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Abstract

Many actions in our daily life involve operationttviarticulated tools. Despite the
ubiquity of articulated objects in daily life, humability in perceiving the properties and
control of articulated objects has been merelyistud

Articulated objects are composed of links and reteobr prismatic joints. Moving one
part of the linkage results in the movement ofdtieer ones. Reaching a position with the
tip of a tool requires adapting the motor commatdke change of position of the end-
effector different from the action of reaching #ane position with the hand. The
dynamic properties are complex and variant in tb@ement of articulated bodies. For
instance, apparent mass, a quantity that measheat/hamic interaction of the articulated
object, varies as a function of the changes inigardtion. An actuated articulated system
can generate a static, but position-dependent falcewith constant torques about joints.

There are evidences that internal models are iebin the perception and control of
tools. In the present work, we aim to investigateesal aspects of the perception and
control of articulated objects and address two times, The first question is how people
perceive the kinematic and dynamic properties énhtaptic interaction with articulated
objects? And the second question is what effecsbaBg the tool on the planning and
execution of reaching movements with a complexZzdaes the visual representation of
mechanism structures help in the reaching movem@hhow?

To address these questions, 3D printed physidal&ated objects and robotic systems
have been designed and developed for the psychiocphgtudies. The present work
involves three studies in different aspects of ggtion and control of articulated objects.
We first did haptic size discrimination tasks usihgee different types of objects, namely,
wooden boxes, actuated apparatus with two movéddledrfaces, and large-size pliers, in
unimanual, bimanual grounded and bimanual free itiond. We found bimanual
integration occurred in particular in the free npaation of objects. The second study
was on the visuo-motor reaching with complex todle found that seeing the mechanism
of the tool, even briefly at the beginning of thialt improved the reaching performance.
The last study was about force perception, evidesbewed that people could take use of
the force field at the end-effector to induce thiejtie about the joints generated by the
articulated system.
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1.1 Sensory transformations and representations in reaching

Chapter 1

Introduction

Many actions in our daily life, such as openingoard using wine openers, playing
musical instruments (e.g. a trombone) and operdtirggps in surgery, involve interaction
with articulated (kinematically-constrained) todIsthe field of robotics, it has long been
recognized that tool interaction is particularhatenging as it requires one to reach the
kinematic and dynamical levels of control simultangly. Depending on the
circumstances, these actions can be done withusdegrees of precision. In the present
work, the objective is to investigate how humarcpesres the kinematic and dynamic

properties in the control of articulated objects.

The capability of using tools is a remarkable mides in human evolution history.
The use and development of even more sophistitatdsl has been and still is a motor of
human progress. Archaeological records of toolimggiman evolution tracks back to 3.3
million years ago, when hominin fossils and starag were found in Africa regions
(Toth & Schick, 2015). Observations show that chamgees, one of mankind closest
primate relatives, use of sticks for ant dippimgpérticular, chimpanzees can hold a stick
with one hand and dip it among the soldier ante@nest entrance in order to fish them.
Chimpanzees are also able to learn to use toasislve trap problems and make their own
tools (Seed, Call, Emery, & Clayton, 2009). Forrapée they can intentionally set out a
nutcracker by breaking a branch to get accessoi Boesch & Boesch, 1990).

Although several species are considered to posselsase skills, including
mammals, birds, fish, cephalopods and insectsy#yehuman makes and uses complex
tools is perhaps the ability that sets our spempest more than anything else. Tools are
serving as importamhediatorsbetween our internal cognitive world and the endér
physical world. As a matter of facts, skilled tasle combines multi-sensory perception,
cognitive modelling and manual dexterity. It hatenfbeen viewed as a sign of higher
cognitive ability, or even as the hallmark of theleition of human intelligence as a more
productive way to accomplish daily activities (Qaiki & Massen, 2014; van Schaik,
Deaner, & Merrill, 1999; Wynn, 1985). So a fundanarssue is what are the cognitive

and sensory-motor basis of human tool use?



1.1 Sensory transformations and representations in reaching

The general objective of this thesis is to shektlan the psychophysical aspects in
haptic perception and control of articulated toBlespite its ubiquity in everyday action,
human ability in tool-use with articulated objebts been rarely studied. The interested
guestions involve whether and how our brain integranformation about the geometrical
properties of articulated object from two handsider to build internal model; and
investigate the possible ways with which intermgiresentation is developed, that is, the
contribution from different sensory inputs (fortissce, haptic and visual sensory

feedback) in the perception or control of articethtools.

In this introduction, we review concepts that anportant to understand
sensorimotor processes involved in the perceptiohcantrol of action, from simple

reaching movement to tool-use.

1.1 Sensory transformations and representations ireaching

eye and neck
signals

inverse
optics
problem

target
position
target
position
retina
target
position

projection

(task space)

BODY
(forward
dynamics)

inverse
kinematics

trajectory
planning

inverse
dynamics

trajectory
(task space)

trajectory
(joint angles)
movement

motor
commands

forward
kinematics

initial hand
position
joint angles
Initial hand
position
(task space)

{

kinematic arm model dynamic arm model
(e.g. segment lengths) (segment masses)

Figure 1. Schematic representation of early transitions involved in the planning and
execution of a reaching motion. The blue squarpsesent signals/representations in the
nervous system while the blue arrows representsfibamations between these
representations. The orange squares representmation about the body (internal
models) needed by the transformations.

Motor control, from planning an action to its exgon, involves a series of
transformations. Taking a simple reaching movemasrdan example, a first transformation
happens when acquiring information about the pwsitif the object (or target) in the
environment. This transformation involves the petjn of the 3D position of the object

on the retina, a 2D representation. Planning aedwing the reaching movement also
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involve computing the motor commands that will méive hand position from its initial
position to the object. This process can be quitepiex and various control schemes
have been proposed to achieve this objective §egFeldman & Levin, 2009; Latash,
2010) in an alternative viewpoint. An useful idespired by engineering consists in
decomposing this process into a series of transfthom that involves (i) planning the
hand movement, (ii) computing the joint anglesn@osture) that corresponds to hand
position, and (iii) computing the joint torque amdiscle activities necessary to move the

hand and arm along the desired trajectory (Atke$689).

An important observation about human movementeén2ih space is that the hand
trajectory tend to be straight, which suggest thgcttory is planned in the Cartesian (task)
space (Morasso, 1981). It is important to note ghedmplex (non-linear) coordination of
the shoulder and elbow joints as well as a compiemsaf interaction torque (dynamic
effects) are needed to produce a straight trajg¢@ribble & Ostry, 1999). According to
the schema presented in Figure 1, two sensoryftnanations are needed to plan a
movement in the Cartesian space. First, it is resarggo transform the retinal (2D) target
representation into a 3D body centered representé@indras & Viviani, 1998). This
transformation requires knowing the position of &ye and head and computing the
distance of the target from the body, an instariégeverse problem for vision (Pizlo,
2001). Second, it is also necessary to know thlimosition of the hand in the same 3D
space (Baud-Bovy & Viviani, 1998). The transformatbf proprioceptive signals coming
from sensory afferents (spindles) in the musclesan3D representation corresponds to
theforward kinematicdransformation from joint angles (indirectly codegmuscle
lengths) into the 3D position of the end-effectbe(hand) in robotics. Then, once the
trajectory has been planned in the Cartesian spaoegdditional transformations are
necessary to compute the motor commands. Thdrfrssformation, which corresponds to
theinverse kinematicgansformation in robotics, transforms the hansifmmn into the
joint angles. Finally, the joint angles must bensfarmed into a set of joint torques and
motor commands that move the robot along the disiagectory according to thaverse

dynamicgransformation of the robotic configuration.

Several of these transformations involve a charfigeference frame used to
represent spatial information (McGuire & Sabes,2®bechting, 1992). For example,

target position is initially represented in 2D dpe=d reference frame and then
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successively transformed in a body-centered referéname and finally in a joint space
representation. This schema, while oversimplifiethwespect to reality, illustrates the
fact that the same information can be representealitiple ways in the brain. It also
suggests that representations are closely link#ltetprocesses that connect them and to
the goal of the action (Grush, 1997). Moreoveec#iz computation can take place
within a representation or reference frame. Formgta, trajectory planning is thought to
be happen within a Cartesian reference frame (Takwhairovitch, & Barliya, 2013;
Morasso, 1981). According to Hubbard (2007), strtet, processes, and mappings are
the three key elements of a representation. Streicéders to the parts of the model at each
level, properties of these structures varying ftewel to level; process is what and how
information is used within a structure; and mappmglves a connection between
structures. Cunningham (1989) proposed a methddstomver the sensorimotor
transformations and representations by the ceméralous system by studying errors that
occur when the natural mapping between sensoralsigmd motor commands is

artificially transformed by wearing prisms or usiagool for example.

Besides of the information about the target andil@ositions in space, it should
be noted that the kinematic and dynamic transfdonatneeded to plan and/or execute the
movement requires also information about the wholdy. For example, solving the
inverse kinematics problem requires the structfitbe@arm and the length of its segments.
Similarly, computing in advance of the joint torgeebring the hand to the target requires
taking into account the dynamic properties of tbhdybsuch as the masses of the arm and
forearms. Altogether, these information form thecalled internal models of the body,

which play a central role in modern accounts of me@vements are controlled.

1.2 Internal models and control schemes

The idea of internal models has its origin in cohémgineering and robotics. In
order to describe more precisely the role playethbyinternal models, it is useful to

consider how these terms are used in robotics.
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u
X4 —>| Controller }—>| Plant l—> X

Figure 2. Fundamental element of control system

In control engineering, the fundamental problenthefcontroller design is to
compute the control signalsso that the actual behavioof the plant corresponds to the
desired behaviaxy. In human motor control, the controller might espond to the central
nervous system and the plant would correspondetdtinly (see Figure 2). In this case, the
control signalu represents the motor commands sent to the mudadés that the limit is
somewhat arbitrary and the spinal cord might besiclamed, depending on the point of

view, as part of the controller or the plant.

In control engineering, the basic control schemedeedforward control and

feedback control, which are described below.
1.2.1 Feedforward control

A Feedforward controlscheme is a control scheme where the controkesstthe
desired state as input and computes the contnohlsigor motor commands that the plant
(or body) needs to reach the desired state. Thefdforward refers to the fact that the

information flows only in one direction or, in otheords, to the absence of feedback.

u
Xg — Inverse Model ‘—>| Plant ‘—> X

Figure 3. Feedforward control. The inverse modkésathe desired valug as input and
compute the control signalso that the output of the plaxtorresponds t®y.

In order to achieve such a restitie controller must perfectly invert the
transformation instantiated by the plant (Figures8)that the composed action of the
controller and the plant corresponds to the idgrfor this reason, feedforward control
must include annverse modebf the plant, which takes the desired state opthat as an
input and then computes the control signals (mosonmands) that might transform the
current state of the plant into the desired one.example, the transformations described

in the previous section involve several inverse et@dn particular, the transformation of
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the desired trajectory into motor commands viaitkerse kinematics and inverse

dynamics is an inverse model in the perspectivaaotrol engineering.

An important issue with feedforward control schensethat they cannot correct
errors or external disturbances. This is a veryoirtgnt problem because it is naturally
impossible to have perfect inverse models of thatplin particular for the human body
given the complexity of the musculoskeletal systhhareover, internal noise and/or
external disturbances are likely to cause deviatlmetween the desired and actual

movements.

1.2.2 Feedback control

X4 Gain > Plant —> X

feedback

Figured. Example of feedback contrcxy refers to the desired value that must
reached by the outputof the plant andi corresponds to the control signaiss

the feedback variable which is the difference betwthe system output and the
desired value. The differenes= x — x4 corresponds to the error signal and is used
multiplied by a gairk to drive the planti =k e.

Feedback controschemes are an alternative to feedforward comitodre the
controller uses the current state of the systeaotopensate for errors from its desired
output (see Figure 4).

In human reaching movements, both vision and poapption provide feedback
information that is used to correct and adjust mosets. In fact, since Woodworth
(1899), reaching movements are thought to be coetpoktwo phases: a feedforward
ballistic phase followed by feedbackrrectivephase. The initial movement in the
ballistic phase would be planned in advance usimgtr program(Keele, 1968)
followed by corrective moments driven by visualdback. Keele (1968) defined motor
program as "a set of muscle commands that aretgteacbefore a movement sequence

begins and that allows the entire sequence to edaut uninfluenced by peripheral
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feedback” (p. 387). Visually-driven corrective mawvent occurs 100-150 ms after the

beginning of the movement at the soonest (Desm@@&tafton, 2000).

In addition to visual feedback, tactile and propeiptive information are crucial
for skilled object manipulation and tool use. Inans, tactile and proprioceptive
information istransmitted to the central nervous syst&NS) by ascending pathways in
the spinal cord (the dorsal column-medial lemnisgatem). This system transmits tactile
information that is crucial to detect, for exampbecidental slip at the fingertip when
lifting and adjust the grip force (Johansson &nelgan, 2009).

A problem of feedback control is that the moventmtomes instable when the
feedback is delayed. In this case, the feedbacknrdtion is no more accurate, which can
lead to over- or under-compensate the actual €ffos. problem is particularly important
for human motor control given the fact that nereesduct signals in a relatively low
velocity (30-110 m/s), resulting to a transitiomé of tens or even hundreds of
milliseconds. For example, the time necessaryigger an increase of grip force when a
slip occurs in about 100 ms (Johansson & Flang2@®0). In contrast, feedback loop of

robots typically operates at frequencies above 1KHz

1.2.3 Forward model and predictive control

_ e u
Xg —>®—> Gain e Plant —> X
+
xest
Forward Model efference

prediction

copy

Figure5. Example of predictive control. The mc system takes an efference cc
of the control signals to estimate the state ofifpland use the estimation value as a
part of the input in the next-state.

A possible solution to the delay problem in feedbaantrol is to predict the
consequence of an action with a forward model (MidlVolpert, 1996; Kawato 1999). A

forward model simulates the behavior of the body eaptures the forward or causal
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relationship between actions and their consequehtesher words, a forward model
takes the control signals as input and computesxpected behavior of the plant given
these signals. In human motor control, the outflmrand action producing motor
commands generated by the CNS are called an etter@heefference copys an internal
copy of this signal which is used by the forwarddelato predict the behaviour of the

body (Arbib, 2003). The prediction of the forwarddelx.s;can be used in a fast
feedback loop to compute the error signalxy —Xest (S€€e Figure 5). This loop operates
quickly because it does not depend on signals (nrootmmands and feedback) that must
travel to and from the periphery. The efferenceydopp can be faster because it operates
within the CNS (Desmurget & Grafton, 2000).

- e u

Xa —>@)—> Gain ——>| Plant ‘—> X

+

efference
copy

—— Forward Model

Xast u X feedback
—————————— >®<———————————————————————————————————

Figure6. Motor learning. In this schema, the motor commu and forward mode
are used to predict the state of the systggnThis information is combined with the
desired state in a fast feedback l@p x4 — Xes¢ In addition, a feedback signal is
compared to the prediction of the forward modefoircompute an error signal =
Xest— X that can be used to improve the forward m@dashed line)

This control scheme is an instancepoddictive controlin the sense that the
forward model predicts the behavior of the planbady. In order to function well, the
forward model must be accurate enough so thatréigtion provides useful information
to control the body behavior in real-time compatting predicted motor outcomes to
actual performance. In predictive control, the fesaak can be used to teach the forward
model. In this case, the idea is to use feedbachknapare the actual behaviouof the
body with the predictiomeg; of the forward model to inform the CNS how wekth
expected action matches its actual external aaticny.si—X (see Figure 6). Well-
established computational learning rules can bd ts&ranslate the prediction err@r=
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Xest— X iNto changes in synaptic weights which will impedwuture predictions (Miall &
Wolpert, 1996).
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Figure 7. Coordination of grip force and load force, antbanputationa
model based on internal forward and inverse mad&svato, 1999).

Studies of the grip force when manipulating an dijgovide a good example of
predictive control. These studies have shown teapfe are able to adjust the grip force in
parallel with the inertial load that results fronetmovement of the arm without delay.
The absence of delay suggests that the motor systeble to predict results of an action
(e.g Flanagan and Johansson). To explain thesadisnoKawato (1999) suggested the
CNS uses a combination of the inverse and forwardeh With the use of the efference
copy the internal model can predict a future haag¢tory, thus allowing to adjust force
to the particular load of the known object (Kawdt899). In addition, multiple paired
forward inverse models describing how diverse dbjaad environments can be

controlled and learned separately have recently pegposed.

Historically, Francis and Wonham were the firsapply internal model in the
context of human motor control (Francis & Wonha®7@). The concept of internal
models is now widely used and supported by numebebavioral studies (Flash & Hogan,
1985; Wolpert, 1997; Gribble, Ostry, Sanguinetil.&oissiere, 1998; Kawato, 1999).
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Modern control schemes involve both inverse andfteevard models as illustrated in the
previous examples. The general characteristickesfet models is to mimic the input and

output characteristics of body-environment intécactithin the CNS.

1.2.4 Forward model in perception

efference

Movement
> Controller » Plant L

Intention

efference

copy Environment

Forward model

Perception

afference |
Sensor e

Figure 8. Sensory cancellation. This schema illustrates ti@vprediction of the forwar
model might be used to cancel the sensory inpubther contexts, it is thought that the
output of the forward model might be combined wilth sensory feedback to improve the
estimate of the system's state (see text).

Besides of the contribution to motor control, tfieence copy and forward model
are also thought to play a role in perception (Ritlg & Clark, 2014). In particular, the
efference copy enables the CNS to compare sensouy {afferences) with predicted
consequences of actions in order to distinguise@grsignals that are consequences of an
action (reafferences) from sensory signals thatansequences of a change in the
environment (exafferences) (see Figure 8). Sindehi@tz, such a mechanism is thought
to play an important role to distinguish situatiovizere the displacement of a target on the
retina reflects a movement of the eye or a movemkthte target in the space (Helmholtz,
1867). In other words, the sensory prediction mightised to cancel the sensory input
when the afferent signal results from an actiom(kwlst, 1954) This idea okensory
cancellationhas been used to explain, for example, why taséitesitivity might decrease
when one moves (Blakemore, Wolpert, & Frith, 2000Qllen, 2004). More generally,
such a mechanism might play a central role irpreeptual stabilityf the external
world in face of the constant changes of sensgwtsinduced by body movements
(Gallistel, 2013).
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Besides sensory cancellation and perceptual stalthie efference copy might also
be simply combined with afferent signals to imprestimate of the current state of the
body (Baynes, 2009). For example, it has beengseqh that efference copy and forward
model play a role in proprioception, that is in tre¥ception of one's own movement
(Matthews, 1982). Similarly, the efference copy Intigive information about the weight

of objects that are lifted or about external forttext are resisted (Shergill, 2003).
1.3 Haptic perception and the body schema

The term "haptics", from ancient Grele&ptikos'able to touch or grasp' refers to
perception through touch and manipulation of olgjedth the upper limb and the hand (El
Saddik, Orozco, Eid, & Cha, 2011). It has also b#escribed as “the sensibility of the
individual to the world adjacent to his body by tiee of his body” (J.J. Gibson, 1966).
On the sensory side, it involves tactile perceptioough the skin and kinesthetic
perception via joints and muscles receptors. Urtlikeeother four senses (vision, audition,
gustation, olfaction), the receptors are not céiméd on specific organ but distributed
over the entire body. An important characteristithaptic perception is that it involves
movementsdxploratory proceduresthat are specific to the object material andfatisl
properties of interest (S. J. Lederman & Klatzk§092). In other words, haptic perception
is an active sense, which has also been calidige Touch (J.J. Gibson, 1966) by
opposition with passive touch, where the stimutuglaced on the skin. As such, haptic

perception is closely related to the proprioceptad kinaesthesia.
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Figure 9. A model of somatoperceptual informationcessing, highlighting
the role of body representations in the constractibsomatic percepts. Inputs
are depicted as diamond shapes, body represemstatsaovals, and perceptual
processes as rectangles. (Longo et al. 2010 Neuoopogia)

Haptic perception involves multiple representatiohthe body and processes. In
the somatoperceptual information processing sch@omosed by Longo et al. (see Figure
9), proprioceptive afferents and efferent commaawn the postural scheme, which
together with body size information, yield infortiwen about the body position (Longo,
Azafon, & Haggard, 2010). This information combimeth tactile information caused by
the contact with an object lead the haptic locélreof the object position in space and,
possible, the knowledge of its shape via exployatoovements. Tactile afferent might
also provide information about the material andesfipial properties of the object

(softness, texture, temperature, slipperiness), etc.

The haptic system relies on a complex set of remtasions and processes, which
might also be involved in the body schema. Bhdy schemais a concept in cognitive
neuroscience that refers to body representatiatsate used and involved in action
planning and execution (Cardinali, 2011). The teras originally coined by Head &
Holmes as “organised models of ourselves” (1912pthAer early definition is “A
combined standard against which all subsequentgesaof posture are measured, before

the changes of posture enter consciousness” (8chil@35). The body schema is a
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dynamic representation of the body that is plagl@ in the control and perception of one's
own movement and that function is mostly unconssliodt represents the position and
configuration of the body as a volumetric objecsjrace, and is updated with movement
(Haggard & Wolpert, 2005).

From a motor control point of view, the body scherpbataining information about
the body size and body masses implements the mesd#sat transform joint angles to
spatial position and vice-versa. The body schenghnalso be involved in the processes

to predict the sensory consequences of our actidnrapredictive control (see above).

1.4 Tool use

Ol_

Figure 10. Change of posture required to reach
the same position in space with a stick.

Using a tool as important consequences from a cbatrid perceptual point of
view because it transforms the relationship betweezis action and the environment. For
example, reaching a position with the tip of a ceegpiires a different action than reaching
the same position with the hand. Similarly, perrgvthe position of the tip of a cane
requires taking into action the length of the cames shown in Figure 10, using a tool
implies the change of the inverse and forward fansations and models involved the
planning and execution of movement (e.g. the nurobéinks, the size of the links, etc.).
In other words, reaching or pointing with a handdhol requiresadapting the motor
commandsto the change of position of the end-effector,chtorresponds to the tip of
the tool.
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Remarkably, many studies have shown that our neytstem can flexibly adapts
to specific tool transformations. For example, Gdnet al. (2014) looked at the
immediate impact of using a simple tool pwinting accuracy They observed subjects
overshot the target, and suggested that this patfezrror can be seen as a shortened
upper limb representation resulting from the tos®.ut is somewhat at variance with the
plain observation that one is able to switch betwesing a long stick or using a short pen

to point accurately on a board seemingly withouyt difficulty (Ganesh et al., 2014).

There has been long-term debates on whettemise mental modelsf the
concrete tool at hand are needed, with informadioout the tool's physical properties and
mechanics knowledge (precise representation maatelpresentations for guiding a
tool-use action are abstract in the CNS (abstrdetval transformation model) (Massen,
2013).

Neuroscientist and neuropsychologists have sugdéisé tools are incorporated
into the body schema, and as a result the repagsmmbf the reaching space changes
(Berti & Frassinetti, 2000a; Cardinali, 2011; Cauli et al., 2009; Maravita & Iriki, 2004;
Maravita, Spence, Kennett, & Driver, 2002a; Mar@drdinali, Roy, & Farne, 2016;
Paillard, 1999). For example, it has been sugdebt# using tools (e.g. mechanical
grabber) that physically extends the arm lengthradify the somatosensory
representation of body morphology, leading to amgéhtion of the corresponding part in
the body schema with the results of extending #regived size of the reaching space
(Cardinali et al., 2009). Another possibility isttiool representation of the mapping
between the hand movements and the end effecterdennal environment is at a central
level enabling preparation and planning of the moset in advance (Massen, 2013). Tool
representation is conceptualized as distinct aciobremata that encodes (Massen, 2013).
Tool representation is conceptualized as distiotiba schemata that encoded the varied
mapping between hand and the application of thie(ddarman and Shallice, 1986; Baber
2006). The ability to take into account this segsaotor transformation when planning

and executing an action with a tool is crucialifsrsuccess.
1.4.1 Neuronal bases of tool use

Functional neuroimagingtudies have shown that widespread bilateral {adyrie

temporal, and frontal regions are involved in toelhted performance (Buxbaum, Shapiro,
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& Coslett, 2014). Geldenberg and Spatt retrieveduhctional knowledgérom semantic
memory,mechanical problem solvirgnd use of everyday tools and objects they found
that the functional contribution of parietal lolseasissociated with comprehension of
functional associations between objects and toatker than the selection of grip or
appropriate use of the tool (Goldenberg & Spat®0In contrast, in an fMRI study
conducted by van Elk wherein participants hadrexict the subsequense of a

presented tool, results indicated that the le#rniof parietal lobe might store hand-posture
representations that can be used for planningdimetted actions as well as for predicting
other’s actions (van Elk, 2014).

Some addressed tool-related brain region issu@sviegtigating tool use disorders
in left brain-damaged patients. Baumatdl. suggested that the core deficit resulting in
left brain-damaged (LBD) patients with apraxia@dltuse is the loss of mechanical
knowledge (Baumard, Osiurak, Lesourd, & Le Galll£20 Lesion analyses for the LBD
patients during a hammering action suggested mifiatior frontal areas were particularly
responsible for impaired performance, whereastigain damage (RBD) patients
performed normally in most kinematic task aspedesrinsdorfer, Li, Randerath, Roby-
Brami, & Goldenberg, 2013). Buxbaugh al. proposed a componential neuroanatomic
model for characterizing the posture and kinemaiimponents for gesture action tasks:
for left hemispherical stroke patients, lesionegels in the left posterior temporal gyrus
were associated with poor performance in postutealfrelated gesture tasks, whereas
lesions in left inferior parietal and frontal reggowere associated with kinematic

component of gesture tasks in imitation of meamsglmovement (Buxbaum et al., 2014).
1.5 Articulated objects

The focus of this thesis is on articulated objecisnore precisely, linkages. By
definition, alinkage is an assembly of links and joints in order tovite a desired output
motion in response to a specified input motion ¢8fa, 2008). A node is an attachment of
a joint to a link, and links can have one or mavdas (strictly speaking links must have at
least two nodes but we will consider links with areele where the other extremity is held
by the user). Aoint is a connection between two or more links at thette, which

allows motion to occur between the links.



1.5 Articulated objects 16

Figure 11. Examples of linkages. Connection betwe® or more links at their
nodes, which allows motion to occur between thé&slifSlocum, 2008; 2017
CCCME; kisspng.com).

In this thesis, we will consider linkages with riste and prismatic joints. Both
joints allow only a single degree-of-freedom movemerhe number of degrees-of-
freedom (DOF) of a linkage depends on the numbginfs and the structure of the
mechanism. For a planar mechanism, the numbergrédeof-freedom is given by
Gruebler's formula:

F =3@-1) - 2f

wheren is the total number of links (including a fixedsingle ground link) antlis the
total number of joints. The number of degree-oeftem is equal to the number of input

motions needed to define the linkage motion.

Articulated objects have kinematic and dynamic praps that distinguish them
from rigid bodies, which raise new issues bothrangerception and control sides. Unlike
rigid bodies, articulated objects do not have adishape since they are made of parts that
can move one relative to another. However, theseements are not completely free

because the linkage structure constrains the maveofi¢he links along some directions.
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In many mechanisms, all links move together insthiese that position of one link
determines the position of all other links. In athwrds, the movement of the whole
mechanism might be determined by the movement efobiits part. In fact, mechanisms
are often used to transform movements of one kit@irovements of another kind. For
example, the crank-slider transform a rotationatemoent in a linear movement (see
Figure 11). Another example is the pantograph wirighsforms the scale of a movement
(see Figure 11). When using articulated objebtsuser can control the action of the
mechanism by moving one of its link. For examplbew playing trombone, the user must

control the position of the outer tube relativehe inner tube to adjust the tone.

One question of interest is whether people cangutbg size of an element (link)
of an articulated object from the movements opésgs. In the next chapter, which reports
the results of a study on the bimanual perceptiabject size, we investigated one's
ability to perceive haptically (without vision) thength of the links of large pliers by
simply moving them. The plier is probably the siegh example of linkage with only two
links and one internal degree-of-freedom that aloe two links to rotate around the

revolute joint.

Another question of interest is whether the userpradict the movement of one
part of the linkage when moving another part ofrtrechanism. As we have seen in a
previous section, predictive control and forwarddels play a central role in current
models of human motor control and haptic perceptiOne question that we investigated
in the third chapter is whether seeing the mechaesn help predict the movement of one

part of a linkage when moving another part.

Another difference between rigid bodies and aréited objects is that the dynamic
properties of the linkages which changes with ithiealge configuration. For example, the
inertia tensor of a rigid body is invariant becaitsies not change shape. In contrast, the
spatial distribution of the masses of a linkage #ud its apparent mass will change with
its configuration. Another properties of linkaggastransmit forces and this transmission
is also affected by the geometry and configuratibthe linkage. The last part of this

thesis addresses these issues.

1.6 Thesis outlines
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Figure 12. Outline of the thesis

Figure 12 illustrates the work done during thesisich aimed at understanding
better some aspects of the human capacity to perbaiptically the kinematic and
dynamic properties of articulated objects as welihe human capacity to control them. In
particular, this thesis includes studies that itigased the role of the two hands in the
haptic perception of the size of large pliers, Hreutility of seeing the mechanism to
control the movement of the end-effector. In additiwe also developed a novel robotic
device to perform experiments on the haptic peroepif the interaction forces generated

by the device.
Besides this introductory chapter, the thesisuibes four other Chapters:

Chapter 2 investigates factors that influencegtreeption of the size of large
pliers, held with both hands. In particular, it@stigates the integration of information
from the two hands when judging the size of therpland the influence of lifting the
object on bimanual integration. This study includdditional experiments with wooden
boxes and actuated apparatus with two movabladldaces. This study revealed that free
manipulation is a factor that promotes bimanuadgnation by telling the brain that both
hands are touching the same object. This Chaptkrdas a discussion on the place of
bimanual integration in current accounts of muligay integration. A preliminary report

was published in World Haptics 2017 internatior@iference, and a full article based on

18
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this Chapter has been submitted to Journal of Exgertal Psychology: Human
Performance and Perception.

Chapter 3 focuses on the influence of visual feekilmam the reaching task with
tools. It extends previous studies on visuo-motortiol tasks with relatively complex
tools. The experiments involve six types of 2-degoéfreedom articulated mechanisms
with prismatic and/or revolute joints, and introdubree visual representation conditions,
with visual, pre-visual and non-visual feedbacke3é experiments showed that seeing the
mechanism can help to control the movement of tlieedfector, which indicate that
people must have some internal model of the mesh#s), which can be used to predict
its motion.

Chapter 4 describes the development of AirRob,velndevice that was designed
to study the perception of dynamic properties ti€alated system. The initial concept
was to design a low-friction, planar and modulategn with variable link length and
masses actuated by motors directly placed at thiesjorhe second part of the Chapter
reports the results of a preliminary experiment twas carried out to understand how

people interpret some force fields produced bydindce.

Chapter 5 concludes the thesis with general dismussd possible future work.
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Chapter 2
Study one

This study investigate the haptic perception of #siee of hand-held pliers, a
specific instance of articulated object made of tiwks attached by a revolute joint. In an
initial experiment (Xu & Baud-Bovy, 2017; see AnnA% we measured precision with
which people can judge the size of large plierssiogply opening and closing them and
the contribution of each hand to this process. dbdmpared performance in unimanual
and bimanual conditions, with the pliers that cdeddfixed (grounded condition) or free to
move. The chapter is actually focused a seriesodbw-up studies on object size
perception and bimanual integration with differéypes of objects, including wooden
boxes, an actuated apparatus with two movablestigaces and another experiment with
large-size pliers, in uni-manual, bimanual grounded bimanual free conditions. This
chapter is the basis of an paper submitted at dbofrExperimental Psychology: Human
Performance and Perception (Xu, Risso & Baud-Bmuphmitted). It is followed by a
short appendix (Appendix A) that extend some disicuns that were not included in the

paper.
2.1 Background

Multiple sensory systems provide information abthe& environment. The brain
must continuously process and organize this inftionaselecting and possibly merging it
in a coherent whole. This work focuses on the iagn of information coming from two
hands holding an object in the absence of visidthile many studies have explored how
information from different sensory modalities isndmined or merged, fewer studies have
investigated how different cues are integrated iwithe same modality, specifically the
haptic modality. The goal of our study was to irigege whether information from the
two hands is integrated when subjects estimateideeof an object with both hands. In the
following, we start by reviewing previous work oruliirsensory integration in order to
introduce the theoretical issues, which are theesatmether the information comes from
one or more sensory modalities. In particular, usi@d@ding how the brain deals with
potentially conflictual information and/or whendecides to merge it together are long-
standing research questions. We then review theatitre on bimanual integration and

introduce the objectives of our study.
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2.1.1 Early work on multi-modal integration
Early research on multi modal sensory integratiooused on situations where

there was a conflict between pieces of informatmovided by different sensory
modalities. A classic illustration is "ventrilogms, where the words pronounced by the
puppeteer appear to come from the mouth of the gtuippconflict with the audio cues
about the sound source (Vroomen, Bertelson, & Dil€e2001). Initial findings led to
the view that the brain might accommodate suchrdlicoby simply ignoring one of the
two sensory modalities (the stimulus or modalitynittance hypothesis). In the case of a
conflict between the visual and audio or propridsepmodality, it was initially suggested
that the visual modality dominates (Rock & Victt864), but successive studies revealed
a residual influence of the other modalities (Hbeslger & Misceo, 1996; McDonnell &
Duffett, 1972). This research line revealed that thirection and strength of the inter-
sensory bias toward one or the other sensory nigdidpended on a variety of factors. In
a review of this literature, Welch and Warren (1P8&cussed evidence that the direction
of the intersensory bias might depend on directitehtion and/or on the accuracy or
appropriateness of each modality. They also propgbae the magnitude of the bias
depends on the observers' assumption that they #ine presence of a single distal object
(the unity assumptionand that the strength of this assumption is aldanction of the
number of physical properties (e.g., shape, sizeompthat are redundantly represented in
the stimulus situation (Welch, 1999). When the eensignals are thought to refer to
different objects or events, there would be norigensory conflict and thus no inter-

sensory bias.

2.1.2 Optimal (Bayesian) integration
These early observations have since been reintetpiie light of optimal and

Bayesian integration principles, a mathematicaingaork that allows one to define the
best estimate that can be obtained by combiningneaht information (Ernst & Banks,
2002). In brief, the optimal integration hypottsegirescribes that the best estimste

corresponds to a weighted average between theemspsy cues; ands;
S12 = W1S1 T wW;s; 1)

where the weighte;, andw, (w; + w, = 1) are proportional to the reliability of thénstilus:

Ry Ry
Wy =—— Wy = (2)
R{+R; R{+R,
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and the reliabilityR = 1/ is simply the inverse of the noise (variance) bé t
corresponding cue. Assuming that the informatioovigled by each cue is independent
and normally distributed, it can be shown that gmimal (or Maximum Likelihood)

estimates;, that combines the two cues has a variance:

2 .2

010
0_122 = a%1+;22 (3)

which is not only lower than that of the single sieit the lowest possible given the noise
associated with each cue. This noise can be detedmin behavioural experiments
measuring the discrimination thresholds. A consaqgeef this framework is that, in the
presence of a conflict, the bimodal estimate shdiddbiased toward the most reliable
sense, and many past observations have been peeteet accordingly. In addition, it is
also generally held that the two cues are merggelther before a decision is made (Ernst
& Blthoff, 2004).

More recently, Bayesian models have been exterala$d address the question of
when the brain should integrate information. Foaraple, Kording et al. (2007) include
the likelihood of two co-occurring signals havingc@mmon cause” in their modelling of
causal inference processes. Similarly, Ernst preghoseformulating the problem of
integration in terms of a “coupling prior” represeg the priori relation between the

sensory signals (Ernst, 2007).

2.1.3 The haptic sense and sensory integration witha sensory modality
The haptic sense provides important informatiorcdatrol movement as well as

information about our physical environment, espbcithe objects that we manipulate
(Johansson & Flanagan, 2009). By definition, thpticasense combines proprioceptive
inputs coming from muscles, tendons and joints aacktile inputs coming from
mechanoreceptors in the skin. The haptic sens@maide information about an object's
material properties (softness/roughness, textligpesiness, stickiness, etc.), dynamic or
kinetic properties (weight, compliance) and georoeatr spatial properties (shape, size,
position and/or orientation). A general characterisf the haptic sense is that haptic
information is typically acquired sequentially aactively by moving one's hand over an
object (James J. Gibson, 1962) and that differemtaments are used depending on the
type of information that needs to be acquired (Busbederman & Klatzky, 1987).
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Previous research on the haptic perception of ibe ar shape of objects has
identified various haptic cues that are partidulaglevant for our study (Pont, Kappers,
& Koenderink, 1997, 1999). First, the size or shapéhe object might be derived from
the movement of the hand over the object's surf&cond, touch also provides
information about the orientation of the objectigface at the contact point (tangent plane).
Finally, touch, especially finger pad deformationight provide information about the
local curvature at the contact point. In the litara, position, tangent plane and curvature
are known 8, 1°* and 2%order cues (Pont et al., 1997). In addition tcsthgeometric
cues, previous research has shown that the taageomponent of the interaction force
might also influence the perceived shape of theahjRobles-De-La-Torre & Hayward,
2001; Drewing & Ernst, 2006). Finally, the sizestiape of hand-held objects can also be
inferred from kinetic cues such as their momenineftia or static torque (Turvey et al.
1998).

As noted above, the principles of multimodal inggggm apply not only to cues
from different sensory modalities but also to diéi@ but redundant cues within one
sensory modality. For example, there are seveudiest in the haptic literature suggesting
that redundant haptic cues might be weighed aaogrtti their reliability. In particular,
previous research on curvature perception showatdhle weight given to each cue might
depend on the size of the object, withdrder cues playing a major role for large objects,
1% order cues playing a major role for medium sizgects and Z-order cues for small
objects (Wijntjes, Sato, & Hayward, 2009). Drewanryd Ernst (2006) have also found that

geometric and force cues are integrated optimally $hape discrimination task.

2.1.4 Bimanual integration
In this study, we focus on the haptic perceptiorhef size of an object held with

both hands, and whether information from the twodsais integrated optimally. Squeri et
al. (2012) investigated whether information frone tivo hands was integrated optimally
in a curvature perception task, where a bilatecddlot moved the observer's hand(s)
passively along the arc of a circle. They foundsignificantly different performance in

the bimanual conditions with respect to the unin@ntonditions. Panday, Tiest and
Kappers (2013) asked observers to discriminatsiteeof large cylinders, with a diameter
that varied from 19 to 45 cm (Panday et al., 20IBE cylinders lay on a table and the
side(s) was/were explored with one or both handmti@ry to Squeri et al.’'s (2012)
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experiment, they found better performance in th@dpiual condition. However, in a
control condition where the observers had to rep@rtdistance between two flat surfaces,
they found no difference between the performanceshe unimanual and bimanual
conditions. To explain these results, Panday e{24113) proposed that'2order cues
related to the deformation of the hand on the dgimmight be integrated but ndf-@rder
cues related to the position of the hand in sp@ibey hypothesized that'Rorder cues
consistent with cylindrical shape would suggestttie observer that the hands were
touching the same object whild"-@rder cues only would not be able to elicit this
impression. They also attributed the absence efgmation in Squeri et al. (2012) to the
fact that participants experienced onf§-@rder position cues while the robot moved one
or both of their hands along the curved trajectdtyis conclusion is also in line with the
results of Wong, Wilson, Kistemaker and Gribble2614) more recent study in which
bimanual proprioceptive acuity was not found to dignificantly better than the best

unimanual performance.

2.1.5 Object Grounding and the Unity Assumption
The main objective of this study is to investigédetors that might contribute to

bimanual integration. As reviewed above, previduslies on haptic bimanual perception
tasks have given contrasting results and surpfisivgeak evidence of bimanual
integration despite the fact that many motor task®lve both hands. The absence of
integration also stands in contrast with the tigkegration in the control of the two hands
as demonstrated by the difficulty in accomplishingly independent movements with
only one hand (reviews in Ivry, Diedrichsen, SmandHazeltine, & Semjen, 2004;
Swinnen & Wenderoth, 2004). A critical feature ofeyious studies on bimanual
integration that might be relevant in this contiexthat they all involved grounded objects.
In other words, the objects could not be moved mndorce was transmitted between
hands. In contrast, the position of the hand-hddpbais involved in bimanual tasks is
typically not constrained. This is the case whelding a tray or driving for example. In
this type of bimanual action, the movement of tlendiheld object and the hand are
usually coupled and the force applied by one hariti¢ object is transmitted to the other
hand and vice-versa (internal force). The mairectbye of this study is to test whether
bimanual integration is influenced by grounding.e8fically, we hypothesize that

bimanual integration might be enhanced when theabh$ not grounded and thus free to
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move. The hypothesis is that the motion couplindg force transmitted between the two
hands might be used by the brain as a sign thathamls are holding the same object
(unity assumption), thus triggering or enhancingdmual integration (Welch & Warren,
1980).

In the following, we report the results of threepewments that investigated
whether information from the two hands is integdatehen estimating the size of an
object bimanually, and whether grounding an objeet influence on bimanual integration.
In the first experiment, the task was to judgedize of wooden boxes. A box could lie on
the table (grounded condition) or be lifted withtlibdhands (free condition). In the
unimanual conditions, the box was centered on ¢ty Imid-line so that it was possible to
determine its size by touching one side with onedhaln the second experiment, we used
an actuated apparatus with two movable flat susiaebich resembled the grounded setup
used by Panday et al. (2013). Finally, in the tleixgeriment, we used large-size pliers and
asked the participant to judge their size by opgrand closing them. In the bimanual
conditions, the fulcrum of the pliers could be fix@rounded condition) or free to move.
Our results show that grounding the manipulatedeabjpas an effect on bimanual
integration, but it is not a necessary conditionithvfamiliar objects such as wooden boxes,
bimanual integration might also occur in the groeshatondition. This is not the case,
however, for less familiar objects such as the aetll apparatus used in the second

experiment or the relatively complex tools usethmthird experiment.

2.2 Experiment 1: box size discrimination

2.2.1 Methods
Participants. Nineteen participants, nine women and ten men (nag@n26.47 +

3.89 years), participated in the experiment. Alitipgpants were right-handed except for
one. None of the participants reported any knowndhar neuromuscular disorder. All
participants were naive as to the goal of the exyt and had no previous experience
with the task. One participant was excluded from tlata analysis because he did not
perform the task well enough to estimate the sensmeshold. The experiment was
approved by the Ethics Committee of the Regionigtitia, and conducted according to
the ethical principles defined by the Helsinki Caakion. All participants gave their

informed consent before the experiment.
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Apparatus and stimuli.Stimuli consisted in nine equally weighted woodrxes
sized 30 cm x 30 cm x (Variable Length) rangingrfr82 to 48 cm by 2-cm steps. The 40
cm length box was used as the standard stimulude vather boxes were used as
comparison stimuli. All boxes were built to haves teame weight (1413 + 30 gr) and

centre of mass (Figure 13).

Figure 13. The figure represents a blindfolded ipi@dnt haptically interacting with a

wooden box in the four experimental conditions. Tbp panels show the bimanual
grounded (left) and free (right) conditions. In thienanual free condition, the participant
lifted the box a few centimeters above the tablae ottom panels represent the
unimanual condition.

Experimental procedure and taskarticipants were blindfolded before entering
the experimental room so that they would not see shmuli at any time. In the
experimental room, the participants sat on a fixtegr with their bodies at 20 cm from the
edge of a table. Before each experimental sessiditipants were asked to point exactly
in front of their body mid-line at least three tisneith arms extended and hands joined.
The average position was marked on the table aad tgscentre the boxes during their
presentation.

The task was a size-discrimination two-alternafwmeed-choice task. During each
trial, participants felt the size of two boxes inceession and at the end of the trial

reported verbally which one was the largest.
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The experiments included four conditions. In thamanual conditions, each
participant had to touch the side surface of the Wwith the left or right hand. In these
conditions, he/she was asked to focus on the aistbatween the touched side of the box
and the body mid-line. In the bimanual groundeddition, the experimenter maintained
the box throughout the presentation to avoid movemsile the participant touched the
two lateral surfaces of the boxes with both hawtsip to 5 seconds. In the bimanual free
condition, the participant lifted the box a few teretres, then put it back to its initial
position. In both bimanual conditions, participantsre asked to focus on the size of the
box. Before the beginning of the experiment, theigipants practiced the task in each

condition until they felt comfortable.

Each trial included the presentation of the stashdéimulus (40 cm) and one of the
eight comparison stimuli. The order of presentatibthe comparison and standard stimuli
was randomized. Each comparison stimulus was pregegven times in each condition
(method of the constant stimuli (Fechner, 1860gldyng a total of 224 trials. The
experiment included seven blocks of 32 trials, Whiere subdivided into four sub-blocks
of eight trials. Each sub-block corresponded tamaddion and included all comparison
stimuli in a random order. The order of presentatibthe different conditions inside each
block was randomized as well. The total duratiorthef experiment was 90-120 minutes

per participant, divided into two sessions.

2.2.2 Data Analysis
For each participant and condition, a cumulativemma probability distribution

was fitted to the responses using maximum likelghestimation to obtain a psychometric
function representing the probability of judging@ ttomparison stimulus as larger than the
standard stimulus. For each psychometric curvecameputed the point of equality (PSE),
i.e. the box size perceived as larger than thedatandistance in 50% of the trials, and the
discrimination threshold (or discrimination limemL), which corresponded to the
difference between the PSE and the box size pexdeaosbe larger than the standard in 75%
of the trials.

To statistically test an effect of the exploratioondition, we performed a non-
parametric Friedman test for repeated measureBeodiscrimination thresholds and PSE

of unimanual and bimanual conditions. Whenever #iacewas found, we tested the
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difference between conditions with two-tailed pdil&ilcoxon signed-rank tests. To test
whether integration took place, we computed theabinal threshold predicted by optimal
integration principles (Maximum Likelihood Estimati) for each participant. We tested
whether the observed bimanual discrimination thottshwere smaller than or equal to the
predicted MLE thresholds with one-tailed paired &Xon signed-rank tests. Finally, we
also examined if individual bimanual thresholdsresponded to the predicted MLE
thresholds. In particular, we used Pearson-preduchent correlation to test the
relationship between the observed values and thE ptedictions. For all tests, the level

of statistical significance was set at 5% (Errop&ya = 0.05).

2.2.3 Results
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Figure 14. Results of the box size discriminatigpeximent. The top left panel represents
the mean PSE (on the y-axis) for each conditioaxis): Right (R), left (L), bimanual
grounded (BG), and bimanual free (BF) conditionrtial bars represent the standard
error. The dotted line represents the standard $ip& (40 cm). The top right panel
represents the mean discrimination thresholds lienytaxis) for the four conditions (x-
axis); the dotted line represents the predicted MiuEeshold. The bottom panels show
correlations between the individual discriminattbnesholds predicted by MLE and those
observed in the bimanual grounded condition (bottieft panel) or bimanual free
condition (bottom right panel).

Figure 14. shows the mean haptic PSE (top left Ipamel thresholds (top right

panel) of the participants for the four experiméwrt@nditions. The differences between
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the discrimination thresholds across conditionsevgtatistically significant (Friedman test:
v¥(3) = 29.13 p<0.001). In the unimanual conditiote mean threshold was lower for
the left hand (Mean + SD: 2.75 + 0.58 cm) thantfe right hand (3.15+1.30 cm) even
though the difference was not statistically sigrafit; Wilcoxon test: V = 113, p = 0.246).
As predicted by the optimal integration principlése box size was estimated more
precisely in the bimanual conditions than in themanual ones. Specifically, the
unimanual DLs were higher than the bimanual grodn@03 % 0.99) and free (1.66 +
0.61) DLs. The Wilcoxon tests confirmed the stat#tsignificance of the difference
between unimanual and bimanual conditions (rigimtdnes grounded: V = 163, p < 0.001;
right-hand versus free: V = 170, p<0.001; left haerdsus grounded: V = 148, p = 0.005;
left hand vs free: V = 170, p<0.001). The bimanDak did not differ from the MLE
prediction (1.98 + 0.47 cm) as confirmed by unilatéVilcoxon tests (grounded vs MLE:
V =71, p=0.739; free vs MLE: V = 25, p=0.997).

Although the differences were small and not stiaaly significant, several
indices suggest that bimanual integration was gioiin the free condition than in the
grounded one. First, the average bimanual threshakllower in the free condition than
in the grounded one (grounded: 2.03 + 0.99; fre®6 * 0.61) although the difference was
not statistically significant (Wilcoxon test: V 223, p=0.108). Second, at the individual
level, 72% of participants had a lower thresholdhia free condition than in the grounded
condition (13 out of 18; binomial test: p=0.09)n&ly, we also found a slightly stronger
correlation between the discrimination thresholdsdcted by optimal integration and in
the free condition (r = 0.73, n = 18, p<0.001; $égure 2, bottom right) than in the
grounded condition (r = 0.70, n = 18, p = 0.00E Beyure 2, bottom left).

2.2.4 Discussion
The results of the experiment with boxes indicdtat tbimanual integration

occurred in the grounded and free conditions. Semidence indicates that bimanual
integration was stronger in the free condition tlarthe grounded if one considers all
results together but we did not find statisticadlgnificant differences between the two
conditions, possibly because integration reachetthéngrounded condition was close to
the maximum gain that can be theoretically achidwedtegrating information from both

hands. While we had expected to find bimanuabjirat&on in the free condition, this was

not the case in the grounded condition. As a maitdact, the results in the grounded
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condition are apparently in contrast with the resuf an experiment in Panday and
colleagues (2013), who did not find bimanual inggn in a similar task where
participants judged the distance between two flatases. These results are also in
contrast with the findings of Squeri et al. (20485 Wong et al. (2014) who also found no
clear evidence of bimanual integration in a curkatand position discrimination task,

respectively.

Several factors might explain why bimanual inteigraimight have occurred in the
grounded condition in our experiment. First, itimportant to note that our stimuli
consisted of simple wooden boxes, which are vemiliar objects in our everyday
experience. Second, the grounded and free conslitiene mixed together. As a result, the
participants knew that they were touching boxes,a.single object, even in the grounded
conditions. Notably, all the participants reportbédt they immediately thought that the
stimulus was a box. In this respect, it should béed that the experimental setup in
Panday et al. (2013) and Squeri et al. (2012t markedly from ours. In Squeri et al.
(2012), the apparatus consisted in two robotic agash with a handle that the participant
grasped and that moved the participant's hand§spéahe desired trajectory. In Panday et
al. (2013), it consisted in two flat vertical surés mounted on a rail and connected by a
steel thread that could be used to move their ipasgymmetrically with respect to the
centre of the rail. In their discussion, Pandaylet(2013) suggested that a reason why
bimanual integration occurred with the curved stefabut not with the flat surfaces in
their study is that curvature could elicit a repraation of the object shape in higher-order
brain processes, where cues from both hands camdggated, whereas position does not.
They relate the lack of integration in Squeri et(aD12) to the fact that the task did not
require participants to form an opinion about thgeot being explored, but to simply
compare curvature. The objective of the next drpamt is to confirm the absence of
bimanual integration when the experimental appardtes not elicit the belief on the part
of the participant that he/she is touching boxesalsense, the goal is to replicate the
results of Panday et al. (2013). To that end, veel @8 actuated device, which could move

two vertical metallic panels along a linear guidetze experimental setup.
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2.3 Experiment 2: distance discrimination of flat srfaces

2.3.1 Methods
Participants. Twelve new participants (mean age 26.58 + 2.54sydave females

and seven males) participated in the experimewtuding ten right-handed, one left-
handed and one ambidextrous person. None of thieipants had participated in the first
experiment; nor did they have or report any knownchor neuromuscular disorders. All
participants gave their informed consent priortsting.

Experimental procedureThe experimental setup was a linear guide (sea&i5)
with two actuated blocks that could move along @®illong workspace. Two vertical flat
surfaces (20 by 30 cm) were affixed onto the aetidiocks. A custom program adjusted
the distance between the two plates during thererpat. The device was placed 10 cm
from the edge of a table.

Figure 15. Discrimination of distance between flatirface experimental setup.
Representation of a participant interacting with #etup in the bimanual condition. The
experimental setup is a force feedback device witbng rectangular workspace (10.5 x
51.0 cm). The mechanical structure consisted ofwantical flat surfaces powered by two
motors. During the haptic exploration of the stiogjlthe participant was blindfolded and
wore a headset playing white noise in order to esgrny additional auditory cue given
by the sliding of the panels.

The task and experimental procedure was the sama &gperiment 1. Each
participant sat 20 cm from the table on a fixedirchdth their body 20 cm from the edge
of the table. Participants were blindfolded and evar headset playing white noise to
suppress audio cues.
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The experiment included two unimanual conditionghfrand left hand) and one
bimanual condition. In the unimanual conditionartigipants were instructed to focus on
the distance between the flat panel and the mal-bh their body. In the bimanual

condition, participants were instructed to focugtmndistance between their two hands.

Each trial involved the successive presentatiothef standard stimulus (27 cm
distance) and a comparison stimulus (one of tesiplesdistances ranging from 22 to 32
cm by 1-cm steps, excluding the 27 cm distance)h Bimuli were centred on the body
midline, which was identified with the same procedas in the first experiment. The

administration order of the standard and comparssionuli was randomized.

The whole experiment included seven blocks of &lsiryielding a total of 210
trials. Each block was divided into three sub-bkck 10 trials, where all comparison
stimuli were presented in the same condition. Trdeoof presentation of the different
stimuli inside each sub-block, and conditions ias@hch block were randomized. The
total duration of the experiment was 50-60 minupes participant, divided into two

sessions.

Data were analysed in the same way as in Experifnent

2.3.2 Results
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Figure 16. Results of the distance discriminatigpegiment with flat surfaces. Left panel:
Mean PSEs (y-axis) for each condition (x-axis)htigR), left (L) and bimanual (B)
conditions. The dotted line represents the digtariche standard (27 cm). Middle panel:
Representation of the mean discrimination threshdldn the y-axis) for the four
conditions (x-axis). The dotted line representspiexlicted MLE threshold. Vertical bars
represent the standard error. Right panel: Coioslst between the individual
discrimination threshold predicted by MLE (x-ax#&)d the bimanual condition (y-axis).
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Figure 16 shows the PSE (left panel) and DLs (neidp&nel) for the three
experimental conditions. The differences betweencrdnination thresholds across
experimental conditions were barely statisticalniicant (Friedman tesy(2) = 6.17,
p=0.046). The discrimination performance was shghetter with the left hand (mean %
SD: 1.97 + 0.2 cm) than the right hand (2.51 + @BB Wilcoxon test: V = 64, p = 0.052).

The discrimination performance with both hands 41+80.49 cm) was also better
than the right hand (Wilcoxon test: V = 67, p =2¥Pbut did not differ significantly from
the left hand (Wilcoxon test: V = 46, p = 0.622nportantly, the threshold in the
bimanual condition was also above what was predliojeoptimal integration (1.49 + 0.18
cm; one-tailed Wilcoxon test: V = 63, p = 0.032)urtRer, the predicted and observed
bimanual thresholds were not shown to be signiflgatorrelated at the individual level (r
=-0.09, n =12, p = 0.784, see Fig. 16, right hane

2.3.3 Discussion
As in the first experiment and in Panday et al1@0we found a slight advantage

for the left hand with respect to the right handtie unimanual condition. At the
individual level, 83 % of individuals in this esggpment and 61% of the participants in the
box experiment performed better with the left hainan the right, which is statistically
significant (21 out of 30; two-tailed binomial tept= 0.043). It is noteworthy that Wong
et al. (2014) found that a similar percentage ofigpants (59%) had the best acuity with
the left hand in their position discrimination tagtogether, the results of the unimanual

conditions suggest a small laterality effect irs ttaisk.

The pattern of results with respect to bimanuadgration is clearly different from
Experiment 1. The discrimination performance in tivmanual condition was similar to
the best unimanual performance and worse than tte pediction, which denotes a lack
of integration in this experiment. In this respécshould be noted that the aforementioned
difference between the two unimanual conditionssnsall enough so that integrating
information from the less performing hand mightl §tiing an advantage in the bimanual
condition as shown by the statistically significalifference between the MLE prediction
and the best hand. The correlation between thealaand the predicted threshold in the
bimodal condition was close to zero and not sta#i8y significant. It is unlikely that the

difference in the size of the stimuli between t{#3 cm standard) and the first (40 cm



2.4 Experiment 3: Plier size discrimination 34

standard) experiment can explain the differencevéet the two experiments. Indeed,
Panday et al. (2013) did not find evidence of bigarintegration at any distance, with
standards that ranged from 19 to 45 cm. The e@iffee between the two experiments is
most likely due to the experimental setup, whicls wanilar to the one used by Panday et
al. (2013). Moreover, the fact that none of thetipgmants in this experiment reported
having the impression of holding a box or a sir@gect is also in line with the idea that
bimanual integration might require the assumptloat both hands are touching the same

object (see General Discussion).

The results of the first experiment suggest thatdoiual integration can happen
with grounded objects, as long as they are famdliat they evoke the idea that both hands
are holding the same object. Bimanual integratitso appears to be reinforced in the
lifted condition but the difference between the twonditions was minimal. In the
following experiment, we consider bimanual integnatwhen handling objects — large
hand-held pliers - that are less familiar than IsoXéne hypothesis is that less integration
will occur in the grounded condition than in thenainual free condition because the lack
of familiarity with the objects would make it modhfficult to process information at a
higher level whereas there can be no doubt thds &we hands are holding a single object

when lifting it.
2.4 Experiment 3: Plier size discrimination

The plier study involved three groups of particitsawho performed the same task
with small methodological differences. The resuwfsthe two first groups are analysed
together here for simplicity. The experiment witte third group can be viewed as a
replication and confirmation of the results obtaineith the two first groups of

participants.

2.4.1 Methods
Participants.The first group included 18 participants (ten fé&msaand eight males,

aged 28.1 + 6.7 years). The second group includega?ticipants (seven females and
thirteen males, aged 29.7 + 9.9 years), including participants from the first group. All
participants were right-handed. The 12 participaftdhe third group were all naive with
respect to the experimental task and included silesnand six females, aged 30.6 +6.5

years, 11 right-handed and 1 left-handed. Nonehefparticipants reported any known
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hand or neurological deficits. The experimentalt@peol was approved by the Ethic
Committee of the Region of Liguria, and all thetdpants gave their informed consent

prior to the task.
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Figure 17. Plier size discrimination experimentahditions and stimulus properties. Left:
Experimental conditions: (a) bimanual free motibh ljimanual grounded (c) unimanual
grounded conditions. Middle: Schematic represemtatf the motion of two different
pliers in the grounded conditions. The dotted lireggresent the frame, which limited the
range of motion. The figure shows the angles betvike vertical and the plier at the two
extrema {1 andy2) of the range of motion. Right: Relationshipvietn the radius of
curvature and other cues for plier discriminatiseg( text).

Apparatus.During the experiment, the participant sat in froha metallic frame,
which was used to limit the range of motion of tiend(s) and to fix the pliers’ rotation
axis when needed (see Figure 17). The pliers usddese experiments were formed by
two wooden sticks (diameter = 10 mm, length=80 camnected by a revolute joint at one
extremity. An ergonomically designed 3D printed dilanvas fixed on the wooden stick at
a distance that varied for different pliers. Theesof the plier is defined by the distance
between the fulcrum and the position of the handli.pliers had the same weight
(0.128kg) to remove any possible kinetic cues tioald be used to discriminate between

pliers during their manipulation.
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Table 1. Summary of experimental conditions forttivee groups

Comparison stimuli length (cm) | Training Condition order
1% group No Blocked, counter-
{36, 43, 50, 57, 64} .
2" group Yes balanced across subjects
3% group {34, 42, 47, 53, 58, 66} Yes Mixed withinbgects

For all groups, the distance between the revohitd pnd the handle was fixed at
50 cm for the standard stimulus. For the comparsonuli, this distance varied from 36
to 64 cm (36, 43, 50, 57, 64 cm) for the first tgroups. For the third group, the distance
between the fulcrum and the handle of the compassionuli varied from 34 to 66 cm (34,
42, 47, 53, 58, 66), as shown in Table 1.

Task and experimental conditionsThe task was a size-discrimination two-
alternative-forced-choice task. For each trial, éxperimenter put the standard and a
comparison plier successively in the participaiméisds. The participants were required to
hold the plier with a power grasp. A groove on k@ndle constrained the index finger
position to fix the hand positions on the handRssticipants were instructed to open and
close each plier three times. The hand movemegeramas limited by the metallic frame,
which was fixed on the table (see Figure 17). At ¢imd of the trial, the subjects had to

report which one of the two pliers they perceivexbwhe longest.

The experiment included three conditions: the buwadnfree condition, the
bimanual grounded condition, and the unimanual mged condition. In the unimanual
and bimanual grounded conditions, the rotation akighe pliers was fixed to the metallic
frame. The height of the rotation axis was adjuste@ function of the size of the pliers,
so as to keep the initial hand position at the shaeight. In the unimanual condition, the
right hand was used to hold the right link of tHemp In the bimanual conditions, the
participants grasped the plier with two hands. he timanual free condition, the
movement of the plier fulcrum was only partiallynstrained. In the first and second
experiments, the revolute joint of the fulcrum wase to move only in the vertical
direction due to a peg aligned with the fulcrumeited into the sliding rail of the metal

structure. In the third experiment, the plier weeefto move in the fronto-prarallel plane



2.4 Experiment 3: Plier size discrimination 37

but still prevented from moving outside this plabg the metallic structure, thus

eliminating possible kinetic cues such as statigue about the plier size.

The method of constant stimuli was used in allékperiments. For the first two
groups, the three experimental conditions were det®ap one after another, in an order
that was counterbalanced across participants. &amtition was divided in blocks of five
trials that corresponded to the presentation otathparison stimuli in a random order.
Each comparison stimulus was presented 10 timesd@h condition, yielding a total of
150 trials. For the third group, the experimentaiditions changed after a block of 6 trials,
which included all possible comparison stimuli inrandom order. The condition
corresponding to the first block and the order lé £xperimental conditions in the
following blocks was counterbalanced across sufjethe experiment for this group
included 8 blocks of 6 trials for each conditionelgting a total of 144 trials. The

experiments took about 1.5 to 2 hours for eachestildp complete.

Training procedure. The participants in the first group were giventrinstions
about the task, including a drawing of two diffetgisized pliers. Then they were
blindfolded before the beginning of the experim@nprevent them from seeing the pliers.
No feedback about their responses was given dufhiegexperiment. Because several
subjects in the first group had difficulties in emstanding the task, the second and third
groups received a training session to familiarfent with the task and stimuli before the
beginning of the experiment. First, the particisamtere shown the pliers and could
manipulate them before being blindfolded. Secone participants were given two blocks
of practice trials including all the comparisonnstii before starting the experiment.
Moreover, feedback about the correctness of tlespanses was given during the practise
trials. If the participants had responded erronboaisring a practice trial, they were given
back the two pliers so that they could manipulatnt for a second time. No feedback

was given during the rest of the experiment.

Cues in plier size perceptiorivarious cues might give information about the
length of the pliers. Geometrically, the pliergescorresponds to the radius of curve of the
circle defined by the movement of the handle arothml revolute joint (instantaneous
center of rotation). In the grounded condition, tdeater of rotation is fixed and the task

amounts to discriminate the curvature of the ciddéned by the handle motion. As noted
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in the introduction, haptic cues about curvaturestoape can be classified into position
(0"-order) cues, tangent plane'drder) cues and local curvaturé¥®@rder) cues (Pont et
al., 1997). In this task, proprioception providetbrmation about hand position"{@rder
cue) and about orientation of the hand&@tder cue) but local curvature"frder) cue

were absent.

The local attitude corresponds to the angle between the plier andaihgential
vertical plane. The limits of movement restricted the mental frame define a circular
sector, whose arc corresponds toghde angle(ys= y.- y1), i.e. to the difference between
the local attitude at the initiaj4) and final {,) positions. As noted above, the position of
the center of rotation was adjusted so that theiriand position would be the same for
all plier sizes in the grounded condition. The eliéince in height between the two ends of
the motion curvature is termed, unsurprisinglydéference-in-heighth). Over the range
of motion allowed by the setup, the relationshipMeen the pliers' size and angular cues

are approximatively linear (see Figure 5).

2.4.2 Data analysis
The participants’ responses were fitted with a clative normal probability

distribution using maximum likelihood estimationdbtain a psychometric function as in
Experiments 1 and 2. For each participant and ¢iemdiwe computed the PSE and 75%
discrimination threshold (DL). To estimate varigtilin a robust manner, we used the
Median Absolute Deviation (MAD) scaled to yield astimate of the standard error. We
excluded participants who had a negative or a l&ge discrimination threshold in one of
the conditions. The exclusion criterion (DL>24 cwgs identified visually to include the
main lobe of the threshold distribution. It alsorresponds to choosing the median +
3*MAD = 23.6 cm. We used the same non-paramettatissical methods as in
Experiments 1 and 2 to analyse the effect of thedition and to test for bimanual

integration.

2.4.3 Results
For the first group, 9 (50%) participants had agdéa (DL > 24) or negative

discrimination threshold in one of the conditioAsclose look at the data showed that the
worst performance typically happened at the begmwif the experiment. For this reason,

we introduced a training phase before startingetkgeriment with the other groups. For
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the second group, only three participants (15%)aadgative or large threshold in one of
the conditions. For simplicity, data from the fiestd second groups (Groups 1&2) are
analysed together (see Xu and Baud-Bovy, 2017 faeparate analyses). For the
participants in the second group who were alreaty @f the first group and performed
well twice (N=5), we retained only the second parfance to avoid issues with repeated-
measures analyses, yielding a total of 21 uniquicpzants for Groups 1 & 2. The results
are similar if the analyses are conducted only withwell-performing participants of the

second group (N = 17). All the participants in thied group performed the task well.
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Figure 18. Results of the plier size discriminatexperiment. The first column presents
the results from Group 1&2, and the results fronoupr 3 is presented in the second
column. First row: Average PSE in unimanual (U) dnichanual grounded (BG) and
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bimanual free (BF) conditions. The horizontal daslee represents the standard (50 cm)
stimulus. Vertical bars represent the standardre8econd row: Average discrimination
threshold. The MLE column represents the predidiedrimination threshold. Third row:
Comparison between individual thresholds predidigdVILE and observed ones in the
bimanual grounded condition. Last row: Comparisatwieen individual thresholds
predicted by MLE and observed ones in the bimafmeal condition. ***: p<0.001; **:
p<0.01; *: p<0.05.

For the first two groups, the average (+SD) disaration thresholds were 8.9 +
3.2,8.8+5.4 and 6.4 £ 2.7 cm for the unimanbahanual grounded and bimanual free
condition respectively (see Figure 18). A non-pataia Friedman rank test on the
discrimination thresholds showed a significant effef the condition;?(2) = 7.71, p =
0.021), as shown in Figure 6. Paired two-tailedcdébn signed-rank tests indicated a
significant difference between the free bimanualdititon and the unimanual condition (V
= 201, p= 0.002), and between the free and grounded binhaunaitions (V = 164, g
0.096). The difference between the grounded bimaamh the unimanual conditions was
not statistically significant (V = 135, p = 0.517)here was no statistically significant
effect of the condition on the PSE (Friedmé(2) = 1.17, p = 0.56; mean + SD: 1.9 + 4.3

cm).

Results from the third group confirmed the above fMund a significant effect of
condition (Friedman rank tesg %(2) = 15.17, p < 0.001) and significant differences
between the unimanual and the free bimanual camdit{\Wilcoxon test: V = 78, p <
0.001) and between the grounded and the free biahaanditions (V = 71, p = 0.009),
but not between the unimanual and grounded bimamaritions (V = 51, p = 0.380).

Table 2. Thresholds expressed in four cues

Cues Free Grounded Unimanual

Radius of curvature (cm) 6.59+2.25 9.22+4.27 1033B&
Slide angle{2 -y1, deg) 3.66+1.76 5.51+3.25 5.81+2.28
Angular attitude«2, deg) 5.12+2.42 7.65+4.43 8.15+3.1p

Difference-in-height (h, cm)  1.18+0.57 1.77+£1.03 9(0.73
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Table 2 reports the mean discrimination threshotdderms of the radius of
curvature, slide angle, final angular attitude, adifference-in-height in the three

exploration methods for the third group.

Assuming that the unimanal threshd@dl, is the same for both hands, Maximum
Likelihood Estimation (MLE) predicts that the bimaeah threshold should correspond to
DLy = DL/V2 (see eq. 1). For both groups, the thresholddiqieel by MLE was not
statistically different from the bimanual threshaild the free conditions (one-tailed
Wilcoxon test for the first & second group: V = 136= 0.500; for the third group: V = 18,
p = 0.954). The threshold in the grounded was fattgen the MLE for all groups but the
difference was only marginally significant only ftre third group (one-tailed Wilcoxon
test for the first and second groups: V=167, p=8.0d8r the third group: V = 60, p =
0.055). We also found that the predicted (MLEg#olds were better correlated with the
thresholds measured in the free condition (Peacsefficient of correlation for groups
1&2: r = 0.456, p = 0.038; group 3: r = 0.782, PH03) than those observed in the
grounded condition (groups 1&2: r = 0.209, p = @;3group 3: r=0.362, p = 0.248).

2.4.4 Discussion
Our results show that people can discriminate émgth of hand-held pliers by

simply opening and closing them, given an oppotyutd familiarize themselves with the

pliers and the task. While about 50% of the paréints had difficulty performing the task

in one of the conditions, we found a much smallepprtion of such participants in the

second group (15%) and none in the third group.tRerfirst two groups where the order
of presentation conditions was blocked and couatarited across participants, poor
performance typically occurred in the first conaliti(see Xu & Baud-Bovy, 2017 for a

preliminary report including a separate analysighaf first two groups). Introducing a

brief training period and showing the pliers to thabjects when explaining the task
allowed almost all participants to perform it fraire onset in the second experiment. In
addition, mixing the order of presentation of tleadition in the third experiment resolved

this issue.

For all groups, we found a marked difference betwte bimanual free and the
bimanual grounded performances, and almost nordifte between the unimanual and

the bimanual grounded performances. In the freeition, the performance corresponded
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to the optimal integration or MLE prediction. Atethndividual levels, we also found a
good correlation between the MLE prediction and geeformance in the free condition.
The experiment with the third group confirmed tlesults obtained with the two first
groups. It showed a particularly strong correlatietween individual bimanual thresholds
in the free condition and corresponding bimanuaksholds predicted by optimal

integration, as well as a much weaker correlatiothe grounded condition.

It is important to note that the free condition diok provide more cues about the
pliers’ size than the bimanual grounded conditiés. a matter of fact, the absolute
position of the hands cannot be a cue in the foreliion since they are free to move in
the frontal plane; the size of the plier or theiwadf curvature must be inferred from the
relative position and orientation of the two hants.fact, the task in the grounded
conditions is arguably easier because the motiomesdricted to a unidimensional
trajectory. Moreover, the plier size had a small systematic effect on the final hand
position (see Figure 5) despite the adjustmenhefgosition of the rotation axis in the
grounded condition to insure that the initial heighthe handle would not vary with plier

size.

We also took care to avoid possible additional tkneues in the free condition
(Turvey et al., 1998; Turvey & Carello, 2011). Rbe first two groups, the motion of the
pliers in the free condition was limited by fixirtge joint in a sliding mechanism that
allowed it to move in the vertical direction. Fbetthird group, the motion of the plier was
restricted to the fronto-parallel plane by the riietdrame. In either case, the center of
mass of the pliers was above the hands and didronduce static torques. In addition, the
lightness of the pliers, the fact that the pliérnKs were all of the same size (only the hand
position changed) and the relative slowness of dperture movement essentially
suppressed any possible inertial cues which migheraise yield information about the
length of hand-held sticks when they are wieldedr(&y et al., 1998).

Finally, it should be noted that the motion of ghiers and/or the force transmitted
between the two hands does not provide additiones @bout the pliers’ size in the free
condition. However, the physical interaction whslebjects manipulated the pliers in the
free condition provided information that their harfteld the same physical object. In this

respect, it is important to note that the presewfca single joint does not uncouple the
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hand movements completely. While the joint remoWes transmission of (internal)
torques between the two hands, linear forces drérahsmitted. For example, the plier's
vertical force produced by one hand is felt by dtkeer hand, unless both hands move
vertically together or the hand orientations charigecontrast, no force is transmitted
between the two hands in the grounded conditionreviie position of the pliers’
rotational fulcrum is fixed: the radial force conmgmt with respect to the revolute joint is
transmitted to the structure holding the plier wtitie tangential force component yields a
displacement of the stick without force transmisdio the other hand. As a result, the two

hands move completely independently.

In the grounded condition where the hand path spoeds to an arc of a circle,
the task is akin to a curvature discrimination taSke value of the pliers’ size
discrimination thresholds in these conditions (~8)care above the discrimination
thresholds (~4 cm) found by Sanders and Kappe@6j2@r a cylindrical stimulus with a
radius of curvature of 40 cm. One reason for tlileidince might be that the exploration
of the cylinders with the entire hand in Sanderd Kappers (2006) provided'2order

cues, which are lacking in our experiment with glie

Altogether, the results of this experiment are ime Iwith the hypothesis that
grounding might influence bimanual integration. Ao found bimanual integration was
absent or much weaker in the grounded conditionghvalso included *torder cues such
as the slide angle. Therefore, the mere presenegldifional angular information (slide
angle or local attitude) is not a sufficient ca@rseintegration to happen; the integration
happens only in the free condition when the twodsainteract physically and the pliers’
position is not constrained. In this respectsiinteresting to note that the two hands did
not interact physically in Squeri et al.’s (2012udy, where the trajectories were
constrained by the robot, which moved the two hgadssively. Our results also indicate

that curvature information {2order cue) is not necessary for integration topleap
2.5 General discussion

The first objective of this study was to find ouhether our brains combine or
integrate redundant information when estimating slze of an object with both hands.
The second objective was to test the hypothestdra manipulation enhanced bimanual

integration. To that end, we manipulated the typebjects and the way of handling it in
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the bimanual conditions. With the wooden boxes, faend evidence that bimanual

integration happened in both grounded and free itiond, with a slightly better

performance in the free condition.

In contrast, adé not find evidence of bimanual

integration with the slider apparatus in the gradhdtondition. Finally, we did find

evidence in the third experiment with large hantithgliers that bimanual integration

occurred in the free condition but not in the grdech ones.

2.5.1 Experimental factors that influence bimanualntegration

Table 3. Summary of the principal experiments andsiual integration.

Haptic .
Study Task Stimulus cues Grounded/ _BlmanL_JaI
Free Integration
(order)
Squeri et Curvature Passive movement along a 0 Grounded No
al. 2012 curved path
Curved surfaces compatibje
with a cylindrical shape | 0, 1, 2 Grounded Yes
Panday e Object (Exp. 1)
al. 2013 size
Separated flat surfaces 0,1 Grounded No
(Exp. 2)
Wong et Position Passive movg_ment toward a 0 Grounded No
al. 2014 position
This study
Object Grounded Yes
Exp. 1 size Boxes 0,1 Free Yes
Exp. 2 Ostzjzeect Separated flat surfaces 0,1 Grounded No
; Grounded No
Exp. 3 OpjeCt Pliers 0,1
size Free Yes

Table 3 summarizes the results of the principal eerpents on bimanual

integration. As noted earlier, previous studieg tieve investigated bimanual integration
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in tasks comparable to ours have found little ewide of bimanual integration. A
curvature discrimination task where a bimanual @tamanipulandum moved the hand(s)
along a curved trajectory, Squeri et al. (2012) dwmt find evidence for bimanual
integration. Nor did Panday et al. (2013) find evide for bimanual integration in an
object size discrimination task when participards! o judge the distance between two
flat panels placed symmetrically with respect te body midline (Exp 2). We found the
same result in the second experiment where we aisetup similar to that used by Panday
et al. (2013). However, Panday et al. (2013) foemidence for bimanual integration when
the flat surfaces were replaced by curved surféiéep 1). To explain this result, Panday
et al. proposed that small changes in the taskeapdrimental situation between the two
studies might have led the participant to processary information at a higher level,
where shape is represented and cues from both hamgld be integrated. In their
experiment, the radius of curvature and the digtametween the two curved surfaces
corresponded to that of a large cylinder. Moreoytrticipants were encouraged to
imagine a circular cylinder when touching the scefa In contrast, the participants did not
feel the curvature of the surfac€'¥®@rder cues) in Squeri et al. (2012) since theyewer
holding a handle, which provided only position imfmtion (a 8-order cue). This
conclusion is in line with the results of a moreenet study, which investigated whether
holding a position with two hands would improve #mecoding of the position (Wong et
al., 2014). In this study, a robotic manipulanduwved the hand(s) at a reference position
on the body mid-line and successively to a testtipason the left or right side of the
reference position after a distracted movement.ulRResndicated that the position
discrimination threshold in the bimanual conditivas worse than the threshold predicted

by the optimal integration model.

The results with the boxes confirm that bimanuaégnation can happen with
grounded and flat objects and show that curvedsasf (¥-order cues) are not necessary
for bimanual integration to happen. To explain dierence between the results of the
first (boxes) and second (vertical plates) expemnind& is important to note that the
grounded and free conditions were mixed in the et with boxes. As discussed in
detail below, the free condition provides unequalcevidence that the hands are holding
the same object. Although integration happenedhé grounded condition as well, the

context might have indicated that both hands weskling the same object, leading
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presumably to a higher-level representation ofsénesory signals where information from
each hand would be integrated as suggested by Yana@dd (2013). In this respect, it is
also noteworthy that all subjects — without evezisg the experimental setup - reported
holding boxes in the first experiment, which nelappened in the second experiment

where we used the robotic manipulandum.

As hypothesized in the introduction, we also fouhdt bimanual integration
occurred when the boxes were lifted. The effect lifttng the boxes had on bimanual
integration was however only marginally strongertlie free condition, which might
simply reflect the fact that integration can ontyprove discrimination performance up to

a given point, which was essentially achieved engtounded condition.

The difference between the grounded and the freglitons was largest in the
third experiment, which involved large hand-heldegd. It should be noted that the
participants knew that they were holding plierdhis experiment. They were shown the
pliers and told that the length of the sticks was same in the bimanual condition.
Moreover, the second and third group performed lfarization trials to insure that the
task was performed correctly before starting theeexnent. Despite all this information,
we did not observe bimanual integration in the gomd condition, even for the third
group of participants, who experienced the free gnodinded condition in a mixed order.
These results show knowledge alone of holding aecbinight not suffice for integration
to occur, in particular with an object that miglot e very familiar like a plier. Although
this task in the grounded condition is akin to avature discrimination task, the
experimental situation differed from Panday etsal2013) first experiment. The pliers
lack the curvature cue presented in Panday ef{2013) experiment with curved surfaces.
Moreover, the instructions and position of the lsmamth each side of the (imagined)

cylinder might have favoured bimanual integratiorPanday et al. 's (2013) experiment.

The bimanual grounded integration observed in the tondition with the plier
cannot be explained by the presence of addition&scin the free condition (see
Discussion of Exp. 3). We hypothesize that thegpatbf force and hand movement when
manipulating an object bimanually without consttsiis a strong indicator that the two
hands are holding the same object. Interestintlis factor appears stronger than

knowing that one holds one object as demonstratdtieblack of integration with holding
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pliers in the grounded condition. It would be ietging in the future to know whether the
mere knowledge that one is holding a box withouuaty ever lifting it would be

sufficient to trigger bimanual integration.

While these results might appear confusing at fylsince, previous studies on
sensory integration have clearly established thahymfactors affect this integration
process. In fact, we believe that our resultshfid €merging viewpoint on multi-sensory

integration well. We discuss this in the next s@tti

2.5.2 Bimanual integration in current accounts of ensory integration
The goal of sensory integration is to obtain a mugkable signal by fusing

together redundant but noisy information. Maximuikelihood Estimation and Bayesian
theory provide a basis to derive a quantitativedjpteon about the best possible
performance that can be achieved under these camglitAs noted in the introduction, a
major problem that the brain (or our perceptuatesy$ must solve is to decidehento
integrate sensory information, which makes sendg ibrthe information is redundant
(Ernst & Bulthoff, 2004). A related questiontiswthe brain decides that multiple streams

of information are redundant.

In an early review of intersensory bias, Welch &varren (1980) identified three
categories of factors that might influence inteigrat (i) The stimulus situationthe
stimulus properties (e.g. size, shape, positicensity, timing) and other external factors
such as the instructions that are manipulated ey ekperimenter. (ii) Thanodality
characteristics The information in the environment perceived pracessing by sensory
modalities in a manner that is specific to each atibd (accuracy, RT, etc.). (iii) The
observer processesistorical or experiential factors (knowledgernflarity) which can
affect the observer's assumption of unity and teecgptual outcome. Welch (1999)
proposed that non-cognitive factors could be redute one, the number of "amodal
properties" (such as spatial location, timing, ¢trame) shared by the two sensory
modalities. Moreover, he identified three cognitigetors: (i) the degree to which sensory
sources are familiarly related, (ii) the distrilautiof attention between the two modalities
and (iii) the instructional and/or situational michtion of the observer's unity
assumption. In a recent review of the researchherunity assumption in the context on

audio-visual integration, Chen and Spence discussedadditional top-down factors in
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multisensory perception, i.e. cross-modal corredpone and semantic congruency.
Semantic congruency concerns multimodal sensotyresreferring to the same object or
concept (e.g. the image of a dog and a barkingdjo@rossmodal correspondence refers
to the compatibility between features of unisenssimnuli such as large visual size and

high auditory pitch.

While the unity assumption figures prominently ansory integration research, it
is a confusing concept. Welch and Warren (1980nddhe unity assumption in this way:
"the stronger the observers' assumption that theyirmthe presence of a single distal
object, the greater will be the magnitude of irgesory bias. This assumption is referred
to as theassumption of unit@and its strength is in turn presumed to be a fanabf the
number of physical properties (e.g., shape, sizgjom) that are redundantly represented
in the stimulus situation, as well as the relatigghting assigned by the observer to these
properties” (Welch, 1999, p. 639). This definitisnggests that the unity assumption
corresponds to an internal state of the observieichancan be influenced by many factors.
However, it does not provide a practical way torabterize or assess the unity assumption.
Functionally, it is not clear whether the unity @sgtion is a factor that has an
independent effect of its own on sensory integratior whether it is simply a way of
referring to the observer's internal state, whiofortunately cannot be directly observed.
A related question is whether the unity assumpiist be conscious. Most research has
focused on the observable outcomes of sensoryratteg such as intersensory bias and
has remained non-committal about this issue (selei\& Warren, 1980, p. 662; Chen &
Spence, 2017, n. 2; Deroy et al., 2016).

Several attempts have been made to use instructoomsanipulate the "unity
assumption” independently of sensory inputs (Hetbigrnst, 2007; Miller, 1972; Misceo,
Jackson, & Perdue, 2014; Misceo & Taylor, 2011)this context, the unity assumption is
considered an independent cognitive factor that utabels sensory integration. In this
respect, the role of the instructions and taskxjaaén the different results obtained by
Squeri et al. (2012) in a curvature discriminatiask and by Panday et al. (2013) in a size
discrimination task with curved objects should beestigated further using the same
stimuli if possible. The effect of instructions mimanual integration could also be
investigated by simply telling the subjects thayttare touching the same object or two

different ones.
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Our results indicate that being able to lift or npaitate an object freely affects
bimanual integration. Because free manipulatioarobbject is such a strong cue that both
hands are touching the same object, it is tempiingonclude that free manipulation
enhances bimanual integration by strengtheninguttiy assumption. As noted above,
however, it is hard to define precisely what thatyumssumption is. An interesting
question is whether the effect of this experimefaator is mediated by low-level or high-
level processes. At one level, the free and grodimdeditions represent different physical
constraints among the hands, the object and theoanvent. The effect of these physical
constraints on the sensory and motor signals cacobsidered non-cognitive factors
affecting bimanual integration. Temporal synchranyspatial congruency are possible
examples of this. On the other hand, it is impdrtarmention that the free condition did
not provide more information about tlsé&ze of the object with respect to the grounded
condition. The main impact is to provide informatithat the two hands are touching the
sameobject, which affects how the available informatiis processed in the bimanual
condition. The determination that the two handstavehing the same object on the basis
of the sensory and motor signals must be basedemiops experience with manipulating

objects and a form of motor cognition.

It should be noted that the physical coupling @daiy an object held with both
hands has important consequences from a motor otoptint of view. To plan a
movement without error and achieve a certain lefelexterity, the brain must coordinate
the action of the two hands when they are physicaupled. Interestingly, some studies
have shown that a perturbation of one hand can tieaohticipatory adjustments to both
hands in bimanual tasks, which suggests that tha bmight have internal models for
bimanual tasks that integrate this physical cogpl{Vitney, 2004). An interesting
question is whether the internal models that aevamt to bimanual motor tasks are also
involved in the processing of sensory informatiarbimanual perceptual tasks. In other
words, in the context of this study, it is possithlat bimanual integration when lifting the
object could also reflect the bimanual integrati@ppening to control its movement (see

more discussion in Appendix A).

The cognitive dimension emerges also when intergyehe results of the box and
plier experiments where the observation that wendesl bimanual integration with boxes

in the grounded condition could be a contextuakatffdue to our familiarity with
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manipulating rigid objects like boxes. Previous essh has shown that stimulus
familiarity has an effect on audio-visual integoati(Hein et al., 2007; Walker, Bruce, &
O’'Malley, 1995). In haptic recognition tasks (Lgc& Sathian, 2014), it has been
proposed that familiar objects are easier to reeeghecause top-down influences can
complement or supplement sensory inputs to infeir tthape. In contrast, less familiar
objects would have to be explored more extensitelgreate a global representation of
their shape in a bottom-up manner (Lacey & Sat2@i4). It is possible that the lack of
a well-defined high-level representation of theeydi hampered the processing of shape
information in the grounded condition and the iméign of bimanual information.
Additional research is needed to find out whettesirsg the box or the mere knowledge
that one is lifting a box is sufficient to triggeimanual integration. Another open question
is whether free manipulation is a necessary canditd trigger bimanual integration with

less familiar objects like pliers.

To conclude, bimanual integration is an interesfaingnomenon because of the
large number of factors that can affect it. Nonetlodse factors can single-handedly
explain the results of all the previous studiegelin other sensory integration studies, a

mix of structural factors and cognitive factors egpto matter.
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Appendix A

This appendix extends the discussion of the resiilise plier experiment in the
Study 1. It develops the idea that bimanual intiégmnan perceptual tasks might could be
based on and share internal models that are ind@tvbimanual motor tasks.

When the plier is manipulated in the grounded @@ each hand can control
the movement of the two handle independently, withisterference from the other hand
because the two sticks are not coupled physidadgh hand needs to know only about the
properties of the stick that it is controlling.this condition, there is no reason for the two
hands to estimate conjointly the size of the sticlother words, the parameters of the

physical object are likely to be estimated by ea@hd independently.

The situation is however very different in the fomaditions where the two hands
interact physically via the pliers and must cooatintheir action in order to control the
movements of the plier. In this case, it is ndiropl to have two independent controllers
because independent controllers neglect interabbimes by definitions. For each
controller, the action of the other hand is a dismce. For bimanual action such as
moving a tray, it makes sense to assume that dostsbared at some level. Accordingly,
it also makes sense that the two-hand manipulatboitributes to estimating the state and

properties of the system, such as the size or weitthe objects.

g ] 1
xd1 controller stickl xc
efference|copy
A forward
model (11)
forward
d2 ! model (12) efference
controller

copy xc2

(a) Grounded condition with constrains on the plier
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[ controller -[_—lstickz_| X

(b) Free manipulation of the plier

Figure 19. Computational models in human behavidhe plier manipulation.

Figure 19 shows a putative schema that repredestsontrol of the plier in the
bimanually grounded (top panel) and free (bottoonditions. In the top panel, the two
hand control the movement of each handle (stickhefplier independently. A forward
model is used by each hand to predict the conseguafrthe action in a quick feedback
loop (see Chapter 1). Each forward model contasesparate estimate of the size of the
handle.

In the bottom panel, the two hands share a forwardel that predict the state of
the plier in the free condition. It is importantriote that the physical interaction happens
in the free-manipulation control system, whichlisent in the grounded condition, might

be a key factor that contributes to the integratibthe entire system.
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Chapter 3: Study two

3.1 Introduction

Reaching movemeni#\s described in more details in Chapter 1, reactomgrd
a visual target requires transforming the targsitfmm into a set of motor commands that
moves the hand to the desired position. Early esudave shown that reaching movements
can be divided in an initial ballistic phase theftects the planning of the movement
followed by corrective movements that use visuatifeack to adjust the final position of
the hand (Keele, 1968; Woodworth, 1899). Targsitfmm is initially represented in a
retino-topic frame of reference and is successitralysformed to an hand-centered or
body-centered representation (Atkeson, 1989; Arae€sSnyder, 1993; Henriques,
Medendorp, Khan, & Crawford, 2002). Interestingliganar reaching movements tend to
have straight trajectory and bell-shaped veloaitfife, which requires that shoulder and

elbow joints follow a non-linear coordination patt¢Morasso, 1981).

Besides information about the target positionnpiag a reaching movement also
requires information about the body such as thestre of the arm, the length and masses
of its segments. Current accounts of these prosegge a central to the so-called internal
models, which include information about the bodg #me environment and that are
necessary to transform the target position intetassappropriate motor commands
(inverse models) and to predict the consequenctdction (forward models) (Gribble
et al., 1998; Kawato, 1999; Shadmehr & Krakaue@&Wolpert, 1997).

A classic approach to understand sensorimotor pseseand underlying
representations involved in reaching and pointiy@ments is to study the errors that
occur when the natural mapping between sensoralsigmd motor commands is
artificially transformed by wearing prisms or usiagool for example (Cunningham,
1989). Numerous studies have confirmed that tfates is flexible and can adapt to
changes in the conditions in which the movemerdseaecuted. For example, visuo-
motor rotations, where an angle is introduced beiwtee direction of the movement of
the hand and the direction of the movement of thear, have provided a rich

experimental ground (Abeele & Bock, 2001).
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Tool Use.Using a tool introduces a discrepancy betweendbkand the hand
positions, which requires adapting the motor conuisan bring the tool on the target
position. Besides having an impact at the kinematiel, physical tools have also masses
and inertial properties that can have a detrimemtphct on the trajectory if they are
neglected. Tool-use requires therefore not onlgaon a new kinematic transformation

but also a new dynamic transformation (Krakauet|a®di, & Ghez, 1999).

Even though using manual tools requires in gersmale learning, the apparent
facility with which adults can use different toddsa testimony of the flexibility,
adaptability and capacity of the motor system. €hera debate on whether tool-use
involves a transformation of the internal modetégresenting the body or the addition of
a new model representing the tool (Massen, 2013}h® one hand, neuroscientist and
neuropsychologists have suggested that tools ecegorated into the body schema
(Cardinali et al., 2009; Maravita & Iriki, 2004; Mmel et al., 2016). For example, it has
been suggested that using tools (e.g. mechaniabbgr) that physically extends the arm
length can modify the somatosensory representafiblmdy morphology, leading to an
elongation of the corresponding part in the bodyesta with the results of extending the
perceived size of the reaching space (Cardinali.e2009). On the other hand, tool-use
might also involve distinct action schemata orrinég models representing the
transformation between hand and tool tip (Normath @imallice, 1986; Baber 2006).

Articulated objects. The focus of this thesis is on articulated objectsnore
precisely, linkages. As noted in Chapter linage is an assembly of links and joints that
provide a desired output motion in response tcegifipd input motion (Slocum, 2008).

A joint is a connection between two or more links at thede, which allows motion to
occur between the links. The number of degreeeddom is equal to the number of input
motions needed to define the linkage motion. Ia thudy, we consider only two-degrees-
of-freedom planar linkages with revolute and prismpints. Both joints allow only a

single degree-of-freedom movement.

Articulated objects have kinematic and dynamic praps that distinguish them
from rigid bodies, which raise new issues bothrangerception and control sides. Unlike
rigid bodies, articulated objects do not have adishape since they are made of parts that

can move one relative to another. However, theseements are not completely free
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because the linkage structure constrains the mavetine links along some direction. In
all mechanisms considered in this study, all lim@ve together in the sense that the
position of one link determines the position ofta# other links. In other words, the
movement of the whole mechanism might be determinyeithe movement of one of its
part. In fact, mechanisms are often used to tramsfoovements of one kind into
movements of another kind. For example, the créiderstransforms a rotational
movement into a linear movement (see Figure 11ptlAer example is the pantograph
which transforms the scale of a movement (see €ig@). When using articulated objects,
the user can control the action of the mechanismmaying one of its link and to obtain a
different movement with another part of the meckas. One question at the center of
this study is whether people have mechanical kndgdehat they can use to control the

movement of relatively simple mechanisms.

Suilzenbriick and Heuer studiesOur ability to use linkages has been little stddie
One notable exception is a series of studies byesbrtick, Heuer and collaborators who
have investigated in depth the use of a tool, lideng-level, composed by a lever that
could slide and rotate through a fixed joint calleldrum (see Figure 11). The most
crucial features of the kinematic transformationhoé mechanisms are thacrum effect
(Gallagher, McClure, McGuigan, Ritchie, & Sheeh99&) and the gain (Sulzenbriick &
Heuer, 2010). The fulcrum effect refers to the regd direction of movement, the
direction of the end-position of the lever is ineer corresponding to the movement
direction of the hand. The gain is the ratio on kinngles of movement between the tip of
the lever and the hand. The gain value is not emh&tut depends on the direction and
position of the fulcrum on the sliding-lever. Istdts that straight hand movements
produced curved trajectories of the tip of theistidever and vice-versa. The sliding-
lever mechanism is representative of the mechaprsgsented in some minimally invasive

instruments such as the endoscope (Silzenbrickugeti2011).

In one of their early study with this mechanismeuldr and Stilzenbrick (2009)
found that the trajectory of the tool tip becanraighter after a familiarization phase. This
observation is in agreement with the idea thaptwple try to produce straight trajectory
when performing point-to-point on a plane (Morask@gl). In this context, producing a
straight trajectorya required that the hand trajgcbecomes more curved which suggests

that tool tip (or the cursor representing it) i grimary controlled variable. They
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suggested that the remaining deviations from gitaggss in absence of visual feedback
could be in part explained by the inertial anispyrof the tool. A similar explanation has
been advancedadvanced to explain patients wittripegptive loss might be less able to
take compensation for interaction torques thatasisen moving the arm (Sainburg,
Poizner, & Ghez, 1993).

Real versus virtual tool.(Sulzenbriick & Heuer, 2010) investigated whetheng
real tool was easier or more difficult than a \aittool. They hypothesized that learning
could be simplified by omitting the dynamic transf@ation and thus that the task might be
easier with the virtual tool. However, they fouritld difference in terms of final accuracy
or learning rate between the physical and virtoal in open-loop tests (Sulzenbrick &
Heuer, 2010). One possible explanation for the tfadfect of interaction force is that
attention might be focused on the visual input,the cursor representing the tool tip,
rather than proprioceptive input, i.e. the handtmos since the cursor position is the
variable that needs to be controlled (Heuer & R20d.2).

Visual feedback is crucial to correct errors whepased to new visuo-motor
transformations and has a dual function: it cangded during the movement to correct
errors in closed-loop control and to acquire aarimal model of the visuo-motor
transformation. Interestingly, there is evideritat wvisual feedback provided only after
the end of the movement (i.e., knowledge of repufight be more effective than
continuous feedback with regard to the acquisitiban internal process (e.g. Cohen,
1967; Heuer & Hegele, 2008). Indeed, Sulzenbruckt@ueer (2011) found that
movements were more accurate and faster in opgntésts after practice with terminal
feedback. However, the tool trajectory trajectoviese more curved with terminal than
continuous feedback. They concluded that, in thendpop condition, participants
acquired an internal model of the direction and l#toge of the movement needed to
bring the cursor to the target position but notappropriate curvature to produce straight
paths (Sulzenbrick & Heuer, 2011).

An interesting pattern that emerges from theiristics the interaction between the
type of lever and the type of visual feedback wéspect to the curvature of the
trajectories. While the movement of the cursoragmeroximatively straight with

continuous feedback, they found that cursor movermenmore curved and hand
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movements tend to be straight with terminal feelbaten using a virtual tool
(Sulzenbrick & Heuer, 2011). However, using a paldool makes cursor movements
straighter and hand movements more curved eventermthinal feedback (Heuer &
Sulzenbrick, 2009; Sulzenbrick & Heuer, 2010). X@an this observation, they
proposed that interaction force might redistribattention to proprioceptive (Sulzenbrick
& Heuer, 2011).

It should be noted in all Stlzenbriick & Heuer stsdithe participants were not
shown the physical tool, which was hidden by amogascreen, perhaps because they
were primarily interested in understanding howipgrants learn to master the complex
visuo-motor transformations induced by the toah ibontext - micro-surgery - where the
tool mechanics is hidden. The movement of the tipolere represented by a cursor
displayed on vertical screen in front of the tddie virtual tool was also represented only
by the cursor movement on the screen. A questiainrémains therefore unaddressed is
whether seeing the tool could help participant®iiming a mental model of the visuo-
motor transformation, which might have helped thernontrol the movements of the

cursor.

Objectives The main objective of this study was thereforérid out whether
seeing the mechanism provided useful and actafdemation to the subjedh additionof
the information provided by visual feedback on plsition of thetool tip, which
remained always visibleThe central hypothesis is that the participaighthave some
mechanical knowledges of linkages, which could &eduo predict the motion of the
whole mechanisms when moving one of its parts anilithate the use of the tool. In other
words, the idea is that it might be easier to redhehtarget if one sees the mechanisms in
addition of the movement of the end-effector. Tat #nd we studied the performance of
participants in conditions the tool was visible avud visible. All the tools considered in
this study were planar linkages with two degredreédom, which differed in the number

of links and the type of joints (revolute or prisioa

A second objective was to find out whether seemegnmechanism might help
already in the planning phase, or if it is morefulséuring the execution of the movement.
To that end, we included three different visuabifesck conditions: a condition vision of

the mechanism as baseline; a condition where tlobhamésms was shown for a brief time
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interval before the beginning of the task; and mdition where the mechanism remained
visible during the task. Note that the positioritef end effector was always visible in all

conditions.

Therefore we propose two hypothesis. The first biygsis is that vision of the
time-varying mechanism configuration improves tisig-motor control performance in
the reaching task. Thus, a performance improvervbeh seeing the mechanical linkages
would demonstrate an ability to use this informatio control the movement of the cursor
by anticipating the necessary trajectory changésealevel of the hand. A second
hypothesis is that visual information of the megkiamhelps in the planning phase of
control movement. Ideally, if the subject were ableise the visual information about the
linkage to predict the trajectory of the cursoeytishould be able to perform as well as in

absence of any transformation.

This study intentionally was designed to limit l@ag and/or transfer
opportunities. First, the participants had a limhiexposure to each mechanism and target
positions were randomly generated and thus involirédrent movement directions
and/or workspace regions. Moreover, the tool chdrrgndomly between each block and
were separated by a block of visuo-motor rotati@rigch might contribute to wash out

memories the previous.

In the following, we report the result of thregperments. In the first experiment,
we compared the effect of the three types of feekiba the control of six different
linkages. This experiment is followed by two cohrperiments that aim at clarifying
some issues raised in the main experiment. Therexpets were conducted during a
secondment in Prof. Brenner's laboratory at thesémsity of Amsterdam that was part of
the PACE International Training Network programeThain finding is that seeing the

mechanism improves the performance as long as élebdanisms is visually simple.

3.3 Experiment one

3.3.1 Method

Participants
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Eighteen participants (eight males and ten femabed) part to this experiment.
All participants were naive to the goal and contdrthe tasks. Among the 18 subjects,
three were left-handed (for writing and drawing@ding to Edingburgh handedness test
guestions). No participants reported a hand defitie experiment was complied with
ethic principles, all participants signed an infedrconsent approved by the local ethical

committee before the start of the experiment.
Experimental setup

The experimental setup consisted in a large tratkpth a resolution of 1920 x
1080 pixel (1.1 x 0.7m in physical dimensions) agitesh rate at 60 Hz. The motion of
the hand-held stylus on the track pad was recoatlé@ Hz during the experiment to

display the proper visual feedback on-line andofédine analysis.

| S—-—_ S

Figure2C. Visuc-motor reaching experimental setup. (a) Trackpad dseing
the experiment. (b) lllustration of correspondiagget positions in the hand
space.

Task and experimental procedure

The experiment consisted in a series of reachingements, grouped in blocks of

30 seconds. The task was to reach as many tagptssaible during each block.

The hand movement was restricted to the hand spdagge circular area shown
in white color on the right side of the trackpaég$-igure 20). The radius of the hand
space was 384 pixel centred at (1440, 432). Theeseep of target positions was
computed by randomly selecting a point at a diga300 pixels from the previous
target in the hand space. Then, this position veastormed in the cursor space (the grey
area outside the hand space) and displayed aswhitdl oval or circular disks, which

corresponded to a small circular disk in the hgpats. This procedure insures that the
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task difficulty (movement amplitude and precisiequirement) in the hand space
remained constant in all conditions.

The experiment started with a familiarization sactof three standard blocks
where the visuo-motor transformation was a simalediation that shifted the cursor
position outside the hand space without other foarmation. At the beginning of each
block, the participant could explore the new visnotor transformation for 5 seconds.
Then, a short alarm beep indicated the apparitidheofirst target. As soon as a target was
reached, it disappeared and a new target appeprdteaching a target required to stay

over the target area with a velocity smaller thgmeaset threshold.

Participants were asked to keep the stylus in comtah the screen during the
entire experiment. The cursor and hand positione &kvays shown as two small blue
dots unless the stylus existed from the hand sipaebich case the hand cursor along
with the configuration of the mechanism(if appliEidisappeared until entering the hand

space anew.
Visual feedback

The experiment included two types of blocks: blottlat corresponded to one of the
mechanisms and blocks that corresponded to a wsator rotation. For blocks that

corresponded to a mechanism, there were threel ¥em@back conditions:

» a‘Visible’ condition where the configuration ofetlarticulated mechanism was
visible on the screen during the entire block;

* A ‘Pre-visible’ condition where the mechanism wasible only during the first
five seconds set for free exploration and thenpgisared when the first target
appeared;

* An ‘Invisible’ condition where the mechanism wag sbown.

In all three conditions, the hand and cursor pasitivere marked by blue dots that

remained visible throughout the experiment.
Mechanisms

Blocks with a visuo-motor rotation alternated whitlocks with a mechanism. Each
mechanism was presented only once in each visadlitian. While rotation blocks

alternated with mechanism blocks, the order ofgmtstion of the mechanisms and
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rotation angles was selected randomly within thestraints that each visuo-motor

transformation be presented only once.

Figure21. Mechanisms presented in the first experin The revolute joint or link fixec
to the ground is represented by a back dot orck thie.

All mechanisms corresponded to planar linkages mithdegrees of freedom were
controlled by moving the extremity of the link idsithe hand area while the end-effector
(aka, the cursor) corresponded to the extremity lofk or a joint position (see Figure 21).
The hand and cursor position were marked by addt@n the screen, which remained

visible in all visual feedback conditions.

RR andRR;: The simplest mechanism was composed of two atied rods and
two revolute joints (RR). One extremity of the filisk is anchored to the ground via a
revolute joint while the other extremity connecghe middle of the second link. The

extremities of the second link corresponds to #redrand cursor position respectively.

RRcRR: This mechanism included four revolute joints antlosed-loop chain
(RR constrained by RR, abbreviatedRasR in the figure). It is based on the RR
mechanism with the important difference that theseucorresponded to the revolute joint

in the middle of the RR closed loop chain.

RP: The RP mechanism has one link and two jointstiStafrom the ground, the
RP mechanism has revolute joint that allows thatia of a prismatic joint. The
prismatic joint allows a sliding movement of thekli This mechanism is has the same
structure as the ‘sliding-lever’ used in Sulzenbkr&cHeuer studies. The two extremities

of the sliding link correspond to the hand and cusition respectively.
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PR: The PR mechanism has two links and two joint® phsmatic joint is
mounted on a link fixed to the ground followed bsesolute joint that allows the rotation
of the second link. The two extremities of the setbnk correspond to the hand and

cursor position respectively.

PRCcRP: This mechanism has two prismatic and two revghitgs forming a
closed-loop (PP constrained by RR). The first Imkixed on the ground and the second
link fixed to the first link via two non-orthogonptismatic joints. The two remaining links
and revolute joints form a closed-loop chain tHaymo role with respect to the
movement of the second link. The hand positionespond to an extremity of the second
link correspond while cursor correspond to the hateojoint position in the middle of the

closed loop chain.
Visuo-motor rotations

As noted above, the 18 blocks with mechanismsn{@ghanisms by three visual
feedback conditions) alternated blocks with visuoton rotations. The rotation angle for
each block ranged from -120 to 120 degree in stéf$ degrees. A different rotation was

used for each visuo-motor rotation block in a randder.
Data Analysis

We recorded the position of the hand cursor anddnesponding controlled
cursor position. For each movement, we determihedrtovement time and trajectory
length. The total number of targets achieved imdaock was calculated and used as

performance index in the analyses.

A technical problem related to the labelling of thechanisms in the program led
some patrticipants to perform twice RR (7 particispor RR_r (4 participants) instead of
once each. For this reason, we used a linear rafedt model (LMM) to analyse these
data with mechanism (6 levels) and visual feedlf@dkvels) as categorical predictors. In
this analysis we eliminated the second performaftiee participants who were
erroneously exposed twice the same mechanism, wietied a data set with 11 subjects
who had missing data for either the RR or RR_r raaigm. It was not possible to fit the
full variance-covariance matrix for the random effe Likelihood ratio tests, Akaike

information criterion (AIC) and Bayesian informatiariterion (BIC) revealed that a



3.3 Experiment one 63

slightly simplified variance-covariance allowingroslations only within the levels of the
two predictors did not fit better the data tharosaziance matrix for a simple random
intercept model. Tests of significance of the fhedtbcts were very similar for the two
models. The p values for fixed effects were computeh Kenward-Roger approximation
for degrees-of-freedom. We also performed a two-me@gated-measure ANOVA on the
seven subjects who had been exposed to all meomamigh p values adjusted for the
sphericity condition with Greenhouse and Geisses)gpsilon. The results of both

analyses are reported in the Results.

Finally, we performed one-way RM ANOVA to statigtily test the effect of
rotation.

3.3.2 Results and Discussion
This section focuses on the performance obtainédtwe mechanisms. All the

visuo-motor rotation conditions are analysed togettith the results of the other two

experiments later.

30

Number of targets

PcR PR RcR RP RR RR_r
Mechanism

Figure 22. shows number of targeted reached atwoksand visual conditions.

Vertical bars represent the standard error.
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The performance ranged from only 7 to almost 2@etsr reached within 30
seconds depends on the mechanism (see Figureli®)afge range shows considerable

variations in the difficulty of the visuomotor trsfiormation associated with these tools.

Figure 22 shows that the performance measurednrstef the number of targets
differed considerably across mechanisms, rangimm ff for RCR to more than 22 for PcP.
The performance improved when visual feedback viiengor most mechanisms, with
the exception of the RcR and PcP mechanisms. Thd BMalysis with all subjects show
a strong effect of mechanism (F(5, 258) =103.50.0&1), visual feedback
(F(2,256)=33.47, p<0.001) and interaction (F(10)2583, p<0.001). Similar results are
obtained when performing a two-way repeated mea&Sh@VA on the subset of
participants who were exposed to all mechanism&{N#hich shows that the effect of
mechanism configuration (F(5,30)=40.33, ges=0.68.®1) and visual presentation
(F(2,12)=22.33, ges=0.13, p<0.001) on the reacparfprmance are significant. A
significant interaction effect is also found betwarechanism configuration and visual
presentation (F(10,60) = 3.06, ges=0.20, p=0.003).

A patrticularly intriguing finding is that the effeof visual feedback does not seem
to be related to the performance or, in other washe complexity of the visuo-motor
transformation. As a matter of facts, vision & thechanisms failed to bring an
improvement for the easiest (PRcPR) and the mstudi (RRcRR) linkages.

Interestingly, these two mechanisms share a cafgsatures. First, they are the only
mechanisms with four links. Second, they are tilg mechanisms where the cursor is
not fixed on the same link as the hand positionaAssult, these mechanisms are also the

only mechanisms where the distance between the drahthe cursor varies.
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3.4 Experiment two and three

The results of the first experiment indicate thesisg the mechanism, even briefly,
can improve the performance with respect to a ¢mmwhere only the position of the
end effector is visible. However, such an improvehweas not observed for all

mechanisms.

The first objective of the second and third experits is to better understand what
distinguishes these two mechanisms from the othes.dn light of their characteristics,

we formulated two hypotheses:

1. The number of link hypothesis. One possibility is that this effect is relatedie
difficulty of processing the visual representatairthe mechanism and, thus, to the
visual complexity. As a matter of facts, the twoamenisms where visual feedback
failed to improve performance, PPcRR and RRcRRir@®nly mechanisms with
four links.

2. The rigidity hypothesis. Another possibility is the this effect is presenty when
the distance between the hand and the cursorad & if they both belonged to

the same link.

In order to distinguish between these two hypothese included a new linkage
also composed of four links where the distance éetwthe hand and the cursor was fixed
(RcRt1). According to the “number-of-link” hypotis, there should not be a visual
effect for this type of mechanisms. In contradis, ‘rigidity” hypothesis predicts that

there should be a visual effect.

A second objective was to examine whether theaecstegorical distinction
between linkages where vision of the mechanisneligftl and mechanisms where it is

not. To that end, we introduced two series ofdis:

1. "P" linkages: The first series of linkages formed a continuunwieen a two-link
linkage (RR) the manipulation of which was helpgdtb vision and the four-link
linkage (RRcRR) the manipulation of which was nelphby its vision. The series
was obtained by varying the distance between toe'twrizontal” links of the
"parallelogram” in the RRcRR linkage. If the numbglinks was the only aspect

that mattered, the prediction is that the benéf#s®ing the mechanism should
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suddenly disappear when using any of these linkagésrnatively, there might
be a progressive increase of the beneficial etfeseeing the linkage.

2. "T"linkages: The second series of linkages formed a continuumndsn the
four-link mechanism RRcRR and the new linkage ishticed in this experiment.
These linkages might be useful to examine whetieretis a sudden or gradual
variation of the strength of the visual effectlie tase where the rigidity

hypothesis would be confirmed.

Note that Experiment 3 extends this series ofagekby considering linkages with
a parallelogram size more similar in size with ¢higinal linkage RRcRR of Experiment 1.

The results of the two experiments are reportedttoay.

3.4.1 Methods
Participants

The study included two experiments. Eighteen (E8)igipants took part to the
second experiment, and 19 to the third experimfdhparticipants were naive to the goal
and content of the tasks. Among the 37 subjedistal, five were left-handed (for writing
and drawing according to Edingburgh handednessgjtesttions). No participants reported
a hand deficit. The experiment was complied withiceprinciples, all participants signed
an informed consent approved by the local ethicaimittee before the start of the

experiment.

Mechanisms

RcR1

(&) ‘T’ and ‘P’ mechanisms in the second experiment

66



3.4 Experiment two and three

(b) 'P' Mechanisms in the third experiment

Figure 23. Mechanisms presented in the secondrambexperiments.

All the mechanisms included in the second and taperiments are derived from

the ‘RRcRR’ mechanism in the first experiment.

In the second experiment, the P series include@®uR1’, ‘RcR2’ and ‘RcR32’)
in addition of the two-link RR mechanisms alreadysent in the first experiment. The
distance between the two "horizontal" bar corredparto 20% (RcR1), 40% (RcR2) and
60% (RcR32) of the distance of the original pataieam RRCRR in experiment 1.

In the third experiment, we extended the seriemblding linkages with a
distance between the two horizontal bar correspgntti 60% (RcR33), which had the
same size as the largest rectangular mechaniskxperiment 2, 80% (RcR4), 100%
(RcR5), which has the same size as the originaRFR@mechanism in Experiment 1, and
120% (RcR6). Note that there were small variatiorthe position of the fixed point

across experiments to insure that all positiorteénhand space could be reached.

For the "T" series in the second experiment, thialjes were obtained by
displacing the position of the revolute joint litikat closed the loop on the first link and
progressively transforming the original parallergrioop in ‘RRcRR’ into a 'triangular’
loop (see Figure 23.a). The new positions of tieltee joint on the first link correspond
to 40% (RcRt3), 20% (RcRt2) and 0% (RcRt1) of isipon in the original parallelogram
(RRCRR in Experiment 1).

Visual feedback

The second and third experiments involved the Mesiand ‘Invisible’ visual
feedback conditions only. The two visual feedbamkditions were the same as in the first
experiment. In the ‘Visible’ condition, the configuion of the articulated mechanisms
was presented on the screen during the entire bihekeas, in the ‘Invisible’ condition,

only the hand and cursor positions were visible.
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Visuo-motor rotations

In the second experiment, the rotation angle rarged -90 to 90 at 15-degree
steps while the third experiment included 7 rotagifrom -120 to 120 degrees (120, £75,

+30 and 0 deg). In the rotation blocks, only thesouand hand positions were visible.
Data analysis

As in the first experiment, the number of targetsched in 30 seconds corresponds
to the main index of performance. We performeaadpd-measures ANOVASs to analyze
the effect of mechanisms and visual feedback seggrf@r each experiment. The p values

were adjusted for the sphericity condition with Gieeenhouse-Geisser (ges) epsilon.

3.4.2 Results
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(@) Number of targets across mechanisms and visui (b) Number of targets across mechanisms

conditions in experiment 2 and visual conditions in experiment 3

Figure 24. Effect of mechanism configuration argliail representation on the
performance.

We first analysed the results of experiments 2&sdparately. For experiment 2,
Figure 24 (a) shows that vision of the mechanisnmoved the performance with all
mechanisms of Experiment 2. This observation idicoad by a two-way repeated
measure ANOVA with the mechanism and visual feeklaacwithin-subject factors that

shows that only the main effect of visual feedbacétatistically significant (F(1,17) =
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242.5, p<0.001). The mechanism (F(4.5,76.7) = 2386:=0.036, p=0.06) and, in
particular, the interaction (F(4.5,76.0)=1.262, 1280 were not statistically significant.

Number-of-link hypothesis . As in the first experiment, vision of the mechanism
improved the performance for the two-link mechanBRiin experiment 2 (paired t test:
t(17)=6.57, p<0.001). However unlike the four-limechanims in Experiment 1 (i.e.,
RRcRR or PRcRP), this was also the case for aitlfioll mechanism of Experiment 2. In
fact, paired t tests conform a statistically sigmaift effect of seeing the mechanism for all
mechanisms in experiment 2 (results not report@these observations disprove that the
number of links is critical factor to be able teuke information provided by seeing the
mechanism.

Rigidity hypothesis The beneficial effect of seeing the mechanism vss a
present for RRctl (paired t test: t(17)=5.41, p@Q)Qwhere the distance between the
hand and cursor position is fixed. This observatimlicates that seeing the mechanism
can improve performance whether the relative pasitiof the hand and cursor are fixed

(RRctl) or not (all other mechanisms) and disprdkiegigidity hypothesis.

In summary, the results of the second experimesprdie the two hypotheses set
forward initially on the basis of the distinctiotiat were present between mechanisms
that benefitted from being able to see them andmBkperiment 1. To explain the
discrepancy between the results of Experiment 12anih four-link mechanism, it
should be noted that none of the mechanisms indlidExperiment 2 corresponded to
one of the four-link mechanisms of Experiment 1pémticular, the size of the
“parallelogram™ mechanisms in Experiment 2 wersratller than the corresponding
mechanism in Experiment 1 (RRcRR). Finally, it migk noted that the difference
between the conditions with and without visionla tmechanism appears to decrease as

the size of the parallelogram increases in Exparirie
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Figure 25. Results for the parallelogram linkagethe three experiments. Vertical
bars corresponds to SE. RcR5 corresponds to RERpgariment 1. The horizontal
axis correspond to the length of the link betwden dther extremity of the hand-
held link and the cursor position (Id).

The results for the four-bar rectangular linkagealicthree experiments are
summarized in Figure 25. There was a clear inflaeorcthe visual effect as the distance
between the two parallel bars increased (F(1,8524<0.001). The size of the effect

for the RR and RRcRR linkages is consistent acegpsriments.

Clearly, we did not find sudden transition of theesgth of the visual effect
between the two-link (RR) linkage and the otheink-linkage. These results with
parallelograms suggest that the visual effect istrhelpful when the mechanical linkage
is easy to interpret visually. This is the case mtiee linkage has only two links or, for
parallelograms, the two horizontal and paralldtdiare close. As the distance between

these two links increase, it becomes more diffituihterpret visually.
3.5 Visuo-motor rotation

In this section we present the results of the visimor rotation condition across

the three experiments.
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Figure 26 presents the performance in rotatiomalsfiormation conditions as a
function of the rotation angle. The performancegeahapproximately from only 3 to
almost 30 targets reached within 30 seconds. Tise shows clearly an effect of the
rotation on the performance (separate one-way RNDXN for each experiment
confirmed the rotation effect: F(16,272)=155.8-¢@85, p <0.001, for Exp. 1; and
F(12,300)=247.8, ges=0.87, p <0.001, for Exp. 2 &{6,150)=289, ges=0.87, p <0.001,
for Exp. 3). Interestingly, the performance wasstat 90 degree and tended to improve

for larger rotation angles.

3.6 General Discussion

The first objective of this study was to find outether seeing the mechanism in
addition of the position of the cursor provided noyed the performance in reaching
movements. We found that seeing the mechanisms, efly, improved the
performance for most mechanisms. This observatiditates that the participant are able
to interpret the visual information in a way theitmmediately useful. At the same time,

we also found out that seeing the mechanism didiweays helped. Interestingly, the
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benefit brought by seeing the mechanism appearbd tmrelated to the complexity of the
visuo-motor transformation since we did not obsemg benefit for the easiest (PPcRR)
and most difficult (RRcRR) linkages in the firstppeximent.

In second and third experiments, we tested thethgscs that the benefit of seeing
the mechanism might be related to the number &§lgince the two mechanisms that did
not show this effect had four links in the firspeximent. The idea was that four-link
mechanisms might be mechanically too complex tdyaedperceptively or internally).
We also tested the hypothesis that a fixed relatignbetween the hand and cursor
position, as if they were fixed on the same linkyld determine the usefulness of seeing
the mechanism. The result of these two experinmgidtaot show any abrupt
disappearance of this effect with four-link meclsamé or with the appearance of relative
motion between the hand and cursor. However, tbegaled that the benefit of seeing the
mechanisms progressively decreased with the sideegiarallelogram and, thus, the

distance between the hand and the cursor.

Altogether, we would like to propose the followimgerpretation of the results of
this study. All the mechanisms in the first expamwhere vision helped (i.e., RR, RR_r,
PR and RP) shared the characteristics that the dahdursor were on the two extremities
of a link that can pivot on a revolute joint in tméddle, like a lever. We hypothesize that
this configuration might be (i) easy to pick upua#ly and (ii) useful to control the
mechanism. We propose that the decrease of tlity ofilseeing the mechanism when the
size of the parallelogram increases in Experim2rated 3 reflects a decrease of the utility
of this simplified model of the mechanism that sibject holds. If, as we proposed above,
this internal model is essentially the model of/8e with a controlled position that
corresponds to the distal extremity of the leveentone would expect this model is most
useful when the cursor coincides with the contmbpesition. The benefit of seeing the
mechanism would also decrease as the distance éretoatrolled position and the cursor

increases.

A special mention must be made for the mechanisalRRRnN the first experiment
because it is kinematically very different from thteer mechanisms. This mechanism is
the only mechanisms where the two degrees-of-fr@ecwrespond to two (non-

orthogonal) prismatic joints. It is the only mectsam that does not invert the cursor
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movement direction with respect to the hand moverdaction. As a result, the
kinematic transformation is simpler. In fact, therfprmance with this mechanisms is very
similar to the performance observe in absence pt@msformation (e.g. rotation angle 0).
In contrast, all other mechanisms have a revohitg jn the middle of the hand-held link.
As a result, the direction of the movement of thachand the direction of movement of
the cursor are inverted (i.e. a fulcrum effect) this mechanism with a simple
transformation, the results suggest that a modwrdly needed because the performance
is already very good when only the cursor posittodisplayed (the difference between
the rotation with O degree angle and the valueiobtbhere is 4.83+3.59). For such a
transformation, there is limited room for improverhby showing the mechanism (ceiling
effect).

When is the model used?second objective was to find whether the berufit
seeing the mechanism would also occur if the mashawas shown only at the
beginning of the trial. We found that it was alse case, but to a more limited extent.
This latter result suggests that having seen theharesm might help in the planning
(and/or control) of the successive movements. Tsevation that there is additional
benefit in seeing the mechanism during the exesuwifdhe movement suggests that it

also improves the efficiency of the involved inremtive action.

While our results hint at an effect at a plannitags, it is not possible to conclude
strongly that the temporary vision of the mechargdrthe beginning of the task resulted
in an improvement of the planning of the action.réach such a conclusion, it would
have been useful to include open-loop control awmwhere the cursor position was not
visible. It is also possible that an analysis @ ithitial part of the trajectory would show a
difference with respect to the condition whererttechanism was always visible. We are

currently completing these analyses.

How exact is the internal model of the mechaniin®important to note that the
improvement brought by the vision of the mechanisras limited. Ideally, if the
participants were able to use the visual infornmatmbuild a precise model of the linkage,
they should be able to perform as well as in alsehany transformation. However, for
all linkages where an improvement could be obseretiperformance was worse than

that could be observed in absence of any visuo-int@nsformation (e.g. see 0 degree
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rotation). These results show that the informagamed by seeing the linkage could not
fully compensate the changes introduced in theovisotor transformation by the
mechanism. A possible explanation is that therir@iemodel associated to the vision of

the mechanism might be an approximation of theaddittkage transformation.

There is evidence that the acquisition of intematiel of a new visuo-motor
transformation involves a progression of simplifladdels, such as the point symmetry or
line symmetry approximation. For instance, largaigimotor rotations are initially
approximated by a point-symmetric transformatidibgele & Bock, 2001; Bock, Abeele,
& Eversheim, 2003). Similarly, (Stlzenbriick & Heu2009) found that a line-symmetry
approximation predicted well the initial adaptivefts that they observed with their
sliding-lever mechanism, followed by a fine-tunegd a final state that was in between
the line-symmetry and the true transformation @dee Sulzenbriick & Heuer, 2010). In
our study, it is possible that the vision of thechrenisms might have provided only a
simplified model of the kinematic transformationtbé mechanism, or that it might have
relied on existing knowledge that corresponds sovgle approximation of the
mechanism. For example, the line-symmetry approttenanodel might have been used

to model the fulcrum effect in our study (Sulzerdir& Heuer, 2009).

A limitation of the current study is the absenceawfopen-loop condition, which
might have allowed us to identify the internal eg@ntation of the target position in
absence of any visual feedback (without the cur§drg analyses of the beginning of the
trajectories might provide some hints in this resgeit future research should include an
open-loop condition to identify more precisely whipproximation or simplified model

might have been gained from seeing the mechanism.

Cognitive or embodied modelRecent work on learning novel visuo-motor
transformation suggest that different process noglerate in parallel. In particular it has
been suggested that explicit cognitive strategighinbe involved at the beginning (Heuer
& Hegele, 2015; Taylor & Ivry, 2011). Although imgt models are usually associated
with relatively slow learning processes, it is net&ing to note that there is evidence that
tool use can have an immediate effect, in partiaithe tool is a simple stick. For
example, Berti and Frassinetti found that usingck silllowed a neglect patient to perform

a bisection in the far space without any specifiming (Berti & Frassinetti, 2000b).
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Similarly, Maravitaet al.found that using a stick immediately affecteddistance at
which cross-modal extinction occurred in a patighére extinction was stronger in the
near than the far space (Maravita, Spence, Kerad@tjver, 2002b). Carlson et al. found
that the afterimage of hand-held object in the dades faster, which replicate a previous
finding that the afterimage of the hand that is atualso fades faster (Carlson, Alvarez,
Wu, & Verstraten, 2010). The fading is taken asnalication that the object is assimilated
into the body schema: it fades during movementimseghe new object location is in
conflict with proprioceptive signals. Because thasping of the object, the constitution of
the afterimage, the beginning of the movement Aadehsuing fading happen in a few
seconds, the results of this experiment suggesbtiact might be incorporated into the
body scheme very quickly. Ganesh et al. testedhenedpatial location were reachable by
the hand alone or by a hand-held tool (the tooldeither extend or shorten the reach)
(Ganesh et al., 2014). Crucially, the tool and ami-tonditions were mixed to avoid
adaptation. They found that the use of a tool teaah immediate shortening of the limb

length representations.

In contrast with many studies involving tool udeststudy did not focus on
learning the new visuo-motor transformation introeld by the mechanisms. It
investigated whether seeing the mechanism woultitean immediate improvement of
performance. Although we propose that seeing theham@sm might have elicited a
simplified model of the mechanism, it remains tesben the planning and execution

relied on an cognitive/explicit or implicittembodienodel (Pezzulo et al., 2011).

Articulated objects and tool-us&he results of our study suggest that people have
some knowledge about the motion of the mechanigmigh they might have gained from
seeing and using simple machines such as pliarssrrission gears, pulleys, and/or, more
speculatively, from some embodied mechanical kndgdebecause the human body is
itself a collection joint-connected links. One msting question is where such a
knowledge might fit in current accounts of cogrétand brain processes involved in tool-

use.

In a recent review of the literature on tool-ussjutak et al. made a distinction
between the physical level (i.e., what is objedyiabservable, the potential relationships

between the hand, the tool and the object) andéheocognitive level (i.e. what the user
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might perceive or know about these relationshi@sjjrak & Badets, 2016). In their
taxonomy, these two levels cross another distindtietween three systems: motor control,
mechanical knowledge and function knowledge astettmith the dorso-dorsal, ventro-
dorsal and ventral systems respectively. Fin@siuraket al. made also a distinction
between simple and complex tool uses. Tool usgsatinplify the movement of the upper
limb are considered simple. In contrasts, toads donvert movement of the hands into a
qualitatively different mechanical actions (e.gngsa knife to cut or a pencil to write) are
complex. Simple tool-use would involve primarihetdorso-dorsal system, which
responds to “structural” or “extrinsic” object pexties such as their size, shape, position
and orientation in space and is specialized inmafprocessing. In contrast, complex tool
use would also involve the ventro-dorsal systemickvivould contain “sensory motor” or
“mechanical” knowledge (“gesture engram”) about toanipulation. This knowledge
would include information about how to use a knifeut or a spoon. Mechanical

knowledge would be in charge of forming a mentadwdation of the tool use action.

This general framework does not provide, howevelaious place for the use of
mechanisms like those considered in this study.th@rone hand, the use of a linkage to
perform pointing or reaching movements does nohgbdhe nature of the hand action.
On the other hand, the movement of the cursortigmimple amplification of the hand
movement. All linkages considered in this studyoilwe position-dependent directional
and amplitude distortions. The spatial relationsigépveen the hand and cursor movement
is more complex than the condition as using a stick rake that extends the length of the
hand or forearm. In a sense, the use of an arteditaol will clearly recruit the dorso-
lateral system to process spatial information amdect for end-point error. At the same
time, the performance improvements related to tkiew of the linkage suggest that this
process can be informed by mechanical knowledg&hahight involve the ventro-dorsal
system. From a mechanical engineering point of vetracting useful information about
this transformation from the visual representatbthe mechanism requires an
understanding of the relative motion of the linksl &he nature of the joints, i.e. some
forms of mechanical knowledge. At the same timshduld be noted that this type of
mechanical knowledge is different from the one siovied by Osiurakt al. (2016) which

is more related to the function of the tool (e.gwho use a knife to cut). In the future, it
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would be interesting to study with brain imagingheiques whether vision of linkages

recruit the ventro-dosal system.
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Chapter 4
Study three

4.1 Background

Physical objects hawynamic propertiesn addition of their geometric or spatial
properties. In this context, dynamic propertiegrad the object properties that
characterize the force arising when manipulatiregahject.

Dynamic properties include the object's mass aediafor example. Most studies
on the perception of dynamic properties have fodusesimple object properties such as
their mass or compliance. However, the dynamic entigs of rigid bodies and articulated
objects are more complex. One question of intesgbie extent to which the perceptual
system can make sense of the interaction forcagrikiring their manipulation to gain
information about the objects. This section staith a briefly review of the dynamic

properties of different classes of objects and ipres/studies of force perception.
4.1.1Point mass

From a dynamic point of view, the simplest objescthe point mass object where
all the mass is concentrated at a single poinprilmciple, two different cues can be used to
estimate the massf an object on Earth: the objecteéight and its inertia The object’s
weight corresponds to the gravitational forEg = g - m, and is proportional to the mass.
The object’s weight can be perceived without mouimg objects and has been often used
to investigate force perception.

In fact, it is known since the 19th century that tliscrimination of weight was
observed and confirmed to be precise with touchel&errier, 1886). Successive studies
have shown that the manner of obtaining the stilmagi a strong effect on human ability
to weight discrimination. For example, studies axighit perception showed that
discrimination thresholds decreased when movinghbject (Brodie & Ross, 1985). A
possible explanation is that subject perceivedimdorce wheractivelymanipulating the
object in addition of its weight, as a result ticdmination capacity improved (Brodie &
Ross, 1985; Jones, 1986).

Baud-Bovy and Scocchia (2009) measured the effatioving an virtual object

on the perception of the mass, using an admittano&olled haptic device (Haptic
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Master, Moog FCS robotics), which displayed thetinenasses in a zero-gravity virtual
environment as if sliding on a frictionless tablibde results showed that movement
amplitude and pace influenced the perception ohthaes of the manipulated object. In
particular, participants perceivedighter mass that was moved faster or over aéong
distanceas equally heavgs a heavier mass that was moved more slowly arashborter
distance The authors hypothesised that participants migatmaximum forc€,,x = M -
amax, S a cue for mass. However, the changes in pectenasses corresponded only to
about 30% of the change in peak forces, which sstgghat mass perception is partially
invariant (Baud-Bovy & Scocchia, 2009).

Bergmann Tiest and colleagues (2010) investigdtisdopic again more recently
in order to fully understand the relationship betwe&arious modes of mass perception, in
particular the difference between static perceptiwaugh gravitational cues, and
dynamical perception through inertia cues. Theyoliypsised that active touch suppressed
force perception, and tested mass perception waleliniy the mass statically, or while
being accelerated or decelerated by hand. Theexatetl mass was perceived as much
larger than that in the static condition, resultiram the weight (Bergmann Tiest &
Kappers, 2010).

4.1.2Rigid bodies

For a rigid 3D object, the dynamic properties csinisi the object’'sensor of
inertia. The tensor of inertia is a 3 by 3 matrix thatrelcterizes the rotational inertia of
the object about a fixed point in space, a majgoleasis has been given to particularly in
respect to the three principal moments (eigenvalaled three principal directions
(eigenvectors) that yield the tensor’'s geometritfiguration, the inertia ellipsoid
(Solomon & Turvey, 1988).

L, Lx _Ixy _Iyx Wy
Lyl=|~Lx L, ~—L, [wy]
Lz _sz Izy Izz Wy

wherel,,, 1,,,, 1,, are the moment of inertias that quantify the tergaeded to make a
desired movement at a certain angular accelerabont a fixed rotational axis. It is one

of the three moments, namely the zeroth (mass)(diaic moment) and second (moment
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of inertia), which are invariant over the variations in thec&s brought to balance the
object movement (Turvey & Carello, 2011). The ireeténsor depends on the object’s
mass distribution and thus on the shape of thectdhj@ssuming that the object density is
uniform, this observation raises the question optiMbr people can perceive the shape of a
rigid body from the interaction force when wielditgln particular, researches on spatial
length or mass estimation hypothesised that theepéions of object dimensions (and

other properties) of a wielded object has its bimsike moments of the object’'s mass
distribution, for instance, the inertia tensor of the objeddlthe wrist dictated the

estimated length of the object.

Turvey and collaborators investigated the capatfityeople to perceive the shape
of an object via its inertia tensor, based on y@othesis that the force and/or torque
perception is based on the inertia tensor whicleddg on the spatial distribution of the
object’s mass (Turvey & Carello, 2011). Their seahistudy focused on the estimation of
the length of a stick by wielding it (Turvey et,d998). They found that people performed
quite well at this task and people were able tagige the variant torques of objects with
equal mass but varied length, which depends opdhkgion of the centre of mass with
respect to hand, and the inertia force. In laadies, they investigated the capacity of
people to identify the shape of a set of rectanmgutaoden objects: larger height than
width, equal height with width, and smaller heitfren width. Participants wielded along
the two dimensions sequentially and turned outitig¢ objects as being wider than they
were high, as being higher than they were wide,anbleing equal in height and width

when that was indeed the case (Turvey & Carell@ 120

In Turvey’s (1996), length perception task of radéxed material and fixed
diameter, the perceived length was found approxtyat linear function of actual length.
The fact that the perceived mass is not as equhakasctual mass, but is properly ordered
and arbitrary, indicates that the perceived magde#sare relatively ordered and within a
marginal tolerance of the actual magnitudes (Ptesihissar, & Izhikevich, 2016;
Turvey, 1996).
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4.1.3Deformable objects

The characteristic of deformable objects is to geashape when a pressure or
force is applied to it. In simple cases such agrang, the force is proportional to the

displacement
F = kAx

wherek corresponds to the stiffness. For soft objectsisi involves material properties

such as theihardness or softness

Tanet al. (1995) looked at the role of maximum force asec# component
within terminal force cues in a relatively comptask of compliance discrimination, in
which two plates were grasped between the thumbrenthdex finger and squeezed
together along a linear track. Evidence showedttimmaximum force is an important
cue in the context of compliance discriminationr(;TRurlach, Beauregard, & Srinivasan,
1995). When the mechanical work and terminal-fawees were dissociated with the
compliance cues, compliance resolution was poeitbtive to force and length resolution.
People tend to use force cues and/or mechanic&l eu@s whenever such cues are

available, rather than on compliance values in di@npe discrimination tasks.
4.1.4Actuated articulated objects

As introduced in Section 1.4, a major differencenaen rigid bodies and
articulated objects is that the dynamic propeniearticulated objects change with linkage
configuration. For instance, the apparent masstmiuéated object is configuration-
varying so that the force needed to move the olbjepends on the position of links.
Another dynamic properties of linkage is to trartsimices generated from motor and this
transmission is also affected by the configuratibthe linkage. The enabling of joint
motor produces an active force that can be pagsperceived at the end-effector, or
results in an increase in system stiffness. ForDwk articulated objects, the magnitude

and direction of the applied force depends onaim jorque in a complex manner.

In the next section, we formulate the position-aejent variant force

characteristics of the articulated objects matheraldy.
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4.2 Section one - Mathematical modelling

This section presents the mathematical modellingpaie of the dynamic

properties of 2-DoF articulated system.
4.2.1 Static mapping

For 2-dof articulated object, the magnitude anddation of the interaction force at

the end-effector depends on the joint torques hadidint configuration.

Let t be the actual torques produced by the motors asairésponds to the
resulted force at the end-effector, then it castmvn (see Appendix B) that there is a
direct relation between the joint torques and the-effector force:

t=]TF
where J is the Jacobian matrix

_ll . Sin 61 - lz . Sin(al + 62) _lz - Sin(91 + 02)

J(61,62) = ly-cosf + 1 - cos(0y + 6;,) I cos(0y + 6;)

It is important to note that the Jacobian depemdthe configurationd) of the device.
Changing the configuration of the 2-DoF system diameously results in changes of the

direction and magnitude of the end-effector force.

This equation can be easily inversed since thebdaiconatrix is square for a 2-dof planar

system.

F=JT.1
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Figure 27. Three groups of force vectors at setbgped of location sites about the
corresponding actuated shoulder joint, elbow jdioth joints motor-generated torque.

As an example, Figure 27 shows the force fieldeggrd by the shoulder, the
elbow and both motors respectively. Globally theédfield is constant given a standard
torque value, but position-dependent. The direabibthe elbow-torque generated force is
always towards the shoulder joint, and the mageitfdhe force increases as the distance
between the end-effector and the shoulder joithénlongitudinal direction increases. The

direction of the shoulder-torque generated foradigned with the second link.

Therefore a fundamental question raises in thechgigerception: are people
able to gain an internal model on the state (ated/ar deactivated) of the motors during
the interaction with a 2-DoF articulated system®& Tjuestion leads to a straightforward
empirical hypothesis. If people can discriminate fibrce/torque produced from different
motors, they should be able to extract the invaeédifference in the characteristics

changes from the position-dependent force.

4.2.2 Dynamic modelling

Dynamic model is the relation between the appladds/torques and structural
properties in the motion of a robotic manipulatarhuman-robot physical interaction,
perceived force at the end-effector is not alwaysakto the applied force by the actuated

object. When the velocity and/or acceleration eftiovement is not constant, there’s a
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movement-dependent discrepancy between the toejated force and the force of

measurement.

In an applied situation, the dynamic model of a ipalator may be affected by the
elasticity in the mechanical structure, frictiordasther factors that are neglected in this
analysis. In the derivation of the dynamic moded,s@nsider the 2-dof system is

composed of a series of connected rigid bodies.

Here we use the Euler-Lagrange approach for dynamodel of a planar 2-dof

manipulator. Therefore, the Lagrangian equation is

d dL 6L

@ = E%_a =K(q,q9) - V(@)

where K is the kinetic energy and P is the potésti@rgy functiong is the external

generalized torque performing work @nin this case,

(p=T+]T'Fext

Then, the dynamic model is obtained as

—M;sing, g, —M;sing, (¢, + qz)] [‘h]
a:

?=12 M, sing, G, 0

_M2+M2COSq2 _M2

2
M, + 2M; cos g, 3 =M, + M, cos qzl [
3

whereM,; = émllf + gmzlg, andM, = %mzlg.
The Lagragian equations can be written in matrmrfas
M@ +C(q,)q =7 +] (@Fext
whereM (q) is the inertia matrix.

Apparent mass

Almost all studies to date have focused on the alyo@roperties ofigid bodies
For rigid objects, the dynamic properties emeariant under rotations about the origin. In
the case of non-symmetric rigid body rotation cwdixed point, the centre of masses of
rigid body is assumed to be located at a fixed tpdincontrast, for articulated objects, the
distribution of the mass depends on the positiath@finks. As a consequence of the mass

distribution, dynamic properties afticulated objectslepend on theironfiguration.
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The apparent mass is a quantity that measureg/ttaardc interaction of the
articulated objects. The apparent mass definesetaion between the force applied on
the end-effector and the resulting accelerabica M(q)a, whereM, F,and a are the
apparent mass, interaction force, and acceleratigpectively. It is also well-known as an

alternative way to express the mechanical impedaht® device.

In this section, we consider the apparent mas<2elirik planar manipulator. For
the 2-link manipulator, the direction and magnitedénteraction force depends on the
configuration of the manipulator. Moreover, theedtion of the acceleration is not
necessarily aligned with the direction of the fordéhile the apparent mass is a simple
scalar for a point mass object, the apparent mas2alof planar manipulator is a 2 by 2

matrix.

The inertia force is a critical component of dynafarce at the end-effector when
moving the 2-DoF robotic arm. The endpoint inesp&cifies a relationship between an
external endpoint force and the endpoint accetaratt can be represented by an ellipse,
termed as ellipse of inertia (Me). The apparentanepends on the point of application
and direction of the impact force and on the boastyre.

M = U—l)T_I_]T
M,=M-MT
where M is the inertia matrix, and J is the Jaaplmhatrix.
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Figure 28. Ellipse of inertia of a two-link maniptbr
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Figure 28 shows an example of how the shape asdengths change along with
the configuration of a two-link manipulator. Whdmetsame amount of force is applied at
the end-effector, movement along the short axih®tellipse allows a larger acceleration

than movement along the long axis.
4.3 Section two- System design and development
4.3.1 Objective

The objective of this work is to develop a noveicalated manipulator made of
two (or possibly) serially linked elements for gtady of haptic perception in dynamic
properties such as motor torques. To this endyhd, liow-friction, and modular planar
robot system for psychophysics perception studieisloped and evaluated. This system

offers a simple and reliable solution for weak &perception tasks.
4.3.2 Design specification

AirRob system is particularly designed for the gtoflweak force perception and
discrimination. The aim of this system is to beduseinvestigating the human capability

in perceiving the torque force from different smggenerated from a robotic system.

A robotic manipulator is composed by an open kin@hain, and its dynamic
model is affected by several factors such as tigidiiction, mass distribution.
Minimizing the influence of non-linear effect oreertain factors decreases the
discrepancy between desired force and actual fardgnamic interaction. A fundamental
objective is to improve the precision of the targeterated force. Therefore, the
requirements of the system development include traisparency and accuracy in control.
Table 4. shows the general specifications of thesged system. A modular system allows
the users to change the properties such as ththlengiass of each link rapidly with ease.

Table 4. Specific requirements on the robotic systievelopment in the domain of
psychophysical studies

Transparency | Accuracy of contrgl  Easy to changeptioperties

Requirements| Light No lagging Dimensions
Less friction | High precision Mass (inertia)

Force (torque)
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4.3.3 System characterization
Mechanical structure

The system is modularly designed to adjust therparars to specific experimental
conditions (for example, the number of links, thassiof each link, and the sources of
force) in ease, and easily adapted to specific axgatal parameters (e.g. torques about
the motors).

Links of the robot armThe mechanical structure of the robot arm linksiégle of
annular carbon fiber tubes, connected by a clanfi@sten the relative positions of two
tubes. The outer and inner diameters of the tule$®8*14mm and 18*16mm
respectively. It is clearance fit to allow tranglaal movement between the two tubes and
ensure tight connection. The length of each linkloa changed by sliding the two fitted
tubes.

Joints of the robot armThe motor and encoder are embedded in the joirdrco
which is 3D printed with ABS materials to minimittee weight.

Handle The handle has a cylindrical shape which caneaedund the central axis
of the handle. It is designed to be easily manipgdl®y both human and robots.

Weight supporiThe weight of joint is supported by mounting dewoball/air
bearing (S102501 flat round air bearing, NewWayauoid elastic deformation of the link

and to minimize the friction force.
Electronic system

The setup consisted of a motor (QB0170XF Quantaméless brushless servo
motor, Allied Motion) control system commanded bhg tomputer, an encoder (AS5245
programmable 360deg magnetic angle encoder, Aostniasystems) to measure the
angular position of each joint, EMS and 2FOC boaelgloped by Electrical design
laboratory in IIT for the control of encoders andtors, ATI force sensor (Nano 17) to
measure the interaction force applied by the iational Instrument (NI DAQ 6225)
unit used for data acquisition and system synchgtian.

The software program is based on a Microsoft ViStualio 2015 C++ library for

the control and acquisition of mechatronics system.
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4.3.4 System development

First prototype
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(c) Hlustration of the structure of the 1-DoF mechanis

Figure 29. First prototype of the modular system

System parameter identification

The performance of the initially developed systsmavaluated by measuring and

estimating the force components (as shown in Fig@jelt is necessary to accelerate the

88



4.3 Section two- System design and development

object to estimate and/or measure its frictiondoré first step is to evaluate a 1-DoF

system has only one joint without actuator.

The unknown terms (including the inertia) can beniified from the force
measured while moving the device. To estimate ¢mponential forces from perceived

force, a possible method is to use a multiple Wéeifunction on the motion of the device.

) 0 .
T=.Bm9+.8cw+.8v9+.80

wheref refers to the angular position. The torque vasueomposed of the inertia force,
Coulomb and viscous friction forces, and noise. g is expected to be very small.
Note that the value of the Coulomf.) and viscousf,,) friction depend on the weight of

the device and the pressure applied on the handle,

Be = Bey + Be, fo

By = By + Bu,Jp
wheref, refers to the pressure force. The value of théficamnts § is the unknown
parameters.

To evaluate the performance of the system, firsmeasured the interaction force
to understand the friction produced by the balringa The force sensor measured the
interaction force f, which could be decomposed @mtangentialf(,) and radial f{,)
components. The ball bearing caused a frictionefdig that was aligned with the

movement direction.

The equation of motion of the one degree of freedewice (assume the damping

and stiffness coefficients are nearly close tcs0) i
Toxe = 10 + 1,

Wherert,,; is the torque that moves the deviteefers to the device inertia anglis the
friction torque due to the ball bearing. The torqpg that moves the system comes from

the interaction force

Text = lf fo
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Note that the interaction force along the tangédir@ctionf, corresponds to the
measured forcd, = —f;. The inertid corresponds to the masses that are moving on the
proximal side of the force sensor, i.e. the rofathe motor, the carbon tube and the

handle support part. The friction torque is relatethe friction force
Tp = Ipfp

The angular velocity and acceleration are meadoyetie encoded and
accelerometer simultaneously. The fofcandf;, are equal to the measurement from the —

x and z axes of the force sensor respectively.rEi§0 shows the estimated components

of force based on the proposed model in an aconisif 20 seconds.

Torque components estimation
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Figure 30. Components estimation on the interadtoque.
The parameters of the tangential force componegtfitted based on the proposed

model,

) 0 .
Tzﬁmg'l'ﬁcm'l'ﬁvg'l'ﬁo

Then we have,
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Bm = 0.0124, B, = 0.0010

The estimated inertia value 0.01R4- m? was approximate to the theoretical
value 0.01%g - m2. The Coulomb friction force could reach 0.23N, #@mel viscous
friction force was about 0.16N, which were considklarge values of friction force in a

weak force perception experiment.

To deal with this issue, we replaced the ball meawith the air bearing to reduce

the friction force and improve the transparencyhefsystem.

Current prototype

Motor & Encoder n Accelerometer
Handle
il
Pin Tube
‘ ‘ Force s

Air Bearing

=i

1 M
013 22
12 20

., hd

18

(a) 2DoF setup platform (bMechanical structure of the system

Figure 31. Current development of the 2DoF system

Therefore, we upgrade the system to improve thimpeance by maximizing
motor capability, reducing the force sensor sigiage to a possible minimum. A
structural update is to replace the ball rolletwtite air bearing system, and some rapid
prototyping parts are replaced by aluminium mecdrasi(see Figure 31). The measured

friction force with air bearings mounted under jhiat and handle is less than 0.005N.

We would like to do the same system characterigatieasurement as introduced
in the last subsection, but the friction forcesad out to be too weak which is out of the
precision limit of the force sensor. Another iss&iabout the signal, too much interference
to do when testing the static modelling of the eystvhen the force sensor is on.
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4.4 Section three — Pilot experiment

The goal is to investigate whether people can nuakeof specific complex force
field produced by articulated object. The forcecpered at the end-effector can be
produced by either the shoulder joint motor ordhmw joint motor. To understand the
origin of the torque-related force one needs tai@edthe system parameter from the
perceived force at the handle in the method ofreer&inematics. And Jacobian matrix is
a key element in the inverse reasoning processcé{¢ne question is, can people have an
internal representation based on kinematic and/foamhic model that allows them to

perceive the invariance in it?
4.4.1 Procedure

Subjects were sitting in front of the manipulatatform. They were explained
linguistically the shoulder and elbow joints and ttlorresponding movement manually-
controlled. Then subjects were instructed to hb&lhandle with little grip strength and
move the end point of the system to understandihteels like when moving the system
without actuated motor control. The arm was at pesition hovering with elbow joint at
90° and the initial hand position was aligned va#ith participant's shoulder, to make it
flexible for the upper limb movement when contradjithe robotic device on the
horizontal plane. The subjects were instructedliodv the instruction to start and stop

movements for exploration.

The actuating status of the two motors are cowtiaid yield four different
experimental conditions: a) the shoulder motocisi@ed; b) the elbow motor is actuated;
c) neither of the two motors is activated; d) bsiloulder and elbow motors are producing
standard torques. The amplitude of the motor tag@ue calculated and adjusted so that

the magnitude of the end-point force remains &Mr0.

After each trial of exploratory movement, the sgbjead to give feedback on

whether one/both of the motors was activated, amidiwone(s) was the actuated motor(s).



4.4 Section three — Pilot experiment 93

4.4.2 Results
Table 5. Responses from six subjects
Force Response Successful rate
condition 0 1 2 3 (%)
0 59 5 4 4 81.94
1 5 57 3 7 79.17
2 3 10 33 26 45.83
3 2 3 48 19 26.39

The result showed that subjects had a good perfarena recognizing the null-
torque condition and torque generated by thejbiat, but had difficulty in distinguish
the torque generated by the elbow joint or bothtg{see Table 5). Taking a close look on
2x2 matrix involving two experimental conditions, gedis don’t make confusion when

comparing shoulder and elbow joints, but confuseémthere’s both joints actuated.

Figure 32 shows the mapping between the torqueupeatiby the joints and the
force at the end-effector. The length of the foreetor represents the magnitude of the
force and direction corresponding to the directbbthe applied force. A*83 grid sites

are selected within the given circular hand moveraega to illustrate the force field.
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(a) Force field in the hand space (b) Magnitudeode in the three conditions
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Figure 32. Comparison in the produced force inglo@nditions

Componential analysis on the force vector showsshbjects’ discrimination on
torque origins may rely more on the force directiatiher than the magnitude of the force,

or the difference in the area formed by two foreetors.
4.4.3 Discussion

Results showed that subjects were able to discaitaithe null force field and
force generated by the shoulder joint at a weaseféevel (~0.15N). The evidence that
they were able to induce the torque source of sedjaints from the perceived force
indicated that either a Jacobian-related inversdahis involved in the internal model, or
they are able to find a particular hand movemepettory corresponding to specific

torque-force transformation mapping.

Following the first hypothesis, Jacobian matriaigart of the internal model
which subjects have about the transformation betvee hand perceived force and the
motor torque. As a consequence, subjects shouddbleeto detect the corresponding
actuated motor if the force or difference betweméd vectors is noticeable. As indicated
in the figure above, there’s an obvious contrasbine vector between elbow joint and
other conditions. A few studies have investigateddiscrimination of the threshold

related to the force direction, i.e. the minimunglarbetween two forces of the same
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magnitude. Yangt al. measured the discrimination threshold of hapticddirection
during the hand movement (using PHANToM Omni hagégice). They revealed a mean
difference threshold of force directioni’, which suggests that, in situations where the
change of force direction is less tr1, additional visual cues may be needed to
facilitate awareness (Yang, Bischof, & Boulang&®0Q&b). This is confirmed in a review
of Ho et al.that the recommended force direction discrimimattweshold for use in the
design of haptic devices is on the order of 25{BRS, Barbagli, Salisbury, & Spence,
2018). Yanget al.found that the hand-movement speed and the reference direction
did not affect the perception of force directiorafig et al., 2008b).

Some studies assessed the sensitivity to haptie foagnitude. In Alliret al’s
experiment (2002), subjects were asked to presasigavirtual spring simulated by the
PHANTOM TM device, while a tangential force is applto the index finger's semi-
circular trajectory. The study revealed a JND gdragimately 10% (Allin et al., 2002).
Yangel al. tested the force discrimination thresholds inrtftvement towards different
directions, they found that the movement speedrdbkave a significant effect on the
discrimination in force magnitude, but the percapif force magnitude was found to be
affected by force direction. An oblique effect Wwaand at a force direction of 45° with
respect to the hand movement, as human percegtionce magnitude is impaired
(higher discrimination threshold) (Yang, Bischof Bulanger, 2008a). However, Yang
found that when hand movement is involved the aye@D is 33%, which is much
higher than 10% reported by Allin (2002). To be emspecific, the mean discrimination
threshold for 0% direction is 0.49N, JND = 33%; letor 45% direction is 1:01N, JND =
67%, which is remarkably higher (Yang et al., 2008a

In the present test, the difference between foragmtudes in the four conditions
involved is much larger than 10% of the mean fgnaeluced by shoulder joint (the
minimum among the three actuated motor conditiofsg. difference in mean value of the
force direction between each two conditions isdatfan 35°. Taken all together,
observations indicated that a specific Jacobiamixia&sed representation is not

embedded as a part of the internal model.

Further work will be focused on the hand trajectoingubject’s exploration in the

torque discrimination task.
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Appendix B

In appendix B we presented an alternative methddrtoulate the end-effector

force generated from the motor torques of 2-DoFesysn the polar coordinates.

The control of robotic manipulators is commonly sidlered in a global or local
Cartesian coordinates. However, for the human lodfpr control, a general idea has
been being that the hand motor control is baseti@shoulder-arm coordinates. In an
active interaction, the robotic manipulator shdo#dable to emulate the characteristics of
the human body motor system. Therefore, we intredunovel method to control and

interpret a 2-DoF actuated mechanism in the paardinate system.

Figure 33. 2-DoF mechanism in local Cartesian doaids.

A common method of specifying the joint space nmig of independent joint
variables is to use the rotational angles in Gatecoordinateg;: (64, 6,). In the global

coordinate, the position of end-effecfois

xg| [ l; - cos(6;) + 1, - cos(6; + 65) ]
vyl =1y - sin(8;) — I, - sin(6; + 65)

the distance between the end-effector and thenaligif coordinate is:

d= /xgz +y,2 = \/112 + 1,2+ 21, -1, cos(8,)

According to the law of sines in trigonometry,

L d
sina  sin(mw — 6,)
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Thus,a = sin~1(l, - sin 92/\/112 + 1,2+ 21, -1, - cos(6,)).

1. Jacobian matrix

We define the vector space spanned by the joindias the joint space, and the
vector space spanned by the end-effector locatienend-effector space.

1) Transformation between actuator space and endteffgpace

In this derivation the end-effector space is exggdsn a polar coordinates xi (r,
phi), each point on the plane is determined bydik&ance from Pole O and the angle from
Polar axis D. The position of the end-effector waklial coordinate and angular

coordinate is expressed a5 ¢ + 6,).

[

[;] - [af@l] -

\/lf + 15,2421, 1, cos(8,) |

6, + sin~1(l, - sin 92/\/112 + 10,2421, -1, cos(6y))

: _ : e
Then the time derivatives of r agd can be written as a functlon[gf] as follows:
2

or Or
I:’):-:I 691 692 . |:91:| — [0 _ll ’ l2 " Sln(QZ)/d :| . [91]
09 39| |6, [T *+1L L cos(6,))/d%] |6,
06, 06,

Then the Jacobian matrix that transforms the j@ités in the robotic actuator space(arm
joint control) to the velocity state in the endegffor space is

_ O _ll * lz " Sln(gz)/d
J=11 (1> + 1, - 1, - cos(6,))/d?

Hence the Jacobian matrix is a function of g2 asfiguration dependent.

2) Velocity transformation between Cartesian coordinand polar coordinates

X =7"C0SQ
{yzr-sinq)

5c=5c((p)=](p'(i)
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[x] _ [cos<p —r - sin (p] _ [T]
yl “Ising r-cose | |¢
_ [cos<p —r -+ sin (p]
Jo = sing r-cosg

2. Torque control

Applying the principle of virtual work to deriveteansformation between the joint

torques and end-effector forces, the virtual wéik,, done by all the active force is given
by
SW=1T-60 —FT-6x

Substituting the virtual displacements relatedh®y lacobian matrix into the virtual work
equation yields

t=JT-F
Where,

_ 0 1
Jh= —l; - Ly - sin(8)/d (L2 + 1 1,- cos(@z))/dz]

External force

x"-F=¢"-F
Thus,
F=J, -F
Where,
J,T = cos(8; + a) sin(6; + a)
¢ —d -sin(6; + a) d-cos(6; + @)
F(F,p)
Fo T-F—[ cos(0; + @) sin(6; + a) ]_[F-cosﬁ
=Jo "~ |—d-sin(6; +a) d-cos(6; + @)l |F-sinp

We definef’ = g — a — 6,, then

_[ cosp’ 1.
F= [d-sinﬁ’
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Since the vector of joint torques is denoted by [2] , and the end-effector force
BI

np’
coordinates, we conclude that f(0,,F, )

expressed aB(F,B) = [dcossi ] - F, and distance d remains the same in any

[11]_[ 0 1 ][ cosp' 1.

T2 - _ll ' lz ' Sln(ez)/d (122 + l1 ' lz ' COS(Bz))/dZ d- Sinﬁl
Simulation results are shown in the figure belowgFe 34). To generate 0.1N

force at the end-effector, the relationship betwibendistance, external force direction,

and the required torque produced from the showaddrelbow motor are shown in figure
(a) and (b) respectively.

Torque about Joint1 Torque about Joint2

torque1[Nm]
)

torque2[Nm]
o

4 4

0.6

08 os
0.7 0.
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(a) Torque about the shoulder Motor (Bdrque about the elbow Motor
Figure 34. Force field and motor torques mappinstatic state
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Chapter 5

General conclusions and recommendations for futurevork

This chapter summarizes the main conclusions ragaaf the studies presented

in this thesis, and suggests possible future weldted to the present research.
5.1 General conclusions

This thesis investigates several aspects in theepgon and control of articulated
objects. It includes several haptic size discrifigraexperiments, visuo-motor control
tasks, and the development of a high-transparermdutar robotic system. The key

findings and contributions are listed as follows:

» Observations showed that people are able to jutgsite of elements (links) of
articulated objects such as large-size pliers. Tagymake use of the various
kinematic cues from the interaction movements.dddht from features of the
haptic size discrimination with rigid objects, thigiects are commonly fixed on the
table, in the plier experiment, we found thattiftithe object improved the
discrimination performance and facilitated bimanuaggration to happen. A
follow-up with wooden box and box-shaped actuatguhaatus added supporting

evidence to the observation that free manipuldaeilitates bimanual integration.

It is interesting to note that physical couplingaof object being manipulated with
two hands is possibly a key factor of bimanualgré¢ion in the domain of motor
control. The brain coordinates the action of the hands to control the object

movement to achieve a certain level of dexterity.

The fact that we observed in the bimanual integratvith wooden boxes in both
grounded and free conditions could be due to timesdual effect of mixed
conditions and familiarity with manipulating rigabjects like boxes. It is possible
that familiar objects are easier to infer theirmdsor sizes because a top-down

process is triggered in bimanual integration.

* We found that seeing the dynamic structure of teelmanism can help to predict

the movement of one part of a 2-DoF linkage wheringpanother part of the
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mechanism. The fact that an better average perfurengn pre-vision conditions
than non-vision conditions indicated that subjeetavable to use the visual
information about the linkage to predict the trégeg of the cursor, so that the
performance is as good as the condition in absehary transformation.

The short-time exposure of visual representatioim@fmechanisms helped
improve the performance in the reaching task, btias much as the continuous
visual feedback. It is probably due to the fact fira-visual feedback of the
mechanism enabled the metal reasoning and plamitige movement thus
improved the performance, and the continuous vistiatmation of the
mechanism helped to correct the error during theement. Therefore, we can
conclude that visual feedback of the mechanismsaumyo structure improves

reaching performance in both planning and execuilmses.

For the pure rotational conditions, the difficuiltigreased from 0° to 90° degree (in
both clockwise and counterclockwise direction), arténdency of decrease

towards higher degree of rotation (180°).

Another observation is that the complexity (in teraf the number of linkages) of
the mechanisms didn’t determine the difficulty lné task and the visual effect in
motor learning. Instead, we have found a specdiameter of the parallelogram
mechanism that related to the task performance sireagth of the visual effect
was related to the distance between the two pharatle of the parallelogram. The
observation with parallelograms suggested thavitheal effect is most helpful: the
mechanical linkage is easy to interpret visually,ihstance, when the linkage has

only two links or, for parallelograms, the two tmmntal and parallel links are close.

* We developed and evaluated a light, low-frictiomdular planar robot system
(AirRob) with variable link lengths and masses attd by motors directly placed
at the joints for psychophysics perception studys Bystem offers a simple and

reliable solution for weak force perception tasks.

Results showed that people can make use of speoifiplex force field produced

by articulated object to discriminate the torqueduced by different joints.
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Subjects were able to discriminate the null forelfand force generated from the

shoulder joint at a weak force level (~0.15N).

In the present study, the difference between foragnitudes in the four
conditions involved is much larger than 10% of tiean force produced by the
shoulder joint (the minimum among the three actliatetor conditions). The
difference in mean value of the force directionNmtn every two conditions is
larger than 35°. Taken all together, observatiadgcated that a specific Jacobian

matrix based representation is not embedded ax afgthe internal model.

5.2 Future work

In the first study we found that adding constramthe objects has a significant
effect on bimanual integration. It would be intéieg to find out whether seeing
the box or the mere knowledge that one is liftingpa is sufficient for bimanual
integration. Another question needed to be answisrétht whether free
manipulation is necessary to trigger bimanual irgegn with less familiar objects
like pliers.

It is important to find out whether the visual effef the mechanism is related to a
specific transformation characteristic, and howthhad movement is planned or
corrected from the beginning of the movement basethe visual information.
There is evidence that tool use can immediatelpgéahe limit between the near
and far space and the body schema. It would beestiag to find out that whether
use of such complex-mapping tool leads to an imatedihortening of the limb
length representations. In addition, brain imadeahniques will be involved to
study whether vision of linkages in visuo-motor tohrecruits the ventro-dosal
system.

The evidence showed that subjects were able t@ethe source of torque
produced by different actuated joints from the pesed force. Further work will

be focused on the hand trajectory of subjectsertahque discrimination task, to
find out whether there is a mapping between aqdar hand movement trajectory

and specific torque-force transformation.
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