.14: Actuator torque resulting from a manually imposed joint angle tra-
jectory: time domain signals of joint angle and angular velocity (top) and actuator
torque (bottom) with pm = 0.5 bar, kp = 0.1 bar/Nm, ki = 0.05 bar/Nm.s.

cannot be compensated much by increasing the controller gains since increasing kp
beyond 0.15 bar/Nm causes instability. Since the feedforward term is based on a
static model (see eq. 3.20), its added value when compared to PI control alone is
more pronounced at low frequencies in terms of the gain and it introduces a small
additional phase lag at high frequencies.

The aforementioned results have been obtained in the condition q̇ = 0. It can
be expected that the dynamic response is also dependent of q̇ in the case of the
joint angle not being constrained. As explained in section 3.2.2.2, the pressure
dynamics are in�uenced by the muscle volume change with the joint angle as well.
This in�uence will be addressed in the following section.

3.3.2.2 Zero torque

In order to evaluate the performance of the torque controller in achieving zero
actuator torque, a swept sine like motion has been imposed manually while the
torque set point was kept equal to zero. Typical time domain signals resulting
from such an experiment are shown in �g. 3.14. Considering the measured joint
angle q(t) as the input u(t) to the system and the actuator torque τ(t) as the
measured output y(t), one could study their relationship in the frequency domain,
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Figure 3.15: In�uence of controller settings on the system's dynamic sti�ness at
pm = 0.5 bar: magnitude spectrum (top) and phase spectrum (bottom).

as was done previously, by evaluating the ratio of the spectra as given by eq.
3.23. This ratio can be viewed as the system's input-dependent dynamic sti�ness.
Since the input signal is ill-conditioned (not periodic, no �at power spectrum) the
frequency domain analysis is more susceptible to errors when compared with the
multisine signal. Most of the input signal's power is concentrated in a frequency
band of [0.5−4.5]Hz and all results shown are therefore limited to this range. The
angular velocities corresponding with these frequencies typically ranged between
[0− 10] rad/s, which is the range we expect in our application (see 2.3.1 in chapter
2).

Figure 3.15 and 3.16 show the magnitude and phase spectrum of the system's
dynamic sti�ness at pm = 0.5 bar and pm = 1.5 bar respectively. A comparison
between the two mean pressure settings is made in �g. 3.17. One should note that
all frequency axes are logarithmic.

From these �gures it is clear that the torque controller (data in red and orange)
achieves a dynamic sti�ness reduction of 20�10db (i.e. about a factor 10�3) in
this frequency range when compared with the condition in which the controller is
switched o� (data in gray and black). In that condition the magnitude spectrum
is more �at and the phase spectrum lies closer to -180°, indicating that the system
rather acts as a pure mechanical sti�ness, characterised by a constant magnitude
and phase of -180°. The remaining increase of magnitude with frequency is due to
the pressure control by the valves (the pressure set points for the valves are in this
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Figure 3.16: In�uence of controller settings on the system's dynamic sti�ness at
pm = 1.5 bar: magnitude spectrum (top) and phase spectrum (bottom).
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case constant and equal to pm) and at higher frequencies this increase is expected
to saturate at the system's intrinsic sti�ness as explained in section 2.3.4.1. Curves
associated with the controller (partially) switched on are expected also to approach
that same intrinsic sti�ness level. The controlled system (data in red and orange)
rather acts as a pure damping, characterised by a magnitude increasing linearly
with log(f) and a phase of -90°. This can also be inferred from the apparent
proportionality of the torque and velocity signals in the time domain in �g. 3.14.

The feedforward term ∆pFF appears to be useful at low frequencies only, which
is in accordance with the observations made in the previous section. A magnitude
decrease of about 10 dB (orange versus green curve in �g. 3.16) at low frequencies
proves the feedforward term to be indispensable to the controller's performance in
displaying zero torque.

3.3.3 Conclusion

A torque controller was proposed for the robot joint powered by PPAMs, that uses
force sensor feedback in a standard PI control scheme and a feedforward term based
on a static model of the actuator torque. In view of its use as the inner torque
control loop of a trajectory tracking controller on the one hand and as a zero-
torque controller on the other hand, the controller's performance has been evaluated
experimentally for torque tracking in isometric conditions and zero torque tracking.
In both cases the system's dynamic response was analyzed in the frequency domain.

Due to the nonlinearity of the underlying pressure dynamics the system's response
is highly dependent of the required torque trajectory. For a multisine input signal
with a peak value of 5Nm gains between required and measured torque of above
70% were found in a frequency band up to 20Hz. In the case of a peak value
of 25Nm gains above 70% were found in a frequency band of 6Hz (over 90%
up to 3Hz). The observed performance is in the range of the actuator system
requirements listed in section 2.3.1 of chapter 2, where maximum torque amplitudes
up to 25Nm (50Nm peak-to-peak) at 3.5Hz were stated as a maximum torque
rating during slow to moderate walking.

The feedforward term proves to be essential to the controller's performance, espe-
cially at low frequencies of the required torque signal, as the feedforward is based
on a static actuator model. Since the pressure dynamics govern the system's dy-
namic response it is important to monitor the pressure range of operation in order
to avoid slow outlet �ow rates near zero gauge pressure.

Under zero torque tracking the actuator torque amplitude typically stays below
2Nm at the angular velocities expected during normal operation (up to about
5 rad/s according to the actuator system requirements in section 2.3.1 of chap-
ter 2). With increasing angular velocity (increasing frequency of the input) the
system's response is increasingly governed by the intrinsic sti�ness of the joint.
However, within the velocity range of our interest the torque controller decreases
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the system's dynamic sti�ness by a factor 10. In this range the feedforward term
almost equally contributes to the sti�ness decrease when compared with the feed-
back term, proving its necessity for zero-torque tracking as well. In chapter 4 it
will be investigated whether the sti�ness reduction achieved with the proposed
zero-torque controller is su�cient in view of unassisted walking with KNEXO.

3.4 Trajectory control

As pointed out in the introductory section, most gait assistance controllers are es-
sentially trajectory-based (e.g. position control, impedance control). Conventional
trajectory control applied to a compliant system in view of gait assistance may
lead to a conceptual mismatch. Very accurate tracking is indeed not required. In
a typical feedback scheme large perturbations trigger proportionally large restor-
ing actions, which may be undesirable and unsafe in some cases. An exemplary
case is the occurrence of spasticity of the leg muscles in persons with neurologic
disorders such as spinal cord injury, multiple sclerosis and stroke. Thus, while in
some cases, e.g. foot clearance during swing to avoid stumbling, trajectory tracking
and safety are compatible objectives, in others they can be competing. Therefore
Proxy-based Sliding Mode Control was investigated in this work, as it combines
trajectory tracking during normal operation with an appropriately slow and gentle
response to large perturbations.

3.4.1 Proxy-based sliding mode control

3.4.1.1 Introduction

Proxy-based sliding mode control (PSMC) was introduced by Kikuuwe and Fuji-
moto (2006) and tested on a 2 DOF robot powered by electric drives. Van Damme
et al. (2009a) implemented PSMC on a 2 DOF manipulator powered by PPAMs.
The manipulator is conceived as a device that carries a payload, while interact-
ing closely with a human operator. It was shown that the use of PSMC e�ec-
tively increases safety in a setting where a human-robot collision can take place
(Van Damme et al., 2010). According to Van Damme et al. (2010); Van Damme
(2009), intrinsic compliance alone is useful but not su�cient for robot safety in all
cases (e.g. large deviations from the desired position) and therefore compliance on
the hardware level should be combined with a suitable controller.

In this dissertation the e�ectiveness of PSMC in safe, compliant and adaptable
robotic assistance of gait is investigated and veri�ed experimentally. In what fol-
lows, the controller behaviour is explained and the underlying control law is given.
The deduction of the discrete time control law is given in detail in appendix B.
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Figure 3.18: Proxy-based sliding mode control applied to a 1 DOF robotic joint:
a) proxy (green) and virtual coupling, b) PSMC torque τ acting on the link (grey),
ideal sliding mode control torque τa acting on the proxy (green), PID-type virtual
coupling torque τc acting between the proxy and the link.

3.4.1.2 General concept

For easier interpretation, a 1 DOF robotic joint is considered in the horizontal
plane as shown in �g. 3.18.a. Apart from the actual link (grey), the target (red) is
depicted that de�nes the desired trajectory. In proxy-based sliding mode control
(PSMC) a virtual object or �proxy� is considered that has no mass. The proxy
(green), in this case a massless virtual robot link, is connected to the real link
by means of a PID-type virtual coupling. This PID-type virtual coupling gener-
ates an interaction torque that drives the proxy and the link towards each other.
Since there is no mechanically equivalent representation of an element generating a
proportional-derivative-integral action, the coupling is represented only by a spring
in �g. 3.18.a.

As indicated in �g. 3.18.b, there are two torques acting on the proxy: a virtual
actuator torque τa, and an interaction torque −τc due to the PID-type virtual
coupling. The virtual actuator torque τa is set by an ideal sliding mode controller
in order to track the target trajectory, while the magnitude of this torque is limited
by an adjustable torque limit parameter τLIM . The interaction torque τc exerted
by the PID-type virtual coupling on the real link is the actuator torque that is
actually set by the proxy-based sliding mode controller and applied to the link. As
a result the link is PID controlled towards the proxy, which in turn is controlled
by the ideal sliding mode controller in order to track the target.
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Figure 3.19: Controller behaviour under proxy-based sliding mode control: a)
PID-control-like (τEXT � τLIM ), b) sliding mode control-like (τEXT > τLIM ).

3.4.1.3 Controller behaviour

It is clear that a proxy-based sliding mode controller encompasses two di�erent
controllers: a PID-type controller acting between the proxy and the link, and an
ideal sliding mode controller acting on the proxy. The resulting controller combines
the behaviour of both controllers and depending on the target deviation it will either
behave largely like a PID controller or rather as a sliding mode controller. In the
case of small deviations the proxy is close to the target and, provided that the
PID gains are well tuned, the real link tracks the proxy and thus the target closely
as if it were PID controlled towards the target. In the case of large deviations
the sliding mode controller will dominate and the motion of the proxy will be
characterised by a slow and exponential convergence (while being on its, so called,
sliding surface; see 3.4.1.4) towards the target without overshoot, which is a key
property of sliding mode control. Due to the PID-type coupling the link will follow
the proxy and perform a slow recovering motion towards the target.

To gain insight in the role of the actuator torque limit τLIM in the behaviour of
the controller in the event (or absence) of external torques, a 1 DOF robotic link
in the horizontal plane is once more considered in �g. 3.19.

If the position error is small and in the absence of any external torque applied to
the link, the proxy is on its sliding surface (see 3.4.1.4) and it converges towards
the target. Since there is no external torque acting on the link, the link follows
the proxy (and the target) closely. If an external torque τEXT is applied to the
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link that is working against the actuators (see �g. 3.19.a), the link is deviated
from the proxy. As long as τEXT is such that the PSMC torque τPSMC stays
below the torque magnitude limit τLIM , the proxy can keep up with the target and
the link behaves as if it were controlled towards the target by a PID controller.
The controller's response will thus be largely determined by the PID-type virtual
coupling and by the PID gains.

If the restoring PSMC torque reaches τLIM due to an increasing τEXT and the
latter is being further increased the proxy cannot be kept on its sliding surface,
since the sliding mode controller torque saturates at τLIM . The proxy is pulled
away from the target and the link is thus further deviated from the target, while
undergoing a restoring torque with magnitude τLIM exerted by the coupling (see
�g. 3.19.b). If the external torque is removed in this state, the proxy will be driven
towards the target and once the sliding surface is reached it will slowly converge
to the target with a convergence rate that is determined by a sliding mode time
constant λ. The controller's response will thus be largely determined by the sliding
mode controller part and by the time constant λ.

Summarising the aforementioned characteristics, one infers that PSMC combines
responsive and accurate PID-like tracking during normal operation with a slow
recovery from large deviations from the target trajectory. The advantage of PSMC
over conventional PID control is that the response to a large deviation, which results
from actuator torque limitation, can be designed independently from the response
to a small deviation that can be recovered without torque limitation. In PSMC,
the small-scale response can be set as fast as conventional PID or PD control,
while the large-scale response can be set arbitrarily slow to ensure safety (Kikuuwe
et al., 2010). The transition between these two behavioural modes is determined
by a torque magnitude limit τLIM . If a disturbance exceeds this limit, the link
will be pulled away from the target trajectory while resisting the disturbance with
a torque that equals τLIM . Since τLIM in�uences the interaction torque with the
environment, setting its value may require a trade-o� between robustness against
tracking disturbances on the one hand and safety of the interaction on the other
hand.

3.4.1.4 Control law

Starting from the torque de�nitions as indicated in �g. 3.18.b and the general
concept introduced in the previous sections, the control law can be derived as
follows.

The torque exerted by the PID-type virtual coupling, denoted by τc, is given by

τc = Kp(qp − q) +Ki

∫
(qp − q)dt+Kd(q̇p − q̇), (3.26)
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where Kp, Ki and Kd are the respective PID gains. By introducing a =
∫

(qp−q)dt,
the integral can be eliminated from eq. 3.26, which leads to

τc = Kpȧ+Kia+Kdä. (3.27)

The proxy's position, on the other hand, is controlled by an ideal sliding mode
controller in order to track the target trajectory. The sliding mode control law that
is used here is given by

τa = τLIM sgn(s), (3.28)

with

s = (qd − qp) + λ(q̇d − q̇p), (3.29)

and the signum function sgn(x) de�ned by

sgn(x)

 = 1 if x > 0
∈ [−1, 1] if x = 0

= −1 if x < 0
. (3.30)

The goal of the sliding mode controller is to keep the proxy's state on a line in
state space, the so called �sliding surface�, such that s = 0. Once the proxy's
state is on that sliding surface the position error (qd− qp) will exponentially decay
to zero with time constant λ > 0, which follows from the error dynamics equation
(qd−qp)+λ(q̇d− q̇p) = 0. If the proxy is not on the sliding surface the sliding mode
controller drives it towards the sliding surface according to eq. 3.28. The torque
τLIM is the maximal torque magnitude output by the sliding mode controller. By
introducing σ = (qd − q) + λ(q̇d − q̇) eq. 3.28 can also be written as a function of
variable a, namely

τa = τLIM sgn(σ − ȧ− λä). (3.31)

The torque τc exerted by the virtual coupling is the set point, as required by the
proxy-based sliding mode controller, for the actuator torque applied to the link.
Since the proxy has zero mass, τa equals τc at all times and the actuator torque τ
required by the proxy-based sliding mode controller satis�es

τ = τc = τa. (3.32)

Combining eq. 3.32, eq. 3.27 and eq. 3.31 results in the following set of equations
for the PSMC torque {

τ = Kpȧ+Kia+Kdä

τ = τLIM sgn(σ − ȧ− λä)
. (3.33)
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Starting from eq. 3.33 a discrete time control law can be derived that can be
implemented on the system. Detailed calculations can be found in appendix B. The
resulting set of equations de�ning the control law at time step n for the torque set
point, denoted by τPSMC , as required by the proxy-based sliding mode controller
is given by eq. 3.34-3.37. Here, T stands for the sample time of the controller and
∇ stands for the backward di�erence operator such that ∇x[n] = x[n] − x[n − 1].
Implementing this control law requires the calculation of τ?PSMC [n] (eq. 3.35)
based on σ [n] (eq. 3.34) and on the value at previous time steps of the variable
a. τ?PSMC [n] is then passed to the saturation condition in eq. 3.36 to obtain the
PSMC output torque τPSMC . Finally, the value of a is updated in view of the
iteration at the next time step. It is important to note that the discontinuous
sgn (·) (see eq. 3.33) function does not appear in the controller equations 3.34-
3.37. The output is continuous, so the controller does not induce chattering in the
proxy's motion (Kikuuwe and Fujimoto, 2006).

σ [n] = (qd [n]− q [n]) + λ (q̇d [n]− q̇ [n]) (3.34)

τ?PSMC [n] =
Kd +KpT +KiT

2

λ+ T
σ [n] +Kia [n− 1]

+
(Kp +KiT )λ−Kd

(λ+ T )T
∇a [n− 1] (3.35)

τPSMC [n] =

{
τ?PSMC [n] if ‖τ?PSMC [n]‖ ≤ τLIM

τLIM
τ?

P SMC [n]

‖τ?
P SMC [n]‖ if ‖τ?PSMC [n]‖ > τLIM

(3.36)

a [n] =
1

Kd +KpT +KiT 2
((Kd +KpT ) a [n− 1]

+Kd∇a [n− 1] + T 2τPSMC [n]
)

(3.37)

3.4.1.5 Relation with other controllers

By setting λ = 0 and τLIM →∞, the controller becomes equivalent to a discrete-
time PID controller (Kikuuwe and Fujimoto, 2006). With Ki = 0 and λ = Kd/Kp

the control method can be seen as force-limited PID control, or as sliding mode
control with a boundary layer (Kikuuwe and Fujimoto, 2006). Proxy-based sliding
mode control can thus be seen as an extension of these conventional methods.

If the virtual coupling is of the PD-type (Ki = 0) then it will simulate a spring-
damper system as long as the torque stays below the torque limit. One infers that
there is a great similarity between PSMC with a PD-type virtual coupling and
impedance control (Hogan, 1985) in joint space without an inertial component.
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Figure 3.20: Analogy of proxy-based sliding mode control with other controllers
implemented in joint space: a) PSMC with PD-type coupling, b) Impedance con-
trol.

The di�erence relies in the fact that the coupling in PSMC is not directly made
with the target, but with a virtual object, the proxy, that is controlled towards
the target, as illustrated by �g. 3.20. The implementation of impedance control in
joint space (see �g. 3.20.b) in turn is similar to PD position control. The similarity
with PSMC also applies to the more conventional implementation of impedance
control in Cartesian space in the case of an n-link robot (n ≥ 2). In that case
the proxy can be a virtual massless point connected to the robot's end point by a
virtual coupling.

3.4.2 Application to robot-assisted gait

3.4.2.1 Human-robot system

When applying PSMC to the powered knee exoskeleton, one is confronted with a
system that has more complex dynamics (see �g. 3.21) than the 1 DOF robot joint
used as an example in the previous section.

In section 3.2.2.1 two separate 2 DOF link models have been proposed to model
the entire system during the swing phase and the single support phase. Extracting
from the vectorial dynamics equation (eq. 3.9) the scalar equation that applies to
the knee joint yields

H2(q)q̈ +C2(q, q̇)q̇ +G2(q) = τexo + τhum, (3.38)
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Figure 3.21: Proxy-based sliding mode control applied to a powered knee exoskele-
ton during swing phase (left) and single support phase (right).

where q = [q1 q2 ]T is the vector of joint angles (q1: ankle joint angle (single
support) or hip joint angle (swing), q2: knee joint angle), G2 is the gravitational
torque acting at the knee joint and H2 = [H21 H22] and C2 = [C21 C22] are
the 2nd row vectors of the inertia matrix H and the centrifugal matrix C of the
combined human-robot system respectively. In the right hand side one �nds the
torque exerted by the actuators (τexo) and the torque exerted by the human at the
knee joint (τhum).

A consequence of the more complex dynamics is that the functional interpretation
of the actuator torque limit in view of gait assistance is not straightforward. One
may consider the dynamics of the system consisting of the robot alone, by grouping
the left hand side of eq. 3.38 as τdyn,exo+hum and rewriting the dynamics equation
3.38 as

τdyn,exo+hum = τexo + τhum

τdyn,exo + τdyn,hum = τexo + τhum

τdyn,exo = τexo + τhum − τdyn,hum. (3.39)

Eq. 3.39 is the dynamics equation related to the exoskeleton's knee joint. In
general, the interaction torque τhum − τdyn,hum exerted by the human on the ex-
oskeleton will di�er from the actuator torque because of the exoskeleton's mass
and inertia (τdyn,exo). Having the actuator torque τexo controlled by a proxy-based
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sliding mode controller, one could envisage a role for the torque limit parameter
τLIM as a limit on the interaction torque between the human and the robot. Theo-
retically, this could be achieved by modelling τdyn,exo and using the modelled term
as a feedforward torque in addition to the feedback torque originating from the
proxy-based sliding mode controller. From this example it is clear that the use of
a (model-based) feedforward torque changes the role of the torque saturation in
PSMC.

Another consequence of the more complex dynamics is that the stability and per-
formance of the controller may not be assured. A common strategy in robot control
is to partly linearise the system by adding to the feedback term a feedforward term,
that approximates (part of) the dynamic torques required to achieve the target tra-
jectory, as mentioned previously. Here, the actuator torque set point, based on a
feedback term τPSMC and a feedforward term τFF , is thus given by

τexo = τFF + τPSMC . (3.40)

In the case of a robot joint subject to the gravitational �eld for instance, a model-
based gravity compensation term is typically used as a feedforward term to com-
pensate the gravitational torque acting on the joint. All unmodelled torque terms
and all torques due to modelling errors are considered as disturbances which the
feedback term should be able to deal with in view of stability and tracking perfor-
mance. The use of a model-based feedforward term in the control of a combined
human-robot system however is not straightforward for the following reasons:

� the inertia and centrifugal matrices and the gravitational torque vector are
di�erent for each model describing a di�erent phase of gait (swing, single
support, double. support)

� the inertia and centrifugal matrices and the gravitational torque vector ap-
pearing in the system model di�er between individuals according to stature
and weight.

� the system model is based on simplifying assumptions, e.g. rigid segments,
rigid human-robot coupling.

� the human torque τhum greatly varies between steps and trials of an individ-
ual and between di�erent individuals depending on their motor control and
strength.

The presence of the unpredictable τhum yields di�erent scenarios. If τhum ≈ 0 or
τhum is roughly proportional to the required dynamic torques an appropriate model-
based feedforward term can e�ectively decrease the amount of feedback torque
(τPSMC). Spastic leg movements, increased muscle tone and other unpredictable
irregularities on the other hand still need to be treated as unmodelled disturbances.
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Figure 3.22: Proxy-based sliding mode control applied to gait assistance: simpli�ed
illustration of assisted human knee motion (target in red, PID control-like tunnel
in light grey, sliding mode control-like torque plateau in dark grey)

3.4.2.2 Control parameters

The application of proxy-based sliding mode control to the powered knee exoskele-
ton is illustrated by �g. 3.22-3.23. In general, if a PID-type virtual coupling is
considered, the PSMC output torque depends on the actual position and velocity
errors with respect to the target knee joint trajectory and on previous position er-
rors. For an easier qualitative interpretation, one could consider a tunnel centered
around the target knee joint trajectory, in which the exoskeleton displays a PID
control-like behaviour and outside of which an actuator torque plateau exists as
suggested by �g. 3.22. If the virtual coupling were of the proportional type this
representation would have been valid.

In �g. 3.23 a section view is shown along the line AA′ as marked on �g. 3.22 and
perpendicular to the plane of that �gure. It illustrates the variation of the actuator
torque magnitude with the deviation from the target at a certain instance of time.
Here, the PID control-like output torque as a function of the deviation from the
target is represented by an arbitrary curve. In the case of a P-type coupling it
would be a straight line with a slope that equals Kp. A change of the PID gains
Kp, Ki and Kd (blue curve in �g. 3.23.a) alters the restoring torque as a function
of target deviation and generally also the width of the tunnel, whereas a change
of the torque limit τLIM (green curve in �g. 3.23.a) alters the level of the torque
plateau and thus also the width of the tunnel.
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Figure 3.23: Proxy-based sliding mode control applied to gait assistance: a) section
view along AA′ in �g. 3.22 to illustrate the e�ect of a change of the PID gains (blue)
and of a change of the torque limit (green) on the actuator torque. b) illustration
of the recovery from large deviations (1�2: reaching the sliding surface while
τ = τLIM , 2�3: exponential convergence of the proxy (green) towards the target
(red) with time constant λ).
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Assuming a �xed target and zero initial deviation in �g. 3.23.a, one infers that
under a large disturbance the system's state evolves upwards along the tunnel wall
and that once τ = τLIM is reached, the proxy is pulled away from the target while
the system is dragged further away from the target along the plateau. If at this
point, the disturbing torque is removed, the system will recover as illustrated by
�g. 3.23.b. From state 1�2 the system is subject to a torque τ = τLIM while the
proxy (green) is being driven towards its sliding surface. The actual joint follows
the proxy due to the virtual coupling. Once on the sliding surface, the proxy will
exponentially converge towards the target with time constant λ from state 2�3. If
the proxy coincides with the target again (state 3) the system's state evolves along
the tunnel wall towards the target. It should be noted that in general the target is
of course not �xed, but varies along the target trajectory as a function of time.

It is clear that the PSMC parameters (Kp, Ki, Kd; τLIM ; λ) provide the system
with the ability to display di�erent behavioural modes and that at the same time
these parameters need to be set appropriately in view of safe and functional robotic
assistance of gait. More speci�cally the following points of attention should be
taken into account with regard to

PID gains (Kp, Ki, Kd) The gains should be appropriately high such that the
required amount of assistive torque is provided. The latter implies that tra-
jectory deviations need to be kept within acceptable limits. In practice, feed-
back gains in systems powered by pneumatic muscles are relatively low to
ensure controller stability. In order to provide a su�cient amount of support
torque for weight bearing during single support, the PSMC torque should be
complemented with an appropriate feedforward torque.

Torque limit (τLIM) As the torque limit can be seen as a limit on the human-
robot interaction torque it could serve as a means to ensure interaction safety
and comfort. On the other hand safety also relates to ensuring continuity of
the gait pattern and preventing large deviations at crucial gait events such as
heel strike. Assigning τLIM thus implies a trade-o� between tracking accu-
racy and safety of interaction. The use of an appropriate feedforward torque
(support torque) can mediate this trade-o� by improving tracking accuracy
while centering the allowable torque range around the support torque (see
section 3.4.2.4).

Sliding mode time constant (λ) The recovering motion following a large dis-
turbance should be appropriately slow. As for the torque limit a trade-o� is
required between safety of interaction and tracking accuracy. If the recover-
ing motion is too slow deviations may grow unacceptable in time at crucial
phases of gait.
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Figure 3.24: Control scheme of the implemented trajectory controller based on
PSMC.

3.4.2.3 Controller

Applying PSMC to the exoskeleton's knee joint powered by PPAMs, one is con-
fronted with the fact that the controller generates an actuator torque set point
τPSMC (according to eq. 3.34-3.37) that needs to be met by setting the muscle
pressures p1 and p2. By means of the ∆p-approach (see section 3.3.1.1) the control
variable 4pPSMC can be introduced such that

{
τPSMC = pm(mτ1 +mτ2) + ∆pPSMC(mτ1 −mτ2)
pm = pm

(3.41)

holds.

As a workaround to the model based torque-to-pressure conversion in eq. 3.41,
the control law in eq. 3.34-3.37 can be reformulated so that it generates 4pPSMC

as an output directly. Provided that the controller can cope with the system's
nonlinear torque-pressure relationship, the proxy-based sliding mode control law
becomes

σ [n] = (qd [n]− q [n]) + λ (q̇d [n]− q̇ [n]) (3.42)

∆p?PSMC [n] =
Kd +KpT +KiT

2

λ+ T
σ [n] +Kia [n− 1]

+
(Kp +KiT )λ−Kd

(λ+ T )T
∇a [n− 1] (3.43)

∆pPSMC [n] =

{
∆p?PSMC [n] if ‖∆p?PSMC [n]‖ ≤ ∆pLIM

∆pLIM
∆p?

P SMC [n]

‖∆p?
P SMC [n]‖ if ‖∆p?PSMC [n]‖ > ∆pLIM

(3.44)
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a [n] =
1

Kd +KpT +KiT 2
((Kd +KpT ) a [n− 1]

+Kd∇a [n− 1] + T 2∆pPSMC [n]
)

(3.45)

The control parameter ∆pLIM de�nes the muscle gauge pressure limits and as such
indirectly limits the actuator torque. At a constant ∆pLIM the resulting actuator
torque limit varies with the joint angle. A feedforward term ∆pFF is added to
∆pPSMC , originating from eq. 3.42-3.45, which yields

∆p[n] = ∆pFF [n] + ∆pPSMC [n] (3.46)

at time step n. The feedforward term ∆pFF is based on the feedforward torque
τFF , according to eq. 3.48. The relationship between ∆pPSMC and τPSMC is
given by eq. 3.47 so that τ = τFF + τPSMC holds. The purpose of the feedforward
torque τFF is to linearise the system in order to improve the stability and the
accuracy of the controller. The speci�c implementation of the feedforward torque
in the powered knee exoskeleton is discussed in section 3.4.2.4.

∆pPSMC [n] =
τPSMC [n]
mτ1 −mτ2

(3.47)

∆pFF [n] =
τFF [n]− pm[n](mτ1 +mτ2)

mτ1 −mτ2
(3.48)

Since the actuator torque limit can be seen as a limit on the interaction torque
with the environment, it is more appropriate and convenient to work with than a
muscle pressure limit. A desired torque limit τLIM is thus converted to a set value
for ∆pLIM by means of eq. 3.49 analogously to eq. 3.47.

∆pLIM [n] =
τLIM [n]

mτ1 −mτ2
(3.49)

A workaround to the model-based conversion of eq. 3.49 is discussed in section
3.4.2.4. Figure 3.24 depicts the control scheme of the PSMC-based trajectory
controller.

3.4.2.4 Support torque

As mentioned in section 3.4.2.1, a well-chosen model-based feedforward term could
improve controller performance, but is di�cult to establish for a complex human-
robot system with many uncertainties. Therefore the feedforward torque τFF in eq.
3.48 is not based on a system model, but on actuator torque set point recordings
performed while the device is operating under PSMC without feedforward.
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Figure 3.25: Feedforward torque as a support torque: a,c) controller behaviour
during feedforward recording (PSMC without feedforward term). b,d) controller
behaviour for PSMC with feedforward term taken from c) (i.e. blue torque cycle).

During feedforward torque recording, the gains and torque limit are set appropri-
ately high and τFF is set to zero. Position errors occurring in this recording mode
(high gains, high τLIM , τFF = 0) indicate the necessity of a feedforward term.
The PSMC output torque τPSMC is calculated from the controller's set point for
∆pPSMC (see eq. 3.47) and recorded. The recorded torque data is sectioned in
cycles, by means of heelstrike detection, and averaged over all cycles. The obtained
torque cycle represents the average required actuator torque needed to �track� the
desired target trajectory according to the controller settings of the recording mode.
Figure 3.25.a and 3.25.c illustrate controller behaviour under these settings. The
actuator torque set point τ is limited to [−τLIM τLIM ]. The recorded feedforward
torque cycle is depicted in blue in �g. 3.25.c.

During operation under PSMC with feedforward the average required torque cycle
is replayed as the feedforward torque τFF and the control parameter settings can be
focused on interaction safety without compromising tracking accuracy as much as
without feedforward. Figure 3.25.b and 3.25.d illustrate controller behaviour under
such settings. The actuator torque is now bound to [τFF − τLIM τFF + τLIM ] as
τLIM de�nes a torque range relative to the support torque.
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Figure 3.26: Control scheme of the implemented trajectory controller based on
PSMC and an inner torque control loop.

3.4.2.5 Inner torque control loop

The control law given in section 3.4.2.3 avoids a model-based torque to pressure
conversion of its output, which is bene�cial for control performance. However this
error-sensitive conversion is still required (see eq. 3.49) for the implementation of
the torque limit. Therefore an alternative control scheme has been implemented
that combines the explicit PSMC control law (eq. 3.34-3.37 in section 3.4.1.2) with
an inner torque control loop (eq. 3.20-3.22 in section 3.3.1.2). The torque set
point provided by the trajectory controller, using position and velocity feedback,
is combined with a feedforward torque term and fed to the torque controller, using
force sensor feedback. The resulting control law is given by eq. 3.50-3.58 and the
control scheme is depicted in �g. 3.26.

σ [n] = (qd [n]− q [n]) + λ (q̇d [n]− q̇ [n]) (3.50)

τ?PSMC [n] =
Kd +KpT +KiT

2

λ+ T
σ [n] +Kia [n− 1]

+
(Kp +KiT )λ−Kd

(λ+ T )T
∇a [n− 1] (3.51)

τPSMC [n] =

{
τ?PSMC [n] if ‖τ?PSMC [n]‖ ≤ τLIM

τLIM
τ?

P SMC [n]

‖τ?
P SMC [n]‖ if ‖τ?PSMC [n]‖ > τLIM

(3.52)

a [n] =
1

Kd +KpT +KiT 2
((Kd +KpT ) a [n− 1]

+Kd∇a [n− 1] + T 2τPSMC [n]
)

(3.53)
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τd [n] = τFF [n] + τPSMC [n] (3.54)

(3.55)

∆pFF [n] =
τd[n]− pm[n](mτ1 +mτ2)

(mτ1 −mτ2)
(3.56)

∆pPI [n] = kp(τd[n]− τ [n]) + ki

n∑
i=0

(τd[i]− τ [i])T (3.57)

∆p[n] = ∆pFF [n] + ∆pPI [n] (3.58)

3.4.3 Performance evaluation

In order to evaluate the performance of the aforementioned controllers prior to
implementation on the exoskeleton, experiments have been performed on a 1 DOF
pendulum setup consisting of the same actuator system (see �g. 2.32). From now
onward and for convenience, the proxy-based sliding mode controller and proxy-
based sliding mode controller with inner torque control loop will be referred to by
PSMC and PSMC IT respectively. The objectives of the experimental study were:

� to compare the tracking performance of PSMC and PSMC IT with respect
to PID control

� to compare the response of PSMC, PSMC IT and PID control to perturba-
tions resulting from physical human-robot interaction

PID control with gravity compensation was used as a reference for comparison, as
its feedback gains can be directly compared to those of PSMC and since it is a
conventional trajectory tracking control method for a robot joint operating in the
gravitational �eld.

3.4.3.1 PID control with gravity compensation

The PID controller sets the control variable ∆p, as de�ned by the ∆p-approach
(see section 3.3.1.1), according to the following control law:

∆p = ∆pFF + ∆pPID (3.59)

∆pFF =
τFF − pm(mτ1 +mτ2)

mτ1 −mτ2
(3.60)

∆pPID = Kp(qd − q) +Ki

∫
(qd − q)dt+Kd(q̇d − q̇) (3.61)
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The integral term of ∆pPID is bound to avoid integral wind up. By choosing ∆p
as the control variable, the PID controller's feedback gains Kp, Ki, Kd have the
same respective dimensions as the PSMC controller's described in section 3.4.2.3,
allowing a direct comparison between PSMC and PID control.

The feedforward term ∆pFF is used for gravity compensation. The corresponding
feedforward torque τFF required to compensate the gravitational torque acting on
the 1 DOF pendulum is calculated by

τFF = mglsin(q + q0), (3.62)

where m and l are the moving link's mass and distance from its center of mass to
the joint axis and q0 is the o�set angle corresponding to the rest position (τ = 0,
q̇ = 0). The expression in eq. 3.62 is reformulated as

τFF = c1 sin(q + c0)

= c1 cos(c0) sin(q) + c1 sin(c0) cos(q)

= A sin(q) +B cos(q)

such that it is linear in the unknown coe�cients A, B. A least squares estimate
of A and B, based on torque measurements, yields the estimated values of c0 =
0.02965 rad and c1 = 13.88Nm. The torque measurements are based on force
sensor readings executed at a grid of joint angles with the link in static equilibrium.

3.4.3.2 Tracking without perturbations

Since accurate tracking is not the most important objective of the envisaged system,
focus is on the di�erence in performance between PSMC and PSMC IT and between
both controllers and PID, rather than on absolute tracking accuracy.

Results A linear chirp, i.e. a sinusoid with linearly increasing frequency, with
a frequency range of [0 1]Hz and an angular range of −[10 60] ° was used as a
target trajectory. In all tracking experiments gravity compensation was used for
all three controllers and their control parameter settings are summarised by table
3.3. In order to ful�l the condition of unperturbed tracking for PSMC and PSMC
IT (τLIM � |τ |) the torque limit was set su�ciently high such that it would not
be reached during tracking (τLIM = 30Nm).

Figures 3.27-3.29 show the target trajectory qd(t) and actual trajectory q(t) as
well as the absolute tracking error ‖qd(t)− q(t)‖ for di�erent controllers and control
parameter settings. Figure 3.27 compares PSMC with PID for the same gain
settings and shows di�erent gain settings for PSMC.
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Figure 3.27: Tracking performance of PSMC: a) desired and actual trajectories, b)
absolute tracking error. Controller settings are given in table 3.3.
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Figure 3.28: Tracking performance of PSMC and PSMC IT: a) desired and actual
trajectories, b) absolute tracking error. Controller settings are given in table 3.3.
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Figure 3.29: Tracking performance of PSMC IT at di�erent torque controller gains
: a) desired and actual trajectories, b) absolute tracking error. Controller settings
are given in table 3.3.
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PID PSMC PSMC IT

high

Ki

high
Kp,

Kd

high
Kp,

Kd

low

kp

low kp

high ki

high

kp

Kp
•
rad 4 4 4 6 60 100 60 60 60

Ki
•

rad.s 4 4 8 4 60 60 60 60 60

Kd
•.s
rad 0.1 0.1 0.1 0.2 2 3 2 2 2

kp
bar
Nm - - - - 0.1 0.1 0.05 0.05 0.15

ki
bar
Nm.s - - - - 0.05 0.05 0.05 0.1 0.05

Table 3.3: Controller settings during tracking experiments for PID control, PSMC
and PSMC IT. For all controllers pm = 1.75 bar, and for PSMC and PSMC IT
TLIM = 30 Nm and λ = 0.1 apply. It should be noted that the dimensions of
the gains Kp, Ki, Kd are identical for PID and PSMC (• = bar), but di�erent for
PSMC IT (• = Nm).

Figure 3.28 compares PSMC IT with PSMC for di�erent gain settings (Kp, Ki,
Kd) of PSMC IT. Results are shown for a �normal� and �maximum� gain setting of
each controller. The maximum settings have been determined on the basis of step
response experiments. Further increasing the gains can cause instabilities. Fig.
3.29 compares di�erent gain settings (kp, ki, kd) of the inner torque controller for
PSMC IT.

Discussion In the absence of perturbations PSMC displays nearly identical track-
ing performance when compared with PID control. This is apparent from �g. 3.27
(coinciding blue and green dotted curves). The integral gain Ki can take higher
values in the case of PSMC without causing instabilities in the step response, but
this serves only as an advantage for slowly varying target trajectories (purple dot-
ted curve). The gains cannot be set much higher than in setting �PSMC high Kp,
high Kd� (see table 3.3) without causing instabilities.

As can be inferred from �g. 3.28 PSMC and PSMC IT achieve comparable track-
ing performance. PSMC IT slightly outperforms PSMC for these speci�c controller
settings, especially at slow speeds, but due to the di�erent dimensions of the gains
no �rm conclusions can be drawn. The tracking accuracy of PSMC IT at high
speeds can be improved by tuning the torque controller gains kp and ki (see �g.
3.29). Increasing kp beyond [0.05− 0.1] bar/Nm can cause high frequency pressure
oscillations (∼ [20− 25]Hz) at slow speeds that are relatively small in amplitude,
but do cause small actuator torque oscillations (typically ∼ 0.5Nm in amplitude).
These oscillations are attributed to the absence of a derivative term in the inner
torque control loop. Although hardly a�ecting tracking accuracy (see �g. 3.29),
their occurrence should be avoided in experiments with human subjects.
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Fig.

3.30

Fig.

3.31

Fig.

3.32

Fig.

3.33

Fig.

3.34-3.35

PSMC

IT

PSMC

IT

PSMC PSMC

IT

PSMC

IT

PID PSMC

Kp
•
rad 60 60 4 60 60 4 4

Ki
•

rad.s 60 60 4 60 60 4 4

Kd
•.s
rad 2 2 0.1 2 2 0.1 0.1

kp
bar
Nm 0.1 0.1 - 0.1 0.1 - -

ki
bar
Nm.s 0.05 0.05 - 0.05 0.05 - -

λ s 1 0.1, 1, 2 0.1 0.1 1 - 1

τLIM Nm 10,

15,

20

15 15 15 10,

15,

20

- 30

τFF Nm 0 0 0 0 GC GC GC

Table 3.4: Controller settings during interaction experiments for PID control,
PSMC and PSMC IT. GC stands for gravity compensation. For all controllers
pm = 1.75bar holds. It should be noted that the dimensions of the gains Kp,
Ki, Kd are identical for PID and PSMC (• = bar), but di�erent for PSMC IT
(• = Nm).

3.4.3.3 Response to interaction

The main objective of the interaction experiments is to compare the behaviour
of PSMC and PSMC IT in view of their implementation on the exoskeleton and
highlighting the essential di�erences of both controllers with PID control.

Results Two types of experiments have been performed. For an easier interpre-
tation the �rst type involved a �xed target angle, while a perturbing torque was
manually imposed on the link and suddenly released. Results are shown in �g.
3.30-3.34. The second type of experiments involved a moving target, while random
perturbations were manually exerted on the load. Results are shown in �g. 3.35.
Controller settings used during the experiments are summarised in table 3.4.

In �g. 3.30 and �g. 3.31 the in�uence of the torque limit τLIM and the sliding
mode time constant λ on the system's response is shown for PSMC IT without
gravity compensation. The (virtual) proxy angle qp(t) is also given as it provides
a better insight in the underlying control principle. Time instances at which the
torque set point τPSMC saturates at τLIM are indicated by light gray vertical lines.
The accuracy of the actual actuator torque limit with respect to the desired torque
limit τLIM is compared for PSMC and PSMC IT (without gravity compensation)
in �g. 3.32. Besides the force sensor based actuator torque τ(t), the pressure sensor
based torque τp(t) is shown that is calculated using the model-based pressure-to-
torque conversion given by τp = p1mτ1 + p2mτ2.
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Figure 3.30: In�uence of TLIM on the response of PSMC IT to interaction. Con-
troller settings are given in table 3.4.
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settings are given in table 3.4.
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Figure 3.32: Response of PSMC (left) and PSMC IT (right) to interaction. Con-
troller settings are given in table 3.4.

Figure 3.33 clari�es the in�uence of a feedforward term on the actual actuator
torque limit for PSMC IT with gravity compensation. The di�erence between
PID control and PSMC (both with gravity compensation) in the case of identical
feedback gains is shown in �g. 3.34 in terms of the joint angle, the angular velocity
and the actuator torque under di�erent perturbations. Figure 3.35 compares the
results of the same controller settings for a moving target, a sinusoidal target
trajectory with a frequency of 0.5Hz, again under di�erent perturbations.

Discussion It is con�rmed by �g. 3.30-3.31 that in the case of PSMC IT the
actuator torque saturates at the desired torque limit and that the recovering motion
can be made appropriately slow.

The main rationale for implementing PSMC IT was the error-sensitive model-
based conversion of τLIM to ∆pLIM required by PSMC. As can be seen from
�g. 3.32 the pressure-based torque τp(t) di�ers substantially from the force-based
torque τ(t), and this di�erence varies with the joint angle. In the case of PSMC
τLIM e�ectively limits τp instead of τ , leading to a less accurate control over the
actuator torque limit. Although the accuracy of the model-based conversion could
be improved by a more thorough identi�cation of the torque functions mτi(q), as
explained in section 3.2.1.4, it is rather limited since the underlying model is static
and since it does not capture the hysteresis present in the output torque.
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Figure 3.33: In�uence of τFF on the response of PSMC IT to interaction. Separate
experiments are plotted consecutively on a single time axis. Controller settings are
given in table 3.4.

By contrast, PSMC IT shows much better performance in matching the desired
torque limit because of torque feedback.

The addition of a feedforward torque lets τLIM de�ne an allowable torque range
relative to the feedforward torque as illustrated by �g. 3.33. Consequently, the
actuator torque magnitude can exceed τLIM and τLIM can be set smaller than the
actuator torque magnitude required to track the target (e.g. 5Nm in �g. 3.33).
In the case of gravity compensation of the link and a constant deviation from the
target, as realised in the experiment covered by �g. 3.33, the restoring actuator
torque saturated at τLIM is approximately the same as the perturbing torque im-
posed by the human subject. Without gravity compensation (see �g. 3.30) the
human subject experiences the saturated restoring torque and the gravitational
torque due to the uncompensated weight of the link. As previously explained in
section 3.4.2.1 and illustrated here, the choice of the feedforward torque determines
the functional interpretation of τLIM .

The di�erence between PID control and PSMC in terms of the interaction torque
and the recovering motion is apparent from �g. 3.34. In the case of PID control
(top graphs) the interaction torque is increased until actuator torque saturation
occurs.
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Figure 3.34: Response of PID control (top) and PSMC (bottom) to interaction
with a �xed target (red). Gain settings are identical for both controllers. Controller
settings are given in table 3.4.
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Figure 3.35: Response of PID control (top) and PSMC (bottom) to interaction with
a moving target (red). Gain settings are identical for both controllers. Controller
settings are given in table 3.4.
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Upon removal of the interaction torque the link overshoots the target position,
while attaining relatively high angular velocities. In the case of PSMC (bottom
graphs) even at a high torque limit (τLIM = 30Nm), corresponding with large
interaction torques, the recovering motion can be set appropriately slow resulting
in lower angular velocities and a much smaller overshoot compared with PID con-
trol. This adaptable recovering motion, as opposed to the torque limit, cannot be
provided by torque limited PID control. Similar conclusions can be drawn from
the results originating from the experiments with a moving target, depicted in �g.
3.34. Even with a relatively high torque limit (τLIM = 30Nm) the response of
PSMC (bottom graphs) is signi�cantly more gentle in terms of torques, angular
velocities and overshoots, when compared with PID control (top graphs).

3.4.4 Conclusion

Proxy-based sliding mode control (PSMC) was investigated for the implementation
of safe trajectory tracking based gait assistance on a compliantly powered exoskele-
ton. In prior work by Kikuuwe and Fujimoto (2006); Van Damme et al. (2010) it
was shown that PSMC's underlying combination of PID feedback and ideal sliding
mode control is bene�cial for robot safety in the event of large target deviations and
bene�cial for human safety against impacts of a robotic manipulator interacting
with an operator, suggesting that it is suitable for safe robotic assistance as well.

By comparing PSMC with conventional PID control the need was emphasised
of complementing the intrinsic compliance of a robot joint powered by PPAMs
with a suitable dedicated control method in order to achieve a gentle response to
perturbations, while preserving tracking accuracy in their absence. The response
of PMSC is adjustable by means of a torque limit parameter, limiting the actuator
torque, and a sliding mode time constant, de�ning the speed of recovery from a
large deviation from the target.

The application of PSMC to gait assistance brings about additional challenges
with respect to safety and functionality. From the control viewpoint, achieving a
satisfying tracking accuracy with an exoskeleton powered by PPAMs suggests the
use of a feedforward torque that partly compensates the dynamics of the combined
human-robot system. From the viewpoint of gait assistance, it can be considered
as a support torque, that ensures gait continuity in the absence of perturbations.
The adjustable torque limit then de�nes an allowable actuator torque range relative
to the support torque. As such, it can be viewed as an approximate limit on the
actuator system's torque in response to an active human torque or to a human-
robot interaction torque, depending on whether the dynamics of the combined
human-robot system or the dynamics of the robot alone are compensated by the
support torque.

In order to achieve a more accurate control of the torque limitation, as a crucial
element in the envisaged human-robot interaction, an alternative implementation
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method of PSMC was realised that uses the previously developed torque controller
as an inner torque control loop (PSMC IT). Experiments on a 1 DOF pendulum
setup have shown that PSMC IT outperforms PSMC in terms of the displayed
actuator torque limitation, while achieving comparable tracking performance. Both
PSMC and PSMC IT were considered suitable control methods for implementation
in KNEXO and subsequent testing with human subjects.

3.5 Trajectory generation and synchronisation

3.5.1 Trajectory generation

The target trajectory is an important determinant of the assistive environment dis-
played by the device and how it should be de�ned, is a subject of ongoing research
in rehabilitation robotics. Most often gait analysis data taken from unimpaired
subjects are used as a reference. Since KNEXO is only intended for testing in
mildly impaired subjects, the trajectory recorded during a patient-in-charge mode
is used as a starting point. From this point the resulting reference trajectory is
edited as needed by means of a dedicated graphical user interface before being used
as a target trajectory in the robot-in-charge mode.

3.5.1.1 Record and replay

In the patient-in-charge mode used for reference data recording the actuators are
controlled towards zero torque by means of the torque controller described in section
3.3. The recorded data is sectioned in subrecords by means of the heel strike
detection signal produced by the FSR sensor attached to the subject's heel. Since
the length (i.e. number of data points) of the individual subrecords varies, they
are interpolated onto a single reference time base prior to averaging. The obtained
averaged trajectory covers one stride or gait cycle and is therefore referred to
as �reference cycle�. The reference cycle is either edited by software or directly
used, �replayed�, as a target trajectory for the exoskeleton in the robot-in-charge
mode. During online trajectory generation the original or edited reference cycle
is interpolated onto the appropriate time base as required by the synchronisation
algorithm explained in section 3.5.2.

3.5.1.2 Trajectory customisation

To facilitate the customisation of target trajectories a dedicated graphical user in-
terface was made. The GUI window is depicted in �g. 3.36. Any reference cycle,
either originating from gait analysis data or recorded by means of the exoskele-
ton can be adapted by applying o�sets and scale factors to speci�c areas of the
dataset. The tuneable o�sets and scale factors are based on polynomials calculated
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Figure 3.36: Graphical user interface for o�ine trajectory generation and adapta-
tion.

such that the derivative of the trajectory (i.e. the angular velocity) is continuous.
The trajectory adaptation can be tailored to the speci�c needs of the subject, for
instance increased knee �exion during swing to ensure toe clearance.

3.5.2 Synchronisation

Due to the compliance of the device and due to the fact that only the subject's knee
joint is externally powered, variations in gait timing generally occur. This variabil-
ity gives rise to a dynamic interaction with the compliant robotic assistance, result-
ing in a �uctuating de-synchronisation between the trajectory controlled robot and
the wearer. This phenomenon has also been reported in Aoyagi et al. (2007). Since
our device has no other actuated DOFs than the knee joint, it was challenging even
for unimpaired subjects to keep their cadence synchronised with the exoskeleton in
the absence of any synchronisation algorithm, although their personal, previously
recorded trajectory was being tracked.

To accommodate for this in view of testing with impaired subjects, both cycle
initiation and cycle duration are adapted on a per step basis by a synchronisation



Control for safe, compliant and adaptable robotic assistance 145

 

<T>k-1

<T>k

Tk-1 Tk

ASSISTED

t

TIME SCALED REFERENCE CYCLES UNASSISTED 

qd 

TARGET  
TRAJECTORY 

Figure 3.37: Synchronisation of the target trajectory: target trajectory qd as a
function of time consisting of time scaled versions of a reference cycle. Instance of
heelstrike marked in green, projected end of a time scaled cycle in blue, projected
end of the next replayed cycle based on moving average in red.

algorithm that uses the heel strike detection signals. At the instance of heel strike
detection the target knee trajectory is reset to the beginning of the reference cy-
cle. The time period between the two latest consecutive heel strike detections is
incorporated into a moving average de�ning the required duration of the current
cycle. The reference cycle is then scaled in time accordingly by interpolation onto
the desired time base. If the time base elapses before the next heelstrike detection
(decreasing cadence) the target trajectory is reset to the beginning of the reference
cycle projected on the same time base, if heelstrike occurs before the end of the
time base (increasing cadence) the target trajectory is also reset but the time base
is updated by the moving average. The moving average of the stride period for
stride k, denoted < T >k, is calculated out of previous stride period measurements
according to

< T >k= αTk−1 + (1− α) < T >k−1,

where α is a factor de�ning the in�uence of the last measurement with respect to
preceding measurements. The synchronisation procedure is illustrated by �g. 3.37.
The adaptation of the exoskeleton to the subject's gait timing can thus be tuned
so that only moderate changes in cadence are allowed and excessive changes for
instance trigger a safety routine. In order to have the target trajectory synchro-
nised with the subject's gait timing from the very beginning of an assisted walking
trial, the device is set to the patient-in-charge mode during the �rst few steps and
switched to robot-in-charge mode when a steady cadence has been reached.
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3.6 Conclusion

The state-of-the-art in control of assistance based gait rehabilitation robots has
evolved rapidly over the years and has shifted focus on the concept of �assistance-
as-needed�. Research e�orts appear to be concentrated on four strategies to put
this concept into practice: task/function speci�city of assistance, adaptivity of the
assistance level, adaptivity of the timing of assistance and adaptivity of assistance
in space.

The knee exoskeleton KNEXO developed and used in this work to implement
and test a control strategy for safe, compliant and adaptable gait assistance, uses
actuators with built-in compliance. Because of this compliance a certain level
of adaptivity is intrinsic to the system. Two complementary control strategies
were investigated in order to achieve controlled adaptive assistance: a torque con-
trol strategy that displays an unassisted (patient-in-charge) mode and a trajectory
tracking based control strategy that displays an assisted (robot-in-charge) mode.
The unassisted mode provides a baseline for the evaluation of the e�ects of as-
sistance and it allows for target trajectory recording for the assisted mode. For
the trajectory tracking based control strategy the safety of interaction between the
human and the robot was considered of primary concern.

The proposed torque controller combines conventional PI control using force sen-
sor feedback with a feedforward term based on a static actuator model. Its per-
formance was evaluated by means of isometric torque tracking experiments and
experiments with the actuator system in zero-torque mode and subject to man-
ually imposed joint motion. Due to the system's underlying nonlinear pressure
dynamics, its torque tracking capability proved to be highly dependent on the de-
sired torque amplitude, however, it was found to outperform previously reported
results of torque/force tracking of pneumatic muscle based actuator systems. In
zero torque mode the system's dynamic sti�ness saturates at the intrinsic sti�ness
at high speed joint motion, but it is signi�cantly reduced at the frequency range
of our application. Actuator torques in this mode are limited to a few Nm in
the angular velocity range of the joint corresponding with slow to normal walking.
The model-based feedforward term is shown to be essential to both torque and
zero-torque tracking performance.

The proposed trajectory tracking controller adopts the recently introduced con-
cept of proxy-based sliding mode control (PSMC), a control method that inherits
characteristics from both PID control and ideal sliding mode control. PSMC pro-
vides the system with an adjustable actuator torque limit and an adjustable slow
recovering motion in the event of large deviations from the target. These features
ensure an adjustable, gentle response to unforeseen interaction torques between
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the human and the robot (due to for instance muscle spasms, increased muscle
tone or voluntary muscle force), that would otherwise be treated as perturbations
by a conventional tracking controller. This essential di�erence was made clear by
comparing PSMC and regular PID control in interaction experiments. The appli-
cation of PSMC to gait assistance reveals the need of a complementary feedforward
torque acting as a support torque. In order to improve the accuracy of the torque
limitation an alternative implementation of PSMC was proposed using the torque
controller as an inner torque control loop (PSMC IT). Tracking experiments with
PSMC, PSMC IT and PID showed comparable overall tracking performance in the
absence of perturbations. PSMC IT, however, outperforms PSMC at accurately
displaying the interaction torque limit in interaction experiments. These promising
results encouraged passing on to assisted walking experiments with unimpaired and
impaired subjects.





Chapter 4

Robot-assisted walking with KNEXO

4.1 Introduction

In the previous chapter the controllers implemented on the powered knee exoskele-
ton were introduced and their performance was evaluated on a simpli�ed test setup.
This chapter deals with the evaluation of KNEXO in various treadmill walking ex-
periments. The evaluation of the proposed methods in actual walking experiments
with the exoskeleton was �rst made with unimpaired subjects in di�erent stages
before passing on to experiments with impaired subjects. Hence, it was considered
of great importance to thoroughly test the device and the proposed methods in
view of functionality and safe operation.

First, preliminary assisted walking experiments were performed by a single subject
wearing the intermediary prototype (see �g. 2.34). Results are given and discussed
in section 4.2.2. Based on these results, the intermediary prototype was adapted
into the �nal prototype, KNEXO (see �g. 2.35), and two important extensions
were made to the control software: force sensor based torque control and trajectory
synchronisation, both described in the previous chapter in section 3.3 and section
3.5.2 respectively.

Several unimpaired subjects participated in experiments of unassisted and assisted
walking with KNEXO. The unassisted mode or zero-torque (ZT) mode was imple-
mented by means of zero-torque control (see 3.3), the assisted mode by means of
proxy-based sliding mode control without (PSMC, see 3.4.2.3) or with inner torque
control loop (PSMC IT, see 3.4.2.5) and non-model based feedforward torque (see
3.4.2.4).

The main objectives of the unassisted walking experiments were to:

� assess the performance of the unassisted mode

� investigate the e�ects of unassisted walking with KNEXO on gait

149
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Results are given and discussed in section 4.2.1.

The main objectives of the assisted walking experiments were to:

� verify the feasibility of the record-replay procedure

� investigate the e�ects of controller settings on compliant guidance

� investigate the e�ects of controller settings on physical human-robot interac-
tion

Results are given and discussed in section 4.2.3. In order to gain a better insight
in the interaction between the human and the robot, and in view of testing with
impaired subjects, data from the exoskeleton was combined with gait kinematics
data and muscle activity measurements.

Following the successful evaluation with unimpaired subjects, a stroke patient
and a Multiple Sclerosis (MS) patient participated in assisted walking trials with
KNEXO. These experiments are the �nal and concluding stage of the work reported
in this dissertation and their purpose was to:

� evaluate the e�ectiveness of the device and the proposed methods in assisting
impaired knee function

� evaluate the e�ects of assistance at the knee on gait

� obtain patient feedback about the perception of assistance and comfort

Results are presented and discussed in section 4.3.

4.2 Unimpaired subjects

4.2.1 Unassisted walking

Unassisted walking experiments were performed with several unimpaired subjects
to assess the quality of the exoskeleton's unassisted mode or zero-torque (ZT) mode
and its suitability as a gait recording mode for use in a record-replay procedure.
Besides the direct e�ect on knee joint kinematics, the in�uence of KNEXO on gait
kinematics and muscle activity was investigated.

4.2.1.1 Experimental design

Setup and methods Ten unimpaired subjects (age 27.4 ± 6.1, length 1.82 ±
0.10 m, weight 77.5 ± 11.7 kg) participated to the unassisted walking assessment.
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Figure 4.1: Setup for treadmill walking experiments with KNEXO.

In order to evaluate the e�ects on gait kinematics and muscle activity, motion
capturing (Vicon 612 motion analysis system with 7 high-speed (250Hz) infra-
red cameras) and muscle EMG measurements (Megawin ME6000 Biomonitor, 8
channels) were performed. Figure 4.1 depicts the experimental setup.

Prior to the actual experiments KNEXO was �tted to the subject, followed by a
familiarisation period (about 5-10 minutes) of unassisted walking with the device
in zero-torque (ZT) mode. This period was kept short, because all subjects partic-
ipated in preliminary experiments with the device one day or a few hours before.
Afterwards EMG electrodes were attached to capture the activity of 5 muscles of
the subject's right leg (exoskeleton side): tibialis anterior (�TA�, ankle dorsi�exor
muscle), gastrocnemius (�GA�, ankle plantar�exor muscle), biceps femoris (�BF�,
knee �exor muscle), rectus femoris (�RF�, muscle of the quadriceps, knee extensor
and hip �exor muscle) and vastus lateralis (�VL�, muscle of the quadriceps, knee ex-
tensor muscle). Muscle activity during maximal voluntary contraction (MVC) was
measured for normalisation of EMG data (expressed as a percentage of MVC). Re-
�ective markers were attached according to the marker protocol in appendix C. A
foot contact sensor (FSR sensor, see 2.5.4.2) was used for right heel strike detection.
For more details about the motion capturing as well as the EMG measurements,
the reader is referred to appendix C.

The actual walking experiments consisted of a few minutes of treadmill walking
without KNEXO and a few minutes of walking with KNEXO in ZT mode, as long
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as needed to achieve steady state based on visual gait assessment. In both cases,
the subject held the treadmill's sidebars. During all walking trials treadmill speed
was set to 2.5 kmph (0.7m/s), which is a common walking speed in robot-assisted
treadmill training (see for instance Hornby et al. (2005)).

Data analysis All data captured by the exoskeleton, the motion analysis system
and the EMG device were sectioned in cycles according to the heel strike detection
signal. The gait analysis based on motion capture data provides the relative rota-
tional motion between the foot and the lower leg, the lower leg and the upper leg
and the upper leg and the pelvis for both legs. The discussion of results focuses on
the rotations in the sagittal plane (the plane of progression), namely plantar�ex-
ion/dorsi�exion of the ankle, �exion/extension of the knee and �exion/extension of
the hip. The data was low-pass �ltered (4th order butterworth, cut-o� frequency
of 12.5Hz) to remove motion artefacts. Sudden changes in the standard deviation
with respect to stride percentage indicates the presence of these artefacts in the
source data. EMG data was full recti�ed, normalised with respect to maximal vol-
untary contraction (MVC) and time-averaged (moving window of 100 ms). Both
gait kinematics data and EMG data were averaged over 4 strides.

4.2.1.2 Results

Figure 4.2 shows KNEXO joint trajectories and actuator torques for all subjects,
recorded during ZT mode and averaged over 30 gait cycles. Fitting of the device
was done so that a KNEXO joint angle of 0° approximately corresponded with a
stretched knee. The average actuator torque cycle over all subjects is marked in
red, the average 95% con�dence bounds over all subjects are marked in green on
top. For two subjects the kinematics of the right and left ankle, knee and hip are
compared between �NO KNEXO� (red) and �ZT� (green) in �g. 4.3 (subject A)
and �g. 4.5 (subject B). The respective comparison of normalised processed EMG,
expressed in % of MVC, is made by �g. 4.4 (subject A) and �g. 4.6 (subject B).
It is important to note that a time delay of a few percents of stride (about 2− 5%,
depending on the subject) between the instance of actual initial foot contact after
swing and the instance of foot contact detection by the FSR sensor on the heel
should be taken into account when analyzing sectioned data.

4.2.1.3 Discussion

In ZT mode KNEXO generates joint torques generally below 2Nm, except during
initial swing (≈ 65% of stride), when angular velocities are maximal. This is
according to the expectations considering the experimental results discussed in
3.3.2.2. None of the subjects reported experiencing a marked resistance at this
speci�c instance.
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Figure 4.2: Averaged ZT recordings of 10 unimpaired subjects: knee joint trajecto-
ries and actuator torques of KNEXO. Average torque cycle over all subjects (red),
average 95% con�dence bounds over all subjects (green).

In some subjects, however, knee joint kinematics appeared to di�er signi�cantly
between walking without KNEXO and walking with KNEXO in ZT mode.

In subject A (�g. 4.3) knee excursion is clearly reduced both in �exion and
extension, in subject B (�g. 4.5) the e�ect is less pronounced, but a slightly
reduced knee �exion during swing and reduced extension is still observed. The
e�ect of KNEXO on right knee kinematics cannot be attributed entirely to the
resisting torque of the actuator, however, since this torque does not comprise the
e�ect of the added inertia and the weight of the exoskeleton's lower leg link for
instance nor the possible e�ect of kinematical misalignments of the human and
robotic knee joint. In addition, changes in the kinematics of the other joints a�ect
the right knee joint and vice versa. Both subjects show increased �exion of the
right hip, for instance, which could indicate a compensation of the added inertia of
the exoskeleton and/or a compensation of the incomplete knee extension at the end
of swing. In subject A the range of motion of the hip is conserved and the stride
period is hardly a�ected (1.413± 0.016 s � 1.423± 0.016 s), whereas in subject B
the smaller hip excursion leads to a shorter step length and thus a shorter stride
period (1.522± 0.044 s � 1.402± 0.023 s).
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Figure 4.3: Comparison of gait kinematics of subject A with and without KNEXO:

�exion/extension angles of the right and left ankle, knee and hip joint without KNEXO

(red) and with KNEXO in unassisted (ZT) mode (green).
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Figure 4.4: Comparison of the muscle activity of subject A with and without
KNEXO: normalised processed EMG of �ve muscles of the right leg of subject A.
TA:tibialis anterior, GA: gastrocnemius, BF: biceps femoris, RF: rectus femoris,
VL:vastus lateralis.

The EMG data of subject A (�g. 4.4), when compared with subject B (�g. 4.6),
shows a marked increase of the activity of the muscles responsible for leg exten-
sion (rectus femoris and vastus lateralis) in order to compensate the incomplete
extension during swing and to adequately support the body weight while the knee
is being more �exed during stance (80 → 20 % of stride). In both subjects gait
kinematics in general show an increased left-right asymmetry.

Summarising these �ndings, one concludes that wearing KNEXO in unassisted
mode has an e�ect on right knee kinematics, which, combined with the e�ect
of the unilaterally added inertia of the device, leads to asymmetric gait. These
e�ects are dependent on the individual compensatory strategies of the subject.
In order to quantify the speci�c contribution of the resisting torque, experiments
could be performed with the actuators mechanically decoupled from the system. It
is expected however that further improving the zero-torque controller would have
some, but only limited bene�t here, since the device is unilateral and has one single
powered DOF. It is clear that the induced gait asymmetry should be carefully taken
into account when evaluating the e�ect of gait assistance by KNEXO in persons
with gait impairment.
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Figure 4.5: Comparison of gait kinematics of subject B with and without KNEXO:

�exion/extension angles of the right and left ankle, knee and hip joint without KNEXO

(red) and with KNEXO in unassisted (ZT) mode (green).
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Figure 4.6: Comparison of the muscle activity of subject B with and without
KNEXO: normalised processed EMG of �ve muscles of the right leg of subject B.
TA:tibialis anterior, GA: gastrocnemius, BF: biceps femoris, RF: rectus femoris,
VL:vastus lateralis.

4.2.2 Assisted walking: preliminary experiments

Pilot experiments with a single unimpaired subject have been performed as a pre-
liminary evaluation of the assistive controller with emphasis on trajectory tracking.
More speci�cally, the aim was to study the in�uence on allowable controller settings
of the �human-as-part-of-the-system� and the in�uence of a model-based feedfor-
ward torque.

4.2.2.1 Experimental design

Setup and methods Pilot walking experiments were performed by a single sub-
ject (age 26, 1.80m, 78 kg) wearing the intermediary prototype that included a
passive hip joint and an upper body segment (see 2.4.2). The experimental setup
is depicted in �g. 4.2.2.1. Besides di�erences in hardware between the interme-
diary prototype and the �nal prototype (KNEXO) some di�erences in the control
software should be noted as well. The unassisted mode was implemented by means
of pressure control, instead of the torque controller described in 3.3. The assisted
mode was implemented by means of the PSMC controller given by 3.4.2.3, but the
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Figure 4.7: Experimental setup for treadmill walking experiments.

pressure limit ∆pLIM was set directly, instead of being calculated out of a required
torque limit τLIM . As the synchronisation algorithm described in 3.5.2 was not yet
implemented, a �uctuating desynchronisation initially occurred between the actual
trajectory and the target trajectory of the exoskeleton during assisted walking. An
auditive cue at the start of each gait cycle was therefore used as a preliminary way
to help the subject synchronising with the target trajectory. All experiments were
carried out at a �xed treadmill speed of 2.5 kmph (0.7m/s).

A record-replay procedure as described in 3.5 was followed. First hip and knee
trajectories were recorded during 25 strides while wearing the exoskeleton in unas-
sisted mode. The recorded data was sectioned in cycles and averaged in order to
obtain a single reference cycle for the hip and the knee. The sectioning was based
on a search algorithm (similar to the method described in Aoyagi et al. (2007)) that
determined for each cycle the point (qk, q̇k, qh, q̇h) closest to a reference point in
state space corresponding with right heel strike. The averaged data were �tted by
a 7th order Fourier series in order to obtain a smooth and periodic reference cycle
for both knee and hip joint. By selectively scaling the reference knee trajectory
di�erent target trajectories were generated for replay during assisted walking trials.
Walking trials consisted of 45 seconds of unassisted walking to familiarise with the
cadence directly followed by 45 seconds of assisted walking.

The �default� control parameter values of the implemented proxy-based sliding
mode controller where: Kp = 4 bar/rad, Ki = 4 bar/rad.s, Kd = 0.06 bar.s/rad,
∆pLIM = 1.25 bar, λ = 0.3 s. During assisted knee �exion/extension experiments
feedback gains could be increased further beyond the aforementioned default gain
setting and manual tuning pointed out a larger range of stable behaviour, when
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compared with a con�guration of the exoskeleton with a �xed load only. This is due
to the additional variable sti�ness and damping introduced by the human, which
is considered to have a stabilising e�ect on the system (Vallery (2009)). Gravity
compensation was used based on an estimation of the gravitational torque acting
on the lower leg segment (i.e. the lower leg and the exoskeleton's lower leg link)
during swing. Given an estimation of the lower leg segment's mass, m , and the
distance between the center of mass and the knee joint, l, a feedforward torque
was calculated of the form τFF = mglsin(qh + qk) assuming a vertical upper body
segment. No gravity compensating support torque was provided for the stance
phase. Between trials the target trajectory and/or the control parameters, i.e.
the gains Kp, Ki, Kd, the pressure limit parameter ∆plim, the sliding mode time
constant λ and the feedforward term τFF , were adapted to study their in�uence.

4.2.2.2 Results
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Figure 4.8: Knee and hip joint angles (gray) recorded during unassisted walking and the

reference cycle obtained by averaging (black).

The averaged cycles and the unassisted walking data from which they were re-
trieved are depicted in (qk,qh)-axes in �g. 4.8. This combined representation of
hip and knee joint angles is used consistently throughout the discussion of results
in order to visualise the e�ect of the assistance at the knee joint on hip joint kine-
matics.
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Figure 4.9: Di�erent target trajectories obtained by scaling a reference cycle (gray) �tted

on the averaged recorded data shown in �g. 4.8.

Figure 4.9 shows the �tted reference cycle (grey) and the scaled target trajectories
(coloured) derived from it. Targets A (green) and B (red) are obtained by applying
a scale factor of 1.25 and 0.75 respectively to the reference knee angle during swing
phase only (respectively more or less �exion during swing). Target C (purple) is
obtained by applying a scale factor of 1.5 during stance phase only (more �exion
during stance). Target D (cyan) has a range of motion that is symmetrically
decreased by 15◦(more �exion during stance, less �exion during swing).

Figure 4.10 illustrates the e�ect of these target trajectories on the actual knee
joint angle during assisted walking. Data recorded a few steps before and after the
transition from unassisted (grey) to assisted walking (black) are shown. The knee
joint data of assisted gait (black) is plotted against the desired reference hip joint
trajectory, setting focus to the deviations from the knee joint target.

In �g. 4.11 the knee-hip pattern obtained in the assisted mode with target B (red)
and default control parameter values (black) is compared with the case of a smaller
value of the pressure limit parameter ∆plim (dark grey) and a larger value of the
sliding mode time constant λ (light gray dashed). Knee joint angles are plotted
against actual hip joint angles. The combined in�uence of the feedforward term
τFF and of ∆pLIM on deviations from the desired knee joint trajectory (target A,
green) is illustrated by �g. 4.12. ∆pLIM is switched between 0.3 bar and 1.25 bar
(right-left) and τFF is either set equal to zero or not (bottom-top). Knee joint
angles are plotted against the reference trajectory of the hip.
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Figure 4.10: Unassisted gait data (gray) and assisted gait data (black) of four walking

trials, where patterns A (green), B (red), C (purple) and D (cyan) (see �g. 4.9) were used

as target pattern and control parameters were set to default values. Note: the assisted

gait data of the knee is plotted against the �xed reference hip trajectory to put focus on

knee trajectory tracking.

4.2.2.3 Discussion

According to �g. 4.10, the exoskeleton succeeds in guiding a healthy subject's knee
along di�erent trajectories that di�er substantially from the reference trajectory
recorded during unassisted walking. The compliance of the system ensures vari-
ability with respect to the target trajectory, which is believed to be helpful for
motor learning and to promote active participation of the user (Reinkensmeyer
et al. (2007)).

The indirect actuator torque limit ∆pLIM puts a limit on the amount of guid-
ance. A target trajectory that di�ers substantially from the unassisted knee joint
trajectory makes this clear in �g. 4.11. Decreasing ∆pLIM results in knee �exion
amplitudes closer to those observed during unassisted swing. It is important to
note the e�ect of the time constant λ as well. The experimental results discussed
in 3.4.3.3 of the previous chapter stressed the importance of setting this parameter
in such a way that the recovering motion is appropriately slow to avoid overshoot
and high angular velocities. In the case of assisted gait, a recovering motion that
is too slow, however, might impede timely recovery in critical phases of gait. It is
clear from �g. 4.11 for instance that a larger time constant hinders full extension of
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Figure 4.11: Assisted gait data of three trials were target B (red) was used as a target

trajectory and control parameters were set to default values (black), ∆plim was set to

0.3 bar (dark gray) and λ was set to 2.0 s (light gray dashed) respectively. Note: the

assisted gait data of the knee is plotted against the actual hip joint angles.

the knee prior to heel strike (light grey dashed curve). As a compensatory strategy,
the subject increases hip �exion in preparation of proper foot contact. The dual
requirement of λ, needing to be large enough to ensure a safe interaction in the
event of large deviations from the target and at the same time being small enough
to ensure continuity of gait, could be resolved by varying its value throughout the
gait cycle. A similar strategy could be applied to the actuator torque limit, as it
undergoes the same duality between ensuring safety by closely tracking the target
trajectory (e.g. to avoid a fall) and ensuring safety by allowing deviations.

The trade-o� related to actuator torque limitation is in�uenced by the feedfor-
ward torque, as can be inferred from �g. 4.12. Tracking during the swing phase is
degraded if the feedforward torque is deactivated (bottom vs top) and more impor-
tantly, tracking performance is more sensitive to variations of ∆pLIM (right vs left)
in that case. If the feedforward torque is activated, the torque limit de�nes an ac-
tuator torque relative to the feedforward torque instead of relative to zero torque.
Hence, the better the feedforward torque approximates the required torque, the
less the torque limit needs to be dedicated to overcoming tracking errors. This ob-
servation was the main rationale behind the use of a non-model based feedforward
torque, as explained in section 3.4.2.4 of the previous chapter.
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Figure 4.12: Assisted gait data (black) of four walking trials, where target A (green) was

used as target trajectory, ∆plim was set to 1.25 bar (left) or 0.3 bar (right) and τFF was

either set zero (bottom) or not (top). Note: the assisted gait data of the knee is plotted

against the �xed reference hip trajectory to put focus on knee trajectory tracking.

4.2.3 Assisted walking: human-robot interaction

In order to study physical human-robot interaction during robot-assisted walking,
interaction experiments were performed with several unimpaired subjects. Empha-
sis is put on the robot's response to human-induced perturbations and the in�uence
hereon of the control parameters and of the support (feedforward) torque. Di�er-
ent assistive modes and interaction cases are tested in view and preparation of
experiments with impaired subjects.

4.2.3.1 Experimental design

Setup and methods Two types of measurement setups were used. In interac-
tion experiments with focus on controller tuning, the subjects were only �tted with
the device and a heel contact detection sensor. Walking trials with the device in
assisted mode (PSMC and PSMC IT) were performed during which the subject
was requested to walk naturally, reduce e�ort or resist the target motion imposed
by the device. A second type of measurement setup, as depicted in �g. 4.1, also
involved camera-based motion capturing and muscle EMG measurements. Max-
imal voluntary contraction tests and an unassisted walking trial with the device
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A B C D E F G H
Kp,Ki,Kd (%) 100 100 100 100 100 100 25 100

FF (%) 0 0 0 0 100 100 100 100
τlim(Nm) 20 20 10 10 10 10 10 5
λ (s) 0.1 0.1 0.1 0.5 0.1 0.1 0.1 0.1

disturbance x x x x x x

Table 4.1: Controller settings used in experiments with unimpaired subjects in
PSMC mode without feedforward (A-D) and with feedforward (E-H). Changes
relative to the italic setting are marked in bold. 100%G corresponds with Kp =
4.0 bar/rad, Ki = 4.0 bar/rad.s, Kd = 0.04 bar.s/rad. 100%FF corresponds with
the total feedforward torque reference cycle as recorded in a preceding assisted trial
with 0%FF.

in ZT mode to record the individual reference trajectory were followed by assisted
walking trials with the subject's own previously recorded reference cycle as a tar-
get trajectory. The subject was requested to resist knee �exion during swing en
controller settings were varied between trials.

The following discussion of results only covers the assistive mode based on PSMC.
As explained in the previous chapter (see 3.4.3.2), the PSMC IT controller was
found to be less stable than PSMC. Occasional small and high-frequency pressure
oscillations were observed and, although hardly a�ecting tracking performance, the
resulting small torque oscillations were noticed by the person wearing the device.
In view of testing with patients it was therefore decided to focus on the performance
and implementation of PSMC.

4.2.3.2 Results

A representative overview of the interaction experiments is given by �g. 4.13-4.16.
These data are collected from assisted walking experiments with a single subject
(age 27, 1.57m, 50 kg). Strides of genuine assisted walking are alternated with per-
turbations induced by the subject in order to achieve larger �exion during swing,
smaller �exion during swing or larger �exion during stance. Besides the target tra-
jectory (red) and the knee joint trajectory (blue), the proxy trajectory (green), the
actuator torque and the deviation from the target are also shown as they provide a
better insight in the system's behaviour in response to perturbations. Figure 4.13-
4.14 show data corresponding with assistance without feedforward (0%FF), with
high gains (100%G) and respectively with a high torque limit (τLIM = 20Nm)
and a low torque limit (τLIM = {10Nm, 7Nm}). Figure 4.15-4.16 show data
corresponding with assistance with feedforward (100%FF), with a low torque limit
(τLIM = {10Nm, 5Nm, 0Nm}) and respectively with high gains (100%G) and
low gains (25%G). The in�uence of controller settings on interaction in these ex-
periments is summarised by �g. 4.17.
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Figure 4.13: Human-robot interaction experiment: system behaviour under per-
turbations induced by the wearer. Controller setting without feedforward (0%FF),
with high gains (100%G), high torque limit (τLIM = 20Nm) and λ = 0.1 s
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Figure 4.14: Human-robot interaction experiment: system behaviour under per-
turbations induced by the wearer. Controller setting without feedforward (0%FF),
with high gains (100%G), low torque limit (τLIM = 7, 10Nm), λ = 0.1, 0.5 s.
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with high gains (100%G) and low torque limit (τLIM = 0, 5, 10Nm), λ = 0.1 s.
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Figure 4.16: Human-robot interaction experiment: system behaviour under per-
turbations induced by the wearer. Controller setting with feedforward (100%FF),
with low gains (25%G) and low torque limit (τLIM = 5, 10Nm), λ = 0.1 s.
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Figure 4.18: E�ects on knee kinematics and muscle activity of a human resistance
torque during assisted gait: motion capture data of the subject's knee (top), actua-
tor torque (middle) and normalised processed EMG of �ve muscles of the subject's
right leg (bottom) in three cases (grey:without perturbation (NO R), orange: with
perturbation (WITH R) and high torque limit, purple:with perturbation and low
torque limit).



Robot-assisted walking with KNEXO 171

Cases A and E (data averaged over 10 cycles) represent assisted walking without
any deliberate disturbance by the subject, whereas during all other conditions B,
C, D, F, G, H (2 consecutive cycles per controller setting) the subject resisted knee
�exion during swing phase. Corresponding controller settings A-H are listed in
table 4.1.

Figure 4.18 combines knee kinematics, actuator torque and muscle EMG collected
from interaction experiments with a di�erent subject (age 37, 1.83m, 83 kg). Three
cases are compared: assisted walking without deliberate disturbance, assisted walk-
ing with resistance against knee �exion during swing with a high value of the torque
limit (τLIM = 25Nm) or with a lower value of the torque limit (τLIM = 15Nm).
Data was sectioned in cycles according to the heel strike detection signal and av-
eraged over 4 cycles.

4.2.3.3 Discussion

A general comparison of controller settings on the basis of �g. 4.13-4.16 already
points out some of the characteristics of the assistive controller.

As expected, in the case of identical control parameter settings, the use of a
non-model based feedforward torque decreases deviations from the target during as-
sisted walking without perturbations (see for instance �g. 4.14 and �g. 4.15 around
t=20�30s). Regardless of the presence of the feedforward torque, a decrease of
the torque limit (τLIM ) results in a decrease of the actuator torque building up
against the disturbance induced by the subject. In general, a lower restoring actu-
ator torque yields larger deviations from the target, as the subject tried to generate
and maintain the disturbance with equal e�ort (see �g. 4.13 vs �g. 4.14).

Lowering the feedback gains mostly a�ects target deviations during unperturbed
gait and does not signi�cantly in�uence large deviations in the case of identical
torque limits (see �g. 4.15 vs �g. 4.16).

The time constant of the restoring motion (λ) determines how long the target
deviation following a large perturbation is allowed to persist and thus, increasing
this time constant leads to increased deviations from the target in some cases.
For instance, in the case of increased knee �exion during stance and a larger time
constant the target deviation is not timely countered, leading to larger deviations
during consecutive swing phases (see �g. 4.14 t=10�20 s vs t=50�60 s). In view
of testing with impaired subjects, it was decided to use λ = 0.1s to ensure an
appropriately slow recovery, that is fast enough not to impede deliberate motion.
Kikuuwe et al. (2008) reported λ = 0.1 s as the �optimal� order of magnitude
(as opposed to 0.01 s and 0.5 s) in the context of experiments with a manipulator
applying low-force robotic guidance to a human user. In their study optimality of
the time constant was de�ned as leading to the shortest path and shortest time
to reach a target or to the smallest trajectory deviations in the case of a manual
positioning/tracking task guided by the end-e�ector of a manipulator controlled
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by PSMC in Cartesian space. In the case of gait assistance by the powered knee
exoskeleton the suitability of the �optimal� value is assumed to follow from the
fundamental frequencies of knee joint motion during gait. Hence, an appropriate
response of PSMC during recovery from deviations would be one that induces
velocities in a range close to the natural range observed in human walking.

From the more direct comparison of controller settings in �g. 4.17 (top), it is clear
that the limitation of the actuator torque qualitatively corresponds with the torque
limit τLIM . Di�erences between the desired and actual actuator torque limit are
due to the model based torque to pressure conversion on the one hand (see 3.4.3.2)
and to the di�erence between the torque set point and the actual torque on the
other hand. The added value of the feedforward torque is illustrated by �g. 4.17
(bottom). Although the feedforward torque is rather small in this particular case,
the actual trajectory is found to be closer to the target, also in the event of a
perturbation acting against the desired motion. This e�ect would have been more
apparent if the target trajectory was such that the recorded feedforward torque
was larger.

The combination of the exoskeleton data, the knee joint kinematics and the mus-
cle EMG measurements provides a better insight in the interaction between the
exoskeleton and the wearer than exoskeleton data alone as illustrated by �g. 4.18.
A torque limit decrease e�ectively lowers the maximal exerted actuator torque, but
the average knee joint pattern seems nearly una�ected. Muscle EMG data points
out that the subject shows a lower increase of vastus lateralis activity (knee exten-
sor muscle) compared to assisted walking without resistance, indicating reduced
e�ort.

4.2.4 Conclusion

In preparation of pilot experiments with impaired subjects, KNEXO was evaluated
in unassisted and assisted walking experiments with several unimpaired subjects.
It was shown that unassisted walking with KNEXO is characterised by a subject-
dependent compensation of gait in response to the unilaterally attached device and
the small residual resistance torques of the powered knee joint. This should be kept
in mind when recruiting impaired subjects and when evaluating the performance
of KNEXO on the basis of (un)assisted gait kinematics. From the assisted walking
experiments we conclude that the proposed assistive controller achieves compliant
guidance in unimpaired subjects and at the same time exhibits a tuneable smooth
response to human-robot interaction torques. This response is characterised by
an adjustable saturation limit on the interaction torque with the wearer and an
appropriately slow recovering motion towards the target trajectory in case of large
deviations from the target. The use of a feedforward torque improves guidance and
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allows dedicated tuning of the torque limit to human resistance torques without
compromising guidance. Di�erent settings of the controller's feedback gains, the
torque limit, the recovering motion time constant and the feedforward torque enable
di�erent assistive modes. The record-replay procedure using trajectory synchroni-
sation proved to be a valuable tool for testing these assistive modes in unimpaired
subjects.

4.3 Impaired subjects

Following the successful evaluation of the device and the proposed control concepts
in experiments with unimpaired subjects, a stroke patient and a Multiple Sclerosis
(MS) patient have been recruited to participate in a pilot study. The goal of the
study was to investigate whether KNEXO e�ectively assists impaired human knee
function during walking and to evaluate how the compliant guidance is experienced
by these patients. The experimental protocol of the pilot study has been approved
by the medical ethics committee of Vrije Universiteit Brussel. Inclusion criteria of
the study with regard to the patient's physical condition were:

� right side predominant impairment and a�ected knee function

� su�cient motor control and strength to walk a few intervals of a few consecu-
tive minutes at [1.5−2.5] kmph with or without walking aids such as crutches
or a wheeled walker

� familiar with treadmill walking

� su�cient walking ability for short time periods without any orthosis worn at
the right leg

The last mentioned criterion had been included to avoid interference or obstruction
between the orthosis and KNEXO. Since the device is unilateral and its support
is limited to the knee joint, a careful and speci�c patient selection was mandatory.
The patients gave informed consent prior to participation in the study. The results
are presented and discussed separately for the stroke patient (section 4.3.1) and
the MS patient (section 4.3.2) in the following sections.

4.3.1 Stroke patient

The male stroke patient had a right side hemiparesis and was 1.5 years post-stroke.
He was able to walk independently and wore an ankle-foot orthosis. His most
prominent gait impairment was weakness of the ankle dorsi�exor muscles resulting
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in foot drop during swing. He had severely a�ected speech (aphasia1), which made
it impossible to obtain feedback about perceived performance and comfort.

4.3.1.1 Experimental design

Setup and methods A treadmill walking assessment was performed �rst to
de�ne comfortable walking speed and to evaluate gait. As the person could not
wear his ankle-foot orthosis during experiments, he had to keep his shoes on to
maintain su�cient stability at the level of the ankle and the foot. KNEXO was
�tted and heel contact detection sensors were attached to the heel region of the
shoe soles (FSR sensors, see 2.5.4.2). Walking trials were performed so that the
patient could familiarise with the device in the unassisted mode (zero-torque (ZT)
mode).

The procedure of experiments involved three consecutive stages. First the sub-
ject's individual knee trajectory was recorded with KNEXO in ZT mode. In the
second stage a target knee trajectory is tracked by the exoskeleton in the robot-
in-charge mode by means of the PSMC controller explained in 3.4.2.3, while the
feedforward torque τFF is set to zero and the controller output τPSMC is recorded
(�PSMC mode�). This recording of τPSMC is averaged over all cycles to obtain
a single feedforward torque cycle. The target trajectory is based on the original
reference cycle recorded during ZT mode: it can be an adapted version of this
recorded reference cycle or a reference cycle originating from recordings of unim-
paired subjects. It is synchronised to the patient's gait by means of the synchro-
nisation algorithm explained in section 3.5.2. Finally, the same target trajectory
is again tracked in the robot-in-charge mode, but now τFF is set to the previously
obtained torque reference cycle (�PSMC FF mode�). Each assisted walking trial
started with KNEXO in unassisted mode (ZT) during about twenty strides, be-
fore switching on-line to assisted mode (PSMC). This covers the treadmill start up
phase and allows for the initialisation of the synchronisation algorithm. Between
and during the walking trials, the gains (Kp, Ki, Kd) and the feedforward torque
(feedforward term τFF ) were scaled to investigate their in�uence on the knee joint
motion and on the provided assistance. The feedforward torque is expressed as a
percentage (%FF) of the recorded torque reference cycle and the gains are jointly
expressed as a percentage (%G) of the maximum gain setting (Kp = 4 bar/rad,
Ki = 4 bar/rad.s, Kd = 0.04 bar.s/rad).

Data analysis The outcome measures, used to evaluate the e�ect of KNEXO
on unassisted and assisted walking, are based on the exoskeleton data and the

1Aphasia is a neurological disorder caused by damage to the portions of the brain that are
responsible for language. Primary signs of the disorder include di�culty in expressing oneself
when speaking, trouble understanding speech, and di�culty with reading and writing. The type
and severity of language dysfunction depends on the precise location and extent of the damaged
brain tissue (National Institute of Neurological Disorders and Stroke (NINDS).
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Figure 4.19: Heel contact detection signals of the right (dark gray) and the left
side (light gray) with indication of gait phase transitions (vertical lines) and used
notations.

heel contact detection signals. The exoskeleton data provides the joint angle, the
actuator torque, the instantaneous power generated or absorbed by the actuators
(see eq. 2.1) and the corresponding amount of work (see eq. 2.2) performed. These
variables are sectioned in cycles by means of the heel contact detection signals and
averaged over several cycles.

Besides the start time of each cycle, the heel contact detection signals hold addi-
tional gait timing information, as illustrated by �g. 4.19. By means of threshold
detection these signals are binarised and as such they yield the approximate time
instance of heel strike (tRHS(k)) and heel-o� (tRHO(k)) for stride k of the right leg
and the time instance of heel strike (tLHS(k)) and heel-o� (tLHO(k)) for stride k of
the left leg. These time instances allow the calculation of the following gait timing
variables:

∆tRHS(k) = tRHS(k + 1)− tRHS(k) (4.1)

∆tRHS−HO(k)
∆tRHS(k)

=
tRHS(k)− tRHO(k)

∆tRHS(k)
∗ (4.2)

∆tR−LHS (k)
∆tRHS(k)

=
tRHS(k)− tLHS(k)

∆tRHS(k)
° (4.3)
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The de�nitions for the variables related to the left side are found analogously.
Equation 4.1 yields the stride period (time period expressed in s), eq. 4.2 yields the
period of heel contact with the ground normalised by the stride period (expressed
in % of stride) and eq. 4.3 yields the period of foot contact with the ground between
successive alternate heel strikes normalised by the stride period (expressed in % of
stride). The normalised time periods corresponding with �no heel contact� and �no
foot contact� are the respective complements of the aforementioned variables.

Since the FSR sensors only detect heel contact (heel contact/no heel contact), their
signals do not provide a direct measure of the stance and swing period. However,
the evolution in time of the variables given by eq. 4.2-4.3 (related to stance) and
their complements (related to swing) does give a valuable indication of the change
of swing and stance period. For easier reference the variable de�ned by eq. 4.2
(and its complement) is referred to by symbol ∗ and the one de�ned by eq. 4.3
(and its complement) is referred to by symbol °. Hence, the variables related to
the right side (left side variables are de�ned analogously) are:

stance*R the period of right heel contact with the ground divided by the stride
period of the right leg (% of stride)

swing*R the period of right heel no-contact with the ground divided by the stride
period of the right leg (% of stride)

stance°R the period from right heel contact onset to consecutive left heel contact
onset divided by the stride period of the right leg (% of stride)

swing°R the period from left heel contact onset to consecutive right heel contact
onset divided by the stride period of the right leg (% of stride)

4.3.1.2 Results

KNEXO was �tted such that its joint angle was a few degrees in �exion with respect
to 0° during quiet standing. This was done to capture the frequently occurring
hyperextension of the patient's knee joint during stance. The di�erence between the
exoskeleton's zero reference angle (upper and lower link aligned) and the subject's
zero reference angle (quiet standing) should be kept in mind when analysing results.
The treadmill speed was set at 2 kmph (0.56m/s).

Figure 4.20 shows exoskeleton data recorded over a period of 20 strides of a walk-
ing trial in ZT mode (top) and of a walking trial in PSMC mode (bottom) with
maximum feedforward and gains (100%FF 100%G). Averaged data is shown in red
and 95% con�dence intervals ([−2σ,+2σ] with standard deviation σ) are indicated
in green. One should note that the work is calculated as the accumulated power
over each separate cycle and thus it equals zero at the start of each cycle.
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Figure 4.20: Stroke patient wearing KNEXO in ZT mode (top) and in PSMC 100%FF

100%G mode (bottom). Actual joint angle, actuator torque, actuator instantaneous power

and actuator work are shown as a function of stride percentage for 20 cycles (gray) together

with their average (red) and 95% con�dence bounds (green).
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Figure 4.21: In�uence of di�erent assistance levels on knee joint angle: target
trajectory (red), mean actual trajectories averaged over 20 cycles for di�erent as-
sistance levels from ZT (gray) � PSMC 100% FF 100% G (green).

Figure 4.21 shows the average joint angle trajectory for di�erent levels of assis-
tance ranging from zero assistance (ZT mode; gray curve) to full assistance (PSMC
100%FF 100%G mode; green curve). All trajectories have been rescaled to a com-
mon time base. The target trajectory is depicted in red.

The variation of the previously introduced gait timing variables within a walking
trial (top) and between walking trials with di�erent assistance levels (bottom) can
be observed in �g. 4.22. The top plot shows the transition from ZT mode to PSMC
100%FF 100%G mode. The bottom plot gives the trial means and their respective
standard deviations in the order of execution of experiments from left to right.

4.3.1.3 Discussion

According to the exoskeleton's joint angle, the kinematics of the unassisted knee
joint are characterised by a lack of stable support during stance and insu�cient
control over knee �exion and extension during swing as can be observed in �g.
4.20 (top, bottom right graph). Hyperextension of the knee frequently occurred
during stance. A relatively fast �exion during pre-swing is followed by a slower and
unsmooth extension in mid and late swing.
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Figure 4.22: Evolution of swing and stance periods (in percentage of stride). Top:
evolution in time during PSMC with 100%FF 100%G. Bottom: mean periods
[−σ,+σ] for di�erent assistance levels (in chronological order of execution from
left to right).

Since gait kinematics were not captured in these experiments, it is unclear to
what extent these characteristics are also found in gait without KNEXO. They
were, however, con�rmed by the visual gait assessment. During assisted walking
(see �g. 4.20, bottom), a small �exion torque prevents hyperextension of the knee
during stance and signi�cantly reduces joint angle variability during this phase. A
more symmetric and smooth �exion and extension are observed during swing. Ex-
tension torques up to 10Nm prevent fast knee �exion (power absorption) followed
by a �exion torque in order to reach su�cient �exion during mid swing (power
generation). The resulting �exion angle provided more foot clearance when com-
pared with unassisted walking. The overall negative work, combined with the short
delay (see �g. 4.21) of the assisted knee trajectory with respect to the unassisted
knee trajectory might be an indication that the subject anticipates to the exoskele-
ton's motion and is therefore slightly resisted, especially during knee extension
(75− 100% of stride).

Decreasing the amount of assistance by lowering the feedforward torque and the
gains leads to larger deviations from the target trajectory. Timely extension of
the knee prior to heel strike is a�ected in the least supportive mode (PSMC 0%FF
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50%G mode). It was di�cult to obtain feedback from the patient about his per-
ception of the di�erent settings.

The gait timing variables extracted from the heel contact detection signals show a
marked in�uence of the amount of provided assistance. The stride period appeared
to increase from 1.513±0.050 s to 1.637±0.030 s when comparing unassisted walk-
ing (ZT mode) with assisted walking (PSMC 100%FF 100%G), implying a larger
step length. As can be inferred from �g. 4.22 (top and bottom) unassisted walking
is characterised by a marked left-right asymmetry. Perfect symmetry corresponds
with equal left and right normalised step periods and in that case the variables
denoted stance°R, swing°R, stance°L, swing°L should all be equal to 50%. If the
stride period is constant, stance°R (green) and swing°L (yellow) on the one hand,
and stance°L (blue) and swing°R (red) on the other hand coincide, which follows
from their de�nition (see eq. 4.3 for stance°R). Relative variations of the variables
within each pair are due to stride period �uctuations. It can be seen that stance°R
is signi�cantly smaller than stance°L without assistance and that increased assis-
tance generally results in increased symmetry (see �g. 4.22 bottom). Figure 4.22
shows that this e�ect does not set in immediately after switching from ZT mode to
PSMC mode. The normalised period of heel contact with the ground shows much
greater variation for the a�ected side (stance*R, green) compared with the left side
(stance*L, blue) and this di�erence persists regardless of assistance (see �g. 4.22
bottom). Generally, the right heel contact period does increase with assistance.

These observations support the conclusion that the subject shows improved knee
joint function at the a�ected side and a more symmetric and stable gait timing while
wearing KNEXO in assisted mode when compared with the unassisted mode. The
patient's severely a�ected speech made it impossible, however, to obtain feedback
about the perceived assistance and the e�ect of altering the amount of assistance.
An analysis of gait kinematics, comparing gait with and without the device, would
also allow more conclusive evidence and was therefore added to the study with the
MS patient, discussed in the next section.

4.3.2 MS patient

The participant was a female MS patient (1, 68m, 58 kg) with secondary progressive
multiple sclerosis (SPMS2). Her gait was characterised by a right side predominant
loss of strength and coordination, resulting in reduced load bearing on the right
leg and gait asymmetry. She was able to walk short distances with a walking cane
and wore an ankle-foot orthosis and knee brace for daily activities.

2SPMS is one of the four identi�ed subtypes of progression of MS ( relapsing-remitting MS,
primary progressive MS, secondary progressive MS, progressive relapsing MS). It follows an ini-
tial period of relapsing-remitting MS (the most common form of MS in people who are newly-
diagnosed). In SPMS, the disease begins to worsen more steadily, with or without occasional
attacks, slight remissions, or plateaus (National Multiple Sclerosis Society (US).
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Figure 4.23: Setup for pilot experiments with an MS patient.

4.3.2.1 Experimental design

Setup and methods The experimental setup is shown in �g. 4.23. A treadmill
walking assessment was performed to de�ne a comfortable walking speed and to
evaluate her gait. The orthosis and brace were not worn during the experiments,
but shoes were kept on to provide su�cient stability at the level of the ankle and
the foot. KNEXO was �tted and heel contact detection sensors were attached to
the heel region of the shoe soles. Re�ective markers for camera-based motion cap-
turing were attached to the patient's lower limbs and pelvis and to the exoskeleton
according to the protocol in appendix C. Walking trials were performed so that the
patient could �rst familiarise with the device in zero-torque (ZT) mode.

The test procedure was similar to the one followed in the study with the stroke
patient. After the familiarisation period, the unassisted knee joint motion and
the heel strike detection signals were recorded with KNEXO in ZT mode. Next,
suitable target cycles for the assisted mode were selected out of a set of reference
cycles of unimpaired subjects. After feedforward torque recording in PSMC mode,
the controller settings were tuned in PSMC FF mode, based on gait assessment
and patient feedback. Between walking trials the target cycle and the controller
settings, i.e. the gain percentage (%G) and the feedforward torque percentage
(%FF), were adapted to study their in�uence. After the experiment, the participant
was requested to �ll in a questionnaire about her appreciation of the device.
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A B C
Kp,Ki,Kd (%) 50 100 50

FF (%) 0 0 100
τlim(Nm) 20 30 10
λ (s) 0.1 0.1 0.1

Table 4.2: Controller settings used in assisted walking experiments with the MS pa-
tient wearing KNEXO in PSMC mode. 100%G corresponds withKp = 4.0 bar/rad,
Ki = 4.0 bar/rad.s, Kd = 0.04 bar.s/rad. 100%FF corresponds with the total feed-
forward torque reference cycle as recorded in a preceding assisted trial with 0%FF.

Data analysis The outcome measures of the device are the joint angle, the
actuator torque, the instantaneous power generated or absorbed by the actuators
(see eq. 2.1) and the corresponding amount of work (see eq. 2.2). Exoskeleton data
was sectioned in cycles by means of heel contact detection signals and averaged
over 25 strides. Additionally, the gait timing variables introduced in 4.3.1.1 are
calculated from heel contact detection signals. The gait analysis based on motion
capture data (VICON) provides the relative rotational motion between the foot
and the lower leg, the lower leg and the upper leg and the upper leg and the pelvis
for both legs. The discussion of results focuses on the rotations in the sagittal
plane (the plane of progression), namely plantar�exion/dorsi�exion of the ankle,
�exion/extension of the knee and �exion/extension of the hip. Joint angle data was
sectioned in cycles by means of heel contact detection signals and averaged over 4
strides. The data was low-pass �ltered (4th order butterworth, cut-o� frequency
of 12.5Hz) to remove motion artefacts. Sudden changes in the standard deviation
with respect to stride percentage indicate the presence of these artefacts in the
source data.

4.3.2.2 Results

KNEXO was �tted so that a joint angle of approximately 0° corresponded with the
subject's knee fully stretched. Gait analysis data is zero referenced by means of a
static marker measurement during quiet standing. All experiments were performed
at a treadmill speed of 1.3 kmph (0.36m/s).

Figure 4.24 (top) shows 25 cycles of KNEXO data of a walking trial in ZT mode.
Averaged data is shown in red and 95% con�dence intervals are indicated in green.
Based on patient feedback and gait assessment during assisted walking a �best�
choice of target (target T1) and of controller settings (setting A, see table 4.2)
were selected. Figure 4.24 (bottom) shows 25 cycles of KNEXO data of a walking
trial in �best� PSMC mode (PSMC T1 0%FF 50%G). Figure 4.25 (top) compares
the average joint angle, the torque, the power and the work for three di�erent
target trajectories during assisted mode with �xed controller setting 0%FF 50%G.



Robot-assisted walking with KNEXO 183

 0  10 20 30 40 50 60 70 80 90  100

0

20

40

% of stride

P
ow

er
 (

W
)

 0  10 20 30 40 50 60 70 80 90  100

0

5

10

% of stride

W
or

k 
(J

)

 0  10 20 30 40 50 60 70 80 90  100

−15

−10

−5

0

5

% of stride

T
or

qu
e 

(N
m

)

 0  10 20 30 40 50 60 70 80 90  100
−60

−40

−20

0

% of stride

A
ng

le
 (

°)

 0  10 20 30 40 50 60 70 80 90  100

0

20

40

% of stride

P
ow

er
 (

W
)

 0  10 20 30 40 50 60 70 80 90  100

0

5

10

% of stride

W
or

k 
(J

)

 0  10 20 30 40 50 60 70 80 90  100

−15

−10

−5

0

5

% of stride

T
or

qu
e 

(N
m

)

 0  10 20 30 40 50 60 70 80 90  100
−60

−40

−20

0

% of stride

A
ng

le
 (

°)

Figure 4.24: Impaired subject wearing KNEXO in ZT mode (top) and in �best� PSMC

mode (bottom). Actual joint angle, actuator torque, actuator instantaneous power and

actuator work for 25 cycles (gray) and their average (red) and 95% con�dence bounds

(green) are shown as a function of stride percentage.
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Figure 4.25: In�uence of the selected target trajectory (top) and of the controller settings

(bottom) on averaged actual joint angle, actuator torque, power and work. ZT data are

shown in gray. Top: target trajectory T1 (blue), T2 (red) and T3 (green) and controller

setting A were used (see table 4.2). Bottom: controller settings A (blue), B (orange) and

C (purple) (see table 4.2) and target trajectory T1 (blue) were used.
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Figure 4.26: Evolution of swing and stance periods (in percentage of stride). Top:

evolution in time during a �best� PSMC trial (PSMC T1 0%FF 50%G). Bottom: evolution

of trial means [−σ,+σ] between modes and trials. PRE: without KNEXO before trials,

ZT, PSMC T1 100%FF 50%G, PSMC T1-T2-T3 with 0%FF 50%G (see �g. 4.25), POST:

without KNEXO after trials.

Target trajectory T1 (blue) and T3 (green) are based on unimpaired subject
recordings (see �g. 4.2), T2 (red) is based on T1 with additional 2.5% of stride
delay. Figure 4.25 (bottom) compares the average joint angle, the torque, the
power and the work for three di�erent controller settings, 0%FF 50%G (blue),
0%FF 100%G (orange) and 100%FF 50%G (purple) during assisted mode with the
�xed target trajectory T1 (blue). Average data of a walking trial in ZT mode are
given as a reference for comparison. The evolution over time of the gait timing
variables during a walking trial with KNEXO in �best� PSMC mode (PSMC T1
0%FF 50%G) is shown in �g. 4.26 (top). The transition from ZT mode to PSMC
mode is indicated by a grey vertical line. Figure 4.26 (bottom) compares mean gait
timing variables and their standard deviations for di�erent walking trials: without
KNEXO before trials (PRE), with KNEXO in ZT mode, with KNEXO in di�erent
PSMC modes and without KNEXO after trials (POST). Figure 4.27 shows the
mean right and left ankle, the knee and hip joint angle cycles and their respective
standard deviations for a walking trial without KNEXO (PRE, red), with KNEXO
in ZT mode (ZT, green) and with KNEXO in PSMC 100%FF 50%G mode (purple).
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Figure 4.27: Gait kinematics: �exion/extension angles of the patient's right and left
ankle, knee and hip joint without KNEXO (PRE, red), with KNEXO unassisted
(ZT, green) and assisted (PSMC T1 100%FF 50%G, purple)
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Figure 4.28: Gait kinematics: �exion/extension angles of the patient's right and left
ankle, knee and hip joint without KNEXO (PRE, red) and with KNEXO assisted
(PSMC T1 100%FF 50%G, purple; PSMC T1 0%FF 50%G, blue; PSMC T2 0%FF
100%G, magenta)
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Figure 4.29: Relative motion due to the compliance at the interface, based on
VICON data: top) mean �exion/extension angles of the patient's right knee (solid)
compared with KNEXO joint angle (dotted) in di�erent modes. bottom) Di�erence
of knee joint angle and KNEXO angle (> 0 indicates that the knee is more extended
than KNEXO, > 0 indicates that the knee is more �exed than KNEXO).
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The angles are plotted against the percentage of stride of the right leg (0% corre-
sponds with right heel strike) and the average instance of left heel strike is indicated
by a vertical line. Positive angles imply �exion relative to the reference (quiet stand-
ing), negative angles imply extension. Data with too many motion artefacts have
been omitted (e.g. hip data, assisted (purple)). Figure 4.28 similarly compares a
walking trial without KNEXO with walking trials with KNEXO in three di�erent
modes: PSMC T1 100%FF 50%G (purple), PSMC T2 0%FF 50%G (blue), PSMC
T3 0%FF 100%G (magenta). The mean joint angle cycles of KNEXO (dotted) are
compared with the mean human knee joint angle cycles for the same PSMC modes
and for ZT mode in �gure 4.29 (top). Both human knee angles and KNEXO angles
in this �gure are based on VICON data. Figure 4.29 (bottom) shows the di�erence
between the knee joint angle and KNEXO angle, where positive and negative an-
gles imply that the human knee joint is respectively more extended or more �exed
than the robotic joint.

4.3.2.3 Discussion

The patient's right knee kinematics were marked by a hyperextension (overstretch-
ing) during stance and an unsmooth and slow extension during swing, as can be
observed in �g. 4.27 (PRE, red). This is in contrast with the left knee, which is
signi�cantly more �exed overall and has a smoother �exion/extension course dur-
ing swing. The left right asymmetry is also clear from the hip joint cycles, showing
a marked di�erence in �exion amplitudes (50° left vs 35° right), and the ankle joint
cycles, showing a larger extension range in preparation of swing (from 95%�17.5%
of stride) and more �exion overall at the left side. The large hip �exion at both
sides can be partly attributed to the subject holding the sidebars of the treadmill
for support.

In the unassisted mode (see �g. 4.24(top)) KNEXO generates a small resisting
torque (< 2Nm) and a related energy loss is noticeable in initial swing, but this
was not reported by the subject. Similarly to what is observed in unimpaired
subjects, a comparison of knee kinematics during unassisted walking with walking
without KNEXO in �g. 4.27 (red vs green), shows smaller peak �exion during swing
and more incomplete extension. A decrease of the stride period from 2.21± 0.07 s
(without KNEXO) to 2.06±0.05 s (with KNEXO in ZT mode), implying a decrease
of the step length (�xed treadmill speed), was also observed.

Three distinctive e�ects can be pointed out, when comparing assisted walking
(�best� PSMC mode, bottom) with unassisted walking (ZT mode, top) in �g. 4.24.
During stance a �exion torque (≈ −8Nm) prevents the knee from overstretching,
during pre-swing and initial swing knee �exion is assisted (positive power) and
during mid and terminal swing knee extension is guided (reduced variability of the
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joint angle). This guidance during late swing also induces a larger knee extension
in preparation of heel strike and stance. The e�ects on knee kinematics (VICON)
are less pronounced when comparing this PSMC mode (blue) with walking without
KNEXO (red) in �g. 4.28. This is not only due to the di�erence in knee kinemat-
ics between walking without KNEXO (red) and with KNEXO in unassisted mode
(green), but also due to the compliance of the human-robot interface causing devi-
ations between the knee angle and the exoskeleton's joint angle, as can be inferred
from �g. 4.29. The compliance at the interface results from the compliance of
the cu�s and the compliance of soft human tissue (i.e. muscles, skin, ...). During
the stance phase of assisted walking for instance, the exoskeleton exerts a �exion
torque while being more �exed than the patient's knee (positive angle di�erence in
�g. 4.29 (bottom)).

The subject experienced the device as supporting her knee and improving her
walking ability. In particular she felt more con�dent shifting her weight on the
right leg when compared with walking in ZT mode and walking without KNEXO.
This is con�rmed by the gait timing results shown in �g. 4.26. Comparing trial
means for PRE/ZT with �best� PSMC in the top graph reveals increased left-right
symmetry in terms of heel strike timing (stance°R(swing°L) and swing°R(stance°L)
closer to 50%) and longer periods of heel contact with the ground for both sides
(increased stance*R and stance*L). The latter, however, turns more asymmetric in
the presence of assistance. While similar observations can be made from the top
graph in �g. 4.26, the evolution in time of the gait timing variables shows marked
�uctuations after the transition to assisted walking that result from the dynamic
interaction between the device and the patient adapting to it. The in�uence of
assistance on gait timing symmetry also appears from �g. 4.28. The ankle, knee
and hip joint cycles of the left side are time shifted when comparing �best� PSMC
(blue) with walking without KNEXO (red).

The selected target trajectory obviously a�ects the timing and the amount of
assistance provided by the device. As can be observed in �g. 4.25(top) PSMC
T3 (green) provides a lower �exion torque than PSMC T1 (blue) during stance
resulting in increased knee extension, as expected. Comparing PSMC T2 (red)
and PSMC T1 (blue), however, reveals similar �exion angles during pre-swing and
initial swing (55-65% of stride) and signi�cantly higher �exion torque magnitudes
in the case of PSMC T1. This suggests that the patient reduces e�ort in the latter
case, supporting the perception of �best� assistance mode. Both PSMC T2 and
PSMC T3 also induce a more pronounced asymmetry in heel strike timing and a
larger variability in heel contact with the ground compared with PSMC T1, ZT
and PRE (see �g. 4.26(bottom)). These observations underline the importance of
the target trajectory and equally show that ultimately its e�ect is dependent of the
wearer's response to the changed assistive environment displayed by the device.
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A comparison of di�erent controller settings in �g. 4.25 (bottom) and �g. 4.28
points out that increasing the gains as in PSMC T1 0%FF 100%G (�g. 4.25,
orange) results in a better matched target when compared with PSMC T1 0%FF
50%G (blue), without any signi�cant change of torque or power. The di�erence
in joint kinematics suggests a di�erence in the patient's e�ort. The addition of
a feedforward torque in PSMC T1 100%FF 50%G (purple) yields the most �sti��
controller setting depicted. In this case the torque built up during pre-swing caused
a slight overshoot after toe-o� at 65%-80% of stride. Heel strike timing appears
to be most symmetric in this case, which is also clear from �g. 4.26. Overall, the
patient preferred the �softer� PSMC T1 0%FF 50%G controller setting without
feedforward, as she felt the assistance was more synchronised to her gait in that
case. The torque limit parameter τLIM was adapted to the amount of %FF in order
to have a more or less constant actual actuator torque limit and chosen high enough
such that torque saturation would not occur during �normal� assistive walking.

Summarising these observations, one can conclude that KNEXO supports knee
joint function and also indirectly improves gait timing symmetry in this patient.
Importantly, this was con�rmed by the patient's perception and appreciation of the
device's performance. The data collected from the exoskeleton enable a qualita-
tive interpretation of its performance during assisted walking, in spite of inevitable
relative motion between the human and robot due to the compliance of the inter-
face. Muscle activity measurements could provide a better insight in the patient's
response to di�erent assistive modes. These were also included in the study, but
the quality of the collected data was insu�cient to draw conclusions and therefore
these data were not included in the discussion.

4.3.3 Conclusion

A stroke patient and an MS patient with moderate, right side predominant im-
pairment participated in robot-assisted walking experiments with KNEXO. The
device's unassisted mode (ZT mode) proved to be a valuable tool for qualitative
gait assessment in view of target trajectory selection for the assisted mode. A quan-
titative comparison of unassisted walking with KNEXO in ZT mode and walking
without KNEXO by means of gait analysis pointed out increased gait asymmetry
due to the unilateral device, as observed previously in unimpaired subjects.

Given some patient-speci�c tuning of the assistive mode, KNEXO e�ectively as-
sists impaired knee function, leading to improved gait symmetry. The improve-
ments observed in the stroke patient were moderate, as his most prominent gait
impairment was weakness of the ankle dorsi�exor muscles. Still, the assistance sta-
bilised the knee during stance and provided more foot clearance during swing. In
the MS patient, gait analysis con�rmed that hyperextension of the knee was pre-
vented and knee extension was smoothly guided in preparation of heel strike. Gait
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timing symmetry also improved and the subject reported feeling more con�dent
shifting the body weight on the right leg and experiencing a marked but compliant
support at the knee.

Due to the compliant guidance and the limitation of assistance to the knee joint a
dynamic interaction between the human and the robot takes place that requires gait
analysis and muscle EMG measurements in addition to exoskeleton data to provide
an in-depth analysis of the in�uence of robot-assistance on impaired gait. Patients
with mild or moderate impairment, that is not related to the right knee function
alone, require a more careful selection of the target trajectory and of controller
settings with this speci�c device in order to provide assistance that blends in with
the patients' own e�orts and leads to more signi�cant improvement.

The potential of the assistive controller was not fully explored in these pilot exper-
iments, since focus was mainly on compliant guidance. However, the torque limi-
tation and slow recovery from large deviations characteristic to the controller, ap-
peared useful during mode transitions (unassisted�assisted, assisted�stop walk-
ing) and were felt contributing to the general safety of the test environment. The
pilot experiments discussed in this chapter, showing the value of KNEXO and of
the proposed methods, encourage future studies in unimpaired subjects focusing
more speci�cally on human-robot interaction.



Conclusion and future research

In the past decade the state-of-the art in robot-assisted rehabilitation of gait has
known a steep rise. Research e�orts are driven by the need for clinical evidence of
the e�ectiveness of robot-asisted therapy and within the �eld of gait rehabilition
robotics they are focused on the development of novel gait training robots. Newly
developped prototypes are aimed at the improvement and diversi�cation of robotic
therapies and at gaining insight in the principles underlying motor learning and
neural recovery that evidence these therapies. The assistance-as-needed paradigm,
that is based on these principles, has put emphasis on a more human-centered
approach to robot design and control in which physical human-robot interaction
plays a key role.

This dissertation addresses several design and control aspects of a gait rehabilita-
tion exoskeleton powered by compliant actuators with focus on improved physical
human-robot interaction. The combination of lightweight, intrinsically compliant,
high torque actuators (pleated pneumatic arti�cial muscles, PPAMs) and safe,
adaptable guidance along a target trajectory is investigated for end use in a full
lower body exoskeleton. In order to evaluate the proposed design and control con-
cepts a powered knee exoskeleton (KNEXO) has been developed and robot-assisted
walking experiments have been performed with unimpaired and impaired subjects.
The di�erent stages required to come to this experimental evaluation were tack-
led: actuator system design, mechanical structure design, system modelling and
simulation, controller design and control performance evaluation.

Overview

The mechanical design of KNEXO, presented and explained in chapter 2, �nds a
logical starting point in the biomechanics of human gait, providing a framework for
the actuator system requirements and the kinematics of the mechanical structure.

193
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In view of a generalisation to joints other than the knee a methodical approach
to the design of a joint powered by PPAMs was considered indispensable. The
design of a conventional antagonistic setup of PPAMs connected to the joint by
means of �xed levers was formulated as a multi-objective optimisation problem. An
exhaustive search based optimisation method was used to �nd optimal solutions
that are more compact and less overdimensioned than feasible solutions found by
trial-and-improvement. In order to come to this level of integration a study of the
existing mathematical model of the PPAM was mandatory. Hence, the nonlinear
torque-angle relationship of the powered joint that results from the nonlinear force-
contraction output of the PPAM is the key characteristic that governs the design
problem. A force transmission by four bar linkages was found to possess better
torque shaping capabilities than �xed levers while improving compactness. The
resulting optimised actuator system design has a maximal torque output of 75Nm
and a range of motion of 90°.

Di�erent intermediate prototypes were developed to come to the design of the
powered knee exoskeleton KNEXO. Special attention was paid to the adaptabil-
ity of the interface between human and robot in view of extended testing with
di�erent subjects. An external weight compensating mechanism was used for the
exoskeleton, that makes it wall-grounded while preserving the degrees-of-freedom
of the pelvis in treadmill walking. The device was equipped with custom-made
strain gauge based force sensors for use in a torque control scheme.

In chapter 3 the methods and controllers were introduced and discussed to achieve
safe, compliant and adaptable robotic assistance by KNEXO. An overview of the
state-of-the-art in assistance-based control was given to provide a better insight
in the di�erent existing strategies to introduce compliance into the system and to
achieve assistance-as-needed. In this work intrinsic compliance on the hardware
level (due to the compliant actuators) is combined with proxy-based sliding mode
control (PSMC), a control method that combines trajectory tracking with an ap-
propriately slow response to large deviations from the target trajectory. PSMC
is known to improve robot safety (against damage due to environmental contact
or excessive speed) in robotic manipulator control and to improve impact safety
in robots operating in the proximity of humans. One of the main objectives of
this thesis was to investigate the suitability of PSMC to improve the safety and
adaptability of human-robot interaction in robots that are in close contact with
impaired humans.

Two assistive modes were considered: an unassisted mode for trajectory recording
and as a baseline for performance evaluation of robot-assistance, and an assisted
mode for safe and compliant guidance along a target trajectory. The implementa-
tion of these modes required di�erent controllers, that were studied with simulation
models of the combined human-robot system and more importantly, experimentally
evaluated.
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For the unassisted mode, a torque controller was implemented. A PI torque
controller with force sensor based feedback and with a feedforward term based on
a static actuator model achieved good torque tracking performance compared with
other existing pneumatic muscle systems. Dynamic response measurements showed
the e�ects of the nonlinear pressure dynamics underlying the performance of the
pneumatic system and revealed the importance of the model-based feedforward
term. Zero-torque control e�ectively reduces the dynamic sti�ness of the system
and in the velocity range of the application the residual torque levels were found
to be acceptable.

For the assisted mode, a proxy-based sliding mode controller with non-model
based feedforward torque was implemented. PSMC combines aspects of PID con-
trol and sliding mode control into a control method that generates PID-like be-
haviour with an adjustable actuator torque saturation limit and that provides an
adjustable, slow recovering motion from large deviations from the target trajec-
tory. The feedfoward torque, based on measurements of the system under PSMC
without feedforward, improves tracking without the need for human-robot sys-
tem modelling. Interaction experiments on a test setup veri�ed the similarities
with PID control in terms of tracking performance without perturbations and the
marked di�erences in the response to human-robot interaction torques. In order to
gain a more accurate control over the actuator torque limit an alternative PSMC
scheme was proposed that uses the previously developed torque controller as an
inner torque control loop, instead of controlling the muscle pressures directly. The
resulting controller (PSMC IT) achieved similar tracking performance and more
reliable torque saturation, when compared with PSMC, but appeared to be less
reliable in terms of stability.

The robot-assisted experiments covered by chapter 4 were designed to evaluate
the e�ectiveness of the proposed controllers and methods. First, by extensive
testing with several unimpaired subjects, and after that in pilot experiments with
a stroke patient and a Multiple Sclerosis (MS) patient with right side predominant
impairment. In the evaluation of the e�ects of robotic assistance exoskeleton data
was combined with gait kinematics measurements and EMG measurements to gain
a better insight in human-robot interaction.

Unassisted walking with KNEXO in zero-torque mode was seen to have a subject-
dependent adverse e�ect on overall gait symmetry in (un)impaired subjects due to
the unilateral nature of the device. Altered knee joint kinematics at the exoskeleton
side were attributed to the combined e�ect of residual actuator torques, added
inertia/weight and possible kinematical misalignment between human and robot.
The unassisted mode proved to be indispensable for qualitative (recorded) knee
function assesment in preparation of assisted walking trials with impaired subjects.

In assisted walking experiments with unimpaired subjects wearing KNEXO in
PSMC mode di�erent interaction scenarios were investigated. Target knee tra-
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jectories were generated by a record-replay procedure (with or without trajectory
scaling) and synchronised to the subject's gait. According to these experiments
KNEXO compliantly guides the knee and is capable of displaying di�erent assis-
tive modes, depending on the control parameters. The control parameters de�ne
the amount of assistance during normal guidance (gains and feedforward torque)
and the response to human interaction torques (torque limit and time constant of
the recovering motion), and their setting implies an important trade-o� between
safety of guidance and safety of interaction.

Provided a patient-speci�c controller tuning, the assistive mode of KNEXO e�ec-
tively assisted impaired knee function and improved gait symmetry in the stroke
patient and the MS patient. In the MS patient this was con�rmed by gait anal-
ysis and also by her feedback on perceived assistance and comfort. She reported
improved weight bearing on the most a�ected leg and an increased con�dence in
walking. Although the role of the torque saturation and slow recovering motion
were not fully explored during guidance in these experiments, these key features
of PSMC proved to increase safety during transitions between di�erent assistive
modes.

General conclusion

Based on this work some general conclusions can be drawn on the e�ectiveness of
the design and control concepts investigated on KNEXO and on the potential of
KNEXO as a research prototype and as a robotic therapy device.

Regarding the compliant actuator implemented in KNEXO, the pleated
pneumatic arti�cial muscle, it is felt that the development of the torque controller,
standalone and as part of a trajectory controller with torque-dependent behaviour,
has increased the potential of this actuator (and pneumatic muscles in general) to
be used as a torque source. In contrast with a pure trajectory controller, an assis-
tive controller aimed at assistance-as-needed requires control over the human-robot
interaction torques, which in turn requires actuators to be a good torque source.
Provided some hardware adaptations, as will be discussed further, the proposed
actuator system may meet the torque requirements that apply to the robot joints
of a powered full lower body exoskeleton for gait assistance. However, there are two
main disadvantages related to the use of these speci�c actuators that discourage
their use as a torque source. Firstly, due to their nonlinearity, their performance
heavily relies on a model-based feedforward term that ideally should take into ac-
count the pressure dynamics, as well as the torque-pressure relationship of the
PPAM. Improving the relatively slow pressure dynamics requires dedicated mod-
elling and hardware (valves). The PPAM's torque-pressure relationship is complex
(e.g. hysteresis) and di�cult to model. Secondly, there are some practical issues as
well: the manufacturing process of the muscles (manual production, variations in
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quality and reliability having implications for modelling) and the use of pressurised
air as a power source (availability, noise).

Regarding the use of compliant actuators with adaptable intrinsic com-
pliance. Previous work by Vallery et al. (2008); Veneman et al. (2006) on rotational
series-elastic actuators with a �xed intrinsic compliance shows that the intrinsic
sti�ness (the sti�ness of the spring in series with the motor) in�uences torque
control performance: a too low sti�ness a�ects the dynamic response because of
actuator saturation, a too high sti�ness deteriorates stability. According to Vallery
et al. (2008) a compliant actuator can not render a higher sti�ness than the intrin-
sic sti�ness without compromising stability. In this work it was also shown that the
intrinsic sti�ness of a PPAM powered joint in�uences torque control performance.
Firstly, performance deterioration at low compliances is also due to saturation-like
e�ects (the underlying pressure dynamics become slow if the mean muscle pressure
(which roughly relates to the intrinsic sti�ness of the joint) is decreased). Sec-
ondly, in zero-torque control it was observed that rendering a minimal dynamic
sti�ness gives better results in the case of a low intrinsic sti�ness, in spite of sat-
uration. These two examples indicate that indirectly (e.g. because of actuator
saturation) or directly, the adaptability of intrinsic compliance is a useful means
to tune actuator performance according to the needs of the application. Within
the ALTACRO project (see 1.2.3), the Mechanically Adjustable Compliance and
Controllable Equilibrium Position Actuator (MACCEPA, Van Ham et al. (2007)),
a rotational series elastic actuator with adjustable intrinsic sti�ness, is investigated
in view of implementation in a full lower body exoskeleton. Pin pointing the added
value of the adaptability of intrinsic compliance, for instance with respect to ro-
bustness against disturbances or against varying conditions (e.g. inertial, sti�ness
and damping properties of the human as part of the system) remains an important
topic of research.

Regarding the suitability of PSMC as an assistive controller, it was shown
that the adjustable torque limitation (τLIM ) of PSMC is a useful means to achieve
safe and adjustable assistance and that in order to gain control over the human-
robot interaction torques with this feature, the exoskeleton's dynamics need to be
compensated. The adjustable, slow recovering motion of PSMC should be fast
enough to ensure continuity of gait (avoid stumbling or falling) and slow enough to
ensure safety of interaction (slow speeds, no overshoot). A value of about 0.1 s for
the time constant (λ) of the recovering motion gave the best results in interaction
experiments with unimpaired subjects. The combination of the torque limitation
and the slow recovering motion allows for a variety of assistive modes. In view
of future implementation of PSMC as an assistive control strategy, a higher-level
controller is considered indispensable for a methodical, online adaptation of the
torque limit τLIM and the time constant λ.
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Regarding the potential of KNEXO as a research prototype and as a
robotic therapy device, it is felt that KNEXO is a suitable research prototype
for further study of the bene�ts of intrinsic (adaptable) compliance and of PSMC
(and by extension of other control strategies) in di�erent physical human-robot
interaction scenarios. In continuation of the evaluation of KNEXO in impaired
subjects, focus can be shifted on safety of interaction in the event of considerable
resistance against assisted motion (e.g. sti� knee gait in stroke patients, spasticity
of the leg muscles). The interaction experiments with unimpaired subjects have
already shown the potential of intrinsic compliance and PSMC in such case. Al-
though the prototype was not envisaged as a robotic therapy device, additional
patient testing would help de�ning potential users and therapeutic bene�ts. From
this viewpoint, the absence of assistance at the hip is a current limitation of the
device.

Future research

The work reported in this dissertation �ts in the scope of a broader ongoing re-
search project (ALTACRO, see 1.2.3) that addresses identi�ed research challenges
in robot-assisted rehabilitation of gait and concerns the development of a novel
full lower body exoskeleton powered by compliant actuators with intrinsic adapt-
able compliance. Considering the general conclusions, at least two tracks can be
explored starting from this work.

The �rst, short term track focusing on KNEXO:

� solving the stability issues of the proxy-based sliding mode controller with
inner torque control loop. The performance of this controller would bene�t
from a more accurate model-based feedforward term in the torque control
loop. Also the low-level pressure control could be improved by using the
internal muscle pressure instead of the valve pressure as the control signal.

� investigating the added value of proxy-based sliding mode control to robotic
gait assistance in impaired subjects with signi�cant spasticity of the leg mus-
cles. This would allow to explore assistive modes with emphasis on safety of
interaction. Since there is a relationship, although complex, between the oc-
currence of spasticity and the velocity of joint motion, it could be of interest
here to use an alternative PSMC scheme with additional velocity bound as
introduced by Kikuuwe et al. (2006).

Some of the concepts proposed and elaborated in this work could be brought to
fruition by implementing them on a bilateral exoskeleton with powered joints at
the ankle, knee and hip. Therefore the second, long term track focuses on the
development of a full lower body exoskeleton:
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� investigating the trade-o� between safety of interaction and safety of guidance
with a joint-level implementation of PSMC. A bilateral multi-DOF exoskele-
ton allows to explore a higher support torque range and a full robot-in-charge
scenario.

� investigating the implementation of PSMC on the robot in cartesian space
instead of on a (distributed) joint-level and in which ways human-robot in-
teraction would bene�t from this higher level approach.
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Appendix A

Actuator system design: four bar linkage

analysis

A.1 Kinematics

A schematic representation of a four bar linkage with link lengths L1 . . . L4 is
depicted in �g. A.1. The ground link (segment O1O2) is considered �xed. The
motion of the input link (segment O2O3) is transferred to the output link (segment
O4O1) by the coupler (segment O4O1). The kinematics of the linkage reside in the
following simple loop-closure equation:

O1O2 + O2O3 + O3O4 + O4O1 = 0. (A.1)

By means of the angles de�ned in �g. A.1 the vector eq. A.1 is written as a set
of equations:
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Figure A.1: Four bar linkage
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Figure A.2: Free body diagrams: a) input link and output link with known external
loads and unknown reaction forces, b) coupler with unknown reaction forces

{
0 = −L1 + L2 cos θ2 + L3 cos θ3 + L4 cos θ4

0 = L2 sin θ2 + L3 sin θ3 + L4 sin θ4

. (A.2)

In the actuator con�guration with four bar linkages, discussed in section 2.3.5,
the output link angle θ4 is related to the joint angle q. Eq. A.2 is thus solved
numerically for θ2 and θ3, given θ4.

A.2 Mechanical advantage and static force analysis

The mechanical advantage of the four bar linkage is de�ned as the ratio of output
torque τOUT to input torque τIN , also referred to as transmission ratio (denoted
by rt). If power losses are neglected, the mechanical power PIN at the input link
equals the mechanical power POUT at the output link, which yields

POUT = PIN

τOUT θ̇4 = τIN θ̇2

rt =
τOUT
τIN

=
θ̇2

θ̇4

. (A.3)

The transmission ratio rt can be calculated by taking the derivative of eq. A.2,
eliminating θ̇3 and substituting the far most right hand side of eq. A.3. Alterna-
tively, rt follows from the static force analysis of the four bar linkage. The forces
acting on the links need to be known for strength calculations in the design and
in particular for the design of the custom-made force sensors, explained in section
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2.5.2.3. Free body diagrams of the input and output link, and of the coupler are
shown in �g. A.2.a and �g. A.2.b respectively. In �g. A.2.a the input torque is
generated by an external force FIN , whereas the load acting on the output link
is represented by an external torque τLOAD. These loads are external to the link-
age and correspond with the loading case found in the con�guration depicted in
�g. 2.24 and discussed in section 2.3.5. From �g. A.2.b one infers that in or-
der to have force balance the reaction force vectors R3 (= R3x + R3y) and R4

(= R4x+R4y) should be aligned with the coupler, have equal amplitude and oppo-
site sense. Hence, the same holds for the reaction forces R′3 (R′3 = −R3) and R′4
(R′4 = −R4) shown in �g. A.2.a. The relation between input torque and output
torque is found by expressing the condition that the total moment of the external
forces acting on the input link and the total moment of the external forces acting
on the output link should both be zero:{

MO2,input link = FINL2 sin(α− θ2)−R′3L2 sinβ = 0
MO1,output link = R′4L4 sin γ − τLOAD = 0

. (A.4)

This set of equations is solved by substituting

R′4 = R′3

τIN = FINL2 sin(α− θ2)

τOUT = τLOAD

β = θ3 − θ2 − π

γ = θ4 − θ3 + π

in eq. A.4, which yields{
MO2,input link = τIN −R′3L2 sin(θ2 − θ3) = 0
MO1,output link = R′3L4 sin(θ3 − θ4)− τOUT = 0

and by eliminating R′3, which results in

rt =
τOUT
τIN

=
L4

L2

sin(θ3 − θ4)
sin(θ2 − θ3)

. (A.5)

The longitudinal forces acting on the input link, the output link and the coupler
are given by

Finput link = FIN cos(α− θ2)−R′3 cosβ
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Foutput link = −R′4 cos γ (A.6)

Fcoupler = R3.

in which a positive sign indicates tension and a negative sign indicates compres-
sion. The angle α can be determined from the actuator con�guration in �g. 2.24.
Substituting previous �ndings in eq. A.6 gives

Finput link = FIN cos(α− θ2) +
τIN
L2

cot(θ2 − θ3)

Foutput link = −τIN
L2

cos(θ3 − θ4)
sin(θ2 − θ3)

(A.7)

Fcoupler =
τIN

L2 sin(θ2 − θ3)
.

During operation link loading can change from tension to compression or vice
versa, depending on the orientation of the linkage and the line of action of the
input force.



Appendix B

Proxy-based sliding mode control

B.1 Discrete-time controller

The derivation of the discrete-time control law is explained in what follows. For
detailed calculations of the continuous-time and discrete-time control law as well
as an in-depth coverage of the characteristics of proxy-based sliding mode control,
the reader is referred to Van Damme (2009).

The discrete-time control law is derived from the set of equations that de�nes the
torque τ as required by proxy-based sliding mode control and given by

τ = τLIM sgn (σ − ȧ− λä) (B.1)

τ = Kpȧ+Kia+Kdä (B.2)

where σ = (qd− q) + λ(q̇d− q̇) and a =
∫

(qp− q)dt and the signum function sgn(·)
de�ned by

sgn(x)

 = 1 if x > 0
∈ [−1, 1] if x = 0

= −1 if x < 0
. (B.3)

The torque τ can be calculated from a discrete-time representation of eq.B.1-B.2.

By writing the value of q at timestep k as q [k] (i.e. q [k] = q (kT ), where T is the
sampling period) and by introducing the backward di�erence operator ∇, de�ned
by

∇q [k] = q [k]− q [k − 1] , (B.4)

one can approximate q̇ at timestep k by

q̇ [k] =
∇q [k]
T

(B.5)
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and q̈ by

q̈ [k] =
∇q̇ [k]
T

=
∇2q [k]
T 2

(B.6)

with

∇2q [k] = ∇ (∇q [k])

= ∇q [k]−∇q [k − 1]

= q [k]− 2q [k − 1] + q [k − 2] .

Using these de�nitions, a discrete time representation of eq. B.1-B.2 is given by

τ [k] = τLIM sgn
(
σ [k]− ∇a [k]

T
− λ∇

2a [k]
T 2

)
(B.7)

τ [k] = Kp
∇a [k]
T

+Kia [k] +Kd
∇2a [k]
T 2

, (B.8)

with σ [k] given by

σ [k] = (qd [k]− q [k]) + λ (q̇d [k]− q̇ [k]) (B.9)

where q̇d [k] and q̇ [k] are known and thus do not need to be approximated by means
of �nite di�erences. Eq. B.7-B.8 can be considered as a system of two algebraic
equations in two unknowns, τ [k] and a [k].
A �rst step in the solution is to solve eq. B.8 for a [k]:

a [k] =
a [k − 1] (KpT +Kd) +Kd∇a [k − 1] + T 2τ [k]

KiT 2 +KpT +Kd
. (B.10)

Substitution in eq. B.7 gives

τ [k] = τLIM sgn (τ∗ [k]− τ [k]) , (B.11)

with

τ∗ [k] =
KiT

2 +KpT +Kd

T + λ
σ [k] +Kia [k − 1] +

λ (KiT +Kp)−Kd

T (T + λ)
∇a [k − 1] .

(B.12)
Eq. B.11 shows that the discretization has allowed the �closure of a feedback loop�
around the signum function within the software of the controller. Since τLIM > 0
one can rewrite eq. B.11 as

τ [k]
τLIM

= sgn (τ∗ [k]− τ [k])
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= sgn
(
τ∗ [k]
τLIM

− τ [k]
τLIM

)
.

Using the de�nition of sgn(·) (eq. B.3), Kikuuwe and Fujimoto (2006) show the
following equivalence:

y = sgn (x− y) ⇐⇒ y = sat (x) , (B.13)

with the unit saturation function sat (·) de�ned as

sat (x) =

{
x if |x| ≤ 1
sgn (x) if |x| > 1.

(B.14)

Applying this equivalence yields

τ [k] = τLIM sat
(
τ∗ [k]
τLIM

)

=

{
τ∗ [k] if ‖τ∗ [k]‖ ≤ τLIM
τLIM

τ∗[k]
‖τ∗[k]‖ if ‖τ∗ [k]‖ > τLIM .

(B.15)

Once τ [k] is known from eq. B.15, it can be used to calculate a [k] using eq. B.10.

The procedure to calculate the output of the proxy-based sliding mode controller
at timestep k can thus be summarized as follows:

σ [k] = (qd [k]− q [k]) + λ (q̇d [k]− q̇ [k]) (B.16)

τ∗ [k] =
KiT

2 +KpT +Kd

T + λ
σ [k] +Kia [k − 1]

+
λ (KiT +Kp)−Kd

T (T + λ)
∇a [k − 1] (B.17)

τ [k] =

{
τ∗ [k] if ‖τ∗ [k]‖ ≤ F
F τ∗[k]
‖τ∗[k]‖ if ‖τ∗ [k]‖ > F.

(B.18)

a [k] =
a [k − 1] (KpT +Kd) +Kd∇a [k − 1] + T 2τ [k]

KiT 2 +KpT +Kd
. (B.19)
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Robot-assisted walking with KNEXO: gait

analysis

C.1 Motion analysis

The system used for 3-dimensional motion analysis consists of the Vicon® 612-
datastation (Vicon, UK) and seven MX F20 infra-red cameras. These cameras
capture the positions of re�ective markers at a rate of 250Hz and they were recal-
ibrated prior to each new motion capturing session.

In unimpaired subjects 45 technical markers were attached to the skin over bony
landmarks at the pelvis (7), in three clusters at each foot (12) and in clusters at
the anterior aspects of each thigh (4) and shank (4) (see �g. C.1-C.2). Technical
markers were also attached to the upper limb segment (4) and lower limb segment
(4) of KNEXO in order to capture motion relative to the human limb. All these
markers are involved in both static and dynamic measurements. For static reference
measurements 10 anatomical markers are attached to speci�c lateral and/or medial
bony landmarks at the hip (1), knee (2) and ankle (2) (see �g. C.2 right). A
static reference measurement captures the position and orientation of the technical
marker clusters relative to the anatomical markers during static standing. The
anatomical markers are removed prior to dynamic measurments.

Data processing and analysis are done by means of Vicon NexusTM and Vicon
BodyBuilderTM software (Vicon Motion Systems Ltd., Vicon, UK) respectively. In
the analysis software the marker clusters are correlated with human body segments
of a biomechanical multibody model. Here, these segments are the pelvis, the two
leg segments (thigh, shank) of each leg and the three foot segments (heel, forefoot,
toes) of each foot. The relative motion of these segments is expressed in terms of
rotations at the joints between the di�erent segments. The multibody model also
includes a two-segment model of the exoskeleton.
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Figure C.1: Re�ective marker and EMG electrode placement in unimpaired subject.
Only technical markers are shown (white). EMG signal electrode pairs are red,
reference electrodes (one per pair) are black.

Figure C.2: Marker clusters for motion analysis (views taken from Vicon NexusTM

software): unimpaired subject (left) and impaired subject (right). Anatomical
markers are only shown right (white), functional markers are coloured, e.g. pelvis
(yellow), upper and lower segment of KNEXO (pink and purple).
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This model provides the knee joint angle of KNEXO and the rotations of the ex-
oskeleton's segments relative to the respective human leg segments. In the discus-
sions of results in chapter 4 only rotations in the sagittal plane (�exion/extension)
at the hip, knee and ankle are considered. In the MS patient, because of the shoes
being kept on, a two-segment model was used for the foot (7 instead of 12 markers
for each foot, see �g. C.2 right vs. left), but this has no e�ect on the data discussed
in chapter 4.

C.2 Muscle EMG

In unimpaired subjects muscle activity of �ve muscles of the right leg (exoskeleton
side) was captured: M. Biceps Femoris, M. Vastus Lateralis, M. Rectus Femoris,
M. Tibialis Anterior, M. Gastrocnemius Medialis (medial head of Gastrocnemius).
A 16-channel Biomonitor ME6000 (Mega Electronics Ltd., Finland) was used with
Cleartrace REF1700-03 surface electrodes (ConMed® Corporation, USA). Elec-
trode placement (see �g. C.1) was performed according to SENIAM guidelines
(SENIAM (Surface Electromyography for the Non-Invasive Assesment of Muscles).
Muscle activity was recorded at a sample rate of 1024Hz by means of MegaWin
3.0 b2 software (Mega Electronics Ltd., Finland).

Prior to the actual walking experiments muscle activity was measured during
maximal voluntary contraction (MVC) executed by the subject according to a
�xed and repeatable procedure. The reference used for normalisation was the peak
voltage of the signal captured during three trials of a maximal e�ort test. The raw
EMG data recorded during walking trials was full recti�ed, normalised and time-
averaged with a moving window of 100ms. Processed data was sectioned by means
of the heel strike detection signal originating from the FSR sensor and averaged
over four cycles.
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