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ABSTRACT

The ability to grasp and hold an object is not aig of the most
common daily activities but also essential forriiyian independent life. According to
a simple prehension model, the force applied upeertically oriented hand-held
object could be decomposed into two distinctivelighly coordinated components:
the grip force (GF; the component perpendiculdah&hand-object contact area that
provides friction) and the load force (LF; the canpnt parallel to the hand-object
contact area that can either move the object quaujpf the body). The GF-LF
coordination could be affected by a number of fesctbat still remain underexplored.
The aim of this study is to investigate the efigdnstructions and hand dominance on
the relationship of GF and LF. Sixteen right-handadicipants were tested on a
custom designed instrumented device. They perfotnmadnual manipulation tasks
under different instructions and mechanical coondgi The exerted GF and LF were
recorded and analyzed. Indices of GF scaling, GFea@pling and GF modulation
were calculated separately for the dominant anddooninant hand. The result
showed that the instruction of “pull” leads to héglGF-LF coordination than the
instruction of “hold”, as seen by a lower GF/LRoahigher GF-LF coupling, and
higher GF modulation. The only effect of hand doamice was a more prominent
time-lag of GF of the non-dominant hand. Over&ig bbserved findings suggest that
the instructions could play an important role in-GF-coordination, and, therefore,
they should be taken into account when either stigdlyand manipulation activities in

healthy individuals or testing hand function inieas patient populations.
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Chapter 1
GENERAL INTRODUCTION

1.1 Hand function

Human hands are able to perform a wide variety @fements, most of
which involve grasping or holding an object. Vasaiudies have investigated
different aspects of grasping and holding taskking&tic approach is often used to
study human hand motor control (Flanagan & Win@3t9aric, Russell, Collins, &
Marwaha, 2005; Johansson & Westling, 1984) becaesaploys a fairly simple
mechanical model, yet is able to reveal importaatimanical and control
characteristics of hand function. According to tmschanical model (Johansson &
Westling, 1984; Westling & Johansson, 1984), thetact force applied at the hand
object contact surface is decomposed into tworgistomponents: the grip force (GF)
and the load force (LF) (Figure 1.1). GF is thenmalrforce applied perpendicular to
the hand-object contact surface to create fricfidre harder the hand squeezes on the
object, the higher GF will be. LF is the frictioor€e applied parallel to the hand-
object contact surface to work against the graauitgt inertia of the object or to support
the body.

From the mechanical aspect, the relationship betw&feand LF is
determined by the coefficient of friction (i) okthand-object contact surface. p
determines how much GF is minimally required whesdpcing a certain amount of
LF. According to the law of friction, the fingeracgthe thumb together have to

produce GF that is at least equal to the ratiofFoahd the coefficient of friction
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Figurel.l A simple mechanical model of hand grip

(GFnin = LF/p) so that the grasped object will not sl of the hand. In real
grasping situations, individuals always produceh@fher than the minimum GF
needed, and the amount of actual GF that exceegg i&Feferred to as the “safety
margin”. Previous studies have shown that the gafetrgin in healthy individuals is

generally low and stable (Johansson & Westling41%8estling & Johansson, 1984).

1.2 General propertiesof GF-LF coordination in healthy people and
individuals with impaired hand function

The LF and GF are partly produced by different neugcoups. The LF is
produced not only by the muscles of the hand, lsat lay the muscles which are in
charge of maintaining the position of upper limbsmving them. The GF, however,
is produced exclusively by the extrinsic and irdiinforearm and hand muscles that
associate with hand prehension. When holding dtisgan object, the magnitude of

LF is consciously controlled based on the intenaedement of the hand. When the



LF increases, the magnitude of GF also needs twjusted, so that it is sufficiently
high to prevent dropping the object. However, Gdo aannot be too high as well,
because a high level of GF may cause fatigue awdthé hand may crush the object
(Johansson & Westling, 1984; Westling & Johans4884). Previous studies have
shown that when the mechanical characteristickefrianipulated object and
expected changes of LF are known in advance, tegiex of GF is modulated by the
central nervous system (CNS) in a predictive mabygehe “feed-forward” control
mechanism. The “feed-forward” control mechanisrabe to provide anticipatory
control over GF and LF and maintains a relativédpke relationship between them
(Blakemore, Goodbody, & Wolpert, 1998; Flanagan &#y 1995; Johansson &
Westling, 1984). When the CNS fails to anticipdie thange of LF (e.g. when the
weight of manipulated objects suddenly changesadaptation period is needed for
the CNS to utilize the sensory feedback informapaovided by skin
mechanoreceptors to produce the correct GF (Blakeetaal., 1998; Flanagan &
Wing, 1997; Johansson & Westling, 1988).

Many studies have focused on task performancedate the quality of
hand grasp. The task performance is the measumevoficcurately the participant
performs compared to a prescribed standard, anobst situations it only concerns
LF. Generally, task performance is assessed bghas including Root Mean Square
Error (RMSE), absolute error and variable error.ild/these variables represent the
participants’ motor control ability in certain agpg a major deficiency is that they
only take LF in to account and neglect the relaiop between GF and LF, which is

an important part of one’s hand function.



The relationship between GF and LF is a valid iatlan of the motor
control ability of the CNS, and this relationshigstbeen investigated in various static
and dynamic manipulation tasks. The most oftenistlchanipulation tasks include
lifting, holding, shaking, and repositioning ingtranted objects. Three different types
of dependent variables have been often used toiegahre relationship between GF
and LF: GF scaling, GF coupling and GF modulat®R.scaling is the overall GF
level relative to the LF level. It is assessedh®y GF/LF ratio, which is calculated as
either instantaneous GF over LF at a specific manoerthe average GF versus
average LF throughout the entire trail. Note that&F/LF ratio cannot be smaller
than the inverse of the friction coefficient (1ip)a steady grip. A low GF/LF ratio
suggests that the participant is able to sensedhict surface friction condition and
adjust GF accordingly in an efficient way, and #iere has been seen as an indication
of high level GF-LF coordination (Flanagan & Wird§95; Jaric, Collins, Marwaha,

& Russell, 2006; Jaric, Russell, et al., 2005; itasky, Gao, & Latash, 2005). GF
coupling reveals how much the change in GF anadhege in LF relate to each other.
GF-LF correlation coefficient, maximum GF-LF crassyelation coefficient and the
corresponding time-lags have been often used &sa$3F coupling. High GF-LF
coordination is usually accompanied with a correfatoefficient close to 1 and time-
lag close to 0 (Flanagan & Wing, 1995; Gysin, Kaskin& Gordon, 2003). GF
modulation reveals how much GF changes when LFgd®arThe slope and intercept
of the GF-LF regression line, which are often nefdrto as GF gain and offset
respectively, have been used to evaluate GF maoilaiigh GF gain and low GF
offset have been interpreted as an indicationlofja GF-LF coordination. In

previous studies, numerous manipulation tasks pedd by healthy individuals have



revealed that they are able to produce GF highisetated with LF, which is revealed
by low GF/LF ratio, high GF-LF correlation, and hiGF gain (Flanagan & Wing,
1995; Jaric et al., 2006; Jaric, Russell, et 81052 Zatsiorsky et al., 2005).

While healthy individuals display a high level oF&F coordination,
neurological patients known for impaired hand colntonsistently show low levels of
GF-LF coordination. Many neurological diseaseskai@vn to cause hand dysfunction
and limit manipulation ability, and, therefore, disao deteriorated values of the
aforementioned GF-LF coordination indices. Foranse, multiple sclerosis (MS)
patients, even those who are just mildly affected laave no difficulties in their daily
activities, regularly apply higher GF than actuadBeded, which leads to a
significantly higher GF/LF ratio than in healthyimiduals (lyengar, Santos, Ko, &
Aruin, 2009; Krishnan, de Freitas, & Jaric, 2008isknan & Jaric, 2008; Marwaha,
Hall, Knight, & Jaric, 2006). In particular, the &IF ratio appears to be highly
correlated with clinical evaluation tasks such apdahded Disability Status Scale and
the Jebsen—Taylor test (Krishnan & Jaric, 2008g ahility of MS patients to produce
an accurate LF profile based on a predefined flaweel is also affected, which leads
to lower task performance as compared to healtthiyictuals. This deterioration of
the ability to accurately control LF has been obséiin different types of static tasks,
including the ramp-and-holding task and the odoillatask (lyengar et al., 2009;
Krishnan et al., 2008; Krishnan & Jaric, 2008; Maha et al., 2006). However, the
GF coupling and modulation in mildly involved MStigats remained comparable
with healthy individuals (Krishnan et al., 2008; Maha et al., 2006). Parkinson’s
disease patients also tend to produce higher GFhbalthy people when lifting and
holding an object (Fellows & Noth, 2004; Nowak & tresdorfer, 2006). They need



longer time to initiate a lifting and the GF protloa of PD patients is also slow
changing and unstable (Benice, Lou, Eaton, & N2@f7; Ingvarsson, Gordon, &
Forssberg, 1997). Likewise, individuals with Hugtion’s Disease take a longer time
to lift the object and generate a higher amour@Bfduring lifting and holding tasks
(Gordon, Quinn, Reilmann, & Marder, 2000; Schwé&elJows, Schaffrath, & Noth,
2001). Individuals with cerebellar dysfunction geate a large amount of GF during
lifting and holding tasks, as well as during veatipoint to point movements (Babin-
Ratte, Sirigu, Gilles, & Wing, 1999; Nowak, Hermsido, Marquardt, & Fuchs, 2002).
Higher than normal GF production has also beenrgbden stroke patients
(Hermsdorfer, Hagl, Nowak, & Marquardt, 2003). dtetl, these studies of individuals
with neurological impairment suggests that thedgadiof GF-LF coordination could
be valid indication of neural control ability arttierefore, used in routine clinical tests
(Benice et al., 2007; Krishnan et al., 2008; Maravahal., 2006). However, before
these tests can be developed, more research releeslione on the general properties
of GF-LF control in healthy individuals in order better understand the typical range

of these indices.

1.3 Factorsthat affect GF-LF coordination in healthy individuals
GF-LF coordination is affected by many other fastbesides neurological
diseases. Such factors involve the physical pra@sedf the manipulated object and
the characteristics of the manipulation task. Tthdies of these factors could be
important for understanding the motor control meg$ma of hands, as well as for
developing clinical tests to evaluate hand funaion
The friction property of the hand-object contaatface apparently has a

significant effect on GF/LF ratio. While more slgy contact surfaces require higher



GF scaling, the relative safety margin also incesdde Freitas & Jaric, 2009; de
Freitas, Uygur, & Jaric, 2009). Different graspsigils using different areas of skin
have an effect on the GF/LF ratio and GF-LF cotiateas well (de Freitas & Jaric,
2009; de Freitas et al., 2009). Jaric and collabossshowed that switching from a
uni-directional task to a bi-directional task leads significant deterioration in GF-
LF coordination, which is represented by a highEfL&E ratio, lower GF-LF
correlation and higher GF gain (Jaric, Russelgl£t2005). Their subsequent studies
revealed that there might be two different contnelchanisms for uni-directional and
bi-directional tasks which are triggered by difigreutaneous input (de Freitas,
Krishnan, & Jaric, 2007a; de Freitas, Markovic,9knan, & Jaric, 2008). Increasing
the frequency of repetitive manipulative actiorede to deteriorated GF-LF
coordination (Flanagan & Wing, 1993, 1995; Zatdigrst al., 2005); however, while
both frequency and magnitude will affect the rdtet@mnge in LF, increase in
magnitude does not affect the GF-LF coordinatiomash as an increase in frequency
does (Uygur, de Freitas, & Jaric, 2010).

The effect of instruction has been widely discussedotor control
studies, especially in the field of motor learn{sge review by Landin, 1994).
Instruction is an important part of motor learnprgcedures and plays a significant
role in the selection of movement patterns. Insgioms are often used to convey
general information about the fundamental aspeskitifto the recipient, and different
instructions may have different effects. Instructean influence attentional focus and
instructions that direct the participant to extéfoaus will result in greater force
production and lower muscular activity during istdic elbow flexions when

compared with an internal focus (Marchant, Greigs@tt, 2009). Avoidant



instruction is well known to have the effect ofrieasing the chance of movement
error (Russell & Grealy, 2010). Instructions casodbe used to make participants
perform different tasks similarly or perform thereatask differently and therefore
serve as a method to control independent variable®tor control experiments.
Brown and Cooke (1981) conducted experiments ooveftexion-extension
movement with the instruction of moving “accurateand “fast”, which revealed that
the EMG pattern of antagonist muscles varies wligerent instructions are given to
the participant. Sometimes the experimenter carerttad participants believe that
they are doing different tasks by giving them d#f& instructions, although they are
actually doing the same thing. Latash and Jarieé§)lperformed an experiment in
which they asked the participants to put theirtriglbow on the table, keep the
forearm and hand straight and push a fixed metahdérwith their hand. The
participants were asked to keep a constant formgyation under two different
instructions. One instruction asked the particigamgroduce the force primarily by
their wrist muscle and relax the elbow, while thieen instruction asked the
participant to produce the force primarily by thelioow muscle and relax the wrist.
Note that no matter which instruction they recethe, participants had to produce the
same joint torque in the wrist and elbow joint nder to keep the same force output at
the hand and, therefore, these were essentiallyaime task. However, the change in
instruction led to a significant change in myoeliecactivities in most muscles.
Specifically, the muscles over the instructed jbiatl higher activities than the
uninstructed joint. These findings suggest that emoent control is also instruction
specific, and different instructions may lead tfiedtent motor performance. In the

study of hand force coordination, we have beengugamious instructions without



paying attention to their specific meanings, arfthg yet to be determined whether
different instruction would lead to a different fgah of the GF-LF coordination.

Hand dominance could be another factor that afi@étd_F coordination.
A traditional understanding of hand dominance satgggkthat the dominant and non-
dominant arms are predominantly controlled by opent closed-loop neural
mechanisms, repectively. However, this idea has bballenged by the model of
motor lateralization (Sainburg, 2002, 2005). Thedei states that the dominant limb
is specialized for dynamics tasks, such as coirigplimb trajectory using torque-
efficient strategies (Bagesteiro & Sainburg, 20@2) the non-dominant limb is
specialized in static tasks, such as controllirglittnb position due to more effective
load compensation (Bagesteiro & Sainburg, 2003¢ ddivantage of the dominant
hand in dynamic tasks has been studied extengiBelgesteiro & Sainburg, 2002).
However, the advantage of the non-dominant harsthitic tasks has not been well
documented, especially for coordination of GF aRdrLgrasping, which can be
generalized to a variety of manipulation tasksKdstas, Krishnan, & Jaric, 2007hb).
Two studies on the GF-LF coordination have expldheddifference in coordination
between dominant and non-dominant hands. Thestiusty revealed a somewhat
lower GF/LF ratio of the non-dominant hand in stdimanual tasks, which suggests
that the non-dominant hand is able to adjust taythsping condition and works more
efficiently in static manipulation than the domib&and, and, therefore, this result
speaks in favor of the motor lateralization (Fedr&nJaric, 2006). The second study
did not detect a significant difference in the GFHatio, but revealed a difference in
LF direction deviation between hands (de Freitagshftan, & Jaric, 2007b). The

results specifically suggest that the non-domiremid has better control of the force



direction under the static condition. However, bsiiidies failed to find any
difference in GF coupling and GF modulation betwkands, as well as in the tested
task performance. Therefore, the effect of handidante on GF-LF coordination

still remains inconclusive, and further researchasded to address the discussed issue.
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Chapter 2
SPECIFIC AIMS

The ability of our hands to grasp and hold an dbga prerequisite for a
number of common daily activities and also esskfdrdiving an independent life.
According to a simple prehension model, the foqmaliad upon a vertically oriented
hand-held object could be decomposed into twordistie components: the grip force
(GF, the force component that is perpendiculah&hiand-object contact area and
provides friction) and the load force (LF, the ®@mponent that is parallel to the
hand-object contact area that can either movehjfexovertically or provides
externals support of the body). Previous studieg Ishown that these two forces are
mutually highly correlated. This elaborate coordima could be affected by a number
of factors that still remain underexplored. Forrapée, although it is generally known
that the neural control of voluntary movementsathliask and instruction specific, it
remains unknown whether some of the most frequestitlictions, such as “hold” and
“pull”, differently affect the GF-LF coordinatiofhe effect of hand dominance could
be another factor that affects GF-LF coordinatienguse the model of motor
lateralization implicitly suggests lateral diffepss in passive (e.g., hold) and active
(e.g., pull) tasks. Therefothe aim of this study was to explore the effect of
instructions and hand dominance on the participaaltslity to coordinate their GF

and LF in static manipulation tasks.
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Hypothesis #1: The instruction of “pull” will lead higher force
coordination than the instruction of “hold”, evehewn the hands are performing
mechanically identical tasks.

Hypothesis #2: The non-dominant hand will providiatively higher
force coordination in the holding tasks, while ttmminant hand will perform
relatively better in pulling tasks.

The hypothesized results will not only reveal tffea of instructions on
manipulation task performance, but also stresgnipertance of instructions and

laterality in both the studies and the routineitgsof hand function.
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Chapter 3
MANUSCRIPT

3.1 Introduction

The ability to manipulate objects is crucial foritig an independent and
active life. Many studies have investigated handipwdation tasks. Force analysis in
manipulation tasks has been usually based on desimgchanical model of holding a
vertically oriented object (Flanagan & Wing, 199&yic, Russell, et al., 2005;
Johansson & Westling, 1984). The load force (LEheésfriction force applied in
parallel to the hand-object contact surface to owae the object's weight and inertia.
The grip force (GF) is the normal force appliedgeerdicularly against the object and
provides friction and controls the object positidiecording to the model, GF needs to
be scaled high enough to prevent slippage, butradsexcessively to crush the object
or cause fatigue. Studies performed on healthyiddals have consistently shown a
high level of GF-LF coordination through severadgerties of GF control (Flanagan
& Wing, 1995; Jaric, Russell, et al., 2005; Johans& Westling, 1984; Westling &
Johansson, 1984). First, GF is scaled to proviagadively low and stable GF-LF
ratio which is, however, still high enough to prevslippage. Second, a continuous
coupling of GF with the ongoing changes in LF hasrbobserved. This coupling has
been revealed through high GF-LF correlation amdtime-lag between them
(Flanagan & Wing, 1995; Jaric et al., 2006; Johanss Westling, 1984), which
suggests involvement of anticipatory 'feed-forwasliral control mechanisms

(Johansson & Westling, 1984, 1988). Third, to pdewhe aforementioned coupling
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and a stable GF-LF ratio, GF is highly modulatethwespect to the changes in LF
caused by ongoing manipulative actions (Flanagaigg, 1995; Jaric et al., 2006;
Johansson & Westling, 1984; Westling & Johanss8B84). However, this fine
coordination between GF and LF could be affected hymber of factors, which
include underlying neurological diseases (Benical.eR007; Krishnan et al., 2008;
Marwaha et al., 2006; Nowak & Hermsdorfer, 200@)tching from uni-directional
to bi-direction tasks (de Freitas et al., 2008icJ&ussell, et al., 2005), or increased
complexity of the tasks performed (Krishnan & Ja#@10). Therefore, GF-LF
coordination has been seen both as a window fdiystg some basic neural control
mechanisms of movement control and as a basisi@ldpment of routine
guantitative tests of hand function in various @attipopulations (Krishnan & Jaric,
2008; Nowak & Hermsdorfer, 2006).

Although these phenomena have been studied exénsiver previous
decades, some factors that can affect GF-LF coatidimstill remain underexplored.
For example, instruction plays a significant ralghe selection of movement patterns
(Glaser & Bassok, 1989; Landin, 1994). Distinctefeects of instructions to move
“fast”, “fast and accurate” and “accurate” on tlhsequent task performance are
probably the best known example in motor conttekditure (Brown & Cooke, 1981;
Fitts, 1954). It has been shown in a mechanicalhstrained task that emphasizing
the action on only one muscle group within a lirelads to a profoundly different
activation pattern of individual muscles while thmb is producing mechanically
identical tasks (Latash & Jaric, 1998). Therefdreemains possible that switching the
instructional emphasis in the same manipulatiok tag., “pull” instead of “hold”)

could affect the GF-LF coordination pattern. Anotfaetor that could play a role in
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GF-LF coordination is the hand dominance. The motielotor lateralization
suggests that the dominant limb is specializedl§joamic, feed-forward controlled
tasks (Bagesteiro & Sainburg, 2002; Sainburg, 2008j)le the non-dominant limb
could be specialized for feedback mediated errmmection mechanisms (Bagesteiro
& Sainburg, 2003). In the very few studies thatlergd the effect of hand dominance
on GF-LF coordination, results have been inconsigteerrand & Jaric, 2006; de
Freitas, Krishnan, & Jaric, 2007b).

We designed an experimental protocol based on #repulation tasks
that required a bimanual holding of free movingrternally fixed instrumented
handles, and exerting prescribed LF profiles agdivesn. We hypothesized that the
studied GF-LF coordination would be higher underitistruction to “pull” than to
“hold”, as well as that the non-dominant hand wauedform relatively better in static
feedback controlled task than the dominant hand.é&Xpected findings could be of
importance for the understanding of some imporéapects of force coordination, as
well as for refining the testing protocols of bddiure research studies and routine

testing of hand function.

3.2 Methods
Healthy right-handed participants (as assessebéfzdinburgh Inventory
Questionnaire; (Oldfield, 1971)) were recruitech{8les and 8 females, 20 to 30 years
old). The experiment was approved by IRB of thevdrsity of Delaware and
conducted in accordance with the declaration ofidki.
A custom designed device similar to the device usexir previous
experiments (Jaric, Knight, Collins, & Marwaha, 8pWas used to record GF and LF

produced by the participants (Figure 3.1A). Twodias were mounted on two ends
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of a metal stick which was detachable from an eelesupport frame. The handles
consisted of two parallel plates covered with Higttion rubber with a single-axis
force sensor (WMC-50, Interface Inc., USA) instdlie between to record the
compression force exerted against thég). (Multi-axis force transducers (Mini40,
ATI, USA) were positioned at the handle-stick juons to record the total force
applied against the handle in all three directigfisFy andF;). Similar to previous
studies, GF and LF were calculatedias=| F, || +I| F, — F, Il andLF = \/E? + F2?
(de Freitas et al., 2008). A custom designed LabWVitogram was used to display
the real-time LF on a screen placed in front ofghdicipant during the experiment in
order to record the data for analysis.

Prior to the testing, participants were asked tetwand dry their hands.
They were sitting on a chair with their elbows soed by a table and holding the
device with both hands (Ferrand & Jaric, 2006). figight of the device was
individually adjusted so that the participant cobtidd the device comfortably. To
familiarize them with the tested tasks, each pigaiat first completed 5 practice trials
of each task. The tested tasks includeda&nep-and-holding tasthat required the
participants to pull the handles away and thergbooeluce a tension force gradually
increasing from O N to 10 N at a constant rate éveland thereafter continue keeping
a constant force (i.e. 10 N) for another 6 s. Obeillation taskis the other tested task,
which required the participant to produce an aatiflp sinusoidal force in the
direction of tension within the range of 2 N andNL@or 8 s at the frequency of 1.33
Hz paced by a metronome. Prior the familiarizatlooth tasks were demonstrated and

thereafter the specific instructions were given.
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The experimental session followed the practiceisesdter a 10 minute
rest. It included testing both tasks under diffei@nditions. First, the device was
arranged in two different physical conditions: fix® the external support (device
fixed) and detached from it (devite=€). Note that for the device fixed, the actions of
two hands were mechanically separated, while ferdiwvice free, LF produced by two
hands were inevitably equal to mechanically comatnfor each other. Second, the
instructions were manipulated. Under the detfiee condition, the instructions were:
(2) “pull the handle EQUALLY with both of your hast (2) “pull ONLY with your
left hand while using your right hand just for hialg’, and (3) “pull ONLY with your
right hand while using your left hand just for hiolgl” As a result, for the free device
each hand was tested under the conditions whenhaottls were pulling (Free B/Pull),
when pulling while the other hand was holding (APedl), and when holding while
the other hand was pulling (Free Hold). The onffedence for the device fixed was
regarding the instructions (2) and (3), where ttieiohand was instructed “to relax”,
instead of “to hold”. Therefore, since the forcéshe relaxed hand were not recorded,
each hand for the device fixed was tested when tatials were pulling (Fixed B/Pull)
and when only one hand was pulling (Fixed Pull).

The experimenter repeated the instructions pri@aich trial and also
stressed that the real time feedback regardingholvs on the computer monitor
originated only from the pulling hand. The sequeoicthe tasks (ramp-and-holding
and oscillation), physical conditions (device fixaud free), and instructions were
randomized. Under each of their combinations, tlaetce and, thereafter, the

experimental trial were performed.
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Raw signals from the force transducers were sangil@d0Hz and low-
pass filtered at 10 Hz with a fourth order Butterthdilter. In the ramp-and-holding
task the data from the first and last 1 s of edwsp were discarded, and as well as the
first 3 s and the last second in the oscillati@ktaince they might be affected by the
preceding and anticipated transitions (de Freikashnan, & Jaric, 2007b). ANOVA
and MANOVA were used on ramp-and-holding task asdllation task respectively
to analyze the main effect obndition(Fixed B/Pull, Fixed Pull, Free B/Pull, Free
Pull, and Free Holdhand(dominant and non-dominant, i.e. right and leftyd, only
for the ramp-and-holding tasghase(ramp and holding). In line with previous studies,
we expected to observe high GF-LF coordinationugholow GF scaling, high GF
coupling, and high GF modulation (Blakemore et98; Blank et al., 2001;

Flanagan & Tresilian, 1994; Jaric, Russell, et20Q5; Zatsiorsky et al., 2005). The
level of significance was set to 0.05 and paireigmparisons were adjusted by

Bonferroni corrections.

3.3 Results
Figure 3.1 shows force profiles obtained from aespntative participant
under the instruction to pull the free-moving deweith the right hand and hold with
the left hand. Note that the hand instructed td iewiealed higher force level than the
hand instructed to hold in the oscillation taskn@leC), but not in the ramp-and-
holding task (B). As a consequence, the GF-LF diegfpanel D) shows higher
overall GF/LF ratio and GF modulation for the hamstructed to pull than the hand

instructed to hold.
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Figure3.1 (A) Theexperimental device and theforcesexerted (transducers
represented by shaded blocks) by thetips of the digits (circles).
Force profilesrecorded in a representative subject during ramp-
and-hold (B) and oscillation task (C) are shown, together with the
GF-LF diagram (D) obtained from the depicted oscillation trial. The
correlations (r) reveal GF-LF coupling, while the slopes of the
regression lines show GF modulation.
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We also evaluated the errors to assess the otasklperformance. The
RMSE of the ramp and holding phase of the ramptaiding task were 0.44+0.04
and 0.34+£0.04 N (mean+SD), respectively (data ayestacross the participants,
conditions and instructions). The absolute errahefoscillation task (averaged for
the prescribed minima and maxima of the sinusqdafiles) was 0.80+0.32 N (see
Appendix 1 for details). Therefore, we could conlduhat the obtained LF profiles

were accurate enough to allow for the testing efttfppothesized effects.

RAMP HOLDING
2
[ JLeftHand
[ Right Hand
X X
15} T ” ]
o [ |
®
w 1}
-
E _ 1
(D < 1
05¢

Fixed Fixed Free Free Free Fixed Fixed Free Free Free
B/Pull  Pull B/Pull Pull Hold B/Pull Pull B/Pull Pull Hold

Figure3.2 GF scaling observed through the GF/LF ratio in the ramp-and-
holding task for two hands under different conditions (data
averaged across participantswith standard error bars; *: p <0.05).

In the ramp-and-holding task, a 3-way mixed desibiOVA (handas

between subject factgphaseandconditionas within subject factor) was used to test
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the GF scaling through GF/LF ratio (Figure 3.2)eThsults revealed the significant
main effect of phase=((1, 30) = 46.10p < 0.001* = 0.606; these and further data
were Greenhouse-Geisser corrected if Mauchly’saesphericity was significant)

and conditionE (2.53, 75.77) = 39.74 < 0.001 7 = 0.570). The significant phase x
condition interactionR (2.56, 76.92) = 36.2 < 0.001,° = 0.547) suggested that
the difference between the free and fixed condstias higher during the ramp than
during the holding phase. Pairwise comparison skawat within each phase, the free
conditions lead to significant higher GF/LF rati@ai the fixed conditions. Neither the
main effect of hand nor its interactions was sigaift.

For the oscillation task, the main effecthaind (between subject factor)
andcondition(within subject factor) on GF-LF coordination wassessed by a 2-way
mixed design MANOVA on GF scaling (through GF/LEaoy GF-LF coupling
(through Z-transformed correlation coefficient @hd corresponding time-lags), and
GF modulation (through GF gain observed from GFdidgrams; see Figure 3.1D for
illustration). The MANOVA applied on these four Gf~coordination variables
revealed the significant main effect of conditiddilks’ Lambda = 0.21F (16,

358.08) = 14.70p < 0.001 4 = 0.320) and hand x condition interaction (Wilks’
Lambda = 0.80F (16, 358.08) = 1.73 < 0.05,4° = 0.055), while the main effect of
hand (Wilks’ Lambda = 0.8F (4, 27) = 1.04p > 0.05, 5* = 0.133) was not
significant. However, the univariate test revealedsignificant hand x condition
interaction on all dependent variables. Univaratalyses on each dependent variable
revealed significant main effect of condition on/GiFratio F (1.67, 50.10) = 39.24,

p < 0.001,° = 0.567), Z-transformed correlation coefficieRt(2.75, 82.50) = 20.94,

p < 0.001,7 = 0.411) and GF gairF((2.69, 80.75) = 20.5¢ < 0.001 4 = 0.407),
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Figure3.3 GF-LF coordination indices observed in oscillation tasks (data
aver aged across subjects with standard error bars). Panel A and B
depicts GF coupling through the time-lag and median of correlation
coefficient, respectively. Panel C depicts GF scaling assessed by
GF/LF ratio, while panel D depicts GF modulation through GF gain.
(*: p<0.05).
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but not on time-lagK (1.66, 49.95) = 1.09 > 0.05,,% = 0.035). Pairwise comparison
revealed that the Free Hold condition resultedgnicant higher GF/LF ratio, lower
GF- LF correlation and lower GF gain than the otheonditions. Similar to the
ramp-and-holding task, the free conditions suggelsigher GF/LF ratios than the
fixed conditions, while the Fixed B/Pull conditioevealed higher correlation
coefficient than the Free Pull condition. The umizee analyses also revealed that
although the main effect of the hand was not sigait in multivariate analyses, it
was significant regarding the univariate analys$isme-lag ¢ (1, 30) = 4.35p < 0.05,
n? = 0.127). Pairwise comparison showed that the-tagevas significantly higher in

the left hand than in the right hand.

3.4 Discussion

In this study, we explored the GF pattern whenpdmticipants’ two hands
were receiving two different instructions (i.e.uf and “hold”) but were performing
identical pulling tasks. Due to the tasks’ bimamture, we were also able to assess
the effect of hand dominance on the GF patternhWmthesized a higher GF-LF
coordination under the instruction of “pull” thahdld”, as well as a relatively higher
coordination of the non-dominant hand in the stieriback controlled task than the
dominant hand. Overall, the results supporteditseHypothesis. Specifically, we
found significant differences in all of the GF-LBardination indices between the
pulling condition and the holding condition in tbecillation task, which suggested
that the instruction of “pull” resulted in higheF&.F coordination than the

instruction of “hold”. Regarding the second hypaikewe failed to find any

23



significant differences between the dominant hamtithe non-dominant hand except
for the time-lags obtained from the oscillatiorkias

The most important finding of this study was theg two distinctive
instructions of “pull” and “hold” could have a sifjoant effect on GF-LF
coordination. Specifically, the results suggested the instruction of “pull” could
lead to a better GF-LF coordination than the irdtom of “hold”, as seen through a
lower GF/LF ratio, higher GF-LF correlation, andjiier GF gain. This could be seen
as an extension of the finding that focusing eftortdifferent arm joints while
performing the mechanically identical act coulddi¢éa distinctive activation patterns
of involved muscles (Latash & Jaric, 1998). Henge could speculate that the
instruction of “pull” could be implicitly understabby participants as a command to
actively exert and modulate the forces, while tistruction of “hold” could lead them
to employ a more passive and low modulation styatédorce control. Note that the
previous studies have shown that the GF/LF ratgerserally higher and GF-LF
correlation is lower when passively holding an ebjaan actively pulling it
(Johansson, Riso, Hager, & Backstrom, 1992). Flumptactical aspect, when asking
our participants to perform a particular manipwaatiask, we often routinely instruct
them either to “pull” or to “hold” or something elswithout paying particular
attention to specific wording. Here we see a pra@minnstruction associated
differences in the motor behavior even in mechalyiadentical acts, which clearly
speaks in favor of standardizing instructions eithduture research or in routine
testing of hand function.

Regarding hand dominance, several studies havedoeglucted in our

lab to investigate its effect on GF-LF coordinatiblowever, these studies have
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provided inconsistent results. The first study fansignificantly lower GF/LF ratio
in the non-dominant hand in both ramp-and-holdagktand oscillation task
performed under static conditions, although theaffer sewas relatively small
(Ferrand & Jaric, 2006). However, the second sfadgd to reveal a significant
difference in GF/LF ratio, but found an advantafjthe non-dominant hand when
accurately controlling LF direction under statioxddions (de Freitas, Krishnan, &
Jaric, 2007b). Nevertheless, the results were oitiyliin line with the model of motor
lateralization (Sainburg, 2002), suggesting thatrtbn-dominant limb is specialized
for controlling limb position under static conditi® (Sainburg, 2005). However, this
study mainly failed to detect any significant difaces in GF-LF coordination
variables between the dominant and non-dominardshameither of the tested tasks.
The only exception was the time-lags observed fiftueroscillation task, which
suggest that GF slightly lags LF in the left (ilropn-dominant) hand, but not in the
right hand. Although the observed difference betw®e hands was smaller than the
delays of the anticipated GF reactions to suddeoHanges (Ohki, Edin, & Johansson,
2002), it could originate from a partial involvenen feedback control mechanisms.
Although somewhat below the significant level, dhserved difference between two
hands was particularly prominent under the holdmstyuction, which also supports
the hypothesized instruction specific patternshef¢ontrol mechanisms. Nevertheless,
further research is needed on the role of hand mfmmse in GF-LF coordination and,
in particular, on the possible differences in neaaatrol mechanisms between two
hands.

Since all of our previous experiments were perran fixed device

and this experiment requires a free moving dewieetested our subjects on both
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conditions in this experiment. The result reveadilar level of GF-LF coordination
indices except for a significant higher GF/LF ratiofree device than fixed device.
We interpret this increased GF/LF ratio when hajdarnfree device as an action to
reduce the risk of dropping. Similar findings weleserved when decreasing the
coefficient of friction on the hand-object contaatface (de Freitas et al., 2009), as
the GF/LF ratio would increase in order to prewdnopping when holding a more
slippery object.

In summary, our result suggests that GF contrimisguction specific and
therefore different instructions could lead to elifint force patterns in manipulative
tasks. Although not novel in the general field ajtor control (Brown & Cooke, 1981;
Latash & Jaric, 1998; Sahaly, Vandewalle, Drissvi&nod, 2001), the revealed
instruction specific control patterns are novethia area of force control in
manipulation tasks. In addition to its general im@ance, the present findings need to
be taken into account when designing either experiai procedures or routine
protocols for testing hand functions through focoerdination. However, the effect of
hand dominance still remains unclear; althoughotieerved differences in time-lags
suggest that the feedback neural mechanisms ceypeubly involved in the

anticipatory control of the GF of the non-dominbhanhd but not the dominant hand.
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Chapter 4
GENERAL CONCLUSIONS

Object manipulations are among the most importastbrmactions
performed in our daily lives. Therefore, the untlmding of the force control in
manipulative actions is vital not only becauseoitttibutes to understanding the
involved neural mechanisms, but also because [tdamntribute to further
development and refinement of the procedures relytunsed in rehabilitation of
neurological and other patients, as well as in igneg routine protocols for testing
hand functions.

In this study we explored the effect of instructeomd hand dominance on
the GF-LF coordination in various static manipuattasks. In general, we found that
the GF-LF coordination can be considerably affetigthstructions. Specifically,
instruction “to pull” could lead to lower GF scatinhigher GF coupling, higher GF
modulation, and therefore better overall GF-LF dumation than the instruction “to
hold”. However, we did not find significant differees in GF-LF coordination indices
between the dominant hand and the non-dominant, lexwcedpt for a higher time-lag
in the non-dominant hand during oscillation taskadldition, we also found that the
GF scaling would increase significantly when matapog a free object compared
with manipulating a fixed object.

Overall, the observed findings suggest that theuonsons could play an
important role in GF-LF coordination and, therefdrey should be taken into account

when studying hand manipulation activities. Theref@xperimenters should be
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cautious regarding instructions and, particulaspecific wording throughout both the
experimental and routine testing procedures. ptasisible to assume that the specific
instructions could also lead to distinctive resulten applied during the various
rehabilitation protocols aimed towards improvematiand function. The selective
effect of instructions still remains to be exploredrarious populations of individuals
with neurological and other diseases.

Regarding the role of hand dominance, both theepitesnd previous
studies generally suggest that although the effeest exist, it could be relatively weak.
Therefore, it is possible that the effects of mdaberalization are more prominent
both at other levels (e.g., movement kinematicgyetgctric patterns) and in other
tasks (e.g., reaching movements, reactions topations) than in the studied GF-LF
coordination. Nevertheless, the observed differem¢ene-lags between the dominant
and non-dominant hand certainly deserves furttientin since it could reveal a

fundamental distinction in motor function betweba two hands/brain hemispheres.
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APPENDIX |

TASK PERFORMANCE

The task performance of the ramp-and-holding taa& measured by the
root mean square error (RMSE) of the participaiut'se pattern compared with the
prescribed force profile. Since the force profiigpthyed on the screen in front of the
participants during the experiments was recordethdth the left and right hand
whose profiles could have been slightly differemné do inertia and other factors, we
used the averaged force to measure task performBased on the order of the
experiments, these data were grouped regardingditams: both hands pulling the
fixed and free device (Fixed BP and Free BP),pafling right holding the fixed and
free device (Fixed LPRH and Free LPRH) and righlimmileft holding the fixed and
free device (Fixed RPLH and Free RPLH). The aveRMISE for all participants
during the ramp phase was 0.34+0.04 (Mean+SD)danitig the holding phase is
0.44+0.04. A two way ANOVA (6 conditions x 2 phasiessapplied on the data, and
the result showed significant main effect of bdté tondition F (2.61, 39.23) = 8.19,
p < 0.001) and phasé& (1, 15) = 8.83p < 0.01), but not their interaction. Pairwise
comparison showed that RMSE of the ramp phase igaghthan that of the holding
phasef < 0.001), as well as the RMSE recorded under BrRRH condition was
higher than under the Fixed LPRH, Fixed RPLH areEBP conditiong < 0.001).

The task performance of the oscillation task waasueed by the absolute
error (AE) and variable error (VE). The AE averagedoss the participants and
conditions was 0.80+0.32, while VE was 0.68+0.380Tone-way ANOVA (6
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conditions similar to RMSE in ramp-and-holding tpslas performed on both AE and
VE. The result revealed significant main effectohdition on AE (F (3.15, 47.35) =
3.47, P <0.01). Pairwise comparison suggestegrdfisantly lower AE under Fixed
BP condition than under Fixed LPRH condition. Ngnsficance effect of conditions

was found regarding VE.
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FigureA.1 Thetask performance variables (data averaged across subjects with
standard error bars) for ramp-and-holding task and oscillation task.
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INFORMED CONSENT FORM

Research Study: ASSESSMENT OF HAND FUNCTION THROUGH FORCE.
COORDINATION IN MANIPULATION TASKS

Investigators: Slobodan Jaric, PhD (Health and Exercise Sciences)

1. PURPOSE/DESCRIPTION OF THE RESEARCH

Slobodan Jaric has requested your participation in this research study. The purpose of this
research is to examine how people exért different patterns of forces along a hand-held device.
You are one of approximately 30 individuals who are recreationally active adults without a
neurological discrder between the ages of 18 and 60 who will participate in this study. You will
be asked to attend either one or two testing sessions lasting between 1 and 1.5 hours each.

At each session, you will sit in a chair or stand still and comfortably hold a 1ightweight device in
front of you with tips of your fingers. At the beginning of the session, there will be a handedness
test to make sure you are right handed. Then you will grip that the device with as much force as
- you can exert with each of your hands. Next, you will be given instructions on how to hold the
device and what kind of forces to produce with your hands while holding it. The most applied
force you will be asked to use during this part of the testing will not be greater than the forces
produced while doing such things as eating with fork and knife, or lifting a glass of water.

2. CONDITIONS OF SUBJECT PARTICIPATION

Your participation is totally voluntary. The experimental results will be reported in aggregate
form only. You will not be individually identified, except possibly by a subject number known
only to the researchers. The results of the rescarch study may be published but your name or
identity will not be revealed. All data and records will remain confidential, securely stored as
computer files or paper documents in a locked cabinet in the investigator’s office indefinitely,
and will only be accessed by the investigator. In the unlikely event of physical injury during
laboratory testing procedures, you will receive first aid. If you require additional medical
treatment, you will be responsible for the cost. Testing will be stopped if you cannot adequately
perform the tasks. You may withdraw your consent and discontinue partlczpatlon in this study at

any time without penalty.

3. RISKS AND BENEFITS - :
There is a small risk of some transient muscle fatigue, however the task is not more ‘stréntiows

than ordinary tasks of manipulating lightweight objects or using external supports we regularly
perform during daily living. You will be given opportunity to rest during the testing session, if
necessary.

There are no direct benefits to you for participation. However, this study should prowde new
information about the neural control of patterns of unimanual and bimanual forces in various

manipulative tasks.
5. CONTACTS

If you have questions about the rescarch study, you may call Dr. Slobodan Jaric (302/831-6174),
Associate Professor, Department of Health and Exercise Sciences. If you have questions

Subject’s initials:
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regarding the rights of individuals who agree to participate in this research you may call the
Chair of the University of Delaware IRB (302/831-2137).

6. SUBJECT'S ASSURANCES

I have read the above informed consent. The nature, demands nsks and benefits of the project
have been explained to me. I understand that I may withdraw my consent and discontinue my
“participation in this study at any time without penalty or loss of benefit to myself. My
participation in this research study is not related to any course grade associated with the
University of Delaware. A copy of this consent form has been given to me.

7. CONSENT SIGNATURES

Subject’s Signature: - Date:

Subject’s Name (printed): Date:

I certify that I have explained to the above individual the nature and purpose, the potential
benefits, and possible risks associated with participation in this research study, have answered
any questions that have been raised, and have witnessed the above signature. 1 have p10v1ded the
subject with a copy of this informed consent document.

Signature of the Investigator: ‘ Date:

Subject's initials:
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Surname.......

R. C. OLpFIELD

APPENDIX II

Medical Research Council Speech & Communication Unir

EDINBURGH HANDEDNESS INVENTORY

Given Names

Date of Birth

Sex

Please indicate your preferences in the use of hands in the following activities by putting -+ in the
appropriate column. Where the preference is so strong that you would never try to use the other hand
unless absolutely forced to, put ++-. If in any case you are really indifferent put -+ in both columns.

Some of the activities require both hands, In these cases the part of the task, or object, for which hand
preference is wanted is indicated in brackets.

Please try to answer all the questions, and only leave a blank if you have no experience at all of the

abiject or task.

LEFT RIGHT

1 Writing

2 Drawing

3 Throwing

4 Scissors

5 Toothbrush

6 Knife (without fork)

7 Spoon

8 Broom (upper hénd) B

9 Striking Match (match)

10 Opening box (lid)

i Which foot do you prefer to kick with?

i Which eye do you use when using only one?

L.Q. Leave these spaces blank DECILE

MARCH 1970




