
 

1 

VISUAL FEEDBACK AND BIMANUAL FORCE COORDINATION 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

By 
 

AMITOJ BHULLAR 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
A THESIS PRESENTED TO THE GRADUATE SCHOOL OF THE UNIVERSITY OF 

FLORIDA IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE 
OF MASTER OF SCIENCE 

 
UNIVERSITY OF FLORIDA 

 
2013 



 

2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© 2013 Amitoj Bhullar  
 
 

 



 

3 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

I dedicate this work to my parents and friends who have been extremely supportive and 
have helped me throughout the course of my study. 

 
 
 

 



 

4 

ACKNOWLEDGMENTS 

There are several individuals who have contributed their time, effort and support 

for the completion of this thesis. First, I would like to thank my advisor, Dr. James 

Cauraugh for directing my focus, providing input, feedback and support. Additionally, I 

would like to thank Drs. Mark Tillman and Evangelos Christou for their valuable input, 

suggestions and support. A special note of gratitude goes to Nyeonju Kang, my lab 

mate, who tirelessly worked on my program for data collection and provided his 

valuable suggestions and help whenever I needed the most. I would also like to thank 

my lab mate Jerelyne Idica for being supportive and helping me in data collection and 

analysis. 

 



 

5 

TABLE OF CONTENTS 
 
 page 

ACKNOWLEDGMENTS .................................................................................................. 4 

LIST OF TABLES ............................................................................................................ 7 

LIST OF FIGURES .......................................................................................................... 8 

LIST OF ABBREVIATIONS ............................................................................................. 9 

ABSTRACT ................................................................................................................... 10 

CHAPTER 

1 INTRODUCTION .................................................................................................... 11 

Research Question ................................................................................................. 17 

Hypothesis .............................................................................................................. 18 
Significance ............................................................................................................ 18 

2 METHODS .............................................................................................................. 20 

Participants ............................................................................................................. 20 
Apparatus ............................................................................................................... 20 

Procedures ............................................................................................................. 21 

Instructions ....................................................................................................... 21 

Maximal Voluntary Contractions (MVC) Estimation .......................................... 21 
Experimental task ............................................................................................. 21 

Data analysis .......................................................................................................... 23 

3 RESULTS ............................................................................................................... 25 

Task Performance .................................................................................................. 25 

Performance error ............................................................................................ 25 
Force Variability ................................................................................................ 25 

Bimanual Force Coordination ................................................................................. 27 

Structure of Force Variability ................................................................................... 28 

4 DISCUSSION ......................................................................................................... 34 

Task performance ................................................................................................... 34 
Performance Error ............................................................................................ 34 

Force Variability ................................................................................................ 35 
Bimanual Coordination............................................................................................ 36 
Structure of Force Variability ................................................................................... 37 
Implications and Future Directions .......................................................................... 38 



 

6 

LIST OF REFERENCES ............................................................................................... 42 

BIOGRAPHICAL SKETCH ............................................................................................ 46 

 
 



 

7 

LIST OF TABLES 

Table  page 
 
3-1 Correlation Coefficient means with standard error (±) for all conditions ............. 29 

 
 



 

8 

LIST OF FIGURES 

Figure  page 
 
2-1 Apparatus and finger/hand position .................................................................... 24 

2-2 Different visual feedback display (A) 1o (B) 10o (C) 32o (D) 59o .......................... 24 

3-1 For bilateral force, mean root mean square error (± SE) as a function of 
interaction between visual feedback and task coefficients. ................................ 29 

3-2 For bilateral force, mean coefficient of variation (± SE) as a function of  visual 
feedback main effect. ......................................................................................... 30 

3-3 For bilateral force, mean coefficient of variation (± SE) as a function of task 
coefficient main effect ......................................................................................... 30 

3-4 For individual forces, mean coefficient of variation (± SE) as a function of 
task coefficient main effect. ................................................................................ 31 

3-5 For bilateral force, mean standard deviation (± SE) as a function of visual 
feedback main effect. ......................................................................................... 31 

3-6 For bilateral force, mean standard deviation (± SE) as a function of task 
coefficient main effect. ........................................................................................ 32 

3-7 For individual forces, mean standard deviation (± SE) as a function of task 
coefficient main effect. ........................................................................................ 32 

3-8 For bilateral force, mean approximate entropy (± SE) as a function of task 
coefficient main effect. ........................................................................................ 33 

 
 



 

9 

LIST OF ABBREVIATIONS 

ApEn approximate entropy 

CV coefficient of variation 

RMSE root mean-square error 

SD standard deviation  

 

 

 

 



 

10 

Abstract of Thesis Presented to the Graduate School  
of the University of Florida in Partial Fulfillment of the 
Requirements For The Degree Of Master Of Science 

 
VISUAL FEEDBACK AND BIMANUAL FORCE COORDINATION 

By 

Amitoj Bhullar 
 

August 2013 
 

Chair: James H. Cauraugh 
Major: Applied Physiology and Kinesiology 
 

Bilateral tasks requiring asymmetric force production are more complex that 

symmetric force production tasks because they require error compensatory negative 

coordination. The purpose of the present research was to investigate a complex 

bilateral task while manipulating visual angles and task coefficient conditions. The 

manipulated visual angles were 1o, 10o, 32o and 59 o and the task coefficients involved 

placing equal coefficients on each hand (i.e., control) and unequal coefficients on each 

hand (i.e., left greater than right and right greater than left). Fifteen right handed 

volunteers between the ages of 20 to 35 years participated in the study. The results 

revealed reduced task error, decreased variability and stronger negative coordination at 

an increased visual feedback in each task coefficient condition. Even though, the RMSE 

was reduced at a visual angle of 10o (i.e., visual gain of 80 pixels/N), reduction in 

bilateral force variability and a strong negative coordination between hands was seen at 

the visual angle of 32o (i.e., visual gain of 256 pixels/N). In sum, this study achieved an 

important purpose of identifying visual feedback gains that can be used to improve 

motor performance during a complex bilateral task. These visual feedback conditions 

can be used for retraining bilateral tasks in patients with neurological impairments.   
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CHAPTER 1 
INTRODUCTION 

Everyday tasks require motor actions. Depending on the task goal, several motor 

solutions are available. Although a limited number of solutions are sufficient, there are 

infinite motor solutions available to achieve task goals (Bernstein, 1967). These motor 

solutions are related to the presence of more degrees of freedom than necessary for 

task performance (Gelfand & Latash, 1998; Latash et al., 2010). For example, most of 

the upper extremity activities involve positioning or orienting the hand in space which 

minimally requires between 3 and 6 degrees of freedom. However, there are about 10 

degrees of freedom in the arm alone and even more if we allow upper body movements. 

A consequence of additional degrees of freedom, the sensorimotor system is continually 

addressing the problem of choosing from various solutions (Latash, Kang, & Patterson, 

2002; Latash & Turvey, 1996).  

Over the years, researchers have argued that the motor solution is chosen on the 

basis of optimization of the cost function (e.g., minimum jerk, minimum torque change, 

minimum effort, and minimum discomfort; Cruse & Brüwer, 1987; Flash & Hogan, 1985; 

Hasan, 1986; Latash, 2012; Nelson, 1983; Prilutsky & Zatsiorsky, 2002; Rosenbaum et 

al., 2001; Uno et al., 1989). Even though more motor solutions than required creates 

motor redundancy in the system (Bernstein, 1967), the criteria used by the sensorimotor 

system to choose one particular solution from a set of possibilities remain largely 

unexplained.  

Recently, the traditional view that more degrees of freedom create motor 

redundancy and need to be eliminated has been challenged (Bernstein, 1967; Latash, 

2012; Latash, Kang, & Patterson, 2002). The alternate view on redundant design holds 
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that the additional degrees of freedom offer motor abundance needed for flexibility in 

actions which is a characteristic of voluntary movements (Latash, 2000; Latash, 2012). 

According to the principle of motor abundance, the central nervous system (CNS) 

imposes time varying constraints on the system thus allowing solutions to emerge (Hu & 

Newell, 2011; Latash, 2012). Typically, the multiple solutions that emerge are equally 

able to solve the task and achieve movement goals. The support for motor abundance 

is partially derived from a classic study by Bernstein (1967) on professional blacksmiths. 

These highly trained individuals represented optimal solutions for striking their hammer 

on a chisel. Bernstein discovered that instead of using the same strategy each time, the 

blacksmiths achieved the task goal using multiple solutions over time.  

Over the years, the concept of multiple solutions was extended by showing the 

presence of redundancy in motor actions even after considerable practice (Jaric & 

Latash, 1999; Latash, 2012; Latash, Scholz, & Schöner, 2002; Latash, 2008; Yang & 

Scholz, 2005). Nonetheless, motor abundance or redundancy allows variability in the 

system which in turn may interfere with the successful accomplishment of task goals 

(Churchland Afshar, & Shenoy, 2006; Hu & Newell, 2011a; Jones, Hamilton, & Wolpert, 

2002). However, variability does not always present a threat to successful task 

performance and is considered good or bad depending upon whether the stage of 

occurrence is during movement execution or task outcome consistent with an end 

effector position. This notion of good and bad variability is explained in a phenomenon 

called uncontrolled manifold hypothesis (Latash, 2012; Latash, Scholz, & Schöner, 

2007; Martin, Scholz, & Schöner, 2009; Scholz & Schöner, 1999).  
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Uncontrolled Manifold Hypothesis.  The principle of uncontrolled manifold 

(UCM) hypothesis assumes that the controller of a multi-element system attempts to 

stabilize a particular value of a performance variable by defining a subset termed 

uncontrolled manifold (Latash, 2012; Latash, Kang, & Patterson, 2002). The variability 

of the elements within UCM is not controlled or stabilized thus allowing more freedom to 

the elemental variables. For example, all the combinations of joint angles that can 

achieve one end effector position are in this elemental subset. The variability that takes 

place within the UCM is termed good variability. On the other hand, the variability that 

takes place orthogonal to UCM is termed bad variability and is controlled or restricted.  

Good variability is consistent with the movement execution stage of task 

performance, and facilitates adaptability as well as error compensation (Bernstein, 

1967; Hu & Newell, 2011a; Latash, 2012; Latash, Scholz, & Schöner, 2007). 

Furthermore, good variability is attributed to the emergence of several motor solutions 

(Latash, 2012; Todorov & Jordan, 2002). On the other hand, bad variability is 

experienced at the end effector position or outcome stage and is directly responsible for 

the deterioration in task performance. Ideally, bad variability is lower than good 

variability (Latash et al., 2010). However, complex tasks pose a challenge to individuals 

and frequently lead to higher levels of variability at the task outcome level (Hu & Newell, 

2011a; Ranganathan & Newell, 2008a). Many researchers consider bimanual 

movements as complex tasks.  

 Constraints on bimanual motor actions. In a classic study, Newell (1986) 

proposed that the optimal coordination patterns during bilateral activities emerge from 

an interaction among various categories of constraints (pp. 341 – 360). Constraints on 
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bimanual motor actions are broadly classified under three categories: (a) intrinsic to the 

person, (b) extrinsic or environmental, and (c) task.  

Intrinsic constraints originate from the inherent characteristics of the individual 

and are termed organismic constraints. One such constraint related to bilateral 

movements is bimanual positive coupling. Bimanual positive coupling is based on the 

principle that during bilateral movements, both upper limbs have the tendency to 

produce symmetric actions such that the spatial and temporal components of both arms 

are positively synchronized (Hu & Newell, 2011a; Kelso, 1995).  

The second category involves extrinsic constraints that arise from the 

environment and are related to the surrounding conditions in which tasks are performed. 

An example of an environmental constraint is the information normally perceived by the 

sensory system of individuals (Hu & Newell, 2011a, 2011b). Although several sensory 

information sources have been identified, vision remains the most common and reliable 

source of task and performance related information (Hu & Newell, 2011a; Ranganathan 

& Newell, 2008b). Indeed, reduced visual information is associated with increased 

performance error during a motor task (Kantowitz & Elvers 1988; Newell & MacDonald 

1994).  

Lastly, task constraints involve the limitations or rules imposed by the task to 

achieve a specific goal.  For example, a task goal can be to achieve specific force 

amplitude or a movement distance within a time interval. Asymmetrical or dissimilar 

force production by both hands is a common task constraint required to achieve a 

bilateral task goal.  
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Many bimanual force production activities require both hands to produce 

dissimilar forces and are inherently more complex than bilateral tasks that require 

similar force production. For instance, when one hand loosens a lid, the other hand 

typically holds the jar tightly. In this case, a negative correlation is required for the 

purpose of error compensation. Individuals must supersede the positive correlation 

enforced by bimanual coupling so as to satisfy the constraints imposed by the specific 

task requirements (i.e., producing dissimilar forces). However, to supersede the positive 

correlation and satisfy task requirements, information related to the task plays an 

important role. Therefore, the final bimanual coordination pattern emerges from the 

interaction of the organismic and task constraints with the environmental constraint of 

task relevant information. In other words, an ideal configuration of organismic, 

environmental, and task constraints is required for the performance of error free bilateral 

actions. 

Studies on bimanual force coordination in isometric tasks have investigated the 

interactive effects of these categories of constraints (Hu, Loncharich, & Newell, 2011; 

Hu & Newell, 2011a, 2011b, 2011c). In two of these studies, task constraints were 

manipulated to determine their pattern of interaction for bimanual positive coupling to 

influence the force coordination patterns (Hu & Newell, 2011a, 2011c). These studies 

presented evidence favoring an interaction between constraints by showing that 

changes in task constraints cause the reorganization of the influence of other 

constraints on force coordination patterns. Additionally, researchers manipulated vision 

and task constraints together to determine the interactive influence on bimanual force 

coordination patterns (Hu, Loncharich, & Newell, 2011; Hu & Newell, 2011a). Hu, 
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Loncharich, and Newell (2011) used a vision and no vision conditions whereas Hu and 

Newell (2011a) manipulated visual information by using visual gains of 8 and 80 

pixels/N. Hu, Loncharich, and Newell (2011) found that error compensatory negative 

correlation was present in the condition where visual feedback was available and Hu 

and Newell (2011a) found that these negative patterns were more efficiently 

coordinated at visual feedback of 80 pixels/N. Even though the two studies confirmed 

the contribution of vision in bimanual movements, Hu and Newell (2011a) reported that 

the influence of visual information was dependent on the task coefficients (Hu, 

Loncharich, & Newell, 2011; Hu & Newell, 2011a).  Moreover, studies on unimanual 

movements investigating the importance of vision reported deterioration of motor 

performance in conditions when visual feedback is either reduced or withheld 

(Kantowitz & Elvers, 1988; Tracy, 2007; Vaillancourt & Russell, 2002).  

Given the importance of visual information for motor performance, further 

research is necessary. Specifically, the influence of a potential interaction between a 

wide range of visual feedback and different task constraints on bimanual force 

coordination patterns deserves further investigation. Therefore, a logical research 

extension involves investigating the interactive influences in which two different 

categories of constraints (i.e., environmental and task) are manipulated together. 

Furthermore, the present experiment is novel because no previous study has 

determined the interaction effect between different task constraint conditions and a 

range of visual feedback gain beyond 80 pixels/N on bimanual force coordination 

patterns. 
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Whereas most of the previous studies on bimanual force production manipulated 

the task constraints over a wide range, the evidence on visual feedback more than 80 

pixels/N comes from the studies on unimanual tasks (Hu, Loncharich, & Newell, 2011; 

Hu & Newell, 2011a). The studies investigating the influence of visual feedback on 

unimanual force production tasks demonstrate performance deterioration and a plateau 

in variability with increased visual feedback (Baweja et al., 2010; Prodoehl & 

Vaillancourt, 2010; Sosnoff & Newell, 2006a, 2006b). Explanations based on unimanual 

movements may not apply to complex bimanual force coordination patterns that emerge 

from an interaction between organismic, task, and environmental constraints. Further, 

coordination patterns are more challenging in bimanual tasks because different 

coefficients require both hands to break away from the preferred mode of positive 

correlation imposed by bimanual coupling. Therefore, the purpose of the current study is 

to manipulate the environmental and task constraints to investigate their interaction with 

positive coupling to determine bimanual force coordination patterns. Specifically, this 

study will determine the interaction between different task constraints and a wide range 

of visual feedback on the bimanual force coordination patterns in an isometric force 

production task.  

Research Question 

How does an increased visual feedback interact with different task constraint 

conditions to influence the bimanual force coordination patterns in an isometric force 

production task? 
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Hypothesis 

A primary hypothesis is that increased visual feedback will interact with the 

different task coefficients to influence the bimanual positive coupling which in turn will 

facilitate error compensatory negative coordination. 

Significance 

Bimanual tasks that involve asymmetric force production by both hands are more 

complex than tasks that involve similar force production. Dissimilar force production 

tasks pose a challenge for the performer and present greater variability in force leading 

to higher performance error. As Hu and Newell (2011a) argued, to minimize error during 

performance, such force production tasks require a force coordination pattern that 

involves negative correlation between hands (Hu & Newell, 2011a). However, negative 

correlation is difficult to achieve because the bimanual force coordination pattern has to 

break away from the positive correlation imposed by bimanual coupling (Hu & Newell, 

2011a; Kelso, 1995). Availability of adequate sensory information has been associated 

with reduction in performance error and maintaining constant force output (Hu & Newell, 

2011a). Vision has been identified as an important sensory feedback source as well as 

being associated with facilitating error compensatory negative correlation (Hu & Newell, 

2011a; Ranganathan & Newell, 2008b). Therefore, an ideal configuration of visual 

feedback with different coefficients of task constraints is required to facilitate efficient 

task performance.  

In other words, bimanual force coordination patterns emerge out of the 

interaction of visual feedback and task constraints with the bimanual positive coupling. 

Previous studies investigated the ideal configuration of the interaction between various 

task constraints and visual feedback (Hu, Loncharich, & Newell, 2011; Hu & Newell, 



 

19 

2011a). Indeed, whereas the focus of previous studies has been on manipulating task 

constraints, no bimanual coordination study has investigated the interaction of different 

task constraint with visual feedback beyond 80 pixels/N (Hu, Loncharich, & Newell, 

2011; Hu & Newell, 2011a). The present study addresses this research gap by 

determining the interaction of visual feedback greater than 80 pixels/N with task 

constraint conditions while investigating bimanual force coordination patterns during an 

isometric task. 
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CHAPTER 2 
METHODS 

Participants 

Fifteen right handed healthy young volunteers participated in this study. Hand 

dominance was confirmed using Edinburgh’s handedness inventory. All participants had 

normal or corrected to normal vision with no injury of the index fingers of the left and 

right hands. Before testing, participants read and signed an informed consent approved 

by the University of Florida Institutional Review Board. 

Apparatus 

Participants were seated on a comfortable chair facing a 17-inch monitor. They 

maintained a straight trunk position with the elbows flexed to about 20o to 45o and 

shoulder flexed to about 15o to 20o. The left and right hands were in fully extended 

prone position with the fingers straight out. The index fingers of left and right hands 

were comfortably extended away from the rest of the digits. The arm and the hand 

positions allowed participants to contact two separate force transducers. Required 

movements involved simultaneous index finger abduction of both hands to contact two 

force transducers mounted on small wooden blocks and attached to the platform.  

The display included a center green horizontal target line spanning the entire 

width of the screen and a white trajectory moving from left to the right and representing 

the combined force output of both index fingers of the participant. The target and 

trajectory line were of different colors to avoid confusion during the performance of the 

task. The task requires participants to match their trajectory line with the target 

horizontal line through the bilateral isometric abduction of index fingers of both hands. 
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Procedures 

Instructions 

To obtain isolated simultaneous index finger movements of their left and right 

hands, participants comfortably placed their index fingers away from the rest of the 

digits and were instructed to minimize movement in their other digits and wrist. 

Moreover, forearms were strapped to the table and the three fingers (i.e., middle, ring 

and pinky) were strapped together to avoid involvement in the movement (Figure 2-1). 

Maximal Voluntary Contractions (MVC) Estimation 

To determine MVC, participants produced maximal force by performing the 

simultaneous bilateral index finger abduction movements while pressing the force 

transducers. They were instructed to push against the force transducer as hard as they 

can for 6 s. A total of three 6 s trials were performed. Each trial was followed by 30 s 

rest period. An average of these three trials was used as a representative MVC value of 

each participant. 

Experimental task 

The experimental task required that participants produced force at 20 % of their 

MVC. Twenty percent MVC was chosen because this force level is functionally relevant 

by being frequently used for most everyday activities (Marshall & Armstrong, 2004). To 

perform the task, individuals were instructed to produce simultaneous forces by their 

index fingers of both hands in such a manner that the combined sum of the forces will 

control the white trajectory line attempting to match the 20 % green horizontal line.  

  To manipulate the environmental constraint, visual feedback information was 

chosen at the visual gains of 8, 80, 256 and 512 pixels/N during the task. These visual 
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gains were then converted into four visual angles using equation 2-1 (Vaillancourt, 

Haibach, & Newell, 2006). 

α = 2×tan-1(H1/D) (2-1) 

The visual angle is represented by α and is calculated using the height and distance of 

the video display. The distance (D) was kept constant at 78 cm, and the height (H) was 

varied by altering the visual gain. The visual angles that were calculated using the visual 

gains of 8, 80, 256 and 512 pixels/N were 1o, 10o, 32o and 59o respectively. Increased 

visual feedback leads to greater number of pixels representing a unit of force on the 

monitor (Figure 2-2). In other words, greater number of pixels representing a unit of 

force indicates increased visual resolution.  

Manipulating the task constraints, three coefficients settings were imposed on the 

left and right hand index fingers. These coefficients settings were: 0.4:1.6, 1:1, 1.6:0.4. 

Unequal coefficients essentially change the finger force output inducing a force 

asymmetry between left and right index fingers. The specific coefficients imposed on 

each finger were informed at the beginning of the block. One practice trial with each 

hand was provided for the participants to understand the coefficient placed on each 

hand. This was followed by two practice trials where participants performed the bilateral 

task for familiarization and selection of their preferred finger force combination.  

Each participant completed 12 blocks of trials (i.e., three coefficient ratios at each 

of four visual gains). The order of these block trials were randomized across individuals. 

Each block started with four practice trials followed by nine experimental trials. A total of 

108 experiment trials were performed in 12 blocks. Trials were 15 s long and a 10 s rest 

period was given between trials. A 1 min rest was provided between blocks.  
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Data analysis 

Two load cells (MLP-25, Transducer Techniques, 4.16 × 1.27 × 1.90 cm, range, 

0.1% sensitivity) attached to the platforms were used to collect force data. A 

bidirectional fourth-order Butterworth filter (cut off frequency; 20 Hz) was used for force 

filtering. Data analysis was performed on 9 s (6 – 14 s) of the force generation task. The 

ramping up and down of the force represented by initial 5 s and last 1 s of the 15 s trials 

was removed from data analysis. Outcome measures were the RMSE, SD and CV of 

the force output. Force coordination patterns were quantified using Pearson’s linear 

correlation coefficient. In addition, the structure of force output variability was examined 

using ApEn. Data were processed using a custom built Labview program.  

Each dependent variable was analyzed using separate two-way repeated 

measures ANOVAs with 3 levels of task coefficients and 4 levels of visual feedback. 

The experimental design is a completely within-subjects design. Post hoc analysis was 

performed using Bonferroni’s post hoc test. A significance level of P < 0.05 was used for 

all statistical analysis. 
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Figure 2-1.  Apparatus and finger/hand position 

 
 

Figure 2-2.  Different visual feedback display (A) 1o (B) 10o (C) 32o (D) 59o 
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CHAPTER 3 
RESULTS 

A primary hypothesis of the current study was that a wide range of visual 

feedback will interact with task coefficients to reorganize bimanual force coordination 

facilitating error compensatory negative coordination. To test this hypothesis, data were 

collected during a force generation task and analyzed for task performance, bimanual 

force coordination, and structure of force variability. A two-way Visual Feedback × Task 

Coefficient (4 × 3) ANOVA with repeated measures on both factors was performed on 

the outcome variables. Normality of the data was examined using Kolmogorov’s test. 

Any violations of the sphericity assumption were adjusted with Greenhouse-Geisser’s 

degrees of freedom. 

Task Performance 

Performance error 

 RMSE quantified performance error.  A significant interaction [F(6, 84) = 3.03; p 

= 0.01; partial 2 = 0.18] was observed between visual feedback and task coefficient 

(Figure 3-1). In the bilateral (1:1) task condition, RMSE was higher for the visual 

feedback angle of 1o than the other visual feedback conditions. A similar trend was seen 

in the left (1.6) > right (0.04) task condition. However, in the left (0.4) < right (1.6) task 

condition, RMSE was higher for the visual feedback angle of 1o than 10o and 32o.  

Force Variability 

 Force variability was quantified by two outcome measures: (a) CV and (b) SD. 

For bilateral forces, the completely within-subjects design for CV revealed significant 

main effects for visual feedback [F(1.254, 17.557) = 13.81; p = 0.001; partial 2 = 0.5] 

and task coefficient [F(1.172, 16.410) = 11.03; p = 0.003; partial 2 = 0.44). Bonferroni’s 
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post hoc test on visual feedback revealed that the mean of CV in the 1o visual angle 

condition was greater than the 32o and 59o visual conditions (Figure 3-2). Follow-up 

tests on the three task coefficients revealed that the left (1.6) > right (0.04) condition 

was greater than the bilateral (1:1) and left (0.4) < right (1.6) conditions (Figure 3-3).  

Further analysis examined individual forces. Unilateral force production of the left 

and right hands were submitted to a Visual Feedback × Task Coefficient (4 × 3) ANOVA 

with repeated measures on both factors. The completely within-subjects design for CV 

revealed task coefficient main effects for the left hand [F(1.198, 16.728) = 25.36; p = 

0.00; partial 2 = 0.64] and the right hand forces [F(1.293, 18.099)=132.56; p = 0.00; 

partial 2 = 0.9].  For the left hand, post hoc testing showed that the CV for the left (0.4) 

< right (1.6) condition was greater than the bilateral (1:1) and left (1.6) > right (0.04) task 

conditions. Follow-up analysis for the right hand revealed that the CV for the left (1.6) > 

right (0.04) condition was greater than the bilateral (1:1) and left (0.4) < right (1.6) task 

conditions. Means for the task coefficient main effect are shown in Figure 3-4. 

Similarly, the two-way repeated measures ANOVA on bilateral forces for SD 

indicated two significant main effects: (a) visual feedback [F(1.233, 17.259) = 10.60; p = 

0.003; partial 2 = 0.43] and (b) task coefficient [F(1.092, 15.293) = 8.7; p = 0.009; 

partial 2 = 0.38]. The visual feedback main effect indicated that SD decreased with 

increased visual feedback. Bonferroni’s test revealed that the mean of SD in the 1o 

visual angle condition was greater than the visual conditions of 32o and 59o. Follow-up 

analysis on the task coefficient main effect indicated that the SD for left (1.6) > right 

(0.04) condition was greater than the bilateral (1:1) condition. The bilateral force means 
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for the visual feedback and task coefficient main effects are shown in Figures 3-5 and 3-

6, respectively. 

The two-way repeated measures ANOVA on the unilateral forces revealed task 

coefficient main effects for the left hand [F(1.045, 14.624) = 16.61; p = 0.00; partial 2 = 

0.54] and right hand forces [F(1.228, 17.191) = 52.68; p =0.00; partial 2 = 0.79]. Post 

hoc analysis on the left hand data indicated that the SD for left (0.4) < right (1.6) 

condition was greater than the bilateral (1:1), and left (1.6) > right (0.04) task conditions. 

For the right hand, the SD for left (1.6) > right (0.04) condition was greater than the 

bilateral (1:1), and left (0.4) < right (1.6) task conditions (Figure 3-7). 

Bimanual Force Coordination 

Consistent with Hu and Newell (2011a, b) analysis, Pearson’s product moment 

correlation was used to evaluate the coordination between force outputs for the left and 

right hands. Values obtained for Pearson’s correlation were analyzed using a two-way 

Visual Feedback × Task Coefficient (4 × 3) ANOVA with repeated measures on both 

factors. The analysis identified two significant main effects: (a) visual feedback [F(3, 42) 

= 9.48; p = 0.00; partial 2 = 0.4] and (b) task coefficient [F(2, 28) = 3.81; p = 0.034; 

partial 2 = 0.21]. Follow-up tests on visual feedback showed that the correlation 

coefficients were higher at the 1o visual angle condition than the visual conditions of 32o 

and 59o. This indicated a greater negative correlation between the left and right hands 

with increased visual feedback. Post hoc analysis of the task coefficient main effect 

showed that the correlation coefficient for the bilateral (1:1) condition was lower than the 

left (1.6) > right (0.04) condition. This showed a stronger negative correlation in the 
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bilateral (1:1) condition as compared to the left (1.6) > right (0.04) condition. Table 3-1 

shows the correlation means and standard deviations. 

Structure of Force Variability 

The structure of force variability was quantified by Approximate Entropy (ApEn). 

A completely within-subjects repeated measures ANOVA indicated a significant task 

coefficient main effect [F(1.162, 16.262) = 16.02; p = 0.001; partial 2 = 0.534]. Post hoc 

analysis revealed that the mean of the left (1.6) > right (0.04) task condition was greater 

than the mean of the bilateral (1:1) and left (0.4) < right (1.6) conditions (Figure 3-8). 

Even though a difference between the task coefficient conditions was found, the values 

were close to zero indicating that the time dependent structure of force output was 

highly regular for each task condition (Lodha et al., 2010; Pincus, 1991).  
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Table 3-1.  Correlation Coefficient means with standard error (±) for all conditions 
 

  Visual Feedback (degrees) 
  1o 10o 32o 59o 

Task 
Coefficients 

Bilateral 
(1:1) 

-0.03±0.07 -0.16±0.06 -0.24±0.06* -0.18±0.05* 

Left>Right 
(1.6:0.4) 

-0.01±0.07 -0.04±0.05 -0.12±0.05* -0.15±0.05* 

Left<Right 
(0.4:1.6) 

-0.04±0.06 -0.01±0.04 -0.16±0.06* -0.12±0.07* 

 

 
 

Figure 3-1.  For bilateral force, mean root mean square error (± SE) as a function of 
interaction between visual feedback and task coefficients. 
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Figure 3-2.  For bilateral force, mean coefficient of variation (± SE) as a function of  
visual feedback main effect. 

 

 
Figure 3-3.  For bilateral force, mean coefficient of variation (± SE) as a function of task 

coefficient main effect 

* 

* 
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Figure 3-4.  For individual forces, mean coefficient of variation (± SE) as a function of 
task coefficient main effect. 

 

 
Figure 3-5.  For bilateral force, mean standard deviation (± SE) as a function of visual 

feedback main effect. 
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Figure 3-6.  For bilateral force, mean standard deviation (± SE) as a function of task 
coefficient main effect. 

 

 
Figure 3-7.  For individual forces, mean standard deviation (± SE) as a function of task 

coefficient main effect. 

* 
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Figure 3-8.  For bilateral force, mean approximate entropy (± SE) as a function of task 
coefficient main effect. 
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CHAPTER 4 
DISCUSSION 

The purpose of the current research was to investigate the interaction of visual 

feedback and task constraints on bimanual force coordination patterns. Overall, the 

findings revealed that visual feedback angle of 32o that corresponded to the visual gain 

of 256 pixels/N decreased performance error and facilitated negative force coordination 

between both hands. 

Task performance 

Performance Error 

Previous studies reported that visual information is associated with an 

improvement in task performance (Hu, Loncharich, & Newell, 2011; Kantowitz & Elvers, 

1988; Miall, Weir, & Stein, 1993; Prodoehl & Vaillancourt, 2010; Baweja et al., 2010 ). In 

line with previous findings, the current results revealed a more accurate force 

production with increased visual feedback for each of the three task coefficient 

conditions. Accurate force production indicated a decreased performance error. 

However, this decrease in error was only seen from the visual angle of 1o to 10o or from 

the visual feedback gain of 8 to 80 pixels/N.  

Considering that previous studies have not investigated the effect of a wide 

range of visual feedback on a bilateral task, current study is the first to report a plateau 

in performance error (i.e., initial drop followed by a stable condition) beyond 80 pixels/N. 

In other words, the error at visual angles of 32o (i.e., 256 pixels/N) and 59o (i.e., 512 

pixels/N) was lower than 1o but not different from the visual angle of 10o. Taken 

together, these findings suggest that the optimal visual feedback condition to minimize 

performance error during a bilateral task can be at the visual angles of 10o and 32o. 
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Force Variability 

Force variability was analyzed bilaterally and unilaterally. For bilateral force, a 

decrease in force variability was observed in each task coefficient condition at the visual 

angle of 32o. The visual gain used at the visual angle of 32o was 256 pixels/N. 

Contradictory findings exist in the literature for the effect of a wide range of visual 

feedback conditions on force variability during a unilateral task. Whereas Sosnoff and 

Newel (2006) reported an increase in force variability at visual feedback higher that 80 

pixels/N, other studies report an initial drop followed by a stable level with no further 

decline or increase (Baweja et al., 2010; Prodehl & Vaillencourt, 2010). The present 

study found a decrease in force variability at a visual angle of 32o. The inconsistency 

with previous studies can be attributed to the different task that the participants 

performed. Participants in previous studies performed a unilateral task whereas the task 

performed in the current study was bilateral. 

Although visual angle of 32o decreased variability in bilateral force, no such effect 

was seen on the variability of individual hands. Because the task goal was to match the 

target line using a combination of the forces of both hands, a possible interpretation 

involves one hand compensating for the higher variability of the other by reducing 

variability. Current findings on unilateral forces are contrary with studies investigating 

the effect of visual feedback on force variability during a bilateral task (Hu, Loncharich, 

& Newell, 2011; Hu & Newell, 2011a). Given that the present study had 12 different 

conditions, the length of the testing was twice as long as previous studies. Perhaps 

fatigue or decreased attention in the longer duration of testing confounded the effects of 

different visual feedbacks. Nonetheless, reduced bilateral variability and performance 
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error indicated that an increase in visual feedback improved motor performance during 

the bilateral task.  

Bimanual Coordination 

Negative coordination patterns are required for error compensation in bilateral 

tasks that involve asymmetric force production between hands. However, such patterns 

are difficult to achieve because of intrinsic bimanual coupling. Hu, Loncharich, and 

Newell (2011) manipulated the availability of visual information and found a negative 

correlation when visual feedback was available. Further, a strong negative correlation 

was reported at a visual feedback of 80 pixels/N than 8 pixels/N (Hu & Newell, 2011a). 

Additionally, Rangnathan and Newell (2008) reported a negative coordination with 

shorter visual information intermittency. Taken together, the availability of visual 

information influences bimanual coordination patterns. The current study extends the 

previous findings by showing a novel negative correlation between hands at a visual 

angle of 32o or visual gain of 256 pixels/N.  

Among the three task coefficient conditions, a stronger negative correlation was 

found in the bilateral (1:1) than the left (1.6) > right (0.04) or the left (0.4) < right (1.6) 

task conditions. The bilateral (1:1) task condition was used as a control where no task 

constraints were placed on hands. These findings are compatible with the previous 

studies and indicate that when the task became complex, individuals were unable to 

maintain the error compensatory negative correlation (Hu, Loncharich, & Newell, 2011; 

Hu & Newell, 2011 a, b, c). Thus, participants appeared to switch to a weak positive 

correlation or no correlation at all in the more complex task conditions. Although among 

the three task coefficient conditions, a negative correlation was most difficult to maintain 

in complex task conditions; visual feedback at a visual angle of 32o facilitated a stronger 
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negative correlation in each task condition. In general, the present findings indicate the 

importance of visual information in each task condition. This is incompatible with 

previous studies that reported that task coefficients weighted more than visual feedback 

(i.e., increasing visual feedback facilitated a negative correlation in the bilateral 

condition but, not in the different task coefficient conditions; Hu, Loncharich, & Newell, 

2011; Hu & Newell, 2011 a). This inconsistency can be explained by the wide range of 

visual feedback investigated in the present study (i.e., visual feedback gain of 256 

pixels/N at 32o has not been tested before).  

Structure of Force Variability 

ApEn is a regularity statistic used to quantify the time dependent structure of 

force output (Pincus, 1991; Ho et al.,1997). A highly structured signal reflects ApEn 

approaching zero and indicates predictability in force. On the other hand, a less 

structured or unpredictable signal is reflected through an increase in ApEn. Increased 

irregularity or higher ApEn manifests a greater ability to incorporate additional control 

processes to achieve solutions for the task goal (Pincus 1991; Sosnoff et al. 2009; King 

& Newell, 2013). The present findings revealed bilateral ApEn in all the conditions 

closer to zero indicating that the time dependent structure of variability was highly 

regular (i.e., high predictability). These findings are partially consistent with previous 

studies that reported no increase in bilateral ApEn with different task coefficient 

conditions (Hu, Loncharich, & Newell, 2011; Hu & Newell, 2011 a, c). However, these 

studies found less regular structure of ApEn with increased visual feedback which is 

contrary to the present findings.  

A possible interpretation involves a force target of 20 percent. Although, 12 

different conditions created by the combination of four visual and three task coefficient 



 

38 

conditions were presented to the individuals in the current experiment, force target 

remained the same in each of these conditions (i.e., 20 % of MVC). Thus, no task 

required the participants to increase the complexity of force (Hu & Newell, 2011c).  

A confounding factor for the benefit of visual feedback on ApEn observed in 

previous studies might be the length of testing in the current study. Practice associated 

with the repeated performance of the constant target task as seen in the current study 

has been shown to increase the irregularity of force output (King & Newell, 2013). 

However, the participants showing higher irregularity with practice performed the task 

on two separate days limiting the duration to about half on each day. On the other hand, 

the current study tested all conditions in one sitting which may have caused decreased 

attention or increased fatigue.  

Implications and Future Directions 

A large number of bilateral everyday tasks require asymmetric force production 

between hands. Individuals with a neurological injury such as a stroke have difficulty 

regaining the level of precision required to perform complex bilateral tasks, limiting their 

independence. Therefore, rehabilitation programs should focus on including complex 

bilateral tasks in training protocols to assist patients in reaching appropriate functional 

levels.  

The importance of visual feedback for motor performance during a unimanual 

task has been well documented (Kantowitz & Elvers, 1988; Miall, Weir, & Stein, 1993; 

Sosnoff & Newell, 2006; Baweja et al., 2010; Prodehl & Vaillencourt, 2010).The current 

findings add to this knowledge by reporting an optimal visual feedback level for 

performing bilateral complex tasks. Perhaps visual feedback that should be used for 

retraining complex bilateral tasks is 256 pixels/N. However, the present findings are 
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limited to young adults between the ages of 20 to 35. To generalize these findings, 

future research should include older adults as well as people with neurological 

disabilities in similar force production studies.  

The purpose of the present study was to investigate visual feedback 

manipulations as an environmental constraint. However, other sources of sensory 

feedback are available during movement (i.e., proprioception). Possibly, the sensory 

feedback is a combination of vision and proprioception (van Beers et al., 2002). Future 

studies can manipulate more than one sensory source to investigate how different 

sources of feedback interact within the environmental constraint category.  

Integration of visual information is influenced by attention (Block & Bastian, 2010; 

Hu & Newell, 2011a). Because of the long duration of testing (i.e., about 90 min), 

attention and fatigue might be two potential confounds in the current study. Although 

plenty of rest periods were provided, some participants reported difficulty in maintaining 

the force levels throughout entire testing. Attention and fatigue should be considered in 

future studies especially ones involving older participants and neurological deficit 

patients.  

The present experiment used different task coefficients to create asymmetry 

between force production of the left and right hands. Placing different coefficients on 

each hand altered the force production by changing the representation of the force on 

the screen. For example, in the left (1.6) > right (0.4) condition, 1 Newton of force 

produced by the left hand was represented as 1.6 Newton. On the other hand, 1 

Newton of force produced by the right hand was viewed as 0.4 Newton. Although this 

method has been shown to successfully alter the force production of each hand, 
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controlling the individual force levels of each hand is challenging (Hu, Loncharich, & 

Newell, 2011; Hu & Newell, 2011a, b, c). Because the current focus was to produce 

dissimilar forces, an alternative method could require participants to match specific 

force levels with each hand. For example, in a left>right condition where the target force 

is set at 10 Newton, left hand should be required to produce 80 % (i.e., 8 Newton) and 

the right hand 20 % (i.e., 2 Newton) force. However, the practical implication of a 

method involving each hand matching specific force levels is questionable. Three 

different visual targets would have to be presented to the subject (i.e., one target each 

for the left hand, the right hand, and both hands force levels). Future research should 

consider a method which could be used to control force of each hand at a specific level 

without producing unnecessary force distractions.  

The current findings partially support the hypothesis that increasing visual 

feedback reorganizes the bimanual force coordination pattern to facilitate error 

compensatory negative correlation. A strong negative correlation was seen in each task 

coefficient condition at a visual angle of 32o or visual feedback gain of 256 pixels/N. 

Moreover, bilateral or total force variability was reduced with visual feedback in each 

task coefficient condition. Based on these findings, visual feedback of 256 pixels/N 

reduced force variability and increased negative force coordination in complex (i.e., 

producing dissimilar forces between hands) as well as simple (i.e., producing similar 

forces) bilateral tasks. In conclusion, the present study achieved an important finding: 

identifying a visual feedback condition that can be used to improve motor performance 

during a bilateral task. Furthermore, these findings suggest that unilateral and bilateral 

tasks have different visual feedback requirements and should be taken into 
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consideration while designing rehabilitation programs for patients with neurological 

impairments.   
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