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ABSTRACT 

The ability to grasp and hold an object is not only one of the most 

common daily activities but also essential for living an independent life. According to 

a simple prehension model, the force applied upon a vertically oriented hand-held 

object could be decomposed into two distinctive but highly coordinated components: 

the grip force (GF; the component perpendicular to the hand-object contact area that 

provides friction) and the load force (LF; the component parallel to the hand-object 

contact area that can either move the object or support of the body). The GF-LF 

coordination could be affected by a number of factors that still remain underexplored. 

The aim of this study is to investigate the effect of instructions and hand dominance on 

the relationship of GF and LF. Sixteen right-handed participants were tested on a 

custom designed instrumented device. They performed bimanual manipulation tasks 

under different instructions and mechanical conditions. The exerted GF and LF were 

recorded and analyzed. Indices of GF scaling, GF-LG coupling and GF modulation 

were calculated separately for the dominant and non-dominant hand. The result 

showed that the instruction of “pull” leads to higher GF-LF coordination than the 

instruction of “hold”, as seen by a lower GF/LF ratio, higher GF-LF coupling, and 

higher GF modulation. The only effect of hand dominance was a more prominent 

time-lag of GF of the non-dominant hand. Overall, the observed findings suggest that 

the instructions could play an important role in GF-LF coordination, and, therefore, 

they should be taken into account when either studying hand manipulation activities in 

healthy individuals or testing hand function in various patient populations.     
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Chapter 1 

GENERAL INTRODUCTION 

1.1 Hand function 

Human hands are able to perform a wide variety of movements, most of 

which involve grasping or holding an object. Various studies have investigated 

different aspects of grasping and holding tasks. A kinetic approach is often used to 

study human hand motor control (Flanagan & Wing, 1993; Jaric, Russell, Collins, & 

Marwaha, 2005; Johansson & Westling, 1984) because it employs a fairly simple 

mechanical model, yet is able to reveal important mechanical and control 

characteristics of hand function. According to this mechanical model (Johansson & 

Westling, 1984; Westling & Johansson, 1984), the contact force applied at the hand 

object contact surface is decomposed into two distinct components: the grip force (GF) 

and the load force (LF) (Figure 1.1). GF is the normal force applied perpendicular to 

the hand-object contact surface to create friction. The harder the hand squeezes on the 

object, the higher GF will be. LF is the friction force applied parallel to the hand-

object contact surface to work against the gravity and inertia of the object or to support 

the body.  

From the mechanical aspect, the relationship between GF and LF is 

determined by the coefficient of friction (µ) of the hand-object contact surface. µ 

determines how much GF is minimally required when producing a certain amount of 

LF. According to the law of friction, the fingers and the thumb together have to 

produce GF that is at least equal to the ratio of LF and the coefficient of friction 
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Figure 1.1 A simple mechanical model of hand grip 

 
 
 

 (GFmin = LF/µ) so that the grasped object will not slip out of the hand. In real 

grasping situations, individuals always produce GF higher than the minimum GF 

needed, and the amount of actual GF that exceeds GFmin is referred to as the “safety 

margin”. Previous studies have shown that the safety margin in healthy individuals is 

generally low and stable (Johansson & Westling, 1984; Westling & Johansson, 1984).  

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

The LF and GF are partly produced by different muscle groups. The LF is 

produced not only by the muscles of the hand, but also by the muscles which are in 

charge of maintaining the position of upper limbs or moving them. The GF, however, 

is produced exclusively by the extrinsic and intrinsic forearm and hand muscles that 

associate with hand prehension. When holding or shaking an object, the magnitude of 

LF is consciously controlled based on the intended movement of the hand. When the 
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LF increases, the magnitude of GF also needs to be adjusted, so that it is sufficiently 

high to prevent dropping the object. However, GF also cannot be too high as well, 

because a high level of GF may cause fatigue and also the hand may crush the object 

(Johansson & Westling, 1984; Westling & Johansson, 1984). Previous studies have 

shown that when the mechanical characteristics of the manipulated object and 

expected changes of LF are known in advance, the exertion of GF is modulated by the 

central nervous system (CNS) in a predictive manner by the “feed-forward” control 

mechanism. The “feed-forward” control mechanism is able to provide anticipatory 

control over GF and LF and maintains a relatively stable relationship between them 

(Blakemore, Goodbody, & Wolpert, 1998; Flanagan & Wing, 1995; Johansson & 

Westling, 1984). When the CNS fails to anticipate the change of LF (e.g. when the 

weight of manipulated objects suddenly changes), an adaptation period is needed for 

the CNS to utilize the sensory feedback information provided by skin 

mechanoreceptors to produce the correct GF (Blakemore et al., 1998; Flanagan & 

Wing, 1997; Johansson & Westling, 1988).  

Many studies have focused on task performance to evaluate the quality of 

hand grasp. The task performance is the measure of how accurately the participant 

performs compared to a prescribed standard, and in most situations it only concerns 

LF. Generally, task performance is assessed by variables including Root Mean Square 

Error (RMSE), absolute error and variable error. While these variables represent the 

participants’ motor control ability in certain aspects, a major deficiency is that they 

only take LF in to account and neglect the relationship between GF and LF, which is 

an important part of one’s hand function.  
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The relationship between GF and LF is a valid indication of the motor 

control ability of the CNS, and this relationship has been investigated in various static 

and dynamic manipulation tasks. The most often studied manipulation tasks include 

lifting, holding, shaking, and repositioning instrumented objects.  Three different types 

of dependent variables have been often used to examine the relationship between GF 

and LF: GF scaling, GF coupling and GF modulation. GF scaling is the overall GF 

level relative to the LF level. It is assessed by the GF/LF ratio, which is calculated as 

either instantaneous GF over LF at a specific moment, or the average GF versus 

average LF throughout the entire trail. Note that the GF/LF ratio cannot be smaller 

than the inverse of the friction coefficient (1/µ) in a steady grip. A low GF/LF ratio 

suggests that the participant is able to sense the contact surface friction condition and 

adjust GF accordingly in an efficient way, and therefore has been seen as an indication 

of high level GF-LF coordination (Flanagan & Wing, 1995; Jaric, Collins, Marwaha, 

& Russell, 2006; Jaric, Russell, et al., 2005; Zatsiorsky, Gao, & Latash, 2005).  GF 

coupling reveals how much the change in GF and the change in LF relate to each other. 

GF-LF correlation coefficient, maximum GF-LF cross-correlation coefficient and the 

corresponding time-lags have been often used to assess GF coupling. High GF-LF 

coordination is usually accompanied with a correlation coefficient close to 1 and time-

lag close to 0 (Flanagan & Wing, 1995; Gysin, Kaminski, & Gordon, 2003). GF 

modulation reveals how much GF changes when LF changes. The slope and intercept 

of the GF-LF regression line, which are often referred to as GF gain and offset 

respectively, have been used to evaluate GF modulation. High GF gain and low GF 

offset have been interpreted as an indication of a high GF-LF coordination. In 

previous studies, numerous manipulation tasks performed by healthy individuals have 
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revealed that they are able to produce GF highly correlated with LF, which is revealed 

by low GF/LF ratio, high GF–LF correlation, and high GF gain (Flanagan & Wing, 

1995; Jaric et al., 2006; Jaric, Russell, et al., 2005; Zatsiorsky et al., 2005). 

While healthy individuals display a high level of GF-LF coordination, 

neurological patients known for impaired hand control consistently show low levels of 

GF-LF coordination. Many neurological diseases are known to cause hand dysfunction 

and limit manipulation ability, and, therefore, leads to deteriorated values of the 

aforementioned GF-LF coordination indices. For instance, multiple sclerosis (MS) 

patients, even those who are just mildly affected and have no difficulties in their daily 

activities, regularly apply higher GF than actually needed, which leads to a 

significantly higher GF/LF ratio than in healthy individuals (Iyengar, Santos, Ko, & 

Aruin, 2009; Krishnan, de Freitas, & Jaric, 2008; Krishnan & Jaric, 2008; Marwaha, 

Hall, Knight, & Jaric, 2006). In particular, the GF/LF ratio appears to be highly 

correlated with clinical evaluation tasks such as Expanded Disability Status Scale and 

the Jebsen–Taylor test (Krishnan & Jaric, 2008). The ability of MS patients to produce 

an accurate LF profile based on a predefined force level is also affected, which leads 

to lower task performance as compared to healthy individuals. This deterioration of 

the ability to accurately control LF has been observed in different types of static tasks, 

including the ramp-and-holding task and the oscillation task (Iyengar et al., 2009; 

Krishnan et al., 2008; Krishnan & Jaric, 2008; Marwaha et al., 2006). However, the 

GF coupling and modulation in mildly involved MS patients remained comparable 

with healthy individuals (Krishnan et al., 2008; Marwaha et al., 2006). Parkinson’s 

disease patients also tend to produce higher GF than healthy people when lifting and 

holding an object (Fellows & Noth, 2004; Nowak & Hermsdorfer, 2006). They need 
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longer time to initiate a lifting and the GF production of PD patients is also slow 

changing and unstable (Benice, Lou, Eaton, & Nutt, 2007; Ingvarsson, Gordon, & 

Forssberg, 1997). Likewise, individuals with Huntington’s Disease take a longer time 

to lift the object and generate a higher amount of GF during lifting and holding tasks 

(Gordon, Quinn, Reilmann, & Marder, 2000; Schwarz, Fellows, Schaffrath, & Noth, 

2001). Individuals with cerebellar dysfunction generate a large amount of GF during 

lifting and holding tasks, as well as during vertical point to point movements (Babin-

Ratte, Sirigu, Gilles, & Wing, 1999; Nowak, Hermsdorfer, Marquardt, & Fuchs, 2002). 

Higher than normal GF production has also been observed in stroke patients 

(Hermsdorfer, Hagl, Nowak, & Marquardt, 2003). In total, these studies of individuals 

with neurological impairment suggests that the indices of GF-LF coordination could 

be valid indication of neural control ability and, therefore, used in routine clinical tests 

(Benice et al., 2007; Krishnan et al., 2008; Marwaha et al., 2006). However, before 

these tests can be developed, more research needs to be done on the general properties 

of GF-LF control in healthy individuals in order to better understand the typical range 

of these indices. 

1.3 Factors that affect GF-LF coordination in healthy individuals 

GF-LF coordination is affected by many other factors besides neurological 

diseases. Such factors involve the physical properties of the manipulated object and 

the characteristics of the manipulation task. The studies of these factors could be 

important for understanding the motor control mechanism of hands, as well as for 

developing clinical tests to evaluate hand functions. 

The friction property of the hand-object contact surface apparently has a 

significant effect on GF/LF ratio. While more slippery contact surfaces require higher 
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GF scaling, the relative safety margin also increases (de Freitas & Jaric, 2009; de 

Freitas, Uygur, & Jaric, 2009). Different grasping skills using different areas of skin 

have an effect on the GF/LF ratio and GF-LF correlation as well (de Freitas & Jaric, 

2009; de Freitas et al., 2009). Jaric and collaborators showed that switching from a 

uni-directional task to a bi-directional task leads to a significant deterioration in GF-

LF coordination, which is represented by a higher GF/LF ratio, lower GF-LF 

correlation and higher GF gain (Jaric, Russell, et al., 2005). Their subsequent studies 

revealed that there might be two different control mechanisms for uni-directional and 

bi-directional tasks which are triggered by different cutaneous input (de Freitas, 

Krishnan, & Jaric, 2007a; de Freitas, Markovic, Krishnan, & Jaric, 2008). Increasing 

the frequency of repetitive manipulative actions leads to deteriorated GF-LF 

coordination (Flanagan & Wing, 1993, 1995; Zatsiorsky et al., 2005); however, while 

both frequency and magnitude will affect the rate of change in LF, increase in 

magnitude does not affect the GF-LF coordination as much as an increase in frequency 

does (Uygur, de Freitas, & Jaric, 2010).  

The effect of instruction has been widely discussed in motor control 

studies, especially in the field of motor learning (see review by Landin, 1994). 

Instruction is an important part of motor learning procedures and plays a significant 

role in the selection of movement patterns. Instructions are often used to convey 

general information about the fundamental aspect of skill to the recipient, and different 

instructions may have different effects. Instruction can influence attentional focus and 

instructions that direct the participant to external focus will result in greater force 

production and lower muscular activity during isokinetic elbow flexions when 

compared with an internal focus (Marchant, Greig, & Scott, 2009). Avoidant 



 8

instruction is well known to have the effect of increasing the chance of movement 

error (Russell & Grealy, 2010). Instructions can also be used to make participants 

perform different tasks similarly or perform the same task differently and therefore 

serve as a method to control independent variables in motor control experiments. 

Brown and Cooke (1981) conducted experiments on elbow flexion-extension 

movement with the instruction of moving “accurately” and “fast”, which revealed that 

the EMG pattern of antagonist muscles varies when different instructions are given to 

the participant. Sometimes the experimenter can make the participants believe that 

they are doing different tasks by giving them different instructions, although they are 

actually doing the same thing. Latash and Jaric (1998) performed an experiment in 

which they asked the participants to put their right elbow on the table, keep the 

forearm and hand straight and push a fixed metal frame with their hand. The 

participants were asked to keep a constant force production under two different 

instructions. One instruction asked the participant to produce the force primarily by 

their wrist muscle and relax the elbow, while the other instruction asked the 

participant to produce the force primarily by their elbow muscle and relax the wrist. 

Note that no matter which instruction they receive, the participants had to produce the 

same joint torque in the wrist and elbow joint in order to keep the same force output at 

the hand and, therefore, these were essentially the same task. However, the change in 

instruction led to a significant change in myoelectric activities in most muscles. 

Specifically, the muscles over the instructed joint had higher activities than the 

uninstructed joint. These findings suggest that movement control is also instruction 

specific, and different instructions may lead to different motor performance. In the 

study of hand force coordination, we have been using various instructions without 
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paying attention to their specific meanings, and it has yet to be determined whether 

different instruction would lead to a different pattern of the GF-LF coordination.  

Hand dominance could be another factor that affects GF-LF coordination. 

A traditional understanding of hand dominance suggested that the dominant and non-

dominant arms are predominantly controlled by open- and closed-loop neural 

mechanisms, repectively. However, this idea has been challenged by the model of 

motor lateralization (Sainburg, 2002, 2005).  The model states that the dominant limb 

is specialized for dynamics tasks, such as controlling limb trajectory using torque-

efficient strategies (Bagesteiro & Sainburg, 2002), and the non-dominant limb is 

specialized in static tasks, such as controlling the limb position due to more effective 

load compensation (Bagesteiro & Sainburg, 2003). The advantage of the dominant 

hand in dynamic tasks has been studied extensively (Bagesteiro & Sainburg, 2002). 

However, the advantage of the non-dominant hand in static tasks has not been well 

documented, especially for coordination of GF and LF in grasping, which can be 

generalized to a variety of manipulation tasks (de Freitas, Krishnan, & Jaric, 2007b). 

Two studies on the GF-LF coordination have explored the difference in coordination 

between dominant and non-dominant hands. The first study revealed a somewhat 

lower GF/LF ratio of the non-dominant hand in static bimanual tasks, which suggests 

that the non-dominant hand is able to adjust to the grasping condition and works more 

efficiently in static manipulation than the dominant hand, and, therefore, this result 

speaks in favor of the motor lateralization (Ferrand & Jaric, 2006). The second study 

did not detect a significant difference in the GF/LF ratio, but revealed a difference in 

LF direction deviation between hands (de Freitas, Krishnan, & Jaric, 2007b). The 

results specifically suggest that the non-dominant hand has better control of the force 
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direction under the static condition. However, both studies failed to find any 

difference in GF coupling and GF modulation between hands, as well as in the tested 

task performance. Therefore, the effect of hand dominance on GF-LF coordination 

still remains inconclusive, and further research is needed to address the discussed issue. 



 11

Chapter 2 

SPECIFIC AIMS 

The ability of our hands to grasp and hold an object is a prerequisite for a 

number of common daily activities and also essential for living an independent life. 

According to a simple prehension model, the force applied upon a vertically oriented 

hand-held object could be decomposed into two distinctive components: the grip force 

(GF, the force component that is perpendicular to the hand-object contact area and 

provides friction) and the load force (LF, the force component that is parallel to the 

hand-object contact area that can either move the object vertically or provides 

externals support of the body). Previous studies have shown that these two forces are 

mutually highly correlated. This elaborate coordination could be affected by a number 

of factors that still remain underexplored. For example, although it is generally known 

that the neural control of voluntary movements is both task and instruction specific, it 

remains unknown whether some of the most frequent instructions, such as “hold” and 

“pull”, differently affect the GF-LF coordination. The effect of hand dominance could 

be another factor that affects GF-LF coordination because the model of motor 

lateralization implicitly suggests lateral differences in passive (e.g., hold) and active 

(e.g., pull) tasks. Therefore the aim of this study was to explore the effect of 

instructions and hand dominance on the participants’ ability to coordinate their GF 

and LF in static manipulation tasks. 
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Hypothesis #1: The instruction of “pull” will lead to higher force 

coordination than the instruction of “hold”, even when the hands are performing 

mechanically identical tasks. 

Hypothesis #2:  The non-dominant hand will provide relatively higher 

force coordination in the holding tasks, while the dominant hand will perform 

relatively better in pulling tasks. 

The hypothesized results will not only reveal the effect of instructions on 

manipulation task performance, but also stress the importance of instructions and 

laterality in both the studies and the routine testing of hand function. 
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Chapter 3 

MANUSCRIPT 

3.1 Introduction 

The ability to manipulate objects is crucial for living an independent and 

active life. Many studies have investigated hand manipulation tasks. Force analysis in 

manipulation tasks has been usually based on a simple mechanical model of holding a 

vertically oriented object (Flanagan & Wing, 1995; Jaric, Russell, et al., 2005; 

Johansson & Westling, 1984). The load force (LF) is the friction force applied in 

parallel to the hand-object contact surface to overcome the object's weight and inertia. 

The grip force (GF) is the normal force applied perpendicularly against the object and 

provides friction and controls the object position. According to the model, GF needs to 

be scaled high enough to prevent slippage, but also not excessively to crush the object 

or cause fatigue. Studies performed on healthy individuals have consistently shown a 

high level of GF-LF coordination through several properties of GF control (Flanagan 

& Wing, 1995; Jaric, Russell, et al., 2005; Johansson & Westling, 1984; Westling & 

Johansson, 1984). First, GF is scaled to provide a relatively low and stable GF-LF 

ratio which is, however, still high enough to prevent slippage. Second, a continuous 

coupling of GF with the ongoing changes in LF has been observed. This coupling has 

been revealed through high GF-LF correlation and low time-lag between them 

(Flanagan & Wing, 1995; Jaric et al., 2006; Johansson & Westling, 1984), which 

suggests involvement of anticipatory 'feed-forward' neural control mechanisms 

(Johansson & Westling, 1984, 1988). Third, to provide the aforementioned coupling 
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and a stable GF-LF ratio, GF is highly modulated with respect to the changes in LF 

caused by ongoing manipulative actions (Flanagan & Wing, 1995; Jaric et al., 2006; 

Johansson & Westling, 1984; Westling & Johansson, 1984).  However, this fine 

coordination between GF and LF could be affected by a number of factors, which 

include underlying neurological diseases (Benice et al., 2007; Krishnan et al., 2008; 

Marwaha et al., 2006; Nowak & Hermsdorfer, 2006), switching from uni-directional 

to bi-direction tasks (de Freitas et al., 2008; Jaric, Russell, et al., 2005), or increased 

complexity of the tasks performed (Krishnan & Jaric, 2010). Therefore, GF-LF 

coordination has been seen both as a window for studying some basic neural control 

mechanisms of movement control and as a basis for development of routine 

quantitative tests of hand function in various patient populations (Krishnan & Jaric, 

2008; Nowak & Hermsdorfer, 2006).  

Although these phenomena have been studied extensively over previous 

decades, some factors that can affect GF-LF coordination still remain underexplored.  

For example, instruction plays a significant role in the selection of movement patterns 

(Glaser & Bassok, 1989; Landin, 1994). Distinctive effects of instructions to move 

“fast”, “fast and accurate” and “accurate” on the subsequent task performance are 

probably the best known example in motor control literature (Brown & Cooke, 1981; 

Fitts, 1954). It has been shown in a mechanically constrained task that emphasizing 

the action on only one muscle group within a limb leads to a profoundly different 

activation pattern of individual muscles while the limb is producing mechanically 

identical tasks (Latash & Jaric, 1998). Therefore, it remains possible that switching the 

instructional emphasis in the same manipulation task (e.g., “pull” instead of “hold”) 

could affect the GF-LF coordination pattern. Another factor that could play a role in 
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GF-LF coordination is the hand dominance. The model of motor lateralization 

suggests that the dominant limb is specialized for dynamic, feed-forward controlled 

tasks (Bagesteiro & Sainburg, 2002; Sainburg, 2002), while the non-dominant limb 

could be specialized for feedback mediated error correction mechanisms (Bagesteiro 

& Sainburg, 2003). In the very few studies that explored the effect of hand dominance 

on GF-LF coordination, results have been inconsistent (Ferrand & Jaric, 2006; de 

Freitas, Krishnan, & Jaric, 2007b). 

We designed an experimental protocol based on the manipulation tasks 

that required a bimanual holding of free moving or externally fixed instrumented 

handles, and exerting prescribed LF profiles against them. We hypothesized that the 

studied GF-LF coordination would be higher under the instruction to “pull” than to 

“hold”, as well as that the non-dominant hand would perform relatively better in static 

feedback controlled task than the dominant hand. The expected findings could be of 

importance for the understanding of some important aspects of force coordination, as 

well as for refining the testing protocols of both future research studies and routine 

testing of hand function. 

3.2 Methods 

Healthy right-handed participants (as assessed by the Edinburgh Inventory 

Questionnaire; (Oldfield, 1971)) were recruited (8 males and 8 females, 20 to 30 years 

old). The experiment was approved by IRB of the University of Delaware and 

conducted in accordance with the declaration of Helsinki. 

A custom designed device similar to the device used in our previous 

experiments (Jaric, Knight, Collins, & Marwaha, 2005) was used to record GF and LF 

produced by the participants (Figure 3.1A). Two handles were mounted on two ends 
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of a metal stick which was detachable from an external support frame. The handles 

consisted of two parallel plates covered with high friction rubber with a single-axis 

force sensor (WMC-50, Interface Inc., USA) installed in between to record the 

compression force exerted against them (Fn). Multi-axis force transducers (Mini40, 

ATI, USA) were positioned at the handle-stick junctions to record the total force 

applied against the handle in all three directions (Fx, Fy and Fz). Similar to previous 

studies, GF and LF were calculated as �� =∥ �� ∥ +∥ �� − �� ∥ and 	� = 
��� + �� 

(de Freitas et al., 2008). A custom designed LabVIEW program was used to display 

the real-time LF on a screen placed in front of the participant during the experiment in 

order to record the data for analysis.  

Prior to the testing, participants were asked to wash and dry their hands. 

They were sitting on a chair with their elbows supported by a table and holding the 

device with both hands (Ferrand & Jaric, 2006). The height of the device was 

individually adjusted so that the participant could hold the device comfortably. To 

familiarize them with the tested tasks, each participant first completed 5 practice trials 

of each task. The tested tasks included the ramp-and-holding task that required the 

participants to pull the handles away and therefore produce a tension force gradually 

increasing from 0 N to 10 N at a constant rate over 6 s and thereafter continue keeping 

a constant force (i.e. 10 N) for another 6 s. The oscillation task is the other tested task, 

which required the participant to produce an oscillating sinusoidal force in the 

direction of tension within the range of 2 N and 10 N for 8 s at the frequency of 1.33 

Hz paced by a metronome. Prior the familiarization, both tasks were demonstrated and 

thereafter the specific instructions were given. 
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The experimental session followed the practice session after a 10 minute 

rest. It included testing both tasks under different conditions. First, the device was 

arranged in two different physical conditions: fixed to the external support (device 

fixed) and detached from it (device free). Note that for the device fixed, the actions of 

two hands were mechanically separated, while for the device free, LF produced by two 

hands were inevitably equal to mechanically compensate for each other. Second, the 

instructions were manipulated. Under the device free condition, the instructions were: 

(1) “pull the handle EQUALLY with both of your hands”, (2) “pull ONLY with your 

left hand while using your right hand just for holding”, and (3) “pull ONLY with your 

right hand while using your left hand just for holding.” As a result, for the free device 

each hand was tested under the conditions when both hands were pulling (Free B/Pull), 

when pulling while the other hand was holding (Free Pull), and when holding while 

the other hand was pulling (Free Hold). The only difference for the device fixed was 

regarding the instructions (2) and (3), where the other hand was instructed “to relax”, 

instead of “to hold”. Therefore, since the forces of the relaxed hand were not recorded, 

each hand for the device fixed was tested when both hands were pulling (Fixed B/Pull) 

and when only one hand was pulling (Fixed Pull). 

The experimenter repeated the instructions prior to each trial and also 

stressed that the real time feedback regarding LF shown on the computer monitor 

originated only from the pulling hand. The sequence of the tasks (ramp-and-holding 

and oscillation), physical conditions (device fixed and free), and instructions were 

randomized. Under each of their combinations, the practice and, thereafter, the 

experimental trial were performed.  
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Raw signals from the force transducers were sampled at 200Hz and low-

pass filtered at 10 Hz with a fourth order Butterworth filter. In the ramp-and-holding 

task the data from the first and last 1 s of each phase were discarded, and as well as the 

first 3 s and the last second in the oscillation task, since they might be affected by the 

preceding and anticipated transitions (de Freitas, Krishnan, & Jaric, 2007b). ANOVA 

and MANOVA were used on ramp-and-holding task and oscillation task respectively 

to analyze the main effect of condition (Fixed B/Pull, Fixed Pull, Free B/Pull, Free 

Pull, and Free Hold), hand (dominant and non-dominant, i.e. right and left), and, only 

for the ramp-and-holding task, phase (ramp and holding). In line with previous studies, 

we expected to observe high GF-LF coordination through low GF scaling, high GF 

coupling, and high GF modulation (Blakemore et al., 1998; Blank et al., 2001; 

Flanagan & Tresilian, 1994; Jaric, Russell, et al., 2005; Zatsiorsky et al., 2005). The 

level of significance was set to 0.05 and pairwise comparisons were adjusted by 

Bonferroni corrections.  

3.3 Results 

Figure 3.1 shows force profiles obtained from a representative participant 

under the instruction to pull the free-moving device with the right hand and hold with 

the left hand. Note that the hand instructed to pull revealed higher force level than the 

hand instructed to hold in the oscillation task (panel C), but not in the ramp-and-

holding task (B). As a consequence, the GF-LF diagram (panel D) shows higher 

overall GF/LF ratio and GF modulation for the hand instructed to pull than the hand 

instructed to hold.  
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Figure 3.1 (A) The experimental device and the forces exerted (transducers 
represented by shaded blocks) by the tips of the digits (circles).  
Force profiles recorded 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 overall task performance. The 

RMSE of the ramp and holding phase of the ramp-and-holding task were 0.44±0.04 

and 0.34±0.04 N (mean±SD), respectively (data averaged across the participants, 

conditions and instructions). The absolute error of the oscillation task (averaged for 

the prescribed minima and maxima of the sinusoidal profiles) was 0.80±0.32 N (see 

Appendix 1 for details). Therefore, we could conclude that the obtained LF profiles 

were accurate enough to allow for the testing of the hypothesized effects.  

 

Figure 3.2 GF scaling observed through the GF/LF ratio in the ramp-and-
holding task for two hands under different conditions (data 
averaged across participants with standard error bars; *: p < 0.05). 

 
 

In the ramp-and-holding task, a 3-way mixed design ANOVA (hand as 

between subject factor, phase and condition as within subject factor) was used to test 
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the GF scaling through GF/LF ratio (Figure 3.2). The results revealed the significant 

main effect of phase (F (1, 30) = 46.10, p < 0.001, η2 = 0.606; these and further data 

were Greenhouse-Geisser corrected if Mauchly’s test of sphericity was significant) 

and condition (F (2.53, 75.77) = 39.74, p < 0.001, η2 = 0.570). The significant phase × 

condition interaction (F (2.56, 76.92) = 36.27, p < 0.001, η2 = 0.547) suggested that 

the difference between the free and fixed conditions was higher during the ramp than 

during the holding phase. Pairwise comparison showed that within each phase, the free 

conditions lead to significant higher GF/LF ratio than the fixed conditions. Neither the 

main effect of hand nor its interactions was significant. 

For the oscillation task, the main effect of hand (between subject factor) 

and condition (within subject factor) on GF-LF coordination was assessed by a 2-way 

mixed design MANOVA on GF scaling (through GF/LF ratio), GF-LF coupling 

(through Z-transformed correlation coefficient and the corresponding time-lags), and 

GF modulation (through GF gain observed from GF-LF diagrams; see Figure 3.1D for 

illustration). The MANOVA applied on these four GF-LF coordination variables 

revealed the significant main effect of condition (Wilks’ Lambda = 0.21, F (16, 

358.08) = 14.70, p < 0.001, η2 = 0.320) and hand × condition interaction (Wilks’ 

Lambda = 0.80, F (16, 358.08) = 1.73, p < 0.05, η2 = 0.055), while the main effect of 

hand (Wilks’ Lambda = 0.87, F (4, 27) = 1.04, p > 0.05, , η2 = 0.133) was not 

significant. However, the univariate test revealed no significant hand × condition 

interaction on all dependent variables. Univariate analyses on each dependent variable 

revealed significant main effect of condition on GF/LF ratio (F (1.67, 50.10) = 39.24, 

p < 0.001, η2 = 0.567), Z-transformed correlation coefficient (F (2.75, 82.50) = 20.94, 

p < 0.001, η2 = 0.411) and GF gain (F (2.69, 80.75) = 20.56, p < 0.001, η2 = 0.407), 
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Figure 3.3 GF-LF coordination indices observed in oscillation tasks (data 
averaged 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-lag (F (1.66, 49.95) = 1.09, p > 0.05, η2 = 0.035). Pairwise comparison 

revealed that the Free Hold condition resulted in significant higher GF/LF ratio, lower 

GF- LF correlation and lower GF gain than the other 4 conditions. Similar to the 

ramp-and-holding task, the free conditions suggested higher GF/LF ratios than the 

fixed conditions, while the Fixed B/Pull condition revealed higher correlation 

coefficient than the Free Pull condition. The univariate analyses also revealed that 

although the main effect of the hand was not significant in multivariate analyses, it 

was significant regarding the univariate analysis of time-lag (F (1, 30) = 4.35, p < 0.05, 

η
2 = 0.127). Pairwise comparison showed that the time-lag was significantly higher in 

the left hand than in the right hand. 

3.4 Discussion 

In this study, we explored the GF pattern when the participants’ two hands 

were receiving two different instructions (i.e., “pull” and “hold”) but were performing 

identical pulling tasks. Due to the tasks’ bimanual nature, we were also able to assess 

the effect of hand dominance on the GF pattern. We hypothesized a higher GF-LF 

coordination under the instruction of “pull” than “hold”, as well as a relatively higher 

coordination of the non-dominant hand in the static feedback controlled task than the 

dominant hand. Overall, the results supported the first hypothesis. Specifically, we 

found significant differences in all of the GF-LF coordination indices between the 

pulling condition and the holding condition in the oscillation task, which suggested 

that the instruction of “pull” resulted in higher GF-LF coordination than the 

instruction of “hold”. Regarding the second hypothesis, we failed to find any 
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significant differences between the dominant hand and the non-dominant hand except 

for the time-lags obtained from the oscillation tasks. 

The most important finding of this study was that the two distinctive 

instructions of “pull” and “hold” could have a significant effect on GF-LF 

coordination. Specifically, the results suggested that the instruction of “pull” could 

lead to a better GF-LF coordination than the instruction of “hold”, as seen through a 

lower GF/LF ratio, higher GF-LF correlation, and higher GF gain. This could be seen 

as an extension of the finding that focusing effort on different arm joints while 

performing the mechanically identical act could lead to distinctive activation patterns 

of involved muscles (Latash & Jaric, 1998).  Here, one could speculate that the 

instruction of “pull” could be implicitly understood by participants as a command to 

actively exert and modulate the forces, while the instruction of “hold” could lead them 

to employ a more passive and low modulation strategy of force control. Note that the 

previous studies have shown that the GF/LF ratio is generally higher and GF-LF 

correlation is lower when passively holding an object than actively pulling it 

(Johansson, Riso, Hager, & Backstrom, 1992). From the practical aspect, when asking 

our participants to perform a particular manipulation task, we often routinely instruct 

them either to “pull” or to “hold” or something else, without paying particular 

attention to specific wording. Here we see a prominent instruction associated 

differences in the motor behavior even in mechanically identical acts, which clearly 

speaks in favor of standardizing instructions either in future research or in routine 

testing of hand function.    

Regarding hand dominance, several studies have been conducted in our 

lab to investigate its effect on GF-LF coordination. However, these studies have 
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provided inconsistent results. The first study found a significantly lower GF/LF ratio 

in the non-dominant hand in both ramp-and-holding task and oscillation task 

performed under static conditions, although the effect per se was relatively small 

(Ferrand & Jaric, 2006). However, the second study failed to reveal a significant 

difference in GF/LF ratio, but found an advantage of the non-dominant hand when 

accurately controlling LF direction under static conditions (de Freitas, Krishnan, & 

Jaric, 2007b). Nevertheless, the results were implicitly in line with the model of motor 

lateralization (Sainburg, 2002), suggesting that the non-dominant limb is specialized 

for controlling limb position under static conditions (Sainburg, 2005). However, this 

study mainly failed to detect any significant differences in GF-LF coordination 

variables between the dominant and non-dominant hands in either of the tested tasks. 

The only exception was the time-lags observed from the oscillation task, which 

suggest that GF slightly lags LF in the left (i.e., non-dominant) hand, but not in the 

right hand. Although the observed difference between two hands was smaller than the 

delays of the anticipated GF reactions to sudden LF changes (Ohki, Edin, & Johansson, 

2002), it could originate from a partial involvement of feedback control mechanisms. 

Although somewhat below the significant level, the observed difference between two 

hands was particularly prominent under the holding instruction, which also supports 

the hypothesized instruction specific patterns of the control mechanisms. Nevertheless, 

further research is needed on the role of hand dominance in GF-LF coordination and, 

in particular, on the possible differences in neural control mechanisms between two 

hands. 

 Since all of our previous experiments were performed on fixed device 

and this experiment requires a free moving device, we tested our subjects on both 
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conditions in this experiment. The result revealed similar level of GF-LF coordination 

indices except for a significant higher GF/LF ratio on free device than fixed device. 

We interpret this increased GF/LF ratio when holding a free device as an action to 

reduce the risk of dropping. Similar findings were observed when decreasing the 

coefficient of friction on the hand-object contact surface (de Freitas et al., 2009), as 

the GF/LF ratio would increase in order to prevent dropping when holding a more 

slippery object.  

In summary, our result suggests that GF control is instruction specific and 

therefore different instructions could lead to different force patterns in manipulative 

tasks. Although not novel in the general field of motor control (Brown & Cooke, 1981; 

Latash & Jaric, 1998; Sahaly, Vandewalle, Driss, & Monod, 2001), the revealed 

instruction specific control patterns are novel in the area of force control in 

manipulation tasks. In addition to its general importance, the present findings need to 

be taken into account when designing either experimental procedures or routine 

protocols for testing hand functions through force coordination. However, the effect of 

hand dominance still remains unclear; although the observed differences in time-lags 

suggest that the feedback neural mechanisms could be partly involved in the 

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

GENERAL CONCLUSIONS 

Object manipulations are among the most important motor actions 

performed in our daily lives. Therefore, the understanding of the force control in 

manipulative actions is vital not only because it contributes to understanding the 

involved neural mechanisms, but also because it could contribute to further 

development and refinement of the procedures routinely used in rehabilitation of 

neurological and other patients, as well as in developing routine protocols for testing 

hand functions.  

In this study we explored the effect of instruction and hand dominance on 

the GF-LF coordination in various static manipulation tasks. In general, we found that 

the GF-LF coordination can be considerably affected by instructions. Specifically, 

instruction “to pull” could lead to lower GF scaling, higher GF coupling, higher GF 

modulation, and therefore better overall GF-LF coordination than the instruction “to 

hold”. However, we did not find significant differences in GF-LF coordination indices 

between the dominant hand and the non-dominant hand, except for a higher time-lag 

in the non-dominant hand during oscillation task. In addition, we also found that the 

GF scaling would increase significantly when manipulating a free object compared 

with manipulating a fixed object.  

Overall, the observed findings suggest that the instructions could play an 

important role in GF-LF coordination and, therefore, they should be taken into account 

when studying hand manipulation activities. Therefore, experimenters should be 
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cautious regarding instructions and, particularly, specific wording throughout both the 

experimental and routine testing procedures. It is plausible to assume that the specific 

instructions could also lead to distinctive results when applied during the various 

rehabilitation protocols aimed towards improvement of hand function. The selective 

effect of instructions still remains to be explored in various populations of individuals 

with neurological and other diseases. 

Regarding the role of hand dominance, both the present and previous 

studies generally suggest that although the effect may exist, it could be relatively weak. 

Therefore, it is possible that the effects of motor lateralization are more prominent 

both at other levels (e.g., movement kinematics, myoelectric patterns) and in other 

tasks (e.g., reaching movements, reactions to perturbations) than in the studied GF-LF 

coordination. Nevertheless, the observed difference in time-lags between the dominant 

and non-dominant hand certainly deserves further attention since it could reveal a 

fundamental distinction in motor function between the two hands/brain hemispheres. 
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APPENDIX I 

TASK PERFORMANCE 

The task performance of the ramp-and-holding task was measured by the 

root mean square error (RMSE) of the participant’s force pattern compared with the 

prescribed force profile. Since the force profile displayed on the screen in front of the 

participants during the experiments was recorded for both the left and right hand 

whose profiles could have been slightly different due to inertia and other factors, we 

used the averaged force to measure task performance. Based on the order of the 

experiments, these data were grouped regarding 6 conditions: both hands pulling the 

fixed and free device (Fixed BP and Free BP), left pulling right holding the fixed and 

free device (Fixed LPRH and Free LPRH) and right pulling left holding the fixed and 

free device (Fixed RPLH and Free RPLH). The average RMSE for all participants 

during the ramp phase was 0.34±0.04 (Mean±SD), and during the holding phase is 

0.44±0.04. A two way ANOVA (6 conditions × 2 phases) is applied on the data, and 

the result showed significant main effect of both the condition (F (2.61, 39.23) = 8.19, 

p < 0.001) and phase (F (1, 15) = 8.83, p < 0.01), but not their interaction. Pairwise 

comparison showed that RMSE of the ramp phase was higher than that of the holding 

phase (p < 0.001), as well as the RMSE recorded under Free LPRH condition was 

higher than under the Fixed LPRH, Fixed RPLH and Free BP condition (p < 0.001). 

The task performance of the oscillation task was measured by the absolute 

error (AE) and variable error (VE). The AE averaged across the participants and 

conditions was 0.80±0.32, while VE was 0.68±0.33. Two one-way ANOVA (6 
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conditions similar to RMSE in ramp-and-holding task) was performed on both AE and 

VE. The result revealed significant main effect of condition on AE (F (3.15, 47.35) = 

3.47, P < 0.01). Pairwise comparison suggested a significantly lower AE under Fixed 

BP condition than under Fixed LPRH condition. No significance effect of conditions 

was found regarding VE. 

 

Figure A.1 The task performance variables (data averaged across subjects with 
standard error bars) for ramp-and-holding task and oscillation task. 
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APPENDIX II 

INFORMED CONSENT FORM 
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APPENDIX III 

EDINBURGH INVENTORY QUESTIONNAIRE 




