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 ABSTRACT 

BACKGROUND: The strong relationship between motor and cognitive development 

suggests that the limited motor experience of children with physical disabilities can impact their 

cognitive and perceptual development. The assessment of their cognitive skills is also compromised 

due to limited verbal communication and motor gestures. Robots have been used to give children with 

disabilities an opportunity to independently manipulate objects and to reveal their cognitive skills 

when they use the robots. Although studies have shown that children with physical disabilities can 

benefit from the use of robots as augmentative manipulation systems, certain critical aspects of this 

interaction remain unclear. Using the robot as a tool is not the same as direct manipulation. The use 

of robots as tools and their operating interfaces requires a deeper understanding of developmental 

considerations. Understanding the additional cognitive and perceptual demands that the use of the 

robot imposes on the child is crucial. This can guide the selection and adaptation of the control 

interfaces, robot characteristics and programming to match the needs, skills and developmental age of 

the child as well as the task and goals. 

OBJECTIVE: This dissertation is the result of a review of the literature, two studies and a 

case study developed in order to: 1) determine the behavioral differences between typical and 

augmentative manipulation and their implications in the performance of a cognitive task by young 

children; 2) establish the technical feasibility of studying the neurophysiological differences between 

robot mediated manipulation and typical manipulation, given the characteristics of the robot and the 

available technology; and 3) determine the neurophysiological differences between typical 

manipulation and robot augmented manipulation.  

METHODS: A review of the literature and a theoretical complexity analysis of using robots 

as manipulation tools were used to establish the implications of augmentative manipulation.  A 

method for technical implementation of behavioral and neurophysiological comparison of typical and 

augmented manipulation was designed and tested through a pilot study with adult participants.  A 

study was then conducted with 18 – 30 month old typically developing children. Children participated 

in two versions of the A not B with invisible displacement task. In one version, children used direct 

reaching and manipulation of the objects and containers; in the other, they used a robotic arm to 

access the task. Finally, a child with a bilateral brachial plexus injury resulting in limited independent 
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manipulation of objects participated in the robot version of the task, as well as a gaze direction 

version. Behavioural and neurophysiological data were collected and analyzed.  

RESULTS: Technical feasibility was established. The technical implementation made it 

possible to study the two conditions and their neurophysiological correlates. In the study with 

children behavioural and neurophysiological differences were observed between the two conditions. 

Children were motivated to use the robot and they attributed animacy and agency to it. Differences in 

the motor and cognitive demands of both tasks were found. Event related potentials were analyzed 

and differential activity between the robot and the reaching conditions in frontal, central and parietal 

electrodes. Response modality (robot vs. typical manipulation) was found to have an effect on 

cognitive processes underlying successful performance of the task. Advantages, disadvantages, and 

results obtained from this method for technical implementation are presented. Implications for the 

study of alternative manipulation are discussed.  
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  Chapter 1
Introduction and Overview 

Introduction and Overview 

Motor experience plays a central role in cognitive and perceptual development of typically 

developing children. As a critical part of motor experience, object manipulation has been identified as 

a motor behaviour that enables the child to acquire skills required for learning, emergence of symbols, 

referential communication and the understanding of relations between objects and interactions with 

the environment (Bates, 1979; Greenfield, 1991; Piaget 1952; McCarty, Clifton & Chollard, 2001; 

Affolter, 2004). Children with physical impairments can lose opportunities for meaningful exploration 

or manipulation of objects (Ruff, McCarton, Kurtzburg & Vaughan, 1984). The lack of meaningful 

opportunities for exploration and manipulation may be impacted by two elements. First, the physical 

disability limits the ability of the child to physically manipulate objects (Jennings & MacTurk, 1995). 

Children with severe physical disabilities have limitations in the manipulation of objects that can 

compromise the quality of their play and learning skills (Cook, Adams, Encarnação, Alvarez, 2012). 

Second, parenting styles and perceptions of parents about the child’s performance in manipulation 

tasks can also limit the child’s access to exploration opportunities (Jennings & MacTurk, 1995). This 

suggests that children with physical impairments are vulnerable to cognitive developmental delays 

(Riviere & Lecuyer, 2003).  

Assistive technologies (AT) can provide opportunities for young children with disabilities to 

interact and explore their environment (Judge, Floyd & Wood-Fields, 2010). AT can also facilitate 

communication (Schlosser & Raghavendra, 2004), mobility (Millborne, Campbell & Wilcox, 2004) 

and facilitate manipulation to enhance cognitive development and learning (Cook, Adams, 

Encarnação, Alvarez, 2012). Children with disabilities can benefit from early exposure to AT because it 

gives them access to early experiences (Rosen et al., 2009; Wiart & Darrah, 2002; Cook, Liu & Hoseit, 

1990). AT gives children with disabilities opportunities to engage in different kinds of social, cognitive 

and communicational activities, by increasing, maintaining, improving or compensating for their 

functional limitations (Cook & Polgar, 2008). For example, children who are unable to move 

independently can benefit from the use of powered mobility in order to promote the development of 
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the skills that, in the study of typical development, have been proven to be related with self-produced 

mobility (Tefft, Guerette & Furumasu, 1999).  

The case of augmentative manipulation 

In the same way that powered mobility is an alternatively to walking, an alternative to typical 

manipulation can help children with physical disabilities access the early cognitive and perceptual 

advantages of upper extremity exploration. Robots have been used to provide an alternative to typical 

manipulation for children with disabilities. In the rehabilitation setting, robots can be used as 

augmentative manipulation systems due to their capability for picking, placing and exploring objects 

(Tejima, 2000). Several studies report the use of robots by children with severe physical disabilities. A 

study conducted by Cook, Bentz, Harbottle, Lynch & Miller (2005) reported an increase in children 

with disabilities' participation in the classroom, expressive language and interest (as reported by 

teachers) as a result of the use of a robotic arm system. Also, a study conducted by Cook, Howery, Gu 

& Meng, (2000), revealed that children who are unable to directly manipulate objects in their 

environment can use a robotic arm to handle objects and engage successfully in play experiences.  

Through the use of switches children can gain control over the robot, which in turn, increases 

their independence and control over manipulative tasks and the environment (Isabelle, Bessey, 

Dragas & Blease, 2002). A study conducted by Cook, Liu & Hoseit (1990) revealed that very young 

children with disabilities can use a single switch-controlled robot as a tool. Six developmentally 

delayed children with chronological ages less than 38 months participated, along with three typically 

developing children. A switch was placed in front of the child and the robotic arm held a cookie that 

was in sight for the child but out of reach. Pressing the switch shortened the distance between the 

cookie and the child. Children as young as 8 months (developmental age) were able to use the robotic 

arm as a tool to retrieve the object of interest.  

In infancy and early childhood cognitive testing has a very strong motor component (Thelen, 

2000). Standardized developmental tests often require either motor responses or speech, which 

makes them hard to use with children with physical disabilities in order to determine their 

developmental or cognitive level (Poletz, Encarnação, Adams & Cook, 2010). Augmentative 

manipulation can provide children who have disabilities with the opportunity to perform different 

manual tasks and reveal and further develop their understating of the tasks and cognitive skills. For 
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example, the use of a robot as a tool to perform a task can allow the exploration of a child’s transition 

from an egocentric frame of reference (i.e. body-centered) to an allocentric frame of reference (i.e. 

object centered) (Barca et al., 2010). The use of the robot as a tool implies that the child needs to 

determine where the objects are and select an action in relation to the frame of reference of the robot 

for it to successfully grasp or reach an object (Cook et al., 2012).  

The present study 

Children with disabilities can accomplish manipulative tasks through the use of robots 

because robots compensate for their functional limitations by decreasing the motor demand of the 

task. Although studies have shown that children with physical disabilities can benefit from the use of 

robots as augmentative manipulation systems, certain critical aspects of this interaction remain 

unclear. Using the robot as a tool is not the same as manipulating objects with one’s hand (Poletz et 

al., 2010; Cook et al., 2012). Action mediated by a tool can add additional cognitive demands to the 

task (Keen, 2011; Vygotsky, 1978) that in the case of augmentative manipulation can result in poor 

robot operational competence, rather than actual poor performance of a task. Operational competence 

refers to the development of skills required for successful device operation, including access methods 

(Light, 1989) (e.g. learning how to use the switches to produce the desired responses in the robot). 

Studies that have explored the use of robots as a way to compensate for functional limitations have 

also found that there are certain robot-operation skills required to successfully use the robot (For a 

review, See Cook, Adams, Encarnação, Alvarez, 2012). For example, children need to understand that 

pressing the switch causes the robot to move in a certain way (cause and effect) or that when using 

two or more switches the robot can move in sequences that give the child more control over the step 

by step movement of the robot (Cook et al., 2005; Poletz et al., 2010). Robots may decrease the motor 

demand while at the same time increase the task’s cognitive complexity. 

 If robots have the potential to assist children with disabilities in the development of early 

cognitive concepts that result from independent interaction with objects then the robots must be 

accessible to young children (Cook et al., 2012). Therefore it is critical to understand the additional 

cognitive and perceptual demands that the use of the robot imposes on the child. On one hand, this 

can guide the selection and adaptation of the control interfaces. Control interfaces are the hardware 

elements that a person can use to control a device such as switch or a joystick (Cook & Polgar, 2008). 
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On the other hand, robot characteristics and programming can also be adapted to match the needs 

and skills of the child as well as the task and goals. One way to explore the ways in which robot 

augmented manipulation is different from typical manipulation and the resulting motor and cognitive 

implications, is to explore the use of robots by typically developing children. Several studies have 

explored the skills that typically developing children display when using robots and the ages at which 

they emerge (Forman, 1986; Stanger & Cook, 1990; Poletz et al., 2010; Cook et al., 2012). However the 

differences between robot augmented manipulation and typical manipulation with a similar goal or 

task have not been evaluated. Such a comparison requires a task for which the robot can be adapted 

but in which only the response modality would be changed.  

Comparing children’s typical manipulation with robot augmented manipulation in the 

performance of a cognitive task can provide insight into the specific implications of using augmented 

manipulation. The readily available behavioral data provided by this comparison can illustrate the 

ways in which decreasing the motor demands while potentially increasing the cognitive complexity (as 

with the robot) can alter children’s performance. In addition, the use of neurophysiological data can 

further reveal the perceptual and cognitive processing demands involved in both versions of the task.  

 

Neurophysiological Data 

Neurophysiology provides a well-suited method for the study of brain activity in relation to 

behavioural responses (De Hann, 2002). Electroencephalographic (EEG) recordings are considered 

the most suitable method for the study of cognitive and perceptual processing during task 

performance in children: 1) they are non-invasive (Taylor & Baldeweg, 2002), since electrical activity 

is measured at the scalp; 2) They are among the few options that are safe and do not require sedation 

when used with children (De Hann, 2002); 3) They have high temporal resolution, on the order of 1 

ms or greater (Luck, 2005). Cognitive processing can be studied in synchrony with the process of the 

task.  Neurophysiological data can offer complementary data regarding the cognitive and perceptual 

processes that give rise to a particular behavioral response, and processes of which the subject is 

unaware (Dimoka et al., 2011). These data have been largely used to explore the substrates of child 

cognition, perception and emotion, especially because children cannot verbally reflect about the 

choices or salient information in the task that influenced their performance (Picton & Taylor, 2007; 

Thierry, 2005; Nelson & Bloom, 1997; Taylor & Baldeweg, 2002).  The task used in these studies and 
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discussed throughout this dissertation is the A-not-B task, perhaps the most studied task in 

developmental psychology (Dalenoort & De Vries, 2004). 

 

The A-not-B task 

In the classic version of the A-not-B task a child watches as a toy is hidden at one location (A). 

The child is then allowed to search for the toy. After several hidings and retrievals at location A, the 

toy is then hidden at the opposite location (B). When allowed to search for the toy, children between 8 

and 12 months often reach back to location A, in spite of having seen the object being hidden at the 

new location (B). This perseverative behavior is referred to as the A-not-B error (Piaget, 1954; Berger, 

2010).   

The A-not-B task is considered a classic measure of cognitive development in early childhood 

(Diamond & Goldman-Rakic, 1989). An adaptation of the A-not-B was selected as the task for these 

studies because of the rich body of literature behind it and the different interpretations of the A-not-B 

that make it valuable for testing novel implementations. Of particular relevance for this study, is the 

relation between motor and cognitive skills in the performance of this task, an interaction which in 

fact gave origin to the task. Throughout his account of children’s cognitive development, Piaget viewed 

motor experience and manipulation as the source of cognitive development (as cited by Rochat, 1989). 

For Piaget (1954) development is an active process, in which the child transforms his environment. 

Motor experience allows the child to progressively explore, manipulate and transform his 

environment. As the child acts on the world, he assimilates his experiences expanding his cognitive 

skills (Morabia, 2004). 

Piaget & Inhelder (1969) proposed cognitive development as a process that occurs in a steady 

progression in which the child gradually goes through several stages of development. The experiences 

encountered by the child in one stage of development, were considered by Piaget as foundational for 

the development of further complex skills in the next stage (Ojose, 2008). The sensorimotor stage, the 

first of Piaget’s developmental stages, encompasses the cognitive development of children in their first 

two years of life (Piaget & Inhelder, 1969). Referring to the construction of knowledge and 

representations of reality by the child in the first two years of life, Piaget (1969, p. 4) stated: “in the 

absence of language or symbolic function, these constructions are made with the sole support of 
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perceptions and movements and thus by means of a sensory-motor coordination of actions without 

the intervention of representation or thought”.    

As described by Ormrod (2008) Piaget considered the sensorimotor stage particularly critical 

for the emergence of intentionality and object permanence. Intentionality refers to the ability of the 

child to act in a goal oriented manner (Piaget, 1969). Object permanence refers to the ability of the 

child to understand that an object continues to exist even when the object is hidden or out of view 

(Munakata, 1998).  Piaget (1954) proposed the A-not-B task as a way to study object permanence and 

intentionality throughout the sensorimotor stage. By adding invisible displacement Piaget increased 

the complexity (Baird et al., 2002) of the task to make it more appropriate for testing the A-not-B 

error in older children (in their second year of life) (Diamond, 1997).  In this version, children see an 

attractive toy hidden in a container at midline and the container is then moved to location A (i.e. the 

toy is invisibly displaced since what the child sees is the container being displaced not the toy).  A 

screen is placed in front of the child to block his view and a delay period is introduced. During the 

delay an exact and empty container is placed in the opposite side, location B. After the delay, the 

screen is lifted, and the child is encouraged to search for the object (Wiebe, Lukowski & Bauer, 2010). 

The A-not-B with invisible displacement has been shown to share the same elements as the classical 

version (remembering where the object is hidden, inhibiting the previously successful response and 

reaching towards the object) (Diamond et al., 1997; Morasch & Bell, 2011).   

If a child cannot successfully retrieve the object from the new location in the classical A-not-B 

task, Piaget (1969) hypothesized that the child believes the position of the object depends on his 

previously successful reaching behavior (i.e., the action of the child gives rise to the existence of the 

object), rather than depending on changes of the object’s position in space. When a child successfully 

retrieves the object in both locations his actions reveal intentionality in the sense that the child is able 

to understand that in order to achieve the goal (e.g., retrieving the object) he needs to remove the 

cover. When invisible displacement is added, the child needs to further understand the interaction 

between objects in space: the object’s location depends on its displacement and its new position in 

space and that the displacement of the container causes the displacement of the object as well (Piaget 

& Inhelder, 1969).  Nevertheless, the A-not-B task has been used in laboratories all around the world 

(Diamond et al., 1997) and several alternative explanations have been provided for the A-not-B error. 

Table 1-1 summarizes alternative explanations that have been reported in the literature for why 

children display the A-not-B and the different versions of the task that have been used to do so.  
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Although the A-not-B error is a consistent and robust replicable finding in developmental 

research, the nature and meaning of the A-not-B error has been the focus of great debate (see Table 

1-1).  This perseverative error has been interpreted from different perspectives (for a meta-analysis see 

Marcovitch & Zelazo, 1999): as an illustration of developmental failure to understand object 

permanence (Piaget, 1954); an error derived from an egocentric frame of reference (Acredolo, 1985); 

limited working memory and inhibitory control as a result of immature neurological development 

(Diamond, 1990; Cuevas & Bell, 2010).  Another possible explanation is that children perseverate due 

to the repetition of the motor plan and reaching kinematics that create a motor habit that the child 

cannot inhibit (Clearfield et al., 2006). In opposition to a cognitive account of the perseveration error, 

this approach advocates for a difficulty of the child in the inhibition of the motor pattern in spite of 

having full knowledge of the response. Alternatively, from a cognitive load perspective, children’s A-

not-B error results from a trade-off between the cognitive resources allocated to refined motor control 

and those required for complex cognitive performance (Berger, 2004; Berger, 2010). When exposed to 

a task that demands increasing effort, children sacrifice their weakest skill to carry out the task as best 

as they can (Kahneman, 1973).  

One element that remains constant throughout the study of the A-not-B task (and its 

adaptations) is the extent to which motor and cognitive skills contribute to the A-not-B error. The fact 

that a motor response is required by the child in order to reveal the understanding of the task is a 

challenge to determining if the perseveration in the task is motor or cognitive in nature. Motor 

experience appears to be both demanding and leading to the contingencies for cognitive development 

(Smith et al., 1999).  A looking version of the task has been used in order to explore the influence of 

motor behavior in the error (Bell & Adams, 1999; Bell & Adams, 1999; Bell, 2001). Bell and 

collaborators found comparable responses in both the reaching and the looking versions of the task in 

infants 8 months and older. However, children between 5 and 8 months of age performed better in the 

looking version of the task (Cuevas & Bell, 2010). These findings raise an interesting question 

regarding the motor demands of the task. Younger children, who are not yet very skilled at reaching 

(Smith et al., 1999) may not be able to overcome the motor demands of the reaching task (Berger, 

2010). On the other hand it has been suggested that older children who have more stable reaching 

skills may be building more strong memories of the reach’s motor planning and therefore perseverate 

(Clearfield et al., 2006).  The role of alternative manipulation can offer additional insight into this 

question by providing an alternative means of independent motor control over the objects.  
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The interaction between motor and cognitive skills that seems to underlie the performance in 

the task, and the fact that a robot can be programmed to allow a child to perform the task in addition 

to typical reaching, makes the A-not-B task an ideal candidate for the study of augmentative 

manipulation. 
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Table 1-1 Summary of different reported accounts of the AnoB error 

Account of  

A-not-B error origin 

Description  Task versions used  References 

Object Permanence and 

mental representation 

Child displays the A-not-B error because he believes the 

existence of the object is contingent to his reaching. The 

child does not have an accurate mental representation of 

the object.  

A-not-B classical version with cloths 

covering objects 

A-not-B with invisible displacement 

version 

Piaget (1954) 

Piaget & Inhelder, (1969) 

Spatial orientation  and self-

produced locomotion 

Children display the A-not-B error because they fail to 

code the position of the object in space in relation to the 

previous location (A). In order to overcome perseveration 

children need to switch from an egocentric frame of 

reference to an allocentric frame of reference.  These 

skills are developed as a result of self-produced 

locomotion.  

Notes:  

1. Bell & Fox (1997) provide supporting evidence for both 

self-produced locomotion and brain maturation as 

etiologies of the A-not-B error. However, no three way 

interaction between the two and performance was found.  

2. In Lew et al. (2007), perseveration is attributed to 

children’s immature spatial orientation which in turn 

A-not-B with changes in: 

- the position of the child and the 

task (180◦ rotation of the table 

before the B trial or changing the 

position of the child from seating to 

standing) 

-the toy used in A and B trials 

-The positions of A and B locations  

Bremner & Bryant (1977) 

Evans & Gratch (1972)  

Butterworth (1975) 

Kermoian & Campos (1988) 

Bertenthal et al., (1994) 

Bell & Fox (1997) 

Lew et al. (2007) 
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affects motor planning 

Brain maturation (and its 

relation to executive 

functions) 

Children have accurate mental representations of the 

object, but their prefrontal cortex is not mature enough 

yet. This causes the child to not be able to successfully 

hold the memory of where the object is and inhibit the 

previously successful response simultaneously.  

A-not-B and A-not-B with invisible 

displacement classical versions; 

versions of both with increased 

number of search locations;  and  

looking version of the tasks 

(children respond by looking 

instead of reaching)  

Diamond & Goldman-Rakic 

(1989) 

Cummings & Bjork (1981) 

Diamond (1990) 

Diamond (1997) 

Bell (2001)  

Cuevas & Bell (2010) 

Morasch and Bell (2011) 

Parallel Distributed 

Processing 

The A-not-B error is a result of a competition between 

latent memory traces of previously relevant information 

(A trial) and active memory traces of the current situation 

(B trial). In order to overcome perseveration, children 

must maintain active memory traces for the B location, 

that can compete with the strong repeatedly reinforced 

latent traces that bias the child’s reach towards A.  

A-not-B task altering the 

characteristics of lids and toys. In 

some versions no objects are 

hidden.  

Munakata (1997) 

Munakata (1998) 

Munakata (2001)  

 

Dynamic Field Account Children perseverate in this task (that is they display the 

A-not-B error) due to the convergence of several 

processes (visual perception, motor planning, posture 

and spatial discrimination). The error results from the 

Adaptations that altered the 

reaching kinematics of the task 

(such as adding weights, changing 

the position of the child, etc.)  

Smith et al. (1999) 

Diedrich et al. (2000) 

Thelen et al. (2001) 

Clearfield et al. (2006) 
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formation of a strong motor memory that builds over the 

reaching trials toward A. These memories are stronger 

than the visual memory of seeing the object being hidden 

at B. In this account perseveration is considered a 

developmental achievement towards a balance between 

stable and flexible motor and perceptual behavior.  

 

Cognitive Capacity account In the A-not-B task, children’s performance is dependent 

on the allocation of finite cognitive resources into the 

motor and cognitive demands of the task. Both motor and 

mental demands can tax cognitive capacity. Increased 

motor demands results in a greater difficulty to inhibit 

the response and impacts their cognitive processing.     

Adapted versions in which children 

crawl, walk, or descend stairs to 

reach visible or non-visible targets 

for A and B trials.  

 

Berger (2004)  

Berger (2010) 

 

Another manual search task termed 

“the CnotB task” where there are 

three hiding locations and children 

observe the hand of the researcher 

displaced under all three.  

Riviere & Lecuyer (2003) 
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Research Questions 

The following dissertation is the result of a review of the literature and the collection of data in 

order to answer the following questions:  

1) How does the use of typical manipulation and robot mediated manipulation by young 

children differ in the performance on the A-not-B with invisible displacement task?  

2) Is it technically feasible to study the neurophysiological differences between robot 

mediated manipulation and typical manipulation, given the characteristics of an electrically driven 

robot and the available technology? 

3) What are the neurophysiological correlates of typical manipulation and robot 

mediated manipulation in young children’s performance of the A-not-B with invisible displacement 

task?  

The Papers 

The following dissertation is a collection of four papers that together aim at answering the 

questions described above. A final general discussion and conclusions chapter is also included.  

Paper 1: Grasping the opportunity for augmentative manipulation 

This prospectus review provides an overview of the developmental approaches to the role of 

independent motor experience, specifically manipulation, in cognitive development. This paper 

establishes the relevance of manipulation for children’s development and therefore the need for 

providing children with disabilities with an alternative to typical manipulation.  

Paper 2: Robotic Tools: Quantifying the complexity of using robots as 
augmentative manipulation tools 

Because of the critical role that manipulation plays in child development, robots can be used 

as an alternative to typical manipulation to provide young children who have physical disabilities with 

independent exploration experiences. However, using a robot as a tool may add cognitive demands to 

the task when compared with direct manipulation or the use of more common tools (i.e., a hook). This 

paper provides a theoretical approach to the assessment and quantification of the complexity of 

children using the robot as a tool. The complexity number hypothesis first proposed by Van Leeuwen, 
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Smitsman & Van Leeuwen (1994) for common tools was used to assess the complexity of a robot 

mediated task performed by an infant with a disability and compared with the demands encountered 

by a typically developing infants when using a common tool. 

Paper 3: The neurophysiology of augmentative manipulation: a method 
for technical implementation 

Little is known about the neural correlates that subtend robotic augmentative manipulation 

and the ways in which using a robot to manipulate objects may change the task’s cognitive and 

perceptual demands. Several technical considerations pose a challenge to such studies. After exploring 

the theoretical differences in the previous paper, this paper presents a methodology for the technical 

implementation of neurophysiological exploration of robot-augmented manipulation and presents a 

preliminary comparison between augmented manipulation and direct manipulation as response 

modalities in the A-not-B task with invisible displacement (i.e. this additional level of complexity was 

added in order to make the task more appropriate for older participants).  

Preliminary results of this adult pilot were presented at the 12th European Association for the 

Advancement for Assistive Technologies in Europe (AATE) Conference (September 19 to 22, 2013 in 

Vilamoura, Portugal). The presentation was awarded a “Highly Commended Distinction” in the Young 

researcher award category. A complete extended and revised version (Chapter 3) was submitted and 

accepted as a paper in the journal Technology and Disability.  

Paper 4: The role of augmentative manipulation in infant cognition: the 
case of the A-not-B task 

This final paper presents the results of a study conducted with 15 typically developing children 

between 18 to 30 months. Additionally, it presents the results of a case study with a 28 month old 

child with a severe physical disability.  Children in this study were exposed to the typical reaching 

version of the A-not-B task with invisible displacement and a robot mediated version of the task.  

Behavioural and neurophysiological data were recorded and compared.  Implications for the use of 

robot augmented manipulation are discussed. 
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  Chapter 2
Paper 1: Grasping the opportunity for 

augmentative manipulation 

Introduction 

Motor experience plays a critical role in cognitive and perceptual development for typically 

developing children. Through physical manipulation, exploration and interaction with the 

environment a child develops perceptual, cognitive and social skills (McCarty, Clifton, & Chollard, 

2001; Flanagan, Bowman, & Johansson, 2006). Further, motor skills allow insight into a child’s 

developing cognitive and perceptual skills (McCarty, Clifton, & Chollard, 2001), providing the first 

window to observe developmental changes in the young child (Thelen, 2000). Children with physical 

impairments often have limited opportunities for meaningful exploration or manipulation (Ruff, 

McCarton, Kurtzburg, & Vaughan, 1984) and this limitation may restrict the observance and 

development of their cognitive and perceptual skills (Jennings, & MacTurk, 1995).  

Motor development is one of the most studied topics in developmental theory (Haywood & 

Getchell, 2009).  The study of typical motor development has focused on the emergence of locomotion 

and manipulation and their importance in development (Karasik et al., 2011). The emphasis on these 

motor behaviors in typical child development has influenced rehabilitation and educational 

approaches with children who have motor disabilities (Fetters & Ellis, 2006). As a result, development 

of children with disabilities has been approached clinically (Herbert, 2003) and rehabilitation has 

been extensively focused on an appearance of normalcy, as derived from the medical model of 

disability and its focus on the amelioration of impairment (Phelan et al., 2014).  For children with 

physical disabilities, the rehabilitation focus has been on restoring “typical patterns of movement”, 

under the assumption that more “typical patterns” will lead to improvements in function and 

ultimately participation (Butler & Darrah, 2001). Although there are certainly physiological benefits 

that result from impairment-focused remediation approaches (e.g. walking results in maintenance of 

muscle length and bone density, Larkin & Summers, 2004) the evidence supporting improvement of 

function and increased participation is inconclusive (Law et al., 2007).  In a randomized control trial, 

Law et al. (2011) found that, in terms of goal attainment, the effects of a therapy approach based on 
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environmental adaptations were similar to those of an approach based on remediation of the child’s 

impairment.    

The focus on remediation for children with physical disabilities is supported by the medical 

concept of normalcy and societal preference for a non-disabled body (Gibson et al., 2012). Since the 

mid-1800s, when the statistical distribution concept of norm was first used as an imperative of “what 

should be” and then applied to the human body (McKenzie, 1981; Davis, 1995), the notion of normal 

was followed by the concept of an abnormal or disabled body (McKenzie, 1981; Norrgard, 2008). With 

the introduction of ranked physical traits (e.g. weight & height), greater emphasis was placed on the 

lower and higher ranks of a certain trait, which led to the current conception of tests like intelligence 

quotient (IQ) (David, 1995; Goldstein, 2012). This placed the characteristics of people with disabilities 

as “lower” and therefore undesired and the positive extremes as desirable traits that were to be 

preserved as a “normal” ideal (Goldstein, 2012). Variations in children’s bodies that are outside of the 

“norm” lead to exclusion by the medical and developmental communities (James, 1995).  Great 

amounts of public and family financial and time resources are put into the rehabilitation goal of 

remediation for children with disabilities even though it has been established that many children will 

not achieve or maintain typical independent functional ability and will use assistive technologies (AT) 

(Gibson et al., 2012).  

The three aims of this paper are to 1) explore the theoretical, practical and historical elements 

that contribute to our understanding of atypical development, the goals of rehabilitation and the 

consideration of assistive technology alternatives; 2) provide an overview of the relevance of 

manipulation for children’s development; 3) demonstrate the importance of providing children with 

physical disabilities with an alternative to typical manipulation.  

The “typically” informed understanding and approach to 

childhood disability 

The understanding of atypical development around its characteristic deviation from the norm 

continues to be predominant (Landsman, 2009).  Several fields of research and theoretical 

perspectives have contributed to the medical concept of clinical normality and the implications of such 

concepts. Clinical approaches that emphasize “normalcy” may be resistant to alternative means to 

provide children with disabilities with early experiences because of the concern that seeking the use of 
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Assistive Technologies (AT) as an alternative to typical motor patterns will interfere with the potential 

and desire of the child to achieve typical skills (Rosen et al., 2009).   

For years, power mobility was viewed as a last resource in the rehabilitation process of 

children with physical disabilities. It was believed that providing a child with a power wheelchair 

would suppress the child’s desire and potential for walking (Wiart et al., 2004).  Similarly, 

augmentative and alternative communication (AAC) devices were viewed as a last resort because of 

concern that they would prevent a child from talking (Romski & Sevcik, 2005). The value of walking 

and talking was emphasized rather than the importance of achieving mobility and communication by 

a variety of means.  

Normality and the Neuromaturational Approach 

In the first year of life, changes in the child’s ability to interact with the environment through 

manipulation and mobility constitute the readily available evidence of an expected or normal 

trajectory of development. The observable and progressive nature of motor behaviour in infancy 

allowed early scientists to establish the relationship between development and neurological 

maturation. Deeply rooted in biology and neuromaturation, development was attributed to the 

maturation of the central nervous system (CNS) with environmental interactions having little 

influence (Gesell, 1929; McGraw, 1930). Neural maturation was described as the result of a 

progressive decline in the expression of reflexes by cortical inhibition, followed by cortical control in 

which various neural centers are functionally integrated (McGraw, 1930)).  Historically the clinical 

approach to atypical development was based on this neuromaturational approach to development.  

The neuromaturational approach contributed a definition of norm-based motor development 

milestones as evidence of the maturation of the CNS. Norm based milestones in motor development 

have allowed the identification of atypical development and the early detection of neurological 

disorders (Howle, 2002; Heriza, 1991). The detailed description of the neuromaturational 

developmental norms made it possible for deviations to be noted early (Aylward, 1994). These norm-

based milestones are used as profiles of typical time points and characteristics of emerging motor 

behaviors that are used to determine the presence or absence of expected motor patterns or the 

presence of atypical motor behaviors.  Many of the norms developed by Gesell and his contemporaries 

are used widely in developmental scales and battery assessments, and his initial reports on child 

development continue to be widely cited in developmental books and publications (e.g. Gesell 
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Developmental Observation-Revised, Bayley Scales of Infant Development).  The neuromaturational 

approach’s description of infantile reflex-based motor behaviour in the child was seen in children and 

adults with motor disabilities, which led to the use of the neuromaturational developmental theory as 

a model for rehabilitation and recovery (Kamm, Thelen, & Jensen, 1990). For years, this approach 

influenced theoretical backgrounds and therapeutic interventions with atypically developing children 

aiming at inhibiting postural reflexes and achieving more typical voluntary movements (Miyahara & 

Reynders, 2003). However, in Gesell’s detailed and confident descriptions of child development “the 

typical child was a quasistatistical amalgam, every parent’s child would naturally deviate” (Thelen & 

Adolph, 1992, p. 374) and rehabilitation and clinical practices have since moved towards more 

comprehensive views of development.  

The paradigm shift: new perspectives on typical and atypical 

development  

The historical trajectory and evolution of the understanding of development has resulted in 

different conceptions around atypical development and rehabilitation approaches. Due to the 

complexity of the developmental process it is not surprising that multiple interpretations and 

assumptions around children’s development have emerged. More recent theories of development lead 

to our understanding of children’s development as a dynamic process with continuous interactions 

among motor, cognitive and perceptual skills (Thelen, 2005). The emergence of new developmental 

theories that have recognized the need for developmental views that can encompass both typical and 

atypical development and that recognize variability and adaptation as integral to the nature of human 

development, have prompted a paradigm shift in rehabilitation and disabilities services.   

Traditional approaches to how children develop their movement skills are insufficient to 

explain certain new patterns that can emerge as a result of changes in the environment and the 

flexibility of motor behavior (Spencer et al., 2006).  An example of the latter is the disappearance of 

the stepping reflex (Thelen & Fisher, 1982). Neuromaturational approaches had traditionally 

explained the disappearance of the stepping reflex (i.e. at around three months of age infants will stop 

making walking motions with legs and feet when held in upright position with their feet touching the 

ground) as a result of brain maturation leading to cortical control over voluntary movement or as a 

result of an evolutionary adaptation (Oppenheim, 1981; Touwen, 1976). However, Thelen and her 
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colleagues (Thelen & Fisher, 1982; Thelen, Johanson, & Ridley-Johnson, 1984) showed that the 

disappearance of the stepping reflex is due to a critical fat: muscle ratio and the increased muscle 

strength a child requires to lift his legs in the upright position as he gains weight (Spencer et al., 

2006).  This better explains why kicking in the supine position with the same pattern of movement 

increases during the first 6 months and the stepping reflex disappears.  

Understanding the development of children with disabilities has been viewed as a process that 

starts with understanding what typical or so-called “normal” development looks like (Herbert, 2003).  

However, defining what is typical in child behavior has also proven to be challenging because of the 

variable nature of development (Vereijken, 2010). For example, Thelen and colleagues (1996) showed 

that infants display very different patterns of reaching behaviour. Children adapt to both the unique 

characteristics of the environmental demands of a reaching task and their innate skills for movement 

(Spencer et al., 2006). Each “typically developing” child, if studied closely, displays highly variable 

trajectories.  From the standpoint of developmental research data, variability would lead to the 

conclusion that measurement was not reliable (Vereijken, 2010). However, variability could actually 

reveal control mechanisms that govern child behavior and could provide more valuable information 

about the process of development. In line with this suggestion, Thelen & Smith (2000, p. 343) 

remarked, “traditionally, variability in behavioral data is a researcher’s nightmare […] researchers 

deliberately choose tasks to make people look alike. But real behavior in real children is not like that”.  

Exploring variability in development has led to the reconceptualization of atypical 

development as part of a developmental continuum. Herbert (2003) distinguishes between five types 

of development. Delayed development refers to developmental patterns of typically developing 

children that are slow in emergence. Abnormal development refers to behaviors that are not seen in 

typically developing children because the developmental process is different from normal.  Absence of 

development occurs in some categories or domains in which the child fails to develop a certain skill. 

Expected behavior within atypical development refers to aspects in the development of children with 

disabilities who develop within the range of variation reported in non-disabled children. These first 

four categories in the classifications still reflect the legacy of norm-based deviation for the 

categorization of developmental milestones of children with disabilities. These categories draw clear 

distinctions that derive from a child’s neurophysiological condition and the resulting observable 

outcomes. Further, Herbert acknowledges in this account that some aspects of the development of a 

child with a disability are within the range of what is considered “normal”.  
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A fifth category proposed by Herbert is called compensatory development. Children with 

disabilities may take routes in their developmental process that differ from those of typically 

developing children although the end point is the same. Unlike abnormal development, this category 

reflects behaviours that have a similar functional end goal than those seen in typical child 

development but through different means. The idea that children with disabilities can have different 

trajectories of development to achieve the same point resembles the concept of “developmental 

detours” proposed by Vygotsky (1929) in his accounts of the study of disability.  

Vygotsky’s defectology 

The conception around typical patterns of motor development expands beyond the 

boundaries of clinical interventions and into the educational approach towards children with physical 

disabilities. Limited experiences and opportunities are provided for children with disabilities due to 

the expectations of society towards normality (Gindis, 1995).In his works “Fundamentals of 

Defectology” Vygotsky proposed what at the time was a unique vision of education for children with 

disabilities (Gindis, 2003).  Vygotsky suggested that positive capabilities and strengths of the child 

should be emphasized by including them in educational and therapeutic settings that recognize their 

potential and the areas in which they need support. He referred to this practice as inclusion based on 

positive differentiation (Vygotsky, 1931/1993). A similar approach is advocated by the social model of 

disability (Barnes & Mercer, 2004).  

Defectology, originally defectologia in Russian, was a term used to describe the study of 

disability and the methods and processes of evaluation, education and upbringing of children with 

disabilities (Gindis, 1995).  Within defectology Vygotsky proposed the concept of developmental 

detours.  Vygotsky (1978) stated that the diagnosis of a child with a disability constitutes only a 

disorder, in the sense that it is an organic impairment (Gindis, 2003). An organic impairment is a 

medical description of the child’s condition whereas a disability is the result of the exclusion from 

social, cultural and educational interactions that the child suffers as a consequence of his primary 

disorder that Vygotsky refers to as the secondary disability (Vygotsky, 1931/1993). Because an organic 

impairment does not necessarily result in a disability, development of children with disabilities should 

not be studied as a quantitative problem, in the sense that it is not a matter of a child having fewer 

skills compared to a typically developing child who has more. For Vygotsky, the study of development 

of children with disabilities needed to go beyond the quantitative skill differences into developmental 
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detours. For example, one cannot simply imply that the development of a blind child is equal to the 

development of a typically developing child after subtracting visual perception and all that relates to it. 

Development is a sequence of inter-related events that cannot be isolated from each other. In the 

same way a typically developing child has unique ways to deal with environmental demands based on 

his unique organic and functional structures, a child with a disability has a qualitatively different 

development that can lead to the same functional end point as the typically developing child. 

Therefore, educational strategies should recognize the functional end point of a certain behavior and 

encourage alternative means to achieve it (Vygotsky, 1931/1993). 

Dynamic Systems Theory (DST) 

The relevance of the functional end point of children’s behaviors (over the means through 

which they achieve them) suggested by Vygotsky, is consistent with findings from the Dynamic 

Systems Theory (DST) that has permeated more recent rehabilitation approaches.  In the studies of 

Thelen (1996) typically developing children who showed variable behaviors in the acquisition of their 

skills, showed stability in the functional end point. For example, children with variable reaching 

patterns arrived at more coordinated reaching patterns and trajectories for object grasping as they 

gained experience.  Similarly, a developmental detour represents the possibility that a child with a 

disability can accomplish a functional task that has meaning for him, through a different 

developmental pathway in comparison to typically developing peers (Vygotsky, 1931/1993).  It is the 

interaction between the organic components of a system and the environment that causes a pattern to 

emerge (Smith & Thelen, 2003).  

In DST, the child’s characteristics coupled with task related and environmental demands are 

all fundamental to motor development (Thelen, 2005).  This theoretical framework has major 

implications in both typical and atypical development. Modifying the task or the environment can 

allow the child to perform an activity that he couldn’t before (Darrah et al., 2011). For example, 

reaching behaviors emerge around three months, and yet, when provided with the appropriate 

characteristics of the task and environmental opportunities, children use their feet in a coordinated 

purposeful way to interact with toys (Galloway & Thelen, 2004). The study of variability as a source 

for development in dynamic systems theory is comprehensive enough to support both typical and 

atypical development studies (Thelen, 2005). The interactions between the child, the task and the 
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environment, provide the input to explore several options of movement and find the most efficient 

motor solution (Darrah & Bartlett, 1995).  

Ecological Realism approach 

DST resembles the principles of ecological realism proposed by Gibson and Gibson (1955). 

Eleanor and James Gibson’s approach focused on perceptual development as coupled to action and in 

the last two decades has been adapted to further explore motor development (Haywood & Getchell, 

2009). Gibson et al. (1987) demonstrated that children select the movement pattern that allows them 

to successfully complete the task based on the information provided by the environment.  

The emphasis of the ecological approach is the relationship between two elements: the 

individual and the environment upon which the individual acts (Kirst-Ashamn & Lull, 2009). DST can 

be considered as more broad, in the sense that it considers elements within the individual and 

elements within the task and environment as crucial parts of the system, for example, the child’s 

biomechanical, physiological, emotional characteristics as well as the physical and/or social 

constraints of the environment (Thelen, 1995).  However, both DST and Gibson’s Ecological realism 

approach establish that the role of the interaction between the environment and the child is critical for 

development. For this reason, they are often considered as highly compatible and complementary 

theories (Bertenthal & Clifton, 1998).  

The Neuronal Group Selection Theory (NGST) 

The Neuronal Group Selection Theory (NGST) conceptualizes the influence of the 

environment in brain connectivity as well as the neural correlates of individuality in development 

(Howle, 2002). NGST portrays brain development as the result of the dynamic organization of 

neuronal networks as determined by behavior and experience (Edelman, 1987).The NGST 

conceptualization of brain mechanisms is consistent with DST (Thelen, 1995). The child encounters 

environmental information that affords him different possibilities of action (Gibson J. , 1979). These 

possibilities are the result of the neuronal primary repertoire (a variety of movement opportunities the 

child can explore in order to meet environmental demands) (Edelman, 1987). This repertoire opens 

the possibility to several alternative combinations and degrees of freedom (Thelen, 1995). The selected 

motor actions are assembled in self-organizing patterns that are dependent on the task and 

environmental constraints (Thelen, 2000). Experience and environmental information then promote 
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selection among neuronal groups and a new repertoire that has proven successful is assembled 

(Howle, 2002).  Successful behaviors provide feedback that strengthens these connections (Thelen, 

1995).  

An initial pattern variability is followed by selection. The system settles into more stable and 

successful patterns of behavior that reduce variability as the behavioral response of the child becomes 

more skilled and stable (Hadders-Algra, 2008). The repeated experience of a successful pattern allows 

the child to master the skill, and the neuronal group connectivity is strengthened. The variability 

increases in the form of ability to adapt these patterns to different situations or to shift to patterns that 

can be successful with other environmental constraints (Howle, 2002).   

Impact of the new perspectives on rehabilitation practices 

From Vygotsky’s perspectives on childhood disability, all the way to DST, Neuronal Group 

Selection Theory and Ecological Realism, behavior is conceived as a result of the interaction between 

anatomical, physiological, environmental and experiential factors. Their influence on the therapeutic 

strategies for children with disabilities has increased (Thelen, 1995), partially motivated by 

inconclusive evidence supporting functional improvement resulting from traditional approaches such 

as neurodevelopmental treatment (Blauw-Hospers & Hadders-Algra, 2005; Butler & Darrah, 2001). 

These perspectives also advocate for exploring alternative means through which children with 

disabilities can achieve functional goals.  For example, a context-focused intervention approach for 

children with cerebral palsy based on the principles of the DST promotes a focus on the functional 

performance of a task rather than in the attainment of a “normal” pattern of movement (Darrah et al., 

2011). Therapists are trained to identify goals along with families and to focus on changing the task or 

the environment as a way to achieve the established goals instead of attempting remediation of the 

child’s skills. If the goal of a child is achieving independent self-feeding of cereal with limited hand 

control, the focus is on modifying the task.   For example, the therapist put peanut butter on the 

child’s fingers so that the cereal would stick to the child’s hand.  This approach led to immediate 

achievement of the functional goal. The repeated independent practice of this successful pattern can 

potentially lead to modification of the child’s constraints so that he can progress to self-feeding 

without this adaptation (Darrah et al., 2011). A similar strategy based on the family’s needs, the 

Coping and Caring for Infants with Special Needs (COPCA) program has been developed following the 

principles of NGST (Dirks et al., 2011). Parents are coached on strategies that can help the child 
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achieve his or her functional goals. Using different movement patterns that differ from those of 

typically developing children is reinforced and promoted as a strategy for achieving a goal.  

Neither the context-focused intervention approach nor the COPCA program, aim at achieving 

normalization of movements or inhibiting the child’s movement patterns. Instead they focus on the 

functional goal and they value trial and error behaviors as a source of learning. Both programs have 

been compared with traditional impairment remediation therapies that are commonly based on 

neurodevelopmental treatment (NDT) (Law et al., 2007; Dirks et al., 2011).  Both programs report 

positive outcomes on functional performance and parent involvement (Darrah et al., 2011; Dirks et al., 

2011).  

Assistive Technologies for children with physical disabilities 

Providing inclusive and meaningful educational and social participation opportunities for 

children with disabilities requires a comprehensive understanding of their developmental potential, 

the challenges that they face and the compensatory mechanisms and alternative means that they can 

use and develop. Assistive Technologies (AT) constitute an alternative through which children can 

achieve the functional end points of motor patterns (e.g. powered mobility, as an alternative to 

walking, enables locomotion). AT gives people with disabilities the means through which they can 

interact with others, perform daily activities, express and develop their individuality, be more 

independent and participate in their community (Tefft, Guerette, & Furumasu, 1999; Mankoff, Hayes, 

& Kasnitz, 2010).  In the same way, AT can allow children with disabilities to interact and explore 

their environment (Judge, Floyd, & Wood-Fields, 2010), facilitate communication (Schlosser & 

Raghavendra, 2004), facilitate mobility (Millborne, Campbell, & Wilcox, 2004) and facilitate 

manipulation to enhance cognitive development and learning (Cook, Encarnação, & Adams, 2010). 

One example of the ways in which AT can provide an alternative to typical motor patterns is powered 

mobility.  

The case of power mobility 

It is clear in typical development that functional mobility and exploration contributes to 

cognitive and perceptual development (Held & Hein, 1963). The lack of functional independent 

mobility can cause compromised spatial knowledge, learned helplessness, poor performance in object 
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permanence tasks, compromised weariness of heights, and increased dependence of vision for 

postural control (For a review see Rosen et al., 2009). Children with physical disabilities can also have 

poor self-initiation and persistent feelings of helplessness if they are not given means to explore and 

interact (Millborne, Campbell, & Wilcox, 2004).  Therefore, alternative means for early independent 

environmental exploration should be provided (Butler, 1986). An appreciation of the negative 

consequences of a lack of independent locomotion and exploration prompted advances in self-

produced locomotion for children with disabilities (Butler, 1991). Power mobility is an example of AT 

that can be used to either augment or compensate for a function, and increase functional capabilities 

(Cook & Polgar, 2008).  

The exploration and early adoption of power mobility has provided children who have 

disabilities access to the cognitive, perceptual and social benefits of functional independent 

exploration of their environment (Furumasu, Guerette, Teft, 1996; Butler, 1991; Rosen et al., 2009). 

For children who are unable to move independently power mobility has been shown to promote the 

development of skills that are related to self-produced mobility in typical development (Tefft, 

Guerette, & Furumasu, 1999).  

Although the cognitive, social and emotional benefits of power mobility were established, 

concerns were raised regarding whether or not very young children could learn how to use power 

mobility safely (Kermoian, 1998), and children’s access to AT devices is often delayed until they are 

school-aged based on cognitive readiness, and safety concerns (Tefft, Guerette, & Furumasu, 1999; 

Chen, Ragonesi, Galloway, & Agrawal, 2011). Current, evidence shows that a child’s age is not what 

determines the ability of the child to operate a power wheelchair, and that cognitive readiness occurs 

at an age far younger than school age (Rosen et al., 2009). Infants and young children with physical 

impairments can benefit from power mobility (Butler, 1988; Chen et al., 2011; Butler, 1986; Rosen et 

al., 2009). Therefore, the frequency with which AT devices are being prescribed for young children is 

increasing (Lovarini, McCluskey, & Curtin, 2006).   

Other types of motor experience: the case of manipulation  

Due to their motor impairments, children with motor disabilities can have difficulties in 

manipulation which can affect the quality of their play and learning skills (Cook, Adams, Encarnação, 

Alvarez, 2012).  Clinical development of manipulation skills has not been as responsive as mobility to 

the paradigm shift from remediation of movement patterns to focus on functional mobility.  
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Manipulation plays a major role in development, learning and interaction. Therefore a focus on 

functional manipulation rather than on typical reaching and grasping patterns can allow children to 

benefit from the opportunities for cognitive development afforded by independent manipulation.  

Object manipulation is a critical part of motor experience that enables the child to acquire 

skills required for learning, emergence of symbols, referential communication and the understanding 

of interactions between multiple objects and the environment (Bates, 1979; Greenfield, 1991; Piaget 

1952; McCarty, Clifton, & Chollard, 2001; Affolter, 2004). Object manipulation starts a few months 

after birth and is the first means through which the human infant acts on the world, emerging before 

independent locomotion (Vauclair, 1984).  The child perceives objects and their properties and starts 

exploring different ways of interacting with them (e.g. bangs objects against each other (Kahrs et al., 

2012)). Also, the child starts exploring ways of interacting with others (e.g. the child throws an object 

that is picked up by an adult) (Haywood & Getchell, 2009).  

Performance of object manipulation in typically developing children can indicate that early 

milestones of cognitive and perceptual development have been reached (Vauclair, 1984; Affolter, 

2004).   Through object manipulation, a child progressively starts to relate to objects and discovers 

how objects can be used to achieve a goal (Lockman, 2000). This development by the human child 

gives rise to tool use (the use of an object to produce a physical modification of the environment (Greif 

& Needham, 2011), which in cognitive theory has also been related to representational means-end 

planning (Bates, 1979; Lockman, 2000; Keen, 2011). Tool use has been identified as a landmark 

cognitive skill (Parker & Gibson, 1977) that involves understanding of the properties of objects and 

how they can relate to each other as a means to achieve a goal (Buttelmann, Carpenter, Call, & 

Tomasello, 2008).  For example, at around 18 months, a child is able to execute a planned strategy if 

he/she notices an awkward orientation of the handle of a spoon. The strategy is used to guide the 

selection of which hand to use or how to change the grasp for successful self-feeding (McCarty et al., 

1999; Keen, 2011). During the first two years, the child actively manipulates objects, explores them 

individually and sequentially and finally realizes that one object can be used as a means to reach the 

other (Piaget, 1954). For example, a child can use a stick (McCarty, Clifton, & Chollard, 2001) or a 

string (Chen, Sanchez, Campbell, 1997) to retrieve an object out of reach.  

The exploration and understanding of objects in the environment progressively exposes the 

child to cognitive conflict (Piaget, 1954). A cognitive conflict arises when a child’s present concepts 

and knowledge of the world are not enough to solve a new situation or understand a new element of 
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action (Shayer, 2003). This conflict forces the child to accommodate his previous cognitive structures 

(Piaget, 1954) in order to internalise the new experiences (Vygotsky, 1986). This, in turn, leads the 

child to further develop his/ her cognitive skills (Sayce, 2009). 

Object manipulation and tool use also have great implications in the child’s social 

development. Object manipulation is influenced by the way adults and peers use objects in a 

particular context and how they respond to a child’s exploration of a particular object (Vygotsky, 

1978).  For example, a child may use a string to pull an object. The adult naturally observes the child 

while he performs the action and provides feedback by correcting or praising the child (Vygotsky, 

1978). The child observes and imitates the use of objects and therefore how he relates to objects 

depends on the context (Vygotsky, 1978).   

There are major implications of manipulation for a child’s social, and cognitive development 

making it crucial to find alternatives when typical motor patterns are not available in children with 

disabilities. Evidence suggests that although manipulation as a form of motor experience plays an 

important role in cognitive and perceptual development, typical motor experience may not be 

necessary for the acquisition of skills (Riviere & Lecuyer, 2003;; Riviere & Lecuyer, 2002). Children 

with disabilities can explore alternative ways of manipulating objects as a result of adaptive behaviors 

in response to environmental demands. Alternative means through which children can reveal and 

develop their skills in the absence of typical manipulative skills can allow a further understanding of 

atypical development.  

Robots: The case for augmentative manipulation   

Clinically, great emphasis is placed on the kinematic and kinetic characteristic of the grasp of 

children with motor disabilities (Cope & Trombly, 1998; Coluccini et al., 2007; Mackenzie et al., 

2009). However, the early benefits of independent exploration of the environment on cognitive and 

perceptual skills may be missed when the achievement of typical motor patterns is the paramount goal 

(Wiart & Darrah, 2002; Tefft et al., 1999). The benefits of early exposure to AT for children have been 

explored, revealing that young children can use AT and have independent access to early experiences 

(Rosen et al., 2009; Wiart & Darrah, 2002; Cook, Liu, & Hoseit, 1990).  

Robots can be used as an alternative to early manipulative behaviors in the same way that 

power mobility is an alternative to walking. Children in different age ranges can benefit from the use 

of robots, and children as young as 8 months have used a robot as a tool to retrieve an object out of 
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reach (Cook, Liu, & Hoseit, 1990). In the rehabilitation setting, robots can be used as augmentative 

manipulation systems due to their capability for picking, placing and exploring objects (Tejima, 

2000). Robots can be programmed in several ways throughout a continuum of autonomy from fully 

autonomous to teleoperated (Sheridan & Verplank, 1978). At one end of this continuum the 

autonomous robot performs a complete action when it receives an initial high level command. The 

teleoperated robot at the other end of the continuum requires that the user provide all the commands. 

The flexibility of robot autonomy results in an advantage for their use with children when usability 

and cognitive readiness are unknown or variable. Children with disabilities can control the robots 

independently through switches adapted to their physical capabilities increasing their independence 

and control over the task (Isabelle, Bessey, Dragas, & Blease, 2002). 

Several studies report the use of robots by children with severe physical disabilities (For a 

review see Cook et al., 2010; Cook, Adams, Encarnação, Alvarez, 2012). The use of robots as an 

alternative to manipulation has been shown to increase children’s participation in the classroom 

where expressive language and interest increased as reported by teachers (Cook, Bentz, Harbottle, 

Lynch, & Miller, 2005).  Children who are unable to directly manipulate objects can use a robotic arm 

to engage in play activities (Cook, Howery, Gu, & Meng, 2000). In addition robots can also provide a 

tool through which children with disabilities can reveal their understanding of cognitive skills (Poletz, 

Encarnação, Adams, & Cook, 2010; Cook, Adams, Volden, Harbottle, & Harbottle, 2010).  

Conclusions 

Considering that developmental theory shapes the way we interpret, understand and 

approach childhood, the way we interact with children in clinical and educational settings is impacted 

by our understanding of how they develop and learn, how different skills and behaviours emerge, and 

how this process is enhanced or constrained by environmental factors (Thelen, 2005). The framework 

under which children’s development is interpreted can have great implications in terms of the 

opportunities, facilitators or constraints that the child encounters (Santrock, 2008).   

Motor experience has been related to the development of early cognitive skills. Through 

manipulation and locomotion the child interacts with his environment and progresses in the 

acquisition of cognitive and perpetual skills. However, it is the functional goal of motor experience 

rather than the means through which children typically achieve it that can have an impact on the 
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development of children with severe physical disabilities. Manipulation constitutes such a crucial 

experience for children, that alternatives to typical reaching and grasping should be identified. 

Children can use robots to perform manipulative tasks and benefit from the cognitive and perceptual 

components of manipulation. Augmentative manipulation can also provide insight into the child’s 

cognitive skills by proving observable evidence of the child’s understanding of concepts and 

environmental demands. However, robot augmented manipulation is not the same as typical 

manipulation. Understanding the cognitive and perceptual demands that are presented to the child 

when using the robot as a tool is critical.  Comparing augmentative manipulation and typical 

manipulation can provide useful information in this regard. Both theoretical approaches to the 

analysis of complexity of augmented manipulation (See Alvarez & Cook, 2014, chapter 3 in this 

document) and experimental comparisons of typical and robot augmented manipulation support this 

goal (See Alvarez et al., 2014, chapter 4 in this document; Alvarez et al., 2014, Chapter 5 in this 

document).  
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  Chapter 3
Paper 2: Robotic Tools: Quantifying the 

complexity of using robots as augmentative 
manipulation tools 

 

Introduction 

Through physical manipulation and exploration of the environment a child develops 

perceptual and social skills that allow learning and interaction (McCarty, Clifton & Chollard, 2001; 

Flanagan, Bowman & Johansson, 2006).  As a critical part of motor experience, object manipulation 

has been identified as a motor behaviour that enables the child to acquire skills required for 

emergence of symbols, referential communication and the understanding of relations between objects, 

and interactions with the environment (McCarty et al., 2001; Bates, 1979; Greenfield, 1991; Piaget, 

1954; Affolter, 2004). Object manipulation starts developing a few months after birth, as the child 

perceives objects and their properties and explores the relation of these objects to self and other´s 

actions (Haywood & Getchell, 2009). Object manipulation indicates that early milestones of cognitive 

and perceptual development have been reached (Affolter, 2004). Through object manipulation, a child 

progressively starts to relate to objects and discovers how objects can be used to achieve a goal 

(Lockman, 2000). This development by the human child gives rise to tool use, which in cognitive 

theory has been related to representational means-end planning (Bates, 1979).   

Tool use has been identified as a landmark cognitive skill (Parker & Gibson, 1977) that 

involves the understanding of the properties of objects and how they can relate to each other as a 

means to achieve a goal (Buttelmann, Carpenter, Call & Tomasello, 2008).  For example, at around 18 

months, a child is able to execute a planned strategy if he/she notices an awkward orientation of the 

handle of a spoon. The strategy is used to guide the selection of which hand to use or how to change 

the grasp for successful self-feeding (McCarty et al., 2001; Keen, 2011). The use of objects as tools 

extends the physical capability of the child enhancing his interactions with the environment (St. 

Amant & Horton, 2008).    

Children with physical disabilities lose opportunities for meaningful exploration or 

manipulation due to their motor impairments (Ruff et al., 1984).  The physical disability limits the 
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ability of the child to physically manipulate objects (Jennings & MacTurk, 1995). Further, the 

perceptions of parents about the child’s performance in manipulation tasks can also limit how much 

they encourage the child to interact with the environment. Parents of children with physical 

disabilities have been found to encourage less exploration by the child and perceive their child as 

seeking more adult approval and help, being less motivated and preferring very easy and familiar 

tasks (Jennings & MacTurk, 1995).   

The use of assistive technologies (AT) allows children with disabilities access to early 

experiences by increasing, maintaining, improving or compensating for their functional capabilities 

(Cook & Polgar, 2008; Jones, McEwen, Hansen, 2003; Wiart & Darrah, 1999; Cook, Liu & Hoseit, 

1990). Assistive technologies such as power mobility or augmentative and alternative communication 

devices give children with disabilities opportunities to explore their environment through 

independent mobility (Wiart & Darrah, 1999), or interact with others and participate in social 

activities (Cooley, 2010). In a similar way, robots represent an alternative to typical manipulation 

(Cook et al., 2012).  

Robots: Augmentative manipulation systems 

A robot is “an automatically controlled, reprogrammable, multipurpose, manipulator 

programmable in three or more axes, which may be either fixed in place or mobile for use in industrial 

automation applications” (International standard ISO 8373, 2012). Even though the International 

Standard emphasizes the industrial use of robots, they can and are used in other fields such as 

rehabilitation (Cook, Encarnaçao & Adams, 2010).  

In the rehabilitation setting, robots can be used as augmentative manipulation systems due to 

their capability for picking, placing and exploring objects (Tejima, 2000). In that sense, robots 

supplement (augment) the existing manipulation skills of the child and compensate for the limitations 

in manipulation. Robots can be programmed in several ways on a continuum from fully autonomous 

to teleoperated so that children with disabilities can use them for assistive manipulation (Cook, 

Encarnaçao, Adams, 2010). At one end of this continuum the autonomous robot can perform a 

complete action when it receives an initial high level command and does not request any intervention 

of the human user (Cook, Encarnaçao, Adams, 2010). On the other end of the continuum, to use the 

teleoperated robot the user has to provide all the commands and has absolute control (Cook, 
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Encarnaçao, Adams, 2010). Children can control the robots independently through the use of switches 

adapted to their physical capabilities and needs.  For autonomous action this can be a single switch 

that generates a complete robotic movement to complete a task. A teleoperated robot might require 

switches for each degree of freedom of the robot.  This independent control over the robot, through 

switches, increases the independence and control of the child over the task and the environment 

(Isabelle et al., 2002).  

Several studies report the use of robots by children with severe physical disabilities. Robots 

have been shown to increase children with disabilities’ participation in the classroom, expressive 

language and interest as reported by teachers (Cook et al., 2005). Children who are unable to directly 

manipulate objects in their environment can use a robotic arm to handle and manipulate objects and 

engage successfully in play experiences (Cook et al., 2000). Robots can also provide a tool through 

which children with disabilities can reveal their understanding and use of cognitive skills (Cook et al., 

2011; Poletz et al., 2010).  

Although robots have been used by children with physical disabilities in different activities, 

the perceptual and cognitive demands of using a robot to manipulate objects and those involved in 

typical manipulation using only the child’s body are not equivalent.  Understanding the additional 

cognitive and perceptual demands that the use of the robot imposes on the child is crucial. This can 

guide the selection and adaptation of the control interfaces (e.g. switches), robot characteristics and 

programming to match the needs and skills of the child as well as the goals and task. However, 

identifying how much more complex the task is with the robot compared to direct motor action of the 

child and what factors determine the likelihood of the child to succeed in a robot mediated task is 

challenging. Our exploration of the complexity of robots used for augmentative manipulation is based 

on conceptualizing the robot as a manipulation tool and then evaluating the developmental 

considerations that can be derived from that perspective.   

Different types of robots have been used with children with physical disabilities (for a review 

see Cook, Adams, Encarnaçao, Alvarez, 2012).  The analysis presented in this paper focuses on the 

Microbot teach mover ® (Questec Inc.) robotic arm shown in Figure 3-1. The Microbot teach mover 

robot has several characteristics that make it ideal for exploring tool use in robot-augmented 

manipulation. It is an anthropomorphic half human size robotic arm with six degrees of freedom 

(Patterson & Katz, 1992). Anthropomorphism in robots is a characteristic that facilitates interaction 

because it helps humans to rationalize and relate to the robot’s actions (Duffy, 2003). The motors 
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enable base rotation, flexion and extension of robot shoulder and elbow, wrist flexion, extension, 

supination and pronation, and a gripper that can open or close (Cook & Polgar, 2008).  

The robot control mechanism can be adapted so that the child can control it via single 

switches. There are different types of commercially available single switches that can be used by 

people with disabilities depending on their needs and skills (For a summary see Cook & Polgar, 2008, 

p, 260). Children can activate button-type switches because they require only a light force (i.e. 

pressing the button) (Cook & Polgar, 2008). The robot can be programmed so that a one or a number 

of switches allow the child to control the actions. This control includes the following modalities: 

pressing and holding a switch initiates and continues an action; pressing a switch once replays a 

preprogramed complete movement;  or pressing several switches to control the robot, where each 

switch  is related to a movement of a specific joint in the three dimensional Cartesian coordinates 

system (Cook & Polgar, 2008).   The switch or switches can be adapted to the child’s motor skills and 

placed in the site(s) of best motor control for the child. The Microbot has been previously used to 

explore tool use by very young children with physical disabilities (Cook et al., 1990; Cook & Cavalier, 

1999), reporting successful use of the robot as a tool by infants. 

 

Figure 3-1 Microbot Teachmover Robotic Arm 
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Tools, Tool Use and Robots 

Robots as augmentative manipulation tools 

Several definitions of a tool have been adopted in the tool use literature (For a review see St. 

Amant & Horton, 2008). For the purposes of this analysis, a tool refers to an item that expands the 

functional range of a human limb allowing an individual to manipulate some aspect of the 

environment (Greif & Needham, 2011). There are two uses of “tool” that are excluded from this 

definition: 1) sometimes another person can be used as a resource or tool, through which an individual 

can reach a goal (Greif & Needham, 2011). Children with disabilities may have to tell others, often with 

the help of assistive technologies, how they want them to manipulate an object to achieve a task 

(Schlosser et al., 2004). For example, a child can tell her mother to retrieve an out of reach cookie for 

her. However, in Greif & Needham’s definition a tool is restricted to a non-human object;  2) There are 

items, such as computers, that can alter one’s state of knowledge and as such can be considered tools 

(Garland & Noyes, 2004). Note that the abovementioned definition relates specifically to 

manipulation and physical interaction with the environment as goals of the tool.  By this definition, a 

robot that is operated by the child in order to manipulate objects, by extending or augmenting the 

functional capabilities of the hand and arm can be considered a tool.  

The robot can be classified as a compound tool. Compound tools are man-made artifacts that 

have multiple parts that together facilitate object manipulation (Frey, 2007; Greif & Needham, 2011). 

Tool use can be classified into simple and complex (Greif & Needham, 2011). Compound tools are 

involved in complex tool use. A simple tool enhances or amplifies the motor output of the upper limb 

to attain a goal (e.g. using a stick to retrieve an object out of reach) (Frey, 2007). On the other hand, in 

complex tool use the tools are used to produce transformations in the environment that convert the 

movements of the hand into qualitatively different mechanical actions. For example the handle on a 

tool that acts to increase force through leverage, also positions the hand to optimize task performance 

(Greif & Needham, 2011).   

When considered as a tool, a robot allows children with physical disabilities to increase their 

independent interaction with the physical environment. As described above, previous studies that 

have shown robots to be useful for children with disabilities in play and academic tasks have been 

configured so that the child can control the robot through simple switches .As such, the robot does not 
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merely “extend the length, strength, grip angle or posture of a limb” (Greif & Needham, 2011, p. 52) as 

common tools do (e.g., stick, pliers, etc.). The robot extends the reaching and grasping ability of the 

child, by means of the child’s operation of a simple mechanical object, namely the switch.  However, 

the child must understand the relationship between the switch, the robot and the manipulative action-

a different cognitive skill than directly reaching for an object with his/her arm. To describe these 

elements in terms of tool use, we will refer to the “tool effect” as described by Michotte (1991). 

Michotte (1991) studied how the attributes that make humans perceive an object as a tool. In his 

experiments, one object launched another object, and the latter in turn launched a final object. 

Michotte found that participants who observed this sequence perceived the first object as the motor 

object (i.e. the initial motor of the action), the intermediary object as the tool and the final object as 

the target. Figure 3-2 illustrates and defines the role of each of the objects involved in the tool effect. 

The action of the second object was perceived as passive and contingent on the action performed by 

the first object. 

 

Although, Michotte’s study only had participants passively observe the sequence of events, the 

study revealed that tool use can be perceived in terms of a hierarchically organized sequence of events 

with a time sequence structure. Regarding the robot and the switches, it is possible then, to consider 

that in the perception of a robot mediated task, the robot would act as the tool, and the switches as the 

motor object, contingent on action by a child.  

Tool use and affordances: the case of robots 

Having defined a tool and focusing on the specific manipulative intention for the purposes of 

this analysis,  tool use can then be defined as the alteration of the physical environment that results 

from the individual (from here on referred to as actor) and the tool (Greif & Needham, 2011). Further, 

when manipulation is the goal, tool use occurs when the actor (e.g. typically developing child) uses his 

hand to control a tool in order to affect a target (Greif & Needham, 2011) (from here on referred to as 

the target). For example, a child can use a toy hammer to drive a peg into a peg-board (Kahrs, Jung & 

Motor: 
Object that initiates 
the action.  

Figure 3-2 Objects as defined in the tool effect (Based on definitions by Michotte, 1991). The 
order in which they are presented refers to the order of the actions sequence. 

Tool: 
Intermediary object. Motor 
causes tool to contact target 
object. It is to the tool that 
the action is attributed.   
 

Target: 
Final object towards 
which the action is 
directed.  
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Lockman, 2013).  Or a child with a disability can control a robotic arm to retrieve a cookie out of reach 

(Cook, Liu & Hoseit, 1990). Figure 3-3 illustrates an example of the tool effect in the case of a child 

using the robot, via a single switch, as a tool to retrieve a cookie out of reach. Note that in addition to 

the roles defined by Michotte, the human is included as an actor in the sequence of events.   

 

 

 

Several developmental approaches have described tool use as the result of cognitive or 

evolutionary achievements (See McCormack, Hoerl & Butterfill, 2011). From a perception-action 

approach, tool use is described as the result of perception-action behaviors that the child explores in 

order to gain information about his environment (Lockman, 2000). According to this approach, the 

development of tool use is related to the ability of the child to recognize and understand relationships 

between objects and to detect affordances (Lockman, 2000).  

In his development of the ecological realism approach to perceptual development, Gibson 

coined the term affordances to refer to the specific combination of properties of an object and it´s 

surfaces that gives information to the individual about the possibilities of acting on that object 

(Gibson, 1979). In other words, affordances communicate to an individual what can be done with an 

object given its properties. They provide information on how that object can interact with the surfaces 

on which it stands and with other objects in the environment (these interactions are referred to as 

complementarities) (Humphreys, 2001). For example, a door knob affords “turning”, and the buttons 

of a TV remote control afford pressing. Affordances constitute a direct link between the visual 

properties of an object and the action that can be performed with it (Humphreys, 2001). Several 

studies have been able to associate the realization of affordances with the development of problem 

solving and causal cognition in children and adults (Lockman, 2000; Pepping & Li, 2005; Van 

Leeuwen, Smitsman & Van Leeuwen, 1994).  

Motor: switch 
The switch closure 
signal is transmitted 
to the robot and 
initiates the 
preprogramed action.   

Figure 3-3 Example of robot mediated tool effect 

Tool: Robot 
Activated by switch 
press the robot 
carries out the 
programed action 
and retrieves the 
cookie.  
 

Target: 
Cookie 
Is grabbed by 
the robot and 
brought to 
the child.  

Human: Child 
Presses the switch 
to cause the robot to 
retrieve the cookie. 
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Affordances are perceived by the person based on properties of the object and by detecting 

which motor skills are required to operate or manipulate the object. These motor skills, such as push 

or turn, are often referred to as motor effectivities (Gibson, 1999). Sometimes, a person can identify 

actions that can be performed with an object (e.g. such as push or turn) just by seeing the object, and 

based on previous manipulation of similar objects (Van Leeuwen et al., 1994). An object can also be 

used correctly or its function can be understood even if this object has not been previously 

encountered. A person can identify the effectivities required to handle an object based on contextual 

or associative knowledge, as well as on previously stored knowledge of this object or similar objects. 

For example, an adult can identify an unfamiliar tool as “graspable” based on its visual characteristics 

(Vingerhoets, Vandamme, Vercammen, 2009). This last condition is determined by the ability of the 

person to detect the affordance of the object based on perceptual properties (Humphreys, 2001) and 

on adequate design characteristics (Norman, 2002). The design and visual characteristics of the tool 

make it easier for the person to interact successfully with the target. “When affordances are taken 

advantage of, the user knows what to do just by looking: no picture, label, or instruction needed" 

(Norman, 1988, p.9). This is consistent with anthropomorphism of the robot being a facilitator for 

interaction, as observing a robot with human like characteristics makes it easier for an individual to 

relate the robot’s actions to his/her own actions  (Duffy, 2003).  

Neuropsychological evidence shows how particular categories of action can be cued due to 

affordances, even if not related to previous experience (Humphreys, 2001; Vingerhoets, Vandamme, 

Vercammen, 2009). In the case of the TV remote buttons and the knob, or even other novel 

“pushable” or “turnable” objects, the individual realizes an action that can be performed with the 

object. The structure of this sequence of events is very straightforward, and only requires the detection 

of one action and the required interaction (complementarity) between the person and the target. This 

is also known as a first order complementarity between the actor (i.e., who acts on the object) and the 

target (i.e., the final target object) (Van Leeuwen, Smitsman & Van Leeuwen, 1994) and it is the most 

basic form of affordance (See Figure 3-4).  
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First order complementarities allow a child to understand and use an object. The child only 

needs to realize how the target can be reached, grasped or grabbed.  However when using a tool, the 

child needs to perceive the properties of the tool as well as understand how it can be used to 

manipulate a target. For this reason, the use of tools implies prospective planning of the action in 

order to relate a sequence of events to the objects and their properties (Keen, 2011). Van Leeuwen et 

al. (1994) introduced a higher order affordance structure (integrating more than one 

complementarity) in order to understand the events taking place when using a tool. With this 

approach tool use can be described in terms of the mutual constraints and dual complementarities 

between the actor and the tool, the actor and the target and the tool and the target. Figure 3-5 presents 

the structure of complementarities that need to be detected when using a tool (with illustrations 

providing an example of using a hook to retrieve an object out of reach). First order 

complementarities between actor and target and actor and tool need to be detected as well as the 

complementarity between tool and target (i.e. how can the tool manipulate the object). These three 

first order complementarities need to also be related to each other in order for the child to plan 

prospectively how to manipulate the tool so that the final action on the target object can be achieved. 

These relations between first order complementarities are known as second or higher order 

complementarities. As seen in Figure 3-5, three lower order complementarities and three the higher 

order complementarity structures need to be perceived and understood by the child in order to use a 

tool:  

  

Actor 

Figure 3-4 First order complementarity between the actor and the target (The 

child only needs to realize how to reach, grasp, or grab the target). 

Target 

Actor                     Target 
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The complementarity structure of a robot mediated task 

The understanding of the complementarities that the child needs to perceive in order to use a 

tool gives us some information about the cognitive and perceptual demands. However, it does not take 

into account the unique characteristics of the tool, the task or the actor. Having an understanding of 

only these complementarities does not allow us to quantify the complexity, make comparisons 

between tasks or tools or predict the complexity of a certain tool use. In the case of a child with a 

severe disability using a robot as a tool, unique traits of this interaction such us the additional 

interface (e.g., switches) required by the child to operate the robot, are not captured. When using an 

interface such as a switch to operate the robot, new complementarities between switch and actor, 

target and robot are added.  

Consider the task mentioned above where children used a robot as a tool to retrieve a cookie 

out of reach (Cook, Lui, and Hoseit, 1990). Six developmentally delayed children with chronological 

ages less than 38 months participated along with three typically developing children. The Microbot 

used in the study (Figure 3-1) was programmed so that playback of the stored movement (bringing the 

cookie closer to the child) occurred as long as a single switch was activated.   

The experimental sessions began with a familiarization period in which the reaction of the 

child to the robotic arm was observed. A switch was placed in front of the child and the robotic arm 

held a cookie that was in sight of the child but out of reach. The child had to repeatedly press the 

switch in order to bring the cookie close enough to grasp it. Pressing the switch shortened the distance 

between the child and the robot arm holding the cookie. The child then reached for the cookie in an 

Actor                  Target 

 

Figure 3-5 First order complementarities (represented by the small straight arrows) and higher 
order complementarities (represented by the big arrows). Illustrations provide an example of the 

actor (a child), the target ( a squared cookie) and a tool (a hook). Adapted from Van Leeuwen, 
Smitsman & Van Leeuwen, 1994. 

Actor                  Tool 

 

Tool                  Target                           

Target 

Actor 

c Tool 
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attempt to grasp it. If the cookie was still out of reach, the child needed to repeat pressing the switch 

to bring it closer. Error! Reference source not found. shows the affordance structure of this 

cenario where: the child is the actor, the switch is added to the structure as the motor object on which 

the child acts, the tool is now a robot, and the cookie is the target object. 

 

 

Table 3-1 provides a summary of the first and second order complementarities implicated in 

this task and their definitions.  

 

 

 

 

 

 

 

 

Table 3-1 First and second order complementarities and their meaning in the context of the 
cookie retrieval task 

FIRST ORDER COMPLEMENTARITIES  SECOND ORDER COMPLEMENTARITIES 

Cookie-Child: Child wants to grab the cookie. Cookie-Child / Cookie- Robot: Child wants the cookie 

but the cookie is too far to reach. However, the robot 

arm is holding it, so it can bring it closer. 

Cookie-Robot: Robot grip is holding the cookie. Cookie-Robot/ Robot-Switch: Robot can bring the 

cookie closer. The robot arm is too far but there is a 

button in front of the child that may make robot move 

Cookie                        Child 

 

Figure 3-6 Affordance structure of the cookie retrieval task when using a robotic arm. 
First order complementarities are represented by the small straight arrows and higher 

order complementarities are represented by the big solid arrows.  

 

Figure 3-6 Affordance structure of the cookie retrieval task when using a robotic arm. 
First order complementarities are represented by the small straight arrows and higher 

order complementarities are represented by the big solid arrows.  

Child                          Switch 

Cookie                       Robot Robot                        Switch 

Child 

Cookie 

Robot 

Switch 
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and bring the cookie with it. 

Robot-Switch: Switch controls the robot. Robot-Switch/ Child-Switch: Robot may be controlled 

by button in front and the button can be pressed.  This 

may cause robot to come closer. 

Child-Switch: Switch is “pushable” Child-Switch/ Cookie-Child: in order to grab the 

cookie, the robot needs to be moves towards the child, 

therefore the switch needs to be pressed in order to get 

the cookie.  

 

In their analysis of the task with children with disabilities, Cook et al. (1990) revealed several 

elements relevant to this higher order affordances structure. First, children with disabilities as young 

as 8 months could use a robotic arm to retrieve an object of interest. Studies with typically developing 

children have shown that starting at around 8 months children can successfully retrieve objects out of 

reach (Noland, 2008; Munakata, 2004).  Second, children performed behaviors that indicated they 

knew their actions resulted in a desired consequence. Based on a correspondence criteria, Cook et al. 

(1990) determined that observable behaviours of a child were related to switch activation if they 

occurred during a five second window before or after the switch was activated by the child. For 

example, the child would activate the switch and then immediately look up at the robot.  This time 

frame was consistent with observations by Goldenberg (1979) that those responses occurring within 3 

to 5 seconds are the most motivating for the child, and they also reflected temporal proximity. A 

repeatability criterion was defined as “the times during the experimental session that the 

correspondence criterion was met as a percentage of the total number of times the switch was 

pressed” (Cook, Liu & Hoseit, 1990).   

Children demonstrated use of the robotic arm as a tool as determined by the correspondence 

and repeatability of behaviours along each trial. These children would look at the switch, hit it, and 

then look at the robotic arm; the study reported activation of switch meeting the correspondence 

criterion 96% of the time.  Children’s strategies could be analyzed through behavioural analysis and 

coding: For example, children often activated the switch, looked at the robot and then tried to reach 

for the cookie. If the cookie was still out of reach they would repeat the behaviours that caused the 

robotic arm to bring the cookie closer.  
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For the analysis presented in the current paper, a similar set-up as the one used by Cook et al. 

(1990) was presented to 10 adult non-disabled participants, in order to test their perception of the role 

of the robotic arm and the switch. Participants were presented with the same robot and task, except 

the cookie was replaced with an object to be grasped. All participants indicated that the robotic arm 

was the tool. When asked about the role of the switch, participants described as being “what makes 

the robot work”. In terms of Michotte’s (1991) tool effect described above, the switch was perceived as 

the motor object and the robot as the tool.   

Robots and the complexity number hypothesis 

The affordance structure also provides a framework to determine the sequence of events that 

the actor, in this case the child, needs to carry out.  Gibson (1999) pointed out that events have a 

structure consisting of units of action, actions within the sequence that can be identified by a specific 

beginning and end. When observing events, subjects segment a sequence of actions into smaller more 

concrete units (Newtson, 1973). Thus, a sequence of actions could be perceived and described in terms 

of smaller units (Cutting, 1981). For example, when the goal is eating and a spoon is used as a tool, 

grasping the spoon is one unit of the sequence that has a beginning (i.e. initiation of hand movement) 

and an end (i.e., realization of contact between hand and spoon) (Van Leeuwen et al., 1994). However, 

in order to define the boundaries of a unit, namely its beginning and end, it is necessary to take into 

account the skills of the actor and the context in which the action is taking place. Whether the actor is 

very skilled or is an expert user of a tool determines whether units can be broader or not (Van 

Leeuwen et al., 1994). For example, an adult is used to eating with a spoon and can grasp the handle of 

a spoon adequately without a lot of thought. Therefore, the units of action that the adult needs to 

perceive could probably be described as grasping the spoon, load it with food, bring it to the mouth 

and empty the spoon. On the other hand, an 18 month old child (less skilled in the action of self- 

feeding) may need to break the action into smaller units: reach towards the spoon, detect the 

orientation of the handle of the spoon, adjust the grasp according to orientation, load the food, lift 

spoon with added weight of the food, etc.  

The smaller units of action required by the child illustrate another characteristic of affordance 

perception. Sometimes, as the actor is performing the sequence of actions, new relations between 

objects and their affordances are perceived by the actor. For example, the child may not notice the 
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awkward orientation of the spoon (Keen, 2011) until he tries to lift the spoon and bring it to his 

mouth. Only then does the child realize that the orientation needs to be adjusted.  This can be useful 

for a child actor since it implies that not all components of the sequence need to be prospectively 

planned. Only some of them are planned in advance whereas others emerge as the action unfolds. In 

order to understand the events that need to be perceived prospectively, one needs to understand 

which units of the sequence are enough to elicit the action, and which units will emerge as the person 

acts on the object. In other words, some complementarities need to be detected before the action 

starts in order to plan prospectively; others emerge in sequence as a result of the actor’s 

manipulations. This can be determined by analyzing the action and trying to describe it with the least 

amount of units that are in fact absolutely necessary to understand the sequence (Cutting, 1981).  

As illustrated in the previous examples, the higher order affordance structure relies on two 

assumptions that are critical for the interpretation of the analysis. First, the analysis of the tool use 

event includes the minimum number of units required for the action to take place. Second, there is no 

affordance structure complexity analysis that can be independent from the context or the particular 

characteristics of the specific actor (Van Leeuwen et al., 1994). The affordance structure analysis 

provides a basis to understand the complexity of the task itself, which is why it uses the minimum 

required elements to which additional complexity may be added by the characteristics of the actor or 

the context.  It is critical to keep in mind these assumptions when interpreting the results.   

The number of events or units of perception and the kind of temporal integration (in parallel 

or in sequence) required provides  a way to quantify the complexity of the tool use task and compare 

different situations (Van Leeuwen et al., 1994). The more units of complementarities needed to 

understand and achieve the goal, the more complex the task is. In this way, Van Leeuwen et al. (1994) 

developed a quantitative analytical notation of the complexity of a tool use task. This quantitative 

notation (referred to as the complexity number) can be used as a measure of the complexity of the task 

that incorporates the analysis and prediction of different constraints, spatial relations and time 

relations needed to use the tool. Table 3-2 presents the notation assigned to each factor in the 

Complexity number hypothesis. 

Table 3-2 Notation for complexity hypothesis components 

Notation Meaning 

A (stands for Actor).  Used when referring to a 
complementarity between the actor 
and the tool; or the actor and the 
target. 
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Note: Aend refers to the 
complementarity between the Actor 
and the target. Aend is the ultimate 
goal of the tool use action.  

O (stands for Objects, either the  tool 
or the target) 

Used when referring to 
complementarities between the tool 
and the target.  

. (Parallel units) Events that need to be detected in 
parallel or at the same time. 

, (Units in sequence)   Events that emerge in sequence, one 
after the other, as a result of the 
actor’s manipulations. 

 

In the case of tool use, units have two different types of temporal integration: in sequence, 

represented in the notation by a comma, or in parallel, represented by a period. Parallel integration is 

considered to be more complex since it requires prospective understanding of complementarities, 

while in sequence integration, performing one action allows the actor to understand a new 

complementarity.  

Complexity number: reaching, tools and robots 

Let us again consider the situation described in Cook et al. (1990) study where a small child is 

trying to reach for a cookie. A typically developing child would reach for the cookie, and grasp it if it 

was within reach. This scenario would have no higher order affordances since there is only one 

complementarity between actor and target. In the notation this scenario would be represented just by:  

Aend  

Consider the same typically developing child in a situation where the cookie is now out of 

reach. This constraint introduces the need for a tool. If the tool were a hook located strategically with 

the handle within reach of the child and the crook part surrounding the cookie, the child would only 

need to pull the hook to retrieve the cookie. A similar configuration was presented as an example in 

Van Leeuwen et al., (1994).   In order to use the tool, the child must recognize that the use of the tool 

changes two spatial relations between actor, target and tool by realizing two affordances. The first 

affordance is the reachability of the target which is the goal (Aend), and the other affordance is the 

“pullability” of the hook (A1).  Since Aend can’t be achieved without understanding A1, they need to be 

perceived prospectively (i.e., before starting the action) and simultaneously (i.e., the two events need 

to be realized in parallel). The period that connects A1 and Aend in the formula represents the parallel 

temporal integration required.  The higher order affordance structure that could describe this use of 

the tool would be:  
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A
2
1 =(A1∙Aend) 

As represented in this formula, the cookie can be reached (Aend) if the actor pulls the hook 

(A1) and both complementarities need to be perceived at the same time in order to use the tool. The 

exponent “2” represents the second order of affordance structure resulting from the integration of the 

first order structures. This event would have a complexity number of 1, since only one second or 

higher order affordance structure results from the integration of two first order structures. Therefore 

only one second order relation needs to be integrated temporally for the desired configuration to be 

successful. This simple form of tool use could also turn into a more complex sequence of events. For 

example, if the spatial orientation of the hook was altered (e.g., the crook were turned away from the 

cookie) then the child would need to flip the hook to use it to bring the cookie closer (Van Leeuwen et 

al., 1994).  

Reaching or using a tool such as a hook in order to retrieve an object out of reach are two 

scenarios in which , although the child has the motor skills to do both, it is the distance and 

configuration of objects that determines the use of one or the other. However, when the actor is a child 

with a severe physical disability, reaching or using tools such as a hook is not possible. For this 

scenario, the use of a robotic arm to retrieve the cookie as described above  (Cook et al., 1990) 

becomes an alternative for independent manipulation. For the robot mediated task, Table 3-3 

describes the First order and second order complementarities of this task. 

Table 3-3 Complexity Number Hypothesis for robot-cookie task 

child-
switch 

Robot- 
switch  

cookie-
robot 

cookie-child 

As1  Or1  Oc1 Ac1 

    Aend 

Where: 

As1= First child-switch complementarity= Switch can be pressed by child 

Or1= First robot-switch complementarity= Switch makes robot move closer 

Oc1= First cookie-robot complementarity= Robot is holding cookie and moves it 

Ac1= First cookie-child complementarity= Distance from child to cookie 

A-end= Grab cookie 

In this case, five complementarity units are needed. First, the child needs to realize that the 

cookie is out of reach but that the switch, which is at hand, can be pressed (Ac1, As1). Then, in a 

sequential way, the child needs to realize that when the switch is pressed the robot moves closer (As1, 
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Or1). Then the child realizes that by pressing the switch to move the robot closer, the robot brings the 

cookie towards him (Or1,Oc1). The child then needs to perceive that as robot brings cookie the distance 

between himself and the cookie decreases (Oc1,Ac1).  Finally the child detects that pressing the switch 

makes it possible to take the cookie from the robot (As1. Aend). The higher order affordance structure 

that could describe this use of the tool would be:  

A2
2= (Ac1, As1), (As1, Or1), (Or1,Oc1), (Oc1,Ac1) ,(As1. Aend) 

  The robot mediated task is more demanding than reaching for the cookie but it decreases the 

motor demands so that it is possible for children with disabilities to perform it independently.  

Conclusions 

Manipulation has been related to spatial knowledge, causal cognition, object permanence, and 

symbolic communication (Cohen, 1985; McCormack, Hoerl, Butterfill, 2011; Piaget, 1954; Greenfield, 

1991).  Children with physical disabilities can lose opportunities for independent manipulation of 

objects around them and the exploration of object’s attributes (Jennings & MacTurk, 1995).  Robots 

can be used as augmentative manipulation systems that assist manipulation and provide a way 

through which children with physical disabilities can interact with their physical environment. When 

used as tools, robots provide a way through which children with severe physical disabilities can access 

independent manipulation and exploration. This has developmental advantages and provides 

meaningful learning opportunities. 

Certain characteristics of robots, make them ideal candidates for augmentative manipulation: 

their ability to pick, reach, grasp and place objects; the flexibility in the use and adaptation of different 

control systems such as switches; and the flexibility in terms of autonomy that they provide. However, 

they also have certain limitations that restrict their usability and efficacy. Robots can be big, 

expensive, and they place additional cognitive demands on the child. Cook and collaborators (for a 

review see Cook et al., 2012) have explored different alternatives to overcome these challenges, such 

as using Lego Robots that are less expensive, adapting the number of switches and the control that 

they give to the child over the task, and further exploring the cognitive demands of using robot-

augmented manipulation. Understanding these cognitive demands can provide insight into design 

modifications and task adaptation.   
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One of the strategies used to explore the cognitive demands placed on the child by the use of 

robot-augmented manipulation has been determining the age at which typically developing children 

can successfully operate the robot to achieve a goal (Poletz et al., 2010). In a study with typically 

developing children between 3 and 6 years of age, Poletz et al. (2010) presented children with a 

sequence of robot tasks that were thought to increase in complexity (cause & effect, inhibition, 

laterality and sequencing). A Lego robot similar to a toy truck was used. The tasks involved the 

following: 1) cause and effect: the child was required to press a single switch (only switch presented) 

to make the robot go forward and knock over a tower of blocks. 2) Inhibition: the child was required to 

release the switch in order to stop at a certain point next to a pile of blocks. 3) Laterality: two towers of 

blocks were presented and the child needed to pick one, and press the switch that would make robot 

turn to that side (two switches were added. One switch made the robot turn left, the other one right 

and the switch that made it go forward was kept). 4) Sequencing: after making the choice of which 

tower of blocks to knock over, the child was required to press the switches in sequence to turn the 

robot and then make it go forward to knock over the tower. The performance of children in these tasks 

revealed a significant positive correlation between age and successful performance in the more 

complex tasks. The older the child, the better his performance in increasingly complex tasks. For 

example, all three year olds were able to successfully complete the cause and effect task, but only some 

were able to complete the inhibition task.  

The characteristics of the robot and the switches, as well as the number of switches and the 

strategies used to familiarize the child with their effects on the robot have a great impact on the 

likelihood of the child succeeding in the task. The complexity number provides a way through which 

task complexity can be quantified. This allows modifying the task or the robot characteristics such as 

the control interface or mechanical capabilities in order to decrease complexity. Understanding and 

comparing the complexity of robot mediated tasks also allows researchers and professionals to 

understand what is being asked of the child. One could easily be tempted to use the robot as an 

alternative to manipulation and then ask the child to complete certain tasks exactly as a typically 

developing child would by reaching and grasping, ignoring the fact that robot operation is already 

evidence of certain cognitive and perceptual skills.  

The affordance structure complexity number can constitute a tool for the analysis of task 

complexity when using robots as tools. This can also provide some foundational information for the 

experimental comparison of robot mediated manipulation in children.  
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This analysis is only based on the minimum required sequence of events needed for the action 

to unfold and the affordances that the child needs to perceive and understand to achieve the task. 

Using this theoretical approach to the quantification of complexity can enhance the experimental 

testing and exploration of robot augmentative manipulation. A strategy through which the additional 

cognitive and perceptual demands of robot augmented manipulation can be tested, is the comparison 

of typically developing children’s performance on robot augmented manipulation vs typical 

manipulation versions of well-defined tasks. Such an approach can help define the parameters of the 

task and the robot that are more likely to allow children to succeed with the robot, and children with 

disabilities to use it as a tool to reveal their skills and develop new ones. 
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  Chapter 4
Paper 3: The Neurophysiology of augmentative 

manipulation: A method for technical 
implementation1 

Introduction 

Motor experience plays a central role in children’s cognitive and perceptual development. 

Through physical manipulation, exploration and interaction with the environment a child develops 

perceptual and social skills that will allow him/her to learn and act on the world [1, 2]. In the absence 

of language during the early years, motor behaviour has also allowed insight into the child’s 

developing cognitive and perceptual skills [1].  

Object manipulation is a critical part of motor experience that enables the child to acquire 

skills required for symbolic and referential communication, the understanding of relationships 

between objects and their environmental interactions, and causal and spatial knowledge [1, 3, 4, 5]. 

Object manipulation starts evolving a few months after birth, as the child perceives objects and their 

properties and explores the relation of these objects to self and other´s actions [6].  

Performance of object manipulation indicates that early milestones of cognitive and 

perceptual development have been reached [7,8]. Through object manipulation, a child progressively 

starts to relate to objects and discovers how objects can be used to achieve a goal [8]. This 

development by the human child gives rise to tool use, which in cognitive theory has been related to 

representational means-end planning [8,9].  Tool use has been identified as a landmark cognitive skill 

[10] that involves the understanding of the properties of objects and how they can relate to each other 

as a means to achieve a goal [11].  For example, at around 18 months, a child is able to execute a 

planned strategy if he/she notices an awkward orientation of the handle of a spoon. The strategy is 

used to guide the selection of which hand to use or how to change the grasp for successful self-feeding 

                                                             

1 This paper has been accepted for publication as: Alvarez, L., Wiebe, S.A., Adams, K, Hope, A., Cook, A. (In 
press) “The Neurophysiology of augmentative manipulation:  A method for technical implementation”, 
Technology & Disability. The original reference list and citation format of the paper has been kept as per 
FGSR, University of Alberta guidelines for published material included in a dissertation. Therefore 
references for chapter 4 are presented immediately after the chapter and are also included in the general 
reference list.  



 49 

[1, 9]. The use of objects as tools extends the influence of the child on the environment and enhances 

his interactions [12]. 

The strong relationship between motor skills and cognitive development suggests that a lack 

of motor experience can result in cognitive and perceptual delays [13].  Children with congenital or 

early acquired severe physical disabilities can lose opportunities to develop and demonstrate their 

cognitive and perceptual skills if the physical disability limits the ability of the child to physically 

manipulate objects [14]. This limitation in object manipulation can compromise the quality of their 

play and learning skills [15].   

There are benefits of early exposure to assistive technology for children. Young children can 

use assistive technology in order to have access to early independent interaction with their 

environment and the objects in it [16, 17, 18]. Assistive technologies allow these children to engage in 

different kinds of social, cognitive and communicative activities, by increasing, maintaining, 

improving or compensating for their functional capabilities [19]. Assistive technology gives children 

with disabilities opportunities to explore their environment through independent mobility [17], 

interact with others as part of their social construction of the world [20] and explore and participate in 

learning and play activities [15, 21, 22, 23].  

As an assistive technology, robots can be used as augmentative manipulation systems due to 

their capability for picking, placing and exploring objects [21]. Several studies report the use of robots 

as augmentative manipulation systems by children with severe physical disabilities [21, 24, 25, 26, 

27]. In these studies children independently controlled robots using switches adapted to their 

capabilities and needs. Robots can be programmed in several ways throughout a continuum of 

autonomy from fully autonomous (i.e., the robot carries out a complete task without human 

intervention) to tele-operated (i.e., the human operator controls the robot throughout a task) [15].  

The characteristics of switches, such as simplicity, portability and safety, make it possible for the child 

to independently control the task and their influence over the environment increases [28]. By using 

robotic systems for augmentative manipulation, children’s participation in academic and play 

activities, expressive language and level of engagement increased as reported by parents and teachers 

[24].  

So far, studies of children’s use of robotic augmentative manipulation systems has largely 

focused on outcome measures such as the perceptions of parents and teachers, and the attainment of 

academic, play or therapeutic goals. The required cognitive and perceptual skills of direct 
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manipulation of objects and of robotic augmentative manipulation are not equivalent. Providing a 

robot for children with physical disabilities can give them access to independent object manipulation. 

However, adding the robot as a tool may change the way the child perceives the tasks at hand and the 

relation between objects. Also, the characteristics of the additional cognitive and perceptual skills 

required to operate the robot remain unclear. These skills add complexity to what for typically 

developing children constitutes a natural manipulative behaviour. A better understanding of what is 

being asked of the child when providing this alternative manipulation system is required.  

In the absence of verbal responses, cognitive assessments in early childhood often require 

hand dexterity and object manipulation to solve problems (e.g. building towers with blocks) [29]. 

Children with disabilities can use a robot to perform these manipulative tasks. However, the skills 

required for successful robot operation and control may be of greater complexity than those that can 

be revealed by the completion of the task itself. This can also contribute valuable information 

regarding the skills that these children can reveal by using the robots. 

The comparison of direct manipulation and robot augmentative manipulation in similar tasks 

constitutes the first step in understanding the cognitive and perceptual demands of robot 

augmentative manipulation systems for children.  Using both behavioural data (e.g. performance, 

success rate, reaction time, response time, etc.) and neuroimaging data can provide a broader 

understanding of the potential differences between direct and augmented manipulation. The use of 

neuroimaging techniques to support the study of augmentative manipulation can provide insight into 

the associated cognitive representation and complexity. 

Comparing the direct and augmentative version of a manipulation task and exploring its 

effects with the use of neuroimaging techniques presents two distinct challenges.  First, children with 

severe physical disabilities cannot manipulate objects independently and a comparison of direct and 

augmented manipulation of objects cannot be obtained. Second, the integration of a robotic 

augmentative manipulation system and electrophysiological measurement creates technical 

challenges related to electrical interference due to robot motors and control circuitry as well as 

movement artefact due to the movement required to activate the robot control system.   

 Conducting pilot studies with non-disabled adults and typically developing children who can 

use direct and robot-mediated manipulation can help overcome the first challenge by revealing the 

comparative aspects of the human-device interaction. When referring to other types of assistive 

technologies, Higgenbotham and Bedrosian [30] describe how selecting non-disabled participants in 
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the initial phases of an assistive technology investigation can allow for the construction of 

performance distributions that can later be compared and tested for generalizability. Also, this 

approach can control for the variability that naturally exists between participants with different 

degrees of motor compromise and skills [30]. Selecting non-disabled participants in the pilot phases 

can also reveal the cognitive processes necessary for the acquisition of device performance 

competence [31]. Therefore, a method for technical implementations needs to allow the comparison of 

both typical manipulation as well as robot augmented manipulation in order to serve the purposes of 

pilot studies as well as studies with people with disabilities.  

 To overcome the second challenge, a method for technical implementation that allows the 

exploration of robot augmented manipulation is required. In addition, the use of 

electroencephalography (EEG) signal and the resulting event related potentials (ERP) provides an 

alternative for the functional analysis of brain function while allowing the use of artefact reduction 

computational methods, which are useful in situations where artefact is increased. These non-invasive 

neurophysiology measures [32] are widely used to safely explore the substrate of cognitive and 

perceptual function [33]. They have high temporal resolution, in the order of 1 ms or better [34]. 

Cognitive processing can be studied in synchrony with the process as it happens.  EEG and ERP are 

also inexpensive compared to other neuroimaging methods [34].  

Objectives 

This paper presents the design of a custom made platform interface for the neurophysiological 

exploration of robot-augmented manipulation and presents an evaluation of the technical feasibility of 

performing a comparison between augmented manipulation and direct manipulation as response 

modalities in a cognitive task. It is divided in two parts: first, the need for an interface method is 

presented as well as the platform and its technical characteristics. Second, pilot testing conducted 

with 10 adults is presented. This allowed for the evaluation of the technical feasibility of 

neurophysiology comparison of robot augmented manipulation and typical manipulation.  
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Methods 

Robot augmentative manipulation system 

The half human size MiniMover-52 robotic arm [Figure 4-1] with six degrees of freedom was 

used.  The robot stepper motors enable base rotation, flexion and extension of shoulder and elbow, 

wrist flexion, extension, supination and pronation, and a gripper that can open or close [19]. The 

robotic arm was programmed and controlled by a notebook computer running Microbot Control 

Center software2.   

The varying degrees of severity of the motor impairment of the children that can benefit from 

using these robots as augmentative manipulation, makes switches a versatile and customizable 

alternative control interface. Switches can be adapted to the best control site for the child. The robot 

was programmed so that playback of a complete stored movement occurs when a switch is activated.  

Participants used two switches to activate the pre-stored robot movements. The switch placed at the 

left of the participant’s midline made the robot move towards the container on the left, lift it, drop it 

and go back to home position. The switch placed at the right side of the participant’s midline made the 

robot move towards the container on the right, lift it, drop it and go back to home position. 

 

Figure 4-1 Microbot Teachmover Robotic Arm 

                                                             

2 Quest Technologies, Farmington Hills, Michigan 
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Customized Platform for technical implementation 

Typically, exploration of neurophysiological substrates of cognitive function are obtained by 

designing an experimental task in which stimuli are presented on a screen and the participant 

responds by using a keyboard, or a response box with a set number of switches. These responses 

subsequently flag the EEG ongoing signal, making it easier to then extract the segments of interest. In 

the case of robot augmentative manipulation systems, the tasks and stimuli are dynamic and three-

dimensional in nature, and therefore not suitable for screen based response experimental designs. In 

the case of the A-not-B task (described in more detail below), several events of interest replaced the 

standard screen presented stimuli: (1) when the barrier is lifted marking the beginning of a trial, (2) 

when the participant hits a switch to choose either side A or B for robot retrieval of the object, (3) 

when either cup is lifted, recognizing both the lifting and the presence or not of the object.   

A custom-made interface is required that can translate the stimuli described above into input 

signals that E-Prime5 can detect and use as markers for the EEG signal. For this purpose a custom-

built wooden platform was designed to monitor the responses of the participant using three magnetic 

switches wired into the platform, and two switches controlled by the participant.  E-Prime extensions 

for Net Station3 flagged the EEG signal for each of these events. The three magnetic switches marked 

the lifting of the barrier, and when one of the two cups was lifted. The participant switch responses 

were connected to the robot to replay the stored movements (see Figure 4-2).  The wooden platform 

was wired through a common DB-9 connector typically used for the switch response box so that 

events were registered by E-prime as keyboard inputs (see Figure 4-3).  

 

Figure 4-2 Platform and Robot set-up showing the two containers in position on the platform and 
the two participant switches used to control the robot arm. 
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Figure 4-3 Experimental set-up 

 

In order to facilitate consistent recording of trial information by E-Prime, during direct 

manipulation condition, the robot was programmed to stay in the home position regardless of switch 

closure. The researcher pressed the switch to signal the cup towards which participant began reaching. 

This way the channelling of the signal was still done through the automated platform but with no 

response from the robot.   Figure 4-4 illustrates the electrophysiological set up with E-Prime® and 

NetStation®. 

 

 

Figure 4-4 Neurophysiological measures set-up showing electrodes in a cap worn on the 
participant’s head, the presentation software (E-Prime) screen and the signal acquisition (Net 

Station) screen. 
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Testing of technical implementation   

Participants 

Ten right-handed adults participated in this pilot testing (5 females and 5 males; mean age: 

29.3 years, range: 23-34). All participants had normal or corrected vision. None of the participants 

reported having a previous history of neurological or psychiatric disorders, or taking any medications 

at the time of testing.  

The Task 

The A not B task is considered a classic measure of cognitive development in early childhood 

[35] and perhaps the most studied task in developmental psychology [36]. Developed by Piaget [4], 

this task was chosen as a cognitive and perceptual task with very specific motor requirements (i.e. 

requires patterns of reaching, grasping and lifting small objects). This made it suitable for adaptation 

to the robot-mediated version. Also the great amount of literature available on this task, allows further 

comparison of our results and provides the basis for the interpretation of the task’s complexity. Since 

this task could be used in future studies with children, it was used in this testing phase for the purpose 

of consistency.   

In the A not B task the participant is exposed to an object hidden in a container. The container 

is moved to location A. In the standard version of this task the object is placed inside the container 

already located at either left or right. However, the chosen version for this testing included the 

addition of invisible displacement [37] (i.e. the object is first hidden inside the container and then the 

container is moved instead of the object directly being placed at either side containers), which makes 

the task more complex and therefore more suitable for older children.  A screen is then placed in front 

of the participant and after a delay the participant is allowed to search and retrieve the object. After 

two successful trials, the object is hidden and moved to the opposite side, location B. This time, after a 

screen is placed between the participant and the container, an equal but empty container is placed on 

the opposite side, location A. The participant is encouraged to search for the object [38]. For adult 

participants, this task is not demanding and a 100% success rate was expected. 

In this pilot testing, participants had to find and retrieve the object in two conditions (order 

was counterbalanced across participants): 1) Robot condition: using a robotic arm for manipulation 

(i.e. the participant operates a robot to perform the manipulative behaviours); 2) direct reaching 

condition: reaching for and grasping the objects with their hands (as typically developing children 
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would). Each participant completed 40 trials in each condition. It was hypothesized that only an 

attention and working memory demand would be placed on the adults, not interfering with success 

rate, but providing comparable electrophysiological results between the two conditions of the task.   

Neurophysiology recordings and analysis 

EEG was recorded with the use of a high-density 256 channel Geodesic Sensor Net®3 

referenced to the central vertex electrode. Data analysis was conducted in NetStation®3, MATLAB®4 

custom scripts and EEGLAB 7.14 open source toolbox that runs in MATLAB. Recording took place in 

an electrically shielded and sound attenuated chamber where the designed platform was placed and 

interfaced with E-Prime®5 presentation software version1.2. E-Prime presentation software allows 

the design of a computerized experiment where stimulus can be presented to the participant and key 

presses or touch screen responses can be tracked, resulting in the automatic coding of several 

dependant variables (e.g. reaction time, success rate, errors, etc). The platform was wired so that 

events in the task were identified as specific key presses in E-Prime (and were presented in a screen 

only for the researcher to see) and marked in the EEG signal in NetStation.  

Electrode impedances were maintained under 50 kΩ and the signal was sampled at 250 Hz 

and filtered and amplified at a gain of 1000. Offline, the EEG signal was 0.1-30Hz bandpass filtered as 

per recommendations by [34]. Artefacts were corrected via independent component analysis (ICA) 

[39]. Although EEG was initially referenced to the vertex electrode (Cz), a digital average re-reference 

was conducted. Trials were referred to a 100-ms pre-stimulus baseline. The continuous EEG was 

segmented into epochs from 1000 ms before either the barrier was lifted or the switch was pressed to 

1000 ms post target onset. Only trials with correct responses (i.e. where the participant correctly 

identified the location of the object) were retained for analyses. A channel was marked bad for the 

entire session if it was deemed bad in more than 20% of the trials.  

Results 

Two events of interest were selected for analysis:  

                                                             

3 Electrical Geodesics Inc., Eugene, OR 
4 Mathworks, Natick, MA 
5 Psychology software Tools, Inc., Sharpsburh, PA.  
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1) Barrier lifting: this event signals the beginning of a trial for the participant and prompts participant 

to proceed.  

2) Switch Closure: This event signals the participant’s response.  

Exploration of ERPs was first attempted around these two events, with the use of Scripted NetStation Waveform 

tools (filtering, artefact rejection, bad channel removal, signal segmentation, etc.). An initial waveform 

exploration also revealed an artefact around the vertex electrode (Cz) that was consistent across participants, and 

across conditions ( 

 

Figure 4-5). This graphic corresponds to the switch press event of interest. A pronounced 

negative deflection is observed around the vertex, consistent across electrodes around the vertex. We 

hypothesized that this artefact was related to electrical interference that results from switch closure.  

 

 

Figure 4-5 Topo-plot of electrodes corresponding to the switch press event of interest 

 

In order to examine this artefact, the same process was applied to the delay events (i.e. the 5 

seconds where the participant is being distracted and the barrier is in place). Also, additional testing 

of a participant performing different movements that resembled switch closure but without actually 

pressing the switch was conducted. When no switch closure occurred, the vertex artefact was absent 

from these segments, the initial waveform’s artefact source being electrical interference ( 

Figure 4-6). 

s 

µV 
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Figure 4-6 Topo-plot of electrodes when using the delay period as the event of interest. 

 

Independent Component Analysis was selected to segregate this artefactual component. The 

Independent Component Analysis algorithm (ICA) [39] enables the separation of statistically 

independent signals by source. Although it does not localize the source of the components, it identifies 

the different sources and allows separation of artefactual components like eye blinks, head 

movements, etc. [40]. By using this technique, removal of the switch closure artefact was possible. 

Figure 4-7 shows the signal processing process that was used starting with the NetStation ® tools, and 

ending with the use of EEGLAB ® in order to use ICA for artefactual component rejection.  

s 

µV 
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Figure 4-7 Diagram of signal processing stages. The black boxes represent stages completed in 
NetStation. The green boxes represent the stages completed with EEGLAB. 

 

After ICA was performed, four groups of electrodes representing frontal, central, parietal, and 

occipital areas in both hemispheres were chosen for further analyses to determine if waveforms could 

be obtained from these representative sites. The electrodes were identified by finding the 10-20 

international system [41] correspondence as described by Luu, Ferree [42] (Table 4-1). The group of 

electrodes around the corresponding Fz, Cz, Pz and Oz was averaged to obtain these representative 

sites [43, 44]. Figure 4-8 presents a schematic view of the HydroCel Geodesic Sensor Net, illustrating 

the distribution of the chosen electrodes. The electrodes chosen for extraction are circled.  
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Figure 4-8 Electrode map of the Hydrocel Geodesic Sensor Net – 256 channels 

In this schematic view the nose points up. The electrodes that were selected for analysis for 

each area are grouped together. This figure shows the distribution of each representative area along 

the scalp. Table 4-1 enumerates the electrodes and their corresponding 10-20 system channel [43].  

Table 4-1 Electrode number and correspondence with the 10-20 system 

10-20 system  Electrode number Electrodes chosen for each 

area 

Fz 21 21, 27, 27, 20, 13  

Cz Cz (REF) 45, REF, 132 

Pz 101 101, 110, 119, 128 

Oz 126 125, 138, 137, 136, 148 

 

Individual trials were averaged and mean amplitudes and peak latencies for each electrode 

were recorded for each participants. In the robot condition a total of 397 correct trials was averaged; 

in the reaching condition 399 correct trials were used.  For each participant, and each condition (robot 

and reaching) the mean amplitude and peak latencies for each event (barrier lifted and switch 
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pressed) were averaged together across the electrode groups to represent the ERP components at the 

frontal, central, parietal and occipital sites.  

Figure 4-9 and Figure 4-10present the resulting waveforms for the barrier lifting event and 

the switch pressing event, for both the reaching and the robot condition in each area. Because this 

study was a test of the technical setup, no typical experimental manipulations to elicit specific 

components were done, and no previous knowledge of the waveforms was available. Therefore the 

waveforms for all four areas in the two conditions were extracted and plotted and visual inspection 

was used to evaluate the feasibility of ERP analysis and potential components that may be elicited by 

the task.  Interpretation and identification of potential components is to be done with caution. 
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Figure 4-9 Waveforms around barrier lifting event at Fz, Cz, Pz, Oz for robot and reaching condition. 
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Figure 4-10 Waveforms for switch press event at Fz, Cz, Pz, Oz for robot and reaching condition
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A visual inspection of the waveforms reveals several elements: In both events some 

differential activity can be found between the robot and the reaching conditions, in relation to the 

amplitude of the waveform. This differential activity can be best seen in Cz and Oz after the barriers is 

lifted.  However, there is weaker differential activity in other sites. When the barrier is lifted, a positive 

deflection emerges at around 100 ms followed by a negative deflection and then another positive peak 

at around 200 ms for the reaching condition. For the robot condition this effect is weaker and there is 

less amplitude of the waveform at these latencies. Because of their early latency, these components 

may be related to late sensory and early perceptual and attentional processes in adults [45]. For 

example, in ERP research, a visual N1, a negative component that is typically in the first 100 to 200 

milliseconds has been related to visual demands of the task as well as attentional resources [46]. The 

preceding P1, a positive peak at around 90 to 100 ms has been hypothesized to index perceptual 

processing [47] (the letter indicates the polarity for the component and the number is usually related 

to their appearance in the waveform and latency).  P1 has also been found to be modulated by visual 

spatial attention [48]. It is important to note that this testing only establishes technical feasibility and 

the experimental manipulation is novel thus this experimental manipulation differs substantially from 

the existing literature on these components (in which well-established experimental conditions are 

known to elicit certain components) and any association needs further testing to establish correlation 

between the components reported in the literature with the waveforms elicited in this task.  

Results show that robot augmentative manipulation can be controlled in such a way that 

electrical artefact is minimized and that artefact reduction is possible via ICA.  

Discussion 

The main purpose of this adult pilot testing was to explore the feasibility of implementing 

neurophysiological recordings in the performance of a 3D task while using a robotic augmentative 

manipulation system. The technical implementation presented several challenges. First, the typical 2-

dimensional on-screen nature of the tasks involved in neurophysiological data acquisition, makes it 

hard for 3-dimensional responses to be tracked and marked by the presentation and acquisition 

software packages.  The design of a custom-built platform with hidden wired-in magnetic switches 

that were programmed into the stimuli presentation software as keyboard responses allowed proper 

identification of event markers for the signal.  However, this can present a challenge for further 
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studies of augmentative manipulation because each task would need a unique interface module so that 

specific events of interested can be marked.  

Second, the nature of the tasks involved in augmentative manipulation poses a challenge to 

the use of neurophysiological data. Because participants are required to move, stimulus dependant 

movement inserts an artefact in the signal. Although filtering and the use of ICA aid in the elimination 

of this source of artefact, the quality of the signal is slightly compromised as seen in the figures. 

Currently available acquisition and presentation software packages are not optimal for the analysis of 

signals that are prone to artefact [49]. In such circumstances, filters need to be narrower and 

alternative methods for the detection of this consistent artefact needs to be explored. For example, 

Kaatiala et al. [49] recently designed a graphical interface that enables a two-stage approach to the 

analysis of infant ERP data. This two stage approach aims at providing a systematic way of controlling 

for stimulus dependant artefacts such as movement. In this approach, video recordings are 

simultaneously linked with initial exploration of epochs. Initial rejection previous to analysis of the 

signal is done based on noticeable movement artefact. Then the graphical interface allows for the use 

of several filters and artefact correction tools. Such approaches can yield promising opportunities for 

the study of neurophysiological correlates of augmented manipulation, and in tasks that require high 

manipulative behaviours.   

The events chosen for this pilot testing were related to the critical moments of the A not B 

task. This task will be used for comparison of robot augmented manipulation and typical 

manipulation in children.  This task was used in this pilot testing as a way to determine if a cognitive 

task could be adapted in such a way that would allow behavioural and neural correlate comparisons. 

However the cognitive processes in children during the task are fundamentally different from those of 

adult participants and extrapolation of any correlates is not possible (nor was intended). For example, 

when the barrier is lifted the child must then evoke the memory of the object, inhibit the previously 

successful reaching pattern and reach for the correct site. Also, the switch press marks the event in 

relation to which error monitoring can be observed. However, adult participants may, more likely, 

hold the memory of the object during the delay. Subsequent analysis should include the segmentation 

of the delay event and the exploration of potential components during this delay time. Additionally, 

further manipulations of specific components are required in order to better understand the 

underlying cognitive demands of the task.  A potential component of interest is the Lateralized 

Readiness Potential (LRP) that has been found to index the preparation of motor activity in a specific 
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side of the body [50]. Since this potential has been reported to relate to motor preparation and motor 

programming [51] it can provide insight into observed actions of a mechanical augmentative 

manipulation system that requires the operation of the participant.  

Another important alternative for the characterization of augmentative manipulation’s 

neurophysiological substrates, is the analysis of event related potentials and electroencephalographic 

activity related to observed actions by the robot. Neurophysiological studies of observation of actions 

performed by others have supported activation similar to that of performing the same actions [52, 53]. 

For example, the mu rhythm, an electroencephalographic wave present in motor rest, has been found 

to be suppressed when participants observed someone perform an action. This indicates that similar 

brain activity is associated with performing and observing the action [53]. The exploration of this 

component when exposing participants to observing actions performed by the robot may contribute to 

understanding how the augmentative manipulation is perceived.  

The acquisition of neurophysiology data of augmentative manipulation represents a first step 

for subsequent studies with infants and children with severe congenital physical disabilities. Even 

though the experimental setup can be challenging in exploratory studies, the custom made platform 

and method for removing electrical artifact in this paper constitutes a starting point for further 

investigation of robots and neuroimaging interactions.  
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  Chapter 5
Paper 4: The role of augmentative manipulation 
in infant cognition: the case of the A-not-B task 

Introduction 

Manipulation provides infants with opportunities for early independent exploration of the 

environment (Esseile, Nadel, Fagard, 2010). Children use manipulative behaviors to learn about the 

world around them and the objects in it. By the end of the first year of life and into their second, 

children can adapt their movements to specific characteristics of objects (Bourgeois, Khawar, Nea & 

Lockman, 2005). For example, by 6 months of age, infants attempt to squeeze soft objects more than 

hard objects (Bourgeois et al., 2005). Also, 19-month old toddlers change the orientation of their grip 

to match the orientation of the handle of a spoon for self-feeding (McCarty et al., 1999). These 

manipulative behaviors have been found to be deeply rooted in the interaction between the child’s 

early experiences, their motor skills and the demands of the task (Lobo, Galloway, Savelsbergh, 2004). 

Motor experience induces and facilitates children’s’ ability to purposefully interact with objects (Lobo 

et al., 2004) and to use objects as tools (Sommerville, Hildebrand, Crane, 2008).  The ability of the 

child to understand action goals and the intentions of others when performing an action has been 

attributed to their ability to relate those actions and intentions to their own previous self-experiences 

(Sommerville et al., 2008; Metlzoff, 2005).  

Children with physical impairments can lose opportunities for meaningful exploration and 

manipulation of objects (Ruff, McCarton, Kurtzburg & Vaughan, 1984). Children with physical 

disabilities can’t manipulate objects due to fine motor impairments that limit their ability to grasp and 

reach (Jennings & MacTurk, 1995). Also, they can be perceived as less able to interact independently 

with objects or overcome frustration (Jennings, Stagg, Connors & Ross, 1995). This in turn, can lead to 

adults providing fewer opportunities for independent interaction (Dunn et al., 2007). Both the motor 

nature of their impairment and the ways in which they are perceived, impact the child’s ability to 

explore and learn about the physical environment. In the same way as powered mobility provides an 

alternative to walking for self-produced locomotion (Rosen et al., 2009), an alternative to typical 

manipulation can help children with physical disabilities access the early cognitive and perceptual 

advantages of upper extremity exploration (Cook, Adams, Encarnação, Alvarez, 2012). However 
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typical and robot mediated manipulation are not the same and the ways in which using robots can 

impact the child’s performance as well as the demands added by the robot need to be understood.  

This paper presents the results of a study conducted with young typically developing children, 

in order to compare the use of typical manipulation and robot mediated manipulation when 

performing a cognitive task. Along with the comparison of behavioral results between the two 

response modalities, neurophysiological signatures of both were obtained. Their potential and 

implications for the study of augmented manipulation in children with disabilities are discussed. In 

line with this, this paper also presents the results of a case study with a 30 month old child with a 

severe physical disability, who participated in the robot mediated condition and an adapted reaching 

version.   

Augmentative manipulation 

Assistive technologies can provide opportunities for young children with disabilities to 

interact with others and explore their environment (Judge, Floyd & Wood-Fields, 2010; Schlosser & 

Raghavendra, 2004; Millborne, Campbell & Wilcox, 2004; Cook, Adams, Encarnação, Alvarez, 2012), 

Assistive technologies can facilitate access to early experiences for children with physical disabilities 

(Wiart & Darrah, 2002; Cook, Liu & Hoseit, 1990). They can allow children with disabilities to engage 

in different kinds of social, cognitive and communicational activities, by increasing, maintaining, 

improving or compensating for their functional capabilities (Cook & Polgar, 2008). 

As an assistive technology, robots can be used as augmentative manipulation systems due to 

their capability for picking, placing and exploring objects (Tejima, 2000). In that sense, robots 

supplement (augment) the existing manipulation skills of the child and compensate for the limitations 

in manipulation. The use of a robotic arm system by children with disabilities who are unable to 

directly manipulate objects has been shown to increase children’s participation in play, academic 

activities, their expressive language and their interest (Cook et al., 2000; Cook et al., 2005). The use of 

robots has also allowed children with physical disabilities to engage successfully in experiences such 

as play (Cook et al., 2000) and academic activities such as math (Adams & Cook, 2013) or science 

(Howell & Hay, 1989) .Through the use of robots children with disabilities have been shown to  reveal 

cognitive skills (Cook, Adams, Harbottle & Harbottle, 2007). In these studies children controlled the 

robots independently through switches that could be adapted to their physical capabilities and needs. 
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Although studies have shown that children with physical disabilities can benefit from the use 

of robots as augmentative manipulation systems, certain critical aspects of this interaction remain 

unclear. Using the robot as a tool is not the same as direct manipulation (See Alvarez, Adams & Cook, 

In preparation; included as Chapter 3 in this document). Introducing the robot in a task, may change 

the way the child perceives the task and the relation between objects (Alvarez & Cook, In preparation, 

See Chapter 3 in this document). The use of the robot, which gives children with disabilities access to 

manipulative tasks by decreasing the motor demand, may at the same time increase the cognitive 

demand of the task at hand.  For example, in a study with typically developing children between 3 and 

5 years of age, Poletz et al. (2010) presented children with a sequence of robot tasks that were thought 

to increase in complexity (pressing the switch to make the robot knock over a tower of blocks, 

stopping at a marked spot to pick up blocks, choosing between two switches to make the robot turn to 

a previously chosen side, and making the robot go forward after turning it to one side). The 

performance of children in these tasks revealed a significant positive correlation between age and 

successful performance in more complex tasks. All three year olds were able to successfully complete 

the first task, but only some were able to complete the stopping task and they had difficulties with 

choosing between two switches. Four year olds were able to master the stopping task, and almost all 

could select between two switches, but they had difficulties carrying out the sequence. Five year olds 

mastered all tasks in this study. This example illustrates how the cognitive demand increases, as robot 

task complexity increases.  

Understanding the additional cognitive and perceptual demands that the use of the robot 

imposes on the child is crucial. This can guide the selection and adaptation of the control interfaces. 

Control interfaces are the hardware elements that a person can use to control a device, such as switch 

or a joystick (Cook & Polgar, 2008). On the other hand, robot characteristics and programming can 

also be adapted to match the needs, skills and developmental age of the child as well as the task and 

goals. Finally, understanding how using a robot may impact the child’s performance on a given task 

can provide additional insight into the cognitive skills required for robot use and revealed during use.  

The A-not-B with invisible displacement task 

Comparing children’s typical manipulation to robot augmented manipulation in the 

performance of a cognitive task can provide insight into the implications of using augmented 

manipulation. The A-not-B task is considered a classic measure of cognitive development in early 
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childhood (Diamond & Goldman-Rakic, 1989) and perhaps the most studied task in developmental 

psychology (Dalenoort & De Vries, 2004). The A-not-B was selected because of the rich body of 

literature behind it and the different interpretations of the A-not-B that make it valuable for testing 

novel implementations. Specifically, for this study, the A-not-B with invisible displacement task (a 

more complex version of the task as explained below) portrays the relation between motor experience 

and cognitive skills and is appropriate for children in their second year of life.  

In the classical version the A-not-B task, an object is hidden inside a container located at 

either left or right from the child (location A). After the child retrieves the toy from Location A, the 

object is then hidden on the other side in the view of the child (location B). According to Piaget (1954) 

5 month old infants will not search for the object at either location; from 7 to around 9 months the 

child successfully retrieves the toy at the first location (A) but when the object is moved to B he often 

reaches back to location A. This early perseverative error (Diedrich, Thelen, Smith & Corbetta, 2000), 

is referred to as the A-not-B error (Berger, 2010). Towards the 12th month of age, the child will 

successfully retrieve the toy at both locations (location A and location B). If a child cannot successfully 

retrieve the object from the location B in the A-not-B task, Piaget (1969) hypothesized that the child 

believes the position of the object depends on his previous successful reaching behavior (i.e., the 

action of the child gives rise to the existence of the object), rather than depending on changes of the 

object’s position in space. When a child successfully retrieves the object in both locations his actions 

reveal intentionality in the sense that the child is able to understand that in order to achieve the goal 

(e.g., retrieving the object) he needs to remove the cover. 

Piaget (1954) also devised a more complex version of the A-not-B task, in which “invisible 

displacement” is added.  In the A-not-B with invisible displacement task, the toy is hidden inside the 

container at midline and then the container is moved towards the side (location A) (i.e. the child sees 

the container that has the toy inside being moved to location A, but does not see the toy directly being 

moved as in the classical A-not-B task, therefore the toy is being “invisibly displaced”). Then the view 

of the child is blocked and an identical container is placed at the opposite side (location B). Children 

in their second year of life will display the A-not-B error too if the A-not-B with invisible displacement 

task is used (Piaget & Inhelder, 1969; Diamond, 1997; Wiebe et al., 2010). This A-not-B task with 

invisible displacement shares the same elements of the classical version (remembering where the 

object is hidden, inhibiting the previously successful response and reaching towards the object) 
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(Diamond et al., 1997; Morasch & Bell, 2011) but increases the complexity because the toy invisibly 

displaced and an additional container is placed on the opposite side as a distractor.  

Piaget and Inhelder (1969) hypothesized that in addition to the achieved understanding of 

object permanence necessary to succeed in the classical A-not-B, in the invisible displacement version 

the child succeeds if he understands that the object’s location depends on the displacement of the 

container in which it was placed, and the child can hold the representation of the object in mind 

through the displacement (Piaget & Inhelder, 1969).  For Piaget, the A-not-B error constituted 

evidence for a lack of object permanence and the associated mental representation of the object that 

only emerges towards the end of the first year of life (McCarthy & Reid, 2002).   Nevertheless, the A-

not-B task has been used in laboratories all around the world (Diamond et al., 1997) and several 

alternative explanations have been provided for the A-not-B error.   

Alternative interpretations of the A-not-B error have resulted from several adaptations and 

modifications of the A-not-B task designed to further explore the role of motor, cognitive, and 

perceptual demands on the performance of children. Such adaptations include changing the response 

modality from reaching to looking or moving across the room; replacing the target object hidden in a 

container for a continuously visible target; or having the child observe the trials at A and then perform 

the trials at B (Bell & Fox, 1992; Berger, 2004; Berger, 2010; Boyer et al., 2011). As an alternative to 

Piaget’s explanation of the A-not-B error (object permanence), a spatial orientation account attributes 

the error to a failure of the child to code the position of the object in space in relation to the previous 

location (A). In order to overcome perseveration children need to switch from an egocentric frame of 

reference to an allocentric frame of reference (Acredolo, 1990; Bremner & Bryant, 1977; Evans & 

Gratch, 1972; Butterworth, 1975).  These skills are developed as a result of self-produced locomotion 

(Kermoian & Campos, 1988; Bertenthal et al., 1994). On the other hand, an immature spatial 

orientation has also been related to failures in motor planning that can in turn, lead the child to 

display the A-not-B error (Lew et al., 2007).  

Diamond and collaborators (1989; 1990; 1997) have contended that children have accurate 

mental representations of the object, but their pre frontal cortex is not mature enough yet. This causes 

the child to not be able to successfully hold the memory of where the object is and inhibit the 

previously successful response simultaneously (Diamond & Goldman-Rakic, 1989; Diamond, 1990; 

Diamond, 1997). Bell and collaborators have found evidence of the correlation between the 

maturation of the frontal cortex and a more accurate performance on the A-not-B task (Bell, 2001; 
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Cuevas & Bell, 2010; Morasch & Bell, 2011). Bell & Fox (1997) provide supporting evidence for both 

self-produced locomotion and brain maturation as etiologies of the A-not-B error. However, no three 

way interaction between the two and performance was found. 

According to Munakata (1997; 1998; 2001), the A-not-B error is a result of a competition 

between latent memory traces of previously relevant information (A trial) and active memory traces of 

the current situation (B trial). In order to overcome perseveration, children must maintain active 

memory traces for the B location that can compete with the strong repeatedly reinforced latent traces 

that bias the child’s reach towards A. A similar approach is that of the dynamic field account, 

according to which children perseverate in this task (that is they display the A-not-B error) due to the 

convergence of several processes (visual perception, motor planning, posture and spatial 

discrimination). The error results from the formation of a strong motor memory that builds over the 

reaching trials toward A. These memories are stronger than the visual memory of seeing the object 

being hidden at B. In this account perseveration is considered a developmental achievement towards a 

balance between stable and flexible motor and perceptual behavior (Smith et al., 1999; Diedrich et al., 

2000; Thelen et al., 2001; Clearfield et al., 2006). 

A more recent model that accounts for the A-not-B error findings across the literature is that 

of the cognitive capacity account proposed by Berger (2004; 2010). According to this account, 

children’s performance in the task is dependent on the allocation of finite cognitive resources into the 

motor and cognitive demands of the task. Both motor and mental demands can tax cognitive capacity. 

Increased motor demands results in a greater difficulty to inhibit the response and impacts the child’s 

cognitive processing.     The different accounts of the A-not-B error illustrate the delicate balance 

between motor and cognitive skills required for a successful response in the task. Although different in 

their explanation of the origin of perseveration, a constant theme throughout the accounts is the 

extent to which children are displaying a cognitive skill through a refined reaching pattern and 

whether it is the cognitive or the motor demands that are driving perseveration.  

This study provides an opportunity to explore preservation when the motor demands of the 

task are decreased. Also, it adds the use of a tool, which may have cognitive implications in the 

children’s performance. Previous studies have shown that children in the first year of life can use the 

robot as a tool for reaching and retrieving (Cook et al., 1990) but that not all typically developing three 

year olds can successfully select one of two switches in correspondence with the direction to which 

they want the robot to turn (Poletz et al., 2010). Poletz et al. (2010) results suggested that children in 
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their first year of life may not be able to successfully use more than one switch to select the direction 

towards which they want the robot to move.  Therefore children in their second year of life (with 

whom the A-not-B with invisible displacement is appropriate) were recruited for this study. Typically 

developing children in the second year of life have shown means-end understanding through tool-use 

behaviour (Lockman, 2000; Keen, 2011).  

Studies using the A-not-B with invisible displacement task (with a 5 second delay when the 

barrier is in place) with 15 and 20 months-old children (Wiebe, Lukowski & Bauer, 2010) and between 

24 and 27 month-old infants (Morasch & Bell, 2011) have shown mid-range responses on the A-not-B 

with invisible displacement task, with room for improvement within the possible range of scores. No 

significant differences in the proportion of correct searches has been found across participants 

between the ages of 15 and 20 months (Wiebe et al., 2010) and 24 to 27 months (Morasch & Bell, 

2011), and 15 to 30 months (Diamond et al., 1997). These results provide evidence for the use of the 

task with children between 18 and 30 months since the mid-range results indicate that there is room 

for further improvement that can still be measured with the task and no differences in perseveration 

errors have been found across children in this age range.   

This paper presents the results of a study conducted to compare toddlers’ performance in the 

A-not-B with invisible displacement task when using direct manipulation and robot augmentative 

manipulation as alternative methods of response. This study provides both behavioural and 

neurophysiological data in order to identify the potential differences between direct and augmented 

manipulation and their associated complexity.  

Children with severe physical disabilities cannot manipulate objects independently which 

limits the possibility of comparing their direct and augmented manipulation of objects. For this 

reason, Experiment 1 was conducted with typically developing children who each performed the two 

versions of the task. Experiment 2, a case study of a participant with severe upper limb impairments 

who participated in the robot augmented manipulation version and an adapted reaching version, is 

also presented.  
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Method 

Experiment 1 

Participants 

Fifteen toddlers in their second year of life completed the study (7 males and 8 females; 13 

Caucasian, 1 Asian, 1 Arabic). An additional 3 infants were recruited but were excluded due to 

fussiness of the child during testing and refusal to complete (2) and equipment malfunction (1). 

Toddlers were between 18 and 30 months (mean age= 24.7; SD= 4.2). All children were born two 

weeks within their due date, weighed at least 6 pounds at birth, did not require oxygen at birth and 

had no diagnosis of neurological disorders as reported by parents. Participants were recruited from a 

data base of families that had indicated their willingness to participate in research (3), through their 

parents who were University faculty and staff members (5), and from local day care centres and one 

local children’s Sunday school (7). Children visited the laboratory with one of their parents (13 

mothers, 2 fathers). Parking expenses were covered and toddlers received a small gift for their 

participation.  

General Procedure 

All children in the study participated in three conditions of the A-not-B with invisible 

displacement task (that differed from each other by how the child was encouraged to response): a 

typical reaching condition (i.e. the child uses his own upper limbs for reaching and lifting the cups); a 

robot-assisted condition (children use two different switches placed right in front of them to make the 

robot reach and lift the cup for them); and a looking version (the cup towards which child looks is 

coded as the response). Conditions were counterbalanced across participants.  

Children visited the lab one time and visits were scheduled at times were they did not conflict 

with nap or meal times when possible. Testing was conducted by a female researcher who interacted 

with each child and two male research assistants who were in charge of the technical aspects of each 

session. On arrival at the laboratory, the researcher waited for the child and parent in the parking lot 

and blew bubbles as the child arrived to establish rapport and engage the child. Children and their 

parents were then invited to the laboratory, where parental consent and toddler verbal assent was 

obtained. There, the experimenter further played with the child while the child became comfortable in 
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the laboratory environment. After playing with the experimenter the child was introduced to the 

robot. Parents also completed a short questionnaire in which they reported frequency of use and 

child’s perceived skill level with different types of battery operated toys and other devices such as 

tablets, computers, etc.   

In order to playfully introduce the robot (see Figure 5-1), a toy was hidden inside a cup before 

the child arrived at the laboratory. After introduction to the robot, children were encouraged to “press 

the button” to see what the colorful switch would do. The robot was programmed to uncover the 

hidden toy. Two children did not press the switch after they were encouraged, so the researcher 

pressed the switch and pointed towards the moving robot. The children were encouraged to do the 

same. This game was repeated several times to ensure the child was comfortable with the robot and 

understood that pressing the switch caused the robot to move towards the cup. After the child could 

successfully use one switch, the second switch was introduced and the process was repeated. Children 

discovered that the two switches made the robot go left and right.  After playing with the toys and the 

robot children were given a picture and some markers to color. In the picture was a character wearing 

a cap like the EEG net.  The researcher pointed out the net in the picture. After coloring the picture the 

EEG net was placed on the child’s head (neurophysiological recording section below). Children were 

rewarded with stickers after each step of the experiment.   

Robot augmentative manipulation system  

For the robot condition, the anthropomorphic, half human size MiniMover-5 robotic arm6  

(see Figure 5-1) with six degrees of freedom was used.  The robot has stepper motors that enable base 

rotation, flexion and extension of shoulder and elbow, wrist flexion, extension, supination and 

pronation, and a gripper that can open or close. The robotic arm was programmed and controlled by a 

notebook computer running Microbot Control Center software7 and was adapted to enable switch 

input.    

                                                             

6 Questec Technologies, Michigan , USA 
7 Questec Technologies, Michigan , USA 
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Figure 5-1 Microbot Teachmover Robotic Arm 

The robot was programmed so that playback of a complete stored movement occurred when a 

switch was activated.  Three movement patterns were stored into the robot: one was programmed to 

make the robot reach towards a cup place at child’s midline (used during familiarization trials); 

another one made the robot arm reach towards and retrieve the cup placed at child’s right (when 

switch placed at the right of the child was activated), and finally the other one made the robot reach 

towards and retrieve the cup placed at child’s left (when switch placed at left side of the child was 

activated).  When activated, the robotic arm reached towards the chosen target, grasped the cup and 

uncovered the hidden toy.  

In order to facilitate consistent recording of trial information by E-Prime®8 (the stimuli 

presentation software system) during the reaching condition, the robot was programmed to stay in the 

home position regardless of switch closure (in this condition the researcher pressed the switch to 

indicate the child’s response so that the appropriate event marker would be recorded in the 

presentation software). This way the channeling of the signal was still done through the automated 

platform but with no response from the robot.   

Customized apparatus for technical implementation 

A custom-made apparatus (43x38x9 cm) was used for acquisition of behavioral and 

neurophysiological data during performance of the A not B task. This apparatus allowed the automatic 

coding of the behavioral events of interest and their marking in the ongoing EEG signal (the apparatus 

was connected to E-Prime® stimuli presentation software version 1.2 and NetStation®9 acquisition 

software). The design and evaluation of the technical feasibility and instrumentation of this apparatus 

                                                             

8 Psychology software Tools, Inc., Sharpsburh, PA. 
9 Electrical Geodesics Inc., Eugene, OR 
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and its use in a robot version of the A-not-B task is reported in Alvarez et al. (In press) (see Chapter 4 

in this document).  The platform was wired so that the following events in the task were recognized by 

E-Prime ® as key presses and marked into the EEG signal:  (1) when the barrier is lifted marking the 

beginning of a trial, (2) when the participant hits a switch to choose either side A or B for robot 

retrieval of the object, (3) when either cup is lifted, recognizing both the lifting and which cup was 

lifted.  The apparatus also served as an interface with the robot. The participant switch responses were 

connected to the robot to replay the stored movements (See Figure 5-2).  Two cylindrical opaque 

plastic cups (8.8 cm diameter; 12.7 cm height) were placed up-side down, 12 cm apart from each other 

and used as hiding locations (See Figure 5-2).  

 

Figure 5-2 Platform and Robot set-up showing the two containers in position on the platform and 
the two participant switches used to control the robot arm. 

A-not-B with invisible displacement procedure 

Because of EEG recording, the experiment was conducted in an electrically shielded and 

sound attenuated chamber where the designed platform was placed and interfaced with E-Prime®. 

Children sat on their parent’s lap in front of the apparatus and the researcher sat in front of them on 

the other side of the apparatus. Several toys that could fit in the cup were available and the child 

picked which one to use.  

Before testing, the toy chosen by the child was placed inside a cup at midline and the child 

lifted the cup to retrieve the toy. In the robot condition, the child used a single switch that caused the 

robot to do the same action.  Then, invisible displacement was introduced. In view of the child, the toy 

was placed inside the cup at midline and then moved to one side. If it was unclear for the researcher if 

the child had observed and attended to the location, the trial was repeated.  An opaque plastic barrier 

was placed between the child and the cup and held in place for 5s. During this delay the researcher 

enthusiastically counted and distracted the child. The barrier was lifted and the child could then lift 

the cup and retrieve the toy. In the robot condition the same was done but instead of reaching the 
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child was given a single switch placed towards the same side (left or right) as the container location. 

This process was repeated two times at each side as pre trials.  

Testing trials began with continuous EEG recording.  The same procedure as the pre-trials 

was repeated, except that during the delay period, an exact but empty cup was placed on the opposite 

side behind the barrier.  After delay, the barrier was lifted and the child was allowed to retrieve one of 

the cups. When a child achieved two consecutive successful trials (retrieved the correct container after 

the delay) at location A the location was changed for the next trial. In this new trial,  the child 

observed the toy being hidden inside a cup but this time the cup was then moved to the opposite 

location (location B) instead of location A (this constitutes reversal, and the first trial at this new 

location is referred to as the “first post reversal trial”).  This procedure was repeated until 6 reversals 

were completed or until the child refused to continue. These dependent variables were automatically 

recorded in E-Prime: # of reversals completed, # of trials before the criterion for reversal was reached, 

performance on the first post-reversal, and performance on the second post-reversal trials.  

Neurophysiological Recordings 

This study is a pilot exploration of ERP signatures of typical and atypical manipulation in the 

A-not-B with invisible displacement task. If an ongoing EEG signal is time locked to a particular 

stimulus presented to the child and the signal that results from this response is averaged, the resultant 

waveforms are referred to as event related potentials (ERPs)  (Taylor & Baldeweg, 2002).  ERPs 

provide monitoring of the summation of postsynaptic potentials linked to cognitive processing related 

to an event (Luck, 2005). Well established experimental manipulations are used to elicit specific 

changes in the ERP waveform that reflect specific neural or psychological processes (Luck & 

Kappenman, 2012).   However, because a specific ERP experimental manipulation was not used, this 

study used an ERP component independent experimental design (the waveforms for the robot and 

reaching conditions are explored but they are not attributed to specific underlying neural process, 

since several elements may cause overlap between components and changes in the waveform) (Luck, 

2005).  

EEG signals were recorded with a high-density 128 channel Geodesic Sensor Net®10 

referenced to the central vertex electrode. EEG recording was performed with NetStation®10 software 

                                                             

10 Electrical Geodesics Inc., Eugene, OR 
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on a Mac ®11 computer. This computer also received signals from a PC running E-Prime ®12 

presentation software that inserted time stamps for the critical events of the A-not-B with invisible 

displacement procedure. Data analysis was conducted in NetStation®, MATLAB®13 custom scripts 

and EEGLAB 7.14 open source toolbox that runs in MATLAB ®. The platform was wired so that 

events in the task (e.g. barrier being lifted, switch presses, cups lifted) were identified as specific key 

presses in E-Prime ®, marked in the EEG signal in NetStation ® and could then be used as time-

locked events around which ERPs could be identified.   

Electrode impedances were maintained under 50 kΩ and the signal was sampled at 250 Hz 

and filtered and amplified at a gain of 1000. Offline, the EEG signal was 0.1-30Hz bandpass filtered, 

as recommended by Luck (2005) for the recording and analysis of ERPs in children. Artifacts were 

corrected via independent component analysis (ICA) (Bell & Sejnowski, 1995). In spite of the high 

motor artifact in the reaching condition and the electrical noise caused by the robot motors in the 

robot condition ICA was successfully used to remove artifact components (the feasibility testing and 

procedure of artifact removal has been reported in Alvarez et al. (In press), see Chapter 4 in this 

document).  The EEG was initially referenced to the vertex electrode (Cz) but digital average re-

referenced. Trials were referred to a 100-ms pre-stimulus baseline. The lifting of the barrier was used 

as the time locked event around which analysis was performed. This event signaled the beginning of a 

trial for the participant and marked the moment where the child was asked to find the toy.  

RESULTS 

Behavioral Data 

Data were obtained from E-prime ® and analyses were conducted in IBM SPSS Statistics for 

Windows14, Version 20.0.  Toddlers in this study almost always responded by attempting to reach 

during the looking condition and the researcher had to remind the child that he was not supposed to 

use his hands. Alternatively the parents would hold their children’s arms to prevent reaching. This 

made the “looking” version of this task for typically developing toddlers in this age range artificial and 

thus it was excluded from the data analysis. 

                                                             

11 Apple Inc., Cupertino, CA 
12 Psychology software Tools, Inc., Sharpsburh, PA. 
13 Mathworks, Natick, MA 
14 IBM Corp , Armonk, NY 
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Table 5-1 summarizes the descriptive statistics for each dependent variable and the range of 

possible scores for each as reported for the robot and reaching condition. Each dependent variable 

was analyzed using repeated measures ANOVA to determine whether there were statistically 

significant differences between the robot and the typical reaching conditions. Effect sizes are reported 

as eta-squared statistics (η2). According to Cohen (1988), η2=.02 can be considered a small effect; 

η2=.13 can be considered a medium effect; η2=.26 can be considered a large effect. Because SPSS 

reports only partial eta-squared statistics, calculations for eta-squared (η2) were conducted in 

Microsoft Office Excel ® 15(2010), using the SPSS reported sums of squares. 

Table 5-1 Summary of descriptive statistics for A-not-B with invisible displacement task 
dependent variables 

Descriptive Statistics for performance in the task by condition  

(n=15; mean age= 24.7; SD= 4.2) 
Dependent Variable Range of possible 

scores 

Robot Condition Reaching 

Condition 

  M SD M SD 

Total Reversals Completed 0-6 3.73 1.87 2.40 2.35 

Trials required before reaching criterion  ≥2 3.60 1.5 2.60 1.18 

Proportion of correct responses on First 

Post-Reversal 

0-1 0.30 0.25 0.29 0.33 

Proportion of correct responses on 

Second Post-Reversal 

0-1 0.50 0.31 0.31 0.31 

 

The number of reversals in the two conditions was normally distributed as assessed by 

Saphiro-Wilk’s test (p> 0.5). Participants completed significantly more reversal sets when using the 

robot than when typically reaching, F(1, 14)= 14.737, p<0.01, η2= 0.16. Children required significantly 

more trials to reach criterion necessary for reversal trial (two consecutive successful trials a location 

A) when using the robot than when typically reaching, F(1, 14)= 5.526, p<0.05, η2= 0.13.  

The proportion of correct responses on the first and second post reversal trials in both 

conditions were normally distributed, as assessed by Shapiro-Wilk's test (p = .06). There were no 

outliers in the data, as assessed by boxplot inspection. The proportion of correct responses on the first 

post reversal trials did not change significantly between the robot and the reaching conditions, F(1, 

14)= 0.72, p=0.79. On the other hand, children performed significantly better (made less A-not-B 

                                                             

15 Microsoft , Redmond, Washington. 
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errors) in the second robot post reversal when compared to the second reaching post reversal, F(1, 

14)= 8.826, p<0.05, η2= 0.09.In order to have a better characterization of the performance in the first 

post reversal trials, the proportion of correct responses (successfully retrieval of the toy) were 

compared against chance (50%) in each condition. In the robot condition, children performed 

significantly below chance on the first post reversal trial, t(14)= -3, p< .05. Children also performed 

significantly below chance in the first post reversal in the reaching condition, t(14)= -2.44, p<.05.  A 

paired samples t-test was used to determine whether there was a statically significant mean difference 

between the proportion of correct responses between the first and second post reversal trials in each 

condition. In the robot condition, there was a 14% increase in the proportion of correct responses in 

the second post reversal trials when compared with the first post reversal trials, t(14) = 2.842, p < .05, 

d=0.66.  Participants performed better in the second post reversal trials (0.50± 0.31) than the first 

post reversal trials (0.30 ± 0.24). However, there was no significant difference in the proportion of 

correct responses between the first and second post reversal trials in the typical reaching condition 

t(14) = 0.350, p > .05. 

Previous Experience with devices and robot task performance 

In order to assess whether the use of battery operated toys and other devices had any effect on 

the child’s performance in the robot condition (i.e. if any skills were possibly being transferred), 

parents were asked to fill a questionnaire (Poletz et al., 2010) in which they rated the previous 

experience of their children with different types of toys and games.  Using a three point scale, the 

parent reported the frequency (often= 3, seldom= 2, never=1) and the skill level (task mastered=3, 

medium=2, trial and error use=1) for each category of toys and devices (switch operated toys such as 

tickle me Elmo ®; toys with directional controls such as remote control of a toy truck; and computer, 

tablet or smartphone games).  

Table 5-2 summarizes the scores for each child as reported by parents. A Spearman’s rank-

order correlation was run to assess the relationship between skill and frequency of use of each 

category of toys and games (as reported by parents) with the # of trials required before reaching 

criterion in the robot condition, and # of reversals completed in the robot condition. There was a 

positive correlation between children’s skill with switch operated toys and the # of reversals 

completed with the robot rs (13)=0.525, p=0.045. No other significant correlation was found.  
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Table 5-2 Participants’ ages and Proficiency measures 

Type of 
device Measure   

  ID 206 212 213 203 211 202 210 214 208 204 215 205 201 207 209 

  

Age 
[months] 18 19 19 22 22 24 25 25 26 27 28 29 30 30 30 

Switch 
operated 

toys 

Frequency 1 3 3 2 3 3 2 2 2 2 2 2 3 2 2 

Skill Level 1 2 3 3 2 3 3 3 2 2 2 2 3 1 3 

Directional 
controls 

Frequency 1 2 1 1 1 2 1 2 2 1 2 1 2 2 1 

Skill Level 1 1 1 1 1 2 1 2 1 1 2 1 1 1 1 

Personal 
electronic 

devises 

Frequency 1 2 2 1 2 3 2 2 1 2 3 2 2 1 2 

Skill Level 1 1 1 1 2 2 1 2 1 3 2 2 1 1 3 

 

Neurophysiological data 

Out of the 15 children included in the study, two children failed to contribute usable EEG data 

due to excessive amounts of motor artifact (net refusal). Only 13 children were included in the 

neurophysiological ERP analysis. As described in Alvarez et al. (In press) (See Chapter 4 in this 

document), the motor demands of the task and the use of the robot added significant artifact that 

could not be isolated by means of NetStation Waverform tools. Artifact from electrooculogram (EOG), 

motor activity, and electrical signal from the robot was removed using independent components 

analysis (ICA) in EEGLab.  

The continuous EEG was segmented into epochs from 100 ms before either the barrier was 

lifted or the switch was pressed to 1000 ms post target onset. Trials with correct responses (i.e. where 

the participant correctly identified the location of the object) were analyzed separately from incorrect 

trials (child failed to correctly identify the location of the toy). A channel was marked bad for the 

entire session if it was deemed bad in more than 20% of the trials.  

For analysis, four groups of electrodes representative of frontal, central, parietal, and occipital 

areas in both hemispheres were chosen. The electrodes were identified by finding the 10-20 

international system (Jasper, 1958) correspondence as described by Luu & Ferree (2000). (Table 5-3 

presents the correspondence between the 10-20 system and the 128 electrode net used for this study). 

The group of electrodes around the corresponding Fz, Cz, Pz and Oz identified by Luu & Ferree was 

averaged to obtain these representative frontal, central, parietal, occipital sites (Classon et al., 2013; 

Luu et al., 2011).  



 89 

Table 5-3 Electrode number and correspondence with the 10-20 system as described by (Luu & 
Ferree, 2000) 

10-20 system  Electrode number Electrodes chosen for each 

area 

Fz 11 10, 11, 16, 18  

Cz 129 31, 80, VREF 

Pz 62 62, 67, 72, 77 

Oz 75 74, 75, 81, 82 

 

The third column shows the electrodes chosen for each area in this analysis. Figure 5-3 

presents a schematic view of the HydroCel Geodesic Sensor Net, illustrating the distribution of the 

chosen electrodes. The electrodes chosen for extraction are circled.  

 

 

 

Figure 5-3 Electrode map of the Hydrocel Geodesic Sensor Net – 128 channels 

 

Individual trials were averaged and mean amplitudes and peak latencies for each electrode 

were recorded for each participant. In the robot condition a total of 206 trials (M=15.8 trials per child) 

were averaged; in the reaching condition 134 trials (M=10.3 trials per child) were used.  For each 

participant, and each condition (robot and reaching) the mean amplitude and peak latencies for each 
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event (barrier lifted and switch pressed) were averaged together across the electrode groups to 

represent the ERP components at the frontal, central, parietal and occipital sites.  

Figure 5-4 presents the resulting waveforms for the barrier lifting event for both the reaching 

and the robot condition in each area.  These waveforms correspond to 100 ms before to 1200 ms after 

the barriers is lifted and the child is asked to retrieve the toy.  The waveforms for the robot and 

reaching condition are plotted across the four sites (frontal, central, parietal and occipital).   
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Figure 5-4 Event Related Potential waveforms for the barrier lifting event. The dashed line 
represents the robot condition and the continuous line the reaching condition. Positive is 

plotted upwards. Upper left presents the Frontal leads; upper right the Central leads; Bottom left 
the Parietal leads and bottom right the Occipital leads.  

Frontal 

Occipital 

Parietal 

      Central 
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In line with the descriptive and exploratory nature of this study, the approach to analysis as 

described by Handy (2005) for effect-unspecific hypothesis was used (quantifying differences between 

waveforms in the absence of a priori predictions of, if, how and where ERP differences will manifest 

between conditions). The waveform was divided in consecutive time windows of 100 ms of length 

from stimulus onset until 1000 ms for each waveform in each subject (the topography of the 

waveforms for the final 200 ms is likely to be influenced by later latency events). The mean amplitude 

for each time window was entered into a 2 (condition: reaching, robot) x 4 (lead: Fz, Cz, Pz, Oz) within 

subjects ANOVA.  Table 5-4 shows the results as a function of time window and its corresponding p 

values (≤0.05) for each effect (as recommended by Handy, 2005). There was a significant lead x 

condition interaction in the 300-500 ms time windows. A significant effect of lead was observed 

earlier from 100- 600 ms, and the effect of condition was significant between 200 and 400 ms. In 

addition to the significant time differences in the time windows specified, two important elements 

emerge from the waveforms. First, the waveforms in the frontal, parietal, and central regions are 

different (by means of visual inspection and statistical significance). These observed differences in 

latencies, amplitudes and scalp distribution are consistent with cognitive processes that are 

qualitatively different (i.e. the components are not the same). Second, in the occipital region, visual 

inspection reveals similar ERP signatures in this specific area. This is consistent with the fact that 

visually the conditions would have looked exactly the same for the child, as every object (including the 

robot) would be in the same location.  

Table 5-4 Significance of effect interactions on mean amplitude across time windows 

 Time window (ms) 

Effect 0-100 100-

200 

200-

300 

300-

400 

400-

500 

500-

600 

600-

700 

700-

800 

800-

900 

900-

1000 

Lead  -- 0.05 0.05 0.05 0.05 0.05 -- -- -- -- 

Condition -- -- 0.05 0.05 -- -- -- -- -- -- 

Lead x 

condition 

-- -- -- 0.05 0.05 -- -- -- -- -- 
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Discussion  

Comparative behavioral data and neurophysiological signatures were used to explore and gain 

a better understanding of the differences that underlie robot augmented manipulation and typical 

manipulation in early childhood. The looking condition was excluded from analysis because children 

in this age range (18 to 20 months) were not able to dissociate the reaching response from the looking. 

Ruffman et al. (2005) have also reported that children 12 months and older are less likely to glance 

correctly than they are to reach, resulting in comparable performance in children this age (Cuevas & 

Bell, 2010; Bell & Adams, 1999). We are not aware of studies exploring the neurophysiological 

correlates of robot augmented manipulation for young children so this study was a first exploratory 

analysis to identify the differential neurophysiological signatures of robot augmented manipulation in 

the performance of a cognitive task.  

Previous studies have used EEG power (amplitude measure that reflects excitability of groups 

on neurons (Nunez, 1981) and coherence (which reflects functional coupling among brain regions 

(Taylor & Baldeweg, 2002)) to evaluate the relations between frontal cortex maturation and its 

association with better performance in the A-not-B task (Bell & Fox, 1994; Bell, 2001). Children that 

exhibited high performance on the task had presented greater power in the frontal and occipital leads 

and decreased coherence values of the EEG at baseline when compared to children who had a low 

performance in the task as measured by their behavioural response (BELL, 2001). Studies that have 

used EEG power and coherence analysis with the A-not-B task have used it either as a baseline 

measure of brain maturation (Bell & Fox, 1997; Bell & Fox, 1992) or as a baseline to task measure in 

which case it has only been used in looking versions of the task (Morasch & Bell, 2011; Bell, 2001). 

Because of the motoric nature of the task and the required time locked events for other analysis, these 

studies have used EEG (Morasch & Bell, 2011). The current study constitutes a first attempt to include 

ERP analysis as a way to contribute to the neurophysiological findings of the A-not-B that have been 

reported in the literature. This perspective adds the specific brain activity related with the decisive 

time points during the task and the comparison between conditions. 

A component-independent design (Luck, 2005) or effect-unspecific hypothesis (Handy, 

2005), when no prior information is available to elicit a known component (as in this study), allows 

inferences in terms of timing (time course), degree of engagement (amplitude) and functional 
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equivalence of the underlying processes conditions (distribution across the scalp) (Otten & Rugg, 

2005; Luck, 2005).  

Results show that robot and reaching resulting waveforms differ with respect to when the 

barriers is lifted and the child is asked to find the toy (with a significant interaction of lead condition 

between 300 and 500 ms and a significant condition effect between 200 and 400 ms). The ERP 

waveforms in the occipital region were found to be similar, consistent with the fact that the set up and 

visual information available to the child was maintained across conditions (including the robot which 

was present in the reaching condition in the same location as in the robot condition). Thus, having the 

occipital waveforms as a control condition, the differences in the frontal, parietal and central regions 

reveal that qualitatively different cognitive processes are associated with this event between 

conditions. Further, the statistically significant effect of condition and lead x condition interaction 

reveal that these processes begin to differ as early as 200 ms post stimulus. Considering that the event 

of interest was the lifting of the barrier, where no motor response from the child is being required or 

performed yet, these differences indicate that just the awareness of response modality is enough to 

elicit different processes by the child in an object search in the task.     

Although no attributions of source localization can be made with the present methodology,  

frontal, parietal and putaminal neurons have been found to be involved in the incorporation of 

common tools (e.g. a stick or a rake) into the body schema (i.e. body shape and posture map) in the 

brain (Maravita & Iriki, 2004). Common tools have been found to be incorporated in the brain’s map 

of the body after repeated use of the tool, with the brain recognizing the tool and the space accessible 

with it as part of the upper limb (Maravita & Iriki, 2004). But the robot is no common tool. The robot 

is a novel tool that the child operates by pressing a switch, which alters the extent to which it can be 

viewed as simply extending the upper limb’s space of influence. Thus, the qualitatively different 

processes elicited in this manipulation provide evidence for differences between the way the robot is 

perceived and the child’s own actions.  

These results reveal that the underlying cognitive processes in the performance of the A-not-B 

task with invisible displacement are different in nature between the robot and typical manipulation 

conditions. These results provide the basis for exploring the differing neurophysiological components. 

Further studies should explore the localization of the components and their attribution. These studies 

should also address the limitations of the study regarding sample size, and children’s compliance with 

net placement.  
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Analysis of the neurophysiological signatures for the time in which the robot is reaching 

towards the cup and the child is observing could provide valuable information regarding the way the 

robot’s actions are perceived by the child. When a child observes an action that he has performed 

before (e.g. an object being reached), activation of his own motor repertoire occurs while observing 

(Paulus et al., 2011). This in turns facilitates the child’s ability to perceive the goals and intentions of 

others’ actions (Woodward, 2011; Sommerville, Woodward & Needham, 2005). The children in this 

study had no previous experience with the robot and its possible actions and degrees of freedom, but 

their own reaching experiences may influence the way in which that part of the robot-mediated task is 

perceived due to the anthropomorphic nature of the arm.   

All children involved in the study appeared to be motivated and to enjoy the interaction with 

the robot. All but two children pressed the button when encouraged to explore what the robot could 

do. After exploring, children wanted to repeat the task and playing with the robot encouraged them to 

continue with the session. The motivation and comfort of children when interacting with robots has 

also been reported in other studies involving typically developing children (Poletz et al., 2010) and 

children with physical disabilities (Kronreif et al., 2007).  

Studies with toddlers have shown that compliance with neurophysiological electrode 

attachment is low in this population (Stifter et al., 1999; Wolfe & Bell, 2007). Electrode compliance is 

typically an issue that affects the results generalizability (as only more compliant children participate 

and they may not be representative of the population) (Morasch & Bell, 2011). In this study, the order 

of condition (robot vs. reaching) was counterbalanced across participants but the robot was 

introduced at the beginning of the session every time to ensure that the child was comfortable and to 

motivate the child to wear the net and keep it on through the session (as this would allow them to play 

with the robot). Introducing the robot helped participants to accept the placement of electrodes. . 

Results showed that children completed significantly more reversals when using the robot. As part of 

the procedure, six reversal sets were administered or administration stopped when the child refused 

to continue. This was the case with the reaching version in which children completed fewer reversals. 

Children were more willing to overcome frustration and continue when performing the task with the 

robot. This suggests that robot interaction might be rewarding in and of itself.  

Our findings show that children required significantly more trials at A before achieving 

criterion for reversal when using the robot than when reaching. Although the meaning of trials at the 

A location before reversal has been largely neglected in the A-not-B literature (Marcovitch et al., 
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2002) some research has suggested that it may be indicative of difficulties with initial learning 

(Diamond, 1997; Wiebe et al., 2010). The number of A trials has been found to have a U-shaped effect 

on subsequent perseveration (Marcovitch & Zelazo, 1999; Marcovitch et al., 2002). This U-shaped 

effect is described as follows: as the number of trials at A increases, the likelihood of perseveration 

increases too but it then decreases after a certain number of trials because it provides opportunity for 

the child to reflect on the task.   

The results obtained in the robot condition, may reflect the additional complexity involved in 

performing the task with the use of the robot (as shown by increased number of trials required at A 

before criterion) but also additional opportunities for the child to understand the structure of the task 

(which may have influenced the performance in the second post- reversal trials). Alvarez and Cook (In 

press, see Chapter 3 in this document) showed, at a theoretical level, the additional levels of 

complexity involved in using this robotic arm as a tool. The child needs to prospectively relate the 

desired target with the ability of the robot to retrieve it, and the required switch press to make it 

happen. Similarly, in this task children need to not just choose the cup in which they believed the toy 

was hidden, but also select the switch that would correspond with the desired movement towards the 

selected cup. Switches for each side were placed in front of the child at left and right from midline so 

that the relation to the robot’s reaching was more explicit. In spite of training trials at each location, 

video recordings showed three of the children pressing the switch and observing the robot move 

towards the incorrect side (namely the cup that did not have the toy) and then forcefully leaving their 

parent’s lap and quickly attempting to change the toy to the cup towards which the robot was going in 

at least one of the trials before criterion was reached. They made statements like “the robot was 

almost wrong but I helped”.  

Statements and verbal expressions of children during the robot condition provide some 

insight into children’s performance with the robot. When interacting with the robot expressions of 

children often indicated that they were attributing agency to the robot. Young children have been 

shown to discriminate between biological and non-biological movement and to differentiate goal-

directed actions from random movements (Friedman & Kahn, 1992; Johnson et al., 2001). However, 

children’s ability to discriminate the source of movement is altered when interacting with animate 

things (Massey & Gelman, 1988). Gelman & Gottfried (1996) conducted a study in which toddlers and 

pre-school children observed inanimate objects (such as toys) and small animals (e.g. lizard) being 

carried from one place to another by a human hand. When asked about the source of movement, 



 97 

children expressed that a person had moved the objects (inanimate) but thought that the movement of 

the animals for transportation was self-generated.   These results reveal that for animate objects, 

young children believe that movement is self-generated regardless of what they see or experience as 

the source of the movement (Okita et al., 2006).  In our study, these findings suggest that children 

may have attributed the search for the toy to the robot, and believing that they were helping an 

“independent” robot may have provided a different opportunity to reflect on the task. This may be 

partly the reason why there were significant differences in the second post reversal trial, where 

children performed significantly more accurately with the robot than when reaching and why there 

were observed differences in the ERP waveforms between conditions when children were asked to find 

the toy.  The fact that children only activated the switch once and this would in turn re- play the pre- 

programmed movement of the robot may have also contributed to the child’s perception of the robot 

as independent. Requiring the child to continue to press the switch in order to complete the 

movement (i.e. continuous playback mode) can help children gain control over the task and may 

increase tool use awareness by the child. For example, Cook, Liu and Hoseit (1990) used continuous 

playback mode to determine if young children would use a robotic arm (the same as in the present 

study) as a tool to retrieve a cookie out of reach.  In this study, where two switches were used, such an 

approach was not used in order to avoid having children initiate the action with one switch but not 

completing it or changing to the other switch in the middle of the response. Future studies should 

expand on the effects of increased robot control on performance, including tasks in which more than 

one switch is required.   

In a study conducted by Okita et al. (2006), 3 to 5 year-olds watched or interacted with 

different types of robots and were later assessed on whether or not they attributed animate 

characteristics to the robot. Children in the study attributed more animacy and self-agency to robots 

with which they interacted by causing them to move than when they simply observed them. In our 

study, children caused the movement but may have attributed self-agency to the robot. The robot in 

this study was a robotic arm, which does not have all the anthropomorphic characteristics of a human, 

in fact 3 of the children posed questions similar to “how can the robot find the toy in the cup if it 

doesn’t have eyes?” The study by Okita et al. (2006), showed that although realism affects the child’s 

perception, it doesn’t have a significant effect on whether or not they attribute agency to the robot, 

which seems to be more related to the movement capabilities of the robot. Elements that allow the 

child to reflect during the A-not-B task (such as forcing children to pause before responding (Riviere & 
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Lecuyer, 2003)) or having a very large number of pre-trials at A (Marcovitch et al., 2002)   have been 

shown to decrease perseveration in the A-not-B task. In the present task, children’s attribution of 

agency led older children to often reflect out loud about the correct response after the first post-

reversal. Children often made remarks such as “I can help robot, do it again”.   

No significant differences were found in the proportion of correct responses in the first post- 

reversal trial between conditions. However limitations of the study may account for this result. A 

larger sample size is required in order to assess both the behavioral performance and the 

neurophysiological signatures. Although no differences have been found in the proportion of correct 

responses in the reaching condition across 18 to 30 months of age (Diamond, 1997) and no correlation 

was observed in this study between age and performance, there may be differences in how younger 

and older children in this age range respond to the robot condition. In light of this, data was explored 

by grouping the children into older (24-30 months) and younger (18-23 months) children. This initial 

exploration revealed a pattern that requires further exploration with larger sample sizes. In the robot 

condition, younger children displayed fewer errors, on average, when compared to the reaching 

condition. The situation was reversed for older children. This pattern could support a cognitive 

capacity account of perseveration (Berger, 2004; Berger, 2010). Because younger children are less 

skilled in their reaching behaviors (Smith et al., 1999) the reaching version would represent an 

increased motor demand-condition (the demand of the task is dependent on the child expertise with a 

certain skill required by the task (Berger, 2004)). In this situation, where the robot decreases the 

motor demand, younger children may be more able to devote cognitive resources to the cognitive 

skills required for remembering the position of the toy and inhibiting the response (Berger, 2010). 

Alternatively, older children whose cognitive capacity is not taxed by having to skillfully reach towards 

the cup (Berger, 2004) may find the robot condition too cognitively demanding and distracting for the 

performance of a task. If this is true, then the robot would be compensating for the motor component 

of the task for the young children. Older children would be then more challenged by the cognitive 

elements of robot mediated manipulation, where agency may help them overcome perseveration. 

There are a number of implications of robots compensating for the motor aspect of the A-not-B task 

for children with disabilities. In a study of A-not-B performance, Collimore (2011) found that younger 

children’s performance in the A not B task may be affected by the memory of reaching at A, but this 

seems to not be the case for older children. When younger children encounter greater motor demands 

their performance in this cognitive task decreases, unlike older children. 
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It is important at this point to take a step back from performance of children in the robot 

mediated condition to discuss the implications of motor vs. cognitive demands of the A not B with 

invisible displacement task. The motor habit that is created by repeatedly searching at A has been the 

focus of several studies, especially those within the dynamic systems account of the A-not-B error 

(Diedrich et al., 2000; Clearfield et al., 2006). Also, the motor demands imposed by the task on young 

children whose patterns of reaching are not yet fully stable and coordinated have been reported to be 

the potential source of the A-not-B error (Diedrich et al., 2000) (Collimore, 2007). However, the A-

not-B with invisible displacement was designed to test perseveration in older children (those in their 

second year of life).  Therefore, children in this age range would be far more skilled at reaching than 8 

month olds who perseverate in the classic version of the task and their reaching skills would be 

beyond the 12 month olds who are able to overcome perseveration in the classical version of the task.  

It was Piaget’s argument (1954) that older children would perseverate in the A-not-B with 

invisible displacement task because the increased complexity would challenge their recently formed 

object permanence skill.  However, children in the A-not-B with invisible displacement have been 

shown to incorrectly search in the B trials after successfully retrieving the object in the A locations 

(Wiebe et al., 2010; Diamond, 1997). This perseverative behavior in which children fail to retrieve the 

object only after repeated reaches towards A, even in this more advanced version of the task, supports 

results by Diedrich et al. (2000), in which the reaching pattern is influenced by the task difficulty and 

novelty. This holds true also when looking at studies in which adult participants fail to reach skillfully 

when presented with an altered environment in which artificially created forces caused curved 

trajectories in participants reaching (Lackner & Dizio, 1994; Shadmehr & Mussa-Ivaldi, 1994). After 

several training repetitions, adults were able to consistently produce straight reaching patterns in the 

novel environment.  Interestingly, when forces were removed and participants were back to familiar 

context, the trained pattern remained and they were now making curved trajectories in what used to 

be the familiar typical reaching field. These studies provide evidence that when faced with a new set 

up and dynamics of the environment, repetitive behavior can cause perseveration in motorically 

skilled participants. Further, perseverative behavior (failure to inhibit a previously trained successful 

response that is no longer appropriate to succeed in the task at hand (Mandler, 1988)) has been shown 

to be present in older children and even in adults in different types of tasks (Zelazo, Frye & Rapus, 

1990). Piaget’s different versions of object permanence tasks (object hidden under a single cloth; A-

not-B classical version and invisible displacement) have been shown to reveal fewer errors when 
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children don’t act upon the objects and only observe  (Riviere & Lecuyer, 2003) and can be associated 

with motor and cognitive mechanisms (Berger, 2004; Berger, 2010).  Further, changing the motor and 

perceptual characteristics of the task has been shown to elicit or suppress A-not-B errors in children 

from 8 months to 30 months, evidence of the ways in which motor planning and perceptual 

information provided by the task can alter the reaching behavior of children in this broad age range 

and that their implications in the A-not-B error cannot be tied to a developmental period (Smith, 

2009)  

The fact that no significant differences were found in the proportion of correct trials between 

the robot and the reaching condition could, alternatively, constitute evidence to support the fact that 

perseveration may occur at the motor planning level (Smith, 2009). There is evidence to suggest that 

the A-not-B error can be elicited when children observe someone else perform the A trials and then 

are asked to perform the trial at B (Logo & Bertenthal, 2006).  In this situation, children use a 

common representational code for their own motor planning and the actions they observe others 

perform (Sommerville & Woodward, 2005). In this context, motor planning, and not motor execution 

itself, can lead to the A-not-B error after A trials have been successfully repeated (Berger, 2001; 

Munakata et al., 2001; Lew et al., 2007). Studies that have explored the simulation of actions when 

observed by adults have shown that when the actions are performed by robots or mechanical devices 

simulation and mirroring of motor planning decreases, as adults may not be able to relate to a 

mechanical action as they would to a human one (Tsai & Brass, 2007; Tai et al., 2004). However, 

recent studies have shown that when additional information is available to the human (such as 

associative learning of the function of the device or its similarity with human movement) the 

mirroring system can also be activated by robotic movement (Press et al., 2005; Boyer et al., 2011).  

Boyer et al. (2011) explored whether this similar representation extended to non-human 

agents.  In their study, 9 month old infants observed a pair of mechanical claws hide the toy at 

location A and then were asked to retrieve the toy at location B in experiment 1. In experiment 2, 

children were first familiarized with the claws and the experimenter that was operating them but not 

with their function. In experiment 3 children were familiarized with the function of the claws and the 

human operator. For both experiment 1 and 2, children’s A-not-B were found to be at chance levels. 

However, in experiment 3, children displayed significantly more errors. Children in the third 

experiment exhibited perseverative behaviour similar to that reported by Logo & Bertenthal (2006). 

When familiarized with the function of the claws and the human as the operator, infants perceive 
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mechanical actions as goal oriented and can map the actions of the device to their own motor 

representations (Boyer et al., 2011). In Boyer et al.’s study, children were passive during the A trials 

and only intervened in B trials.  Our results suggest that when children were active in  producing the 

robot movement, the motor planning of the action after having being familiarized with the robot 

reaching pattern in familiarization trials can elicit the repetitiveness at A that would cause them to 

perseverate at B. Also, this could support the hypothesis of direct matching (Calvo-Merino et al., 

2005; Logo & Bertenthal, 2006). According to the direct matching hypothesis, motor simulation and 

mapping of actions decreases when observed actions are outside one’s own motor repertoire or 

capabilities of action. According to Boyer et al. (2011) their first two experiments supported that 

hypothesis because 9 month old children are “motorically unable to operate the claws” (pp. 8). 

Children in our study caused the robot movement and being actors in the task may have also allowed 

them to relate to the robot movement. Our findings indicated that the anthropomorphic 

characteristics of the robot and its movements facilitated children’s understanding of the robot’s 

actions. In terms of motor simulation, our study would meet the condition for motor simulation 

because children were able to relate to the robot and were capable of actions towards the robot that 

caused it to move. Although getting the robot to move required a different motor action by the child 

(pressing switch) than that of reaching, the robot reaching movement was within the motor repertoire 

of the child and the action of pressing the switch to cause it was within their capabilities of action.   

It is important to note that the robot in our study was always placed at the left side of the child 

due to technical requirements of the equipment and the space. This meant that the robot would 

always come towards the object from the left of the child, and go to the left or right cup. Twelve 

children out of the total sample were found to have a consistent right hand preference (as reported by 

parents and confirmed during play time with the researcher). Three had inconsistent preferences. 

Children with a consistent preference could still hit the switch with either hand but were found to use 

their preferred hand to do so. Although further research needs to ensure that flexible side placement 

of the robot allows further exploration of the implications of robot placement, this was not considered 

problematic. In a study conducted to determine the effects of hand preference on the A-not-B error, 

Collimore (2011) found that infants with a consistent hand preference who were randomly assigned to 

conditions in which the A trials were consistent with preferred hand side or not, searched correctly 

more often at A trials when the A location was consistent with their preferred hand but this did not 

affect their performance on the reversal trials (perseveration).  
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Experiment 2 Case-study: Performance of a physically disabled child  

This study is the first to compare the use of typical manipulation and augmented 

manipulation in the performance of a cognitive task and the first to explore the neurophysiological 

signatures of each of these in relation with typically developing children’s performance of a cognitive 

task. In addition, experiment 2 presents the performance of a child with a physical disability as a case 

study. The purpose of this case study was to explore the performance of children with physical 

disabilities in a cognitive task when using robot augmented manipulation. This case study also 

provides initial information regarding how the interaction of children who have disabilities with the 

robot and their resulting performance differs from that of typically developing children.  

Participant 

A 30-month old Caucasian toddler with a bilateral brachial plexus injury and her mother 

volunteered to participate in the study. The mother was aware of the study through a friend whose 

typically developing child had participated. The mother expressed interest in the study because of the 

robot mediated condition. She reported that the child had difficulties playing with off-the-shelf toys 

that presented high motoric demands for the child.  

The brachial plexus is a network of nerves that originate in cervical spinal nerves (C5-C7) and 

in two thoracic spinal nerves (T1-T2) (Anwar et al., 2012). This network is responsible for innervation 

of the muscles in the upper limb (except the trapezius muscle) (Moore & Agur, 2007). The participant 

in this study had a bilateral injury of the brachial plexus as a result of trauma during childbirth. The 

child had undergone nerve repair surgery at 7 months on the right upper limb and extensive physical 

therapy. At the time of the visit to the laboratory the child was engaged in play and functional 

limitations of the upper limb were assessed, following general guidelines of Mallet Scale for 

assessment of brachial plexus injury in children (Gilbert & Tassin, 1987).  The child was found to have 

restricted shoulder abduction and external rotation of the left shoulder, and could not bring hand to 

head, back or mouth. She had difficulty grasping objects and mostly used her right arm. On the right 

upper limb, the child was found to have restricted shoulder abduction, external rotation and could not 

bring hand to back or mouth. However she could reach towards objects close to her, and grasp light 

objects. The child was capable of pressing the switches if they were placed close to her. 
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Procedure 

The child participated in the robot and reaching condition of the task. Behavioral data were 

recorded. For the robot condition, switches were placed close within comfortable reach of the child. 

For the reaching condition, the task was modified so that child only had to point towards cup and the 

researcher would lift it. The rest of the procedures were exactly the same as those employed with 

typically developing children.  

Results 

Error! Reference source not found..  

Table 5-5 Scores obtained by child in Experiment 2 

Case study Results by condition 

Dependent Variable Range of possible 

scores 

Robot 

Condition 

Reaching 

condition 

Total Reversals Completed 0-6 5 3 

Trials required before reaching criterion 2 ≤ 5 2 

Proportion of correct responses on First 

Post-Reversal 

0-1 0.80 0.40 

Proportion of correct responses on 

Second Post-Reversal 

0-1 0.40 0.40 

 

Discussion  

The child in experiment 2 also completed more reversals with the robot than in the adapted 

reaching condition. The child was motivated and expressed excitement over controlling the robot by 

herself (verbal expressions included statements like “mommy I did it, it was me”). The mother also 

provided additional encouragement by giving positive feedback in the robot condition as the child was 

independently controlling the robot. Interestingly, the child did not provide any signs of agency or 

self-generated movement attributions to the robot. On the contrary, and unlike the typically 

developing children, this girl repeatedly expressed ownership over the robot’s actions, event when 

unsuccessful in finding the toy. Similarly, children with disabilities have been found to perceive their 

power wheelchairs to be  an extension of themselves and part of their notion of body and control over 

it (Gibson & Teachman, 2012).  
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This child also required more trials at A before reaching criterion, asis did her typically 

developing pears, indicating overall increased complexity of the robot mediated version of the task.  

She achieved 80% accuracy in the task when using the robot, compared to the 40% achieved in the 

adapted reaching ( as revealed by the proportion of correct responses in the first post-reversal which 

indicates the ability to overcome perseveration). We interpret these findings as having two 

implications. First, decreasing the motor demand gave her access to the task and her cognitive and 

attention resources were devoted to the cognitive demand of the task decreasing perseveration 

(Berger, 2004). Children with severe physical disabilities have been found to perform better than their 

typically developing peers in tasks where inhibiting motor responses interferes with cognitive 

performance (Riviere & Lecuyer, 2003; Riviere & Lecuyer, 2002).  Second, the child did not expect the 

robot to act independently or perceive it as being animate, which allowed her to better use it as a tool 

to achieve her goals. The girl’s mother reported that the child had undergone extensive rehabilitation 

processes, which may have provided her with greater exposure to other technologies and tools used in 

the clinical environment. In fact, the child used switch operate toys very often, as well as toys with 

directional controls.  

The performance of this child provides evidence for the assertion that children with 

disabilities may access developmental detours in the absence of typical motor experience that is  

conducing to learning (Riviere & Lecuyer, 2002). For typically developing children, previous action 

experience has been found to facilitate children’s action perception and their understanding of the 

goals and intentions of someone else’s actions (Woodward, 2011; Sommerville, Woodward, & 

Needham, 2005). When a child observes an action, a corresponding activation occurs in his/ her own 

motor repertoire (motor resonance) (Paulus et al., 2011). The child in this case study did not have 

typical previous reaching experience that, in theory, would have allowed her to better understand the 

robot’s reaching action.  Yet her previous experience with rehabilitation technologies or having to 

direct her mother in order to retrieve a desired object may have allowed her to perceive the robot as a 

tool dependent on her own actions and intentions. Children with physical disabilities for whom 

reaching behaviors require extensive amounts of energy and effort have been found to pause and 

reflect more extensively on the task at hand (Riviere & Lecuyer 2002). The girl in this case study 

would pause every time after the barrier was lifted and reflect for longer period of time.  

Future studies that explore the effects of robot augmented manipulation on cognitive 

performance and demands can also include an adapted manipulation condition. In our study the 
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condition was adapted to be as similar as possible to the typically developing children’s reaching 

condition. However, in light of potential alternative developmental pathways, such a condition should 

encourage children with disabilities to use their preferred adaptive means of interaction with objects 

(such as laying on the side in the floor in order to better access the objects, etc.). This can further 

clarify the alternative means of functional mobility that children develop and that allow them to 

benefit from the cognitive and perceptual implications of movement.  

Conclusions 

This study establishes the feasibility of comparing typical manipulation and robot augmented 

manipulation involving multiple switches, in the performance of a cognitive task by young children. 

Our findings also reveal behavioral differences between augmentative manipulation and typical 

manipulation and provide the basis for further exploration of neurophysiological differences and 

implications.  

The data in this study reveal several characteristics of robot-augmented manipulation. Using 

robots in order to perform manipulative behaviors such as reaching and grasping can give children 

with disabilities access to the independent exploration of the environment. The fact that young 

typically developing children found the robot motivating and that this encouraged their persistence in 

the task and their compliance with other elements of the task is promising for the design of studies 

and interventions with children with disabilities. Also, these results support the role of augmented 

manipulation in relation to the child: using the robot as a tool increases the cognitive demands of the 

task while decreasing the motor demand. The additional cognitive demand placed by the robot can be 

addressed by adapting the robot and the control interface (e.g. the switches). Also, different cues and 

training procedures can be used in order to make the robot mediated tasks more accessible to young 

children. As young typically developing children responded to the task, this study also suggests that 

children with disabilities may benefit from exposure to early robot augmented tasks and playful 

activities through which they can use the robot and become more familiar with its constraints and the 

opportunities it affords. Giving children additional exposure to the robot in manipulating different 

objects and providing young children with robot mediated experiences may also impact the way the 

child perceives the robot and may lead to children using the robot as a tool more than expecting it to 

act independently.  



 106 

Further research should explore the performance of the A-not-B task of children with severe 

motor disabilities who lack typical previous motor experiences. The children’s own and unique ways of 

accessing objects should also be explored in order to identify the developmental detours employed by 

children with disabilities. This could benefit the understanding of the developmental pathways to the 

acquisition of cognitive skills by children with disabilities. In addition, it could provide further insight 

into the role of motor experience and motor execution during the A-not-B task. Further studies should 

also include a larger sample size to assess the differences between younger and older children in the 

task when using the robot and explore the relation between EEG indices of brain maturation and 

performance of robot mediated manipulation in the A-not-B task. In addition, the study of 

augmentative manipulation would benefit from exploring the neurophysiological correlates of 

children’s perceptions of robot actions. 
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  Chapter 6
General Discussion and Conclusions 

The preceding four papers were based on review of the literature and data collected in order to 

explore the differences between augmentative manipulation and typical manipulation, and their 

implications in the performance of a cognitive task by young typically developing children. Also, the 

technical feasibility of exploring neurophysiological data as well as behavioral data was evaluated, 

given the current available technology both for neurophysiological recordings and for augmentative 

manipulation. Four papers were included that together establish: the relevance of this comparison 

(the why); the characteristics and implications of using robots as augmentative manipulation tools 

(the what); a method for technical implementation of the comparison and its technical feasibility (the 

how); and the differences between young children’s use of robot augmented manipulation and typical 

manipulation in a cognitive task.  

Through a review of the literature, chapter 2 established the importance of providing children 

with physical disabilities with an alternative to typical manipulation that can give them access to early 

manipulative experiences. The study of typical development offers a deeper understanding of the role 

of functional movement and its intersection with cognition (Esseile, Nadel, Fagard, 2010; Thelen, 

2000). A paradigm shift in the rehabilitation approach to disability and the early use of assistive 

technologies supports the transition from trying to achieve the most typical patterns of movement, 

towards function and participation (Thelen, 2005; Law et al., 2007; Mankoff, Hayes & Kasnitz, 2010). 

It is within this framework, that robots can provide the benefits of functional manipulation.  

If robots can provide access to cognitive development opportunities and early independent 

interaction then they need to be both motorically and cognitively accessible for young children (Cook 

et al., 2012). The implications of using such robots as tools as an alternative to typical manipulation 

needs to be understood. Studies that have explored the use of robots with children with disabilities 

raise concerns regarding the ways in which robot augmented manipulation is different from typical 

manipulation and the additional cognitive and perceptual demands it requires (Poletz, Encarnaçao, 

Adams, Cook, 2010; Cook et al., 2010; Cook et al., 2012). The performance of typically developing 

children, who can manipulate objects and can also access the robot mediated manipulation, can shed 
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light into this questions and concerns (Poletz et al., 2010;).  What is it that is being asked of young 

children when given a robot as a tool for manipulation?  

A way to begin answering the question of what is being asked of a young child when giving 

him a robot for manipulation and how it differs from typical manipulation is the conceptualization of 

the robot as a tool and the underlying implications. The second paper in this dissertation (presented 

in chapter 3) presented this conceptualization and used the literature and concepts around tool use to 

characterize the robot as a compound tool through which children can engage in complex tool use. A 

complexity analysis strategy proposed by Van Leeuwen, Smitsman & Van Leeuwen, (1994) was used. 

Within the framework of this analysis, the cognitive complexity of the use of a tool is determined by 

how many objects and items are involved in the task and how they interact with each other. When 

using augmentative manipulation, there is a target object that the child wants to manipulate, the 

robot, and the switch (es) that control the robot. The child needs to perceive how they relate to each 

other and to himself.   The complexity is also determined by how much of this interaction needs to be 

understood by the child before initiating the action, and how much can be made available as the action 

unfolds.  The analysis in chapter 3 of this dissertation presented the robot that was later used for 

comparison between typical and augmented manipulation (in chapters 4 and 5) and was intentionally 

used for its characteristics. As a result of the analysis presented in Chapter 3, it became clear that the 

robot decreases the motor demands on the task, while increasing its cognitive complexity.  

In order to compare augmentative manipulation and typical manipulation and their 

implications in children’s performance of a cognitive task, a task was selected that could be performed 

with the robot, and in which the motor response was directly related to the cognitive skills being 

displayed. The A not B task is considered a classic measure of cognitive development in early 

childhood (Diamond & Goldman-Rakic, 1989) and is perhaps the most studied task in developmental 

psychology (Dalenoort, De Vries, 2004). This task was chosen as a cognitive and perceptual task with 

very specific motor requirements (i.e. required patterns of reaching, grasping and lifting small 

objects). This made it suitable for adaptation to the robot-mediated version. Also the great amount of 

literature available on this task allows further comparison of our results and provides the basis for the 

interpretation of the task’s complexity.  

In order to test the implications of the tradeoff between motor and cognitive demands 

imposed by the robot for children when performing a task in comparison to typical manipulation, the 

technical feasibility of such comparison was established. Paper 3 (presented in Chapter 4 of this 
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document) presented a method for technical implementation that was designed for this study and a 

pilot with adult participants that established the feasibility of its use for the purposes of this research. 

The dynamic nature of the A-not-B task (as trial by trial locations depend on the child’s performance), 

the motor response required from the child and possible interference from the robot’s electrical 

motors pose a challenge for the exploration of neurophysiological data in this comparison. The 

method for technical implementation allows the exploration of neurophysiological data and also 

incorporates an automatic coding of the child’s performance on the A-not-B task. Studies that have 

used this task previously have used video recordings for the scoring of dependent variables in the task 

(Clearfield et al., 2006; Wiebe et al., 2010; Bell, 2001). The proposed method simplified the coding by 

automatically inputing the data into the E-Prime ® acquisition software.  

The proposed and tested method was then used in a study to compare the augmentative and 

typical manipulation of 18 to 30 month old children. Initially, this research was designed to also 

include a comparison of the performance of 18 to 30 month old children with severe physical 

disabilities. Recruitment of a sample in Edmonton that could meet the criteria for this study was not 

possible (the need for neurophysiological equipment and compatibility of the tested interface 

restricted the location to the city).  In order to participate in this study, children with disabilities had 

to have a motor disability that had restricted their independent locomotion and manipulation; a 

motor disability that was either congenital, or acquired (includes symptom onset) before independent 

locomotion was achieved; and no known cognitive limitations (e.g. child has a motor disorder with no 

known effect on cognitive skills).   Participants were excluded if they had vision impairments, hearing 

impairments, or if they were previously involved in robot studies.  Most children did not meet the 

criteria for the study as they had only partial limitations on their ability to manipulate objects (for 

example only one upper extremity was impaired). The very few children that met all the criteria (for 

example children diagnosed with Spinal Muscular Atrophy), were very critically ill due to 

complications and could not participate.  For other children who could participate in this study 

(children with a diagnosis of cerebral palsy) cognitive impairments could not be ruled out as these are 

typically assessed when children are older.  As with other studies exploring the use of robots by 

children, an initial exploration of typically developing children’s performance was conducted (Poletz 

et al., 2010).  Children in following studies could benefit from additional previous exposure to the 

robot and more control over the robot (requiring the child to continue to press the switch in order to 

complete the robot’s action). In addition it would be of great importance to conduct more studies that 
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would allow children’s exploration of robot mediated manipulation at young ages as well as children 

with disabilities’ exploration of both robot and direct manipulation, recognizing the value in their own 

movement repertoire to determine the best ways in which robots can facilitate their cognitive and 

perceptual development.  

 The fourth and final paper (chapter 5 in this document) presents the results of the study 

conducted with typically developing children and the performance of child with a severe physical 

disability who participated in the task.  Several differences emerged in the performance of typically 

developing 2 year olds between a robot-augmented version of the task and the typical reaching 

version. The robot version of the task increased the children’s motivation in the task. The robot 

decreased the motor demands of the task while increasing the cognitive complexity. The complexity of 

the robot-mediated task was reflected in the initial learning difficulties that children had as indexed by 

the number of trials required to achieve criterion for reversal in the A-not-B task. Children were found 

to attribute agency and animacy characteristics to the robot, which may have caused them to perform 

more successfully in the second trial after each reversal. Event related waveforms revealed different 

cognitive processes between conditions that may be related to these differing expectations of children 

about robot performance. Also, waveforms were found to differ and this could be related to 

quantitative and qualitative differences in the underlying cognitive processes implicated in each 

version of the task. Although no differences were found in the proportion of correct responses in the 

post-reversal, an emerging pattern in the robot condition was found. In the robot condition, younger 

children displayed fewer errors, on average, when compared to their performance in the reaching 

version. The situation was reversed for the older children. Because sample size was small, no further 

analysis was performed but this pattern should be explored as this could indicate another difference 

with the typical manipulation version of the task (i.e. no differences in performance in the post 

reversal trials of this task has been found in children in this age range (Diamond, 1997)). This pattern 

could support a cognitive capacity account of perseveration (Berger, 2004; Berger, 2010). In this case, 

children with disabilities could benefit from the decreased motor demand of the task and focus their 

attention on the more central aspects of the task (Kahneman, 1973). In fact, studies that have looked 

into object search skills of children with physical disabilities support this account.  

Riviere and Lecuyer (2002; 2003) explored the cognitive skills of children with spinal 

muscular atrophy Type II (SMA), a genetic disorder that causes severe motor impairments.  

Performance of 29 month-old children with SMA in a 3 location object search task was found to be 
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similar to that of typically developing children (Riviere & Lecuyer, 2002; 2003).    Typically 

developing children’s successful performance in the task increased when the time between the object 

being hidden and the opportunity to find it increased. Riviere and Lecuyer (2003) concluded that the 

differences elicited by reaction time suggest that their perseveration could result from a motor-

impulsive tendency to reach for objects and an inability to inhibit this motor behavior.  Based on their 

studies with children with motor impairments, Riviere and Lecuyer (2002) suggest that further 

research is needed in order to explore whether children with motor impairments may in fact use 

pathways other than the ones used by typically developing children.  

Further steps for this research include the study of robot-mediated manipulation by children 

with severe physical disabilities in the performance of cognitive tasks typically related with previous 

sensory-motor experience. Exploring the performance of children with disabilities when given access 

to these tasks can further advance our understanding of the developmental pathways that children 

with disabilities employ to developing cognitive skills typically related with manipulation and the ways 

in which robots can provide opportunities to further advance those skills. In addition, the 

performance of children with disabilities (who lack typical motor experience) can provide insight into 

the role of motor experience in certain cognitive skills such as the nature perseverative errors on the 

A-not-B task.   

The comparison of direct manipulation and robot augmentative manipulation in similar tasks 

constitutes the first step in understanding the cognitive and perceptual demands of robot 

augmentative manipulation systems for children.  Using both behavioural data and neuroimaging 

data provides a broader understanding of the potential differences between direct and augmented 

manipulation.  Further exploration of neurophysiological data is required in order to determine the 

underlying functional components of robot augmented manipulation. Such exploration should include 

other neurophysiological methods such as EEG power and coherence.  

The findings of this study provide a foundation for adaptation of tasks for augmentative 

manipulation and identification of robots that can better assist children in performing manipulative 

tasks. Robots decrease the motor demand but their characteristics need to make them accessible in 

terms of cognitive complexity, perhaps more intuitive from a user’s perspective, especially for young 

children. The implications of agency and animacy attribution to the robot, as well as increased 

motivation in the robot mediated task, can serve as guiding principles to design studies that explore 

the learning opportunities afforded by robots as they provide scaffolding for children with disabilities.  
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The results of this study provide a foundation to identify and adapt the characteristics of 

robots and control interfaces that can better assist children in their manipulative behaviours. Several 

characteristics that robots designed for children should have are reported in the literature (an easy to 

learn operational system (Howell, Hay, & Rakocy, 1989); a natural interaction with the user in which 

decreased technical competence is required (Michaud et al., 2003)) but their achievement is limited 

by our current understanding of the complexity and cognitive demand of the robot use.  Also, the use 

of commercially available robots has been identified as a strategy to overcome costs and dissemination 

of robot use by children with disabilities. Further knowledge about robot systems as augmentative 

manipulation and their developmental implications (as provided by this study) are needed to address 

the limitations of the commercially available devices and lay the developmental guidelines for further 

advances in the design of robotic systems for children (Cook et al., 2010).  
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