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Abstract. Robots have been widely used in rehabilitation. Among Hréous applications, robots have been developed to assist
children with motor disabilities in play and academic aitiés. Several studies have shown the efficacy of these imtumils,

not only for allowing children to actively participate inglactivities, with direct impact on the development of ttegignitive,
social, and linguistic skills, but also as a means to asdaifdren’s understanding of cognitive concepts, when stethdests
cannot be used due to physical or language limitations. itnghper the use of robots for assistive play is reviewed filoen
perspectives of rehabilitation engineering and robotgfesiiming at defining a set of desirable characteristicstich robots.
Commercially available robots are then surveyed in corsparto the defined characteristics to evaluate to what ettteptcan

be used as assistive robots for play, learning and cogrdévelopment.

Keywords: Assistive robotics, play, cognitive developmassessment, augmentative communication

1. Introduction This paper begins with a brief overview of robotic
systems, and then describes a series of applications to
During typical development children learn cognitive,  rehabilitation, focusing particularly on robots to reveal
social, motor and linguistic skills through manipula-  cognitive skills for children with disabilities. The re-
tion of objects, often in the context of play. Because sults of these and other studies demonstrate the positive
of motor limitations manipulation of objects may be impact of the use of robotic systems by children who
difficult, and the quality of play and learning of skills  have disabilities and justify consideration of the design
may be compromised [51]. Robots can facilitate dis- requirements for a robot specifically for this population.
covery and enhance opportunities for play, learningand Combined with our previous experience [12,13,59] in
cognitive developmentin children who have motor dis- evaluating and developing cognitive skills in children
abilities [7]. The usage of robots in play contexts can with disabilities through the use of robots, this material
also help to track changes in cognitive developmentby forms the basis for a desired set of robot characteristics
the child, and may contribute to improved cognitive for play and education applications. In the final section
understanding [13]. Success with robot tasks could be of the paper a review of commercially available robots
an alternative way for children to demonstrate their un- pased on that set of characteristics is discussed.
derstanding of cognitive concepts avoiding the limita-
tions of standardized test administration, such as verbal
response or physical manipulation of objects. 2. Robotic systems

py— y JYT P r—— oo A robot is defined as “An automatically con-
* ress 1or correspondence: 00K, ., Proressor, pa H H
ment of Speech Pathology and Audiology, 3-79 Corbett Hatii- U trolled, reprogrammable, multipurpose, manipulator

versity of Alberta, Edmonton, AB, Canada T6G 2G4. Tel.: +p78 ~ Programmable in three or more axes, which may be
492 8954; Fax: +1 780 492 9333; E-mail: al.cook@ualberta.ca either fixed in place or mobile for use in industrial
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automation applications.” (International standard 1ISO
8373). Although this definition emphasizes manipula-
tors for industrial applications, robots can assume dif-
ferent shapes and are widely used in other areas in-
cluding rehabilitation, the amelioration of physical sen-
sory and cognitive limitations in children and adults
with disabilities. Robots can be programmed to ex-
hibit different levels of autonomy with respect to the
user. In one extreme, the robot can accept high level
commands specifying a task to be accomplished (e.g.,
get milk glass), and be able to perform that task mak-
ing whatever decisions are necessary without request-
ing any human intervention (fully autonomous). At the
other end of the scale, the user has direct control over
the robot movements (teleoperated). Multiple controls
are then necessary to operate the various robot degrees
of freedom. These controls might be directly or in-
directly accessible (e.g., through a scanning method).
For example, to position a robotic arm end-effector in
Cartesian space, controls for x, y, z coordinates must
be available. Between these two extremes of autonomy
(autonomous and teleoperated robot), several levels of Fig. 1. Fundamental robot components.
autonomy, shown in Table 1, can be defined, Sheridan’s
scale [63] being the most widely cited. One of the most only being able to control some of the degrees of free-
commonly used levels in assistive robots is level 4 of dom. Automobiles are usually non-holonomic since
autonomy, in which the user merely needs to hitor press the user can only accelerate/brake and change the an-
and hold a switch to replay a pre-stored movement. gle of the steering wheel in order to control the vehi-
Robots can be roughly divided into the following cle three degrees of freedom (x, y position and orien-
fundamental components (e.g., [56]): Chassis and En- tation). The vehicle cannot be moved sideways, for
ergy, Propulsion and Actuators, Environmental Inter- €xample. However, omni-directional wheels can pro-
face, Navigation, Guidance and Control, Communica- Vide sideways control and an additional degree of free-
tions, and Mission Control (see Fig. 1). Robots can dom. Usually actuators are equipped with odometers
be mobile or stationary. The following description is that measure the distance traveled by the vehicle (e.qg.,
for mobile robots, but with the necessary adaptations Wheels usually have encoders that give the number of
to each component description, the diagram in Fig. 1 revolutions of the wheel since it started to move). This
can also be applied to stationary robots. information, together with wheel radius is sufficient to
Chassis and Energgfersto the structural partofthe  estimate the distance traveled).
robot and to the power system on board, usually made In order to perceive the environment and physically
of rechargeable batteries. TBhassislefinestherobot  acton it the robot mustinclude &mvironmental inter-
shape and relates to the mechanical robustness of theface component: sensing and manipulation. Sensors
robot and payload capabilities. It should be adapted can be active, providing the energy necessary for infor-
to the environment where the robot will be used (e.g., mation acquisition, or passive, measuring only avail-
indoor or outdoor). able energy. Examples of active sensors are range-
ThePropulsion and Actuatorsomponentis respon-  finding sensors like sonar or laser beams. Bumpers
sible for robot movement. It encompasses the motors (touch), or force sensors are passive. Video cameras
and the actuators that transform motor rotational move- may have both passive (e.g. image sensor) and active
ment into translational robot movement. Actuators can (e.g. auto-focus system) elements. Robotic arms or
be wheels, drive tracks or artificial legs. The type and some kind of gripper can be added to a mobile robot to
geometry of the actuators influences the way a robot can enable physical manipulation of the environment, like
move. It can be holonomic, meaning that all degrees of picking up an object. Often these manipulation tasks
freedom are controllable, or it can be non-holonomic, require that the robot be able to detect and recognize
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Table 1
Sheridan’s levels of robotic autonomy (Sheridan and Veilpla978)

. Computer offers no assistance; human does it all.

. Computer offers a complete set of action alternatives.

. Computer narrows the selection down to a few choices.

. Computer suggests a single action.

. Computer executes that action if human approves.

. Computer allows the human limited time to veto before lauatiic execution.
. Computer executes automatically then necessarilyriméaghe human.

. Computer informs human after automatic execution ontyiihan asks.

. Computer informs human after automatic execution onilydécides to.

. Computer decides everything and acts autonomouslyriignthe human.

QWO ~NOOTA,WNPE

[any

objects in the environment through an appropriate sen- tory feedback can be either sounds, playback of pre-
sory system. For example, force sensors may help to ef- recorded messages or text-to-speech generation. Cur-
ficiently grasp an object. Also, depending on the robot rently, wireless communication systems are standard.

sensory systems, safety issues aimed at protecting the Finally, theMission Controcomponentaccepts high

robot, the environment, and the user (e.g. avoid falling
down stairs or hitting obstacles) may be implemented.
Navigationsystems provide current linear and angu-
lar positions and vehicle velocities. The position can
be known relative to an initial position (using odometer
readings), in relation to obstacles (using range-finding
sensors) or in a global coordinate frame (absolute po-
sition obtained by a Global Positioning System (GPS)
or by comparing range-finding measures with a map
of the environment). Some localization methods resort
to landmarks placed in the environment which are de-

level commands from a program or from a user directly
to specify a given task and coordinates all the compo-
nents so the robot can execute the task. Therefore, it
encompasses the human-robot interface and the soft-
ware necessary for subsystem control. This software
must be able to coordinate several concurrent process-
es to achieve a particular goal, and it is usually de-
signed under Artificial Intelligence or Hybrid Systetns
frameworks. The human-robot interface should match
the robot user needs. Most probably the robot will be
used by non-technical persons thus an intuitive con-

tected by the robot sensory system. Techniques used{ro! language should be developed, preferably a graph-

for object detection and recognition (e.g. using RFID
tags on objects) are also used for customizing the envi-
ronment for robot use. Modifying the environment and
objects so they can “communicate” with the robot is
usually referred as ubiquitous computing or embedded
intelligence. Maps of the environment can be known
a priori or can be interactively built by the robot as it
moves around.

After knowing where the robot is, it is necessary to
know where to go and how to get there. Figstid-
ance systemdefine a target point; thecontrol laws
drive the vehicle from the current position to the tar-
get point. Modern control strategies integrate guidance
and control, guaranteeing stability and performance of
the combined system.

TheCommunicationsomponent encompasses Visu-
al and auditory feedback to the user and also the com-
munication systems, if any, that convey information on
the robot state or sensory information to a base station.
Visual feedback can be provided by means of a display
or simply by meaningful use of indicator lights; audi-

IRadio Frequency ldentification.

ical one or possibly natural speech. The human-robot
interface may also have additional features depending
on the characteristics of the users, e.g. children with
disabilities.

Itis at the mission control level that different levels
of autonomy are implemented. Table 2 indicates the
degree of sensing, feedback and controllability that the
robot must have for each of Sheridan’s ten levels of
autonomy. Controllability refers to the complexity of
the control unit used to obtain robot movement ranging
from one button, to a sub-set of functions, to controls
for all the degrees of freedom. There are some grey
areas between categories in the table. For example,
although one could argue that a robot with level one of
autonomy (teleoperated) need not be programmable, in
order to implement several levels of autonomy in the
same system the robot should be fully programmable.
Table 2 is a guide to the characteristics that are neces-
sary or desirable for a robot to have in order to function
at a given level of autonomy. Thus, typical assistive
robots operating at level 4, must have range, cliff, touch

2Hybrid systems are those that include continuous and déscre
states.
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and image sensing to keep from getting into inoperable 3.3. Assistive mobility

situations (e.g., falling off of a table) and they must have

either visual display or auditory message (preferably  Robotic systems have been applied in assistive mo-
both) as feedback to the user/programmer. bility to develop power wheelchairs (see e.g. [14],
chapter 12, and the references therein) with environ-
ment sensors and control systems that enable these
wheelchairs to become more autonomous (e.g. [52]).
Research has been carried out to design mobile robots
that young children can use [10,73].

3. Robots to support therapy, activities and
participation

Robotic systems have been widely applied to reha-
bilitation. Several applications are for children and
are described in the next sections. Upper extremity
prostheses and exoskeletons are beyond the scope of . .
this paper. Section 4 describes robotic applications  With the development of the Artificial Intelligence
to reveal cognitive skills for children with disabilities.  'eseéarch field, new kind of robots showing aspects of
The most important and relevant robotic system com- numan-style intelligence has emerged. These social-
ponents from each rehabilitation application will be Y interactive robots are able, to some extent, to per-

3.4. Robots for social integration

discussed in Section 4.5. ceive and interact with their environment, and have
been used to promote social integration. Several stud-
3.1. Robots for physical therapy ies have been conducted to establish the usefulness of

robots in autism therapy. People with autism have im-
The rationale behind applying robots to physical paired social interaction, social communication, and
therapy is that “robot-aids not only are more efficient social imagination [18]. Robots could be helpful when
in delivering certain routine physical and occupation- human intervention is a barrier to learning, as might
al therapy activities, but also provide a rich stream pe the case with autistic children. Also, it is hypoth-
of data that assists in patient diagnosis, customization esized that the “social” relationship the autistic child
of the therapy, and maintenance of patient records (at might develop with the robot can then be transferred
the clinic and at home).” [38]. Rehabilitation robots  to humans. Both stationary robots which imitate hu-
are typically stationary and have articulating parts that man face expressions and gestures, and mobile robots
guide the child through required movements with con-  that interact with children trough movement have been
trol over resistance, speed, and number of repetitions developed. Please refer to [18,49]. For a survey on
(e.g. [37]). Exploring the plasticity of the brain, the  gqcially interactive robots see [21]. Recently, research
goal oriented repetitive movements that the robots are 55 peen done addressing the more general problem

able to induce may co_ntribute f[o the re-learnir?g of the of developing robots that can be children’s partners or
movement by the patient, while saving physical and playmates (e.g. [32,7]).

occupational therapists’ time. The Lokomat, a robotic
assisted treadmill, has been used therapeutically to im-
prove gait speed, endurance and standing and walking
performance in children with cerebral palsy [8,36,47].

3.5. Using robots to aid functioning by children with
disabilities

The pioneering work of Seymour Papert [57] showed
that robots can enhance motivation and provide a test

The goal of applications with robots as personal as- Ped for “learning by doing”. For children with dis-
sistants is to provide manipulation aids to people with abilities, robots can provide a means to engage in play
motor impairments and or intellectual disabilities, as- and academic activities thatinvolve the exploration and
sisting with several everyday functions such as eating or manipulation of the environment [12]. Robots have
personal hygiene [14]. Personal assistants can be robot-been used successfully to allow children to participate
ic arms which can be stand alone assistive technologies in school-based tasks that would otherwise be closed to
(see e.g. [68] or integrated in a wheelchair [62]). More them. A prototype interactive robotic device was used
recently, mobile autonomous platforms with and with-  for play by two groups of children, four in pre-school
out robotic arms have been developed to assist elderly (2 to 4 years old) and five in elementary school (5 to
and people with disabilities in their homes (see e.g. [16, 9 years old), all having moderate to severe physical
55,50)). impairments, and five also with cognitive delays [33,

3.2. Robots as personal assistants
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42,43] adapted the Manus arm for use by children with
cerebral palsy (CP) by altering both the physical con-
trol of the robot and the cognitive tasks required for
control. The robot was used for various pick and place
academic activities with six participants, 7 to 29 years
old, all of whom had CP. The Handy 1 Robot, original-

A. Cook et al. / Robots: Assistive technologies for play;fieg and cognitive development

4. Using robots to reveal cognitive skills for
children with disabilities

The potential of using robots to reveal cognitive skills
for children with disabilities has been referred to by
other authors (e.g. [23,71]). Research projects in our

ly designed as a feeding aid, was adapted for use in a group (see references 1-4, 11-15, 59, 65) have focused

drawing task to allow children to complete assignments
with minimal assistance in class alongside peers [64].
A specially designed robot for access to science lab
activities was trialed with seven students aged 9 to 11
years who had physical disabilities [28]. Access to
the science and art curricula for students, aged 10 to
18 years, who had arthrogryposis, muscular dystrophy,
and CP was evaluated with a multi-purpose worksta-
tion called the ArlynArm [19]. Harwin et al. [25] de-
scribe a robot workstation for use in Education of the
physically limited based on the low-cost commercial
SCARA robot. Clinical trials with the SCARA involv-
ing stacking and knocking down toy bricks, sorting ar-
ticles, and playing the Tower of Hanoi game, showed
that the children enjoyed using the robot and were able
to achieve tasks otherwise impossible for them. In the
PlayROB project [40] a dedicated robot system which
supports children with severe physical impairments for
interaction with Lego bricks was developed. A first set
of trials was conducted with three able-bodied children
(between 5 and 7 years old) and three disabled children
(between 9 and 11 years old; child 1 — multiple disabil-
ities; child 2 — tetra paresis; child 3 — transverse spinal
cord syndrome). According to the authors, “In general,
most of the children enjoyed playing with the system
and the goal to make autonomous play for children with
physical disabilities possible has been fully achieved.”
(page 2899). Upgraded versions of the robot system
were then used in a multi-centre study involving chil-
dren with and without disabilities to investigate possi-
ble and estimated learning effects. The encouragingre-
sults of this study are reported in [40]. Tsotos etal. [69]
present a research project aiming at building a robotic

system to access and manipulate toys. The focus of

the research in this project has been on the vision sys-

tem because that's the greatest technical challenge in

the authors’ opinion. The problems faced by children
with mobility impairments were addressed in the initial
stages of the project (see e.g. [5]).

All the above applications in this section use robots

on cognitive skills associated with robot use in three
ways. First, robot studies have been designed to re-
quire specific cognitive skills by the child. Generally,
constrained in some way, these investigations have re-
vealed underlying cognitive skills that may have been
undetected or not easily measured by more traditional
means. Second, environments of discovery have been
developed in which children with disabilities are en-
couraged to explore and problem solve using robots.
These unconstrained studies have provided a platform
on which children can demonstrate a variety of cogni-
tive skills. Finally, there have been studies of robot use
by young typically developing children. Three of the
robots used in these studies are shown in Fig. 2.

4.1. Means end causality and tool use by infants

Infants typically develop the concept of tool use in
which they understand the relationship between objects
and use one object to obtain another (e.g., using a stick
to extend reach to push a toy) by age 8 months [70].
In order to determine if this concept would also apply
to the use of a robot, the MiniMover robot arm (Fig. 2)
was used with young children with and without dis-
abilities aged 6—18 months in a direct control task in
one dimension [11]. The MiniMover is a half human
scale robotic arm with six degrees of freedom (shoul-
der, elbow, wrist and base rotation, and wrist flexion
and extension). It is designed for table top use in an
open loop control mode. The robot arm held a crack-
er. When the child pressed a switch the arm moved it
closer, and when the child released the switch the arm
stopped moving. Reaching for the cracker and then
pressing the switch when the cracker was out of range
was taken to mean the child was using the robot as a
tool to bring the cracker closer. This conclusion was
also supported by observed behaviors such as point of
visual regard (e.g., looking at the arm, then looking at

as therapeutic or enabling tools. However, as stressed the switch, then pressing the switch, then looking back

in Section 1, observing children using robots can al-

so provide a means to assess their cognitive develop-

ment. Section 4 is dedicated to robots for manipulation
which are used in scenarios designed to test children’s
demonstration/development of cognitive skills.

at the arm expecting it to move) and affect (smiling,
crying, laughing to indicate level of enjoyment or dis-
tress) during task [11]. The use of behavioral analysis
such as this has also been reported by Dautenhaun and
Werry [17] who called them “micro-behaviors”. Three
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Lego roverbot car

Fig. 2. Robots used in studies with children who have digasl

typically developing and six developmentally delayed children, consistent switch access was generally not
children participated in the study in a pre-school set- established, and it was difficult to assess cognitive and
ting. An infant development scale (Bayley Develop- language skills using standardized measures. A large
mental Scale) was used to asses the cognitive age of thetub of dry macaroni noodles was used as the medium for
children [6]. All typically developing children whose  burying objects. There were three tasks for the child.
age was greater than eight months used the robot armThe first task involved pressing switch 1 to cause the
as a tool and younger children did not. All children robot to dump the macaroni from a glass. The second
with disabilities who had a cognitive age greater than task had two switches each controlling one step: (1)

eight months also used the arm as tool. press switch 2 to dig an object out of the macaroni, and
(2) switch 1 to dump the macaroni and object. The
4.2, Sequencing in a constrained task third task consisted of a three step procedure for the

child: (1) press a 3rd switch to position the robot arm

In order to evaluate the ability of young children for digging (using up to 8 increments of movement
to carry out a three step sequencing task, the Rhino requiring multiple presses of the switch), (2) press the
robot, shown in Fig. 2, was used by twelve children 5— switch 2 to dig an object out of the macaroni, and (3)
10 years old who had severe physical disabilities [12]. press the switch 1 to dump the macaroni and object.
The Rhino robot is an industrial robotic arm with the Goal Attainment Scaling (GAS) [35] was used to
same degrees of freedom of the MiniMover. Itis also evaluate the participants’ level of achievement in these
designed for table top use but has built in closed loop three tasks. Five levels were assigned: expected result
control systems for each jointand can also be controlled (value= 0), two better performance levels-{, +2)
in Cartesian space coordinates. Children controlled the and two worse{1, —2). Examples of GAS Scales are
robot using single-switches. None of the participants shown in Table 3.
were able to engage independently or with another child  All twelve of the participants were able to inde-
or adult without some adaptation in co-operative play pendently control at least two switches in the se-
in which objects of various materials (e.g., sand, water, quence. Seven of the children independently used
macaroni)” are placed in containers of various types all three switches and one used three switches with
and then dumped out for the sensory (auditory, tactile some prompting. Teachers initially thought that the re-
and visual) feedback that occurs. All of the participants searchers had overestimated the skills of the childrenin
had experience using single switches to operate toys selecting them for this project. At the end of the study,
and to access computer games, but for many of the teachers were surprised at the level of accomplishment
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Table 3

Examples of goals used in goal attainment scaling

Goal

Goal attainment scaling guide

Operation

Functional

Carry over

+2 Best Expected
Outcome

+1 Better Than
Expected
Outcome

0 Expected Outcome

Controls 3
switches with
auditory and visual
prompts

Controls 2
switches with a 2
step scoop with out
assistance

Controls 2
switches
intentionally with
out assistance

Understands “your
turn” and responds
appropriately

Understands turn
taking with
auditory and visual
prompts

Anticipates and
responds
accordingly to her
turn

Anticipates the
outcome of the

Enjoys interaction
with the instructor

—1Less Than Controls 2
Expected switches with
Outcome prompting task
—2 Worst Expected Controls one
Outcome switch
intentionally

during the trial

Unexpected gains in
classroom activities

Shows more interest in
classroom activities. Eg.
Increase in vocalization,
words, attention span,
and enthusiasm

Increased interaction,
and becomes excited
when teacher speaks
about the robot session

No change

Shows less attention, is
more passive in the
classroom, and

anticipates session when
she sees the therapy staff

of the children. A set of open-ended questions were al-
so used with the teachers to provide insight into child’s
social and academic performance before and after us-
ing the robot. The primary themes from the teachers
were:

Reactions:

— “[student] Smiled and got excited when robot men-
tioned in class or at home.”

— “Robot gave [student] something to look forward
to and become excited about.”

— Children’s reactions to robot were very positive

— Robot tasks were more motivational (generated
more interest and excitement) than single switch
tasks with toys, appliances and computer-based
activities

Communication:

— “had more vocalizations in class, and was more
interactive after robot use.”

— “[Student] used new symbols in class and interac-
tion increased.”

Confidence

— “[student’s] confidence and interaction increased,
he looked forward to the sessions.”

— “On the way to robot [student] anticipated what
was going to happen; her ability to control robot
increased [student’s] self esteem.”

This study is reported in more depth in [12].

4.3. Discovery and problem solving in unconstrained
tasks

In the previous two studies [12,13] the tasks were
constrained due to the nature of the robots and the type
of control required. The robots were also expensive
($1500 to $10,000US), making replication in schools
and children’s home difficult. Lego MindStorrhs
robots cost approximately $300US and provide a
very flexible platform for evaluating how children use
robots. Namely, one can easily build robots with differ-
ent shapes, stationary or mobile. Small motors may be
used for propulsion or to drive moving parts. Several
sensors (e.g. touch, light, sound) are available to pro-
vide information about the environment. These robots
are equipped with a microprocessor that allows for pro-
gramming different levels of autonomy. Additionally,
they can be remotely controlled via infrared signals.
For our studies, the commercial remote controller was
adapted to enable the control of the robots using single-
switches. The Lego Inventidrroverbot” vehicle and
robotic arm (Fig. 2) were used to determine if low cost
robots could provide a means by which children with
severe disabilities can demonstrate understanding of
cognitive concepts [13]. Both constrained and uncon-

3http://mindstorms.lego.com/en-us/default.aspx.
4http://mindstorms.lego.com/.
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Table 4
Robot skills related to development of cognitive skillsrdif [13]

Skill Definition for robot use Age considerations* (typital Lego Robot Examples
developing children)
0 Nointeraction Child displays no interest in theNA NA
robot or its actions

1 Causality Understanding the relationship< 3 action is in switch, tried to Use switch to drive robot, knocking
between a switch and a result- use disconnected switches over blocks with robot, drawing cir-
ing effect > 4 yrs understood switch cles on paper by holding a switch

made robot move down and turning robot

2 Negation An action can be negated by its4 yrs: begin to understand that Releasing switch to stop robot
opposite switch release stops robot

3 Binary Logic Two opposite effects such as on5-6 yrs: understood 2 switches 2 switches turning robot right/left,
and not on with opposite effects. or go and stop

4 Coordination of multiple Movementin more than one di- age 5: Could fine tune a move- Moving roverbot to a specific loca-
variable Spatial concepts- mension to meet a functional ment by reversing to compen- tion in two dimensions

multiple dimension goal sate for overshoot, etc
5 Symbolic Play Make believe with real, minia- 6 yrs: Child ID action in robot Interactive play with pretense, i.e.
ture or imaginary props [51] not switch, planning of tasks is serving at tea party, exchanging toys
possible with friends , pretending to feed an-
imals all using robot
6  Problem solving Problem solving with a plan —7 yrs. Designed robot and Changing strategies to solve a prob-

not trial and error, Generation thought about coordinated ef- lem such as avoid an obstacle,

of multiple possible solutions  fects, planning was possible, Changing task to meet the child’s
Can understand simple pro- own goal, simple programming
grams and debug

From Forman (1986).

strained tasks were utilized in a study with different RobotiX™ robof construction kit, children demon-
levels of autonomy that allowed free play and discov- strated five problem solving skills: causality, spatial re-
ery by ten participants who ranged in age from four lations, binary logic, the coordination of multiple vari-
to ten. Their disabilities were primarily cerebral palsy ~ables, and reflectivity [22]. The specific robot skills
and related motor conditions with widely variable mo- achieved in each of these areas varied with the age of
tor, cognitive and language abilities. All had complex the children. Stanger and Cook [65] studied typically
communication needs and were non-speaking. developing chlldrenZ one to.three years of age, using
Initially, participants used single switch activationto & Hero 2000 robétin a series of increasingly cog-
activate pre-stored movements such as a robot danc_.n|t|vely complex_ tasks. Cognitive skills |n\_/est|gated
ing, knocking over a stack of blocks or drawing circles mcluded.causallty and the use of sequencing two and
. . . three switches to carry out a task. Two and three year
on a large piece of paper. This established that the ; : . .
. . . old children consistently demonstrated causality, while
child had an understanding of causality and the func- : . : )
. o : : the youngest children (16 months) were inconsistent in
tion of the switch in controlling the robot. For partic-
ipants who demonstrated understanding of robot con-

this task. Only the three year old children were able
- ] g . to complete the two step sequencing task. None of the

trol, four switches were used in an unconstrained dis- ¢pjigren completed the three step sequence successful-

covery task in which the child controlled the roverbot ly. Based on these studies of typical children’s use of

to turn (left/right) and move (go/stop). For some chil-  ropots, the set of robot tasks shown in Table 4 was de-

dren the switches were accessed with hand movement\/e|0ped_ Each task requires Cognitive skills of Varying

and for others it was a combination of hand and head |evels of complexity. A child’s performance on these

movement. tasks, which are progressively more cognitively chal-
In order to characterize and evaluate the cogni-

tive skills being demonstrated by the participants dur-

ing the unconstrained use of the robot, a compari- 5Ro_botix discontinued, but see http://en.wikipedia.oilitv

Robotix (toys).

son to robot use by typically developing children was 6Hero 2000 discontinued, but see http://www.hero2000bot
used. In a study of three to seven year olds using a com/9501.html.
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lenging, provides a proxy measure of cognitive under-
standing by children with disabilities performing robot

tasks by comparison to typically developing children at
different ages. The results of the study involving ten
children with disabilities is summarized in Table 4 and
reported in more depth in [13].

In a recent study, eighteen typically developing chil-
dren aged three, four and five years used a Lego robot
to complete tasks based on the cognitive concepts of
causality, negation, binary logic and sequencing [59].
All of the participants understood causality. The four
and five year old children grasped the concept of nega-
tion, but the three year olds had more difficulty under-
standing this concept. Most of the 4 and 5 year old par-
ticipants succeeded at the binary logic (left and right)
task. Forman found that only children older than four
were able to understand binary logic. This may have
been due to Forman’s use of one rocker switch with
two directions of movement whereas this study used
two separate switches for each direction located spa-
tially on the left and right side of the forward switch.
None of the three year olds were able to consistently

use atwo step sequence to accomplish atask. Fouryear

olds displayed greater understanding of the sequencing
task than younger children, while five year olds had no
problem in accomplishing the task. This study verified
that the cognitive skills listed in Table 4 develop at the
ages shown for typical children.

4.4. Integrating communication and robotic
manipulation

Children who have motor limitations are sometimes

A. Cook et al. / Robots: Assistive technologies for play;fieg and cognitive development

sions and DVD machines. Since the Lego Mindstorm
robots are infrared controlled, they can be controlled
from SGDs. New generation of Lego Mindstorms and
SGD have Bluetooth capability, but that version has not
been tested to date.

Using communication devices to control the Lego
robots addressed several limitations observed in previ-
ous Lego robotic play studies. For example, it can be
difficult to find the six switch access sites required for
control of a three degree of freedom robotic arm for
children with severe motor disabilities, and several par-
ticipants could only use single or dual switches. Thus,
using their communication device, these children are
able to control the robot via scanning. In addition to
scanning, the use of an augmentative and alternative
communication (AAC) device opens up the possibility
of other alternative access strategies such as manipula-
tion of a cursor through head or eye pointing. Hence,
the main difference in the robotic system from the pre-
vious Lego robot studies was in the Human-Robot In-
terface.

Two pilot studies of an integrated system have been
undertaken [1,15]. In the first study, an integrated com-
munication and robotic play testing platform under-
went usability testing and iterative design with profes-
sional experts [15] and children with and without dis-
abilities (in preparation). The experts and older chil-
dren (5 years old) were able to teleoperate the roverbot,
but the younger children (3 years old) were only able
to control the robot by pressing one switch to initiate
a program of a sequence of movements. The results

also limited in communication. These children may showed that children prefer to do activities using the
use Speech Generating Devices (SGDs) to meet somerobot rather than directing another person to do it and
of their communication needs. SGDs are stand alone that they will spontaneously talk using the communica-
or computer based electronic devices that produce dig- tion device during play. The testing platform provided
itized or speech output in response to selections made 3 means to examine the best ways to present informa-
by the child using a variety of input methods including 5 (pages, links, symbols) for finger-pointing users,
typing, head pointing orscf'inning_ [14]. Oneofthe chgl- but requires testing with scanning users.

lenges faced by these children is the degree to which In the second study, a commercially available com-

use of the SGD isolates them from other activities in- Co . . -
: . . munication device was used by a single participant (a
cluding play and academics. For example, an SGD is .
12 year old girl who has Cerebral Palsy and uses two

generally placed directly in front of the child and the : g ) )
switch scanning) to examine the feasibility of control-

child has to turn away from it in order to play. Since > . ~ o ’
much of play and selected portions of the academic cur- N9 Lego robots for academic activities [1,2,4]. This

riculum involve manipulation of real objects, integrated  Study was useful to establish that it is feasible to con-
systems have been developed so children can commu-trol Lego robots via an AAC device for social studies
nicate and control Lego robots using the same device and math activities. With systems such as these, chil-
and access method. Many SGDs have the capability to dren can demonstrate and develop manipulative, com-
learn infrared commands, for instance to control televi- municative and cognitive skills in an integrated way.
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4.5. Robot system components for rehabilitation
applications

The robot system components shown in Fig. 1 have
unique properties in each of the rehabilitation applica-
tions discussed in this and the previous sections. For
example, in the case of robots for physical therapy, as
personal assistants or to provide assistive mobility, the
Chassis and Energgomponent should be specifical-
ly designed for its intended use. For other rehabili-
tation applications, since payloads are generally small
and the robots are generally used in indoor controlled
environments, th€hassis and EnerggndPropulsion
and actuatorscomponents do not provide major de-
sign challengesCommunicationgenerally takes the
form of feedback to the user regarding the task and
the status of the robot. Most pediatric applications
in rehabilitation have limited communication with the
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nents in Fig. 1 were already implemented and appropri-
ate for the applications. The only customization nec-
essary was modification of the Mission Control Sys-
tem in order to provide accessible control interfaces for
children with special needs and programs to carry out
the specified tasks. However, the use of commercially
available robots poses limitations on the various play
and education scenarios where robots could be useful
for children with disabilities. For example, the large
and robust Rhino robétwas expensive and required
specialized programming. The small but inexpensive
Lego robot8 were fragile and required frequent minor
adjustments. Small robots also have limited payloads
and cannot be implemented for functional tasks with
actual play or academic objects. Limited environmen-
tal sensing and navigation capabilities may limit the
degree of autonomy that can be achieved. Often the
Mission Control component is limited to simple com-

child, but they may have significant communication mands or short programmed tasks and not suited for
with a user interface remotely accessing the robot for more complex scenarios such as automatic adjustment
the researcher/therapist/caretaker. This component is of the degree of autonomy according to the child’s per-
also often employed to download programmed tasks formance. Based on a literature review conducted by
into the robot. The level of autonomy (Table 1) has a the authors in 2008 and on the experience gathered
direct effect on theEnvironmental Interface, Naviga-  from previous robot studies, the desired characteristics
tion, andGuidance and Controlobot system compo-  of a robot specifically designed for assistive manipula-
nents. The greater the autonomy, the more dependencetion in play and school by children who have disabili-
there is on the design and implementation of these el- ties are discussed in this section. Literature on design
ements. For most of the applications described here, of socially interactive robots and manipulation aids for
these components play a small role. The exceptions adults was also surveyed and the concepts that were
are robots used as personal assistants, modern assistivgonsistent with our play and education goals were also
mobility devices, or robots for social integration where included. Kemp et al. [34] give an overview of the

these components become more important. M present challenges in developing robots that perform
sion Controlcomponent is essential for defining and  yseful work in everyday settings.

executing particular tasks in a variety of rehabilitation

settings. Since it encompasses the human-robot inter-g 1 Design considerations for a children’s robot

face, particular attention should be dedicated to this

component so the robot can be easily used by a broad - The main considerations in designing a robot for as-
range of persons, with and without disabilities (e.9. sjstive play and education are: intended use, techno-

therapists, caretakers). If the intended users are per-|qgica| characteristics, aesthetics, and economic con-
sons with special needs, appropriate accessible control gjgerations (Fig. 3).

interfaces and selection methods should be considered
(see [14], chapter 7, for a discussion on human-robot 511

. e Intended use
interface for persons with disabilities).

As described by the Human Activity Assistive Tech-
nology (HAAT) model [14], the design of any assis-
tive technology system should start by defining the Ac-
tivities in which the user needs/wants to engage and
the Contexts in which those activities will take place.

5. Characterization of assistive robots for playing
and cognitive assessment

Commercially available robots were applied in the
research using robots to reveal cognitive skills de-
scribed in the previous section. Most of the compo-

7http://www.rhinorobotics.com/.
8http:/mindstorms.lego.com/.
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sis since it should incorporate passive elements that
prevent injury to the child in case he or she comes in
contact with the robot. Also the sensory system should
enable the robot to detect and anticipate dangerous sit-
uations. Finally, the mission control system should
implement safety procedures that override any other
vehicle operation.

It is mostly at the mission control level that spe-
cial attention is necessary when developing robots for
children with disabilities, since this component encom-
passes the human-robot interface and the coordination
of all robot subsystems to accomplish a specific task.
Software design for robot control has its base in the Hu-
man Robot Interface (HRI) research field and is depen-
denton considerations from different areas of expertise
such as psychology, physical and occupational therapy,
speech and language pathology, artificial intelligence,
and computer science. Goodrich and Schultz [24] pro-
vide a comprehensive survey of human-robot interac-
tion. Human-robot interfaces should be intuitive and

Technological
characteristics

Economic
considerations

Fig. 3. Robot design forces.

In the present case, the activity is robot-assisted ma-
nipulation that allows children with motor disabilities
to engage in play and academic activities providing a
tool for exploring, discovering and altering the environ-
ment. ldeally the robot will be flexible enough to al-
low for a wide range of activities. Activities should be

developed only by considering user needs and prefer-
ences, not by constraints of any specific technological
solution [60]. The third aspect of the HAAT model ap-

proach is a consideration of the skills the person is ca-

accessible for non-technical individuals [26]. The de-
velopment of “standard control software to enable the
use of the same programs across robotic systems” is
also important [30, p. 150].

A rehabilitation robot for children should be usable
by children who have a variety of disabilities, should
have easily learned operation, and should include sim-
ple and comfortable access to input devices [29,44].
The interface software should provide easy, transparent
access to the capabilities of the robot empowering the
user and giving a sense of effective control over the
system and environment [29]. Additionally, the robot
49]. A robot that is robust will also be more reli- should interact in a natural manner with the user and
able. When working with children who have disabili- robotic systems, operation should be easily learned by
ties, the need for reliable and accurate robots is essentialnon-technical users and children [49] and provide ap-
since failures frustrate and disengage users [12,26,30, propriate feedback. Kronreif and Prazak-Aram [41]
39,41]. Also, robot inaccuracies in performing a given aimed at “plug & play” operation for their robotic sys-
task must be compensated by human intervention, thus tem. Teaching the robot through the child’s own body
limiting independent use of the system by the child. motion is a natural way for children to program the
Robustness issues should be taken into considerationrobot [58]. However, teaching by the child’s movement
when designing each of the robot components shown is more directed to socially interactive robots or phys-
in Fig. 1. ical therapy than to assistive robots for children who

Safety is a key issue when designing robotic systems have motor disabilities to augment physical movement
to be used by children [29,30,39,44,48,49,53]. The of objects.
robot cannot, in any situation, place the child indanger.  In principle, the HRI should provide full control over
Moreover, “the acceptance of robots for health-care ap- the assistive technology (e.g., allowing all degrees of
plications has been slowed by safety concerns” [44, freedom of a mobile robot to be controlled) so the user
p. 298]. Lees and LePage [44] also discuss the tradeoff can be fully in charge of the activity. In practice, due to
between cost and safety. Michaud et al. [48] specifical- motor or cognitive impairments, it might be necessary
ly refer to the problem of avoiding small parts. Safety fora portion of the control to be taken over by the robot-
has direct implications in the design of the robot chas- ic system (e.g. Levels 2-10 of Table 1). This may limit

pable of for participating directly in the activity and for
controlling the interface to the robot. The envisioned
activities, contexts and anticipated human skills should
then determine the required technological capabilities
and characteristics of the robot.

5.1.2. Technological characteristics
A desired robot characteristic is robustness [29,41,
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the freedom of the child (e.g., to move the robot from 5.1.3. Aesthetics

one point to another the user might only be able to se-  Robotic systems for children must be appealing to
lect pre-specified destinations using a scanning method the child and significant others [28]. Aesthetics in the
and the system would plan the trajectory and drive the design of assistive technologies for children has been
robot through that trajectory, avoiding obstacles if they - stdied for augmentative communication devices and
occur). Progressing through levels of autonomy (e.9., (gpots separately.

from Level 10 to Level 4 or 5 of Table 1) allows for
the gradual introduction of the control of the assistive
technology. Decisions to move from one level to an-
other can be based on skills such as those shown in Ta- : . .
ble 4 since each higher level in Table 4 requires greater current AAC devices are f:le3|g.ned _by a_dUItS’ L_|ght et
autonomy by the child and less by the robotic system. a!. [46_].<?onducted astudyin Wh|ch six children without
The robotic system should then have a high degree of disabilities were asked to design low-tech AAC proto-
autonomy in the first trials, but can gradually release tyPe systems to obtain an indication of the children’s
control to the user as he or she masters the System_ If preferences. The children’s inventions differed Signif-
possible, after the learning process, the user should beicantly from the designs of current AAC technologies,
able to fully control the robotic system (Level 1). Thus, namely they incorporated multiple functions (e.g.,com-
software that allows for the implementation of different munication, social interaction, companionship, play,
levels of autonomy that match the child’s performance artistic expression, telecommunications), provided dy-
level must be developed. Ideally the robot would auto- namic contexts to support social interactions with oth-
matically adaptits level of autonomy according to user  ers, and made use of bright colors, lights, transformable
performance. Several authors report the use of differ- shapes, popular themes, humor, and amazing accom-
ent levels of autonomy in their robotic systems(cf. [10, plishments to capture interest, enhance appeal, build
13,25,27,29,53]). Some of these robotic systems offer self-esteem, and establish a positive social image [46].

more than one level of autonomy, but none of them The AAC systems designed were seen as children’s

automatically adapt. Future development of robotic ) . .
. companions and were easily personalized to reflect the
systems that automatically adapt the level of autonomy , . . .
user’s age, personality, attitude, interests, and prefer-

according to user performance would increase the abil-
ences.

ity of the robot to help the child develop autonomy as _
skills increased. Bumby and Dautenhahn [9] conducted a study with

For a discussion on the user interface for an assis- thirty €ight children between the ages of seven and
tive robot based on considerations from robotics, cog- €leven, divided in groups of nine to ten, to identify how
nitive science, human factors engineering, and human- they perceived robots and what type of behavior they
computer interaction fields, please refer to [66]. Most may exhibit when interacting with robots. It was found
important concepts to a successful human-robot inter- that children see robots as having geometric forms with
face design, like visibility (of the controls), concep- human features in their faces and feet for walking,
tual mapping (between the controls and the actions), placed them in familiar settings and social contexts,
feedback, modeless interaction, and error recovery or and attributed free will to them. Despite the familiarity
reversible actions, are common to the design of every- yith the technology all groups showed a tendency to
day things [54,66]. Stanger’s paper also addresses theqerestimate the capabilities of the robots. The robots
gvaluatlon off;pec;ﬂ_c mtﬁrface d.eSﬁnsd, St.reslsmg the should be appealing to attract children’s attention [12,
Importance of involving the user in the design loop at 49,61,67]. Examples of ways to make robots appealing
early stages. . . L

i . - to children are the use of bright colors, replication of

Other desirable technological characteristics for a . )

well known children’s themes (e.g., cartoon or book

child’s robot include: portability, so the robotic system . . .
can be used in a place the child knows, thus reducing characters), incorporating amusing movements or ac-

distractions and anxiety [26,53,72]; availability of a tions, and allowing for easy personalization to match
logging system to record every play session in order to the child’s preferences. Balance must be obtained be-
assess possible learning effects from the robot use [40]; tween creating an attractive robot and distracting the
and usage of vision sensors, essential to enable selfchild from the tasks by too many cosmetic features.
adaption of the robot to changes in the environment[25, These considerations have impact on the design of the
44]. chassis and communications components of the robot.

Light et al. [45] examined popular toys for young
children to identify potential designs that might im-
prove the appeal of AAC systems. Recognizing that
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5.1.4. Economic considerations
Along with safety, cost is one of the most frequent
limitations of rehabilitation robots cited in the litera-

A. Cook et al. / Robots: Assistive technologies for play;fieg and cognitive development

quire the design of a customized human-robotinterface
to make them accessible to children with special needs.
If a particular robot accepts commands via infrared sig-

ture [20,26,30,31,39,44]. There is a cost-performance nals, off the shelf assistive technology devices can be
tradeoff, industrial-grade robots are robost but expen- used to control the robot such as switches, communica-
sive and cheaper robots designed for education are in- tion devices or a computer. New assistive technology
expensive but not robust. Two observations foundinthe devices incorporate Bluetooth technology thus also al-
literature are: “poor cost-to-performance ratios have lowing for the control of robots that accept commands

been the major weakness of the ‘functional aid’ applica-
tions for robotic/mechatronic systems” [20, p. 24], and

via Bluetooth.
Table 5 characterizes each robot and relates it to the

“in education, professionals have concentrated on find- robot components shown in Fig. 1. Additional detalil

ing ways of forcing cheap robots to barely meet their

has been added to some of the component categories

needs rather than developing robotic systems that are shown in Fig. 1. Due to the cost constraint, only Mind-

truly well suited for educational purposes” [44, p. 298].
In fact, cost is still the limiting factor in developing
robots for children who have disabilities that can be
widely used in school or home scenarios.

5.2. Characteristics of commercially available robots

Aweb based survey of commercially available robots
was carried out by the authors in 2009 in order to com-

storms NXT from Lego or Robot Explorer from Fis-
chertechnik (first two robot columns of Table 5) meet
the design specifications without any additional techni-
cal development at the robot level. The previous Lego
studies reported on earlier in this paper were conducted
with the earlier infrared controlled Lego Mindstorms
robot, not the currently available Bluetooth version
shown in Table 5. A wide range of sensors comes with
these systems and the manufacturers provide a visu-

pare available technology with the desired robot charac- al programming environment usable by non-technical
teristics. Ready-to-operate robots, kit robotic systems, persons, including children. Various robot configura-
and mobile platforms designed for educational robotics tions can be built with the kits, allowing for some cus-
development were surveyed. Search criteria, reflecting tomization. Also, being a mass product designed for
those characteristics we considered fundamental to the children, they are appealing, easy to operate, and doc-
robot were: umentation and parts are readily available. Assuming
the child will not have the opportunity to disassemble
the robotand come into contact with small robot pieces,
these robots do not raise any safety issues. Draw-
backs of these systems include robustness and reliabili-
ty. Robots built out of these kits are fragile and usually
do not perform consistently due to construction weak-
nesses (e.g., gears can easily get misaligned). Most of
these “technical” problems can easily be solved by non-
technical helpers, e.g. peers or caretakers. However,
these problems can be both confusing and frustrating
to the child and can reduce their independence.

Robot columns three to eight of Table 5 list edu-
cational robotic systems or mobile platforms that re-
quire some mechanical/electronic development in or-
der to meet the robot design specifications. In all, no
intervention is needed in the Chassis and Energy com-
non-technical persons, including children, who have ponents and the open hardware architecture allows for
disabilities can program the robot. hardware customization. All but the Protobot Kit from

Table 5 presents the best candidates among the robotsVEX robotics require the addition of manipulation ca-
considered. Prices are based on the web search andpabilities. A set of sensors is provided with every listed
thus are approximate. In order to operate every robot robot, but additional sensors may be needed. Sensors
listed it is necessary to program it first. All robots have can be easily added by a technical developer resorting
a potential payload of at least 200 gr. All systems re- to off-the-shelf kits (see e.g. www.phidgets.com). An

a) Mobile robots with manipulation capabilities or
with the option of adding manipulation capabili-
ties, to allow for a wide range of play activities;

b) Dimensions compatible with table play activi-
ties so it is possible to use the robot in different
play contexts (school or home) while seated in a
wheelchair or supportive seating system;

c) Wireless and omnidirectional user robotinterface
to avoid cables and “shadow” control zones where
the robot looses communication with the user in-
terface;

d) Cost less than 600 Canadian dollars. This con-
straintis included in order to make the robot wide-
ly available.

A graphic programming language is desirable so
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Table 5

Commercially available robots
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interesting accessory is available for iRobot Create: it tion of the competence of the children increased af-
is an infrared beam emitter that creates a virtual wall ter successful use of the robots. Universally, the chil-
that the robot will not cross. That can be used to limit dren enjoyed using the robots and anticipated the robot
the robot workspace, providing an extra safety feature. sessions. The use of robots also gave the children a
Excluding the case of iRobot Create, these robots are chance to demonstrate a range of cognitive skills while
not widely available and thus the probability of product  also providing a versatile tool for presentation of tasks,
discontinuation and after-sale support should be care- problems and learning opportunities to the child. The
fully assessed. Although the necessity of customiza- insight into cognitive skills provided by the use of the
tion always raises final product robustness and relia- robotic system provides a means of avoiding the limita-
bility issues, the educational robotic systems have the tions of standardized test administration, such as verbal

potential of performing more consistently over time. If
well designed, namely the human-robot interface, they

response or physical manipulation of objects. Integra-
tion of communication and robot control in play and

can be as easy to operate and program as the Lego oreducation activities enhances participation and interest

Fischertechnik systems.

Table 5 shows that there are no commercially avail-
able robots that are 100% suitable for use by children
with disabilities. All described robotic systems require
a specific HRI for these children. This can either be
a commercial product (e.g. Big Jack from GeWay
adaptation of the standard human-robot interface [12].
IROMEC (http://www.iromec.org, accessed in Febru-
ary 3, 2009) is an example of a project aiming at de-
velopment of a robotic system specifically designed for
children with disabilities.

In summary, robotic systems based on Lego or Fis-
chertechnik building blocks can be successfully used as
assistive technology devices for assistive play. Being
widely available at a reasonable price and being easy
to operate by non-technical users, it is conceivable that
parents and schools may provide them to their children
for long term use. However, it is necessary to adapt the
hand held remote controller so people with disabilities
can use it. The human-robot interface for the Lego or
Fischertechnik robots can be built from commercially
available devices thus not preventing children with spe-
cial needs from using them. Taking advantage of the
international communities around Lego or Fischertech-
nik, multiple research groups can write robot programs
and building instructions and make them available over
the internet.

6. Conclusions

There are several general results that have been not-

ed in all of the studies related to cognitive function
and development described above. One of the most
important is that overall teachers’ and parents’ percep-

9http:/www.gewa.se.

for the child and is effective in providing a means for
children to demonstrate integrated manipulative, com-
municative and cognitive skills. The success of these
studies stresses the importance of children to have ac-
cess to Assistive Robots for assistive play and educa-
tion. The characterization of rehabilitation robotic sys-
tems provides a framework for the consideration of the
suitability of commercially available robots for use by
children who have disabilities. The Mindstorms NXT
from Lego or the Robot Explorer from Fischertechnik
may meet the needs of rehabilitation applications, but
further development in the area of assistive robots is
needed to address the limitations of these commercial
devices.

Acknowledgments

The Rhino and Lego robot projects were funded by
the Stollery Children’s Hospital Foundation, Edmon-
ton Alberta, Canada. Funding for the integrated AAC
and play project was provided by the Glenrose Re-
search Foundation, the University of Alberta Endow-
ment Fund for the Future, and the Alberta Economic
Development Medical Device Development Program,
Edmonton, Alberta, Canada. Elaine Holtham at Aro-
ga in Vancouver, B.C., loaned a Vanguard for research
purposes during the Robot control via AAC study. The
following colleagues participated in various aspects of
these studies: Max Meng, Robin Adkins, Johanna Dar-
rah, Joanne Volden, Norma Harbottle, Cheryl Harbot-
tle, as well as approximately 20 graduate students in
speech-language pathology, psychology and biomedi-
cal engineering. The work of Pedro Encardagvas
done during a sabbatical at the University of Alberta
and at the Glenrose Rehabilitation Hospital, and was
supported in part by a FCT Fellowship.



A. Cook et al. / Robots: Assistive technologies for play;iieg and cognitive development

References

(1]

(2]

(3]

(4

(5]

(6]
(7]

(8]

El

[20]

(11]

[12]

(23]

[14]

[15]

[16]

[17]

K. Adams, J. Yantha and A.M. Cook, Lego Robot Control via
a Speech Generating Communication Device for Play and Ed-
ucational Activities RESNA Annual Conferenc2008, Wash-
ington, DC.

K. Adams, J. Yantha and A.M. Cook, Lego Robot Control via
a Speech Generating Communication Device for Operational
and Communicative Goalkternational Society for Augmen-
tative and Alternative Communication — 13th Biennial ISAAC
Conference2008, Montreal, QC.

K. Adams and A.M. Cook, Using an Augmentative and Alter-
native Communication Device to Program and Control Lego
Robots,RESNA Annual Conferenc2009, New Orleans, LA.

K. Adams and A.M. Cook, Use of an integrated augmentative
communication and robotic play prototype device by chitdre
with and without disabilities, 2009 (in preparation).

A. Andreopoulos and J.K. Tsotsos, A Framework for Doof Lo
calization and Door Opening Using a Robotic Wheelchair for
People Living with Mobility ImpairmentsRobotics Science
and System$RS$ 2007 Manipulation Workshop: Sensing
and Adapting to the Real Worldune 30, 2007, Atlanta.

N. Bayley, Manual for the Bayley Scales of Infant Develop-
ment New York: Psychological Corporation, 1969.

S. Besio (ed.)Analysis of Critical Factors Involved in Using
Interactive Robots for Education and Therapy of Children
With Disabilities Italy: Editrice UNI Service, 2008.

|. Borggraefe, Robotics-Assisted Treadmill Therapyhaoves
Walking and Standing Performance in Children and Adoles-
cents with Cerebral Palsynternational Neurorehabilitation
SymposiumFebruary 2009, Zurich, Switzerland.

K.E. Bumby and K. Dautenhahn, Investigating Childrefts
titudes Towards Robots: a Case Stuesgceedings of CT'99:
Third Cognitive Technology ConferencaAugust 1999, San
Francisco.

R. Ceres, J.L. Pons, L. Calder, A.R. Jinénez, and L. Azeve-
do, A Robotic Vehicle for Disabled ChildretEEE Engineer-

ing in Medicine and Biology Magazin&lov/Dec 2005.

A.M. Cook, P. Hoseit, K.M. Liu, R.Y. Lee and C.M. Zenteno
Sanchez, Using a Robotic Arm System to Facilitate Learn-
ing in Very Young Disabled ChildredEEE Transactions on
Biomedical Engineerin@5(2) (1988), 132—137.

A.M. Cook, B. Bentz, N. Harbottle, C. Lynch and B. Miller
School-Based Use of a Robotic Arm System by Children with
Disabilities,IEEE Transactions on Neural Systems and Reha-
bilitation Engineeringl3(4) (2005), 452—460.

A.M. Cook, K. Adams, J. Volden and N. Harbottle, Usingjoe
Robots to Estimate Cognitive Ability in Children who have
Severe Physical DisabilitiedDisability and Rehabilitation:
Assistive Technology009, in press.

A.M. Cook and J.M PolgaiCook & Hussey's Assistive Tech-
nologies: Principles and Practicerd ed., Philadelphia, PA:
Elsevier Inc., 2008.

M. Corrigan, K. Adams and A.M. Cook, Development of an
Interface for Integration of Communication and RoboticyPla
RESNA Annual Conferenc2007, Pheonix, AZ.

P. Dario, E. Guglielmelli, C. Laschi and G. Teti, MOVAID

a Personal Robot in Everyday Life of Disabled and Elderly
People Technology and Disability0 (1999), 77-93.

K. Dautenhahn and I. Werry, A Quantitative TechniqueXo-
alyzing Robot-human Interaction®roceedings of the 2002
IEEE International Conference of Intelligent Robots and-Sy
tems October 2002, Lausanne, Switzerland, pp. 1132-1138.

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

[32]

(33]

[34]

[35]

143

K. Dautenhahn and I. Werry, Towards Interactive Robiots
Autism Therapy. Background, Motivation and Challenges,
Pragmatics & Cognitiori2(1) (2004), 1-35.

S.P. Eberhardt, J. Osborne and T. Rahman, Classrootu-Eva
ation of the Arlyn Arm Robotic Workstatiorssistive Tech-
nology12(2) (2000), 132-143.

R. Erlandson, Applications of Robotic/Mechatronics&ms

in Special Education, Rehabilitation Therapy, and Vocetio
Training: A Paradigm ShiftlEEE Transactions on Rehabili-
tation Engineering3(1) (1995), 22—-34.

T. Fong, I. Nourbakhsh and K. Dautenhahn, A Survey of So-
cially Interactive RobotsRobotics and Autonomous Systems
42(2003), 143-166.

G. Forman, Observations of Young Children Solving Peals
with Computers and Robot3purnal of Research in Childhood
Education1(2) (1986), 60-73.

E.P. GoldenbergSpecial Technology for Special Children,
Computers to Serve Communication and Autonomy in the Ed-
ucation of the Handicapped ChildreBaltimore: University
Park Press, 1979.

M. Goodrich and A. Schultz, Human—Robot Interaction: A
Survey,Foundations and Trends in Human—Computer Inter-
action 1(3) (2007), 203-275.

W.S. Harwin, A. Ginige and R.D. Jackson, A Robot Work-
station for Use in Education of the Physically Handicapped,
IEEE Transactions on Biomedical Engineerif§2) (1988),
127-131.

W. Harwin, R. Gosine, Z. Kazi, D. Lees and J. Dallaway,
A Comparison of Rehabilitation Languages and Software,
Robotical5(1997), 133-151.

R. Howell, S.K. Damarin and P.E. Post, The Use of Robot-
ic Manipulators as Cognitive and Physical Prosthetic Aids,
RESNA Annual Conferenc&987, San Rose, California.

R. Howell and K. Hay, Software-Based Access and Con-
trol of Robotic Manipulators for Severely Physically Digzdb
StudentsJournal of Artificial Intelligence in Educatiofi(1)
(1989), 53-72.

R. Howell, K. Hay and L. Rakocy, Hardware and Soft-
ware Considerations in the Design of a Prototype Educdtiona
Robotic ManipulatorRESNA Annual Conferenc&989, New
Orleans, Louisiana.

R. Howell, S. Martz and C. Stanger, Classroom Applmagi

of Educational Robots for Inclusive Teams of Students with
and without DisabilitiesTechnology and Disabilit$ (1996),
139-150.

R.D. Howell, Robotic Devices as Assistive and Eduazio
Tools for Persons with Disabilities, iftdandbook of Special
Education Technology Research and PractldeEdyburn, K.
Higgins and R. Boone eds, Knowledge by Design, Inc., 2005.
A.M. Howard, H.W. Park and C.C. Kemp, Extracting Play
Primitives for a Robot Playmate by Sequencing Low-Level
Motion BehaviorsProceedings of the 17th IEEE International
Symposium on Robot and Human Interactive Communication
August 1-3, 2008, Technische Univeg&itMiinchen, Munich,
Germany.

G. Karlan, S. Nof, N. Widmer, I. McEwen and B. Nail,
eds, Preliminary Clinical Evaluation of a Prototype Intera
tive Robotic Device (IRD-1)JCAART 88 1988, Montreal,
Quebec.

C.C. Kemp, A. Edsinger and E. Torres-Jara, Challenges f
Robot Manipulation in Human Environments. Developing
Robots that Perform Useful Work in Everyday Setting<EE
Robotics & Automation Magazin&arch 2007.

T.J. Kiresuk, A. Smith and J.E. Cardillo, ed30al Attainment



144

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

A. Cook et al. / Robots: Assistive technologies for play;fieg and cognitive development

Scaling: Applications, Theory and Measuremehtlisdale,
NJ: Erlbaum, 1994.

A. Koenig, M. Wellner, S. KWneke, A. Meyer-Heim, L.
Linenburger and R. Riener, Virtual Gait Training for Chitre
with Cerebral Palsy Using the Lokomat Gait OrthoSigjdies

in Health Technology and Informatids32 (2008), 204—209.

H.l. Krebs, B.T. Volpe, D. Williams, J. Celestino, S 8harles,

D. Lynch and N. Hogan, Robot-Aided Neororehabilitation: A
Robot for Wrist RehabilitationlEEE Transactions on Neural
Systems and Rehabilitation Engineerib§3) (2007), 327—
335.

H.l. Krebs, http://meche.mit.edu/people/reseand@x.html?
id=130, accessed January 12, 2009.

G. Kronreif, B. Prazak, S. Mina, M. Kornfeld, M. Meind|
and M. Rirst, PlayROB — Robot-Assisted Playing for Chil-
dren with Severe Physical DisabilitieBroceedings of the 9th
IEEE International Conference on Rehabilitation Robatics
June 28-July 1, 2005, Chicago, IL.

G. Kronreif, M. Kornfeld, B. Prazak, S. Mina and MiiFst,
Robot Assistance in Playful Environment — User Trials and
Results, Proceedings of IEEE International Conference on
Robotics and Automatioi\pril 10-14, 2007, Rome, ltaly.

G. Kronreif and B. Prazak-Aram, Robot and Play — from As-
sistance to MediationACM/IEEE Human-Robot Interaction
Conference(HRI08), March 12-15, 2008, Amsterdam, the
Netherlands.

H. Kwee, J. Quaedackers, E. van de Bool, L. Theeuwen and
L. Speth (eds.), POCUS Project: Adapting the Control of the
MANUS Manipulator for Persons with Cerebral Paldg;
ternational Conference on Rehabilitation Robot{tSORR),
July 1-2, 1999, Palo Alto, CA.

H. Kwee, J. Quaedackers, E. van de Bool, L. Theeuwen and
L. Speth, Adapting the Control of the MANUS Manipula-
tor for Persons with Cerebral Palsy: an Exploratory Study,
Technology and Disabilitg4(1) (2002), 31-42.

D. Lees and P. LePage, Will Robots Ever Replace Attetsttan
Exploring the Current Capabilities and Future Potential of
Robots in Education and Rehabilitatidnternational Journal

of Rehabilitation Research7 (1994), 285-304.

J. Light, K. Drager and J. Nemser, Enhancing the Appéal o
AAC Technologies for Young Children: Lessons from the Toy
ManufacturersAugmentative and Alternative Communication
20(3) (2004), 137-149.

J. Light, R. Page, J. Curran and L. Pitkin, Children’sad for
the Design of AAC Assistive Technologies for Young Chil-
dren with Complex Communication Needgjgmentative and
Alternative Communicatio83(4) (2007), 274—-287.

A. Meyer-Heim, |. Borggraefe, C. Ammann-Reiffer, S.
Berweck, F.H. Sennhauser, G. Colombo, B. Knecht and F.
Heinen, Feasibility of Robotic Assisted Locomotor Tragnin
in Children with Central Gait ImpairmentDevelopmental
Medicine and Child Neurologg9 (2007), 900-906.

F. Michaud, A. Duquette and I. Nadeau, Characterigifddo-

bile Robotic Toys for Children with Pervasive Developménta
Disorders,Proceedings of the IEEE Conference on Systems,
Man, and CybernetigsOctober 5-8, 2003, Washington, DC,
pp. 2938-2943.

F. Michaud, T. Salter, A. Duquette and J.F. Laplantes- Pe
spectives on Mobile Robots Used as Tools for Pediatric Reha-
bilitation, Assistive Technologies, Special Issue on Intelligent
Systems in Pediatric Rehabilitatidr®(1) (2007), 21-36.

F. Michaud, P. Boissy, D. LabaatH. Corriveau, A. Grant, M.
Lauria, R. Cloutier, M.A. Roux, D. lannuzziand M.P. Royer, A
Telementoring Robot for Home Car&chnology and Aging

[51]

[52]

(53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

selected papers from the 2007 International Conference on
Technology and Agin@1, 2008.

C.R. MusselwhiteAdaptive Play for Special Needs Children
San Diego, CA: College-Hill Press, 1986.

P. Nisbet, J. Craig, P. Odor and S. Aitken, ‘Smart’ Wichalrs

for Mobility Training, Technology and Disabilityp (1996),
49-62.

S. Nof, G. Karlan and N. Widmer, Development of a Propety
Interactive Robotic Device for Use by Multiply Handicapped
Children,ICAART 88 1988, Montreal, Quebec.

D. Norman, The Design of Everyday ThingBasic Books,
2002.

H. Nguyen, C. Anderson, A. Trevor, A. Jain, Z. Xu and C.C.
Kemp, EI-E: an Assistive Robot that Fetches Objects frorh Fla
Surfaces,The Robotic Helpers Workshop at HRI,08larch
12, 2008, Amsterdam, The Netherlands.

P. Oliveira, A. Pascoal, V. Silva and C. Silvestre, NtissCon-
trol of the MARIUS Autonomous Underwater Vehicle: Sys-
tem Design and Implementation, and Sea Triligernation-

al Journal of Systems Science, special issue on Underwater
Robotics29(10) (1998).

S. PapertMindstorms: Children, Computers, and Powerful
Ideas New York: Basic Books, 1980.

C. Plaisant, A. Druin, C. Lathan, K. Dakhane, K. Edwards
J.M. Vice and J. Montemayor, A Storytelling Robot for Pedi-
atric Rehabilitation,Proceedings of ASSETS'00: ACM Con-
ference on Assistive Technologidsovember 13-15, 2000,
Arlington, Virginia.

L. Poletz, P. Encarnd@p, K. Adams and A.M. Cook, Robot
Skills of Preschool ChildrenRESNA Annual Conference
2009, New Orleans, LA.

B. Robins, N. Otero, E. Ferrari and K. Dautenhahn, Eiigi
Requirements for a Robotic Toy for Children with Autism —
Results from User Panel$6th IEEE International Conference
on Robot & Human Interactive Communicatjohugust 26—
29, 2007, Jeju, Korea.

B. Robins, E. Ferrari and K. Dautenhahn, Developing-Sce
narios for Robot Assisted Plalroceedings of the 17th IEEE
International Symposium on Robot and Human Interactive
Communication August 1-3, 2008, Technische Univeasit
Miinchen, Munich, Germany.

J.C. Rosier, J.A. van Woerden, L.W. van der Kolk, B.J.F.
Driessen, H.H. Kwee, J.J. Duimel, J.J. Smits, A.A. Tuinhefd
Moed, G. Honderd and P.M. Bruyn, Rehabilitation Robotics:
the MANUS ConceptProceedings of the Fifth International
Conference on Advanced Robofidsine 19-22, 1991, Pisa,
Italy, vol. 1, pp. 893—-898.

T. Sheridan and W. Verplank, Human and Computer Control
for Undersea Teleoperatodl| T Man-Machine Systems Lab-
oratory, 1978.

J. Smith and M. Topping, The Introduction of a RoboticAd
Drawing Into a School for Physically Handicapped Children:
a Case StudBritish Journal of Occupational TherafB9(12)
(1996), 565-569.

C.A. Stanger and A.M. Cook, Using Robotics to Assist D
termining Cognitive Age of Very Young ChildrerRroceed-
ings of the 12th Annual International Conference of the IEEE
Engineering in Medicine and Biology Socielovember 1-4,
1990, Philadelphia, PA, pp. 1911-1912.

C.A. Stanger, Designing the User Interface for an Etect
Mechanical Assistive ManipulatoASEL Technical Report
#ROB9403May 1994.

M. Topping and K. Smith, The Development of Handy I. A
robotic System to Assist the Severely Disablégchnology



(68]

[69]

[70]

[71]

A. Cook et al. / Robots: Assistive technologies for play;iieg and cognitive development

and Disability 10 (1999), 95-105.

M. Topping, An Overview of the Development of Handy 1, a
Rehabilitation Robot to Assist the Severely Disablémijrnal

of Intelligent and Robotic Syster@g (2002), 253—-263.

J.K. Tsotsos, G. Verghese, S. Dickinson, M. Jenkin gpsdn,

E. Milios, F. Nuflo, S. Stevenson, M. Black, D. Metaxas, S.
Culhane, Y. Ye and R. Mann, PLAYBOT: A Visually-guided
Robot to Assist Physically Disabled Children in Plapage

& Vision Computing Journal, Special Issue on Vision for the
Disabled16 (1998), 275-292.

I.C. Uzgiris and J. McV. HuntAssessment in Infancy: Ordinal
Scales of Psychological Developmedtbana: University of
llinois Press, 1989.

S. Weir, S. Russel and J. Valente, Logo: An Approach to
Educating Disabled Children. Action-oriented LearningsHa

[72]

[73]

145

Dramatic BenefitsBYTE Publications In8 (1982), 346—360.

I. Werry, K. Dautenhahn, B. Ogden and W. Harwin, Can So-
cial Interaction Skills Be Taught by a Social Agent? The Role
of a Robotic Mediator in Autism Therapyroceedings of
CT2001: Fourth International Conference on Cognitive Fech
nology: Instruments Of MindAugust 6—9, 2001, University
of Warwick, United Kingdom; Springer Verlag, Lecture Notes
in Computer Science, subseries Lecture Notes in Atrtificial
Intelligence.

C. Wright-Ott, The Transitional Powered Mobility AidA
New Concept and Tool for Early Mobility, inPediatric Pow-
ered Mobility, Developmental Perspectives, Technoldd&a
sues, Clinical Approaches. Furumasu (ed.), Arlington, VA:
RESNA, 1997.



