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Preface

The coupling of several areas of the medical field with recent advances in robotic
systems has seen a paradigm shift in our approach to selected sectors of medical
care, especially over the last decade. Rehabilitation medicine is one such area. The
development of advanced robotic systems has ushered with it an exponential
number of trials and experiments aimed at optimising restoration of quality of life
to those who are physically debilitated. Despite these developments, there remains
a paucity in the presentation of these advances in the form of a comprehensive
tool. This book was written to present the most recent advances in rehabilitation
robotics known to date from the perspective of some of the leading experts in the
field and presents an interesting array of developments put into 33 comprehensive
chapters. The chapters are presented in a way that the reader will get a seamless
impression of the current concepts of optimal modes of both experimental and ap-
plicable roles of robotic devices.

Robotic instrument designs are combined with the results of experiments and trials
in an applicable and practical way. The ethos of the book is unique in that there is a
considerable emphasis on practical applicability in making real time changes to pa-
tient care. The book begins by exploring the inherent and unique challenges of
paediatric rehabilitation and presents the robotic platforms upon which promising
preliminary results were noted. It then explores the key elements of robotic safety
critical systems and risk management issues, an area of great concern in the medi-
cal field at present. There is also an in depth look at the role of robotics from a
mechanotronics and virtual reality standpoint. The concept of high safety rehabili-
tation systems using functional fluid is explored and the platform for further stud-
ies is introduced. The concept of powered wearable assistance and the role of exo-
skeleton devices pave the brink of an exciting era in rehabilitation robotics.
Additional concepts explored involve the interaction-control between robot, pa-
tient and therapist.

‘Rehabilitation Robotics” promises to be a valuable supplementary tool to all those
involved in rehabilitation from the standpoint of the patient and affected families,
the therapist and the robot. It also acts as a platform upon which researchers can
gain a solid and evidence based approach towards the initiation of future projects.

Editor
Sashi S Kommu

The Derriford Hospital and The Bristol Urological Institute
Devon, United Kingdom
E-mail: sashurol@gmail.com
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Robotic Solutions in Pediatric Rehabilitation

Michael Bailey-Van Kuren
Miami University
USA

1. Introduction

The rehabilitation of pediatric patients involves unique constraints in comparison to adult
rehabilitation. Therefore, the utilization of robotic technology in the rehabilitation of
pediatric patients provides unique challenges. Research focusing on the application of
robotic technology to pediatric cerebral palsy patients with spasticity is searching for
flexible solutions that can address a wide range of patient capabilities. A variety of solutions
are being investigated that place robotics in different roles in relation to the patient.

Cerebral palsy describes a group of neuro-muscular disorders that are caused by injury to the
brain during the brain’s developmental period. Cerebral palsy hinders motor skills and control
of movement. According to the United Cerebral Palsy Research and Educational Facility, there
are at least 550,000 persons in the United States with the disorder. Furthermore, there are
approximately 9,750 new cases per year. Substance abuse and other factors also help increase
the chances of the affliction (Matthews and Wilson, 1999; Styer-Acevedo, 1999).

Cerebral palsy affects the Basal Ganglia which is responsible for coordinating motion in the
muscles. This affects all muscles of the body. The most noticeable muscles affected in children
with cerebral palsy are the arm and leg muscles resulting in reduced motor skills, and the tongue
which affecting speech and swallowing (Matthews and Wilson, 1999; Styer-Acevedo, 1999).
Cerebral palsy is usually diagnosed within the first two years after birth. Therefore, rehabilitative
therapy for cerebral palsy patients may initiate shortly after birth. Although there are three main
types of cerebral palsy: spastic, athetoid, and ataxic, the most common form of cerebral palsy is
spastic cerebral palsy where high muscle tone constrains motion. Rehabilitation for pediatric
cerebral palsy patients includes physical therapy, occupational therapy, and interventional
medicine such as the injection of Botulinum-A Toxin paired with serial casting. Physical therapy
early in the child’s development prevents contractures and help to keep the muscles from
becoming weakened or from deteriorating due to lack of use. Pediatric physical therapy differs
from adult therapy in that patients often can not (or may not be willing to) follow direct
instructions of a therapy routine thus therapy is incorporated in play. Furthermore, therapists
must consider the natural progression of fine and gross motor skills in conjunction with
developmental delays caused by cerebral palsy as a patient grows from infancy to adolescence.

2. Previous Work Related to Robotic Pediatric Rehabilitation

Robotics provide a reprogrammable flexible platform for manipulation and interaction with
the robot’s environment. The role of robotics in adult rehabilitation is well established.
Robotic applications in adult rehabilitation have centered on the neuro-muscular difficulties
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experienced by stroke patients. Robotic devices to assist patients with their gait have been
used to re-establish neuro-muscular pathways (Sawicki et al., 2006). Furthermore, robots
have been developed that increase the bilateral range of motion of patients performing
reach tasks (Burgar et al., 2000). In other related work, there is a variety of research
investigating the use of gaming (Merians et al., 2002) or virtual reality to motivate adult
patients in performing rehabilitative tasks. This research points to three capabilities that
robotics can provide to pediatric patients with cerebral palsy: aiding the establishment of
neuro-muscular pathways, extending range of motion, and providing patient motivation.
Previous pediatric devices have focused on the motivational capability of robots with
children. Robots have been designed to target children with speech, learning, and physical
disabilities (Plaisant et al., 2003). These robots mimic the actions of pediatric patients based
on signals from armbands or leg bands. In addition, the robots used games and activities to
encourage the children to continue their exercises.

The use of autonomous robots has been studied with autistic children (Michaud et al., 2003).
It was hypothesized that “mobile robots can serve as an appropriate pedagogical tool to
help children with PDD[autism] develop social skills because they are more predictable and
less intimidating” than an adult or therapist. The project consisted of six different robots,
each with a unique look and set of abilities. Three of the prototype robots are shown in Fig.
1. It was found that positive reinforcement was an affective tool for the children to improve
their skills. They explain; “having the robots behave in particular ways (like dancing,
playing music, etc.) when the child responds correctly to requests made by the robot
becomes an incentive for the child to continue playing with the robots”. The research found
that the best and most effective robots appealed to the children’s visual sense, auditory
sense, sense of touch, spatial perception and use of language. The use of lights, music, and
short vocal messages excited the children and encouraged continued play. Unique problems
were found in dealing with the pediatric population including possible damage to the
robots and the danger of small parts as choking hazards with younger children.

In further research, a robot named “Roball”, shown in Fig. 2, was designed to develop the
language, affective, motor, intellectual and social skills for children ages 12 to 24 months
(Michaud et al., 2004). The robot has the ability to perform autonomous movement, sense,
illuminate, and generate sound. A study of eight children investigated the development of
each child’s motor skills, stimulation of intellectual skills, social interaction and language
skills. This study focuses on the development of healthy children; however, the similar
research could be compared and applied to children with disorders such as autism and
various physical disabilities.

Fig. 1. Three Robots Used in Therapy for Autistic Children (Michaud et al., 2003).
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Fig. 2. Prototype Roball and infant interacting with Roball (Michaud et al., 2004).

Pediatric related robotic systems that extend beyond motivational capability include the
blocks assembly robot that provides the ability for blocks play children without the physical
capability to manipulate blocks with their hands (Plaisant et. al., 2003). This system utilizes
customized interfaces to provide children with a command structure that can be used to
control a prismatic actuator. Some children with cerebral palsy may be a candidate for this
type of robotic interaction. However, this is not directly a therapy related activity.

Although robotics has been successfully applied to rehabilitation and interaction with
children, these systems have not been designed to meet the specific needs of children with
cerebral palsy. Therefore, three different pediatric robotic therapy approaches are being
investigated to take of advantage of reprogrammable platforms including an active
rehabilitative boot, motivation robots, and an assistive robotic trainer.

3. An Active Rehabilitative Boot

An active rehabilitative boot is the application of a programmable platform to the stretching
of the lower leg to maximize range of movement for children with spastic cerebral palsy.
The most commonly occurring form of CP is spastic CP. Spastic refers to high muscle tone
(tightness) which constrains motion. When both legs are affected by this condition it is
classified as spastic diplegia. Children with spastic diplegia often will walk on their toes.
This is caused by the contraction of the gastronemus muscle in the leg.

The most common rehabilitative method for spastic diplegia is interaction with a physical
therapist to stretch the muscle in order to increase the range of motion for the patient’s gait.
Physical therapy early in the child’s development prevents contractures and helps to keep
the muscles from becoming weakened or from deteriorating due to lack of use.

A second rehabilitation method is an ankle foot orthosis. An ankle foot orthosis forces the
ankle into a preferred position while the patient wears the device. This is often achieved
through the use of fastening straps. It has been found that ankle-foot orthosis are beneficial
to children with spastic diplegia during sit to stand transitions (Park et. al., 2004).

Another method of therapy is the use of Botulinum-A Toxin, also called Botox, paired with
serial casting. The Botox safely and effectively reduce spasticity in specific muscle groups.
Botox is administered by direct injection into a shortened muscle (for example a spastic calf
muscle causing a tight heel cord) to temporarily weaken that muscle and allow it to stretch.
The effects of Botox are not permanent; weakness typically lasts for a few months. In some
cases, patients may require repeated injections to treat a shortened muscle. The Botox helps
relax the muscles so the therapist can stretch the muscle group by securing the foot into
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position with a standard plaster or fiberglass cast. After approximately one week, the cast is
removed, the ankle is stretched to the new limits, and a new cast is applied. This process is
repeated throughout a period of four to six weeks. The serial casting procedure can be
uncomfortable and modify the patient’s behavior. A set of casts restricts the child’s gait,
which may lead young patients to revert to crawling. A set of serial casts for a 3 year old
child was weighed and the average weight of a cast was 377g per foot. Cast materials can
also lead to skin irritations causing the cast to be removed and the effective therapy window
for the Botox injection may be wasted.

A new active orthotic boot is being constructed to assist in the rehabilitation of children with
cerebral palsy that have spastic diplegia typically manifested by toe-walking. A new
dynamic or active orthotic boot can assist in walking and gradual rehabilitation of the
associated muscle group. The programmability of a microcontroller based device provides
the boot with the flexibility to address the needs of different patients as well as different
therapeutic applications.

In previous work, an active ankle foot orthoses to treat drop-foot has been devised (Blaya
and Herr, 2004). The actuator modulates the stiffness of the low muscle tone ankle joint.
Although this work proved the feasibility of an active orthotic boot, the actuator mounting
on the back side of the calf would be problematic for pediatric patients. Furthermore, this
previous boot required fast actuator response times in order to facilitate active ambulation
of the patient. Our proposed boot for pediatric rehabilitation requires a much slower system
response which enables the investigation of different actuation solutions. By incorporating
new materials and technology, the boot can be more compact and lightweight resulting in
increased patient comfort. Some important functional requirements of this new boot are the
ability to adapt to changing rehabilitation requirements, the ability to store a history
patient/boot interaction data for the therapist, and safety for daily use.

Thus, the rehabilitation of patients with spastic diplegia can benefit from the development
of a new active orthotic boot that can provide a more flexible alternative to serial casts and
also provide in home stretching therapy.

3.1 Rehabilitative Boot Design Concept

The active boot design targeted a thin wall boot similar to current orthoses with integrated
actuators and feedback sensors to provide the proper stretch or set to a fixed “cast” position.
Feedback on the patient is collected in terms of the foot angle and the pressure that the foot
exerts against the boot and is monitored by a microcontroller. The microcontroller analyzes
input signals and provides output voltage to the system actuators. The magnitude and
duration of the system output can be tuned and customized for each patient. Based on the
input of a pediatric physical therapists, an approximation of three times the patient’s body
weight provides an upper bound for the magnitude of force needed to be exerted on the
patient’s foot. The relationship of system components is depicted in Figure 3.

The boot design is based on existing DAFO configurations. Current manufacturing methods
can be utilized to custom fit durable, lightweight plastic to the geometry of the foot and
ankle. Figure 4 shows the final design and the original prototype. A thin film pressure
sensor is located at the ball of the foot to detect the pressure resulting from the patient’s
tendency to walk on their toes. The sensor pads depicted in Figure 4 provide a stiffened
package to improve the repeatability of the signal from thin film sensors. The objective of
the pressure sensor is to determine whether the foot is bearing weight so that the brace
flexibility can be increased to facilitate ambulation. An angle sensor is located at the hinge
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point of the boot. This can be used for dynamic feedback or verification that the boot is in a
set “cast” position. Pediatric physical therapists have stated that +/- 10 degree range is
typical for the target population.
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Fig. 3. System Block Diagram for a Pediatric Rehabilitative Boot.

——Electronics

Presisure Sensor

Fig. 4. A comparison of the rehabilitative boot design (a) and prototype (b).

Further development of a lightweight compact design integrates the actuators into the boot
materials. Actuation can be achieved through contraction or bending. The microcontroller,
interface circuitry, and battery are located on the back side of the boot to create an
autonomous wearable device.

3.2 Prototype Rehabilitative Boot Design

System actuators must be able to move and stretch the leg muscles as part of a daily
physical therapy routine. The concept of smart materials for use in orthotic and prosthetic
devices has been investigated (Herr and Kornbluh, 2004) but not implemented. The use of
electroactive polymer artificial muscles for assisting ambulation is discussed. Whereas the
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ambulatory system requires a high speed system response, the rehabilitation system
benefits from a slow actuator response.

A smart material that meets the design requirements well is Shape Memory Alloys. Their
unique pseudo-elastic and shape memory effects would provide the structure and motion
needed in the therapy, along with the flexibility desired for safety. The heat being supplied
to the wire is essentially the power that drives the molecular arrangement. This particular
effect would be useful in the orthotic device as a way to change and set the desired
distortion (length and angle). However, the pseudo-elastic properties are only exhibited
when the alloy is composed of austenite phase and a load is applied. As the load is
increased, the alloy transforms from austenite to martensite. The load strain is absorbed by
the softer martensite, then as the load is reduced, the martensite transform back into
austenite and returns to its original shape. In conjunction with the shape memory effect, the
pseudo-elastic effect would be useful in the orthotic device as a general comfort and safety
level assurance since the material would ideally give flexibility in its movement while still
maintaining the needed shape. Some advantages the shape memory alloys have over other
actuators include high power density (>1000 W/kg), large stress (>200 MPa), and large
strain (~5%).

System sensors monitor the interaction between the patient and the boot. Force sensors are
required to monitor that actuation forces are stretching the leg muscles while ensuring that
the muscle is not torn. This is performed indirectly by measuring the force applied by the
brace on the patient’s foot. The sensor will be placed at the ball of the foot because the
spasticity is often exhibited by the extension of the child’s foot, as when the child is walking
on his/her toes.

Since the boot is controllable it is possible to facilitate walking when the patient is
ambulating by reducing the boot stiffness. In order to perform this function, the sensor must
be able to differentiate when the patient is standing versus when the patient is sitting.

By placing sensors at the ball of the foot, the type of sensors that can be used are limited by
the comfort of the user. Therefore a thin flexible sensor is required. Second, it should give
consistent readings over a range of temperatures. As an approximation, the lowest
temperature the sensor will experience would be during the winter months (0°C) and the
highest temperature the sensor will experience would be during the summer months (45
°C). Finally, the sensor must give accurate measurements over the required range of forces,
0-108kg. Negative force measurements are not required since we are only concerned when
pressure is being applied. The highest force will occur either when the patient is standing or
when the brace is applying forces to the patient to stretch the leg muscles. The highest force
will vary from patient to patient however an estimate of the force needed to stretch the leg
muscles is no more than three times the body weight of the child. This gives a maximum
force of 108 kg.

A thin film force sensitive resistor can meet the design requirements. This sensor was
chosen because it has a thickness of 0.2 mm, high durability, and low cost. The ability of
the sensor to detect small forces, indicating the patient is sitting, versus large forces,
indicating the child is standing, will require the sensor to give a measurement within
approximately 0 to 5 kg of the actual force. This can be achieved because the sensor has a
repeatability of 2.5%, a hysteresis of 4.5%, a linearity of 5%, and a temperature error of
0.36% / °C.

The angle of the foot relative to the leg is an important measurement in the therapy. The
objective is to stretch the leg so that the range in foot angle of the patient will match the range
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of a person who does not have spastic diplegia. Currently the angle of the foot is measured
during visits to the therapist using a goniometer. The active boot will track the angle for active
control of the boot. Furthermore, the availability of this data over time greatly enhances the
physical therapist’s insight into the ankle behavior. This information will give a more accurate
picture of the patient’s progress and can be used in future diagnosis.

An angle measurement sensor needs to be constrained to planar motions. Since the ankle
joint can move with three degrees of freedom, the boot needs to measure a planar
movement containing the calf and foot. In addition to this, the brace itself should be
designed to limit rotation of the foot to only one axis. For this application, the range of
angles is between -10° to +10°.

Finally, in order to meet the design objective for comfort, the sensor should be as small as
possible and easily attached to the boot. Potentiometers provide a simple solution that
meets the design objectives. This results in resistive elements for both the pressure sensor
and the angle measurement sensor. The use of resistive elements provides for easy interface
with a system microcontroller.

In order to provide a boot that can adapt to different patient requirements and support a
wearable device, an embedded programmable controller is required. The system
microcontroller has two modes: serial casting and therapeutic stretching. In the serial
casting mode, a desired angle is maintained until the force sensor detects that the foot is
supporting a load, such as walking. The boot then allows flexure of the angle by the patient
to facilitate walking. Once, the boot comes to rest, the desired angle for stretching the calf
muscles is restored. In home therapy mode, a therapy sequence can be initiated when the
patient is at rest. The boot is slowly cycled through a stretching exercise that has been set by
the physical therapist. The safety functions of the boot system require a fast monitoring rate,
so there will be no muscle damage. However, a high speed microcontroller is not required.
The Parallax BS2-IC microcontroller was selected for development of a prototype
rehabilitation boot based on familiarity with the device, no need for numerous I/O pins,
cost and ease of programming,.

3.3 Rehabilitative Boot Conclusions

Bench testing of the boot proved that the proposed actuator is sufficient for the stretching
task. However, the prototype achieved a range of motion of 8-10 degrees short of the device
goal of +/-10 degrees. This discrepancy can be accounted for by changes to the actuator and
boot geometry. Furthermore, heat generated by the actuator presents safety concerns which
are being addressed.

Overall, it can be concluded that the concept of a wearable active rehabilitative boot is
feasible. Continuation of the project will model and test candidate materials with and
without embedded sensors.

4. Physical Therapy Robot Study

As stated earlier, there have been instances of motivational robots in physical therapy.
However, it does not appear that the design of robot activities has been designed as a tool
for the pediatric physical therapist. Therfore, motivational robot sessions were
investigated by reprogramming commercially available robots to perform some standard
therapy routines and instructing children to mimic the robots actions. These robots were
designed for children who suffer from Cerebral Palsy. It should be noted that these
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children tend to have more physical difficulties. Everyday activities such as walking,
crawling, or stretching are a struggle for these children. A child’s physical impairments
can lead to a low perception of self-efficacy and self-competence due to having difficulties
engaging in play activities (Miller and Reid, 2003). To address these issues, proposed
therapy routines for CP patients will focus on walking, stretching, and positive
reinforcement for motivation.

After preliminary interviews with pediatric physical therapists, it was revealed that
therapists often have difficulty keeping a child’s attention during physical therapy sessions.
Furthermore, they often have difficulty persuading the child to perform his or her required
exercises. The goal of this project is to fully create, program, and implement therapy
routines using the Sony AIBO robotic dog (model ERS-220) focused on the needs of Cerebral
Palsy and Autism patients in the age range of 3 to 12. More specifically, the robotic dog will
be used to improve children’s motor skills and social interactions during physical therapy
sessions.

The group has thoroughly investigated several pediatric disorders and found that both
Autism and Cerebral Palsy (CP) will benefit most from AIBO’s capabilities. Therapists
and professionals were consulted to aid in developing several proposal routines that can
be programmed into AIBO and implemented during therapy sessions. These proposals
consist of motivational games, stretches, exercises, and social activities designed to
enhance the current sessions. The Sony AIBO, a robotic dog, was chosen as prototype due
to its vast capabilities, intricate programmability, and its highly sophisticated
components. The autonomous robot is fully programmable and responds to its
surroundings. Its performance is enhanced with colorful LEDs and the ability to play
music and sound clips.

A user friendly interface will ensure ease of use for the therapist and parents. Overall, the
project hopes to aid children suffering from these diseases by improving their physical,
cognitive, and social skills, all while enhancing their overall well-being.

4.1 Physical Therapy Robot Activity Design Concept

The physical therapist centered design methodology was implemented using seven design
criteria. These criteria required the final designs to: 1) be within AIBO’s physical
capabilities, 2)correspond with the desired age group, 3) address a pertinent or common
physical, cognitive, or emotional problem, 4) have a high predicted effectiveness, 5) be
relatively simple to program, 6) pose no risk of harm to the child, and 7) be easy to evaluate
the effectiveness. These criteria wereapplied to activities targeting two distinct populations
of children: children with autism and children with cerebral palsy. The proposed therapy
routines for autistic children focus on speech, interaction, and play. The proposed therapy
routines for cerebral palsy patients will focus on walking, stretching, and positive
reinforcement for motivation.

Under the guidance of professional therapists, several Autism routines have been
developed and each evaluated based on the seven feasibility criteria described above. One
proposed activity is a voice activation game in which the child can command the dog to
perform a certain action such as “sit,” “stand,” “move forward,” “walk right,” etc. Children
with Autism typically have trouble asking questions or with speech in general. This will
encourage the child to not only speak, but also ask a question or make a command. The
child will be further motivated to play with AIBO when he or she sees AIBO successfully
perform the desired action.
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Another proposed activity is a game that involves throwing and kicking AIBO’s pink ball (a
special ball that comes with the robot). The child will gently throw or kick the ball to AIBO
and the robot will locate the ball and kick it back to the child. This activity could involve
more than one child to further encourage social interaction for the Autistic child.

The last activity is a sensory exercise that utilizes AIBO’s pressure sensors. Autistic children
often cannot distinguish between touching something hard and touching it lightly. This
activity begins with the therapist (or adult) telling the child to touch one of AIBO’s buttons
“hard.” If the child touches lightly and lifts his or her finger, AIBO will shake his head “no”
and the child can try again. If the child succeeds, AIBO performs a celebration dance.
Several routines for cerebral palsy patients were developed. The first routine is a game that
will be used to motivate children to walk. Most cerebral palsy patients have trouble walking
and many patients do not have any motivation or desire to try to walk. To address this, AIBO
can be programmed to walk in front of the child a set distance (approximately 1 meter). AIBO
will then turn around and face the child. The robot will use its distance sensor to determine
whether the child has walked closer (within % of a meter from AIBO). Next, AIBO will
complete a celebration dance if the child succeeds or sit and wait until the child does. This
process can be repeated the desired number of times as specified by the therapist or parent.

To aid the cerebral palsy patient in his or her stretches, a “Follow the Leader” set of
activities is proposed. This set of activities will involve AIBO performing a stretch and the
child mimicking the robot for the desired number of repetitions as specified by the therapist.
One example stretch is referred to as the “Airplane,” which requires the child to lie on his or
her stomach. The child will then lift all four limbs into the air. This stretches and works the
abdominal muscles and is often recommended for cerebral palsy patients (see Figures 5 and
6). Other proposed mimicking activities include arm extensions, balancing, hamstring curls,
leg extensions, sitting up tall, pushups, rolling over, and stair climbing.

Fig. 5. A physical therapy document showing the airplane stretch along with the robot
implementation.

An important aspect of the robotic therapy tool is ease of use for the therapist. A colorful
user interface with detailed directions and an instructional computer program ensure that
the therapist can perform the desired routine without delaying a therapy session (see Figure
7). Each routine can be accessed by pressing a combination of colored buttons on AIBO’s
back side. For instance, to instruct AIBO to perform the leg extension activity, the user must
simply push the blue button and then the red button.

Evaluations of the project will be based on each child’s level of motivation to participate in
the activity, overall emotional effect that the activity has on the child, and the child’s
performance and overall improvement when completing a routine.
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Fig. 7. Color code routine selection designed for therapist use.

4.2 Physical Therapy Robot Testing

After selecting various routines to be implemented, several programming designs were
created for each routine. Smooth, human-like movements were desirable for each routine.
When determining the best program design, robot positioning and stability were
considered. This initial testing ensured that AIBO would remain stable throughout the
routines and would look life-like to the users.

Pilot testing was conducted for the cerebral palsy routines during therapy sessions at a
preschool, which is designed for children ages three to five with various developmental
delays. Half of the test population at the preschool were typically developed. Testing was
conducted by a physical therapist familiar with the project who also evaluating the robotic
tool. Five groups were tested for 10-15 minute sessions. The sessions were video taped. A
second set of sessions was performed a month after the first.
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Subjects’' Change in Motivation After AIBO's
Celebration Dance
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Fig. 8. Pilot study results regarding motivation.

Therapist evaluation of the tool was collected with a survey. Furthermore, video tape of the sessions
were reviewed for visual cues. Results presented in Figure 8 and Figure 9 include a increased
willingness to imitate body positions and a high level of enthusiasm for all participants. Most
participants correctly mimicked the robot movements. In exercises that separately moved limbs on
the right and left, some participants moved the wrong limb. Participants that were exposed to the
robot therapy a second time did not lose motivation or enthusiasm with the second exposure.

Subjects’ Initial Reaction to AIBO

50% 1
40% 1

Percentage of 30%1
Subjects  5go |

10%-1

0%
Very Afraid Afraid Disinterested Enthusiastic Very
Enthusiastic

Reaction

Fig. 9. Pilot study results regarding enthusiasm.

3.3 Physical Therapy Robot Conclusions

Programming a robot to aid pediatric physical therapists provides an effective tool for the
therapist. The programmable platform can be used to provide an alternate method of
performing existing therapy tasks. A robotic solution provides a tool that can be applied to a
wide range of patients with little set up time. Further studies need to be conducted in order
to test the long term effects in therapy.
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4. Final Conclusions

The results of the two studies provide evidence that there are wide ranging opportunities in
the area of pediatric rehabilitation for the application of robotic platforms. Two very
different platforms were presented addressing two distint therapy outcomes. In both cases,
the inclusion of rehabilitation professionals was essential in the deign of the device or
activity. System design considerations need to be based on direct therapy goals and robotic
systems need to be evaluated on medical outcomes.
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1. Introduction

The Movement Disorder Society defines tremor as an involuntary rythmical oscillation of a
body part (Deuschl et al. 1998). This definition excludes other movement disorders with a
less cyclic character such as chorea or ataxia. Tremor is the most frequent movement
disorder in clinical practice with an estimated prevalence between 3-4% of the population
over 50 (Manto et al. 2004).

Everybody has some tremor component, usually invisible for the naked eye, called
physiological tremor. However, there are other forms of pathological tremor that can be very
disabling, and often a cause of social exclusion (Rocon et al. 2004). There are many
pathologies that can cause pathological tremor, among others Essential Tremor, Parkinson
Disease, brain trauma or multiple sclerosis.

Common treatments of tremor are pharmacological and surgical. Pharmacological
treatments depend on the specific pathology that causes tremor. For instance Parkinson
disease tremor is treated with L-dopa, and common treatments for Essential Tremor are (-
blockers (Deuschl et al. 1998). Surgical classical treatment for tremor is thalamic
thermocoagulation (Deuschl et al. 2000). However from mid 90's Deep Brain Stimulation
(DBS) is preferred to thermocoagulation (Deuschl et al. 2000).

Despite these therapies, there are still an important number of people with
pathological tremor resistant to the common treatments (Deuschl et al. 1998). Thus,
other alternatives are of interest to help people suffering from different kinds of
pathological tremor. Many of these alternatives focus on removing the consequences
of tremor rather than its origins. Among others the following approaches can be
mentioned:

(a) Removing the tremor from a tremorous signal (Riviere & Thakor, 1996, Gonzalez et al.
2000) (b) Design of assistive devices based in dampers (such as the NeaterEater® or the
MouseTrap® (c) Design of robotics systems to suppress tremor.

This chapter focuses the attention on the design of robotics systems to suppress
tremor. First of all, we will introduce different strategies to suppress tremor using
robotic approaches, then we will show the biomechanical and ergonomics issues to
take into consideration in the design of these robotic systems, finally we will introduce
a set of guidelines to take into account in the design of robotics systems for tremor
suppression.
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2. Robotic systems to suppress tremor

Robotic systems allow mechanical tremor suppression while preserving the component of
voluntary movement. This approach has been attempted previously by several authors
considering different strategies, and using different robotic configurations.

2.1 Methodological introduction

In this chapter we will consider the mechanical system of a body segment with a robotic
system attached to it from the perspective of dynamic systems theory. Given a simple
mechanical system such as the one in figure 1, we can express the relationship between force
and displacement in the form of a differential equation that includes the components of
inertia (M), stiffness (K) and viscosity (c) (1)

F

TI7iT Ti777

Fig. 1. Simple mechanical system to exemplify the relationship between force (F) and
displacement (AX) depending on the mechanical characteristics of the system.

2
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F(t)=M

Using the Laplace transform (2) we can change a differential equation such as (1) into an

expression dependent on the operator § (3), and this kind of transformation allows to
obtain expressions in which we can separate the physical charateristics of the system from
the inputs and outputs (4). We can refer to these physical characteristics as dynamic stiffness
(5) in the sense that is an expression of the complex relationship between the force applied
and the position of the system.
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Besides, the use of the Laplace transformation has two extra benefits: a) it allows a
relationship between an input signal (i.e. force) and an output signal (i.e. displacement) in a
mathematical expression known as transfer function. b) it allows the identification of the
mechanical system from its frequency response.

2.2 Strategies for tremor suppression

One obvious way to supress tremor consists in damping the tremor component: adding
viscosity to a joint makes the joint speed dependent. Thus, since a tremor movement is
faster than common voluntary movements, the addition of damping should attenuate
tremor. This approach has been tested through the use of dampers (Kotovsky & Rosen,
1998) or through the use of actuators based on magneto-rheological fluids (MRFs) (Loureiro
et al. 2006).

From a wider perspective, adding viscosity to a joint changes the dynamic stiffness of the
joint. But we can change dynamic stiffness by not only adding viscosity but also adding
stiffness and inertia.

77777777 YLl

Fig. 2. Simplified diagram of grounded robotic system for tremor suppression.

Pledgie et al. (2000), suggested the use of changes in the dynamic stiffness in order to
attenuate tremor. Adding dynamic stiffness the overall bandwith of the system can be
changed, if the band of tremor is let out of the band of the overall system (human joint and
robotic system) then the tremor should attenuate. This is the approach shown in (6), where
B, is the dynamic stiffness of the body system and B, is the dynamic stiffness of the

robotic system.
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1
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Another feasible strategy consists in the implementation of a filter in a mechanical system.
This has been one of the approaches of Rocon et al. (2005). The main idea of these authors
was to track the frequency of tremor using the Weighted Linear Fourier Transform
suggested by Riviere & Thakor (1996) and designing a zero-lag notch filter tuned to remove
the tremor frequency component.

2.3 Grounded robotic systems

Grounded systems are those which create a mechanical linkage from a body segment to the
ground or a fixed external system such as a desktop or a wheelchair. Figure 2 shows a
simplified diagram of a grounded robot attached to the hand. For the sake of simplicity we
have assumed a 2D model of the arm with only two joints the wrist and the elbow.

A system of these characteristics can efficiently suppress the tremor at the level of the hand.
We can simplify the behaviour of the overall system to the diagram blocks of figure 3. We
are considering that an input torque at the wrist joint of 7T,, , H, is the dynamic response

of the robotic system (i.e. the transfer function), and B, and B, are respectively the

dynamic stiffness of elbow and wrist joints.

T

- I

H_(s) |

Fig. 3. Linearised model of the grounded robotic system shown in figure 2.

(7) is the be the expression of the overall movement of the hand according to figure 3. As it
can be observed in (7) the response of the robotic system can modify the response of the
hand.

0(s) Be 7, (s) )

B, B,+B, H,+B, H,

However, due to the mechanical coupling introduced by the robotic system, a component of
tremor will appear at elbow level such as shown in (8).
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In other words, keeping the tip of the hand steady with a grounded system will introduce a
tremor component in the proximal joints. This component of tremor can be potentially
dangerous when users perform movements oriented to his/her body such as eating or
dressing.

If we considered an strategy based on the addition of dynamic stiffness instead of a generic
suppressing strategy represented by a transfer function, we can compare (7) with the
approximation of tremor suppression through impedance control suggested by Pledgie et
al. (2000) which is shown in (6). At first sight both expressions are very different, but we can
rearrange the terms of (7) as shown in (9), and substitute the response of the system, a
generic transfer function ,represented by H, , for a dynamic stiffness represented by B, .

0(s)= ! T, (5) )

AT/

Fig. 4. Simplified diagram of a wearable robotic system for tremor suppression attached to
the wrist joint.

But, according to Acosta et al. (2000) the dynamic stiffness of the arm should be considered
as a whole due to the coupling of body structures and in particular to the existence of
biarticular muscles. This hypothesis provides consistency to the approach of Pledgie et al.
(2000) who identify the overall response of the arm as a generic linear second order system.
Therefore, if frequency response of the arm is unitary, the dynamic stiffness of different
joints can only differ, approximately, in the gain. Consequently, we can simplify further (9)
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to (10), where K is a positive real number representing the relationship of stiffness of wrist
and elbow joints.

H(S)mew(s) (10)

As it can be seen, (10) is very similar to (6), and therefore the approximation of Pledgie et al.
(2000) can be considered as a special case of the approach shown.

2.4 Exoskeletons and wearable systems

The principles of exoskeletons are very different from grounded robotic systems. figure 4,
shows a simplified diagram of exoskeleton to suppress tremor at the wrist joint. As it can be
inferred from the figure, in this case there are not mechanical couplings (other than inertial
coupling characteristics) able to transmit tremor from distal to proximal joints.

However, this approximation has two main drawbacks: firstly the system doesn't have
control over the global position of the hand, just in the movement performed by the joint
under control, (in the case of figure 4 the wrist angle), and secondly the system is unable to
compensate tremor coming from other joints.

The block diagram for this approximation is much simpler (figure 5).

T

Fig. 5. Linearised model of the exoskeleton system.

Consequently the expression of the position of the hand with respect to the forearm is also
simpler (11).

1

0, =——T
h BW+HU v

(11)
Comparing (11) with (6) we can see that both expressions are identical, therefore the same
type of tremor supressing strategy is possible in this configuration.

3. Biomechanical requirements

In the last point we have considered how different strategies and approximations can be
effective for tremor suppression. However, in all the development, we have considered ideal
conditions in relation to the compatibility between the robotic system and the body segments.
Human body segments impose their own constraints to the system and these constraints must
be kept into account in order to construct useful devices able to suppress tremor.

One of the key factors when designing these systems is the management of the contact
between the body and the system. The systems attached to the body require the
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transmission of the loads to the skeletal system, but this transmission is only possible
through the layers of soft tissues between the device and the skeleton.

Common orthotic practice has developed procedures for load transmission based mainly on
safety and comfort issues. However, many common orthotic procedures are not applicable in the
design of systems to suppress tremor because they are successful only in static or quasiestatic
conditions, but tremor is a pure dynamic effect and therefore requires other approaches.

3.1 Contact pressures

The transmission of loads from the systems to the skeleton produces contract pressure that
can compromise safety and comfort.

Regarding safety, the usual guideline is avoiding pressures above the ischaemia level (the
level at which the capillary vessels are not able to conduct blood compromising the tissue).
This level has been estimated in 30 mmHg (Landis, 1930).

The relation between pressures and comfort is much more complicated. Touch receptors are
sensitive to the deformation of the layers of tissue where they are located (Dandekar et al. 2003),
therefore the perception of pressure is indirect: pressure deforms tissues and this deformation is
sensed by skin receptors. Besides, the type, density and distribution of skin receptors varies
significantly depending on the part of the body implied. Finally, the skin receptors have a
dynamic response to the excitation (receptor adaptation). This dynamic response makes the
pressure perception dependent on the dynamics of the process of applying pressure.

In orthotic practice the main guideline is reducing the contact pressure as much as possible
increasing the contact surface between the system and the body, and reducing the risk of
injury for maintained high pressures.

However, this guideline couldn't be appropriate from the point of view of comfort.
According to Goonetilleke (1998) there exists an optimal surface to distribute a load and this
value is a balance between pressure and number of touch receptors excited, also known as
spatial summation theory (Goonetilleke, 1998). Furthermore, in the case of system for
tremor suppression, as we will see later, the use of big supports to distribute the load
worsen the performance of the system, consequently some kind of increase of contact
pressure is needed in comparison with conventional orthoses.

To assess the tolerance of pressure of different parts of the body some authors made
indentations to the point where the user feels pain or discomfort (Bystrom et al. 1995).
However, the results of these experiments should be considered as a general indication of
discomfort threshold since they depend on dynamics, shape and area of application.

3.1 Shear forces

Shear forces are together with pressure, the most important cause of skin injuries. Besides,
compliance of skin in the shear plane is higher than in normal plane and this can cause loss
of alignment in actuators which have an action line parallel to the body segment.

3.2 Kinematic compatibility

Body joints never act as pure hinge or ball joints, the geometry of body joints is usually very
complex and can differ substantially depending on the person. On the other hand, robotics
are commonly composed of inferior pair joints. Therefore, when we place a robotic system
acting parallel to a body segment there are loss of alignments between the robotic system
joint and body joint Instant Helical Axis (IHA). This loss of alignment is partially
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compensated for the flexibility of body soft tissues and partially is transmitted as loads to
the structures of the joint, and this can ultimately lead to an injury.

These injuries are relevant in powerful joints which manage an important amount of load
such as the knee. In these cases the design of a mechanism able to follow-up as close as
possible the body joint IHA is very important.

3.3 Protection of body structures

When applying loads to a body segment it is important to be careful with some structures in
order to avoid discomfort, pain or the risk of injuries: Superficial vessels and nerves and
bone prominences. Besides, we should keep free the area close to the joints.

3.4 Dynamic stiffness in the contact
In point 2, we have considered ideal contact conditions between the robotic system and the
body segment. However, these conditions determine the overall performance of the system.

Orthosis

Ho(s)

Hand Forearm
Fig. 6. Simplified view of a robotic system considering the dynamic stiffness in the contact.

If we consider the dynamic stiffness between the system and the body when we model the
response of the system (figure 6), and we assume that the effect of the system is to apply a
certain amount of dynamic stiffness ( B, ), then the overall equivalent stiffness of the system
is (12). The dynamical stiffness of the contact points between the robotic system and the
body segments, as well as the dynamical stiffness of the actuator are all in serial mode and
consequently the overall dynamical stiffness has been reduced.

_ B, - By, - B,
Bs] 'BSZ +Bs] 'Bo +Bs2 'Bo

B, (12)

If we consider that dynamic stiffness in both body segments is the same and we neglect the
viscous component, then we can simplify (12) into (13) where K is the stiffness of the soft
tissues under the contact of the system.

LS

2
Bi=%—— 13)

2

To understand how the contact conditions can affect the performance of a robotic system for
tremor suppression the response of an effective system and a sitffness in the contact of
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0.47N/m can be considered. As it can be seen in figure 7, the dynamic response of the
system has changed considerably. If we consider the contact conditions, even for a well
designed system we can lose all the attenuation in the frequency of pathological tremor (4
Hz) due to the stiffness of soft tissue. Thus the system is no longer capable of suppressing
tremor due to the conditions of the contact.
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Fig. 7. Effect of the contact. The curve with circles is the response of the system considering
an ideal contact between the system and the body segment. The curve with crosses is the
response of the system considering the stiffness of the soft tissues. The arrow shows the loss
of attenuation at 4 Hz (typical frequency of many pathological tremors) when stiffness of
the contact is considered.

If we are able to increase the stiffness of the contact by a factor of 10 (overall
stiffness 4.7N /m), the response of the system (figure 8) will come closer to the ideal
behaviour. The system is able to suppress tremor.

— =
24 ==
=
e 2
g7
.
"
+ %
]
= W0 D= |daa!
2 1) == Comact
ot
Tl it i

Frmpswncy (1)
Fig. 8. The effect of increasing the stiffness in the contact. The arrow represents the loss of
attenuation at 4 Hz when we consider the stiffness of the contact.
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Moreover, the stiffness in the shear plane is considerably lower than in the normal plane.
Thus, the response of the system will be worse in the shear plane.

In addition, the loss of alignment between the body segment and the orthosis can also
produce a reduction of effectiveness. The stiffness of the soft tissues can produce this loss of
alignment (figure 9). In the figure 9(a), the gap between the support system and the body
segment is a representation of the contact of stiffness. When the segment corresponding to
the hand moves, the orthosis does not act due to the loss of alignment between the fixation
and the hand -Fig. 9(b)-

4. Design principles

All the above considerations imply restrictions in the design of robotic systems for tremor
suppression. We have summarised these constraints in three design principles:

a) Length restriction

b) Increase of contact pressure

c) Alignments with body segments

Hais)

T
p—

(a) System attached to a steady body segment

Hofs)

(b) Loss of alignment when the body segment moves
Fig. 9. The effect of loss of alignment due to a low impedance.

4.1 Length restriction

This principle is intended to deal with the low stiffness associated with the shear component
of stiffness. A constraint in length between the fixation devices (figure 10) increases the
overall stiffness of the contact in a factor of 4.

Without this restriction the supports corresponding to each segment can move separately.
Therefore, their dynamical stiffness is in serial mode. However, if we restrict the distance
between the supports (figure 10), now both supports can only move coordinately.
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Consequently, both contacts are now in parallel and the overall dynamical stiffness is
higher (14). Therefore, the length restriction affects the overall dynamic stiffness of the
system.

_ Bo '(BSI +BS2)

= (14)
Bo + Bs] + BSZ

t

Fig. 10. Length restriction in a device to suppress tremor in the wrist flexion-extension based
in a linear actuator.

Using the same simplifications as in (13) (equal impedance in both fixations and neglecting
the viscous component), (14) converts to (15).

_ 2K-B,

' 2K +B,

(15)

Comparing (15) with (13) we can seen that now the equivalent stiffness of the contact is four
times higher.
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Fig 11. Force deformation characteristics of soft tissues in the forearm.
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4.2 Increase of contact pressure

The tenso-deformational characteristics of the soft tissues under the arm are highly non-
linear. The stiffness of the tissues increases as contact pressure increases. Figure 11 shows
the force-displacement curve measured in the forearm of 10 different young people (5 males
and 5 females) measured in 6 points of the forearm (3 in the palmar side and 3 in the volar
side).

As we can infer from figure 11, one way to increase contact impedance is increasing
contact pressure and moving upwards in the tenso-deformational curve. This
strategy has two constraints of safety and comfort that have been dealt with in point
3.1.

4.3 Alignment with body segments

As it has been said before, the loss of alignment between the body segment and the
robotic system can reduce the overall performance of the system. One way to ensure the
alignment is increasing the number of contact points of each support. Each support part
of the system should have at least three contact points to ensure the alignment (figure
12).

L —

Fig 12. Alignment of the support devices with the body segments once the number of
contact points have been increased.

5. Conclusions

Tremor suppression with robotic devices can be an alternative for people with pathological
tremor resistant to conventional treatments.
Common orthotic principles don’t fit well for tremor suppression due to the inherent
dynamic characteristics of tremor.
In the design of robotic systems for tremor suppression the correct design of load
transmission to the bones through the soft tissues is one of the key aspects for successful
performance.
We have summarised the design specifications into three guidelines:

a) Length restriction to avoid the low stiffness associated in the shear plane.

b) Increase of contact pressure to increase contact stiffness.

c) Increase of the number of contact points to keep the alignments between the

orthosis and the body segment.
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1. Introduction

Gait training is a method to reduce mobility dysfunction. Diverse patient populations
exhibit mobility impairments that can be ameliorated with gait training. Two such
populations are people post-stroke and post-spinal cord injury.

The ability to walk is one of several functions affected by stroke. Immediately after the
stroke only 37% of the survivors are able to walk (Jorgensen et al., 1995). Of the patients
with initial paralysis only 21% regain walking function (Wandel et al., 2000).

Another patient population that can benefit from gait training (Dietz et al., 1998; Nicol
et al., 1995) is the spinal cord injury victims. According to the Travis Roy Foundation
there are currently between 250,000 and 400,000 Americans living with spinal cord
injury.

Gait training or locomotion therapy uses several devices to assist the patient move and
maintain balance. Canes, crutches, walkers, and platforms are simple ambulatory assistive
devices that modify a patient’s independence and functional mobility. Treadmills often
equipped with un-weighing devices are used for training walking at various speeds on a
straight flat surface or small incline. These features, along with treadmills’ simple design
and affordable costs are sufficient reasons for their popularity. Treadmills, however, cannot
render more complex walking surfaces which patients encounter daily, such as: stairs,
curves, uneven surfaces (e.g. cobblestone paths), or surfaces with various stiffness or friction
coefficients.

Training patients to negotiate complex walking surfaces can be done either through in-vivo
training assisted by a physical therapist, or through using devices able to simulate such
surfaces. The former approach often takes the patient out of the controlled clinic
environment, which is not always feasible and may raise safety concerns. The latter
approach may offer an alternative to real environment training. It would allow patients to
exercise in controlled and safe conditions in the clinic, which could potentially be more time
and personnel efficient than real environment training, In this context, numerous research
projects have approached gait simulators trying to create robotic devices that could render
complex walking surfaces.

The integration of such robotic systems with virtual environments may, in theory, expand
the range of applications to entertainment and real-life task training of patients with
walking dysfunction. The appealing reasons for using such systems are the flexibility and
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transparent data collection offered by virtual environments over real environments (Iwata,
1999; Sveistrup, 2004). In addition, the ability to train for a task in a controlled environment,
away from the potential hazards of a real environment makes such simulators viable choices
in medical or military applications.

2. Locomotion Simulators

Locomotion simulators, which attempt to simulate the sensations of walking, have
been the focus of many researchers due to their applicability in simulating real-life
tasks. Beside the medical reasons presented above, gait simulators are an attractive
subject due to their applicability for military training or gaming. However, the design
of a locomotion simulator for therapeutic purposes must consider and possibly solve
several aspects raised by the people using it and by the environment where it will be
used.

e Safety - The first and most important aspect is safety. Gait simulators are usually
complex robotic devices on which the patient stands and moves. To avoid
accidents, the simulator must be constrained to move only within the
physiological limits of the human body. It also must provide the patient with
means to quickly reach safety should anything wrong happen with the
simulator.

e  Environment - A gait simulator must also be suitable for usage in a clinic or
home environment. Given the size, these devices are most often used in clinics,
but there are research projects (the simulator presented in the last part of this
chapter included) that aim to reduce the simulator’s size. The environment also
imposes restrictions on the actuators. Hydraulic actuators are appropriate for
balancing the weight of a person, but they are unsuitable for medical usage,
because they are impossible to keep clean, and also pose the risk of dangerous
leakages.

o Interference with patient - Although not always possible, a simulator should allow
the patient to move freely, without constraining him or her. This implies
supporting normal step lengths, various locomotion speeds, and changes of
direction. Solutions for this requirement usually impose compromises on the size
of the simulator.

e Mechanical bandwidth - The human haptic sensory capabilities require a force
display to rendering bandwidth of about 1 KHz (Burdea, 1996), while the human
motor actions require around 10 Hz bandwidth. Thus, a walking simulator needs
to render forces at 10 Hz to be able to follow the patient’s motion. In order to
simulate more complex walking surfaces, forces should ideally be applied at 1 KHz
bandwidth. However, these forces are usually felt through shoes, so there is no
need of such high fidelity.

e Surface simulation - The interaction between a gait simulator and the patient is
defined by the surface to be rendered. In order to render complex surfaces
realistically, the contact between the simulator and the patient’s foot should
include multiple active points that define the shape of the surface. Ideally, the
simulator should also support changes of walking direction and surface
inclination. The solutions to all these issues depend primarily on the design and
mechanical limits of the simulator.
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e Assistive mode - The design of walking simulators for physical therapy also needs to
consider assistive mode functioning. As the patients are likely to have difficulty
walking, it can be useful to actively guide their feet while walking.

e Data collection - One benefit of involving robotics in the rehabilitation procedures is
the possibility of collecting data about the patient actions and motions. Data
measured during exercises can then be processed and serve as objective base for
progress evaluation.

The design of a gait simulator poses numerous issues to be solved, besides those listed
above. However, all designs must address one essential requirement: to create the sensation
of walking on an infinite surface. The treadmill design solves this problem with a straight
forward approach, but is limited to simulating an infinite straight smooth path. To rendered
surfaces richer in features, researchers devised several designs, which Hollerbach
(Hollerbach, 1999) classifies into three categories: walk-in-place devices, treadmills, and foot
platforms.

2.1 Walk-in-Place Devices

These devices require the user to walk in place without advancing while his or her motions
are tracked by sensors. The recorded data are then interpreted by a driving workstation that
computes the direction and speed of the virtual avatar and changes the view in the virtual
environment. These systems do not output any haptic feedback to the user. The only forces
the user feels is the contact with the floor.

Templeman et al (Templeman et al, 1999) and Parsons et al. (Parsons et al., 1998) developed
such systems using magnetic trackers to measure the user’s motion and infer the direction
and speed of walking.

Iwata tried the same approach using slippery shoes and asked the user to walk normally
(Iwata & Yoshida, 1999). An improved walk-in-place device is presented in Bouguilla et al.
(Bouguilla & Sato, 2002). The user walked on a turntable that counteracted the user’s change
of direction by rotating in the opposed direction.

Compared to a regular treadmill, the walk-in-place systems bring the possibility of
changing the walking direction but do not allow the patients to actually walk with normal
gait. Iwata’s approach with slippery shoes may be risky when dealing with people with
disabilities.

2.2 Treadmills

The treadmill category includes devices that allow the user to walk normally on top of a
mobile surface that slides in the direction opposed to that of walking.

Such a treadmill is the Sarcos Treadport (Christensen et al., 2000) which can simulate steep
up-hill walking and inertial forces.

The Torus treadmill (Iwata, 1999) allowed the user to walk in any direction at a maximum
speed of 0.5m/ sec.

Another omni-directional treadmill is presented in (Wang et al., 2003). The device
developed by Wang et al. used a low friction cloth on top of a rigid board. The cloth was
moved in the direction opposite to that of walking by high-friction casters pressed against
the board.

The ATR-GSS device presented in (Miyasato, 2000) is a regular treadmill instrumented with
mobile plates under the belt. Various walking surface shapes can be simulated by moving
the plates up and down.
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The advantages brought by these systems when compared with regular treadmills are
readily apparent. The change in direction and up-hill walking are frequent daily life
scenarios, for which the patients could be trained for. The disadvantage of these devices is
that they were not designed for physical rehabilitation, thus their deployment in a clinic is
problematic due to size and actuator choices.

The Lokomat System and the Robomedica BWS System are walking simulators developed
specifically for clinical usage. Both of them rely on a regular treadmill and provide an
actuated systems for dynamically supporting the patient’s weight. The Lokomat system,
designed for paraplegic rehabilitation, also features an exoskeleton that can guide the
patient’s legs through the normal gait cycle.

2.3 Foot Platforms

This category includes devices that use one actuated platform for each foot. Depending on
the degrees of freedom of the platforms, these systems may be able to simulate complex
surfaces, by controlling the position and orientation of the surface at each foot.

Examples of foot platforms are the Sarcos Biport (Hollerbach, 1999) that uses 2DOF
platforms and the GaitMaster (Iwata et al., 2001) that uses 3DOF platforms. Just like
the treadmills above, the foot platform system presented in this section feature
flexibility for rendering more complex surfaces, but their design was not meant for
clinical usage.

2.4 Other Walking Simulators

A very realistic simulation of uneven terrain is the Terrain Surface Simulator ALF presented
in (Noma et al. 2000). The simulator is a rectangular surface made of small tilt-able plates
that can be controlled in real-time. By changing the orientation of the plates, the walking
surface can be set in a large variety of shapes. This device is not a treadmill so the user can
only walk in any direction within the actuated area.

E-motek Inc. (Amsterdam, Netherlands) has developed the CAREN system, a hydraulically
actuated Stewart platform robot supporting a 2-meter diameter board for simulating
surfaces with any tilt angle.

VirtuSphere Inc. (Redmond, WA) develops a virtual sphere large enough for a person to fit
in. The sphere is made of low-friction material and is supported by a system of casters that
allow it to rotate as the user walks.

3. Virtual Environments

The integration of gait simulators with virtual environments makes possible task specific
training in the clinic. A patient immersed in a virtual world while exercising may find the
therapy less tedious and may also be more motivated (Riva, 2000).

A gait simulator integrated with a VR simulation has to accomplish two main tasks:

map the user’s motion into virtual environment navigation and calculate the haptic
feedback to be applied to the user’s feet or legs as a result of the interactions in the virtual
world. The extent to which these tasks are implemented depends mainly on the limitations
imposed by the simulator system.

In most situations, the applicability and success of a virtual reality simulation is conditioned
by the degree of video and audio feedback. For physical-based simulations, the realism is
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also defined by how close the haptic feedback feels compared to the real life experience. In
the case of gait simulators, the haptic feedback is calculated from the interaction between a
virtual avatar and a virtual surface and applied primarily to the feet.

4. Dual Stewart Platform Mobility Simulator

The main hardware components of the Mobility Simulator are two 6DOF prototype Rutgers
Mega-Ankle (RMA) pneumatic robots (see Figure 1). Each robot has a Stewart platform
configuration with six dual-acting pneumatic pistons. Each piston is mounted in parallel
with a linear potentiometer, which provides information of the smaller mobile platform
position vs. the larger fixed one. The mobile platform has a foot attachment plate and a
6DOF force sensor. Force data are used when the Rutgers Mega-Ankle robot is in force
control mode. The Mobility Simulator also incorporates an electro-pneumatic control
interface, an un-weighting frame (Biodex Co.), a graphical workstation and a large screen
custom display. The design of the simulator fits in the “foot platforms” category defined by
Hollerbach (Hollerbach, 1999). The user stands with each foot secured with straps to the top
of a platform, while the VR simulation (Boian et al., 2004b) is displayed on the large screen
facing the user. To improve performance and safety, the user’s body is strapped in the un-
weighting frame placed above the two platforms. For lightweight users unloading is not
necessary, safety being provided by the handlebars mounted on the frame’s posts. In this
setup, the user can walk on top of the RMA platforms with small steps limited by the
platform’s workspace (Boian et al., 2003).

During walking, each foot either supports the weight of the body or swings freely while
taking a new step. Accordingly, each RMA platform can function in load compensation
mode or in free motion mode. In free motion mode the RMA platform follows the swinging
foot and compensates for its own mobile platform weight. During this mode, the platform
applies very low to zero forces to the foot. In load compensation mode, the platform holds
the supporting foot weight and slides backward simulating the behavior of a treadmill. In
both modes, the robots can apply additional 6DOF forces or vibrations to the user’s foot as
commanded by the simulation running on the workstation. The two functioning modes
mentioned above are a subset of the actual implementation, sufficient for the purpose of this
paper. A more detailed description of the RMA platform’s functioning modes can be found
in (Boian, 2005).

The simulator software is distributed on two computers: the graphics workstation and the
electro-pneumatic control interface (an embedded PC) as illustrated in Figure 2. The
graphics workstation handles the graphic and haptic rendering. Based on the information
received from the control interface, it calculates the interaction between the virtual feet and
the virtual environment and sends back to the control interface commands regarding the
forces to be applied or the functioning mode to be used.

The control interface handles the low-level servo control of the two robots, and
provides the simulator with the position of each foot calculated through forward
kinematics. For performance purposes, the control interface also takes care of
switching between certain functioning modes based on the forces applied by the foot
as measured by the Rutgers Mega-Ankle 6DOF force sensor. The current functioning
mode of each RMA platform is also sent to the graphics workstation. A more detailed
presentation of the tasks executed by the control interface can be found in (Boian et
al. 2003).
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Fig. 1. The Rutgers Mobility Simulator. © Rutgers Unversity and UMDN]. Reprinted by
permission.

| Graphical workstation running VR simulation
6DOF Force T 6DOF Position
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| Controller Interface |
A Y
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Mega-Ankle Mega-Ankle display
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Fig. 2. The Mobility Simulator connection diagram.

4.1 The Rutgers Mega-Ankle servo control

The servo controller design is split over three loops represented as shaded areas in Figure 3.
From top to bottom, the loops are: task control loop, dynamics loop, and pressure loop.
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Fig. 3. Controller architecture. © Rutgers University and UMDN]. Reprinted by permission.

The task control loop is responsible for processing the commands coming from the VR
simulation and converting them into Stewart platform desired position, velocity,
acceleration and forces. The commands coming from the simulation specify the functioning
mode to be used (i.e. weight support mode or free motion mode), and haptic effects and
forces to be applied to the users feet. This loop is executed alternatively for each platform.
The task controller converts the simulation command using as additional input the
measured positions and forces, read by the linear potentiometers and the force sensor of
each robot. The dynamics loop transforms the desired Cartesian positions and forces into
actuator level forces. The inverse dynamics implementation takes into account the current
state of the robot, including position, velocity, acceleration and external forces. The measure
external forces Tmes are added with the desired forces Tqes calculated by the task control
loop, hence the final force being applied will be the force necessary to counteract the user’s
action added with the desired force to be applied to the user’s foot.
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The actuators used by the RMA robots are dual-acting pneumatic pistons, hence the force
applied by the cylinder can by controlled by adjusting the air pressure in the upper and
lower chambers. The actuator position control transforms the desired change in position
into a desired force. The calculated cylinder lengths L4es are added with the measured
length Lpes, and the resulting length difference Ler: is transformed into a force through the
L—F control block. This control uses a proportional derivative (PD) strategy.

Finally, the pressure loop takes the desired actuator force, transforms it into upper and
lower chamber pressures. The desired pressures are controlled in Pulse Width Modulation
(PWM). The PWM strategy transforms the desired change in pressure Pey into the time
interval To, during which the valve should be kept open.

F—P is a direct transformation of actuator force into upper and lower pressures designed to
minimize the change in pressures in both chambers, hence achieving a better response time.
In cases when the desired force cannot be achieved through minimization, the pressures are
determined so that they are balanced around the middle of the controllable pressure range.
The PWM is implemented using an adaptive strategy. The change in pressure in a cylinder
chamber is not linear in time, and the shape of the curve depends on the volume of the
actuated cylinder chamber. Another factor taken into consideration is the intake airflow,
which is affected by the number of actuator chambers accepting or exhausting air
simultaneously. The PWM duty cycle is calculated taken into consideration all these factors
using the equation below.

Top = kP M+ ky Vi YA+ kN N cpamper Y1+ kFFﬂow)

Vair is the volume of uncompressed air necessary to achieve the change in pressure. Nchamber
is the number of chambers accepting or exhausting air simultaneously. Fgow is the curve of
the airflow over time.

4.1.1 Simulator Mechanical Bandwidth

The mechanical bandwidth of the mobility simulator was measured for translations in the
horizontal plane and rotations around the front/back axis. The motions are the most
commonly used by our system to render haptic effects as discussed in the last section of the
paper. The measurements were done with both RMA robots active simultaneously. While
the bandwidth of each individual robot is higher when measured separately, when both
robots are active the intake airflow is reduced, thus the bandwidth is lowered. The results
are presented in Table 1.

X translation Y translation Y rotation
0.1m amplitude 0.18m amplitude 5 deg amplitude
1.56 Hz 1.79 Hz 1.5 Hz

Table 1. RMA robot mechanical bandwidth.

4.1.2 Robot Stability in Foot Support Mode

One of the first problems encountered during the development of the system was the
stability of the RMA platforms under load. The robots were stable when subjected to
external forces if there was no load attached to them. However, the working regime for
which they were developed, involves resisting forces while supporting the weight of the
user. Figure 4 shows the response of the robot to sinusoidal input. Under a 50 1bs load, the
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motion was distorted and the amplitude of the robot increased slowly eventually becoming
unstable.

The cause of this problem was the addition of the desired cylinder force Fges with the
cylinder motion force Fnov. Under load, the resulting forces were too high and caused the
robot to become unstable. Increasing the derivative gain slowed down the instability but it
didn’t solve it. The solution was to reduce the proportional gains by a minimum of 42%.
With lower gains, the platform was stable under load, but had very little power to move the
user’s foot backward during the foot support phase, hence making the system unusable.
Also, when the system was unloaded, the steady state error was significantly larger. The use
of an integrator term was avoided because the usage of the system caused it to windup
consistently.

Two adaptive gains were used to bring the robot to respond properly under load. The gains
added a fraction of the measured cylinder load to the proportional and derivative gains
respectively. The proportional adaptive component helped increase the moving force of the
platform when under load, while the derivative adaptive component was increased to
compensate for the high proportional gains and insure the stability of the system.

— Desired =—MNoLoad —=—Load50Ilbs
0.2

0.1

Position {m)
o

0.1

0.2

Time (sec)

Fig. 4. RMA platform response to a sinusoid input along the Y axis (back-front) with 0.5Hz
frequency and 0.18m amplitude. © Rutgers University and UMDN]. Reprinted by
permission.

Figure 5 presents the response of the platform to the same sinusoidal input signal, under a
50 Ibs load, with and without the adaptive component added to the lowered proportional
and derivative gains. While both the constant and the adaptive response were stable, the
adaptive strategy provided the necessary power to move the load closer to the desired
position, and reducing the error by approximately half. The adaptive gains did bring a side
effect slightly visible in Figure 5; at higher velocity, the adaptive derivative gains increases
the damping of the system slowing it down and the releasing it as the load n the robot shifts
and the force is reduced. This can be seen as a change in the slope of the adaptive curve in
Figure 5.
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Fig. 5. Response comparison lower constant gains with and without the adaptive
component. © Rutgers University and UMDN]. Reprinted by permission.

4.1.3 Force Minimization in Free Motion Mode.

The second major functioning mode of the RMA robot is following the foot during the
swing phase of the gait. In this mode, the platform has to compensate for its own weight
and for the forces applied by the user to the end-effector, hence not making itself felt to the
foot. To achieve this, the servo controller disables the cylinder position control by canceling
out the moving force Fnov, and by switching the measured forces signs by changing the
value of K; from 1 to -1. While these changes cause the RMA robot to follow the user’s foot,
the motion is very slow and large forces are felt at the foot. Figure 6 shows the forces
measured at the foot during one swing phase.

—Force X - Force Y —=—Force Z
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Fig. 6. Free mode forces during swing for K, = -1.
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The source of these large forces has been determined to be the damping created by the
pneumatic actuators. While a K; of 1 is sufficient to resist forces in foot support mode, in free
mode, besides responding with a force to the user’s force, the robot also has to move, which
involves a much large air intake/exhaust activity. The damping is mostly coming from the
airflow limitations imposed by the small intake and exhaust sections of the cylinder
chambers. To overcome this problem, K; was increased in absolute value. The increase was
done for each of the robot's 6 DOF. The Z-axis (up-down) translation gain was
approximately four times larger than the rest of the gains, because the motion on that
direction required all the cylinders to either intake or exhaust, hence putting more airflow in
a single direction. The measured forces for the increased K; gains are shown in Figure 7. The
forces are now reduced approximately 8 times to a maximum of 11N, which is comparable
to the weight of a snow boot.
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Fig. 7. Free mode forces during swing for larger K;. © Rutgers University and UMDN].
Reprinted by permission.

4.2 Haptic rendering for walking over virtual terrain

The Mobility Simulator transforms the input position, force and functioning mode of each
RMA platform into haptic feedback to the feet and visual update of the virtual scene using
the virtual surface specifications. The virtual ground model is stored on the graphics
workstation, as a polygonal mesh with areas characterized by a haptic material. The haptic
output data consists of two sets of values specifying the functioning mode to be used by
each platform, the 6DOF forces and the vibrations to be applied to the user’s foot.

4.2.1 Haptic Material

The ground surface is specified as a polygonal mesh that matches the shape of the visual 3D
geometries in the virtual environment. The physical properties of the surface are specified
using haptic materials, which are applied in layers that can be either distinct or mixed. The
polygonal surface is unbreakable and the haptic materials can be placed on top of it in
layers. This approach insures that the foot stepping down will always be supported if it
penetrates through all the materials stacked on the surface.
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A haptic material is defined as a collection of numerical parameters describing the physical
properties of the surface. Given the requirements of an interactive virtual reality simulation,
the haptic modeling computations need to be efficient. Thus, the model is not intended to be
physically accurate but rather a good approximation of reality. Hence, the set of variables
used is limited to stiffness, damping, friction, haptic texture, and breaking coefficient.

(a)

Polygonal
surface

(b)

Fig. 8. Layered haptic materials: (a) distinct layers; (b) mixed layers.

The stiffness and damping coefficients are used for defining the material based on Hooke’s
law. Stepping on elastic materials is very common in every day life, however, the stiffness
coefficient can be used to simulate Archimedes’s law if considering the foot section constant
when stepping into a liquid. The damping coefficient can be used to simulate the slow
sinking sensation of walking on a thick carpet. A low friction coefficient can be used for
simulating ice. If the foot applies horizontal forces to the material larger than the friction
coefficient, the contact will break.

The haptic texture is defined as a vibration with a given amplitude and frequency. The
breaking coefficient multiplied with the thickness of the material specifies the maximum
force that the material can support. A haptic material is not rendered if the applied force is
larger than its breaking force. The breaking coefficient makes it easy to simulate stepping on
a thin layer of ice on top of a puddle of water.

4.2.2 Motion Rendering Stages

The processing necessary to calculate the graphics and haptic feedback can be divided into
several stages that are executed at every simulation cycle (Figure 9). Only the swinging foot
(free motion) is considered for the entire rendering process. The fixed foot (load
compensation mode) is addressed only in the last stage of the process.

The process starts by reading the feet positions and functioning modes from the control
interface. The functioning mode value is used to decide whether a foot should be moved or
not. A foot in load compensation mode is kept fixed although the platform slides it
backward.

The next stage requires the calculation of the change in real foot position to be added to the
virtual feet. Because the simulator’s workspace cannot cover the entire range of motion of
the legs, it was necessary to scale the change in each foot’s position to increase the virtual
walking velocity so that the simulation felt real. The scale is also applied to the vertical
displacement making it possible to negotiate realistic virtual obstacles that are visually
larger than the platform work envelope.

The next phase updates the positions of the virtual feet with the calculated change. The
changes are applied in a frame of reference aligned with the virtual avatar’s walking
direction calculated in the previous cycle.
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Fig. 8. Haptic rendering stages © Rutgers University and UMDN]. Reprinted by permission.
After the feet have been mapped into the virtual world, the viewpoint has to be moved
accordingly. Positioning the virtual camera above the center of the segment defined by the
two feet yields good results although it is not what really happens with the center of gravity
of a walking person.

The next stage is calculating the distance between the foot and the surface. This stage will
also find the closest surface points to the foot and their corresponding polygons. Similar to
the real case, certain surface properties are manifested above the surface (e.g. mud or snow)
hence the distance to the surface is relevant to the haptic feedback even if there is no
collision with the underlying ground. Based on the results of the previous stage the
simulator can find the surface properties around the closest points on the surface.

The last stage of the process is the calculation of forces and haptic effects to be applied to the
user’s foot, based on the surface properties and the depth of the collision.

4.2.3 Virtual Foot Modeling

The interaction between the virtual foot and the virtual ground surface is based on the
haptic mesh concept developed by Popescu (Popescu et al., 1999) as an extension to Ho’s
simpler haptic point concept (Ho et al., 1997). The virtual foot implemented for the Mobility
Simulator is modeled as a mesh of points positioned on the shoe sole. From a haptic point of
view, the RMA platforms can only render forces in one point. The use of a mesh of points to
calculate the interaction of the foot with the surface is necessary for realistic surface contact
calculation.

The number of points in the mesh should be minimized because it is directly proportional to
the amount of collision detection calculations, and it increases factorially the number of
contact stability calculations. The minimum number of mesh points has been determined to
be five. One point is positioned in the center of the mesh, while the rest are positioned on a
rectangle around it. The dimensions of the rectangle match the shape of the end-effector foot
attachment plate to which the user’s foot is secured.

4.2.4 Ground Contact Evaluation
When a foot touches the haptic surface the swinging phase of the foot is over and the
support phase is about to begin. The switch between these two phases is tightly connected
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to the functioning of the servo-controller, which has to be notified to start sliding the
support foot backward.

The foot/surface interaction is evaluated by calculating the forces applied by the surface
(through the layers of haptic materials) to each of the points in the virtual foot mesh. The
vertical components of these forces are then compared with the vertical components of the
forces applied by the user’s foot to the simulator. The latter forces are calculated by
transforming the output of the force sensor mounted on top of the RMA platforms to each
point in the mesh. A point of the foot haptic mesh is “supported” if the resultant of these
vertical components is pointing upward.

The three contact possibilities that can be differentiated based on the “supported” status of
the haptic mesh points are presented in Table 2 and Figure 10.

Contact Status Description

No contact None of the mesh points are supported

Stable Minimum three non-collinear points are supported
Unstable Remaining cases

Table 2. Contact status based on the haptic mesh point support.

(b)
Fig. 10. Foot/surface contact types: (a) stable, (b) unstable. © Rutgers University and
UMDN]. Reprinted by permission.

The resultant of the haptic point forces is transmitted to the control interface to be applied to
the swinging foot. If the swinging foot made a stable contact with the surface, the controller
is notified to switch the functioning mode. The friction and surface textures are sent to the
controller for both feet, regardless of their state.

4.2.5 Low-level Haptic Effects
The mobility simulator system is designed to execute most of the haptic calculations on the
workstation, and render the results on the Stewart platforms using a reduced set of basic
level effects:

e Apply a 6DOF force

e Change in position (positional jolt)

e  Vibrations
These low level haptic effects are extensions of the haptic effects developed for a similar
system using smaller Stewart platform robots, and designed for stroke rehabilitation in
sitting (Boian et al., 2004a).
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The simulation can request the controller to apply a certain force during both free or foot
support functioning modes. If the request is made while in free motion mode, the given
forces are scaled using positive values of the free mode gains and then applied. The scaling
is necessary to counteract the same damping behavior mentioned above. If a force request is
made during the foot support mode, the given forces become essentially Tqes in Figure 3.

The changes in position are used as an alternative force requests during foot support mode.
For instance, to simulate slipping on the ice, a lateral displacement is used instead of
applying a lateral force. This is preferred because a known displacement is more
controllable and can be adjusted to a comfortable level easier than applying a force which
will have a different effect from a user to another, mainly due to differences in weight.

The vibrations are used to simulate surface textures. The frequency and amplitude of the
vibrations are calculated on the graphical workstation and sent to the controller. The
vibrations are rendered only as changes in orientation around the Y-axis (back-front
direction) because it interferes the least with the rest of the foot measurements necessary to
calculate the direction of motion, or intersection with the virtual surface.
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1. Introduction

In recent years, robots have made substantial in-roads in the medical field and are
gradually finding their way into clinical practice. Intuitive Surgical’s da Vinci® surgical
robot broke ground in 1998 by performing the first tele-robotic surgery to repair a heart
valve (Salisbury, 1998; Guthart & Salisbury, 2000). Accuray’s CyberKnife radiotherapy
robot began treating head, neck and upper spine tumors in 1999 by combining image
guidance with a robotically-directed radiation beam (Adler et al., 1997). In 2002,
Interactive Motion Technology began therapy of stroke patients with the InMotion? robot,
also known as the MIT-Manus (Krebs et al., 2002). These devices and many others under
development have provided researchers and doctors alike with capabilities not previously
available.

These additional capabilities, however, have also brought with them the issue of safety -
these are safety critical systems in which a single malfunction can endanger the life of the
patient. In contrast with traditional robotic systems, medical robots must enforce the safety
of the patient as an object within its workspace, while also being able to treat the patient.
This dichotomy creates the need for a safety system that can allow the robot to interact with
the patient, while also enforcing all necessary safety precautions.

Human fatalities resulting from medical treatment with machines is unfortunately all-to-
real. The Therac 25, a radiation therapy machine developed by the Atomic Energy
Commission of Canada, was involved in six known accidents between 1984 and 1987. Five
patients died as a result of massive overdoses of radiation when a high power electron beam
was activated without the target tumor having been rotated into place (Leveson & Turner,
1993). Had the machine’s software detected the fault, the accident would have been averted.
Radiation therapy machines are now required to have hardware interlocks to prevent
activation of the high-energy electron-beam unless the target is in place.

A similar tragedy occurred at the National Oncology Institute in Panama during 2000 and
2001. Twenty-eight patients were overexposed during radiation therapy for cancer
treatment, after use of a computerized treatment planning system. Dosage calculations
from the planning system had errors of up to 105%. By August 2005, 23 out of 28
overposed patients had died, of which at least 18 were attributed to radiation effects
(Borras, 2006).

Dangers in medical robotics are not confined to surgical systems. In powered orthoses or
“exoskeletons” being developed for rehabilitation, humans are basically encapsulated in the
device creating a potentially hazardous situation. Powered leg exoskeletons such as the the
Lokomat™ Gait Orthosis are being used to train stroke and spinal cord injury patients how to
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walk again (Bernhardt et al., 2005). Arm exoskeletons such as ARMOR (Mayr et al., 2006),
ARMin (Nef et al., 2006), RUPERT (He et al., 2005), and UW Prototype III (Rosen, 2005) are
being developed for therapy of hemiparetic stroke patients. The MGA Exoskeleton is being
used for shoulder rehabilitation and is comparable in strength to the average adult male
(Carignan et al., 2005). While all of these systems have adequate sensors to control the robot,
they are insufficient to enforce patient safety.

It is important to realize that safety is not an absolute concept - a system can only be built to
reduce the risk of an accident to an acceptable level (Shaw, 1995; Dunn, 2003). Safety is also
an attribute of the entire system and is not driven by only certain components of the system.
This requires that safety analyses include all system components: software, hardware, and
the operators (Anderson, 1993; Leveson, 1995; Sommerville, 1995).

This chapter will detail a system safety design process that can systematically evaluate
the design of a rehabilitation robot against its project safety and failure rate criteria.
When these criteria are not satisified, the process can identify system components or
failure combinations that require additional design consideration, so that the project
criteria might be satisfied. Modifications directed by this process can result in a
sufficiently safe system design for safety-critical rehabilitation robot applications. The
application of this process to two case studies will be presented. The first case study is
the MGA Exoskeleton introduced above, which will be used as an illustrative example.
The second case study is a multi-arm space robot experiment, to which this process was
originally applied. This robot has several years of operational history against which this
process can be evaluated.

Definitions
There are many different definitions of safety-related terms. For consistency, the definitions
used in this chapter are taken from Vesely (1981) and Leveson (1995):
- A failure is an abnormal occurrence
- A fault is a higher-order event caused by one or more failures.
- A hazard is a system state and other environmental conditions that inevitably leads
to an accident.
- An accident is an undesired and unplanned event that results in a level of loss, in
this case, injury to the patient.
- Safety is freedom from accidents.
Fig. 1 depicts symbols used in this work to represent fault events and gates.

BASIC EVENT. A basic initiating fault
requiring no further development.

INTERMEDIATE EVENT. A fault event that occurs due to
one or more antecedent causes acting through logic gates.

D AND gate. Qutput fault occurs
if all input faults occur.

OR gate. Output fault occurs if
at least one input fault occurs.

Fig. 1. Symbols used in fault trees.
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2. Safety analysis techniques

Previous medical robotics have had to address the issue of patient safety (Varley, 1999;
Taylor et al., 1991, Duchemin et al., 2004). One of the unique aspects of rehabilitation robots
is that the human in-the-loop is the patient. With surgical or radiological systems such as Da
Vinci and Cyberknife, a patient is being “operated” on by the robot; however, a clinician is
directing the robot. With a rehabilitation robot, the subject may fill the role of both patient
and operator. This introduces additional safety criteria over and above that used in more
traditional medical robots.

Unfortunately, there is no industry-standard approach to designing these safety-critical robot
systems. Despite this, numerous other fields have standard and accepted analytical methods
used to design safety-critical systems (Weber et al., 2003). These methods come under the
banner of “system safety engineering” (Stephenson, 1991; Blanchard, 1991), and have been
used to develop safety-critical systems in domains ranging from aircraft flight management
systems (Parnas et al., 1991) to nuclear power plants (Potocki de Montalk, 1991).

2.1 Current approaches

Some of the more common design techniques are described in the following sections and
can be loosely categorized as either “top-down” or “bottom-up” techniques. Top-down
techniques typically work from a high-level description, and attempt to identify
combinations or sequences of components that contribute to system level events. Bottom-up
techniques typically work from the component level outward and upward. Hybrid
techniques combine both top-down and bottom-up approaches. A brief description is now
given of the more standard techniques.

2.1.1 Top-down approaches

Preliminary hazard analysis (PHA) is an early phase of lifecycle-based hazard analysis, which
also involves system and subsystem hazard analysis (Leveson, 1995). Its objective is to
assess potential hazards caused by the system, to identify inherent hazards, and to assess
the criticality of arising accidents (Vesely, 1981). The resultant hazards can be used as inputs
to fault tree analysis or similar techniques.

Hazard operability is a qualitative, creative thinking technique developed by, and primarily used
by, the chemical industry. It is simple, but very labor intensive, and is designed to identify and
analyze hazards systematically (Stephenson 1991; Leveson, 1995). As with PHA, the results of a
hazard operability study can be used as inputs to fault tree analysis or similar techniques.

Fault tree analysis (FTA) is a deductive technique to determine the sequence of faults that
could cause a given top-level hazard (or top event). The resulting fault trees can be
represented as boolean expressions and reduced to the minimum combination of failures
that could cause the top-level hazard. The trees can also be quantitatively evaluated to
provide estimates of the probability of the top event occurring, given the probabilities of the
constituent failures. Fault trees can have trouble dealing with timing (Gorski et al., 1995),
redundancy, and differing mission phases (Leveson, 1995). It is also a time-consuming,
qualitative technique, although its absolute accuracy is usually secondary to identifying
failure sequences (Ozog & Bendixen, 1987). The determination of the top-level event is
critical; failure to determine a top-level event by a PHA, for example, results in the hazard
not being examined and, consequently, the system may not cope with that hazard (Leveson,
1995; Vesely, 1981).
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While typically applied to a system design, FTA has recently been applied to software to
determine how failures in its implementation could cause a hazard (Leveson 1984; Knight
& Nakano, 1997). It can be used to determine cases where the implemented design could
cause a hazard, or show which modules are most critical to the safe operation of the
system. Methods exist to potentially build the trees from a logical system model (Bruns &
Anderson, 1993), or from a completed code base (Voas, 1995), though this may occur too
late in the design cycle to be cost-efficient. It also difficult to evaluate such fault trees
quantitatively, as there exist few methods to assign probabilities to failure of software
logic.

2.1.2 Bottom-up approaches

Failure mode effects analysis (FMEA) is traditionally used to predict equipment reliability and
emphasizes successful functioning of a component as opposed to the failure of the
component. It is a systematic technique that is system-oriented, not hazard-oriented (Hope
et al., 1983). It is more time-consuming than fault tree analysis and does not cope with
multiple failures, timing, or redundancy (Ozog & Bendixen, 1987; Leveson, 1995).

Failure modes, effects, and criticality analysis (FMECA) is a very similar technique, that adds
extra steps and data to an FMEA related to controls and control procedures.

Event tree analysis is an inductive method to identify outcomes of a given initiating event
and can identify the components that most contribute to a failure. It is practical for
independent events and a stable event chronology, and may provide top events for
subsequent fault tree analysis. Event trees can become very large and suffer difficulties with
timing data and more than two states. They may also require fault tree analysis to develop
failure probabilities for branches, and analysts have to be able to define all initiating events
(Ozog and Bendixen, 1987; Leveson, 1995).

2.1.3 Hybrid approaches

Cause-consequence techniques combine fault-trees and event-trees. They work by selecting a
critical event and determining the contributing factors using fault tree analysis and the
resulting consequences using event tree analysis. They can represent delays and event
combinations, but they can become large and unwieldy. In addition, their outcome is only
related to the cause being analyzed (Hope et al., 1983; Leveson, 1995).

2.1.4 Synthesized techniques

Applied in isolation, none of the above techniques can produce a system design that is
sufficiently safe. Synthesizing combinations of these techniques can produce a system safety
design process that utilizes the strengths of each technique, thereby providing a design
methodology that not only identifies hazards and their contributing fault scenarios, but can
also potentially evaluate the design qualititively and quantitatively. This synthesized
technique may be used to determine the specific need of additional system components,
required to enforce the project’s safety critiera.

2.2 Previous synthesized safety analyses

Lankenau et al. (1998) combined FTA along with formal methods, to develop a safety layer
for an autonomous wheelchair. They also applied a model checker over the fault trees, to
attempt to verify that the system could never fail.
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Combining FTA with an unspecified failure mode analysis technique, Cavallaro & Walker
(1997) evaluated the safety and reliability of a manipulator system for hazardous material
retrieval. They show results for only one hazard, and noted that some failure modes were
not considered due to lack of details on software configuration and the operator interfaces.
Guiochet & Vilchis (2002) combined FMEA and FTA in a safety analysis of the design of an
ultrasound robot for tele-echography. The two analyses were used in conjunction due to the
complementary forward/backward approaches. While a hazard analysis is mentioned as
part of their process, it is unclear where it fits into their process. They use FMEA to identify
the failure leading to an accident, and use that failure as a top event for subsequent FTA. As
some accidents require multiple failures either combinatorially or sequentially, these
hazards will not be identified by the FMEA. However, results of the FMEA could be used to
identify corrective measures for the system.

2.3 Chosen synthesized technique

For this work, a synthesized approach was chosen that combines PHA and FTA. This
provides the means to enumerate the hazards a system presents, a method to determine the
fault sequence and/or combinations that can cause the hazards, and both qualitative and
quantitative metrics against which project safety and failure rate criteria can be compared.
FTA was chosen over such techniques as FMEA, event trees or cause consequence trees
since, in our experience, there are far fewer hazards than there are failure combinations
leading to such hazards. Construction of fault trees requires less work than the other
techniques in this scenario — however, the issues of timing and redundancy in a robot
system must be explicitly addressed within the FTA.

For the two case studies presented here, the distributed, hard real-time nature of the robot is
leveraged alongside safety checks to specifically target components that do not make their
deadlines. It is considered a failure if a computing component does not make an internal
processing deadline, or an external communication deadline. This is an FTA primitive
event, allowing timing-related failures to be explicitly modelled in the fault trees.
Redundant components may be explicitly modelled within the fault trees. This leads to
more work in the fault tree construction but ensures that the redundancy is dealt with
directly. It is also possible to ignore redundancy under certain circumstances, where the
modelling of additional components would only lead to decreased hazard probabilities. In
this case, the resultant hazard probabilities will err on the conservative side.

The approach described here was initially developed for a dexterous robot designed to fly
on NASA’s space shuttle (Roderick et al., 2004). This system was the first (and to our
knowledge, the only) American robotic system to be certified through three of the four
phases of the NASA Space Shuttle Safety Review process. This pioneered a solely computer-
based hazard control system for payloads operating on the shuttle, and demonstrated
successful application of this technique to a safety-critical robot system.

3. System safety design process

The overall goal of this process is to evaluate a system design to determine whether it is
“sufficiently safe”. The concept of sufficiently safe is one that the specific project must
establish, which forms the basis for the project’s safety criteria. This will include factors such
as regulatory standards as well as the potential consequences to the patient of an accident
occurring. It is not possible to make a system absolutely safe; however, if the likelihood of
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an accident is small enough — or the consequences of an accident are negligible enough —
the system may be considered sufficiently safe (Anderson, 1993; Shaw, 1995). At some point,
continuing to modify a system design to cope with ever more incredible failures simply
results in an excessively complex design, and a subsequent reduction in overall system
reliability and/or safety (Duchemin et al., 2004). Notably, this concept of accepting some
degree of risk is enshrined in UK law under the principle of reducing risks as low as reasonably
practicable (McDermid, 2001).

3.1 Process description

A flow diagram illustrating the system safety design process is shown in Fig. 2. The basic
inputs to this process are an initial system design description, the project safety criteria, and
the project failure rate criteria. During a given iteration of the system design, the specific
deliverables or outputs from this process are a list of hazards from the PHA, the fault trees
from the FTA, and any qualitative and/or quantitative results from the FTA. These outputs
also form the overall outputs of the process.

The initial system design is evaluated through a PHA, and the hazards identified by the
PHA each constitute top events from which FTA can begin. Each top event is considered
individually, and the immediate, necessary, and sufficient causes by which this event could
occur are identified. These immediate events are summarily examined for their causal
events, and this step-by-step analysis continues until individual component failures are
reached. These component failures are the basic causes that, when combined in the manner
indicated by the fault tree, guarantee that the top level hazard will occur. (See Leveson
(1995) for further details of PHA, and Vesely (1981) for fault trees and their construction.)
The resulting fault trees can be qualitatively examined to determine if the project’s safety
criteria are being met, i.e., whether the system is sufficiently safe. If not, additional
components may be added in an effort to deal with the specific safety issues raised by the
FTA. The system design is then modified accordingly, and the process begins again. Once
the FTA results show that the project’s safety criteria are met, the system design can be
considered sufficiently safe.

The qualitative analysis entails forming and evaluating the minimal cut sets for each fault
tree. A minimal cut set is defined as a smallest combination of component failures which, if they
all occur, will cause the top level hazard to occur (Vesely, 1981). The minimal cut sets can be
ranked by size, providing a qualitative indication of failure importance and the ability to
determine if the system meets its design criteria. If failure events are assumed to be
independent, then the failure probabilities associated with minimal cut sets can decrease by
several orders of magnitude as the size of the cut set increases. Hence ranking cut sets gives
a gross indication of the importance of the cut set (Vesely, 1981).

Once the system design has satisfied the project’s safety criteria, the fault trees can be
quantitatively analyzed to determine an indicative system failure rate. An overall
probability for each cut set is evaluated based upon the failure probabilities of its
constituent events. The top-level hazard is then a function of the probabilities of each of its
constituent cut sets. If the computed system failure rate is higher than desired, then
sensitivity analysis of the input fault probabilities can indicate which components
signficantly contribute to the overall rate. These specific components can be flagged for
additional inspection or higher-tolerance part replacement, in an effort to reduce their
failure probability. In addition, further iterations of the safety design process may occur
with the aim of modifying the system design to reduce the system failure rate, while still
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satisfying the project’'s safety criteria. A more detailed description of the quantitative
analysis is outlined in the next section.

Preliminary hazard analysis |¢——

Fault o analysis

L
Qualitative analysis

-w‘él' prjec safisty P
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Project Evalune Fail
Sl R e safioty faikure
Tl

Py
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Fig. 2. Approach to system design for safety.

3.2 Quantitative Analysis

The lambda-model adopted for this analysis assumes that events are mutually independent
and mutually exclusive, and requires knowledge of whether a failure is repairable or non-
repairable (Vesely, 1981). The linear assumptions of this model will result in a
conservative estimate of hazard probability, thus allowing only an order of magnitude
accuracy. Given the additional imprecision in the input failure probability data, this
allows only indicative quantitative evaluation. The following development is summarized
from (Vesely, 1981).

The failure probability distributions are exponential as the model assumes that the failure
probabilities are directly related to component operating times. Hence, the probability F(t)
that the component suffers its first failure within time period ¢, given it is initially
working, is

F)=1-e* (1
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which is accurate to within 5% for F(t) < 0.1 and can be approximated to first order by
F(t)=At @)
The derivative of F(t), the probability density function f(t), is
J0 = et 3)
Let g(t) be the component unavailability,
q() =F@) =41 “)

the probability that the component is down at time t and unable to operate if called
upon.
Let w(t) be the component failure occurrence rate

wt) =fi) = Ae ! ®)

where w(t)-At is the approximate probability that the component fails between time ¢ and
t+At. For time ¢ small compared to 1/ 4, such that A1 <0.1, e e,

w() =f) =4 (6)

Let W(t), the minimal cut set occurrence rate for cut set i, be the probability per unit time of
the minimal cut set i failure occurring

W) = g ... gufioi) )
+  qu(t)gs(t) ... qni(t)wz(t)
S quOR) .. guy (D0 (V)

where 7; is the number of components in cut set i. The first term of W(t) is the probability
that all components except component 1 are down at time ¢ and then component 1 fails, and
similarly for the other terms. Substituting (4) and (6) into (7), Wi(t) becomes

Wwit) = (A2t) (A3 1) ... (ﬂn’_ H A4 (8)
+ (At) (Ast) ... (/i,n, t) A
+ (/11 ) (A2 t) ... (/1”1,_1 t) ﬂ"i

T i S, ()

The system failure occurrence rate, Wi(t), is the probability per unit time that the top event
occurs at time ¢

Wi(t) = Zie,n Wi(1) 9

where N is the number of minimal cut sets. For an operational system, the system failure
rate, (1), is the probability of interest.
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4. Case Study: The MGA Exoskeleton rehabilitation robot

The MGA Exoskeleton mentioned briefly in the introduction will be used as an illustrative
example of how to conduct this design process. This arm exoskeleton was designed to treat
shoulder pathologies such as rotator cuff tear and shoulder impingement syndrome. It has
four shoulder degrees of freedom (three rotations and a scapula elevation), an elbow pitch
joint, and a passive forearm pro/supination joint. It is capable of producing 134 N-m of
torque at each shoulder joint and 64 N-m at the elbow, which is comparable to the output of
the average adult male (Caldwell et al., 1998). The human interfaces consist of a torso mount
for the scapula, an orthotic splint for the upper arm, and a hand grip. The system is fast and
powerful, and because of the arm restraints, fast patient egress is not possible.

The project safety criteria specifies that no single failure can cause a hazard and the the system
must be fail-safe. A fail-safe system is one that will achieve a safe state in the presence of a
detected fault (Dunn, 2003; Roderick et al., 2004). When a fault is detected, the exoskeleton
should either a) halt arm motion and hold the current position, or b) safe the arm by removing
power to the motors. It is important to note here that fail-safe does not necessarily mean
powering off the robot - that might actually endanger the patient more. For example, placing
the exoskeleton in a passive, gravity-assist configuration might be the primary fail-safe state.
Conducting a fault tree analysis is a top-down process in which the operating modes and
control system form an integral part. The procedure, illustrated in Fig. 3, begins with the
task protocol such as enabling a resistive rotational movement about the shoulder. The task
then determines the operating mode of the robot. For example, performing a shoulder
abduction exercise would require that the resistance profile about a particular shoulder axis
be controlled. The operating mode then determines what controller(s) needs to be activated
to realize that particular protocol. Finally, the safety system must monitor and protect the
patient from potential hazards during execution of the task.

shoulder shoulder axis joint
abduction impedance torques

-Y=1¢

PrROTOCOL

fail-safe, passive, gravity- excessive
passive balanced torque hazard
Fig. 3. The medical robot design begins with the task and loops to the safety system and
back again.

4.1 Protocols and Operating Modes

There are basically two classes of shoulder therapy protocols currently being implemented
on the exoskeleton: iso-lateral exercise and functional training. Iso-lateral exercises are those
that occur around a single rotation axis of the shoulder or along a straight line path of the
hand. Functional training involves more general movement of the hand through three-
dimensional space which occurs in everyday tasks.
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Iso-lateral exercises closely mimic those currently performed manually or with the assistance
of exercise machines. Examples of shoulder rotation exercises include shoulder
abduction/adduction and internal/external rotation as shown in Fig. 4 (Liszka, 2006). In
rotational exercises, the motion of the shoulder joints is determined by the resistance about
the desired shoulder axis of rotation. Examples of exercises involving straight line motion of
the hand include upright rows and wall push-ups.

Fig. 4. Exoskeleton shown at (a) full shoulder adduction (b) 90 degree shoulder abduction,
(c) mid-elbow flexion, and (d) near full lateral rotation.

During functional training, the patient views the simulated task and a representation of their
arm through a head mounted display, while the exoskeleton provides haptic feedback to the
patient. A force sensor located at the hand gripper senses the forces being exerted by the
patient during “contact” with the virtual environment and relays them to the controller
which commands the exoskeleton in response to the interaction. Examples of functional
training are proprioceptive neuromuscular facilitation (PNF) patterns and simulations of
activites of daily living.

4.2 Control System

The modular control architecture implemented on this system is shown in Fig. 5. The
exercise protocol is first parsed into a control mode based on the desired activation of the
arm joints. This code then determines which controller(s) should be activated for the
possible combinations of arm groups: scapula, shoulder, elbow pitch, and elbow orbit.
These groups can implement impedance (torque command) and admittance (position
command) modes depending upon the availability of force sensing and the impedance
settings. In the case where both modes are feasible, e.g. rowing, the level of impedance often
determines which mode will be implemented.

As an example, the impedance control module used for controlling the resistance about an
arbitrary shoulder axis is shown in Fig. 6. The stiffness and damping about the desired
Cartesian axes of rotation are set using the desired impedance Zy. The desired orientation of



Designing Safety-Critical Rehabilitation Robots 53

the glenhumeral (GH) joint is input to the controller and “differenced” with the sensed GH
orientation computed from the forward kinematics of the shoulder joints to produce the
angle-axis error. The GH angular velocity error is then multiplied by the desired impedance
to produce the desired GH torque. This torque is then mapped to joint torques tq via the
transpose-Jacobian, which is added to a feedforward compensation torque to produce the
torque servo command tg4.
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Fig. 5. Modular control architecture for the MGA Exoskeleton.
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Fig. 6. Exoskeleton impedance controller for shoulder axis rotation.

4.3 Safety System

The above control modes and their associated control systems define the minimum suite of
sensors and actuators that are required to carry out operations, a partial diagram of which is
shown in Fig. 7. This constitutes the initial system design description, and must now be
evaluated to determine whether it satisfies the safety criteria of the project.

The PHA for this project involved defining the system boundary, determining the types of
possible accidents, and identifying hazards that may cause such accidents. The following
were used to aid in identification of the hazards: lessons learned from previous robotic
systems, historical operational data, and critical examination of the results of the PHA
conducted on a previous robot with a similar architecture (the second case study in this
work). Conducting a PHA is an iterative engineering task, and required several sessions.
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Given the initial system design description (shown visually in Fig. 7), the PHA identified
three potential hazards (in this context, “excessive” means an unhealthy level, leading to

injury):
Hazard A: Moving the patient outside their safe position range.
Hazard B: Moving the patient at an excessive velocity.
Hazard C: Applying excessive torque to the patient or, conversely,

allowing the patient to apply excessive torque against the robot.
Each of these hazards will be considered in turn, through the FTA and subsequent
modifications to the system design.
Control station
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| controller
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Fig. 7. Initial system design. This is the minimum suite of sensors and actuators required for
operations. For clarity, only major system components are shown. Also, the set of sensors
and actuators required for only one of the five degrees of freedom is shown.

4.3.1 Hazard A: Moving the patient outside their safe position range

A fault tree developed from the initial system design of Fig. 7, and the top event “Moving
the patient outside their safe position range”, is shown in Fig. 8. The top event can be caused
by any one of numerous possible intermediate events, due to the OR gate attached to the top
event (see definitions in Fig. 1). The intermediate event shown, “Uncommanded motion due
to joint runaway”, can be caused solely by a failure of the incremental encoder, which is a
primary component of the control law used to drive the motor.

This scenario fails the project safety criteria, and so additional components were added to
the system and the PHA and FTA were repeated. The modified system design is shown in
Fig. 9, where the shaded components, an absolute encoder and a power amplifier, are
additions over the initial system design (Roderick & Carignan, 2005).
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Move the patient outside
their safe position range

Other contributing
intermediate events
not shown here

Uncommanded motion
due to joint runaway

Incremental
encoder
fails

Fig. 8. Fault tree for the initial system design and the top event “Moving the patient outside
their safe position range”. This fault tree shows that a single fault, that of the incremental
encoder, could cause the top event to occur.

The fault tree for this top event and the modified system design is shown in Fig. 10. This
fault tree considers the addition of a second encoder and a software-based divergence check
to the system design. The divergence check is designed to detect a failed encoder by
comparing the values of the two encoders, and flagging a fault if they differ by more than a
prescribed tolerance. This fault tree demonstrates that the addition of the second encoder
and the encoder divergence check will satisfy the project safety criteria for this hazard: no
one failure is capable of producing the hazard.
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Robot control computer
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Fig. 9. Modified system design with additional components to satisfy project safety criteria.
The additions over the initial system design of Fig. 7 are shaded. For clarity, only major
system components of relevance are shown. Also, the set of sensors and actuators required
for only one of the five degrees of freedom is shown.
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While the modified system design does prevent a single failure from causing this hazard,
closer examination of Fig. 10 shows that a double failure could still cause the hazard. If both
encoders fail in such a way that they output almost the identical same value they would
pass the encoder divergence check. While this failure combination is possible, particularly
for certain values (depending on the encoders construction, 0 or -1 are likely candidates), it
is highly unlikely to occur at the same time, and thus could be deemed an “incredible”
failure and removed from further analysis. While further modifications to the system
design, such as a third encoder, may enable detection of such situations, the additional
system complexity may be unwarranted as well as potentially contributing to lower system
reliability. The tradeoff between these measures is beyond the scope of this chapter.

Move the patient outside
their safe position range

A

Encoder divergence Other contributing
check fails to prevent intermediate events
uncommanded motion not shown here

Uncommanded motion Absolute encoder matches
due to joint runaway incremental encoder

Absolute
encoder
fails

Incremental
encoder
fails

Fig. 10. Fault tree for the modified system design and the top event “Moving the patient
outside their safe position range”. This fault tree indicates that two simultaneous faults are
required for the intermediate event shown to cause the top event to occur.

To help determine the overall likelihood of such incredible failures occurring, the fault trees
may be quantitatively evaluated. As noted in Section 3.1, FTA is generally a qualitative
technique, who’s quantitative accuracy is indicative at best. Quantitative analysis may
therefore simply be beneficial in ranking failures by probabilistic likelihood, versus using
the output probabilities as absolute indications of safety (Roderick, 2000).

4.3.2 Hazard B: Moving the patient at an excessive velocity

The fault trees for this hazard are very similar in structure to those for the previous hazard.
This is primarily due to the system computing velocity based on sequential encoder
readings, and hence there are identical measures to sense excessive velocity or to detect a
failed component that contributes to velocity sensing. Thus, this hazard is not considered
any further here.
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4.3.3 Hazard C: Applying excessive torque to the patient

A fault tree for the initial system design and the top event, “Applying excessive torque to
the patient”, is shown in Fig. 11. A single failure of the servo controller, which is responsible
for providing power to the motor, is capable of producing uncommanded motion and
hence, potentially, applying excessive torque to the patient. The fault tree of Fig. 12 is for the
modified system design and shows the addition of a separate power amplifier with built-in
motor current sensor, as well as a software-based motor power check (not shown). This
power check compares the motor current draw with the requested output of the servo
controller, to determine if either component is at fault. This fault tree indicates that the
project safety criteria are satisfied by these additions.

Applying excessive torque
to the patient

Other contributing
intermediate events
not shown here

Uncommanded motion due
to incorrect motor torque

Servo
controller
fails

Fig. 11. Fault tree for the initial system design and the top event “ Applying excessive torque
to the patient”. This fault tree shows that a single fault, that of the servo controller, could
cause the top event to occur.
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Motor power divergence | Other contributing
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Uncommanded motion due Amplifier senses incorrect
to incorrect motor torque motor power draw

Power
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fails

Fig. 12. Fault tree for the modified system design and the top event “Applying excessive
torque to the patient”. This fault tree indicates that two simultaneous faults are required for
the intermediate event shown to cause the top event to occur.
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4.4 Summary

Through several iterations of system safety engineering, the final system design of Fig. 13
was reached. Comparison with the initial system design of Fig. 7 shows the addition of extra
sensors for each degree of freedom, as well as multiple emergency stop capabalities. Note
that for brevity of explanation, only trivial examples of fault trees and their associated
system design modifications have been shown. This project is also a work-in-progress, so
little operational data exists at this time. Therefore, operational results from a similar robotic
system with a substantial amount of operating time will now be considered.
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Fig. 13. Final system design showing the additional safety-related components (shaded),
over those required solely to realize the system’s control modes.

5. Case study: The Ranger Telerobotic Shuttle Experiment

The system safety design process described here was originally applied to the Ranger
Telerobotic Shuttle Experiment (RTSX). This four-manipulator, 33 degree of freedom robot
was designed and built to fly on NASA’s space shuttle as a satellite servicing flight
demonstration experiment. The robot has sufficient power, speed and reach, to potentially
damage or destroy critical components necessary for the shuttle’s operation and safe return
to Earth. Non-flight versions of this robot have several hundred hours of lab and neutral
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buoyancy operational time over the past five years. This provides long term data against
which this system safety design process can be evaluated.

The MGA Exoskeleton in the previous case study and the RTSX robot have similar overall
system architectures, and both use identical electromechanical actuator and sensor
technology. They also use similar control software, with variations only in the specific
control modes, device drivers, and the safety checks specific to each robot. Though the
hazards listed for each system may appear different, the subtrees contributing to the
individual hazards are nearly identical for each robot (e.g. encoders failing and causing
uncommanded motion, distributed control components failing to meet their deadline). This
strong similarity allows for direct application of the process to both robot systems.

The project safety critiera were driven by a NASA-defined “fail-safe” hazard control
approach. This pioneering approach (for NASA) allowed a computer-based control system
to have total control of a hazardous payload when traditional approaches are infeasible
(Roderick et al., 2004). The fundamental precept of this fail-safe approach is that the control
system must reliably detect the first failure and transition the system to a safe state. The system
need not necessarily be one-fault tolerant, nor does it have to cope with failures subsequent
to the first. It simply has to be able to reliably attain a safe state despite the presence of any
one failure. This defined the project safety critiera. The project failure rate criteria were
based on the intended 48-hour mission length.

Based on an initial system design, a PHA identified the following three hazards that Ranger
presented to the shuttle and its crew:

Hazard A: Manipulator motion physically damages the shuttle or prevents
a safe return to Earth (e.g. by preventing the payload bay doors
from closing)

Hazard B: Releasing an untethered object (e.g. an orbital replacement unit)
that damages the shuttle or becomes orbital debris
Hazard C: An object (e.g. an item’s restrainting bolt) breaks due to

excessive force or torque, and the subsequent pieces damage the
shuttle or become orbital debris

Applying FTA to the initial system design, given these three hazards, resulted in the
addition of double and triple modular redundancy in certain critical computer components,
software algorithms, and sensors. It also resulted in a complete partitioning of system wide
safety protocols into an autonomous vehicle-based software safety system that was totally
isolated from the rest of the system (Roderick, et al., 2004). This mechanism alleviated the
need for safety certification and verification of operators, input devices, communication
protocols, and the multitude of operator control stations. This dramatically reduced the
complexity of the safety system, which in turn reduced development time, testing effort,
and (hopefully) produced a more reliable and safer system.

5.1 Qualitative analysis

The distribution of minimal cut sets by size, for each hazard, is shown graphically in Fig. 14
for the final system design. There are over 3500 minimal cut sets in total, with the smallest
minimal cut set size being 2, the maximum size 13, and the average size about 5. As there
are no single-component minimal cut sets, this system design satisfies the project’s safety
criteria. Although there exist double component cut sets, the majority of failure scenarios



60 Rehabilitation Robotics

leading to a hazard involve three or more events. Fig. 14 also shows that only Hazards A
and C have double component cut sets, and Hazard B requires at least three failures before a
hazard can occur. There is a significant difference in the number of minimal cut sets for each
hazard, largely due to the varying number and size of subtrees for each individual hazard.

5.2 Quantitative analysis

A quantitative probabilistic analysis of RTSX’s fault trees was conducted based on limited
historical data available from a prototype robot. For this analysis, all RTSX failures were
considered non-repairable, since during the mission neither hardware nor software could be
repaired nor modified. In computing the hazard probabilities, the assumption of the A-
model that At < 0.1 (in order to simplify F(t) = 1-e**) was not valid for the two largest failure
probabilities. This assumption was considered acceptable at that time, which has since been
validated by operational results.
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Fig. 14. Distribution of minimal cut set sizes, by hazard.

The estimated probabilities of the occurrence of Hazards A, B, and C for =1 hour are 0.0464,
0.00182, and 0.00783, respectively. Though this type of probabilistic analysis is known to be
conservative, these numbers are uncomfortably high. Examination of the individual
subtrees showed that the top five subtrees are significantly more likely to occur then the
remaining subtrees. The probabilities of these top five most likely subtrees, and their
percentage contribution to their parent hazard’s probability, are shown in Table 1. Note that
the probability of occurrence in one hour of the remaining subtrees is 0.00005 or lower, or at
least two orders of magnitude less likely than any of the top five most likely subtrees. Also
note that Hazards B and C are both predominantly caused by one subtree each, i.e., one set
of failure combinations. The components and failures making up these individual subtrees
could be targetted for significant examination and validation, or potential redesign to
reduce their overall probablity of occurence. Note once again that hazard probabilities



Designing Safety-Critical Rehabilitation Robots 61

calculated from an FTA are only indicative, due to the inherent uncertainty in failure
probabilities and the assumptions of the lamba-model.

Sensitivity analysis of the input failure probabilities was conducted on all subtrees, in an effort to
identify the effect of their inherent uncertainty. This uncertainty occurs due to assumptions made by
manufacturers when defining failure rates for individual commercial off-the-shelf components, as
well as from the assumptions and estimates used to extrapolate data from the historical prototype

system.

Probability % of parent
Subtree | Type of occurrence | hazard’s

in 1 hour probability
A3 Main DMU SW failure causes excess velocity | 0.038 81.9
C2 FT sensor failure causes over-torque 0.00775 98.9
A4 Operator failure causes boundary crossing 0.00705 15.2
Bl Operator failure causes gripper open 0.00179 98.2
A2 LPU SW failure causes excess velocity 0.00122 2.6

Table 1. Estimated probabilities for top five most likely subtrees, and their percentage
contribution to the parent hazard’s probability.

This analysis individually varied the input failure probability of each failure contributing in
a fault tree, and determined the subsequent variation in the parent hazard’s probability.
Each input failure probability was varied up and down by one order of magnitude. The
variation in Hazard C’s probability, as a function of the variation in input failure probability
is shown in Fig. 15. As expected, the plots indicate a general exponentially increasing effect
on the hazard probability as a function of increased individual failure probability. The
graph dramatically illustrates that a small number of failure probabilities can significantly
increase the overall hazard probability. These individual components could be targeted for
additional testing to better determine their predicted failure rates, with a subsequent
improvement in the accuracy of the overall hazard probabilities. The graphs for Hazards A
and B show the same trends and are not presented here.

5.3 Summary

Despite having fairly high hazard probabilities, RTSX has operated well below these
numbers indicating that the computed quantitative probabilities are indeed conservative. In
several hundred hours of operation, only one accident has occurred, which was in the form
of uncommanded motion. This failure was due to an improperly coded safety check on the
bounds of a critical input parameter, and it occurred in the presence of an incomplete and
more primitive safety system than was specified in the final system design. The rarity of
these events is perhaps an indicator of the overly conservative nature of the probability
analysis, as well as an outgrowth of the estimates used in extrapolating failure probabilities
from a prototype historical system. The solid operational history may, in fact, validate the
system design modifications indicated by this process, and demonstrate the success of the
process when applied to a safety critical robot system.

6. Conclusion

A methodology has been presented that can qualitatively and quantitatively evaluate a
system design against a set of project safety criteria. This methodology allows system
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designers to target individual components or failures, in an effort to make the system more
safe. While this methodology cannot produce an absolutely safe system, it provides a
mechanism by which a system design can be judged to be sufficiently safe. The
methodology also provides for indicative quantitative analysis of a system, which evalutes
the system’s overall failure rate.

This methodology was applied to two example robotic systems: a shoulder rehabilitation
exoskeleton and a multi-arm dexterous space robot. Qualitative analysis of each system
allowed for targetted modifications to the system design, producing final systems that were
sufficiently safe when judged against the project’s safety criteria. Quantitative analysis of
the second system indicated uncomfortably high failure probabilities, however, operational
data to date indicates the very conservative nature of this analysis, and validates that it can
only be used as an indicative evaluation.

Future work for the MGA exoskeleton involves full completion of the FTA, including
enumeration of all cut sets, as well as completion of the quantitative analysis. A partial FMEA
has already been performed on the MGA Exoskeleton. Completion of this FMEA and
comparison to the PHA hazard list may indicate additional hazards, or subtrees of the FTA, that
need to be considered. Also, a more comprehensive version of this process would include an
FMEA as a useful component. Operational data will continue to be taken for RTSX, and for the
exoskeleton once development is complete. Comprehensive comparison of the operational data
with respect to the input failure proabilities may help identify certain failures or failure types,
that untowardly affect the hazard probability. These variances in the input failure probabilities
could be taken into account to improve the accuracy of future quantitative analyses.
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Fig. 15. Percent variation in Hazard C probability as a function of variation in failure probabilities.
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Work Assistive Mobile Robot for the Disabled in
a Real Work Environment

Hyun Seok Hong, Jung Won Kang and Myung Jin Chung
KAIST
Republic of Korea

1. Introduction

Previous works related to welfare service robotics have mainly focused on assisting the
disabled in their daily life. Robot systems such as the Intelligent Bed-Robot System (Kim et
al. 2002) and Care Robot System (Yoo, 2003a) are designed to help the disabled in
performing daily activities in specialized indoor environments. Human-machine interfaces
such as Eye Gaze Estimation System (Yoo, 2003b) have been developed to facilitate easy
control of the robot system. FRIEND (Martens, 2001) and KARES II (Bien, 2003) are
wheelchair-based rehabilitation robotic systems equipped with a robot arm and are
designed to help the disabled manipulate small objects such as food, drink, books, etc.

It is important that human beings have the opportunity to feel self-worth and happiness by
living productive lives through their own vocation. Therefore, the development of a
vocational robotic system has important implications with respect to welfare. Although
some vocational assistive robots have been developed, they are limited to office
environments. The robot RAID (Eftring, 1993), which was developed at the Rehabilitation
Engineering Research Center in Sweden, assists in removing books from a bookshelf,
bringing documents, and serving drinks in a office environment. The robot known as
WALKY (Neveryd, 1994) can avoid obstacles while it maneuvers to deliver objects in a
laboratory environment. The robot ProVAR (Van der Loos, 1999) receives orders via a
speech recognition system and helps to process office tasks such as serving drinks and
delivering documents, diskettes, video tapes, etc. In addition, the current status of the robot
is displayed through a monitor.

Due to regional differences in industrial structures, the types of tasks that the disabled can
perform differ from country to country. As a result, robots assisting the disabled in a real
manufacturing environment can be more useful than robots providing assistance in office
environments in some countries.

However, there has been relatively little research reported on the development of vocational
robotic systems in real manufacturing environments. The objective of the present work is to
develop mobile robot systems that assist the disabled to work in real manufacturing
factories. Specifically, the assistive robot is targeted for the disabled in Korea, where the
authors dwell. In this research, to clearly determine the objectives of developing assistive
mobile robots, a mission statement is addressed based on statistical data. Furthermore, the
target manufacturing environment is surveyed to specify the dimensions and working
algorithm of the work assistive mobile robot. Two work assistive mobile robots are
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proposed and developed according to slightly different function definitions. User trials are
performed for the two work assistive mobile systems. The robot systems are expected to
provide practical assistance to disabled workers and help satisfy their desires and fulfill
their capabilities so that they can become productive members of society. We expect that
this will result in an increase in the working population of the disabled.

@) (b)
Fig. 1. Examples of robots for daily activities of the disabled; (a) Intelligent bed-robot system,
(b) KARES I1.

Fig. 2. Examples of robots for desktop vocational activities of the disabled; (a) RAID, (b)
ProVAR, (c) WALKY.

2. Derivation of Mission Statements

Our objective in developing the present robot systems is to assist the disabled as much as
possible in real employment situations. For determining our specific mission, we surveyed
an abundance of data pertaining to people with disabilities in real employment situations.
We categorized the survey results into three criteria, ‘A. to assist the disabled as much as
possible,” “B. to consider the real situation of employment for the disabled and ‘C. to provide
assistance for the most necessary tasks for the disabled in the work space’.
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2.1 Survey based on Criterion A

In order to assist the disabled as much as possible, we investigated disability types and the
type of work presently being performed in Korea by workers with disabilities. To this end,
we surveyed data! on the disabled in Korea. Among people with disabilities, 55.1%suffer
from limb impairment, 8.7% cerebral paralysis, 10.5% visual disorder, 8.8% hearing disorder,
and 0.8% speech disorder. On the other hand, there were relatively few people with internal
organ impediments or cognitive disabilities.

autism, 0.5% psychosis, 3.3%

mental | _internal organs,
retardation, / &= 4.8%

7.5%
speaking, IJ.S'QG

hearing, 8.8%

visual, 10.5%

carebral, 8.7%

Fig. 3 Distribution of the disabled

spinal cord
quadriplegia, disability, 11.4%

11.3%
— upper limb

P disability, 25.6%

Fig. 4 Distribution of limb impairment and cerebral paralysis

Types of disorder Large workshop Small workshop
Limb impairment 82.0% 81.0%
Cerebral paralysis 0.2% 0.2%
Visual disorder 4.4% 3.1%
Hearing disorder 9.8% 6.2%
Speech disorder 1.2% 1.1%
Other 2.4% 8.4%

Table 1. Distribution of actual employment for the disabled. Companies with more than 300
employees are classified as a large workshop.

1 Statistical data from reports (written in Korean): “The present condition of registered disable people,”
published by the Korea Ministry of Health and Welfare, Sep. 2004, “Research on the actual conditions
of the disabled in 2000,” published by the Korea Institute for Health and Social Affairs, 2000, “Research
on the actual conditions of disabled workers in 2000,” published by the Korea Employment Promotion
Agency for the Disabled, 2000.
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Fig. 3 shows the distribution of the disabled, and Fig. 4 describes the disability distribution
of people who suffer from limb impairment or cerebral paralysis. From the distributions, it
is noted that the percentage of disabled having leg impediments is large. Table 1 shows that
most people with disabilities who have entered the workforce have limb impairment
regardless of the scale of the workshop. Therefore, it is desirable to develop a robot system
that assists workers who suffer from limb impairment.

2.2 Survey based on Criterion B

In order to assess the real employment situation of the disabled, we visited vocational education
facilities? and companies? that hire disabled workers. As shown in Fig. 5, our survey results show
that the physically disabled tend to prefer computer-oriented jobs, as there are numerous
occupations in this field and these jobs require little spatial movement. According to the results,
they are also interested in mechanical jobs, primarily because there is huge industrial demand for
labor and the other is that they can gain expertise in performing these jobs.
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2 Bundang branch of the Korea Employment Promotion Agency for the disabled and vocational schools
in Daejeon and Ilsan.

3 Eleven factories including Mugunghwa Electronics and Immanuel Electronics, which mainly make
electronic products, and Boram-Dongsan, which mainly assembles mechanical parts.
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However, vocational fields* for which employers wish to hire disabled workers mainly
involve simple labor, as shown in Fig. 6. According to these investigations, there are huge
gaps between occupations that people with disabilities want and occupations that
companies need to fill. As a result, although many social organizations provide vocational
education to the disabled, due to the actual employment situation the disabled mainly
perform simple labor. Therefore, it is desirable to develop an assistive robot system that can
help the disabled work in performing physical and simple labor such as assembling and
classifying circuit parts, moving boxes, and packing and delivering goods.

2.3 Survey based on Criterion C
According to the survey results shown in Table 2, disabled laborers experience difficulties
when they should carry heavy materials.

Situations Large workshop Small workshop
Transferring goods 55.4% 33.8%
Moving around the workshop 14.5% 31.5%
Operating machines 27.9% 20.0%
Difficglty to u.nderstand 24.4°% 2239
instructions
Operating speed 20.0% 31.5%

Table 2. Situations where a disabled worker requires help. Duplicated answers are
permitted. Companies with more than 300 employees are classified as a large workshop.

Survey results also show that those who have upper limb impediments desire a robot
system that can help perform movements normally performed by the arms (fixing, loading,
fine motion, etc). Those with leg impediments meanwhile require a system to substitute the
functions of the leg (movement, loading, etc) and those who have both impediments would
like a system that would provide assistance when they should carry heavy materials. Target
objects for transferring goods are divided into heavy and light objects®. In the case of fine
motion tasks, the assistive robot system cooperates with the human and supports roller
inserting and PCB inspection tasks. Therefore, it is necessary to design a work assistive
robot that can transfer goods, perform dexterous tasks, and move around freely.

From the above survey results, our mission has been determined. The following is our
mission statement: to develop a work assistive mobile robot to help the disabled who have
lower limb(s) or upper limb disabilities, or lower limb(s) and upper limb disabilities obtain
employment in manufacturing factories involving the performance of simple physical labor.

3. Work Space Environment of Real Manufacturing Factories

3.1 Work Space Environment of Real Manufacturing Factories
As described earlier, our work assistive robot helps the disabled person to work in a real
manufacturing factory. Before designing this assistive robot, the environments of real

4 Statistical data from the report (written in Korean): “Classified statistics on the disabled in the first
quarter of 2002,” published by the Korea Employment Promotion Agency for the Disabled, 2002.

> Boxes used in a real factory are investigated and classified into two groups: heavy boxes (maximum size:
65x35x40cm, shape: box, maximum weight: 30kg), and light boxes (maximum size: 30x25x10cm, shape: box or
bag, maximum weight: 3kg).
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manufacturing factories should be known. We surveyed several manufacturing factories
that employ workers with disabilities. Through the survey, we defined the general
environment to help the disabled. Manufacturing factory environment survey results are
described in Fig. 7 ~ Fig. 10.

Fig. 7. Whole view of general environment of manufacturing factory. Safety lines are
painted around work tables.
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Fig. 8. Top view of general environment of manufacturing factory (dimensions in [cm]).
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- »

Fig. 9. Top view of space allocated for an employee working at worktable in manufacturing
factories (dimensions in [cm]).

| ,

Fig. 10. Side view of space allocated for an employee working at worktable in
manufacturing factories (dimensions in [cm]).

The major work in the factories is making electronic products such as battery chargers,
vacuum cleaners and circuits that require soldering, and assembling task. For the tasks, as
described in Fig. 8, most manufacturing factories are composed of long tables equipped
with a conveyor, a warehouse containing parts in boxes on palettes, safety lines around
these elements, and aisles between tables and storage areas. There are aisles with various
widths, excluding the safety line width (10cm):

-between tables: min. 120cm, max. 140cm

-between storage areas: min. 80cm, max. 120cm

-between tables and storage areas: 210cm
Allocated space for a worker who works at a worktable is expressed in the dotted box in Fig.
8 while Fig. 9 and Fig. 10 show top and side views of the space, respectively. For each
worker doing table tasks, boxes containing parts are stacked at the left and right sides, and
the width between the boxes is 75cm at the minimum and 90cm at the maximum. The table
height of the lower side is 70cm and the width between the safety line and table is about
100cm.
In the environment, workers perform dexterous tasks such as soldering and assembling at
the work table. When workers do not have enough parts, they move to the warehouse,
and pick up boxes that contain parts. After returning to the work table, they resume
working.
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3.2 Required Specification of Work Assistive Mobile Robot System

The purpose of our robot system is to help the disabled to work in a factory environment.
Therefore, the robot should have function on behalf of the legs and arms of the disabled
worker. In a factory, workers carry boxes including assembled parts, load and unload boxes
from a warehouse, and perform dexterous tasks. In order to help the disabled worker, we
adopted a mobile platform with four wheels and equipped it with a forklift and a robot arm.
The forklift helps to load and unload the boxes that contain parts to be assembled. Also, the
robot arm helps to move light parts and to perform dexterous jobs such as providing aid
when soldering.

From the environment survey results and task analysis, the required specifications for the
mobile robot system are determined. The robot arm should be able to perform various
dexterous tasks such as soldering, assembling, and moving light goods. The forklift should be
able to lift up boxes that are more than 30kg. The mobile platform should be small enough to
move through narrow aisles between tables in factories. The size of the robot system should be
less than 1500mm in length and 700mm in width. The robot should be able to carry a payload
of 120kg, including 80kg for the worker's weight and 30~40kg for a box.

By using this robot, the worker can easily move around, even in a confined area. The worker
can also load, unload, and transfer boxes without difficulty. The robot arm also helps in
performing dexterous tasks.

(b)

Fig. 11. Basic concept of work assistive mobile robot system type I; (a) assisting table tasks,
(b) moving objects.

4. Development of Work Assistive Robot Systems

After a survey of general factories environments, we developed two work assistive robot
systems. Work assistive mobile robot system type I is focused on versatility and work
assistive robot system type II is mainly focused on mobility. Each robot system was
developed after defining tasks and functions. We also conducted user-trials with the robot
systems in a real factory to obtain feedback from real workers.

4.1 Work Assistive Mobile Robot System Type |

4.1.1 Design of Work Assistive Mobile Robot System Type |

We assume that the disabled user works sitting on the chair of the work assistive mobile
robot. Therefore, the height of the robot chair should be designed to be lower than that of
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a desk. Furthermore, the chair should be designed to rotate up to a right angle to work at
a desk. When parts to be assembled are needed or it is necessary to transfer goods, the
person moves the robot and picks up and puts down the objects. Therefore, a fork-lift
system is adopted in the robot system. When the robot moves, obstacle avoidance is
employed and a related alarm is used for safety. The basic concept of the work assistive
mobile robot system is described in Fig. 11. Fig. 11 describes a scenario to help the
disabled person to work at their table tasks (soldering, assembling, etc.) and to move
boxes containing parts. To support table tasks, the mobile robot is parked parallel with
the table, and the chair of the robot is rotated toward the table. This setting makes it easy
to use the robot arm to perform a task, and the fork-lift can be employed to load the box
at the proper height.

The driving mechanism for the work assistive mobile robot is an important issue
because the fork-lift must move heavy boxes. We considered two driving mechanisms:
forward wheel steering/backward wheel driving and forward wheel
driving/backward wheel steering. A forward wheel steering/backward wheel driving
mechanism is a popular mechanism for three or four wheel scooters. However, this
mechanism is not appropriate for a work assistive robot that has a fork-lift at its front
area, especially with regard to steering. A forward wheel driving/backward wheel
steering mechanism is also a popular mechanism for commercial forklift trucks, and is
more appropriate. Therefore, we adopted a forward wheel driving/backward wheel
steering mechanism.

4.1.2 Development of Work Assistive Mobile Robot Type |

Based on the design result of the robot, we developed work assistive mobile robot type I, as
shown in Fig. 12. As noted earlier, the work assistive mobile robot type I is based on a
forward wheel driving/backward wheel steering mechanism. For this mechanism, the robot
has two motors, one for driving and another for steering. The mobile platform is basically
controlled by a DSP controller and several peripherals. It also has four limit switches for
emergency stopping, and ten ultrasonic sensors to detect obstacles to the rear for collision
avoidance. Additionally, a camera is set up in the rear area and a monitor connected with it
displays rear objects. The fork-lift system has two actuators to place and lift objects. A
MANUS arm is equipped in front of the mobile platform. All components are controlled
and communicated through the main system, which is run by a personal computer. Each
component of work assistive mobile robot type I such as the robot arm, mobile platform,
and fork lift is controlled by a 2-axis joystick, with several operation modes for controlling
each component.

Size 650x1400% 550[mm)] (widthxlengthxheight)
Speed 12[km/h]
Max. Load (Robot) 200 kg
Max. Load (Lift) 60 kg

Table 3. Specifications of work assistive mobile robot type I

From a structural point of view, we divided the work assistive mobile robot system into one
main system and three subsystems according to their functions. Fig. 13 shows each module
configuration of the robot system.
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Fig. 12. Developed work assistive mobile robot type 1.
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Fig. 13. Architecture of work assistive mobile robot type L.

The main system is a PC that runs RTAl-linux for real-time control. It is connected to
subsystems, i.e., the mobile platform, fork-lift system, robot arm system, and the joystick
controller. The joystick connection uses a USB communication port of the main computer,
whereas others connections are through the RS232 port. Command data is composed of a
start byte, data bytes, and an end byte. The number of data bytes corresponds with the
number of actuators in each subsystem. For example, a command data from the main
system to the mobile platform has one start byte (eight bits), two data bytes, and one end
byte. Each data byte has a value between -125 and 125. The start byte value is 126, and the
value of the end byte is 127. This short data length speeds up communication.

4.1.3 User-trials

We conducted a series of user-trials of the developed work assistive mobile robot system
with the participation of disabled persons who work in actual manufacturing factories,
Boram-Dongsan and Mugungwha Electronics in Korea. We gathered their feedback about
the robot. The participants were randomly selected among factory workers who have lower-
limb or upper-limb impairments or lower-limb and upper-limb impairments. Fig. 14 shows
pictures describing the user-trials of work assistive mobile robot system type I.
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After conducting the user-trials of work assistive mobile robot system type I, we asked the
subjects questions pertaining to the velocities of driving and steering, the convenience of the
joystick interface, ease of riding, the risk during driving, and the need for the rear camera. The
velocities of moving forward and reversing were confirmed by the respondents as being
appropriate. However, they pointed out that the steering speed was slightly slow. This problem
was caused by a high reduction ratio gearbox to generate high torque, and was fixed by using a
gearbox with a lower gear ratio and a motor with higher torque. The respondents also said the
joystick interface was very easy to use. They also reported that they felt safe while moving. This
is due to the intuitive joystick control method and the ultrasonic sensor system to avoid collision
with obstacles. However, they habitually did not use the rear monitoring system.

Additionally, we identified some shortcomings: (1) the robot arm system is hard to control, and
should be smaller or be installed on a work desk; (2) the mobile base and the radius of turning of
the robot need to be smaller and the chair needs to be rotated electrically and its should be height
lower; and (3) the fork of the fork-lift system should smaller or capable of being folded
electrically. We considered these problems for developing the next version, type IL

© (d)
Fig. 14. User trials for Work Assistive Mobile Robot System Type I; (a) Moving objects -
lifting up, (b) Moving objects - lowering, (c) Working at a desk, (d) Moving around.

4.2 Work Assistive Mobile Robot System Type Il

Based on the results of the user-trials of work assistive mobile robot system type I, we
developed work assistive mobile robot system type II. The basic function, control system
architecture, and the method of user-trials are basically the same as those of type I.
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4.2.1 Design of Work Assistive Mobile Robot System Type Il

Since a robot arm is chiefly used in table tasks and is not used when the robot moves around, the
robot arm is installed on the table, and a foldable fork-lift is incorporated in order to reduce the
size of the robot. One very important issue is the driving mechanism. The robot should be capable
of moving in a confined space. For this, we adopted an omni-directional wheel driving
mechanism. Among the available omni-directional wheels, we use four omni-directional wheels
called 'mecanum wheels'. A mecanum wheel consists of one active main wheel and several
passive rollers around the main wheel. When the main wheel rotates, a force vector along the
wheel and a force vector perpendicular to the wheel are created. The net force, which determines
the moving direction of the robot, is created by combining each force vector of the four wheels. By
simply controlling the rotation of each wheel without steering them, the robot can move in any
direction. Although the power efficiency of the omni-directional mechanism is relatively low and
it is difficult to fabricate mecanum wheels, we choose this mechanism since the use of four wheels
will guarantee stability. By using the ommni-directional wheel driving mechanism, positioning
tasks become much easier, especially in narrow aisles, for upper imb impaired workers.

Fig. 15. Mecanum wheel for omni-directional movement.

(d)

© (8 () ()

Fig. 16. Scenario of work assistive mobile robot type II; (a) robot moves to the warehouse
and orients the rear side to a box on a pallet in the warehouse; (b) the user unfolds the fork
using switch; (c) the user rotates the chair using a switch and prepares to extract the box; (d)
the robot moves toward the box, and grips the pallet; (e) the user makes the robot raise the
fork using a switch; (f) the user rotates the chair using the switch toward forward; (g) the
robot moves toward the table; (h) when moving boxes, two sonar sensors are stretched out
by DC motors so as not to interfere with boxes on the fork-lift.
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Fig. 16 describes the task of moving a box from a warehouse to a work table. When the user
simply moves around, the fork is folded, and thus the actual size of the robot is relatively
small. When the user picks up boxes, he/she unfolds the fork. While lifting objects, the user
can vary the rotation angle to see and check the objects of interest by revolving the chair
electrically.

During the transfer of objects, the robot can be used in a confined environment since its
steering radius is actually zero. When the user works at a table, the chair can be rotated
toward the table.

4.2.2 Development of Work Assistive Mobile Robot System Type Il

Fig. 17 shows the developed work assistive mobile robot type II. As noted earlier, for in
order to realize a robot with a smaller size and smaller turning radius, we used an omni-
directional driving mechanism at the cost of efficiency and excluded the robot arm
subsystem. We adopted a foldable fork controlled by motors and equipped the fork-lift
system at the rear side. We also adopted an electrically revolving chair so that the user can
face the forklift when operating it. Two sonar sensors are used to detect obstacles in the rear.
All these components are controlled by a 3-axis joystick and several switches and buttons.

|
Revolving chair m

Sensor transferring
davice

Fig. 17. Developed work assistive mobile robot type II.

Size 760 x 1140 x 510[mm](WxLxH)
Speed(Robot) Translation Slow Mode 2.5~ 3[km/h]
Fast Mode 5[km/h]
Rotation 45 [deg/s]
Speed(Chair) Rotation 18.4 [deg/s]
Max. Load(Robot) 120 kg
Max. Load(Lift) 35 kg

Table 4. Specifications of work assistive mobile robot type II.
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Fig. 18. Developed work assistive mobile robot type II (dimensions in [mm]).
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Fig. 19. Architecture of work assistive mobile robot type II.

Fig. 18 shows the developed work assistive mobile robot type II along with its size. The
developed robot is small enough to assist in the performance of table tasks. Furthermore,
the robot can be parked parallel with the table, and the chair can be rotated to face the table.
In addition, the fork is foldable, and the fork-lift can be used as a box feeding device.

The work assistive mobile robot system type II consists of one main system and two
subsystems, a mobile platform and a fork lift system. Fig. 19 shows each module configuration.
The main system, which is based on FPGA (Field Programmable Gate Array) circuit, receives
user input from the joystick controller and emergency switches. According to the user input,
the main system gives commands to the mobile platform components such as four driving
motors, the revolving chair motor, ultrasonic sensors, and the fork lift system components.

4.2.3 User-trials

Among the enhancements of the work assistive mobile robot system type II, many users
applauded the omni-directional mechanism because of its ease of control. Fig. 20 shows
pictures of the user-trials.

The participants commented that, “it is very good idea to move boxes when moving around”,
“the robot is small enough, having a similar size to an electrical wheelchair”, “due to the small
size, table work is possible without transferring to the table chair”, “due to the omni-
directional wheel driving mechanism and joystick, it is very easy to control the mobile robot”,
and “the collision avoidance device helps avoid collisions”. However, some participants said,
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“to avoid collisions in the rear, a rear monitoring system may be needed”. This is because the
work assistive mobile robot type II does not adopt a rear monitoring system.

© (d)
Fig. 20. User trials for Work Assistive Mobile Robot System Type II; (a) Transferring boxes,
(b) Moving around, (c) Working at a desk, (d) Moving boxes.

5. Conclusion

Considering the real employment situation of the disabled, it was concluded that there is
demand for a robot system that can be used in a real manufacturing environment. To derive
our mission statement, we conducted a survey with three criteria: “A. to assist the disabled
as much as possible’; ‘B. to consider the real situation of employment for the disabled’; and
‘C. to provide assistance for the most necessary tasks for the disabled in the work space’.
Based on the survey results, our goal can be stated as follows: To develop work assistive
mobile robots to help persons with limb disabilities obtain jobs in manufacturing
environments where they can perform simple manual labor. Here, simple labor includes
such tasks as circuit inspection and moving boxes.

For our goal, we developed two types of work assistive mobile robots, which are small
enough to work in the confined environments of real factories. Work assistive mobile robot
type I is equipped with a forklift to move boxes and a robotic arm to help with jobs
requiring more dexterity. Robot type II is compact in size, adopting an omni-wheel driving
mechanism, and is equipped with a lift having a foldable fork. We gathered feedback from
empirical work done on the two robots.
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It has been verified by user-trials and feedback that the proposed work assistive robot is
capable of assisting a person with a disability to work in a manufacturing environment and
perform the same tasks as a normally-abled worker. Further study should be carried out to
make the proposed robot more convenient to operate and smaller in size.
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1. Introduction

A surgical robot has been defined as “a computer-controlled manipulator with
artificial sensing that can be reprogrammed to move and position tools to carry out
a range of surgical tasks” (Dasgupta et al, 2005). The first fully automated surgical
device used in clinical practice was developed by Wickham (Harris et al, 1997) to
resect prostates in the 1980’s at Guy’s Hospital in London. Currently, robotic
devices are available in many surgical specialities fulfilling an increasing number
of roles. The most commonly used is the da Vinci™ master-slave system (Intuitive
Surgical, Ca, USA). The da Vinci™ system is widely available commercially. It is
composed of three components: surgeon console, patient-side cart and image-
processing/insufflation stack. Its stereoscopic vision, motion scaling and
EndoWrist™ technology with seven degrees of freedom (DOF) are major
advancements. By far the most common procedure performed with the assistance
of the da Vinci™ system is laparoscopic radical prostatectomy. Other urological
procedures performed using robotic assistance include cystectomy, nephrectomy,
partial nephrectomy, pyelolithotomy and pyeloplasty. Other specialities adopting
this technology include cardiothoracic surgery, gynaecology, and general surgery.
Ergonomically ineffectual instruments and monophasic monitors in laparoscopy
are linked to surgeon’s musculoskeletal injuries and fatigue (Van Der Zee et al,
1997). Robotic surgery offers a different approach for the surgeon’s position, with
added visual benefits and increased dexterity. Research in the ‘dry lab’
environment has shown that the robotic techniques, though somewhat slower,
offered more precision than conventional laparoscopy (Nio et al, 2002).
Laparoscopy naive surgeons have a shorter learning curve with robotic-assisted
techniques compared with equivalent laparoscopic tasks. Research is ongoing in
the assessment of fatigue when using robotic-assisted, laparoscopic and open
techniques (Elhage et al, 2007). It is suggested that the improved ergonomic
conditions offered by robotic systems may allow surgeons to operate more
efficiently and with greater precision. As a result patients may have less morbidity
and a shorter recovery time.



82 Rehabilitation Robotics

2. The Evolution of robotics in surgery

2.1 History of surgical robots

Leonardo Da Vinci designed the first robot. It was an automated knight capable of
performing basic movements to entertain his patrons (Rosheim, 2006). However, it was not
until late in the 20th century that robotic technology became widely available for medical
applications. In the 1980’s researchers explored the potential of robotics in surgery. Several
investigative projects started in the United States (US) and Europe, some independently and
some as collaborative work.

2.1.1 Neurosurgery and orthopaedic systems

Initially the greatest potential for robotics was anticipated to be in the fields of neurosurgery
and orthopaedics due to their defined parameters and devices such as the ROBODOC
(Integrated Surgical Systems, CA, USA) were developed. The hypothesized advantages
were: an increase in the three-dimensional (3D) accuracy, increased reproducibility of
repeated procedures, increased precision of movements by scaling the motion of the
surgeon several times and the ability to perform surgery from a distance (telesurgery).
Neurosurgery became a suitable platform for testing early robotic systems because the
cranium is a rigid container with fixed landmarks that can be used as data points. Thus
stereotactic frames were developed in the late 1980’s for the purposes of cranial biopsy and
were combined with robots such as the Unimate Puma (Programmable Universal Machine
for Assembly, CT, USA) and neuronavigator wand (ISG Technologies, ON, Canada). These
consist of robotic arms moved by a surgeon combined with a computer capable of 3D
imaging.

A number of robotic frames exist that can assist with surgical procedures. The PUMA 200
robot has been used in the resection of mid-brain tumours in children (Drake et al, 1991),
while the Minerva device allows neurosurgical needle placement whilst the patient is within
a Computerised Tomography (CT) scanner (Glauser et al, 1995). A frameless image-guided
computer controlled system has been launched, the Neuromate (Integrated Surgical
Systems), which includes a pre-surgical planning workstation which subsequently interacts
with the surgeon during surgery. In orthopaedics, where the bones allow fixed device
positioning due to their rigidity, several robots have been developed to perform accurate
reaming and cutting of bones to facilitate the insertion of prostheses. By combining
increased precision with a digitally stored osseous image, bones can be reamed to provide
optimal contact with prosthetic stems such as in uncemented total hip replacements, e.g.
ROBODOC (Integrated Surgical Systems) (Cain et al, 1993). This robot, first produced in
1992, is designed for use in primary and revision total hip replacement as well as in total
knee replacement. It consists of a preoperative planning workstation (Orthodoc) and a five-
axis robotic arm with a high-speed burr as an end effector, which mills the femoral canal for
the selected implant chosen beforehand. Orthodoc is used to precisely plan surgery by
integrating CT scans of the patient to allow accurate pre-operative implant selection.
Clinical studies in the USA using ROBODOC with 65 patients, and with 900 patients in a
German study show that the robotic system produces a radiographically better fit and
positioning of the implant, and eliminates intra-operative femoral fractures (Bargar et al,
1998). It is vital that this generation of orthopaedic robots are built with safety constraints, as
seen with the Acrobot, which allows motion in pre-programmed regions, by the surgeon
back-driving the robot motors, while preventing motion in prohibited areas. This active
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constraint robot (or Acrobot) is programmable and has potential for minimally invasive
procedures such as unicompartmental knee replacement (The Acrobot company, 2007).

2.1.2 Automated surgical robotic system

One of the pioneers of robotic surgery was John Wickham, a urologist from Guy’s Hospital.
He developed the first clinical robot in urology, the PROBOT in 1989. Wickham worked on
a transurethral resection of prostate (TURP) robotic frame in a joint project with the
mechanical engineering department at Imperial College, Guy’s Hospital and the Institute of
Urology in London (Harris et al, 1997). The device attempted to perform robotic TURP. As
the prostate gland is a relatively fixed organ and the procedure requires repeated similar
movements TURP is suited for total robotic control. The frame is constructed to support a
six-axis Unimate Puma robot combined with a Wickham Endoscope Liquidizer and
Aspirator. The liquidiser blade rotates at 40,000 rpm and initial clinical trials in patients,
following successful tests on prostate-shaped potatoes, showed that the PROBOT assisted
TURP to be safe, feasible and rapid. Further trials using the PROBOT for TURP resulted in
an improvement in patients’ symptoms (Harris et al, 1997). One important concept in the
design was that the tool could cut only within an ultrasound guided, physically restricted
volume, making the device intrinsically safe. Although never mass produced, this was the
first truly automated robotic device used clinically, as opposed to the subsequent master-
slave devices which were developed in the United Sates.

2.1.3 Master-Slave systems

These devices started in the 1980’s as the telepresence system and were collaborative efforts
between the National Aeronautics and Space Administration (NASA), which had the
expertise in virtual reality, and Stanford Research Institute headed by Philip Green (Satava,
2002). Several years passed before the next generation of robotic devices became available.
Computer Motion (Berkeley, CA, USA) first introduced the Automated Endoscopic System
for Optimal Positioning (AESOP™) in the mid-1990’s. AESOP controls an endoscope in
response to the surgeon’s commands, using either voice, foot or hand control. By imitating
the form and function of a human arm, it eliminates the need for a member of the surgical
team to manually control a laparoscopic camera. With precise and consistent movements,
AESOP gives the surgeon direct control over a steadier operative field of view. AESOP
responds to a vocabulary of 23 commands and was the world’s first US Food and Drug
Administration (FDA) -cleared surgical robot capable of assisting in minimally invasive
procedures (FDA, 1999). Since its introduction, AESOP has assisted in more than 45,000
minimally invasive surgical procedures in more than 350 hospitals internationally. It is now
regarded as a standard tool in performing laparoscopic radical prostatectomy and enables
independent operating. Laparoscopic images with the AESOP are steadier with less camera
changes and inadvertent instrument collisions compared with an inexperienced human
assistant (Kavoussi et al, 1995). Another development was the EndoAssist (Armstrong
Healthcare, High Wycombe, UK) a free-standing laparoscopic camera manipulator,
controlled by infrared signals from a headset worn by the surgeon. It was also introduced in
the 1990s (Finlay, 1996). It is considerably less expensive than the AESOP but takes up more
space in the operating room.

The first master-slave system was also developed by Computer Motion, the ZEUS Robotic
Surgical System, which allowed the surgeon to control laparoscopic instruments at a
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console remote from the operating table. It was first used on humans in 1998 and in 2001
it allowed a surgeon in New York to perform a laparoscopic cholecystectomy on a patient
in Strasbourg, the first reported transatlantic telesurgery (Marescaux et al, 2001). The
ZEUS system has now been phased out as a result of the merger of Computer Motion
with Intuitive Surgical (Sunnyvale, California, USA) in 2003 paving the way for the
development of da Vinci master-slave systems which now dominate the field of robotic-
assisted surgery.

2.1.4 Telerobotic surgery and telementoring

An Italian group led by Professor Rovetta performed a number of experiments
investigating the possible applications of telerobotics and reported to have carried out
the first telerobotic surgery in 1995; a prostate biopsy (Rovetta & Sala, 1995). The field
of telerobotics in urology, in particular percutaneous nephrolithotomy (PCNL), has
been led by L.R. Kavoussi, D. Stoianovici and the Urobotics team at Baltimore. The
percutaneous access robot (PAKY-RCM) was initially developed in 1996 and was
superseded by the production of the Tracker in 2003. This can be mounted on the
operating table. It has six DOF and can be used with fluoroscopy or CT guidance to
improve the accuracy of needle placement. This can provide a precise and reliable
method of routinely performing the preliminary step in PCNL or tissue biopsy and can
be controlled remotely. The Baltimore group has also telementored several procedures
around the world including laparoscopic adrenalectomy, radical nephrectomy,
varicocelectomy and renal cyst ablation (Janetschek et al, 1998), (Lee et al, 2000),
(Frimberger et al, 2002). The first randomised controlled trial of trans-Atlantic
telerobotics was performed between Guy’s and Johns Hopkins Hospitals with robotic
needle punctures during PCNL into a kidney model controlled remotely. The robot
took longer to perform the procedure but was significantly more accurate than a
human. There was no difference between trans-Atlantic and local needle insertions with
regard to either time or accuracy (Challacombe, et al, 2003)

3 Technology of robotic surgery

3.1 The da Vinci systems

The daVinci is the most advanced master-slave system developed until now. It is not an
autonomous robot. The surgeon sits remote from the patient and controls three or four da
Vinci robotic arms which are docked through laparoscopic ports at the patient side. The
system has three components: (a) a surgeon console, (b) a patient-side cart and (c) an image-
processing or insufflation stack. The three-dimensional view from the endoscope is
projected in the console at 6-10 magnification. The surgeon’s thumb and forefinger control
the movements of the robotic arms. Foot pedals allow control of diathermy and other
energy sources. Motion scaling enhances the elimination of tremor, allowing very smooth
and precise movements. The robotic arms are mounted on the patient-side cart, one of
which holds the high-resolution three-dimensional endoscope. Specialised EndoWrist™
(Intuitive Surgical, California, USA) instruments are mounted on the remaining arms. The
image-processing/insufflation stack contains the camera-control units for the three-
dimensional imaging system, image-recording devices, a laparoscopic insufflator and a
monitor allowing two-dimensional vision for the assistants. The three-dimensional vision,
enhanced magnification, motion scaling and most importantly the endowrist technology
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makes easier for the operating surgeon to perform complex laparoscopic procedures
(Murphy et al, 2006).

3.2 Current application

Since it became commercially available, the da Vinci system has been used to perform
procedures in several surgical specialties including urology, abdominal, thoracic, cardiac,
and gynaecological surgery, ranging from complex cancer operations to organ
transplantation. However the most commonly performed procedure using the da Vinci
systems is radical prostatectomy for localised prostate cancers. Robotic radical
prostatectomy was first described by Menon and five years after the introduction of da
Vinci system it is expected to be used to perform 48000 cases or 63% of all radical
prostatectomies in USA by the end of 2007 (Menon, 2001, 2007). The risks and complications
of radical prostatectomy on patients are well recognised and include bleeding and the need
for blood transfusion, impotence, urinary incontinence and incomplete clearence of cancer.
The early reports on the clinical and functional outcomes suggest that the new technique is
as good as the standard open surgical technique in terms of cancer clearance, and may be
better in terms of need for transfusion, recovery time, sexual potency and urinary
continence (Ficarra et al, 2007). Another operation that is increasingly gaining acceptance in
clinical practice is the robotic radical cystectomy; a new technique has been described by
Dasgupta (Raychaudhuri et al, 2006). However the lack of randomisation and long term
outcome does not allow definite conclusions regarding the superiority or otherwise of the
new robotic technology. Other procedures performed using the da Vinci robot are still
evolving and results are still scarce.

4. Ergonomics and robotic assisted surgery

4.1 Basics of ergonomics in modern surgery

Ergonomics is derived from the Greek ergon (work) and nomos (laws). Definitions vary,
Oxford dictionaries define it as ‘the study of people’s efficiency in their working
environment’ (Oxford English Dictionary, 1998). The international ergonomics association
(IEA) has a more specific approach and defines it as ‘the scientific discipline concerned with
the understanding of interactions among humans and other elements of a system, and the
profession that applies theory, principles, data and methods to design in order to optimize
human well-being and overall system performance’. (IEA website, 2007). IEA divides
ergonomics into domains of specialisations. Organisational ergonomics deals with human
interaction with work systems and policies. Cognitive ergonomics concentrates on the
human mental ability to cope and interact with various work conditions. Physical
ergonomics is the study of the effect of working conditions on human body. Interest in
ergonomics in surgery has become more important following the introduction of minimal
access surgical instruments and systems. Factors affecting efficiency of surgery include
access, vision, manoeuvrability and the ease of using instruments. Open surgery provides
the surgeon with excellent exposure, direct vision of the operative field and user-friendly
instruments. Minimally-invasive surgical techniques including laparoscopic surgery offer
significant advantages for patients in terms of lower morbidity and reduced recovery times.
Factors affecting efficiency of surgery include access, vision, manoeuvrability and the ease
of using instruments. But these instruments are not always as easy to manoeuvre as open
surgical tools. Minimally-invasive surgical techniques offer significant advantages for
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patients in terms of lower morbidity and reduced recovery times. By contrast to open
surgery, the technical challenges to laparoscopic surgery may lead cumulatively to specific
ergonomic problems for the surgeon. Laparoscopic surgeon has to learn to adapt to
monoscopic vision in 2 dimensions (2D). Tendick et al found that 2D monoscopic display
decrease operator accuracy and increase movement time. Manipulation of long laparoscopic
instruments causes a number of problems. There is a fulcrum effect at the point of trocar
insertion through the abdominal wall, where hand movement to the right produces a
movement to the left at the tip of the instrument at the operative field. Instruments are long
and move in a cone-shaped way with the tip of the cone at the trocar’s insertion point of the
abdominal wall. Arc-like movements of the upper extremity are necessary to produce small
movements of the end effector. Laparoscopic surgery allows 4 DOF at the operative site
restricting manoeuvrability to great extent. During laparoscopic surgery the majority of the
surgeon’s movements are at the level of the hands, wrists and, to a lesser degree, the
shoulders. The rest of the body is in an upright position which may be responsible for the
neck and back discomfort associated with laparoscopy. A team from Sacramento video
taped laparoscopic surgeons while operating and noted the awkward upper extremity
movements of the surgeon and a static trunk and neck position (Nguyen et al, 2001),
Berguer et al studied various types of laparoscopic handles. They recorded the positions
and the electromyographic (EMG) signals of the wrists and forearms of surgeons using the
instruments and found that higher degree of muscles contractions are required compared to
open surgery and with laparoscopic handles often extreme positions of flexion and ulnar
deviation at the wrist are required to perform a task (Berguer et al, 1998). Hemal et al
reported many musculoskeletal injuries associated with laparoscopic surgery. When asking
131 laparoscopic surgeons 22% complained of eye strains, 18% of arm, shoulder, and finger
numbness. Neck, back and forearm pain were among the common complaints (Hemal et al,
2001). These problems increase the overall fatigue of the surgeon and restrict the number of
minimally invasive procedures that can be done by single surgeon in a given operative
session.

The master-slave robotic surgical systems may help resolve some of the ergonomic
problems described above. The surgeon is seated at a console remote from the patient,
providing a much more ergonomic posture than that of the traditional patient-side surgeon.
The finger-tip controls allow “intuitive” rather than “fulcrum”-type control over the
laparoscopic instruments, thereby reducing fatigue in the upper extremity and neck. The
complex surgical tasks e.g. (suturing) are made easier by the EndoWrist technology which
allows an overall 7 DOF as compared to 4 DOF for laparoscopy. Another advantage is the
3D stereoscopic vision with enhanced magnifications and motion scaling of surgeon’s hand
movements down to the site of operation. This allows the surgeon to feel almost immersed
in the operative field. Jourdan et al conducted a study where they compared tasks
performed under either monoscopic or stereoscopic vision and found that stereoscopic
vision provides a significant advantage (Jourdan et al, 2004). Another aspect of robotic
assisted surgery was studied by a team from Amsterdam; they compared laparoscopy and
robotic assisted surgery by asking expert laparoscopists and medical students to complete
validated tasks. The students who were laparoscopy and robotics naive required more time
to perform equally accurate tasks compared with experienced laparoscopic surgeons (Nio et
al, 2001). In a more recent study, Berguer and Smith studied the physical and mental
workload of laparoscopic and robotic assisted surgery during a surgical conference.
Surgeons performed simulated tasks while the investigators recorded errors and EMG
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signals for physical workload, and assessed skin conductance for mental workload. They
found that robotic assisted technique was slower and less precise than laparoscopic for
simple tasks; however they were equally fast for complex techniques and possibly less
stressful (Berguer & Smith, 2006).

We are currently comparing the impact of physical activity of both techniques on surgeons
in a dry lab setting. Standard tasks are performed using open, laparoscopic and robotically
assisted techniques. EMG sensors record muscular activity; motion capture cameras capture
postural variation. An analysis of the obtained data will allow objective comparison of these
techniques and will help to understand the impact on surgeons. (Figure 1)

4.2 Advantages and disadvantages

As we have seen in previous sections, robotic surgery offers accurate dissections, less blood
loss, quick recovery of patient; it probably is more ergonomically effective compared to
other minimally invasive techniques. However this technology is still out of the reach of
many healthcare institutions, especially the public sector due to the high initial costs
(£750,000), maintenance (£70,000/year) and the cost of consumables. An important
disadvantage is the lack of tactic feedback. The surgeon is not able to feel for the tissue
however surgeons learn to adapt to visual feedback to compensate. Research in this field is
still inconclusive and bridging this problem would take robotic surgery to a higher level.
Other disadvantages are summarised in table 1 below.

4.3 Future

Recently Intuitive Surgical introduced the da Vinci S which has improved maneuveriblilty,
faster set up time, and improved video display. The next generation of da Vinci is expected to
have a smaller console and surgical cart, and possibly haptic feedback technology. Preoperative
imaging e.g. CT, Magnetic Resonance Imaging (MRI) may be integrated in the system to help
the surgeon plan surgery. A new concept of robot built with non-magnetic or dielectric
materials is being developed by the team from Baltimore led by Stoianovici. This development
will allow the compatibility of robotics with MR imaging, thus allowing MRI guided robotic
procedures (Muntener, 2006). However the most exciting next generation of robots are
nanorobots which are micron small robots which could be able to deliver targeted gene therapy
(Murphy et al, 2006). Robotic surgery is in its infancy and certainly is growing fast.

Advantages Three-dimensional visualisation
Enhanced degrees of freedom
No fulcrum effect

Motion scaling

Elimination of tremor

Reduced fatigue

Ergonomic positioning

Disadvantages Expensive capital and running costs
No tactile feedback

Reduced trainee experience

Set-up times lengthy

Table 1. Advantages and disadvantages of robotic surgery (Murphy et al, 2006).
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Fig. 1. Ergonomic assessment of da Vinci system in Gait Lab.

Acknowledgement to Dr Adam Shortland, Clinical Scientist and Manager of One Small Step
Gait Laboratory, Guy’s Hospital, London
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1. Introduction

Stroke is a highly prevalent condition especially among the elderly that results in high costs
to the individual and society (Matchar & Duncan, 1994). According to the American Heart
Association, in the U.S., approximately 700,000 people suffer a first or recurrent stroke each
year (American Heart Association, 2006). It is a leading cause of disability, commonly
involving deficits of motor function.

Recent clinical results have indicated that movement assisted therapy can have a significant
beneficial impact on a large segment of the population affected by stroke or other motor
deficit disorders. Experimental evidence suggests that intensive movement training of new
motor tasks is required to induce long-term brain plasticity. The availability of movement
training techniques, however, is limited by the amount of costly therapist’'s time they
involve and the ability of the therapist to provide controlled, quantifiable and repeatable
assistance to arm movement. Consequently, robot assisted rehabilitation that can
quantitatively monitor and adapt to patient’s progress, ensure consistency during
rehabilitation may provide a solution to these problems.

In the last few years, robot-assisted rehabilitation for physical rehabilitation of the stroke
patients has been an active research area to assist, monitor, and quantify rehabilitation
therapies (Krebs et al., 2004, Lum et al., 2006, Kahn et al., 2006a, Kahn et al., 2006b, Loureiro
et al., 2003). These robotic devices are used to recover arm movement after stroke, which
provide opportunities for repetitive movement exercise and more standardized delivery of
therapy with the potential of enhancing quantification of the therapeutic process. The first
robotic assistive device used as a therapeutic tool, the MIT Manus (Krebs et al., 2003, Krebs
et al., 2004) uses impedance controller to provide assistance to move patient’s arm to the
target position in an active assisted mode, where patients can visually see their movement
and target location. In (Krebs et al., 2004) they expand the capabilities of MIT Manus to
include motion in a three-dimensional workspace to rehabilitate other muscle groups and
limb segments than shoulder and elbow. The Mirror Image Movement Enabler (MIME) and
the Assisted Rehabilitation and Measurement (ARM) Guide, expanded the investigations of
therapeutic applications of robots into the chronic stroke population. MIME uses a PUMA
560 manipulator to provide assistance to move the participant’s arm with a pre-
programmed position trajectory using Proportional-Integral-Derivative (PID) controller
(Lum et al., 2006). ARM Guide is capable of generating both horizontal and vertical motion,
and giving resistance and support to the patient (Kahn et al., 2006a, Kahn et al., 2006b). The
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GENTLE/s (Loureiro et al., 2003) is a haptic robot used to provide assistance to patients to
move to the target positions along with a predefined path using admittance control. The
participant’s movement trajectory is represented in the virtual environment.

The promising results of the above-mentioned rehabilitation robotic systems indicate that
robots could be used as effective rehabilitation tools. Current theories of stroke
rehabilitation point towards paradigms of intense and repetitive use of the affected limb as
a means for motor program reorganization. However, it has also been demonstrated in
(Carey et al., 2005) that repetitive execution of simple motor tasks may not be as effective as
execution of more complex motor tasks that involve in-depth cognitive processing.
Precision-demanding tasks that challenge motor learning processes create richer conditions
for change in the brain reorganization on rats (Black et al., 1990, Kleim et al., 2002), primates
(Plautz et al., 2000, Nudo et al., 1996) and human (Pascual-Leone et al., 1995). It was shown
that movement tracking training that requires cognitive processing achieved greater gains
in performance than that of movement training that did not require cognitive processing
(Carey et al., 2005). Additionally, it was shown that finger movement tracking training
produced greater gains in the range of motion and tracking accuracy compared to finger
movement training that required no temporospatial processing (Carey et al., 2006). Thus, it
would be useful if a tracking movement training method can be developed, where the
patients not only make repetitive movement but also pay attention to tracking accuracy.
However, in such a tracking task, patients may not be able to track the desired motion
because of their impairments. Thus, a low-level controller can be designed to provide
assistance to the patient to track the desired motion accurately based on his/her
performance.

The existing robotic rehabilitation systems primarily use low-level assistive controllers to
assist the movement of patients’ arms. For example, MIT Manus uses an impedance
controller, MIME uses a PID controller and GENTLE/s uses an admittance controller for
movement assistance. In some cases, the rehabilitation system keeps track of the status of
the task (e.g.,, AutoCITE (Taub et al., 2005)). However, to our knowledge, none of these
systems has a dedicated high-level controller that can comprehensively monitor the task,
provide assessment of the progress, and alter the task parameters to impart effective
therapy based on patient’s performance in an automated manner. Instead, in these existing
robotic rehabilitation systems, a therapist administers the therapy where he/she monitors
the progress of the tasks, patient’s safety, and assess whether the task needs to be updated
based on current condition of the therapy. As a result, it is likely to consume more time of
the therapist, increase workload of the therapist, and consequently, increase the cost of
treatment. In the current work, we present the design and development of a high-level
controller that work in conjunction with the low-level controllers such that it can determine
the task updates dynamically based on patients’ performance; and monitor the safety
related events in an automated manner and generate an accommodating plan of action.

In this chapter, we present a new control architecture which consists of a low-level
controller and a high-level controller. The low-level controller is used to provide robotic
assistance as and when needed to the participants to complete an upper arm rehabilitation
task. This task is designed to impart movement training that requires cognitive processing.
The high-level controller is used to monitor the progress of the rehabilitation task and make
decisions on the modification of the task that might be needed for the therapy. In order to
demonstrate the efficacy of the proposed control architecture, we needed to develop a
rehabilitation robotic system, which is also presented in this chapter.
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This chapter is organized as follows. It first presents the overall control architecture in
Section 2. Then the rehabilitation robotic system is presented in Section 3. The low-level
controller and the high-level controller have been described in Section 4 and Section 5,
respectively. Results of the experiments are presented in Section 6 to demonstrate the
efficacy of the low-level controller and the high-level controller on unimpaired participants.
Section 7 discusses potential contributions of this work and possible directions for future
work.

2. Control Architecture

The patients are asked to perform a rehabilitation task. However, the patients may not be
able to complete the rehabilitation task because of their motor impairment. A low-level
controller could be used to provide robotic assistance to participants” arm movement as and
when needed to help them to complete the reaching task. Note that various robot, human
and general task related information, called events, could affect the reaching task. For
example, if the robot joint motor develops any fault; or if the patient feels uncomfortable
he/she might want to stop the task; or the patient is more than capable of performing the
current task and he/she needs more challenging task etc. These set of information may
require some adjustments of the planning of the task. As a result, the low-level controller
also needs to be aware of these adjustments of the task to accomplish the therapy
requirements.

In order to provide therapy that can accommodate the above requirements, a high-level
controller could be used in conjunction with the low-level controller that monitors the task
and patient’s safety and informs the low-level controller about the task updates. The high-
level controller in here plays the role of a human supervisor (therapist) who would
otherwise monitor the task and assess whether the task needs to be updated. However, in
general, the high-level controller and the low-level controller cannot communicate directly
because each may require different types of inputs and outputs. For example, a high-level
controller may operate in the discrete domain whereas a low-level controller may operate in
the continuous domain. Thus an interface is required which can convert continuous-time
signals to sequences of discrete values and vice versa. Hybrid system theory provides
mathematical tools that can accommodate both continuous and discrete system in a unified
manner. As a result, in this work, we take the advantage of using a hybrid system model to
design our control architecture. A hybrid system model has three parts, a “Plant”, a
“Controller” (supervisor) and an Interface (Koutsoukos et al., 2000, Antsaklis & Koutsoukos,
2003). In order to avoid confusion about terminology, we call the “Controller” in hybrid
system model a high-level controller. The continuous part, identified as the “Plant” is the
low-level controller. Fig. 1 presents the proposed control architecture. There has been no
work to our knowledge on designing such a hybrid system for rehabilitation purposes.
However, in this chapter, we argue that such a hybrid system framework could be useful in
automating robotic rehabilitation and providing important aid to the therapist. Hybrid
control framework has been effectively used in other fields, such as industrial robotics,
medicine, and manufacturing (Antsaklis & Koutsoukos, 2003).

In this architecture (Fig. 1), the state information from the robot and the human is monitored
by the process-monitoring module through the interface to trigger the relevant events. Each
event is represented as a plant symbol so that the high-level controller can recognize the
event. Once the high-level controller receives the event through a plant symbol, the decision
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making module of the high-level controller generates sequences of control actions using its
decision rules. The high-level controller is designed considering the need of the therapist
and the patient and it can be easily modified and extended for new task requirements. The
decision of the high-level controller is sent to the low-level controller through the interface
using the control symbols. Interface converts the control symbols to the plant inputs which
are used to update the task. The updated task is then executed by the low-level controller.
This cycle continues to complete the therapy.

The proposed control architecture is flexible and extendible in the sense that new events
can be included and detected by simply monitoring the additional state information from
the human and the robot, and accommodated by introducing new decision rules and new
low-level controllers.

Monitoring Progress/ II\D/I‘ZCliisriﬁgn
Events Detection Module
HighLevel Controller
Plant Control
Symbol y Symbol
[ Interface

Actual Input

Low -Level
Controller

Fig. 1. Control Architecture.

3. The Rehabilitation Robotic System

A PUMA 560 robotic manipulator is used as the main hardware platform in this work. The
manipulator is augmented with a force-torque sensor and a hand attachment device (Fig. 2).

3.1 Hardware

The PUMA 560 is a 6 degrees-of-freedom (DOF) device consisting of six revolute joints
(PUMA web site). In order to record the force and torque applied by the human, an ATI
Gamma force/torque sensor is used. The robot is interfaced with Matlab/Real-time
Workshop to allow fast and easy system development. The force values recorded from the
force/torque sensor are obtained using a National Instruments PCI-6031E data acquisition
card with a sampling time of 0.001 seconds. The joint angles of the robot are measured using
encoder with a sample time of 0.001 seconds from a Measurement Computing PCI-QUAD04
card. The torque output to the robot is provided by a Measurement Computing PCIM-
DDAO06/16 card with the same sample time. A computer monitor is placed in front of the
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participant to provide visual feedback about his/her motion trajectory during the execution
of the task.

— Visual Display
]

PUMA 560
Robotic
Manlpulator

.I'. d : ! I

ja c-aj
Starting Arm
Configuration

Forearm Padded Flat-faced Push
 Aluminum Splint Electromagnet  gyion

Fig. 2. Participant Arm Attached to Robot.

3.2 Hand Attachment Device

Since in this work we are primarily interested in effecting assistance to the upper arm, we
design a hand attachment device where the participant’s arm is strapped into a splint that
restricts wrist and hand movement. The PUMA 560 is attached to that splint to provide
assistance to the upper arm movement using the low-level controller (Fig. 2). Forearm
padded aluminum splint (from MooreMedical), which ensures the participant’s comfort, is
used as a splint in this device. We further design a steel plate with proper grooves that hold
two small flat-faced electromagnets (from Magnetool Inc.) that are screwed on it. This plate
is also screwed with the force-torque sensor, which provides a rigid connection with the
robot. We attach a light-weight steel plate under the splint, which is then attached to the
electromagnets of the plate. These electromagnets are rated for continuous duty cycle (100%
duty cycle), i.e., they can run continuously at normal room temperature. Pull ratings of
these magnets are 40lb. We have used two electromagnets to have a larger pulling force to
keep the splint attached to the hand attachment device. An automatic release (AU) rectifier
controller (Magnetool Inc.) has been used to provide a quick, clean release of these
electromagnets. A push button, which has been connected to the AU Rectifier Controller, is
used to magnetize and demagnetize the electromagnets when the participant wants to
remove the hand attachment device from the robotic manipulator in a safe and quick
manner.
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3.3 Discussion on Safety of the Rehabilitation Robotic System

Ensuring safety of the participant is a very important issue when designing a
rehabilitation robotic system. Thus, in case of emergency situations, therapist can press
emergency button. The patient and/or the therapist can quickly release the patient’s arm
from the PUMA 560 by using the quick-release hand attachment device (as described
above) to deal with any physical safety related events. In order to release the participant’s
arm from the robot, the push button is used. When the push button is pressed
electromagnets are demagnetized instantaneously and the participant is free to remove
the splint from the robot. This push button can also be operated by a therapist.
Additionally, we have covered the corner of the arm device with a foam self stick tape in
order to avoid sharp surface.

4. Low-Level Controller

The objectives of the current work is to: i) design an upper arm movement rehabilitation
task that requires cognitive processing as well as could contribute to a variety of functional
daily living activities, and ii) design a controller to provide robotic assistance to help
participants to perform the above movement rehabilitation task. In what follows we present
the basic design of the task and the low-level controller.

4.1. Task Design

Let us first briefly review the task design of some well-known robotic rehabilitation
systems. MIT Manus uses impedance controller to provide assistance to move patient’s arm
to the target position in an active assisted mode, where patients can visually see their
movement and target location (Krebs et al., 2003, et al., 2004). MIME provides assistance to
move the participant’s arm with a pre-programmed position trajectory using proportional-
integral-derivative (PID) controller (Lum et al., 2006). The participant is asked to maintain a
specified off-axis force while they are trying to reach toward a goal position using ARM
Guide (Kahn et al.,, 2006a, Kahn et al., 2006b). The GENTLE/s provides assistance to
patients to move to the target positions along with a predefined path using admittance
control. The participant’s movement trajectory is represented in the virtual environment in
(Loureiro et al., 2003). The therapy tasks designed for the rehabilitation robotic devices
require predominantly shoulder motion or elbow motion, or some of them require the
combination of both shoulder and elbow motion.

We choose a reaching task that is commonly used for rehabilitation of upper extremity after
stroke. In this task, the participants are asked to move their arms in the forward direction to
reach a desired point in space and then bring it back to the starting position repeatedly
within a specified time. In other words, they have to follow a desired position trajectory.
The reaching task designed in here requires combination of the shoulder and elbow
movement which could increase the active range of motion (AROM) in shoulder and elbow
in preparation of later functional reaching activities in rehabilitation. The allowable motion
is restricted only to the direction of the task. For example, if the task requires the
participants to move their arms in the Y-direction, then they will not be able to move their
arms in X or Z directions. However, they can move their arms in the Y-direction at a
velocity that could be the same, higher or lower than the desired velocity. The idea here is to
improve the ability of participant’'s arm movement in one direction at a time by helping
them to improve their speed of movement. Improving the speed of movement for such tasks
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is an important criterion to measure the success of a therapy. For example, in Constraint
Induced Movement Therapy (CIMT) (Taub et al., 1999) during the performance of the wipe
table task, participants are required to complete as many back and forth motion as possible
in a certain amount of time across the table and back between the two targets. The number
of times of the completed movement in a certain amount of time is used as a metric to
evaluate the participants’ progress. If participants can improve their speed of movement,
the metric described above will capture this progress. In this work, we constrain the motion
of the arm in the horizontal plane and in one direction (along the Y-axis). Although, in this
work the motion of the arm is constrained in the horizontal plane in one direction (along the
Y-axis), it could also be designed for other directions (e.g., X-axis) or combination of
directions (e.g., XY-axes) based on task requirements (only shoulder or elbow motion or the
combination of shoulder and elbow motion).

In order to include cognitive processing within this reaching task, we ask the participants to
follow a visually presented desired motion trajectory that is likely to command their
concentration. The participants receive visual feedback of both their actual position and the
desired position trajectories on a computer screen, which is placed in front of them. They are
asked to pay attention to tracking the desired position trajectory as accurately as possible,
which keeps them focused on the task. The visual feedback is used not only to inform the
participants of how closely they are tracking the desired motion but also as a motivational
factor to keep them focused on the task. The tip of the position trajectory that the participant
is required to follow represents the velocity of the task trajectory.

The task presented here incorporates cognitive processing by asking the participants to
follow the tip of the visually presented trajectory. The tip of the trajectory represents the
current desired velocity. By asking the participant to follow the tip makes him/her focused
on the task. This task is different from other tasks that have been used in the context of
robotic rehabilitation in that here we are interested in improving the speed of motion in one
direction at a time using visual feedback, which could be useful in a number of therapy
tasks.

4.2. Controller Design

The controller designed in this work is responsible for providing robotic assistance to a
participant to complete the movement tracking task in an accurate manner. The existing
robotic rehabilitation systems operate in robot task-space to provide robotic assistance to the
patients to follow a desired trajectory to complete a rehabilitation task (Krebs et al., 2004,
Lum et al, 2006, Kahn et al., 2006a, Kahn et al.,, 2006b). Recently, a human-arm joint
impedance controller is proposed, which operates in joint-space, to provide assistance to
participants to follow desired joint angle trajectory (Culmer et al., 2005) specified for each
individual joint (e.g., elbow joint). It is still not clear, however, whether the assistance in the
task-space or in the joint-space will likely to have the best results for rehabilitation
purposes. In this work, we design a controller that is responsible for providing the robotic
assistance to participants to complete a rehabilitation task in task-space (Erol & Sarkar,
2007). In this controller, an outer force feedback loop is designed around an inner position
loop (Fig. 3). The tracking of the reference trajectory is guaranteed by the inner motion
control (Sciavicco & Siciliano, 1996). The desired force, which is given as a force reference to
the controller, is computed by a planner. The proposed controller is similar to an impedance
controller; however it allows specifying the reference time varying force directly. The
equations of motion for the robot are given by:
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I=M(q)i+Co(q)(q.9)+Ce(q)|d’|+G(q) (1)
w=JT(qIF =M(q)i+V(q.4)+G(q)

where )/(q) represents the inertia matrix, )'(4,4) is the summation of the matrix of coriolis

torques Co(q)(q,q) and centrifugal torques ce(q )‘ §°|, G(q) is the vector of gravity torques.

I is the generalized joint force torque which is calculated using -7 (4)F, where u is the
input to the manipulator, J(g4) is the Jacobian matrix and F is the contact force exerted by

the manipulator. Using inverse dynamics control, manipulator dynamics are linearized and
decoupled via a feedback. The dynamic equation of the robotic manipulator was given in
(1). Control input # to the manipulator is designed as follows:

u=M(q)y+V(q.4)+G(q)+J F @)
. XX
xd F e
| - - - Robot el

"

x Planner T PI + Controller|
i

Fig. 3. Low-Level Controller.

which leads to the system of double integrators
Gg=y )
In (3), y represents a new input. The new control input ) is designed so as to allow

tracking of the desired force F- To this purpose, the control law is selected as follows:

y=d(a) My K e K p(x =)= My (.0)0) 4)

where x) is a suitable reference to be related to force error. M,

K, (stiffness) matrices specify the target impedance of the robot. X and X are the position

(mass), g 4 (damping) and

and velocity of the end-effector in the Cartesian coordinates, respectively. The relationship
between the joint space and the Cartesian space acceleration is used to determine position
control equation.

¥=J(q)j+J(q.q)q and ¥=J(q)y+J(q.4)q )
By substituting (4) into (5), we obtain
. Iy, o . N Af s s
X=J(q)(J(q) "M (-K i+ Kp(x o =x)=M;J(q.4)4))+I(9.9)q
I S | B
X= Md de+Md Kp(xf x)
Md)'c'+Kd5c+pr=prf
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Equation (6) shows the position control tracking of x with dynamics specified by the
choices of K, K, and M, matrices. Impedance is attributed to a mechanical system

characterized by these matrices that allows specifying the dynamic behavior. Let F y be the

desired force reference, which is computed using a PID velocity loop:

Fd=Pd(xd—x)udj(xd—x)dtﬂjd% %)

where x dr Xr Pyl and Dd are the desired velocity, actual velocity, the proportional,

d’ 'd
integral and derivative gains of the PID velocity loop, respectively. The relationship

between ¥, and the force error is expressed in (8) as:

xp=P(Fy=F) +1[(Fg—F; )dt ()
where P and [ are the proportional and integral gains, respectively, and F; is the force
applied by the human. Equations (6) and (8) are combined to obtain below equation:

M i+ K i+ Kpx=Kp(P(F;~F;)+1[(Fq—F;)dt) ©)

We can observe from (9) that the desired force response is achieved by controlling the
position of the manipulator.

4.3. Decision of Robotic Assistance during Task Execution

During the tracking task, the activation of the low-level controller to provide robotic
assistance is decided based on the participant’s actual velocity (x). If the actual velocity lies
within an acceptable band, then it is understood that the participant is able to track the
trajectory without robotic assistance. The acceptable band consists of upper and lower
bounds on velocity, which are defined as:

. . . percentage . _ . [ . xperceniage 10
xupper"“d*(xd 00 j Yower =%d (xd 00 a0

where percentage is the value used to increment and decrement the desired velocity to define

the upper and lower velocities for the selected * d- If the x is not between J'Cupper and

Xjower - then the low-level controller is activated to provide assistance to keep the

participant’s motion in the desired velocity range. However, note that any participant will
require a finite amount of time to generate the desired motion. The controller should not be
activated until it is determined that the participant is not able to generate the required

motion by his/her own effort. Thus, initially a desired *; is decided and it’s upper (%ypper )
and lower (%;,,..) bound is calculated using (10). In order to determine the velocity

trajectories X (1), Xypper(t) and %, ..(1), we use a generator block to generate smooth

velocity trajectories within a specified distance using a skew-sine function. As a result, we
define an algorithm to determine the average velocity of the participant x,,, (as opposed to

instantaneous velocity) and average value of the upper Yypperave and lower X, ... ..

velocity bounds for a given period of time, which are used to decide if the robotic assistance

is needed. Xave, xuppergve and xl

owerave are calculated using the equations:
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. [ A A : [
Yave = (%) tzi(x(t))’xlowerave = (%) tgn-(xlower(t))’ Yupperave = (%) ,Ei(’ﬁtpper(’)) (11)

where #f,ti and fs are the final time, starting time and sampling time, respectively. x(z) is

the participant’s actual velocity at time . If Xowerave < Xave < Xupperave is satisfied, then the
low-level controller is not activated and participant continue tracking task without robotic
assistance. If X, ..
provide robotic assistance to the participant to track the desired motion.

<Xgye < Xypperave is not satisfied then the controller is activated to

4.4. Switching Mechanism

Note that the controller will be switching in and out to provide robotic assistance. In order
to ensure smooth switching, a switching mechanism that we have previously shown to
guarantee bumpless switching for satisfactory force response (Mallapragada et al., 2006) is
used in this work. This mechanism modifies the position reference, which is the input for
the inner loop of the force controller, at the time of the switching in such a way that it is
equal to the position reference at the time before switching occurred. The control action in
(8) can be modified as below:

- - 12

X o (1)=3(t) and % (1) =Pe(t) +1( X;(1)+ X, )t (12)

Here xg (1) is the position reference when the controller is not active, which is equal to the
P

position of the human/robot x(¢). x,ﬁ‘(t ) is the position reference determined using the P

and I gains when the controller is active. X,(t) represents the integral action and X, 1s the

initial condition of the error integrator. ¢(7) is defined as the F p —-F. If tg is the time of

switching, then equation (12) can be used to find the position reference just before the time
of switching.

X (15 )=x(1 ) (13)
where x(tg ) represents the position of the human/robot right before the switching

occurred. The position reference just after the switching is given as:

x ﬂ(z; )=Pe(ty )+ I(X,(t] )+ X, )dt (14)
The integral action associated with the controller is reset during the switching so that:
X;(15)=0 (15)

The force error defined as F, - F; is set to zero just after the time of the switching for a small
period of time. Hence:

Pe(t} )=0 (16)
After the time of the switching F, which is calculated using (7), and Fy which is
recorded from the force sensor are provided to the controller. The initial condition X, is

defined as:
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— (" 17

X, =x(tg )/ 1 17)

Then, substituting (15)-(17) into (14) we can observe that

)= - 18

xff(ts)_xﬁy(ts) (18)

This relation ensures that the position reference is indeed continuous during switching
which guarantees bumpless activation and deactivation of the low-level controller.

5. The High-Level Controller

The high-level controller monitors the progress of the task, the status of the plant, and
makes decision on the modification of the task that might be needed for the therapy. The
high-level controller decisions are executed by the low-level controller to accomplish the
task requirements. In this section, we first present the theory of the high-level controller,
followed by the design rationale and details of the high-level controller.

5.1. Model
The high-level controller is a discrete-event system (DES) deterministic finite automaton,
which is specified by p=¢p X Ry, 1) (Koutsoukos et al., 2000, Antsaklis & Koutsoukos,

2003). Here P is the set of discrete states. Each event is represented as a plant symbol,
where X is the set of such symbols, for all discrete states. The next discrete state is activated
based on the current discrete state and the associated plant symbol using the following
transition function: y : px ¥ — P. In order to notify the low-level controller the next course

of action in the new discrete state, the controller generates a set of symbols, called control
symbols, denoted by R, using an output function: i:P — R. The action of the high-level
controller is described by the following equations:

piln]=y(Biln=115[n]) (19)

eln] =25 ;(n]) 0

where . i’j eP/¥ i € X and 7, ¢ R . i and j represent the index of discrete states. k and ¢
represent the index of plant symbols and control symbols, respectively. # is the time index

that specifies the order of the symbols in the sequence.

5.2. Design Rationale for the High-Level Controller

Let us explain the role of each element of the automaton p=(p X, Ry, 1) in the context
of rehabilitation tasks. P is the set of discrete states. A rehabilitation therapy may
consist of several actions and each discrete state may capture one of these actions. The
action that takes place in each discrete state could be used to update the rehabilitation
task. For example, if improving the speed of motion is the objective, then each category
of speed (e.g., slow, medium, fast etc.) could be chosen as discrete states. When new
actions are required for a rehabilitation task, new states can easily be included in the set
of the states, P. Once the set P is chosen, the next design parameters are what are
called “events” that could affect the rehabilitation task. Events are various robot,
human and general task related information that provide the current status of the task.
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The set of events are not unique and are decided considering the need of the therapy,
and the capabilities of the rehabilitation robotic systems. Generally the available
sensory information from the robotic systems and the input from the therapist and the
participant provide the core of the set of the events. When these events occur it may
require some adjustments of the planning of the rehabilitation task. As discussed
earlier, this sensory information may not be directly interpreted by the high-level
controller. As a result, each event is represented as a plant symbol so that the high-level
controller can recognize the events. X is the set of the plant symbols, which is designed
based on the set of events. The transition function y : px ¥ — P uses the current state
and the plant symbol to determine the next action that is required to update the
rehabilitation task. For example, when the participant is performing the rehabilitation
task and an event that requires the task to be stopped occurs, then the transition
function is used to transit from one active state, which executes the task as required, to
another one, which stops the task execution, based on the event. The high-level
controller generates a control symbol, which is unique for each state, using the output
function 1. R is the set of the control symbols. The output of the control symbols are
plant inputs which is in charge of the modification of the rehabilitation task. The
control symbols and its outputs are decided based on the task requirements and the
abilities of the low-level controller. For example, if the objective of the rehabilitation
task is to increase the participant’s range of motion, then the control symbol generates
plant inputs to the low-level controller to change the desired goal position of the task in
order to make the task more/less challenging for the participant. It is clear from the
above discussion that the design of the various elements of the automaton
D=(P,X,Rw,A) is not unique and is dependent on the task at hand, and sensory
information available from the robotic system. In what follows we present the design of
these elements with regard to the objective of the rehabilitation task we present in this
chapter.

The design of the elements of p=(p X, Ry, 1) for the reaching task that has been
described in Section 4.1 is motivated by the specific objective of the task. In here, the
objective of the reaching task is to improve the participant’s speed of movement while
considering the current movement ability of the participant and the safety of the task. The
participant is required to complete the movement in a certain amount of time, which
represents the velocity of the task trajectory. The desired velocity trajectory could be
updated to improve the participant’s speed of movement and to ensure the safety of the
participant. Thus the discrete states could be the level of speed at which the therapy is
imparted to the participant. In order to decide the set of events, all sensory information
that the current rehabilitation robotic systems can generate is analyzed. The rehabilitation
robotic system used in this work has a force sensor to record the applied force of the
participant, a PCI card to record the robot joint angles, and pause, stop and restart
buttons for task execution. A counter is also used to record the number of times
participant needed robotic assistance to determine the improvement of participant’s
movement ability. This set of information is used to define several events in our work.
Once the discrete states and the events are determined, the necessary plant and control
symbols are designed based on the structure of the high-level and low-level controllers,
and the objectives of the task (e.g., when should discrete states be changed, how to
increase or decrease speed etc.). The design details of the high-level controller for the
reaching task are given in the next section.
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5.3. Design Details of the High-Level Controller
We initially define the following discrete states p : stay, difficult, easy, stop and pause. Stay

(p,) implies the participant needs to continue the task at the same difficulty level by
keeping the desired velocity same. Difficult (5,) means the participant has improved

his/her task performance and task need to be more challenging by increasing the desired
velocity. Similarly, easy ( p,) implies changing the task parameters to make the task easier

by decreasing the desired velocity. Stop (p,) and pause (p,) are defined in their usual

ways. New discrete states can easily be included in the design of the high-level controller
when new control actions are needed to modify the task parameters.

The state information from the robot and the human is detected to define the events. The
state information from the robot and the human can be a continuous signal or a discrete
value. Let Srnand Sun represent the sets of robot and human state information, respectively.
In this research, the continuous signals that are detected from the robot are: i) robot’s joint
angles (Sri1), ii) the force reference calculated using (7) (Sro), iii) the participant’s velocity,
which is measured from the tool frame velocity (Srs). The discrete value detected from the
robot is the participant’s progress during the tracking task (Srs). In order to find Sgry, the
number of times participant needed robotic assistance at 10th trial (n19) and at 50th trial (nsp)
were recorded. Decision logic is defined to determine the value of Sg4 using (21). Ap is the

percentage value that is used to detect the improvement of the participant’s movement
ability in terms of the number of times he/she needs assistance from the robotic device,
which is likely to be specified by the therapist based on individual progress.

, Ap -
if n50<(n10—(n10*m)) then {SR4=I}

Isei * AP\ ppen {Spy=—1 &)
elseif ng,> n]()+(n]() m) then {SR4=—1}

else {Sp4=0}
Robot and human state information is monitored to trigger relevant events to modify the
task. When these events are triggered, the interface provides the necessary plant symbol (X))
to the high-level controller. Currently we have defined nine events for the proposed high-
level controller. However, the number of events can be easily extended. Five of these (E1,
E2, E3, E4 and E5) are robot generated, and three of these (E6, E7 and E8) are human
generated events. The other event, which is a secondary event, is called SE1. This is used to
detect the previous state when the participant wants to continue with the task after he/she
stops. The high-level controller needs to know which state was active before the pause or
stop button was pressed in order to provide the same task parameters to the participant
when he/she resumes the task. For example, when the participant presses pause button, a
value is assigned to SE1. This value is retrieved when the participant resumes the task so
that he or she can continue the therapy with the same task requirements. Events are reset at
the beginning of task execution. Additionally, the triggered event is reset when a new event
occurs. When the participant requires less, more or same level of robotic assistance to track
the desired trajectory, E1, E2 and E3 is triggered, respectively. E4 occurs when the robot’s
joint angles are out of range. If the force reference (calculated by (7)) provided to the low-
level controller to assist the participant and the participant’s velocity (x) are above
predefined threshold values, then E5 and E6 are triggered, respectively. E7 occurs when the
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participant presses the pause or the stop button. In order to continue with the task, the
participant resets the pause button and E8 event is triggered. Plant symbols (X ) are
designed based on the events as shown in Table 1. The joint_limits are known from the

robot’s specifications. F,, . .. and %, . .. are determined by the therapist at the
beginning of the task execution. Note that if any of E4, E5, E6, and E7 or their combinations

occurs then the state stop (74) is activated. Thus we assign the same plant symbol, X, for

these events.
The secondary event, SE1, is defined as follows: if the state is difficult and E7=1, then SE1=1.

We assign a corresponding plant symbol X . Similarly, if the state is easy and E7=1, then
SE1=2, and the plant symbol X, is assigned. If the state is stay and E7=1, then SE1=3. We
assign a corresponding plant symbol X, . SE1 releases state information when E7=0 and

E8=1.

Table 1. Plant Symbols for the High-Level Controller.

Signals from Human and Robot Event Triggered Plant Symbol

Sra=1 E1=1 i]
Sra=-1 E2=1 X,
Sra=0 E3=1 )73

Sri>joint_limits or E4=1 *e

Sr2> Fiyreshora O ol

SR3> X resiord O kol
Syi=1 E7=1
Sw2=1 E8=1 %5

When any of these events is triggered, the high-level controller decides the next plan of
action to modify the task. When an event is triggered, the corresponding plant symbol (X )
is generated by the interface. The current state ( /) and the plant symbol (X ) are used by

the high-level controller to determine the next state. Then the high-level controller generates
the corresponding control symbol (7) for this new state and provides it to the interface. The
add feasible paths in the proposed high-level controller is shown in Fig. 4 (left). In this

figure, 7, s are corresponding control symbols for each plant symbol X, , where c=1,2,...5
and k=1,2,...8. Any event that generates corresponding plant symbols X, along with the
current state information p, determines the next p, and as a result, 7, , where i=1,2,...5

and j=1,2,...5. In our application only one state is active at any given time, and therefore we
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uniquely assign a control symbol 7, for each discrete state p,.Since the low-level controller
cannot interpret the control symbols, the interface converts them to the appropriate values
for @ and pB for (22) to execute the task. The available control symbols 7 and their

corresponding « and S values for the plant input are defined in a table in Fig. 4 (right).

The plant equation which determines the desired velocity for the low-level controller is
defined as:

X = X * 22
i = B(xy+(a*delta)) (22)
where delta is selected as a constant value to increase and decrease the X d’ which makes

the task more or less challenging. xdm is the new desired velocity value used to determine

the new X;ppep and X, . Then the reference generator block is used to determine

velocity trajectories jcd(t), xupper(t) and xlower(t) using new X g Xupper and

The and x are calculated wusing (11). If

Yave:  Xupperave lowerave

X .
lower

xlowerave < Xgpe < xupperave is not satisfied then the low-level controller is activated to

provide assistance to complement participant’s effort to complete the task in a precise
manner. The Matlab/Simulink/Stateflow software is used to implement the proposed high-
level controller (Stateflow/Matlab).

Control Symbol Constant Value
7 a=0,p=1
; a=1,0=1
;*; a=-1,0=1
7 p0
7 p0

Fig. 4. Feasible Paths in the High-Level Controller.

6. Results

In this section we present the experimental results on unimpaired participants to
demonstrate the efficacy of both the low-level and high-level controller.
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6.1. Experiment Procedure

Participants are seated in a height adjusted chair as shown in Fig. 2 (top left). The height
of the PUMA 560 robotic manipulator has been adjusted for each participant to start the
tracking task in the same arm configuration. The starting arm configuration is selected as
shoulder at neutral 0° position and elbow at 90° flexion position. The task requires
moving the arm in forward flexion to approximately 60° in conjunction with elbow
extension to approximately 0° Participants are asked to place their forearm on the hand
attachment device as shown in Fig. 2 (bottom left) when the starting arm configuration is
fixed. The push button has been given to the participants that can be used during the task
execution in case of emergency situations (Fig. 2- bottom middle). The participants
receive visual feedback of their position on a computer monitor on top of the desired
position trajectory (Fig. 2-top right). Participants were asked to execute the tracking task
50 times.

6.2. Low-Level Controller Evaluation

We had conducted two experiments to evaluate the proposed low-level controller. In
the first experiment, the participants were required to perform the tracking task
without any external resistance applied to his/her upper arm. Participants were asked
to track the position trajectory displayed on the computer screen. The participant’s

was calculated using (11) and if it was in between Xupperave and then

Xave Yowerave
robot did not need to provide any assistance. However, friction and gravity
compensation were always activated in order for the participant to move the robot

along with his/her arm in an effortless way. If the i,,, was not between ¥ypperave and

Yoweraver then low-level controller was activated to provide robotic assistance to

complement participant’s effort to complete the task in a precise manner. During these
two experiments, the number of trials and the number of times participant needed
robotic assistance were recorded to observe the improvement of participant’s
movement ability.

In the second experiment, we asked the participant to perform the same task as in
Experiment 1; however, in this case, the participant’s arm movement ability was
constrained with a resistive band (Thera-bands). This was done to simulate the movement
of a stroke patient who may experience variable stiffness during the course of motion. In
order to apply resistance to participant’s upperarm, a mechanism was designed as shown
in Fig. 5. Thera-bands are color-coded into many levels of resistance, thus different color
resistive bands can be selected in order to simulate different stiffness of the stroke
patient’s arm. We selected the green (heavy) color resistive band for our experiment,
because it provided sufficient resistance to participant’s movement while not inhibiting
their ability to complete the task. The mechanism has a rod which can slide right or left to
change the position of the attachment and can be used for both right-handed and left-
handed participants. The rod has holes on it to adjust the location of the resistive band on
the upper arm that may vary among participants. The resistive band is connected to the
participant’s upper arm through a soft strapped attachment to prevent the participant’s
arm from the irritation that may be caused when the band is stretched. A seat-belt
mechanism that connects the rod to the resistive band attachment can be used to release
the rod from the resistive band quickly.
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Fig. 5a. Initially No Resistance is Applied to the Participant’s Upper Arm, Fig. 5b.
Resistance is Applied to the Participant’s Upper Arm in the Direction of Motion as the
Task Begins.

Three female and one male participants within the age range of 25-30 years took part in
the experiments that were described in above. All participants were right-handed. In
these experiments (i.e., Experiments 1 and 2 as described in above), the participant tried
to track the desired position trajectory by visually looking at the computer screen. Each
participant performed the task 50 times for each experiment. X was selected as 0.02m/s,
which was chosen in consultation with a physical therapist who works with stroke

patients at the Vanderbilt Stallworth Rehabilitation Hospital. The xupper and xlower

were selected as 25% more and less of X, which were 0.025m/s and 0.015m/s, respectively.
The range could be increased or decreased based on participant’s movement ability. Then,

xy(1), Xypper(t) and %;,,,,.(1) velocity trajectories were generated using the reference
block. The j e’ J'Cuppemve and %, ... were calculated using (11) at every 5 seconds. 5

seconds were sufficient to estimate the progress of the participant. If

Xowerave < Xave < Xupperave Was not satisfied then the controller was activated for the next

5 seconds to provide robotic assistance to the participant to track the desired motion
within the desired velocity range.

In the first experiment, each participant performed the tracking task without any
external resistance applied to his/her upper arm. The idea was to assist the
participants as and when they were out of the velocity band. It was noticed that the
participants needed less assistance from the robot as they practiced more (Table 2).
This result implies that the participants learned how to accomplish the task with
practice.
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Table 2. Number of Times Robot Assisted for Experiment 1.

.
T Trial | 1-10 | 11-20 | 21-30 | 31-40 | 41-50
\"'u

. Range

T"'.Iuml'n-ﬁ-rrrnf\\H

Asgistance for \‘\\
ri & 3 5 4 2
rz 14 13 13 12 1
ra 13 11 9 a 7
"4 12 12 11 10 @

Now we present the detailed analysis of the data for one participant (P1) as an example to
demonstrate the effectiveness of the low-level controller. This data represented P1’s 50th
trial. It could be observed from Fig. 6 that the participant’s average velocity (stars), which
was calculated every 5 seconds using (11), was out of range at A, B and C points. The
controller was activated for the next 5 seconds to provide robotic assistance in order to take
participant’s velocity inside the velocity boundary, thus the controller was active between
A-A’, B-B" and C-C’ (Fig. 6). It could be seen that the participant’s velocity was brought
inside the desired range at A’, B" and C’ points, which verified that the assistive ability of
the proposed low-level controller.

We further analysed the amount of time taken by the low-level controller (tS , in seconds) to

take X into the desired velocity range. Here t, s defined as the settling time, which is the

time taken between the moment the low-level controller was activated and the actual
velocity reached the boundary of the desired velocity range. The mean and standard

deviation of g for all participants” data for Experiment 1 are presented in Table 3.
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Fig. 6. Calculated Average Velocities for Experiment 1.

Table 3. Settling Time for Experiment 1.

10105110 120 130

140145150

Participant Mean Standard Deviation
P1 04723 0.1502
P2 0.5801 01937
P3 0.4929 01272
P4 0.545 0,232
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Thus it can be observed from the above set of results that the proposed low-level controller
could assist as and when needed and the provided robotic assistance could quickly (i.e., in
approximately 0.55 seconds) bring the participant’s velocity in the desired range.

In the second experiment, the participant’s arm movement ability was constrained with a
resistive band as shown in Fig. 5. The participants were asked to track the desired motion by
visually looking at the screen as before. It was observed that the participants needed more
robotic assistance when their motion was constrained. It could also be observed from Table
4, participants learned how to accomplish the task with practice.

Table 4. Number of Times Robot Assisted for Experiment 2.

Trial | 1-10 11-20 | 21-30 | 31-40 | 41-50
Range

Number of

Assistance for
P1 13 12 12 11 9
P2 16 16 14 13 13
P3 14 13 13 12 12
P4 15 15 14 13 13

We present the mean and standard deviation of the settling time of the low-level controller
in Table 5 for all participants’ data when they performed Experiment 2. The second
experiment was conducted to observe the performance of the controller in an artificially
constrained motion scenario, which might provide insight about applying the system to
stroke patients whose movement could be naturally constrained. It can be observed that the
controller was able to assist as and when needed and could bring the actual velocity of the
participant’s arm within the desired range in about 0.65 seconds.

Table 5. Settling Time for Experiment 2.

Participant Mean Standard Deviation
P1 0.6317 0,232
P2 0.6274 0.2677
P3 06433 0.2674
P4 0.6965 0.245

6.3. High-Level Controller Evaluation

In order to demonstrate the efficacy of the proposed high-level controller, we had designed
two experiments. In the first experiment, we had demonstrated the efficacy the proposed
high-level controller to modify the task when the participant improved his/her movement
ability to track the desired trajectory. In the second experiment, we had demonstrated the
efficacy of the high-level controller to modify the task in order to ensure the safety of the
participants.

In the first experiment, we had used P1’s low-level controller results. A p, was selected as

30, which could be varied based on participant’s progress and the therapist’s choice. It was
observed from Table 2 that n10=8 and nsp=3 and the first criteria in (21) was satisfied, thus E1
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was triggered and the plant symbol X, was generated from the interface difficult ( p, ) state

became active and the control symbol 7, was generated. The interface converted this control
symbol to o=1 and f=1. Amount of the increment ( delta) to increase the difficulty level of
the task was an important issue that needed to be decided. In rehabilitation therapies,
increasing x J with a small increment would be more desirable especially for low-

functioning stroke patients. In this experiment, we had incremented x J by 20%, where

delta = 0.004 . New desired velocity was calculated using (22), which was 0.024m/s. The

velocity boundaries were calculated using (11) as 0.03m/s and 0.018m/s for xupp e and
X lower” respectively. We had asked P1 to perform the tracking task 50 times with this new
velocity boundary. Low-level controller provided robotic assistance to the participant as
and when they were out of the new velocity band. It was observed that the P1 needed more
robotic assistance when the desired velocity to complete the task was increased. It could be
seen that P1 learned how to accomplish the task with practice (Table 6).

Table 6. Number of Times Robot Assisted for P1 with New Velocity Boundary.

Trial | 1-10 | 11-20 | 21-30 | 3140 | 41-30
Range

Number of Assistance
P1 11 10 Q 3 7

In the second experiment, we had assumed a safety event had occurred when P1 was
performing the task with new increased velocity band. In this experiment, at some point of
time during the task P1 wanted to pause for a while and then reset the pause button when
she was ready to complete the rest of the task. This scenario might represent when a stroke
patient want to pause for a while due to some discomfort. When the task had initially

started, E1 was triggered and the plant symbol X, was generated from the interface.

difficult ( p, ) state became active and the control symbol 7, was given to the interface. The

interface converted this control symbol to constant values o=1 and f=1. The plant equation
dm (the desired velocity), which was 0.024m/s. The reaching

task required participant to move 0.3m, thus, the initial position (0), desired position (0.3)
and desired x dm (0.024m/s) was provided to the reference block to generate the smooth

desired velocity trajectory from A to B (Fig.7-left-solid line).
When P1 pressed the pause button at B, E7 was triggered. When E7 was triggered, plant

(22) was used to calculate x

symbol ¥, was generated from the interface and stop (2.) state became active. When

stop state was active, the high-level controller provided the control symbol 7, and f=0
was given to (22) and Xj, was determined as zero. The zero velocity could cause a

sudden stop. In order to prevent P1 from suddenly stopping, the reference generator
block was used to provide a smooth velocity trajectory to bring the motion to stop. In this
case, the velocity was detected when E7 was triggered and the desired velocity was given
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as zero and using the reference generator block, the smooth desired velocity was given to
the low-level controller from B to C (Fig.7-left-solid line). It could be seen that P1’s
position (Fig. 7 - right) did not change after the velocity became zero until P1 reset the
pause button. SE1 was set to 1 because the state was difficult and E7=1. When the
participant reset the pause button, E8 was triggered and %, plant symbol was given to the

interface, and pause ( p,) state became active and the high-level controller provided 7 .
Then %, was given to the interface because SE=1. The corresponding control symbol 7,

was generated, and a=1 and =1 values were given to (22) for calculation of de, which

was 0.024m/s. It could be seen that the high-level controller resumed the task in such a
manner that the participant could continue with the therapy with the same task
parameters. The participant’s position at the time of the triggering of E8 was
automatically detected and was given as an initial position to the reference generator
block and the desired position was set to 0.3. The velocity trajectory from C to D was
generated and given to the low-level controller (Fig.7-left-solid line). On the other hand, if
we did not use this high-level controller, the desired velocity trajectory would not have
been automatically modified to register the intention of the participant to pause the task.
As a result, the velocity trajectory would have followed the dashed line in Fig. 7-left. In
such a case, when P1 wanted to start the task again, the desired velocity trajectory would
start at point C’ with non-zero velocity (Fig. 7-left-dashed line). This could create unsafe
operating condition. In addition, since the desired velocity computation would not have
included the pause action, restarting the task at point C’ would not allow the completion
of the task as desired. For example, in this case, if P1 had used the dashed velocity
trajectory, she would start moving in the opposite direction at point C". It could be
possible to pre-program all types of desired velocity trajectories beforehand and retrieve
them as needed. However, for non-trivial tasks such a mechanism might be too difficult to
manage and extend as needed. The presented high-level controller provides a systematic
mechanism to tackle such issues. It could also be seen that new velocity trajectories could
be created dynamically using the generator block. In order to generate the required
trajectories, the task parameters were needed. High-level controller monitored the
progress of the task and made decision on the modification of the task parameters.

When the participant reached the desired position, which was 0.3m, then the velocity
trajectory from D to E was generated and given to the low-level controller (Fig.7-left-solid
line) so that P1 moved back to the starting position (Fig.7-right).
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Fig. 7. Motion Trajectories When Task is Paused.



112 Rehabilitation Robotics

As could be seen from the results, the high-level controller determined the task parameters
dynamically based on participant’s performance and monitored the safety related events to
generate the necessary motion trajectories at the required time.

7. Conclusions and Future Work

In this work we present a new control approach to offer robotic assistance for stroke
patients that include the coordination between a high-level controller and a low-level
controller. The control architecture presented here is an example of a hybrid control system.
There has been no work to our knowledge on designing similar type of control architecture
for rehabilitation purposes.

We have initially designed a movement tracking task where the participants not only make
repetitive movement but also pay attention to the desired speed of motion from visual
feedback. The task was designed in such a manner that it required cognitive processing.
Including cognitive processing in the task design is an important criterion because it had
been previously shown that the movement tracking task that requires cognitive processing
achieved greater gains for brain reorganization of stroke patients than that of movement
task that does not require cognitive processing (Carey et al., 2005, Carey et al., 2006).

We have presented a low-level controller to provide robotic assistance to participants to
complete the movement tracking task. The high-level controller coordinates with the low-
level controller to improve the robotic assistance with the following objectives: 1) to monitor
the upper arm rehabilitation task; and ii) to make necessary decisions to address the status
of the task. We present a systematic design procedure for the high-level controller to
accomplish the above objectives. Note that the proposed high-level controller can be
integrated with other low-level controllers with minor modifications. We have conducted
experiments with unimpaired participants and demonstrated the usefulness of the high-
level and low-level controllers. The results of the use of the low-level controller have
demonstrated that the participants needed less assistance from the robot as they practiced
more, which implies that the participant’s ability to complete the desired motion within a
defined velocity range have been improved. Improving the velocity of patient’s movement
could be an important criterion to measure the success of a rehabilitation therapy. We have
also demonstrated that the low-level controller provides assistance to the participants as
and when needed and quickly brought the participant’s velocity in the desired range. The
results of the use of the high-level controller have demonstrated that the task parameters
could be determined dynamically based on participant’s performance and monitored for
safety related events to generate the necessary motion trajectories at the required time. The
speed of motion is used as the task parameter in this work. However, the high-level
controller can determine other task parameters such as desired reaching position. In some of
the rehabilitation tasks, the reaching task is shaped by defining the target position closer to
or away from the patient to change the difficulty level of the task. In such a case, for
example, the high-level controller can determine the target position based on the
participant’s progress while monitoring the safety related events.

We are aware that a PUMA 560 robot might not be ideal for rehabilitation applications.
However the use of the hand attachment device, which has been described in Section 3,
provided a quick release mechanism to protect the participant’s arm from injuries. Note that
the presented control framework is not specific to the proposed rehabilitation robotic
system but can be integrated with any previously proposed rehabilitation robotic system.
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An important direction for future development involves testing the usability of the
proposed control architecture with stroke patients. Functional magnetic resonance imaging
(fMRI) procedure can be used to investigate whether the presented task that included
cognitive processing result in long-term brain reorganization. New methods to detect
human state information can be integrated into the control architecture such as ECG signals
can be used to monitor patients” heart rate to detect their exhaustion and a voice recognition
system can be integrated to examine the patient’s verbal commands. The proposed control
architecture is flexible and extendible in the sense that new events can be included and
detected by simply monitoring the additional state information from the human and the
robot. In this regard, we are currently working with Vanderbilt University's Stallworth
Rehabilitation Hospital to include additional human and robot information.
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1. Introduction

Movements of upper limbs are indispensable for daily activities. For the aged or disabled
persons, it is especially important to exercise for the maintenance or recovery of upper limb
function. There are many patients of paralysis caused by stroke. For example, in Japan more
than two hundred and fifty thousand people have stroke every year, and many of them are
paralyzed. The human brain is capable of an extraordinary degree of plasticity (self-
organization), enabling learning, and leaving open the possibility for motor recovery (Janet
& Shepherd, 1998). Therefore, neuro-rehabilitation for stroke-patients is effective. Using
apparatus that applies robotic technology and virtual reality makes new training methods
and exercises in rehabilitation possible (Krebs, Volpe et al., 2000), (Burgar, Lum et al., 2000),
(Charles, Krebs et al., 2005).

Force display systems are expected as effective and advantageous interfaces for some scenes,
for example computer-assisted-surgery, kinds of rehabilitation methods and so on. In this
technology, some kinds of feedback force are generated with mechanical actuators. And
such a virtual force is computed in real time by simulating a physical phenomenon of the
virtual world in which the operator exists.

Feeding back the quantitative evaluations to the training by a computer can enhance the
qualitative effect of training. Therefore, some rehabilitation systems using these technologies
for upper limbs have been developed. However, most of them apply training within a two-
dimensional horizontal plane. Many movements, however, in daily activities need to move
arms in a vertical direction. A system therefore that enables exercise in three-dimensions
would seem to be more effective for such training. Although the MIME system (Burgar,
Lum et al., 2000) using PUMA-560 by VA and Stanford Univ. can give training in three-
dimensions, the PUMA-560 is a robot originally developed for industrial use and may not be
sufficiently safe to train the aged and/or disabled.

We have developed innovative rehabilitation supporting robots; “EMUL” and
“Robotherapist.” The EMUL has performed well in clinical studies, and Robotherapist was
exhibited at the Prototype Robot Festival at the 2005 International Exposition held in Aichi
Prefecture, Japan.



116 Rehabilitation Robotics

“EMUL”, short for “Exercise Machine for Upper Limbs”, was developed through robotic
and virtual reality technology in a 5-year NEDO (New-Energy and Industrial Technology
Development Organization of Japanese Government) project (Furusho, Koyanagi, Imada et
al., 2005), (Furusho, Koyanagi, Kataoka et al., 2005). It enables new training methods and
exercises for use in the field of rehabilitation. The EMUL has 3-DOF (degrees of freedom) for
shoulder and elbow training, and this satisfies many of the movements involved in daily
activities. Another important feature is safety. In EMUL, ER (electro-rheological) fluid
actuators ensure mechanical safety. “Robotherapist” is a 6-DOF rehabilitation robot based
on EMUL which has a 3-DOF controllability added at wrist rotations (Furusho, Hu, Kikuchi
et al., 2006). In this chapter, we describe mechanism and software of EMUL, Robotherapist
and other rehabilitation systems using functional fluids with high safety.

Furusho Laboratory of Osaka University developed 2-D rehabilitation system for upper
limbs “NIOH-1" using ER fluid actuators in 1997 (Furusho, Wei, Koga, 1995), (Furusho &
Sakaguchi, 1999). EMUL and Robotherapist were developed on the basis of the technology
of NIOH. Recently we have developed a upper-limb-rehabilitation system “PLEMO” using
ER fluid brakes which could be used in facilities for elderly people and so on (Kikuchi,
Furusho et al., 2007), (Kikuchi, Hu et al., 2007).

Furusho Laboratory studied biped locomotion robots during the 1980s and the beginning of
1990s, and realized the human-like biped locomotion with kick action [Furusho & Masubuchi,
1987], [Furusho & Sano 1990]. On the basis of this biped locomotion technology and the
technology about functional fluids, we developed the first intelligent prosthetic ankle.
Moreover we are developing intelligent ankle-foot orthoses using MR (Magnetorheological)
fluid in a 3-year NEDO project. These systems are also introduced in this chapter.

2. 2-D Rehabilitation System “NIOH”

2.1 ER Actuaor

ER fluid is a fluid whose rheological properties can be changed by applying an electrical field
(Bossis, 2002). Figure 1 shows the conceptual illustration of an ER fluid actuator. The ER actuator
is composed of an ER clutch and its drive mechanism consisting of a motor and a reduction-gear-
unit. The rotational speed of the motor is kept constant. The output torque of ER actuator is
controlled by the applied electric field (Furusho, 2001), (Furusho & Kikuchi, 2006).

The input torque is transferred to the rotating cylindrical section of the output axis via the
particle-type ER fluid filled in the rotating cylinder. Both the input axis cylinders and the
output axis cylinder serve as electrodes, and output torque is controlled by the electric field
applied between the electrodes. The output cylinder is made of aluminum alloy in order to
reduce the moment of inertia of the output axis.

An actuator using ER fluid is effective for human-coexistent mechatronics systems like
rehabilitation systems for upper limbs. Figure 2 shows a conceptual illustration of Human-
Machine-Coexistent-Mechatronics (HMCM) System using ER Actuators. Merits of ER
actuators in applications to HMCM system are as follows:

A: From the Viewpoints of the Characteristics of Operation
(a) Since ER actuators have good back-drivability, the operator can easily operate
HMCM system from its end-effector.
(b) When HMCM system is driven by the operator from its end-effector, HMCM
system can be moved quickly over the rotational speed of the input cylinder of the
ER clutch.
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B: From the Viewpoints of Performances in Force Display System:

(a) Quick force response property originated from the low inertia property of ER
actuator and the rapid response of ER fluid make the force presentation with high
fidelity possible.

(b) Force display systems with large-force presentation ability can be realized safely.
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Fig. 2. Conceptual illustration of Human-Machine-Coexistent-Mechatronics (HMCM)
Systems using ER actuators.

2.2 Consideration about Safety

A rehabilitation system for upper limbs which has large working area can be regarded as a
kind of robots. In such a human-coexistent robot system where an operator must be in
contact with or close to the robot, the safety-securing system is necessary in order that an
operator can use the robot safely (ISO10218). In industrial robots, an operator cannot access
a robot except for teaching in order to avoid hazardous conditions. Figure 3 shows the
structure of safety in human-coexistent robots.
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Safety from the viewpoint of
Mechanism and Actuators

Safery from the viewpoint of Control

Safety from the viewpoint of Information

Safety from the viewpoint of Operation Condition

Fig. 3. Structure for securing safety in Human-Coexistent Robots.

ER actuators have the following merits from the viewpoint of safety.

(1) The maximum driving speed of the output shaft of the ER actuator is restricted by
the rotational speed of the input shaft of the ER clutch. Therefore, when the
rotational speed of the input shaft is set slow, HMCM systems using ER actuators
are safe for operators.

(2) The inertia of the output part can be made very small. So, in the case of unexpected
accidents, the impact force caused by the inertia of the actuator can be reduced.

Since International Safety Standards for human-coexistent robots have not been established
yet, we have no other choice but to use the ISO and domestic standards for machines
working close to human beings (see Table 1). The developed rehabilitation system can
assure these standards of Table 1 by the usage of ER actuators and the mechanical design as
follows:

(1) The items (a) and (b) of Table 1 are satisfied by setting the rotational speed of the
input cylinder slow.

(2) The item (c) is satisfied by using a 60-watt motor for the drive of the input
rotational cylinder.

(3) Risk Reduction by Design (item (d)) is realized by mechanical limitation of each
joint, mechanical gravity-compensation and the usage of ER actuators.

(a) End-effector Speed is 1SO10218: Manipulating industrial robots--Safety
less than 0.25 [m/s]
(b) Low Energy Property 1SO14121: Safety of machinery--Principles of risk
assessment
(c) Actuator Power is less JAPAN, JIS B 8433, 1983: General Code for Safety of
than 80 [W] Industrial Robots
(d) Risk Reduction by Design 1SO12100: Safety of machinery--Basic conceptsC]
general principles for design

Table 1. International and Domestic Safety Standards.

2.3 Rehabilitation and Force Display Systems Using ER Fluids
Furusho Lab. of Osaka University has been developing rehabilitation systems and force
display systems using ER fluids since 1993 (Furusho, Wei et al., 1995).
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Figure 4 shows the 2-DOF rehabilitation systems “NIHO-1" using ER actuators (Furusho &
Sakaguchi, 1999). The rehabilitation training system was installed in a hospital for testing
purpose. 13 patients volunteered to participate in several experiments for evaluation of
upper limb’s physical capability and for rehabilitation training. The patients suffered from
arm paralysis due to a damaged spinal cord or clogged brain artery. Figure 5 shows the 2-
DOF rehabilitation system “NIHO-2” using ER actuators (Ishikawa, 2000).

Fig. 5. Rehabilitation system “NIOH-2".

3. A 3-D Rehabilitation System for Upper Limbs Developed in a 5-year NEDO
Project “EMUL”

3.1 Introduction

The percentage of aged persons in society and their number are increasing, and their
physical deterioration has become a social problem in many countries. Early detection of
function deterioration and sufficient rehabilitation training are necessary, not only to
decrease the numbers of aged who are bedridden or need nursing care, but also to enable
the aged to take an active part in society.

This research has been conducted as a part of the NEDO (New Energy and Industrial
Technology Development Organization) 5-year Project, “Rehabilitation System for the
Upper Limbs and Lower Limbs” since 1999 . Furusho Laboratory of Osaka University and
Asahi-kasei Group developed a 3-D rehabilitation system for upper limbs “EMUL”. Hyogo
Medical College took part in the project in the final year.
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3.2 3-DOF Rehabilitation Training System
We have developed a 3-D rehabilitation system that has a performance suitable for
rehabilitation for upper limbs and can display force senses in three-dimensional space
(Furusho, Koyanagi, Imada et al., 2005), (Furusho, Koyanagi, Kataoka et al., 2005). Figure 6
shows the whole rehabilitation system. The maximum output torque of the ER actuator is
about 3.0 [Nm]. As shown in Fig. 6, a patient can get exercise, sitting on a chair by gripping
the handle of the upper limb exercise machine. The major targets in this study are
hemiplegic patients who were paralyzed by stroke. The training is thought to include
physical therapeutic exercises, such as passive and active exercises, and occupational
therapeutic exercise like eating movement.
EMUL has the following specifications.
1) EMUL has 2 DOF for horizontal rotation and 1 DOF for vertical rotation.
2) The length of each link is 0.45 [m] and the height of the whole machine is about 1
[m].
3) All the actuators are set on the base of EMUL.
4) The vertical rotation part adopts a parallel link mechanism. This makes the gravity-
effect compensation by counterbalance-weight in all posture possible.
5) The 3rd link is driven by spatial parallel link mechanism instead of belt-pulley and
gear transmission system.
6) The motion range is about 0.90[m] (W) * 0.54[m] (D) * 0.50[m] (H).
7) The generative force at the end-effector is about 23 [N] in the horizontal plane and
about 60 [N] in the vertical direction.

Fig. 6. Rehabilitation system “EMUL".

3.3 Software for Training
We show some examples of the training software.

A: Picture-Mask Erasing

As shown in Fig. 7, a semitransparent mask of a picture of 0.40 [m] * 0.40 [m] is erased by a
virtual eraser which is operated by a patient. The patient can sense a reaction force from the
picture surface through the gripper of 3-D rehabilitation system. For example, when 80
percent of the mask is erased, this picture vanishes and then the next new picture appears
0.05 [m] behind the vanished picture. The pictures are changed one after another until the
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6th picture. This software has the effect of improvement about the dexterity and the
movable range of limbs.
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Fig. 7. Picure-mask erasing.

B: Virtual Maze & Virtual Hockey

Figure 8 shows a virtual maze of 0.40 [m] * 0.30 [m].When a virtual maze is completed, this
maze disappears and then the next new maze appears 0.05 [m] behind the disappeared
maze. The mazes are changed one after another until the 6th maze. This software has the
effect of improvement about the dexterity and the movable range of limbs.

Figure 9 shows a virtual hockey game with impact-force-sense. Virtual hockey has the
training effect about dexterity and agility.

Fig. 8. Virtual maze.

Fig. 9. Virtual hockey.
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3.4 Clinical Testing

We conducted clinical testing for six patients. Each patient trained three times a week for six
weeks. They all are patients of hemiparesis caused by stroke. The good results were
obtained for all patients.

Figure 10 shows the shape of movable range in Picture-Mask-Erasing training of Patient A
(67 years old male; 8 months after stroke; Left-side hemiplegia). As seen from this figure, the
movable volume is expanded by the training.

Many evaluation methods (Fugl-Meyer Evaluation, Brunnstrom Stage, etc.) have been
proposed in rehabilitation (Fugel-Meyer, 1975), (Demeurisse, 1980). The training using the
developed system improved Fugl-Meyer Evaluation and Brunnstrom Stage (Furusho,
Koyanagi, Imada et al., 2005).

S — -

(a) Pre-treatment
Fig. 10. Movable Range in Picture-Mask-Erasing.

——

(b) Post-treatment

At present we have started to evaluate the relationship between some kinds of training
using EMUL and cortical activation during operation in joint research with Dr. Ichiro Miyai,
Morinomiya Hosipital in in Osaka (Jin, Kikuchi, Haraguchi, Miyai et al., 2007). Figure 11
shows an experimental scene in which a subject operates EMUL and his cortical activation
are measured using Near-infrared spectroscopic (NIRS) topography.

Fig. 11. EMUL and NIRS.
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4. 6-DOF Rehabilitation System for Upper Limbs including Wrists “Robotherapist”

4.1 Introduction

We have developed Robotherapist, which is a 6-DOF force display system for upper limbs
including wrists (Furusho, Hu, Kikuchi et al., 2006). The system can measure positions and
postures of an operator’s hand, and generate a large force sense including the wrist torque
to the operator. This system enables efficient rehabilitation trainings, which focus on the
harmonic movement of the whole upper limb. Robotherapist was exhibited at “The
Prototype Robot Festival at the 2005 International Exposition held in Aichi Prefecture,
Japan” (See Fig. 12).

Fig. 12. Rehabilitation system “Robotherapist”.

4.2 Mechanism of Robotherapist

A structure of Robotherapist can be divided into two mechanism groups: one is for
positioning of an operating part (3-DOF) and another is for posturing of it (3-DOF). ER
actuators drive all of 6-DOF.

A: Mechanism for positioning of an operating part

Figure 13 shows the mechanism for the positioning. As seen from this figure, Robotherapist
has 2-DOF for a horizontal rotation and 1-DOF for a vertical movement in arm parts.
Actuators for arm motions are set on a base in order to reduce the inertia of the moving
parts. Link?2 is a parallel link mechanism. A counter-balance weight compensates a gravity-
effect of these links in all posture.

B: Mechanism for posturing of an operating part

The mechanism for posturing has 3-DOF; that is, roll, pitch and yaw rotation. Generally, a
heavy weight of an end-effecter impairs smooth acceleration of operation. Additionally,
such a weight is very risky when the end-effecter collides with the operator. Therefore, the
operating part was designed as light as possible. Actuators for the operating part are placed
near Linkl, and a torque of each actuator is transmitted to it by driving shafts and wire-
pulleys systems.
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Fig. 13. Configuration of Robotherapist.

4.3 Application Software of Robotherapist
We have also developed application software of Robotherapist for upper limb rehabilitation
that includes upper limb’s harmonic movements. Important viewpoints for the
rehabilitation training software are as follows;

1. Many movements using the shoulder, the elbow, and the wrist harmonically are

included.
2. The sense of amusement is needed for long-term training.
3. The recovery degree of upper limbs function can be evaluated properly.

The developed applications are the following four kinds.

A: Water Supply (see Fig. 14)

The operator grasps a handgrip of a watering pod and gives water to the ground. The
amount of the water, which comes out of the pod is calculated according as a tilt of the pod,
and flower blooms gradually grow up according to the quantity of the given water. The goal
of this game is making flower blooms on the whole ground. The system gives the operator a
force depending on the tilt and the weight of residual water in the pod. The operator has to
cooperate his shoulder, elbow, and wrist, in order to control the position and the tilt of the
pod.

B: Window Sweep (see Fig. 15)

At first whole area of the window is masked in white. The operator grasps a wiper and
removes the white mask. If the mask is removed, a picture appears in the window. When
the wiper is pressed on the window, the reaction force from the window is given to the
operator. In order to remove the white mask efficiently, it is necessary to control not only the
position but also the posture of the wiper. Therefore, the operator should move his shoulder,
elbow, and wrist harmonically.
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Fig. 14. Water supply.

Fig. 15. Window sweep.

C: Squash & Block Break (see Fig. 16 & Fig. 17)

These two games have a same concept. The operator strikes back a ball with a racket, and
make the ball hit targets. Breaking all targets is the goal of these games. When the ball hits
the racket, a sense of impulse is given to the operator. In Squash, the targets are panels. If the
ball hits a panel several times, the panel will disappear and the picture over the panel
appears. In Block Break, the targets are spherical blocks. When a block is hit the ball or other
blocks, the block vibrates. If the ball hits a block several times, the block will disappear like
the case of Squash.

In these games, the operator is required controlling the posture of the racket in order to
strike back the ball well. Moreover, it is required to move a whole upper limb quickly, and
much amusement nature is included.

Fig. 16. Squash.
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Fig. 17. Block break.

4.4 Application Software of Robotherapist Based on PNF Techniques

Furusho Laboratory of Osaka Univ. and Prof. Kunihiko Oda of Osaka Electro-
Communication Univ., Dept. of Physical Therapy are developing the evaluating software
developed for the rehabilitation of patients suffered from cerebellum malfunction based on
Proprioceptive Neuromuscular Facilitation (PNF) techniques (Furusho, Kikuchi, Oda et al.,
2007), (Kikuchi, Furusho, Oda et al., 2007).

A: Rhythmic Stabilization

Figure 18 shows the image of Rhythmic Stabilization, and Figure 19 shows the graphics of
Rhythmic Stabilization. As shown in Fig. 18 and Fig. 19, a therapist gives each force from
random directions quickly to the hand of a patient. And then the patient is instructed to
maintain the position of his/her hand. In Rhythmic Stabilization, therapist want to know
whether a patient can maintain the position of his/her hand, and how strong the force is,
and which direction he is weak in.

Fig. 18. Image of rhythmic stabilization.

Fig. 19. Display of rhythmic stabilization.
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B: Finger Nose Finger (FNF)

As shown in Fig. 20 and Fig. 21, a patient repeats the movement between therapist’s finger
and his/her nose under the expected orbit. In FNF, therapist would judge recovery degree
of patient by his/her movement.

Fig. 20. Image of FNF.

Fig. 21. Display of Finger Nose Finger.

C: Arc Exercise with GUR

In PNF, a therapist gives opposite force to patient in order to guide patient’s hand in the
desired direction. Then the patient resists the force from the therapist and knows which the
desired direction is. We name this technique “Guidance Utilizing Reaction”. As shown in
Fig. 22, a patient extends his/her arm and moves his/her handle just on the arc orbit. When
he moves it along the orbit, there is no force. Otherwise when the handle is away from the
given orbit, the patient can sense force to his/her body.

Fig. 22. Display of Guidance Utilizing Reaction.
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5. Quasi-3-DOF rehabilitation System “PLEMO”

5.1 Introduction

In general, therapists make the rehabilitation program based on an inspection and a
measurement of each patient. However, it is difficult to adopt appropriate rehabilitation
programs for all patients, because the evaluation method is based on experiences of each
therapist. Recently, Evidence Based Medicine (EBM) is required strongly in the field of
rehabilitation. Therefore robot-aided rehabilitation is expected to quantify the effect of
rehabilitative activities.

As shown in section 3 and 4 of this chapter, we developed 3-D rehabilitation system for upper
limb “EMUL” and 6-DOF rehabilitation system “Robotherapist”, and conducted clinical test.
EMUL and Robotherapist adopted to use ER actuators and clutch mechanism for its actuation
part. This mechanism makes these systems so safe and back-drivable. However, they have
disadvantages in cost, because this system became enlarged to realize the force-feedback in
large 3-D space. A system which is more compact and better for maintenance should be
required for practical use.

To meet the demands above, we developed new haptic device which has 2-DOF force-
feedback function in working plane but its working plane can be adjusted by the inclination
of the table. We named this system “Quasi-3-DOF Rehabilitation System for Upper Limbs”
or “PLEMO” (shown in Fig. 23) (Kikuchi, Furusho, Jin et al., 2007) (Kikuchi, Hu et al., 2007).
PLEMO was developed to realize quantitative evaluation of the rehabilitation training for
patients with spasticity after stroke. In this section, we describe the mechanism of PLEMO
and its software for upper limb rehabilitation.

Fig. 23. Quasi-3-DOF rehabilitation system “PLEMO”: Horizontal state (left) and slanted
state (right).

5.2 ER Brake

Using ER fluid as working fluid, we construct electrically controllable brake (ER brake) with
high-performance (good rapidity and repeatability of brake torque) (Kikuchi, Furusho et al.,
2003). We use this brake for the force generators of new rehabilitation system (force-
feedback system).

Figure 24 show the sectional view and appearance of the brake. As shown in the left
drawing of Fig. 4, this brake consists of multi-layered disks. ER fluid is filled between the
rotor-disks and stator-disks. As a result, six layers of ER fluid generate brake torque with the
change of the fluid. Piston mechanism works for the prevention of liquid spill with the
expansion of the fluid. We can control the brake torque form 0.1 [Nm] to 4.0 [Nm] with
applied electric field from 0.0 [kV/mm] to 3.0 [kV/mm]. Additionally, response time of
torque is several milliseconds.
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Fig. 24. ER Brake: sectional view (left) and picture (right).

Figure 25 shows a passive force display using ER brakes (IEEE Virtual Reality 2001) in
previous research (Furusho, Sakaguchi et al., 2002). In the research, we established control
methods with a passive force display system on 2-D space. On the basis of this technology,
we developed basic structure and control method of PLEMO.

ol

Fig. 25. Passive force display using ER brakes

5.3 Quasi-3-DOF Rehabilitation System for Upper Limbs, “PLEMO”

We developed a new haptic device with the two ER brakes shown in Fig. 26. This is a
passive-type force display which can output several kinds of virtual force, for example
resistance, viscosity, vibration etc.

This machine has two active degrees of freedom (DOF) in a working plane and one passive
DOF of the inclination of the working plane. We named this system “Quasi-3-DOF
Rehabilitation System for Upper Limb” or “PLEMO”. PLEMO is a combination of
“pleasant” and “motivation”. This word includes our hope that this system gives patents a
pleasant experience of recovery and motivation for rehabilitation trainings. This system is
safe for human because it uses only brakes. Force control unit consist of the two ER brakes
and the brake torque generates output-force on a handle through a parallel linkage.

Figure 27 is a structure and signal flow chart of this system. Working area of PLEMO is 0.6
[m] (W) * 0.5 [m] (D). Adjustable angle of the inclination is from -30 to 90 degrees. Plemo-P1
realizes from vertical training to horizontal training by only one system. Total size of the
system is 1.0 [m] (W) * 0.6 [m] (D) * 0.7 [m] (H), except for the display. This is similar to the
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size of general desks. Not to use any actuator contributes to make this system more compact,
simple, and reasonable for cost.

Fig. 26. PLEMO.
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Fig. 27. Structure and signal flow of PLEMO.

5.4 Software of PLEMO

We develop a rehabilitation software shown in Figure 28. This is a tracking test program. An
operator grips the handle and moves it to track a target ball. The position of operating
handle is displayed as red sphere. The target ball is moving along the target track. White
zone in this figure means smooth area without any force-feedback. Blue zone means sticky
area; operator feels virtual force like moving his hand in the viscous fluid. It is easy to
change kinds of the virtual forces and its area.

Data of position, velocity and operating force are saved in the output files and we can
evaluate accuracy of poison and velocity, range of motion, cognitive faculty and so on. We
should make decision of the training protocol and evaluating method depending on the
symptom of patient individually.
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Fig. 28. View of tracking test.

6. Intelligently-Controlled Prosthetic Ankle Joint Using MR Fluid

MR fluid is the non-colloidal solution mixed with ferromagnetic metal particles whose
diameter is several millimetres. It is a kind of functional fluid changing viscosity (about several
milliseconds in response) of its appearance according to the magnitude of the magnetic field.
All prosthesis users need “foot” part. This part moves so frequently and widely that it
needs to be as light as possible. It also must be silent and strong because it is used in daily
life. If stiffness or spring characteristics of prosthesises can be changed according to the
timing of walking and dorsiflection can be kept adequately, it will be much easier for
users to walk and run.

A lot of intelligent prosthetic knees have been developed and are sold on the market. But
none of prosthesis that can control the ankle was on the market.

Figure 29 shows an example of a prosthetic “foot” part. It is composed of a prosthetic
ankle joint and a foot-ankle unit. Energy of movement stored at the elastic part (rubber)
of the prosthetic ankle joint is relieved when kicking, producing driving force. This
rubber can also absorb shocks when the heel hits on the ground, and changing the angle
smoothly.

After kicking back, a leg leaves from the ground and swings forward during swing phase.
Then the rubber goes back to its balanced midpoint, which makes the ankle turns from the
dorsal direction instantly (deflecting a tiptoe upward, as shown in Fig. 29 (a)) to the plantar
direction (swaging a tiptoe underneath, as shown in Fig. 29 (c)).

Rubbe

e

e

(a)Dorsiflexion  (b)Balanced posture  (¢)Plantar flexion
Fig. 29. Prosthetic foot.

Since there is a problem that the tiptoe of the prosthesis tends to collide on the ground (see
Fig. 30), users have to walk paying attention to lifting legs in order not to tumble. This is
why users walk unnaturally causing to use unnecessary energy. To solve this problem, we
suggest setting a linear brake at “foot” part.
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collision
on the groun

Fig. 30. Walking appearance of prosthetic foot during swing phase.

The MR (Magnetorheological) fluid has been used for the linear brakes. Figure 31 shows a
schematic of MR Linear Brake (MRLB). MRLB consists of a piston composed of two rods, a
bobbin sandwiched by the rods on both sides, and MR fluid inside a cylinder. When electric
current is applied to the coil which rolls the bobbin, magnetic field is generated in loops as
follows; Bobbin—MR fluid—Cylinder—MR fluid —Bobbin.

Magnetic flux Wire connected to coil

Coil
= Tr%ory{mon EW_’\—T'
1 e 22227722271 s
CylinderJ L MR fluid

Generated shearing force

130

Fig. 31. Construction of MR Linear Brake.

We developed two prototypes of the intelligent prosthetic ankle joint using MR brakes
(Furusho, Takesue et al., 2004), (Li, Furusho et al., 2006), (Li, Tokuda, Furusho et al., 2006).
Figure 32 shows the 2nd prototypes. Figure 33 and Figure 34 show the series of static images
extracted from moving images of the walking experiments. Circles around the ankle in these
figures show the test subject’s left leg (a swinging leg).

Fig. 32. 2nd prototype.
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Fig. 33. Walking positions with brake control.

Fig. 34. Walking positions without brake control.

The subject’s impressions of experiments with 2nd prototype are as follows: “I felt easier to
walk by keeping dorsiflexion. I didn’t care the total weight only for some hours, but if I use

Z

it in my daily life all day, it will be a load for me “.

7. Intelligent Ankle-Foot Orthosis with Shear-type MR Fluid Brake

Recently, as habits of people has changed, stroke patients tend to increase. There are many
cases of the hemiplegia as aftereffects of a stroke. Stroke patient with hemiplegia show
difference in the degree by a part and a range of a lesion caused by a disease, however
rehabilitation is indispensable to restore functional disorder of lower limbs. We are
developing intelligent ankle-foot orthoses using shear-type MR fluid brakes in a 3-year
NEDO project (2006~2008)(Furusho, Li et al., 2007), (Furusho, Kikuchi et al., 2007).

Wagnetic flux

N

Curtipat
shaft

Multi-layered disks MR fluid
Fig. 35. Structure of MRB.
Figure 35 shows a conceptual illustration of shear-type MR fluid brakes. A coil rolled round

a shaft give an MR fluid a magnetic field. Scroll number of coils and spindle diameter are
decided by performing magnetic field analysis. As for materials of each part, magnetism
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materials are used in a magnetic circuit part. In addition, a housing is made of a
nonmagnetic body, to avoid the magnetic flux from leaking.

Fig. 36. Ankle-Foot Orthosis.

Figure 36 shows the second Prototype of intelligent ankle-foot orthosis using the shear-type MR
fluid brake. We obtain the maximum torque of 24 [Nm] with the idling torque of 0.1[Nm]. We use
four sensors: potentiometer on the ankle, 6-axis force-torque sensor at the center of a foot bottom, a
moment of bending sensor and an acceleration sensor on the prop part of an orthosis side.

We divide a walking step into four; into heel reaching the ground, tiptoe reaching the ground,
heel leaving ground, tiptoe leaving ground (see Fig. 37). These states are detected by using the
above sensors, and then the brake torque is controlled in accordance with each state.

LI L

LY hW.d
< 7
1

75
state

)

state 2 state 3 state 4
Fig. 37. Walking State.

8. Conclusion

High safety rehabilitation systems using functional fluid were introduced. Two units of EMUL
were made in the 5-year NEDO project, and they were transferred from NEDO to Furusho
Laboratory of Osaka University. We continue clinical evaluation of 3-D rehabilitation system
and quasi-3-DOF rehabilitation system by using EMUL, Robotherapist and PLEMO.

We have been studying rehabilitation robotics mainly from the standpoint of mechatronics
and virtual reality. Now, we started to study it also from the standpoint of physical therapy
and motion control of human beings.
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1. Introduction

The rehabilitation robotic systems FRIEND!-I (Martens et al.,, 2001) and its successor
FRIEND-II have been developing at the Institute of Automation (IAT), University of Bre-
men, Germany, since 1997 and 2003 respectively. The systems belong to the category “intel-
ligent wheelchair mounted manipulators”. They focus on users with high spinal cord injury,
or with similar handicaps, who are unable to control the manipulator by means of a key-
board or joystick. The systems offer support during daily life activities and at professional
life. The strategic objective of the FRIEND as well as the succeeding AMaRob? project,
which focuses on the usage of FRIEND-II within the context of an intelligent environment, is
to research into new methods to control the robotic system in such a way that their users
become independent for at least 1.5 hours without support by nursing staff. Beside the as-
pect that this is one of the main requirements expressed by potential users, the fulfillment of
this objective would have a strong impact on the commercialization of the rehabilitation
robotic system itself.

This article gives an overview of the FRIEND project and the robotic systems there from
evolved. It is divided into a practical part, which presents the systems from a user oriented
perspective, and into a theoretical part, which satisfies the system-engineer’s point of view.
The user oriented part outlines the different development steps, functional improvements,
hardware setups and lessons learned since 1997. Here, the facilities of the FRIEND-I system
as well as a description of the innovations of the FRIEND-II system, currently under devel-
opment, are described with specific emphasis of the AMaRob project. The reader becomes
aware of the functionalities and services offered by the FRIEND rehabilitation robot and of
the challenging technical complexity with which the development has to deal. The theoreti-
cal part is focused on the concept of semi-autonomous task-execution as a means of reason-
able complexity reduction. Due to the consequent application of this concept a technically
manageable robotic system emerges, which is able to execute tasks on a high level of ab-
straction in a reliable and robust manner. Within this context semi-autonomous task-

1 FRIEND - Functional robot arm with user-friendly interface for disabled people
2 AMaRob - Autonomous manipulator control for rehabilitation robots
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execution is used as a synonym for system initiated and controlled user involvement during
task-execution. For the realization of this approach the control architecture MASSiVE? has
been designed and implemented. It supports task-execution on the basis of a priori defined
and formally verified task-knowledge. This task-knowledge contains all possible sequences
of operations as well as the symbolic representation of objects required for the execution of a
specific task. The seamless integration of user interactions into this task-knowledge, in com-
bination with MASSiVE’s user-adapted human-machine interface (HMI) layer, enables the
system to deliberately interact with the user during run-time. It is shown how MASSiVE's
application within the FRIEND-II system supports the future development of new services
that increase autonomy of the users.

2. Evolution of Rehabilitation Robots

The development of rehabilitation robots started at the end of the 80ies in the last century. It
was driven by the intention to support elderly and disabled people during daily life activi-
ties, making them more independent from care personnel or relatives. Additionally, the
promising concept of an artificial assistant should be improved and technologically ex-
plored. This explains the chronological order of the appearance of different kinds of reha-
bilitation robots as they are presented in the following.

The first step in the evolution of rehabilitation robots was the development of fixed work-
station systems that could execute pre-programmed tasks, like picking up paper from a
printer or taking a book from a bookshelf. Quite popular systems of this category are
DeVAR (Van der Loos, 1995; Mokhtari & Amni, 2001), ProVAR (Wagner et al., 1998; Van
der Loos et al., 1999), RAID (Dallaway & Jackson , 1993; Eftring, 1994), MASTER-RAID II
(Dallaway et al., 1995; Busnel et al., 1999; Mokhtari & Amni, 2001) or CAPDI (Casals et al.,
1999). All these systems have in common that they consist of an industrial robot that is
mounted at a workstation. Furthermore, they possess HMIs that are adapted to their users’
special needs resulting from his or her disability.

Due to their structured and well known environment, fixed workstation systems could
process complex task efficiently. Because this ability is limited to these predefined tasks, it
turned out that these systems were too restrictive for a flexible use, e.g. in the domestic
environment. This was the main motivation for the development of special purpose wheel-
chair mounted manipulators, like MANUS (Mokhtari & Amni, 2001), Wessex/Weston robot
arm (Hillman et al.,, 1999) or RAPTOR (Mahoney, 2001). By means of different HMIs, e.g.
joystick, keyboard or space-mouse, the user can control the gripper of the arm with respect
to a Cartesian coordinate system or control each joint of the arm directly. In contradiction to
industrial robots the main goal for the development of these manipulators was to create
lightweight robot arms that satisfy special security requirements resulting from the direct
human-machine interaction. This comes along with a loss of positioning accuracy, so that
the pre-programming of complex action sequences, even in structured environments, was
no longer possible. This is the reason why the control of these systems can only be per-
formed on a low level of abstraction. For example, the user can command the direction for
the arm movement or open and close the gripper. Even though this kind of control offers a
great flexibility in use, it puts a high cognitive load on its users. Especially for complex tasks

3 MASSIiVE - Multilayer Control Architecture for Semi-autonomous Service Robots with Verified Task
Execution
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this is tiresome and comes along with a loss of concentration (Kawamura et al., 1995). Addi-
tionally, the kinds of HMIs which come along with these manipulators exclude tetraplegic
(spinal cord injuries above vertebrae C5) or persons with a similar clinical picture.

A possible approach to encounter the above mentioned problems is to develop fully
autonomous and mobile assistants, which are able to execute tasks on a high level of ab-
straction. Example systems of this category are MOVAR (Van der Loos, 1995), URMAD
(Innocenti et al., 1994), MOVAID (Dallaway et al., 1995), WALKY (Bolmsjo & Neveryd,
1995) or Care-O-Bot (May & Schiiffer, 1999). All these systems consist of a mobile platform
with a manipulator mounted on it. In order to act in an unknown environment they are
equipped with different kinds of sensors, like ultra-sonic or laser-beam distance sensor,
cameras etc. All sensors as well as the platform and the manipulator itself are connected to a
computer system that processes the user commands and controls all peripheral components.
At this point it has to be mentioned that, even though the above introduced idea of an
autonomous robotic is as old as the history of robotics itself (Engelberger, 1989), its conse-
quent realization has to be stated as unrealistic at the moment: Assuming that solutions for
currently unsolved technical problems, like the real-time interpretation of camera images,
are at hand, a fully autonomous system is cost-intensive and performs tasks with poor effi-
ciency and reliability (Dario et al., 2004). This is because of its inherent high technical com-
plexity. A manageable system with predictable behavior is required. With respect to the
current state of science and technology, this requirement can be fulfilled only if the user’s
cognitive capabilities are taken into account, i.e. the robot executes the tasks semi-
autonomously (Laschi et al., 2001; Martens et al., 2002; Colle et al., 2002).

Semi-autonomy takes the users’ cognitive capabilities into account whenever a complex decision
or environmental identification has to be made. Example systems of this category are the work-
station mounted systems ISAC (Kawamura et al., 1995) and MUSIIC (Kazi, 1996; Kazi et al., 1997)
as well as the wheelchair based systems KARES (Bien et al., 2001). The main principle is to offer
simple but fully autonomous skills that can be activated by the user if necessary. Examples are
the visually controlled grasping of objects (Lang et al., 2000), force-torque controlled drink serv-
ing (She et al., 2003b) or weight controlled pouring of a drink (She et al., 2003a). Because these
skills are realized by sensor-based closed loop control processes, their execution becomes robust
against dynamic environmental changes, even in unknown environments.

Even though offering autonomous executable skills reduces the amount of necessary user
interactions during task-execution, a high cognitive load for the user still remains. He or she
still has to remember the preconditions that have to be satisfied prior to the skill activation.
For example, if a glass has to be grasped in a visually controlled manner, whereas the cam-
era is mounted on top of the gripper (Lang et al., 2000), the user first has to move the grip-
per into the vicinity of the object to be grasped. Only if the underlying image processing
system is able to extract significant features, the execution of the reactive grasping skill will
be successful. Here, the approach of semi-autonomous task-execution, as it has been devel-
oped for the FRIEND-II robotic systems since 2003, will reduce the users” cognitive load. In
the following, the rehabilitation robotic systems FRIEND-I & II are presented in general.
Afterwards, the realization of the latter mentioned concept is described in detail.

3. Rehabilitation Robots FRIEND-I & Ii

This section gives an overview of the development steps of the FRIEND-I and FRIEND-II
system as they have been undertaken since 1997. It is shown that the evolution of FRIEND-I
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closely correlates to the general evolution of rehabilitation robots as it has been described in
the previous section. With the realization of an autonomously executed “serve-drink task”
its full potential was tapped, so that the development of FRIEND-II started. FRIEND-II
comes up of with a multitude of new hardware as well as software features that simplify the
realization of flexible and robust task-execution. First, the new hardware setup is introduced
in detail, before FRIEND-II's role as a subsystem embedded in an intelligent environment
within the context of AMaRob is described.

3.1 FRIEND-I

FRIEND-I consists of an electric wheelchair and a MANUS (Exact Dynamics, Netherlands)
robot arm. The robot arm is controlled by a PC, which is mounted on the backside of the
wheelchair. For user interaction an LC-display is used. In order to execute different tasks
autonomously, FRIEND-I is equipped with a stereo pan-tilt-zoom camera system, mounted
on the back of the wheelchair, and a “smart tray”. The tray is mounted at the front side of
the wheelchair. It is characterized as “smart” due to its ability to locate object positions as
well as to measure object weights, as described later in this section. A picture as well as a
diagram of FRIEND-I is given in Fig. 1.

The first approach, to make the robot arm controllable for people with insufficient flexibility
in their hands and arms for using a joystick or keyboard, was to equip the system with a
speech control interface (Borgerding et al., 1999). By means of simple commands the robot
can be operated with respect to different coordinate systems. The user can enter naturally
spoken commands that are transformed into direct robot control actions. For example, if the
user wants to pick up an object placed on the tray, a possible command sequence might be
“Hand forward”, “Hand down”, “Stop”, “Gripper open”, “Hand forward”, “Stop”, “Grip-
per close”. Because the user observes the actions of the robot arm continuously, he or she
might interrupt the actions in erroneous situations.

Stereo Pan-tilt Zoom MANUS
Camera =1 h Interfa
ch Interface
/ pee
LC-display

Finger camera

/ Force Foil Sensor
/; Smart Tray

Fig. 1. Front view of FRIEND-I in summer 2003 (left) and schematic drawing (right).

By means of the speech interface it is possible even for a completely paralyzed user to com-
mand complicated tasks like grasping a bottle, pouring a drink in a glass and serve it to
him- or herself. The drawback of this approach is that it requires high concentration over a
long period of time. Therefore, in analogy to the robotic systems listed within the introduc-
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tion, the succeeding approach in the FRIEND project was to pre-program often repeated
tasks, like pouring and serving a drink or to put down objects on the tray. Even though it
was convenient to activate the execution of these tasks by a single command, their applica-
tion was too inflexible for the treatment of daily life activities.

A promising alternative was to increase the abstraction level of the commands by offering
autonomously executable sensor-based skillst. The first implemented skill of this category
was the camera controlled grasping of arbitrary objects. For its realization a finger camera
was mounted on top of the robot gripper (Lang et al., 2000). If the user wants to grasp an
object he or she moves the gripper into the neighborhood of the object to be grasped, until it
can be seen by the finger camera. Starting from this position a visually controlled grasping
action can be started with the command “grasp object”. During the execution of the
autonomous grasping action an underlying visual servoing algorithm continuously inter-
prets image features that are assigned to natural or artificial markers on the objects.

The implemented grasping skill turned out to be robust during execution. Even under
changing illumination conditions or with changes in the position of the target object the
grasping tasks could be finished successfully without human intervention. It was possible to
grasp an object placed in the workspace of the robot arm by means of three to five simple
commands in comparison with 15-20 commands as necessary with direct voice control.
Besides the reduction of necessary commands the whole execution time was reduced up to
three times in average. This was the motivation to enhance the level of abstraction for task-
execution again. The representative task of filling a glass with a drink and serve it to the
user, short: the “serve-drink task” was chosen. The realization of this task unveils a number
of challenging technical problems to be solved, which are also representative for further
tasks. Therefore, the investigation and realization of the “serve-drink task” has the potential
to develop a general method for robust high-level task-execution in rehabilitation robotic
systems.

The underlying scenario of the task can be described as follows: A glass and an open bottle,
filled with an unknown amount of drink, are arbitrarily placed on FRIEND-I's tray. After
the user has entered the command “serve drink”, the system has to fill the glass with the
drink and move it to the mouth of the user. After the user finished drinking, the glass has to
be put back on the tray. At the first sight the “serve drink task” seems to be trivial and re-
stricted, but it deserves closer attention. First, the system has to locate the glass and bottle
on the tray, grasp the bottle and move it close to the glass. Afterwards, the glass has to be
filled and the bottle has to be placed back on the tray. Then the glass has to be grasped and
moved close to the user’s mouth. Finally, the glass has to be put back on the tray, ready for a
succeeding pouring action. The execution of this scenario solely on the basis of image proc-
essing and visual servoing is very ambitious, especially if a robust behavior under all possi-
ble environmental conditions is requested. Additionally, unreliable behavior may cause
dangerous situations for the user. To prevent such situations and to increase the system’s
reliability a “smart tray” was developed that is used in combination with the vision sensors
(Volosyak et al., 2003).

The tray can be divided into two subsystems: A scale for the measurement of weight
changes of objects placed on the tray and a touchpad for the detection of their positions. The

4 These operations are characterized as skills, since they represent indivisible atomic functionalities of
the system that execute autonomously sub-tasks by means of continuously processing sensor informa-
tion. Examples are grasping an object or pouring a drink.
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scale consists of an off-the-shelf digital scale with a measuring precision of +1g that is con-
nected to the main system PC. The position detection is realized by a touchpad sensor that
was developed at the IAT. The touchpad consists of a 48x30 matrix, where each matrix ele-
ment has binary output. Binary 1 denotes the presence of a weight greater then 3g per ele-
ment, 0 indicates that there is no load on the corresponding matrix element. Hence, the
result can be treated as a binary image and known image processing methods can be used
for object localization. Fig. 2 (right) depicts the raw binary touchpad image resulting from a
cup and a bottle that are placed on the tray. The outputs of the touchpad are processed by a
microcontroller and send to the main PC. It is obvious that the positions of object segments
can be easily determined on the basis of the binary touchpad image. But it is also evident
that the amount of information from these images is insufficient for object identification.
Here, additional sensor data is required that is fused with the touchpad information. By
means of the information coming from the smart tray in combination with image processing
results provided by the stereo-camera system, an autonomously executable “serve-drink
task” was realized (Radchenko et al., 2004). The objective was to demonstrate that care per-
sonnel could place the involved objects, i.e. the glass and the bottle, on arbitrary positions
on the tray and the system is able to execute the rest of the task autonomously. Even though
this approach was independent of calibration, as it was for the pre-programmed tasks de-
scribed before, the realization was fixed in the manner that the system could not be used for
the processing of varying task scenarios. With the introduction of a flexible software-
architecture this problem is solved within FRIEND-II, as described in the following.

Touchgad

Fig. 2. Top view of the smart tray (left) and binary image of the sensor matrix (right).

3.2 FRIEND-II

The development of the FRIEND-II system started in 2003 with the objective to improve the
FRIEND-I system and to benefit from the lessons learned so far. On the one hand, there
were different shortcomings in FRIEND-I's hardware setup. On the other hand the flexibil-
ity of the control concept and the software-architecture in FRIEND-I was a rather basic ap-
proach that aimed to demonstrate the feasibility of rehabilitation robotic support scenarios.
This section discusses the different extensions of FRIEND-II with respect to the hardware
configuration, whereas the control concept MASSiVE is discussed in detail in the succeeding
section.
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Hardware Setup for Dexterous Manipulation in Clustered Environments

The MANUS robotic arm, which has been used in FRIEND-I, corresponds with its 6-joints
kinematical structure to industrial robots. Such a structure turned out not to be suitable for
dexterous manipulations. The ability to master manipulations with obstacle avoidance in
clustered and mainly non-structured home environments is mandatory for the application
in rehabilitation robotic scenarios.

Within FRIEND-II a dexterous 7 degrees-of-freedom robotic arm, which has been devel-
oped by Amtec Robotics (Berlin, Germany) under functional specifications by IAT, is
used. It has a humanlike kinematical structure: The arm is composed of a series of turn-
and pan-joints with perpendicular axes respectively. The arm is mounted on a linear axis
which allows it to drive in a specific home position and reduce visibility if not in use
(Fig. 3). At the wrist a multi-axis force/torque sensor, model Gamma, from ATI-Industrial
Automation (NC, USA) is integrated. This compact, light and robust monolithic trans-
ducer uses silicon strain gauges, providing high noise immunity, to sense forces and
torques from all three directions of the tool frame. To process the strain gauge informa-
tion into CAN-Bus information a compact wrist mounted electronics unit has been devel-
oped. The robot arm is equipped with an Otto Bock SensorHand5 as a gripper. The neces-
sary mechanical as well as electrical adaptations were made in agreement with Otto Bock
Health Care (Duderstadt, Germany). A gripper force and a slip control mode, which will
be activated from the FRIEND-II system, are integrated in the SensorHand. As it has
proven to be a benefit for the realization of robust operations, FRIEND-II is, like its prede-
cessor, equipped with a smart tray for determination of object positions and weight
changes. The camera Sony EVI-D70P was selected for the FRIEND-II image acquisition
system. The selection was made on the basis of requirements for minimal lighting of the
scene and particularly on the basis of a cost-effective connection of the camera with a pan-
tilt head. The chosen pan-tilt zoom video camera system is mounted on the frame-rack
behind the user.

With the help of the described improved hardware setup and the implementation of the
new software control concept MASSiVE, the first successfully implemented scenario was
an extended drink serving scenario, since this could serve as reference scenario for com-
parison with FRIEND-I. This scenario was presented at the Hannover-Fair 2005 and it
turned out that during the whole week a robust execution, in the sense of the following
explanation, took place. Independent of the initial configuration of bottle and glass
(sometimes placed by fair visitors) the pouring action was executed as pre-determined.
Beside the statement that a stable accuracy from different initial conditions is related to
the improved manipulative capabilities of the new robotic arm, two other hardware
components contributed also to the enhanced overall performance: The Otto-Bock grip-
per with its integrated intelligent force-control guaranteed a firm grip even on a slightly
wet bottle. Furthermore, the force-torque-sensor enabled to implement a more flexible
placing of objects even on non-tactile surfaces like an ordinary table. All in all the im-
proved hardware setup of FRIEND-II is the basis for currently ongoing implementation
of further scenarios. The well focused development of different representative and com-
plete rehabilitation robotic scenarios on the basis of the experiences gathered with the
FRIEND systems is the objective of the AMaRob project, which will be discussed in the
following.

5 http:/ /www.ottobockus.com/ products/upper_limb_prosthetics/ myoelectric_hands_sensorhand.asp



144 Rehabilitation Robotics

AMaRob Project: Support Scenarios for Daily Life Autonomy

The project AMaRob is funded within the BMBFé-program “Leitinnovation Servicerobotik”
(IAT, 2007; DLR, 2007). The overall objective is to demonstrate that 1.5 hours of complete
autonomy from care personnel or nursing staff can be realized for tetraplegic people, solely
supported by a rehabilitation robot. The suitability for daily use as well as efficiency from
the economical viewpoint in one ADL (activities of daily living) and two working scenarios
is to be examined. An important aspect with respect to the successful project process is the
interdisciplinary cooperation. From the beginning on, therapists (Neurological Rehabilita-
tion Center Friedehorst, Bremen, Germany), designers (i/i/d - Institute of Integrated De-
sign, Bremen, Germany) and various experts for the different technological components
(Meyra, Kalletal-Kalldorf; Otto-Bock, Duderstadt; Amtec Robotics, Berlin; IGEL GmbH,
Bremen; all from Germany) are cooperation partners in the AMaRob project.

Fig. 3. Rehabilitation robotic system FRIEND-II.

The main development goal in the ADL scenario is the complete process of preparing and
eating a meal. This starts with the retrieval of the desired meal from the storage, the proper
heating procedure with respect to the contents of the meal, the eating and drinking proce-
dure and finally the clearance of the dishes. In the first working scenario different electronic

6 BMBF - German Federal Ministry of Education and Research (“Bundesministerium fiir
Bildung und Forschung”)
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components are tested on the basis of manual inspection as well as functional tests. These
tests are common tasks that are often accomplished by disabled people with remaining
manual capabilities in the workshops at Friedehorst. The second working scenario deals
with a service desk in a library, where books are rented or returned, and dues are paid,
reservations are handled, etc.
During the AMaRob project, a redesign of FRIEND-II will take place. Development goals
are an improved design for daily use, a smoother integration of sensors and actuators,
including the new generation of Amtec Robotics manipulators. Another aspect that is valid
for the development of all three scenarios is the investigation of methods to integrate
distributed smart components, also known as ambient intelligence or ubiquitous computing
(Korondi & Hashimoto, 2003). Its objective is to support the process of task-execution and to
lower the technical complexity of the rehabilitation robotic system itself. Based on the ex-
periences gathered with the smart tray within the FRIEND projects, it will be considered to
place tactile skins on certain platforms that are in the center of manipulation, e.g. parts of
the worktop in the kitchen or the desk in the workshop or library. Furthermore, RFID7-tags
attached to objects will enable the decentralized storage of object relevant information, e.g.
cooking instructions for a meal placed in a smart fridge that is equipped with RFID antenna.
Fig. 4 illustrates an exemplary setup of an “intelligent” kitchen environment. With such an
intelligent environment, a distributed system evolves with hardware that is distributed
physically and that is managed by different processors. In Fig. 4 on the right side, a proto-
typic installation of an intelligent kitchen environment is depicted. Instead of using a real
fridge, the first setup includes a cupboard, representing the fridge. This cupboard is
equipped with two tactile layers, which consist of the same tactile skins as that one used for
the smart tray component of the FRIEND-II system. Thus, less technical complexity of the
rehabilitation robot itself is necessary with respect to required sensors and algorithms to
retrieve location information about the meals in the smart fridge. Under the upper cupboard
layer an RFID antenna is installed which covers the space above the two layers. The meal to
be prepared for the disabled user is arranged on a special meal tray, which fulfils the follow-
ing conditions:
e Itis graspable by the robotic gripper
e The material is suitable for the heating in a microwave oven, is food safe and can
be easily cleaned after usage
e The lid is equipped with RFID tags. This lid is also manageable by the robot and
can be removed before heating to avoid damage of the RFID tag in the microwave
oven.
Once care personnel inserts a meal in this kind of smart fridge, meal specific information will
be stored on the RFID tag. This includes a description of the meal, cooking instructions and
minimum durability. During the process of meal preparation, the locally stored meal informa-
tion directly drives the heating procedure in the microwave oven. This oven is also part of the
intelligent environment, since it is directly controllable from the system without manipulative
interaction and consequently also reduces the technical complexity of FRIEND-II.
Besides the ongoing improvements on the hardware level and the application and en-
hancement of an overall software control concept, other key developments will be under-
taken within AMaRob. This includes fast motion planning for collision free, intelligent and

7 RFID - radio frequency identification
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smooth manipulation in clustered environments (Ojdanic et al., 2006) or the realization of
improved machine vision concepts respectively.
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Fig. 4. FRIEND-II in intelligent environment, schematic version (left), first prototypic instal-
lation (right).

4, Semi-Autonomous Task-Execution

The preceding sections concentrated on the functional aspects of the FRIEND systems. This
section is focused on the application of software-technical methods that help to cope with
the inherent complexity of the robotic system and its environment. First, the design and
implementation of an appropriate software-architecture is described. Afterwards, within the
context of this architecture, task-knowledge data-structures, suitable for the inclusion of the
user, as required for semi-autonomous task-execution, are introduced. It is shown how the
consequent application of these concepts leads to a robotic system, which is able to execute
tasks robustly on a high level of abstraction.

4.1 The Software-Architecture MASSIiVE

From the software-technical point of view the realization of a service robot comes up with a
multitude of challenging tasks to be solved within the context of an architecture: Distributed
calculation, reactions to environmental changes and control of electro-mechanical devices
under hard real-time requirements, processing of complex algorithms, adaptation to hetero-
geneous hardware interfaces, ergonomic human-machine interaction and autonomous
planning of action sequences. The preceding enumeration doesn’t claim to be exhaustive.

It turned out that hybrid multi-layer architectures, like TCA (Coste-Maniere & Simmons,
2000) or 3T (Bonasso et al., 1998), are predominating in the field of fully autonomous sys-
tems, since they provide a combination of deliberative and reactive behavior. A deliberative
component is necessary for the creation of a high-level plan, i.e. for having a system that is
able to receive task requests and to define a mission goal. The inclusion of reactivity has
proven to be a suitable mean to achieve robustness with respect to environmental distur-
bances, comparable to the reflex system of living organisms. Therefore, a typical hybrid
multi-layer architecture consists of three layers:

* Deliberator: Plans operations on a high level of abstraction, i.e. with the help of a
symbolic planning strategy.
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* Reactive Layer: Has access to the actuators and sensors of the system and offers reactive
operations in the form of closed control-loops (i.e. coupling of sensors and actuators).

* Sequencer: Is responsible for the activation and deactivation of operations in the re-
active layer according to the plan generated by the deliberator. Therefore, it plays
the role of a mediator between deliberator and reactive layer.

Besides these layers a world model is included that contains the current system’s perspec-
tive on the world according to the task to be executed. Due to the hybrid approach a separa-
tion of world-model data into two categories is mandatory: The deliberator operates with
symbolic object representations (e.g. C for the representation of a cup), while the reactive
layer deals with the sensor data taken from these objects, so-called sub-symbolic informa-
tion. Examples are the color, size, shape, location or weight of an object.

To fulfill the requirements in the field of rehabilitation robotics, the software control archi-
tecture MASSIVE has been developed at the IAT. This control architecture is derived from
the generally successfully applied architectures of autonomous systems as introduced be-
fore. However, in the field of rehabilitation, the user can be included in to the process of task
execution, which leads to modifications towards a semi-autonomous system. Furthermore,
the analysis of typical rehabilitation robotic support scenarios revealed the fact that these
scenarios are mostly composed of a finite set of reusable basic operations (Martens, 2003b).
Fig. 5 depicts the emerging scheme of the modified control architecture. With respect to the
semi-autonomous task-execution, the deliberator component of traditional hybrid control
architectures has been replaced by an HMI, whereas symbolic planning is performed within
the sequencer. The evident role of the HMI is the translation of high abstraction level task
requests from the user (e.g. "Fetch cup", "Pour in a drink", etc.) into commands that are
forwarded to the sequencer for further processing. Additionally, the HMI provides a com-
plete infrastructure for task related user interactions. This includes the direct control of
actuators within context-based constraints given by the sequencer. Within MASSiVE, the
role of the sequencer is to act as a global control unit that coordinates the cooperation be-
tween all levels of the architecture (Martens et al., 2002). It is designed as a discrete-event-
controller that operates on the basis of predefined task-knowledge, so-called process-
structures, and generates task related action sequences.

Interaction

Reactive itoring || Direct
Operations || Operations || Control

Fig. 5. Schematic overview of the control-architecture MASSiVE.
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These process-structures are the basis of the principle to pre-structure the support scenar-
ios. Despite their a-priori definition, they are still flexible enough to process a requested
task under varying initial conditions, i.e. they can handle different initial situations and
varying kinds of task participating objects. Due to the implicit restriction to task relevant
information, this approach guarantees, in contradiction to classical Al-based task plan-
ning, a finite and, in the meaning of real-time suitability, reasonable size of the planning
search space. Additionally, the formal verification of the task-knowledge with respect to
reachability of situations or the correctness of its execution becomes possible. Even
though this has no impact on the offered functionality of the robotic system, it is evident
that the latter aspect plays a vital role for the commercialization of rehabilitation robots in
general.

A planned action sequence consists of operations that are elementary from the sequencer’s
viewpoint. This motivates the term elementary executable operations (EEOPs). EEOPs in-
clude user interactions (e.g. identification of an object), direct control of actuators (e.g.
movement of the camera system), monitoring operations (e.g. visual feature extraction of
already identified object) and reactive operations (e.g. visually controlled object grasping).
Thus, the basic operations already implemented for the FRIEND-I system are realized
within this context as EEOPs. Due to the uniform software interface of EEOPs, the sequencer
can generate action sequences independently of the kind of operation that has to be taken
into account. After the generation of an EEOP-sequence is finished, the sequencer maps the
EEOPs to skills that are executed asynchronously on distributed software-servers. These
servers are part of the reactive layer or the HMI, respectively. In the reactive layer, a net-
work of servers offers basic system skills that are grouped within the servers according to
functional cohesion, as described in the following.

Infrastructure for Semi-Autonomous Task-Execution within Distributed Systems

The sequencer of the MASSIiVE architecture (Fig. 6) consists of two modules that are de-
signed as active objects: The Task Planner and the Task Executer. Active objects are a software
design pattern to separate the execution of a method from its calling context with the help of
threads, whereas the method’s implementation is independent of any threading details
(Gamma et al., 1995). Thus, the planner and executer are able to act independently. This
enables the control of skill execution in the reactive layer as well as reactions in the planning
layer like interruption of ongoing task execution or re-planning of required operation se-
quences.

Sequencer-Layer

Task-Executer | asynchronous
O CallBack.1 | | CORBA::SkillServer->MethodCall.1( )
CallBa:k CORBA::SkillServer->MethodCall.2( )
-
| CallBack.3 BA::SkillServer->MethodCall.3( )

A ¥
Reactive-Layer \ ’ i i
Skill-Server O

Fig. 6. Communication from sequencer layer.
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To be able to execute several operations simultaneously, asynchronous calls of skill-methods
are necessary. Furthermore, the operations may run on different processors, e.g. because of
system-hardware that is distributed physically as it is the case for remote smart devices. The
distribution of skill execution capabilities should be adaptable in a flexible manner, i.e. with-
out changing the system structure or extensive re-implementations, to have the opportunity at
hand to scale the computing power available for a single skill. All these demands are fulfilled
entirely with the help of standardized and platform-independent communication infrastruc-
tures based on CORBA (Common Object Request Broker Architecture, (Gamma et al., 1995)).
The following section describes the design and realization of the CORBA based reactive layer.

Reactive Layer

The name reactive layer resides from its purpose to provide reactive behavior. This means to
directly couple sensorial input with the control of an actuator (i.e. to design a control loop) to
establish autonomous behavior that is robust against dynamic environmental changes. As
depicted in Fig. 5 the reactive layer is furthermore responsible for offering monitoring opera-
tions (based on input from the sensors) as well as direct control of the actuator (manipulative
skills). The latter aspect is important for example when user interaction in the form of direct
actuator-control becomes necessary. Due to this, several skill servers provide the necessary
basic operations, i.e. skills, of the robotic system by accessing the sensors and actuators of the
system or remote smart devices. This means, a skill layer has access to a hardware layer,
whereas different hardware servers encapsulate basic hardware functionalities.

Skills have to operate on the already mentioned sub-symbolic environmental information. As
shown in Fig. 5, the sequencer including the symbolic planning engine accesses the symbolic
layer of the world model. Thus, the sequencer (on the basis of high-level process-structures and
symbolic descriptions) is responsible for the correct abstract modeling of that segment of the
environment that is relevant to the current task-execution. To administrate all sub-symbolic
information in a structured manner, a sub-symbolic world model server is introduced within the
reactive layer. Here, sub-symbolic information is stored with reference to symbolic information
from the upper layer of the world model and consequently a connection between both layers of
the world model (and therefore also between these both information layers) is established.

A Sequencer-Layer ‘ Human Machine Interface
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CORBA Communication CORBA Communication
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Left-PTH
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Fig. 7. Reactive layer for FRIEND-II with intelligent environment.
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Skill Server

The criterion for separation into several skill servers is derived from the functional entities
of the system. That means, one skill server offers all the system operations that have to be
assigned basically to one certain entity. In case of scenarios that take place in an intelligent
environment as introduced in Chapter 3.2, the necessary skill-servers are the Manipulator-,
Tray-, MachineVision-, Cooking- and SmartFridge-Skill-Server, with their assigned hardware-
servers as depicted in Fig. 7. Here, for instance, the Cooking-Skill-Server provides skills to
access the hardware-server MicrowaveOven and thus to control this remote device or to ex-
tract data from it.

From the software-technical point of view, skills are methods of a skill server that are
executed asynchronously. This means skill-methods are non-blocking and will return
immediately after their activation. The problem of asynchronous execution is that no
values or parameters can be returned. Therefore, sub-symbolic data that is generated
during skill execution is stored within the world model. The information on the status of
skill execution (e.g. successful execution) has to be transmitted via another communica-
tion way. For this issue call-back objects are introduced, which can be accessed by the
skill caller and the skill method itself. Call-backs are also used for sending information
from the skill caller to the skill while it is executing. This could be for example the com-
mand to stop the skill or to re-parameterize it. Fig. 6 already showed how the task exe-
cuter within the sequencer maps call-back objects to asynchronously invoked methods
and Fig. 8 demonstrates the communication mechanisms between sequencer- and skill-
layer in more detail.

Skill Caller Pass call-back Skill Server Servant
Skill Server Proxy p;gﬁ'\:;:rs Skill Server Method
I (Skilly
synchronous 5
| Get new parameters ~ method call
Call Back Servant Call Back Proxy asynchronous
- method call >
Set return value
passed
par

Fig. 8. CORBA-based asynchronous communication.

Hardware Server

For each hardware component, like the robot arm, a hardware server is implemented (see
Fig.7), which itself is connected to a certain skill server. The design principle is that only
methods of this skill server can access the hardware directly. This decouples the upper lay-
ers of the software structure from the hardware. In case a hardware component is replaced,
only the implementations of the hardware server methods have to be adapted, whereas the
parameters of each method remain.

If for a hardware-component/-server a fast communication is required, i.e. the communica-
tion offset of CORBA cannot be accepted, a local instance of the hardware server implemen-
tation class can be used and the communication can be carried out via shared memory. Also
the combination of client and servant in one process is possible. All three possibilities of
using a hardware server are fully exchangeable and no re-design or new implementation is
necessary.
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Human-Machine-Interface

For the realization of the user involvement, which is initiated and controlled by the system,
the HMI offers an interface that enables the sequencing layer to initiate user assistance via
user interaction skills. From the user-centered viewpoint, the overall objective is to offer an
intuitively controllable interaction skill, which hides all technical details, like the selection of
necessary hardware resources or the control of the data flow. The connection between the
HMI and MASSIVE is established by a software component that uses the interface of the
sequencer to start and stop system tasks and offers a software-server to enable the se-
quencer initiating user interactions. From the sequencer perspective, the invocation of a user
interaction is thus handled exactly like a skill activation within the reactive layer.

So far, the architectural concept designed for semi-autonomous task-execution has been
discussed. In the following, process-structures as a substantial aspect for the control of user
interactions and autonomous system operations within MASSiVE are presented.

4.2 Task-Knowledge Driven User-Interaction

According to the structure of the control architecture, process-structures come in two levels
of abstraction: Abstract process-structures (PSa) are associated with the abstract (symbolic)
layer of task-knowledge representation and describe tasks in a user-oriented and non-
technical way. This level of abstraction is suitable for task-oriented programming purposes
(Martens, 2005). Elementary process-structures (PSg) represent the part of the task-
knowledge that is required within the environmental-related (sub-symbolic) level. The in-
formation on this level of abstraction subsumes necessary hardware resources, like sensors
and actuators, as well as EEOPs. In the following, the different steps of task processing on
the basis of abstract as well as elementary process-structures will be discussed. The activity
diagram depicted in Fig. 9 gives a conceptual overview on the steps that are undertaken to
process a task request in MASSiVE.
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Fig. 9. Overview on task processing within MASSiVE.
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Task Request
First, with respect to the task request from the HMI, the sequencer selects and loads an ab-

stract process-structure. Abstract process-structures are derived from data-structures typi-
cally used in assembly planning, namely AND-OR-nets (Cao & Sanderson, 1998). Within the
context of MASSIiVE they have been enhanced with first-order predicate logic facts that
assign, in a STRIPS8-like manner, pre- and post-conditions to the operations contained in the
net. Aditionally, facts are used for the description of object states and relationships.

Fig. 10 depicts an iconic model of a possible PS4 that is assigned to the task request "Fetch
cup". The iconic PS4 contains all object-constellations (OCs), i.e. objects in physical contact,
which might appear during the execution of this task, as well as all possible operations
performed by the system. Within this context all has to be interpreted as from an application
programmer’s viewpoint. The operations are called composed operators (COP), since they
represent a composition of EEOPs and their decomposition takes place on the level of PSk.
They interconnect the different OCs of the PSs, meaning that the system transforms the
constellations of objects by executing a sub-task. Due to their derivation of AND-OR-nets,
there are three different kinds of COPs: Assembly and disassembly operations as well as
internal state transitions. The semantics of the first two types is self explaining, whereas the
latter version is used to represent internal changes within a single OC without changing the
components being in physical contact (e.g. moving a book on a table).

_—— = 0C,=[B,C,G .
/ ) 4

T

Initial
| Situation
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e
@ = COP pair number N

Fig. 10. Abstract process-structure (PSa) for the task request “Fetch cup”.

—— — —

As listed in Table 1, the “Fetch cup” scenario solely consists of COPs of the first two catego-
ries. The numbers of each pair of operations refer to the numbers given in Fig. 10. The ob-
jects involved in the task scenario are a box B (e.g. an abstract representation of an already
opened cupboard), a cup C, the gripper of the service robot G and a table T. Some exem-
plary OCs of Fig. 10 are: OC; = "the cup is located inside the box", OC; = "the grasped cup is
located inside the box" or OCs = "the cup is located on top of the table". Beside the enumera-
tion of contained objects, each OC possesses a set of first order predicate logics facts, which
represent the object states as well as their relationship respectively.

8 STRIPS: Stanford Research Institute Problem Solver (Fikes, 1971)
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No. | List of COPs used in Fig. 10:

(AOP - assembly operation, DOP - disassembly op-
eration)

1 AQOP: GraspObjectInContainer(G, C, B)
DOP: DepartFromContainer(G, C, B)

2 AOQOP: PlaceObjectInside(G, C, B)

DOP: GetObjectOutside(G, C, B)

3 AQOP: PutDownObject(G, C, T, FreePlacePos)
DOP: MoveObject(G, C, T, FreePlacePos)

4 AOP: GraspObject(G, C, T)

DOP: Depart(G, C, T)

Table 1. Composed operators of the “Fetch Cup” scenario.

On the basis of OCs a situation S is described as follows: Sy is a set of OCs that contains all
objects of the PS4 exactly once and is part of the situation-graph (Prenzel, 2005), which in-
terconnects all valid situations via the operations defined within the PSa. Assuming the
correctness of the PSs, which is verified automatically off-line, a target situation St can be
reached from any situation S of the situation-graph via the application of a finite number of
operations. This circumstance is the basis of the planning concept applied in MASSiVE,
which is explained in more detail below. St has a fix association with the task to be solved
according to the given task request. For the example task depicted in Fig. 10 the target state
is defined as: St = {OC,, OCs, OCg}, i.e. the task request “Fetch cup” is associated with the
target situation where the cup has finally been placed on the table and the empty gripper as
well as the empty cupboard remain.

So far, the explanations concentrated on the design of a PSx. Its information is used to drive
the planning process of a task request. Here, according to the conceptual sequence of activi-
ties depicted in Fig. 9, the task related PSj is loaded first. Afterwards, the so-called process
of initial monitoring is started. This process determines the initial situation S; of the chosen
PS4 that corresponds to the current environmental situation. From out this situation a path
to the target situation can be processed.

Initial Monitoring

The situation monitoring process is controlled by the information contained within the set
of situations associated with a PSs and is executed in a semi-autonomous manner also
(Prenzel, 2005). As illustrated in Fig. 9, the monitoring process consists of the determination
of the first order logic facts that are assigned to the different OCs. Within the given process-
structure, the set of facts listed in Table 2 has to be determined during initial monitoring.

To give an illustration of the monitoring approach in MASSiVE, the example of finding the
cup to be retrieved from the cupboard will be taken into account. Fig. 11 shows a respective
setup of a user interaction that will occur in this case. Here, the FRIEND-II system has been
moved in front of a cupboard in which several cups are placed. During this user interaction
the user is requested by the system to control the pan-tilt head devices (and thus move the
cameras), so that the object of interest is in their sight (the left camera image is displayed to
the user). During the movement of the cameras, the image processing system segments
objects positioned in the middle of the camera image in real-time. The segmentation result is
overlaid to the image, so that the user is able to decide whether the desired object is high-
lighted or not.
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Fact Description

HoldsNothing(G) The gripper G holds nothing.

IsInFreePos(G) The gripper G is in a free position.
IsInsideContainer(C, B) The cup C in inside the container B (box).
HasFreeStoringSpace(B, C) The box B has enough free space for the cup C.
IsGripped(G, C) The cup C s gripped by the gripper G.
IsPlacedOn(C, T) The cup C in place on top of the table T.

Table 2. Set of facts in “Fetch Cup” scenario.

User interaction request!

The system is not able to detect the cup to be gripped.
Please move the camera perspective until the cup is highlighted.

B —

Fig. 11. Experimental setup for finding a cup in a cupboard.

With respect to finish the initial monitoring, the determination of other task relevant objects
is performed analogously within a user interaction in case the autonomous object detection
fails (or is not unique). After the initial object detection is completed, additional object spe-
cific sub-symbolic information is extracted according to the concept of object-anchoring
(Prenzel, 2005). This information is stored in the sub-symbolic layer of the system’s world
model (Fig. 5), to be accessible for all skills that are executed within the reactive layer. Thus,
during further task processing steps the degree of the system’s autonomy increases with the
increasing amount of acquired environmental information.

Task Planning and Execution

According to Fig. 9 task planning and execution takes place, after the initial situation S; is
monitored successfully. Planning is necessary in order to determine a sequence of opera-
tions that is adapted to the current environmental situation. The applied planning method is
equivalent on both levels of process-structures, i.e. PSa and PSg, as exemplified in the fol-
lowing: In the scenario of Fig. 10 with its assigned PS4 it shall be assumed that the initial
situation has been determined during initial monitoring. Thus, the task planning objective is
to transform this initial situation S; = {OC;, OC,, OGC3} into the target situation St = {OC,,
OCGCs, OCg}. Since the transformation of situations is realized by means of the execution of
operations, the generation of action sequences is reduced to a graph search problem. Here,
the search is realized by means of the Dijkstra algorithm (Martens, 2003a). According to the
assumed initial situation Sy, the first COP in the sequence of planned COPs is GraspObjectIn-
Container. Because this COP cannot be executed directly within the architecture, it has to be
decomposed to a level of abstraction that deals with EEOPs.
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The result of the COP decomposition, i.e. its assigned elementary process-structure (PSg), is
depicted in Fig. 12. Here, to reduce the complexity of the illustration, only a segment of the
complete PSg is shown - the upper part, as indicated by the dashed box, has been left out.
However, the principle of a PSg can be clarified as follows: The flow of control is modeled
on the basis of a Petri-net. As depicted, transitions of this Petri-net are arranged in pairs (or
tuples), which represent the execution of an EEOP. Each transition of a pair (or tuple) repre-
sents the execution of an EEOP with different execution results. This is denoted by the dif-
ferent return values. The different nature of EEOPs, as introduced in Chapter 4.1, is speci-
fied with the help of the prefix in the transition name: DC stands for “direct control” of an
actuator, USER for “user interaction and REAC for “reactive operation”, i.e. an EEOP, which
is in fact a closed control loop that couples sensors and actuators. EEOPs of the fourth cate-
gory, the “monitoring operations”, with the prefix MON, are not part of the depicted seg-
ment of PS.
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Fig. 12. Section of elementary process-structure (PSg) representing the COP “GraspObjectIn-
Container” (upper part is left out).

Task planning on the basis of the Petri-net is equivalent to the planning process performed
on the basis of the PS4. Starting from an initial situation (initial marking with tokens in the
Petri-net) the shortest sequence of operations (fired transitions) is calculated by means of the
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Dijkstra algorithm. During task execution, a single transition from out a pair (or tuple re-
spectively) is fired according to the actual return value of the respective EEOP. If the return
value fits to the pre-planned one, the next EEOP of the plan is chosen. Otherwise, a re-
planning step has to be performed. Because decomposition has the meaning of replacing the
formal parameters of a PSg with the actual parameters determined by the PS,, the resulting
sequence of EEOPs considers the objects that have been localized during the initial monitor-
ing process.
The elementary process-structures in the form of a Petri-net include different modeling
aspects and represent the following;:

e  Control flow (e.g. controlled involvement of the user into data monitoring or direct

actuator control)

e Resource usage (e.g. IsGlobal Available(SCam?))

e Data flow and data availability (e.g. DataAvailable(C.Location, C.Size))

e Interconnection to abstract layer and to the world model via facts (e.g. HoldsNoth-

ing(G))

The advantage of using Petri-nets as a modeling tool is the availability of mathematical
methods for the structural analysis of PSg. Due to the illustrated stringent and application
specific syntax within a PSg, offline verification becomes possible. This includes the verifica-
tion with respect to dead-locks, resource-conflicts, modeling errors, state-reachability, avail-
ability of sub-symbolic data and the direction of data flow (Martens, 2003b).
During runtime, the initial marking in a PSg is set according to the current status of task
execution. For the example depicted in Fig. 12, since the task participating object B (box) and
C (cup) have already been identified during the initial monitoring process, a new acquisi-
tion of the data is not required. Thus, the token in the place “DataAvailable(C.Location,
C.Size)” will be part of the initial marking. In any other case, where this information which
is required for the subsequent manipulative operation REAC.MoveToObjectInContainer is not
yet available, it will be generated within the upper part (not depicted) of the PSg via moni-
toring EEOPs or user interactions respectively. The target marking in a PSg, which is re-
quired to apply planning by graph search, is specified during the definition of a PSg. One
rule with respect to the target marking specification is that it has to include the post-facts
associated with the COP assigned to a certain PSg. Post facts in Fig. 12 are IsInsideCon-
tainer(C, B) (also pre-fact), IsGripped(C, G) and Not.HoldsNothing(G). With the help of post-
and pre-facts, the connection and consistency between the sub-symbolic control level (PSg)
and the abstract level (PSa) are guaranteed.
Here, according to the given state of the Petri-net, the manipulative EEOPs DC.OpenGripper,
REAC.MoveToObjectinContainer and DC.CloseGripper will be executed. Within the reactive
manipulation EEOP, a motion planning algorithm is started, which retrieves and operates
on the previously (during initial monitoring) generated environmental information from the
world model (Prenzel et al., 2006; Ojdanic et al., 2006). Due to the structure of the task-
knowledge contained within the PSg and the usage of the Dijkstra algorithm, the result of
the planning process is that autonomous EEOPs are executed first and user interaction
EEOPs follow in case the system fails (this general idea is also illustrated in Fig. 9). Further-
more, manipulative EEOPs can be interrupted by the user, e.g. in case he can already foresee
a possible collision. This is indicated by the “[user interrupt]” transition in Fig. 9 or the third

9 SCam = Stereo-camera system



The Rehabilitation Robots FRIEND-I & II: Daily Life Independency through
Semi-Autonomous Task-Execution 157

transition of the reactive EEOP in Fig. 12 respectively. The concrete and more detailed de-
scription of this kind of interaction enforced by the user is discussed in (Liith et al., 2007).
The complete planning and execution cycle is continued until the given task is completed or
has been aborted, e.g. according to the user’s intention or due to a critical and irresolvable
system status.

The described approach leads to a system that is able to operate robustly, even if it is not
able to execute all steps fully autonomously. Moreover, it supports the evolutionary devel-
opment of the system with increasing autonomy. This means, it is possible to initially realize
a rehabilitation robotic support scenario with a low level of autonomy and to replace miss-
ing autonomous functionality with user interactions. Subsequently and in an evolutionary
manner, more and more user interactions are replaced by autonomous operations by devel-
oping more intelligent skill algorithms or using additional sensors and actuators.

For recapitulating this section it is referred to Fig. 9. After the user’s initial task selection, the
first system controlled user interaction takes places within the initial monitoring. Initial
identification tasks that cannot be solved fully autonomously without unreasonable increase
of technical complexity are given back to the user to be solved by him. The same approach is
taken into account within the ongoing process of task-execution.

5. Conclusion

This paper gives an overview of the functional capabilities of the rehabilitation robotics
systems FRIEND-I and FRIEND-II as well as an introspective view of the used underlying
control principles and applied software techniques. It is shown that during the different
development steps of FRIEND-I the control of the system evolved from out direct speech
control of the manipulator up the fully autonomous execution of a “serve-drink task”. It
turned out that the control of a rehabilitation robot like FRIEND-I becomes possible for a
person without manipulative capabilities in his or her arms and hands. But there is still the
need for more robustness and reliability in execution, flexibility in usage and relief for its
users, if the overall objective of 1.5 hours of autonomy for daily life activities has to be
reached. The most important lesson learned within the FRIEND-I project is the application
of the semi-autonomous task execution principle. The motivation is that the involvement of
the user’s cognitive capabilities has the potential of reducing the system’s complexity dra-
matically, so that a technical manageable system emerges.

The consequent implementation of this principle has been realized within the successor
system FRIEND-II. On the one hand FRIEND-II comes up with new sophisticated hard-
ware components like a 7 DOF manipulator or a force-torque controlled gripper. It is
evident that the usage of these hardware components leads to more robustness in execu-
tion. On the other hand FRIEND-II has been software-technically designed for its applica-
tion within an intelligent environment, where different daily life as well as working sce-
narios, as specified within the AMaRob project, will be managed. It is shown that the
beforehand mentioned requirements of user involvement and distributed execution, as
necessary for its application within the intelligent environment, are satisfied by the multi-
layer architecture MASSiVE. For user involvement, MASSiVE offers an infrastructure for
task-knowledge driven task planning, whereas the user interaction is an integral part
within this knowledge. During task execution the system requests the user whenever it
has to come to a decision on a cognitive level and the algorithmic realization of this proc-
ess it too complex and error prone. But even though the user is requested, he or she is
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relived from tiresome and complicated tasks like remembering the necessary sequence of
actions that have to be fulfilled before the execution of the next steps becomes possible.
Within MASSiVE’s HMI-level the current task context is known, so that a specific and
efficient request limited to the current context can be initiated. This has been demon-
strated by the detection of a certain cup in a cupboard full of cups, where the application
of a well known image segmentation algorithm leads to the same results, from the user’s
point of view, as a complex image analysis.

The requirement for reactive and distributed execution is satisfied by MASSiVE’s reactive
layer, which is controlled by the intermediating sequencer. From the sequencer’s point of
view the reactive layer is as a pool of skills, from which some have to be selected and com-
bined according to a task plan in order to reach the goal of a requested task. Within this
context the reactive layer encapsulates the underlying hardware and offers environmental
information on a pre-processed symbolic level. Because each hardware component is man-
aged by a separate software server, which itself is managed within the reactive layer accord-
ing to a well defined server interface concept, the inclusion of new components, like the
smart devices within the intelligent environment, has no design consequences for the supe-
rior levels like the HMI-layer or the sequencer respectively.

The first task scenario which has been managed with FRIEND-II on basis of MASSiVE is the
“serve-drink task” also. Even though the functional improvement with respect to FRIEND-I
is not evident, its execution is more flexible from the viewpoint of software technique.
Within FRIEND-I subtasks of the “serve-drink task”, like grasping, replacing or putting
down objects, were programmed in a pre-determined sequence. Within FRIEND-II these
subtasks evolve from out a planning process performed on basis of task-knowledge. Due to
this flexibility the next development steps concentrate on the implementation of new sub-
tasks, i.e. skills that will be integrated into the already existing task-knowledge data-basis.
On the basis of this extended task-knowledge new tasks, as specified within the AMaRob
project, will be managed within the next two years.

Another area of active research, which is also important with respect to further improve-
ments of rehabilitation robots, is the system control via non-invasive brain-computer inter-
faces (BClIs). In (Liith et al., 2007) first results are presented that show the feasibility of user
interactions in MASSiVE solely on the basis of brain signal interpretation. The applied prin-
ciple is the detection of either the characteristic P300 waveform or steady state visual
evoked potentials (SSVEP) in the visual cortex of the user, who is concentrating on a con-
tinuously blinking light source. The bandwidth of this kind of input media is still very low
and also it is currently not yet possible to realize user interactions with fast reaction times.
However, due to ongoing improvements of this technique, a very promising opportunity to
command a robotic system arises for highly handicapped users.
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1. Introduction

Walking and standing abilities, though important for quality of life and participation in
social and economic activities, can be adversely affected by central nervous system (CNS)
disorders such as spinal cord injury, stroke or traumatic brain injury. One characteristic of
motor deficiencies which affect lower extremities is their impact on both static and dynamic
postural equilibrium. Depending on the impairment level, functional rehabilitation
techniques may be needed for a patient to stand up and walk (Popovic and Sinkjeer, 2003).
Functional electrical stimulation (FES) can induce contraction of skeletal muscles by
applying electrical stimuli to sensory-motor system via electrodes which can be placed on
the skin (Kralj et al., 1983), or implanted (Guiraud et al., 2006). FES applications applied to
lower limbs include foot drop correction, single joint control, cycling, standing up,
walking... (Zhang and Zhu, 2007).

Two distinct objectives may be targeted when using those techniques, depending on the
type of disorder: chronic assistance or acute training.

FES can be applied for standing and gait restoration in paraplegic patients. Paraplegia is a
condition where both legs are paretic (incomplete paraplegia) or paralyzed (complete
paraplegia). Physiological effects of FES-assisted verticalization in paraplegic patients
include: prevention of muscle atrophy, promotion of renal functions, improvement of joint
range of motion, well being, improved digestion, bowel and bladder functions, retardation
of bone-density loss, decreased spasticity, reduced risks of pressure sores, improved
cardiovascular health, improved skin and muscle tone (Cybulski and Jaegger, 1986). In
theory, FES-assisted ambulation can give to the user greater access to locations inaccessible
to wheelchairs, assist transfers, and facilitate face-to-face interaction with others. In addition
to the physical effects of exercise, FES for standing, transfer, and ambulation applications
can offer functional and psychological benefits. Today, all FES standing or ambulation
systems use walkers, parallel bars, or elbow canes for balance and support. FES systems for
standing and ambulation can be strictly FES, or combine FES with various types of braces
(hybrid systems) like orthoses and exoskeletons (Kobetic et al., 2003).

FES can also be applied for walking assistance and training in hemiplegic patients.
Hemiplegia is a condition where one side of the body is paretic or paralyzed; it is usually
the consequence of a cerebro-vascular accident. Both sensory and motor functions can be
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more or less affected. One of the main consequences of hemiplegia is the drop-foot
syndrome. Due to lack of controllability of muscles involved in flexing the ankle and toes,
the foot drops downward and impedes the normal walking motion. Most hemiplegic
patients recover their walking, but often this walking is not functional (foot-drop, stability
on the paretic leg, fast fatigue, etc.). Today, there are commercially available assistive
systems that use surface electrodes and prevent drop-foot. Providing ability to walk in
stroke patients (Mauritz, 2002) has been demonstrated to help in recovering and results in
better walking. The classical methods to provide walking are: therapist assisted walking,
treadmill walking with reduced body weight by means of harness, use of robotic
mechanisms (Lunenburger et al., 2007). Current results suggest that the repeatability and
reproducibility of the movement are essential within this context for an optimal recovery.
The FES used in the framework of exercise was termed Functional Electrical Therapy (FET).
When the spinal cord lesion is incomplete, paraplegic patients can also benefit from adapted
training in order to recover mobility (Barbeau et al., 1999).
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Fig. 1. Application and characteristics of FES assistive systems to rehabilitation of spinal
cord injured paraplegic and post-stroke hemiplegic patients.
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In paraplegia and hemiplegia, it is important to notice that the upper extremities (trunk and
arms) remain functional as well as one of the legs in the cases of hemiplegia (figure 1)
(Azevedo and Héliot, 2005). Therefore, when attempting to control posture and locomotion
through FES, an important issue is the enhancement of the interaction between: a) the
artificial FES-system controlling the deficient body segments and b) the natural system
represented by the patient voluntary actions through his valid limb motion. In most of FES-
systems, voluntary movements of valid limbs are usually considered as perturbations. As an
example, the trunk represents 60% of the total body mass and is positioned relatively high
with respect to the base of support. Therefore, trunk movements strongly influence the
equilibrium control whereas legs have an adaptive role to ensure an adequate support base
for the centre of mass projection. Collaboration between trunk and legs sounds therefore
indispensable to ensure postural balance, and should be taken in account in a FES-based
control system. In a similar way, when one leg functions normally, like in hemiplegia, it
would be suitable to use information from this leg to inform the artificial controller about
the contralateral leg state. This approach is also a way to give the patient an active role in
the control of his/her movements. The FES-assistance system should adapt to patient
behaviour and intentions expressed through his valid limbs motions, instead of imposing an
arbitrary motion on the deficient limbs.
This consideration (need for collaboration between healthy and deficient limbs) led us to the
idea that valid limbs should be observed in order to improve the artificial control.
Developing sensory based FES assistive-systems implies to use sensors to measure the
voluntary actions of the patient.
Our approach consists of placing sensors on subject’s healthy limbs (trunk, intact leg...) in
order to optimize the interaction at two levels:

* Strategic level: identifying the postural action the patient intends to execute, as

soon as possible, in order to allow for optimal posture preparation and execution
* Tactic level: monitoring the ongoing action relatively to a reference pattern in
order to generate an adapted and optimized command for the deficient limbs

Therefore, our approach requires the specification of two classes of functions, which use
sensor measurements from valid limbs as inputs (see section 2 for a description of the
used sensors). Transitions functions Si which correspond to detection of intention, will
be detailed in section 3, and illustrated with a sit-to-stand transfer action for paraplegic
patients under FES. Then, for each identified action, control functions C; have to be
defined, which monitor the ongoing movement and provide with the adapted
command; this part will be presented in section 4, and illustrated with a walking action
for stroke patients using FES. In both cases, after theoretical considerations followed by
some simulation results, real-time experiments are presented in order to validate the
developed methods.
One can notice that the framework presented in Figure 2 mixes discrete (action to action
transitions) and continuous (control functions within an action) behaviors; this duality
raises some integration issues that will be addressed in section 5.

2. Sensors

Our approach aims at observing valid limbs to help the control of deficient limbs. One
important constraint is to minimize the number and size of sensors involved in movement
observation to propose realistic solutions for rehabilitation applications to be used by
physiotherapist and/or the patient himself.
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Fig. 2. This table sums up the two envisioned cooperation levels between valid and deficient
limbs. The strategic levels, i.e. transitions from a task to another, are represented by
transitions functions S from a task to another. Tactic level is represented by control
functions C; which role is to provide an adapted command to the controlled limbs. Both of
these processings are based on measurements from sensors placed on valid limbs.

Different types of sensors may be used to achieve motion identification and monitoring.
Although EMG (Electro-Myo-Graphic), ENG (Electro-Neuro-Graphic) or even EEG (Electro-
Encephalo-Graphic) measurements could possibly provide with early information about the
intention of action, they suffer from important drawbacks (reliability and robustness) which
prevent from their use as embedded on a patient. Foot switches are easy to use and reliable,
but provide with very weak information about the movement. Flexible goniometers can
measure joint angles, but are difficult and time demanding to mount on the subject, and can
be easily broken.

We therefore preferred movement sensors which can provide us with some extrinsic
information, such as the dynamics of the movement itself. We found that this kind of
information was well-suited for a further adaptation of the artificially generated movements
with respect to the natural ones. Such embedded systems of motion capture, like
accelerometers, or gyrometers, are today widely used for movement analysis purposes, and
find lots of applications in medical or rehabilitation systems (Luinge and Veltink, 2004;
Pappas et al., 2002).

Since size and cost of those systems are important issues in our application, we selected a
set of micro-sensors minimizing these parameters. The movement sensor we use is a
micro-sensor developed by CEA-LETI (Grenoble, France), which associates 3
accelerometers and 3 magnetometers in a minimal volume (see Figure 3). This attitude
sensor is able, through the processing algorithms associated, to reconstruct the orientation
in space of the segment to which it is attached (Bonnet and Héliot, 2007). It is also possible
to have access to accelerometer measurements, which often provide with reliable
“signatures” of movements. A particular care was paid to an easy donning and doffing of
these sensors on the subject. A wireless version of this sensor has been developed, which
is suitable for motion capture.
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Fig. 3. CEA-LETI attitude sensor and its acquisition system. Left: Sensor size. Board is then
embedded in a silicon-like material. Right: Final view of the sensor, with its datalogger.

3. Strategic level: intention detection

A first issue in our approach is to identify the intention of the patient, i.e. to detect as soon
as possible the action (posture or movement) he/she is intending to perform. This can be
done through motion observation, based on information from sensors placed on valid parts
of the body. The operating scheme is thus the following: the patient uses his valid limbs to
initiate or stop the movement, or switch from an action to another. Once the intended action
recognized, the system triggers the correct command to apply (FES stimulation), so that the
movement the patient intends to realize is achieved through both the valid and deficient
parts of the body.

Of course, this scheme will work in a better way if the initial motion that the patient has to
perform through is valid limbs is normally (i.e. in healthy subjects) occurring before the rest
of the movement which will be artificially controlled on the deficient limbs. For this reason,
an important issue is the understanding of the temporal organization of the whole
movement, in order to place the sensors on the valid parts of the body which are normally
involved in the initiation of the movement.
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Fig. 4. Acceleration along Z axis during sit-to-stand transfer: 15 trials from one subject.
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In this section, we will focus, without loss of generality, on one example: the sit-to-stand
transfer, for paraplegic patient’s FES assisted rehabilitation. Rising from a chair with the
help of open-loop electrical stimulation of knee extensors is well accepted in paralyzed
persons (Kuzelicki et al., 2000). However, electrically stimulated knee extensors only
generate low joint moment during rising. Thus, the effort of upper extremities during
standing-up is extensive. Excessive physical effort and large upper limb forces often lead to
syndromes of shoulder overuse.

This movement is of great interest in a rehabilitation issue, since it is repeated many
times in everyday activities and is usually a prerequisite to gait initiation (Kerr et al.,
1997). In healthy subjects, the movement of the trunk precedes the action of the legs:
sit-to-stand is impossible without arm support if trunk inertia is not used and
associated with a proper postural preparation and action of the legs. In a paraplegic
patient, the coordination between the trunk and the legs, which is no more
occurring, must be re-introduced. Using a FES system, it is essential to optimize the
sit-to-stand transfer, in terms of muscle fatigue. Indeed, minimizing the energy
needed in rising up may improve the efficiency of the patient in his following
activities. For this reason, classical techniques consisting in stimulating as strongly as
possible the knee extensors throughout the rising process are inadequate with
prolonged and functional standing. We therefore aim at proposing a solution where
the global movement is “energetically” optimized, while the use of arm support is
minimized.

Although the following will be illustrated through the sit-to-stand example, the proposed
methodology can be applied for other types of transitions S from the framework described
in Figure 2.

3.1 Movement characterization

In (Azevedo and Héliot, 2005), we demonstrated the pertinence of observing the trunk
using a movement sensor system placed on the back of healthy subjects. Indeed, the
trunk normally initiates the sit-to-stand transfer, and remains a healthy limb in
paraplegic patients. We showed that trunk orientation and acceleration patterns
present low intra and inter-variability as well as a high temporal reproducibility and
could therefore be a nice characteristic “signature” of the sit-to-stand transfer (see
Figure 4).

The next step is to develop a recognition algorithm able to robustly detect this sit-to-stand
pattern; in the following section we propose and test two different algorithms for movement
detection and recognition.

3.2 Proposed algorithms

3.2.1 Method 1 - monitoring a correlation coefficient

This first algorithm uses a correlation computation to compare the A, acceleration
(acceleration along the Z axis, see Figure 4) with a reference (the typical pattern
characterizing the sit-to-stand transfer). This reference is built averaging the same
accelerometric signal over several the trials from a given subject, truncated in a way that it
only contains the initiation of the movement, stopped at the time when the legs actually
start moving. Provided that the reference contains N samples, we compute at each instant k
the correlation coefficient between the last N samples of the current A, acceleration
measurement and the reference:
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C(k)=ii(Az(k—N+n)—AZ)(Ay(n)—Ay) 0

NS Jo(4.)20(4,)?.

where A, is the measured acceleration and A, is the reference.

Once the movement begins, the correlation coefficient starts changing, and begins
increasing after a while. When the A, acceleration which we are testing reaches the instant
corresponding to the point when the reference has been truncated, the correlation coefficient
begins to decrease. Its maximum value should be very close from 1 if the acceleration
pattern matches the reference. Thus, movement detection / recognition is achieved in an

easy way: once the correlation coefficient reaches a value greater than 1 - ¢ & being small,
the movement is recognized as a sit-to-stand transition. The trigger for leg muscles
activation should be set as soon as the correlation coefficient begins to decrease (see Figure
5).

3.2.2 Method 2 - sequential detection of abrupt changes

Abrupt changes theory has been widely explored by (Basseville and Nikiforov, 1993); we
will introduce here only a simple application of this approach. Indeed, our detection issue
belongs to the area of detection of abrupt changes, which itself relies on sequential
Likelihood Ratio (SLR) estimates.
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Fig. 5. Correlation computation over time (full line), from the accelerometric signal (dotted
line). When the acceleration signal shows a pattern corresponding to the reference, the
correlation coefficient increases and gets close to 1. The vertical line corresponds to the
estimated time of leg movement onset, given by the maximum of correlation.

Given a non-stationary signal, one can ask when statistical changes occur. Computing a
Likelihood Ratio (LR), we can test between two or more hypotheses and then check if some
statistical characteristic of a signal belongs to one class or another. A sequential LR is then a
way to look online for any changes in the signal properties.
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We, here, apply this technique to detect a very simple change: transition from resting
to moving. Assuming that the acceleration locally behaves as a signal with constant
mean and variance o2, the computed LR allows to test between the two following
hypotheses:

*  (HO): the acceleration is close to its “resting” value, po

*  (H1): the acceleration is close to its “moving”” value, pl

_ nP(Hl)=('u1_'u0).(z(k)—'u0+'ulj )
P(H,) o? 2

k

Therefore, sx is positive if (H1) is achieved, negative otherwise. Then the cumulative sum,
SLR, is computed:

Sk=isn )

Assuming that the signal starts at its resting value (hypothesis (H0)), SLR decreases unt