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ABSTRACT 

 

 

Reaching is a basic component of human movements requiring the coordination 

of the eyes and multiple body segments including the hand, forearm, arm and torso. 

Although this movement has been studied extensively, the theory bridging the explicit 

reaching behavior (coordinated movement of body segments) and the implicit reaching 

strategy (control mechanisms) is limited. Hence, modeling unconstrained reach 

movements as a result of coordination remains a difficult task. 

The aims of the present study were to investigate the relationships defining the 

coordination pattern, control mode composition and movement phase transition in order 

to develop a model of coordinated reach movements. This work focuses more particularly 

on the characterization of body segment kinematics in movement phases and control 

mode transition in relation to visual information. A novel approach to determine control 

mode transition is proposed by using changes in curvature of the elbow swivel angle 

(ESA) combined with the content of visual information. The results show that this 

approach seems to be a good indicator of control mode transition in reach movements. 

The relative durations of movement control modes were therefore determined and 

modeled as a function of reaching requirements. In addition, the use of the swivel angle 

enables the reduction of the degrees of freedom and contributes to a simplification of arm 

movement models. Two strategies of movement execution were observed as a function of 



xiv 
 

the availability of the visual information. In absence of vision, the movement variability 

was significantly reduced in order to constrain the system degrees of freedom. 

Furthermore, the orientation of the movement errors strongly support that in the present 

context, movements are planned in a local coordinate system and the head is the origin of 

that frame of reference. 

A coordination model was developed to describe the timing and kinematics of 

three-dimensional reach movements. This model also includes the relationship between 

the eyes and body segment movements. With a generalized hand trajectory, the proposed 

model generates the sequence of movement phases and drives a multi-linkage system as a 

function of target locations. 
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CHAPTER 1  
 

Introduction 

 

 

1.1 Background and significance 

Reaching is a basic component of human movements which requires the 

coordination of the eyes and multiple body segments including the hand, forearm, arm 

and torso. It represents a major activity in everyday life and more specifically in the 

manufacturing industry as it plays a crucial role in object manipulation. As any hand 

movement starts with a reach, it explains why this activity has been widely studied since 

the early ’50 (Lashley, 1951). Moreover, several pathological syndromes, resulting from 

cerebral palsy, stroke, Parkinson’s disease, etc., cause spatial and temporal deficiency of 

reach movements whose specific characteristics  help understand the control of reaching 

movements. Rehabilitation programs relying on a solid understanding of the planning and 

coordination are needed as an increasing number of patients suffer from strokes (America 

Heart Association, 2006 & 2007) and Parkinson’s disease (Albert et al., 2000). It has 

been also suggested that coordinative rules of movement in healthy adults provide a 

framework from which to interpret deficits following nervous system injury, and assist 

clinicians in advancing neurorehabilitation (Bastian 1997; Bastian et al.2000; Beer et al. 

2000). Additionally, general features of adult reaching provide potentially important 

variables to track in the development of reaching in infants (von Hofsten and Roennqvist 

1988; Zaal et al. 1999). Thus, a general model of upper body coordination based on 

motor control principles may help to generate realistic movements using computer 

assisted design and possibly determine the alteration of specific mechanisms by some 

diseases. 
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1.1.1 Kinematics and modeling of reach movements 

Reaching is the essential transport element of the hand movement in order to 

grasp a selected object (Jeannerod et al., 1998; Paillard and Beaubaton, 1978). Several 

studies have focused on the grip pre-shaping and opening linked to the reaching program 

(Castiello et al., 1993a, b; Gentillucci et al., 1991; Stelmach et al., 1994). A reaching-to-

grasp model has been proposed as a program coordinated via a time-based module (Hoff 

and Arbib, 1993). The temporal coordination between reaching and grasping has been 

well studied and characterized by prehensile behavior derived from empirical data 

(Jeannerod, 1984; Jackobson and Goodale, 1991; Chieffi and Gentilucci, 1993). Although 

it was suggested that all joints begin to move together in two-dimensional movements (Hoff 

& Arbib, 1993; Vercher et al., 1994; Sailer et al., 2005), the temporal organization of body 

segments still requires further examination and study.  

Extending from the same framework, several studies have investigated reach-

grasp coordination when two effectors are involved. According to the work of Churchill 

et al. (1999), the temporal parameters of reaching and grasping are the same in bimanual 

and unimanual conditions. Similar results related to bimanual tasks have been reported 

(Castiello, 1997; Castiello and Bennet, 1997; Castiello et al., 1993a; Tresilian and 

Stelmach, 1997). These results indicate that the overall timing and kinematics of reach-

to-grasp movements are similar for both bimanual and unimanual conditions. Hence, they 

also suggest that the coordination of reaching may present the same pattern for single and 

bimanual tasks. 

Regarding different approaches of reach movement studies, it was originally 

proposed from a neurophysiological approach that reaching programs were controlled by 

two loosely coupled visuomotor channels (Jeannerod 1981, 1984). The inferior premotor 

cortex linked to the inferior parietal lobe was suggested to play a major role in spatial 

positioning of the arm (Jeannerod et al., 1995). At the cerebellar level, the posterior 

interpositus nucleus and the adjacent dentate were assumed to influence reaching 

accuracy and arm stability (Gibson et al., 1998; Mason et al., 1998, 2001). Moreover, 

experiments in cerebellar subjects showed that the cerebellum may be involved in the 

coupling of reach and grasp movements (Zackowski et al., 2002). 
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From the muscle dynamics point of view, it is proposed that movements are 

organized such that reactive forces not only fail to disrupt movement but directly support 

movement. Interaction effects, although passive, have been referred to as the offspring of 

muscle activation as they are ultimately generated from muscle forces (Bernstein, 1996). 

There is growing evidence that the nervous system anticipates these effects when 

planning arm muscle activity or muscle torque, particularly for the initial motion of the 

arm toward a target (Sainburg et al., 1999). Several specific control issues of reaching 

have been addressed using select intersegmental dynamic variables and methods. Studies 

have reported muscle torque across multiple directions (e.g., Buneo et al., 1995; Gottlieb 

et al., 1997), or multiple torque components for a few directions (e.g., Beer et al., 2000; 

Cooke and Virji-Babul, 1995; Ghez and Sainburg, 1995; Gribble and Ostry, 1999; 

Hollerbach and Flash, 1982; Sainburg and Kalakanis, 2000; Sainburg et al., 1999). Taken 

together, these studies suggest that intersegmental dynamics can differ across joints for 

different areas of the workspace. 

Reaching involves the coding of spatial parameters, such as direction and 

amplitude, and of temporal parameters, such as velocity (Oliver et al., 2004). In the 

1980’s, human arm reach movements kinematics were investigated to understand the 

central nervous system (CNS) strategy to plan reaches and to improve rehabilitation 

processes. Many studies show that humans tend to choose unique trajectories with a fairly 

straight and smooth path exhibiting a bell-shaped velocity profile for the hand (Morasso, 

1981, Abend, 1982). These invariant features of human movements reveal the internal 

representation of the movements in the CNS (Bernstein, 1967). In accordance to these 

invariant features reach movements were approached using optimization method. A 

number of two-dimensional (2-D) reach movement and multi-joint arm movement 

control models were formulated in the task space for co-planar movement using a 

minimum jerk criterion (Flash et al., 1985, Hogan 1985, Hoff et al., 1993; Jordan et al., 

1994). Additionally, other studies (Uno et al., 1989; Dornay et al., 1992) suggested a 

minimum joint torque change criterion implying that the CNS plans the reach movements 

based on the dynamic formulation. Generally, the approaches are divided into two groups 

assuming that the CNS strategy is based on specific different coordinates – kinematic and 

dynamic coordinates (Wolpert et al., 1995). However, the choice of a coordinate system 
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remains an open debate, according to the results of kinematic and dynamics 

characteristics (Kawato, 1996 and 1999; Flash et al., 2003).  

Expanding from the 2-D reach movement studies, three-dimensional (3-D) 

reaching models have been attempted to predict reach movements by predicting reaching 

postures or aiming at specific operational needs. (Zhang and Chaffin, 1997, 1999 and 

2000; Galloway et al., 2002). The role of head movements and visual feedback has been 

investigated (Kim, 2005), and physiological consideration were also proposed (Siebert et 

al., 2007, Ren et al., 2007). According to the kinematics of the head and hand, Kim (2005) 

divided the unconstrained visually-guided reach movements into a lift-off, transport, and 

landing phases. The lift-off phase was defined as the initiation of hand movement 

regardless of the reaching direction, the transport phase corresponded to the directional 

reach segment of the movement, which was distinguished from the landing phase when 

gaze aimed at the target and the hand entered the estimated perimeter of the foveal field 

of view. Although the developed models were adapted to fit specific tasks, a more 

general 3-D reaching model is still needed to simulate and understand non-constrained 

movements. 

 

1.1.2 Role of proprioception in goal directed movements 

The role and contribution of proprioception to movement perception and control 

have been extensively studied. Proprioceptive information encoded by muscle spindles 

(Sherrington, 1906; Goodwin et al., 1972; McCloskey, 1973; Burgess et al., 1982) plays a 

major role in the control of voluntary movements (Gandevia et al., 1992; Ghez et al., 

1995; Hasan, 1992; Roll et al. 2000). Proprioceptive feedback has been found to be 

critical in controlling muscle interaction torques (Sainburg et al., 1993; Ghez and 

Sainburg, 1995), the timing of limb segments during multi-joint movement (Cordo et al., 

1994, 1995; Devanne and Maton, 1998), movement trajectories (Roll et al., 2000; Sauter  

and Martin et al. 1991), and providing internal models of limb representation (Roll and 

Roll, 1998) used in skilled movement (Kawato and Wolpert, 1998).It is also suggested 

that proprioception is involved in the control of limb posture (Goodwin et al. 1976; 

Rothwell et al. 1982; Sanes et al., 1985; Adamo and Martin 2009) and the specification of 

movement direction and extent (Ghez et al., 1990; Rothwell et al., 1982; Saling et al., 
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1992; Sanes et al., 1985). The relationship between joint kinematic information and 

discrete movement show that proprioceptive information is also used to coordinate joint 

movements (Cordo et al., 1994). However, most proprioceptive studies have not 

considered the interaction of vision and proprioception. Based on the assumption that the 

sequencing of body segment initiation is triggered by joint rotation, visual feedback was 

excluded in these studies. 

 

1.1.3 Vision and movement control 

Visual feedback is supported by eye and head movements. It has been shown that 

visual targets presented in peripheral locations are likely to induce head movements for 

gaze displacements in order to obtain accurate visual information (Fuller 1992; Gauthier 

et al. 1986; Guitton et al. 1987; Stahl 1999, Kim 2005; Kim and Martin 2007) from the 

foveal field of view (FFoV). Visual feedback contains information not only about the 

current state of the moving limb (Carlton, 1981), but also about the location of the target 

and the relative positions of limb and target (Prablanc et al. 1986). A study of eye 

movements during transient target disappearance suggested that the CNS plans the eye 

position based on the expected target location and velocity. The resulting eye movement 

is achieved through the synergy of saccades and smooth pursuit (Orban de Xivry et al., 

1996). It has been also shown that eye movements are modulated by the movement of the 

whole body and the hand (Gauthier et al 1986; Martin et al. 1991; Delleman et al., 2001; 

Tipper et al., 2001). Furthermore, visual perception of the environment was found to be 

modified by the adjustments of stance control (Peterka et al., 1995; van der Kooij et al., 

2001), torso movements (Cohn et al., 2001), and head movements (Kim, 2005).  

Eye-hand coordination is essential for reaching and pointing movements. It has 

been first shown that wrist-rotation in rapid aiming movements is highly dependent on 

the type of eye movements involved (Abrams et al. 1990). In addition, it has been shown 

that gaze supports hand movement planning by marking key positions to which the 

fingertips or grasped object are subsequently directed (Flanagan and Johansson 2003; 

Johansson et al. 2001; Neggers and Bekkering 2000, 2001). It is also estimated that gaze 

aims at the target by the time the corrective movements take place (Uemura et al., 1980; 

Biguer et al., 1984; Carnahan & Marteniuk, 1991; Vercher et al., 1994) Furthermore, 
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gaze and body segment movements tend to move in a similar manner in reaching 

movements. Some studies on unconstrained three-dimensional movements (Desmurget & 

Prablanc, 1997; Pelz et al., 2001; Flanagan & Johansson, 2003) reported the eye-hand 

coordination features and the temporal organization. For each segment, a large initial 

undershoot is followed by one or more corrective movements to reach their respective 

final position (Helsen et al. 2000; Kim et al., 2007). Moreover, a study of the relationship 

between limb proprioception and oculomotor signals in 2-D reaching suggests that the 

required direction of a saccade indicated by the relative initial position of the eye and 

hand affects the average direction and variability of saccades during hand movements, 

which are not affected by the direction of the hand movement (Vercher et al., 1994; Ren 

et al., 2007). It is proposed that any misestimating error of the hand trajectory derived 

from visual information may not be responsible for gaze movement errors. The errors in 

defining saccade vectors rather arise from a process of comparing proprioceptive 

information of initial eye and limb positions. Furthermore, the performance of reaching 

movement relative to target and arm visibility suggests that movements appear to be 

planned to start in a direction that deviates from the direction of the actual straight line 

between the initial and target positions (Sittig et al., 1994; Kim et al. 2007). This result 

shows that deviations of the initial movement direction of goal-oriented arm movements 

are not primarily visually based (de Graaf et al., 1991a, 1991b, 1994; Kim et al. 2007). 

 

1.2 Applied problem 

To the human movement control, the contribution of major feedback mechanisms, 

vision and proprioception, needs a further investigation and quantification. The primary 

focus in this work is the effect of visual feedback in movement planning. According to 

the studies concerning visual guidance for reach and movement control, it may be 

suggested that the CNS, while planning and executing a movement, simultaneously 

controls multiple subsystems that pursue individual and shared goals (guiding the hand, 

displacing the gaze, etc) in order to achieve the general aim of the task (reaching to a 

target). It also implies that visual feedback plays an important role in determining reach 

movement control and coordination. Hence, in the context of this work reach movements 
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are assumed to be multi-phasic. It is hypothesized that the control mode transition is 

relative to the availability and characteristics of visual information.  

The following phases will be included in the model of reach movement 

coordination: 

1. Lift-off phase: 

The lift-off phase may be initiated before visual acquisition of a target. The hand 

movement during that phase may simply correspond to an elevation without a specific 

direction. The joint initiation sequencing and timing found from the experiments and 

feed-forward control will be used to generate the limb movements during their own 

movement time. 

2. Transport phase: 

This phase may be initiated after the visual acquisition of the target of interest. 

Hence, transport phase is defined to be the stage after which target location is visually 

acquired and the end effector is moving toward the target under open-loop control. It is 

assumed that the peak horizontal velocity occurs during the transport phase.  

3. Landing phase: 

Derived from gaze movements, the estimated instant at which the hand enters the 

foveal field of view (FFoV) when the hand is close to the target location is assumed to be 

the indicator of the phase transition. Additional aid with the body segment kinematic 

information needs to be used to precisely determine the phase initiation. In this phase, 

movement can be adjusted by feedback (closed-loop) control using visual feedback (if the 

hand remain in the FFoV) or estimated proprioceptive feedback (if the hand is not in the 

FFoV) until the hand reaches the target with a predetermined estimated error. 

 

1.3 Specific aims of the thesis 

Reaching is one of the important activities among multi-segmental goal directed 

movements. Several factors, such as perception, control modes, and kinematics of body 

segments, might affect the performance of human reach movements. These movements 

have been studied extensively; however, the theory bridging the explicit reaching 

behavior (coordinated movement of body segments) and the implicit reaching strategy 
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(control mechanisms) is limited. Hence, modeling multi-functional reach movements 

remains a difficult task. 

In this work, the relationship between reach movement characteristics and the 

factors contributing to movement phases and multi-segmental organization are 

investigated. These relationships, which define coordination, are governing the timing, 

duration, sequencing, and displacement of body segments as well as control modes and 

movement phase transitions. This work will focus more specifically on the 

characterization of upper-body segment sequencing (including the gaze), movement 

phase composition and the role of visual feedback in movement phase transitions. As 

shown in Figure 2.1, the coordination of reach movements can be divided into two 

components, which relate to body segment kinematics and control mechanisms 

respectively. Coordination of movements is assumed to be characterized by two aspects 

such as timing/phase change and body segment interaction. Given the known control 

mode mechanisms (open-loop and closed-loop control) their sequencing can be 

dependent on sensory information such as vision and proprioception, as illustrated in 

Figure 2.2. 

The specific aims of the present dissertation are as follows: 

1) To determine movement control mode transition during one-handed reach 

activities. 

2) To determine the sequencing of 3D upper-body reach movements and to 

define eye-head and upper body coordination of unconstrained reach 

movements. 

3) To determine the contribution of visual feedback mechanisms to movement 

phase transition and to the reaching precision of the hand in unconstrained 

reach movements. 

4) To develop a model of upper body coordination that simulates realistic reach 

movements based on control principles. 
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CHAPTER 2  
 

Movement Characteristics of Body Segments during Reach Movements  

 

 

2.1 Abstract 

Coordination of reach movements is related to body segment control and 

movement timing. In this chapter, the initiation sequencing and movement characteristics 

of body segments were extracted from recordings performed with motion capture systems. 

The movement characteristics represented by the end effector trajectory and torso angles 

reveal a dependence on target azimuth. Besides, the eye-head coordination results support 

the necessity of the precise eye movement information to determine the availability of the 

visual feedback in movement control. Combining visual feedback information and 

kinematics data of body segment movements during reach, the results of arm joint 

initiation show the combination of the feed-forward and feedback control mechanisms 

exists based on the hypothesis that the implicit sequence of body segments in reach 

movement can be inferred in part from kinematic characteristics and associated visual 

feedback information.  The overall torso displacement and the initiation timing of arm 

joint angles show a dependence on the target azimuth and can be further used for the 

coordination model development. 

 

2.2 Introduction 

A number of single and multi-joint arm movement control models have been 

proposed for the simulation of co-planar movements (Flash et al., 1985, Hogan 1985) and 

3D reaches (Zhang and Chaffin, 1997, 1999 and 2000, Galloway et al., 2002). In a 

previous study, reach movement models were extended by inclusion of head movements 
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as estimation of eye gaze direction (Kim, 2005). Nevertheless, a deeper understanding of 

movement control and coordination is necessary to develop more general models of 3-D 

reaches to simulate a larger variety on unconstrained movements including all body 

segments involved in a movement. These models are necessary for realistic 

representation of industrial and vehicle design applications.  

Coordination of human movements is assumed to be characterized by two aspects 

such as timing/phase change and body segment interaction (Figure 2.1). Following 

coordination studies presented before (Sober & Sabes, 2003; Todorov, 2004; Kim, 2005), 

the timing/phase change was the focus of this chapter. Given the known control modes 

involved in a reaching movement, feed-forward (open-loop) and feedback (closed-loop) 

modes, their sequencing can be dependent on visual feedback as illustrated in Figure 2.2. 

 
Figure 2.1.  General hypothetic structure of movement coordination 

 

 
Figure 2.2.  Hypothetic sequencing structure of movement control 

 

The eye-head interaction, the end effector trajectory and the overall torso angular 

displacement for reaching to different target azimuth and distance was investigated in 

order to verify the approach of this study and to compare with the previous ones. 
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Furthermore, the timing for the arm joint angle initiation in related to the visual feedback 

was also studied to determine the sequencing of the joint initiation in reach movements.  

 

2.3 Methods 

In this chapter, movement capturing techniques was used as the experimental 

approach for the study. Data of body segment movements, eye movements and visual 

scene were collected to define the relationship between movements and visual feedback 

information. 

 

2.3.1  Participants 

Six young adults (three females and three males) participated in this preliminary 

study. Their average age was 21 ± 2.7 years and average stature of 1.74 ± 0.09 m. The 

height of the seat pan was about 56 cm (adjusted according to their comfortable seating 

posture) and the seated elbow height was about 82.6 cm. The average arm reaching 

length was 66.0 ± 3.7 cm. The participants were all right-handed and free from any 

neuromuscular disorders. All signed an informed consent for participation in an 

experiment approved by the internal review board of the University of Michigan.  

 

2.3.2 Experimental setup 

Participants were comfortably seated to perform right-hand reaches. Twelve 

targets were distributed along horizontal concentric circles centered at the participant’s 

right shoulder (Figure 2.3a) with an elevation corresponding to elbow height. The targets 

were divided into two groups, near and far, as a function of their distance from the 

shoulder, which was defined by the radii of two circles. Radii (distances) for the near and 

far groups corresponded to 80% and 120% of the arm reaching length defined as the 

distance between the acromion and the tip of the index finger when the elbow is fully 

extended. 
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(a) (b)  
Figure 2.3.  Experimental setup. a) Target locations; b) Retro-reflective marker set used 
to track whole-body motion 

 

Whole-body movements were recorded by an infrared motion capturing system 

including eight cameras (Qualysis® ProReflex 240-MCU). Twenty-two retro-reflective 

markers were placed on selected body landmarks (Figure 2.3b). An Eye Tracking System 

(ASL Eye-Trac®), which includes both an infra-red eye movement camera and a scene 

camera fixed on a on a head mount, was used to record eye movements and subject’s 

visual scene simultaneously (Figure 2.4). In order to determine the visual acquisition of 

the target to be reached during each movement, both body and eye movements were 

sampled at 60 Hz and the respective data were synchronized (Figure 2.5). 

 

 
Figure 2.4.  Eye tracking system (left) and configuration when mounted on a subject 
(right) 

 



13 
 

 
Figure 2.5.  Synchronized Motion and Eye tracking system (visual scene) 

  

 

2.3.3 Experimental protocol 

The experiment was divided into two sessions conducted sequentially. 

 

1st Session: Anthropometric Measurements & Calibration  

Anthropometric data including stature, reach length, seat height, elbow height and 

shoulder height when seated were measured for each individual. Target distances and 

elevation were determined accordingly. Then the eye tracking system was placed on the 

subject’s head. To obtain an accurate direction of gaze, the eye tracking system was 

carefully calibrated with a 9-point panel which covered the field of view and was placed 

to face the subject vertically and centered at the neutral gaze orientation. 

 

2nd Session: Motion Capturing  

Retro-reflective markers were placed on the subject (Figure 2.3b) and a 

digitization procedure was executed to define the location of additional body landmarks 

such as the eyes and the low back (L5/S1) with respect to the optical makers placed on 

the corresponding body link. Digitized locations were later combined with three-

dimensional marker data to determine the position of the eyes in the head and create a 

linkage representation of the human body (Reed et al., 1999; Kim, 2005). 
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Each trial (movement to a target) started from an initial posture in which the arm 

is resting on the thigh with the hand on the knee while the eyes fixate a reference visual 

target placed at eye level in the mid sagittal plane (Figure 2.6a). The targets were reached 

at a comfortable self-imposed pace in a random order (Figure 2.6b). For each trial, the 

instructed target location was indicated visually with a reaching configuration graph on a 

panel placed in front of the subject beyond the reach destination. The subject was also 

instructed to return to the initial posture and gaze after each reaching movement. The 

sequence of reaching to different target location was random and each target was reached 

by the subject with repetition of three in total. 

 

(a)                                                                      (b) 

   
Figure 2.6.  Typical initial posture (a) and final reach posture (b)  

 

2.3.4 Reconstruction of gaze orientation 

The direction of gaze was reconstructed from the eye tracking data to find the 

instants at which visual information may be used to control the hand movement and thus 

identify phase transitions in hand movements. Since the eye tracking data was recorded 

as the planar movement of the eye within the orbit, the local 2-D coordinate system of the 

eye in the head (orbit) requires a homogeneous transformation for a representation in the 

global coordinate system with which the body segment kinematic data were expressed 

(Figure 2.7a). By representing the gaze orientation vector within a local coordinate 

system established from the three markers on the head (frontal, left and right temporal 

markers) ( headG ) and using the size of the eye (van den Bosch et al., 1999), then the gaze 
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orientation vector in the global coordinate system ( globalG ) can be reconstructed and 

represented by the following equation: 

 

( ) ( )global global head
headG t T t G= ⋅      (Eq. 2.1) 

where global
headT  is the homogeneous transformation matrix from the local (head) to the 

global coordination system, and gaze gaze gaze
head head headx y zglobal

headT ⎡ ⎤= ⎣ ⎦ . An example of the result 

of this gaze reconstruction process is illustrated in Figure 2.7b. 

 

 (a)                                                                           (b) 

 
Figure 2.7.  Gaze reconstruction. a) Image captured from Eye Camera and 
  Head-Eye integration; b) Example of the reconstruction of gaze orientation (dash lines) 

 

2.3.5 Data processing and analysis 

The movement of the end effector (hand) in reach/pointing movements is 

characterized by its trajectory whose characteristics also needs to be investigated. Hence, 

the straightness error (SE) was defined and used to determine the deviation from a 

straight line between the initial and terminal position of the end effector. SE is defined as: 

2
errASE

l
=      (Eq. 2.2) 

where l  represents the horizontal displacement of the hand (the hand traveling 

distance) and errA the area enveloped by the horizontal projection of the hand trajectory  

and SE is a dimensionless index representing the deviation of the hand traveling path 

from a straight line connecting the initial and terminal position of the hand (Figure 2.8). 
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Figure 2.8.  Illustration of the straightness error (deviation from a straight line) for the 
end effector trajectory – reaching to the rear right target location. 

 

Kinematic data of each body segment were used to quantify time variations of 

joint rotations and to determine their sequencing. They were also used to find the onset 

and termination of the reach movements. The initiation of the end effector was 

determined by using a 2% threshold of the total hand horizontal velocity change. A reach 

to a target was determined by the position of the end effector and its velocity at the 

beginning and end of the movement. Then, the total movement time (MT) was 

determined by the duration between the initiation of the end effector and the achievement 

for the reach movement. The initiation of each arm joint movement was determined by 

using a 2% threshold of the total change of joint angle between the initial and end posture. 

For a better comparison between individuals, the temporal axis of kinematic data was 

normalized by MT.  

The movement refinement may rely on the content of the visual feedback 

information. Given the hypothetic model for the role of visual feedback in movement 

control, gaze-on-target (GOT) is defined to be the timing when the gaze locates on the 

target to acquire the exact spatial information about the target for CNS. For each 

collected reaching movement, the origin of time was shifted to be at the GOT instant. 

Hence, the magnitude of an arm joint angle initiation is negative when it was initiated 

before GOT, and vice versa. 
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In this study, focus was taken on the movement properties of the end effector and 

body segments. To understand the kinematic characteristics of body segments, analysis 

was performed to the movement properties from the trials of all subjects, such as 

straightness errors and maximum vertical displacement of the end effector trajectories, 

total torso angular displacement (axial rotation, lateral bending and anterior flexion), and 

the initiation timing for the joint angles which include elbow extension, shoulder azimuth 

and elevation for the arm, and axial rotation, lateral bending and flexion for the torso. 

Since each target was reached more than once in a series of reaches for each subject, a 

repeated measure analysis of variance (ANOVA) and the Tuckey’s honestly significant 

difference criterion (HSD) for all trials were used to determine the influence of target 

azimuth and distance on the properties of the hand and body segment movements. 

 

2.4 Results 

2.4.1 Eye-head coordination 

Visual acquisition of the target usually occurs earlier than head movement 

regardless of the reaching direction, as illustrated in Figure 2.9. The action of the 

vestibulo-ocular reflex (VOR) , which helps maintain the eye on target when the head 

rotates is illustrated in Figure 2.9c and d for different targets to show the differences in 

eye-head interaction as a function of target azimuth (upper and lower panels). The 

interaction of the VOR is significant for eccentric targets (45° azimuth), while it is 

negligible for targets in the mid sagittal plane (0° azimuth). 
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              (a)                                                       (b) 

 

              (c)                                                       (d) 

 

Figure 2.9.  Head and eye orientation time profiles for near and far medial targets (left 
and right panel in upper panels) at 0° and 45° azimuths (upper and lower panels) 

 

2.4.2 End effector trajectories 

A typical example of reach movements to each target location is shown in Figure 

2.10. For the sake of representation clarity, reach movements are illustrated at a frame 

rate corresponding to a 20 Hz sampling rate. 
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Figure 2.10.  Example of reach movements to each target location at a sub sampling rate of 20 Hz (0.05 ms /frame) 
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An example of 3D end effector trajectories to each target location is presented in 

Figure 2.11. The horizontal path (horizontal projection of the trajectory- Figure 2.11, top 

view) of the hand is only slightly curved. While the hand moves mostly in a plane, the 

trajectory is significantly curved in the vertical direction (Hore et al., 1992, 1994; Miller 

et al., 1992; Wolpert et al., 1994; Gielen et al., 1997). 

 
Figure 2.11.  Examples of end effector trajectories – frontal reaches 

 

Horizontal component 

The influences of target azimuth and reaching distance are significant with p 

values less than 0.05 (Table 2.1) and there is no interaction between target azimuth and 

distance. The comparison of SE for each target azimuth as a function of distance is 

presented in Figure 2.12. In general, the hand traveling path is fairly straight for all 

reaches except reaching to the rear left target, as the SE values show, are less than 12%. 

Comparing the frontal (0º front F & N3, and 10º left F & N4) and rear (rear right F & N1, 

and left F & N6) reaches, the path of the hand is significantly (F= 37.01, p < 0.01) curved 

more for rear than front reaches with an average SE of 10.3% ± 7.2% and 4.7% ± 2.9% , 

respectively. Furthermore, the path is significantly curved more for the near reaches than 

the far reaches (F = 5.96, p = 0.01) with an average SE of 7.9% ± 6.5% and 6.0% ± 4.5%, 
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respectively. The straightness errors are listed in Table 2.2. The standard deviations of the 

rear left reaches to the far (F6) and near (N6) are 4.0 and 6.4 respectively while those of 

the exact frontal (medial) reaches are only 1.7 (F3) and 2.7(N3) for the far and near target 

respectively 

Table 2.1.  ANOVA table of the SE 
 DoF F p 

Azimuth 5 32.1 <0.01 

Distance 1 1.75 0.04 

Azim. × Dist. 5 0.84 0.81 

(Shaded cells correspond to significant values.) 

 

Table 2.2.  Straightness errors of end effector trajectories with respect to target location  
(%) Rear Right 45º Right 0º Front 10º Left 45º Left Rear Left F5,102 

Far set 4.7 ± 3.8 6.2 ± 2.9 4.6 ± 1.7 3.0 ± 1.9 4.7 ± 3.7 13.0 ± 4.0 23.09* 

Near set 6.4 ± 6.4 7.5 ± 4.5 5.9 ± 2.7 5.5 ± 4.0 5.0 ± 5.0 17.1 ± 6.4 14.93* 

F1,34 0.83 1.12 4.14 5.27 0.05 5.24  

p value 0.3698 0.2983 0.0453 0.028 0.8225 0.0284  

(Shaded cells correspond to significant values.)                                        *p < 0.01 

 

 
Figure 2.12.  Straightness errors of end effector trajectories with respect to target location 
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The curvature tended to increase with eccentricity but the azimuth effect is 

significant only for the rear left reach. The path curvature for rear left reach is 

significantly larger than all other reaching azimuth (p < 0.05). Reaching to far right target 

(F2) is also significantly larger than reaching to the far 10 degree left target (F4). The 

curvature also tended to increase with distance; however this tendency was significant 

only for the front reaches (F&N3 and 4) and rear left one (F&N6).  

 

Vertical component 

As shown in Table 2.1 and Table 2.2, the maximum vertical displacement of the 

end effector trajectory significantly increases with reaching distance. From the Tukey’s 

HSD, there is no significant difference among all frontal reaches (F & N2 - 5). Among 

the near reaches, only reaching to the rear left is significantly larger than other reaches by 

about 50 mm; while the two rear reaches have a significantly larger amount the frontal 

ones by about 50 mm as well. The average maximum vertical displacement of the frontal 

reaches is 103 mm and 71 mm for the far and near reaches respectively. The comparison 

of maximum vertical displacement for each target azimuth as a function of distance is 

presented in Figure 2.13. 

 

Table 2.3.  ANOVA table of the Max vertical displacement 
 DoF F p 

Azimuth 5 18.37 < 0.01 

Distance 1 4.56 < 0.01 

Azim. × Dist. 5 0.35 1 

(Shaded cells correspond to significant values.) 

 

Table 2.4.  Max vertical displacement of the end effector trajectories with respect to 
target location  

(mm) Rear Right 45º Right 0º Front 10º Left 45º Left Rear Left F5,102 

Far set 136 ± 33 98 ± 31 101 ± 33 104 ± 33 109 ± 33 166 ± 48 13.44* 

Near set 80 ± 29 71 ± 26 67 ± 29 70 ± 38 75 ± 29 123 ± 32 11.2* 

F1,34 39.37 11.02 13.99 11.06 14.47 12.79  

p < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01  

(Shaded cells correspond to significant values.)                                        *p < 0.01 
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Figure 2.13.  Max vertical displacement of the end effector trajectories with respect to 
target location (p values for all pairs are less than 0.01) 

 

2.4.3 Joint angles 

Torso angles 

The torso is an important body segment in the coordination scheme as it may 

contribute significantly to both the direction and distance of reaches. In collected data, 

the torso was represented by the markers placed on C7, the suprasternale, and substernale, 

and the axis of rotation was located at L5/S1 (Figure 2.3b). The overall torso movement 

was represented by the angular displacements corresponding to axial rotation, anterior 

flexion, and lateral bending. The influences of target azimuth and reaching distance on 

the torso angles are shown in Table 2.5 from ANOVA. It shows that torso lateral bending 

for the far and near reaches may not significantly different (p = 0.22), and target azimuth 

and reaching distance might have interaction for all torso angles (p<0.01). Azimuth and 

distance has significant interaction for all torso angles (p<0.01).  

Table 2.5.  ANOVA table of the torso angular displacement 
 Axial rotation Anterior flexion Lateral bending 

 DoF F p DoF F p DoF F p 

Azimuth 5 485.4 < 0.01 5 218.6 < 0.01 5 63.73 < 0.01 

Distance 17 29.2 < 0.01 17 19.2 < 0.01 17 1.41 0.22 

Azim. × Dist. 85 3.4 < 0.01 85 8.3 < 0.01 85 6.9 < 0.01 

(Shaded cells correspond to significant values.) 
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The average torso angles and their standard deviation related to different reaching 

azimuths across all subjects are presented in Table 2.6. For far reaches, torso anterior 

flexion shows a consistency with the region divided by the frontal plane of subject. Torso 

anterior flexion angles are all positive in the front region, while those are negative for 

rear reaches. For the near reaches, however, anterior flexion angles are also negative 

when reaches to the left (N5 and N6). This might result from the self-interference and 

coordination of body segments. In addition, the variance of all torso angles when 

reaching to the rear targets (target 1 and 6) is higher for the left side (F6 and N6) than the 

right one (F1 and N1) (p<0.01).  

 

Table 2.6.  The torso angles with respect to the reaching azimuth 
(Unit: deg.) Rear Right 45º Right 0º Front 10º Left 45º Left Rear Left F5,102 

Axial 
Rotation 

Far -23.7 ± 7.7 7.4 ±3.9 24.9 ±3.8 28.4 ±4.6 39.6 ± 5.6 70.5 ± 9.6 613.64* 

Near -18.9 ±7.6 -0.8 ±3.7 6.7 ±2.6 8.6 ±2.4 17.7 ± 4.5 50.4 ± 8.6 429.41* 

Anterior 
Flexion 

Far -6.5 ±3.2 14.0 ±3.2 13.1 ±5.0 11.6 ±3.8 3.7 ± 3.1 -16.3 ± 3.6 265.36* 

Near -2.8 ±2.1 2.1 ±3.1 0.9 ±2.0 0.9 ±2.4 -1.0 ± 1.8 -10.9 ± 3.9 78.32* 

Lateral 
Bending 

Far 14.9 ±3.3 15.4 ±1.9 0.8 ±3.0 -3.8 ±4.2 -8.3 ± 4.3 -13.4 ± 4.3 264.45* 

Near -0.7 ±3.5 1.8 ±2.9 -0.5 ±1.7 -1.5 ±1.7 -2.8 ± 3.7 -0.9 ± 5.3 4.82* 

(Shaded cells correspond to significant values.)                                        *p < 0.01 

 

Figure 2.14 show the three torso angles as a function of target azimuth for the far 

(a) and near (b) reach distances. Torso axial rotation shows as a quasi linear increase with 

target azimuth, while anterior flexion and lateral bending tend to vary with target azimuth 

for far targets only and remain the same regardless of the target azimuth when reaching to 

near targets. Torso lateral bending for the near reaches is not significantly affected 

(p=0.32) by the reaching distance. Furthermore, the torso anterior flexion for the near 

frontal reaches (N2 to N5) is significantly affected by the azimuth (p < 0.01).  
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(a)                                                       (b) 

 
Figure 2.14.  Total torso angular displacement with respect to reaching azimuth angles. a) 

Far set; b) Near set 

 
Joint space angles of the arm 

In collected movement data, the arm was represented by markers placed on the 

right acromion, humerus lateral epicondyle and wrist (Figure 2.3b). Between the initial 

and terminal posture, the overall arm movement was quantified by the angular 

displacement of its joint space angles which correspond to elbow extension, shoulder 

azimuth and shoulder elevation. The center of rotation of the elbow was determined by 

the location of the humerus lateral epicondyle marker, and elbow extension angle was 

determined by the angle between upper arm and forearm. Shoulder azimuth and elevation 

were derived from the projection of the angle between the upper arm and torso onto the 

horizontal and vertical plane, respectively. Through 2-way ANOVA, Table 2.7 shows the 

effect of target azimuth and distance and their interaction on each joint space angle. 

Notice that shoulder azimuth angles is not significantly affected by reaching distance 

(p = 0.22); while neither is shoulder elevation varied by target azimuth (p = 0.15). There 

is no evidence of an interaction effect of the target azimuth and distance given the 

interaction p values of 0.98, 0.88 and 0.99 for elbow extension, shoulder azimuth and 

shoulder elevation, respectively.  
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Table 2.7.  ANOVA table of the joint angular displacement analysis 
 Elbow extension Shoulder azimuth Shoulder elevation 

 DoF F p DoF F p DoF F p 

Azimuth 5 4.98 <0.01 5 53.32 <0.01 5 1.65 0.15 

Distance 17 17.58 <0.01 17 1.29 0.22 17 7.39 <0.01 

Azim. × Dist. 85 0.66 0.98 85 0.78 0.88 85 0.58 0.99 

(Shaded cells correspond to significant values.) 

 

Averaged over all subjects, Table 2.8 shows the mean values of the joint space 

angles and its standard deviation with respect to target azimuth for far and near set. The 

shoulder azimuth angle has the highest variance among the three joint space angles. 

Notice that the elbow extension angle is not significantly affected by target azimuth when 

reaching to the near (F = 0.96, p = 0.44). Given the p value less than 0.05 for all joint 

space angles to the far and elbow extension angle to the near, the arm movement is 

significantly affected by the target azimuth. 

 
Table 2.8.  The joint angular displacement with respect to the reaching azimuth 

(Unit: deg.) Rear Right 45º Right 0º Front 10º Left 45º Left Rear Left F5,102 

Elbow 
Extension 

Far 59.7 ± 3.3 59.7 ± 3.7 55.3 ± 3.8 59.3 ± 2.6 53.6 ± 3.0 40.4 ± 2.3 5.54* 

Near 25.7 ± 3.8 28.1 ± 3.4 26.3 ± 3.0 23.7 ± 3.6 22.6  ± 2.7 19.1  ± 2.7 0.96† 

Shoulder 
Azimuth 

Far -9.6 ± 12.0 19.3 ± 8.6 67.1 ± 7.4 70.5 ± 7.7 97.9 ± 10.1 136.2 ± 14.1 26.21* 

Near -42.1 ± 12.9 11.3 ± 6.3 59.3 ± 8.2 58.8 ± 6.6 78.4 ± 5.8 115.7 ± 14.2 33.0* 

Shoulder 
Elevation 

Far 41.2 ± 1.7 38.5 ± 1.3 38.1 ± 1.5 36.8 ± 2.0 34.3 ± 2.3 33.5 ± 0.8 2.87* 

Near 25.7 ± 2.3 23.2 ± 2.0 24.3 ± 2.6 23.8 ± 1.9 22.5 ± 2.1 33.0 ± 2.0 3.21* 

(Shaded cells correspond to significant values.)                       * p < 0.05; †p = 0.44 

 
As illustrated in Figure 2.15, shoulder azimuth angle shows as a function of target 

azimuth for the far (a) and near (b) reach distances. It has a quasi linear increase with 

target azimuth. On the other hand, shoulder elevation angles seem to remain the same 

regardless of the target azimuth (p = 0.15). Regardless of target azimuth, the magnitudes 

of elbow extension angles are significantly larger for the far than the near set (F = 17.58, 

p < 0.01) with values of 144° and 111°, respectively; while shoulder elevation remain 

about the same for both reaching distances. Furthermore, the final arm posture, as 
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indicated by the elbow angle, is straighter for reaches to the right than the left region, 

with an average terminal angle over all subjects of 129° and 117°, respectively. 

 

     (a)                                                     (b) 

 
Figure 2.15.  Arm joint angles with respect to reaching azimuth angles. a) Far; b) Near set 

 

2.4.4 Relationship between gaze and body segment initiation - Initiation timing 

and sequencing 

To determine an association between visual feedback and phase transition, the 

timing of body segment movement initiation relative to the time at which the target 

entered the foveal field of view was computed. A 2-way ANOVA determined the main 

and interaction effects of target azimuth and distance for each joint angle of the arm 

(elbow extension, shoulder azimuth, and shoulder elevation) and torso angle (axial 

rotation, lateral bending, and flexion). The results of these analyses are presented in Table 

2.9. Figure 2.16 to Figure 2.18 show the initiation timing of each joint relative to gaze-

on-target time for each target location (see Figure 2.3a for target identification).  
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Table 2.9.  ANOVA table of the joint initiation timing analysis 
Torso joints Axial Rotation Lateral Bending Anterior Flexion 

 DoF F p DoF F p DoF F p 

Azimuth 5 3.41 < 0.01 5 1.77 0.12 5 5.88 < 0.01 

Distance 1 1.83 0.18 1 2.92 0.09 1 4.05 0.05 

Azim. × Dist. 5 0.83 0.53 5 0.47 0.80 5 0.31 0.90 

(Shaded cells correspond to significant values.) 

 
Arm joints Elbow extension Shoulder azimuth Shoulder elevation 

 DoF F p DoF F p DoF F p 

Azimuth 5 10.32 < 0.01 5 5.56 < 0.01 5 6.17 < 0.01 

Distance 1 3.2 0.08 1 7.58 < 0.01 1 0.8 0.37 

Azim. × Dist. 5 1.03 0.40 5 1.72 0.13 5 1.16 0.34 

(Shaded cells correspond to significant values.) 

 

 

 
Figure 2.16. Joint angle initiation timing of rear reach (a) right side (F & N1), (b) left side 
(F & N6) 
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Figure 2.17.  Joint angle initiation timing of front 45º reach (a) right side (F & N 2), (b) 
left side (F & N 5) 

 

 

 
Figure 2.18.  Joint angle initiation timing of front reach (a) 0º front (F & N 3), (b) 10º 
front (F & N 4) 
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Arm joint angle initiation timing 

The initiation timings for all three arm joints were significantly advanced with the 

eccentricity of target azimuth (p < 0.01). Except shoulder azimuth (p < 0.01), reaching 

distance has no significant effect on arm joint initiation timing. There is no evidence of 

an interaction effect between azimuth and distance for all arm joint angles as indicated by 

p values 0.40, 0.13 and 0.34 for elbow extension, shoulder azimuth and elevation angle, 

respectively. 

As shown in Figure 2.16 to Figure 2.18, the initiation sequence of arm joint 

angles is a function of target azimuth, but not related to target distance in general. 

Generally, the movements of the shoulder and elbow joints were initiated earlier for the 

rear and left reaches than the medial and right reaches. Arm joint angles (upper panels in 

Figures) were initiated in a sequence of shoulder elevation, shoulder elevation and then 

elbow extension in general. In other words, the initiation of shoulder joint is prior to 

elbow. 

 

Torso angle initiation timing 

As the ANOVA results show in Table 2.9, the initiation timings of torso axial 

rotation and flexion are significantly influenced by the target azimuth; while those for 

torso lateral bending show no difference with target azimuth. However, the comparisons 

with HSD for the torso axial rotation shows that only the reach to rear left has significant 

difference from the medial reaches (0º front and 10º left) in the initiation timing of torso 

axial rotation. And there is no significant difference between far and near set for the axial 

rotation. Therefore, the average initiation timing would be used for all frontal reaches as 

23% of MT before GOT for the both far and near reaches. The average initiation timings 

for rear left and rear right are 51.9% and 35.4% of MT before GOT. 

The initiation timing of torso lateral bending has no significant changes with 

target azimuth and distance. Hence, the average initiation timing of 19.8% of MT before 

gaze for all reaches. 

For the torso flexion, the HSD shows that the initiation timing of the frontal 

reaches are significantly different from rear reaches for both near and far set. There is no 

significant difference among frontal reaches, neither between two rear reaches. Therefore, 



31 
 

average values of 5.6% and 18.2% of MT before GOT was obtained for the initiation 

timings of the far and near frontal reaches, respectively. Between the rear reaches, the 

initiation timings are 42.7% and 60.5% of MT before GOT for the far and near set, 

respectively. 

Overall, the initiation timing related to GOT for each torso angle was determined 

empirically as a function of target location. The results are summarized in Table 2.10. 

The negative sign stands for the initiation is prior to GOT. 

 

Table 2.10.  Torso initiation timing  
 Rear left Frontal (45º left – 45º right) Rear right 

% MT AR LB AF AR LB AF AR LB AF 

Far 
-51.9% -19.8% 

-42.7% 
-23% -19.8% 

-5.6% 
-35.4% -19.8% 

-42.7% 

Near -60.5% -18.2% -60.5% 

AR: Axial Rotation;  LB: Lateral Bending;  AF: Anterior Flexion 

 

2.5 Discussion 

In the context of this experiment, it was observed that visual acquisition of the 

target occurred before the head moved for the medial target (target location 3) and thus 

visual information about the target location can be used to guide the reach movements. In 

addition, visual fixation to the target may occur earlier than the achievement of final 

position of the head. Based on the results, it is suggested that information about the eye 

movement is required to precisely study the relationship and coordination between visual 

feedback and body segment movement. 

In this chapter, the kinematics and movement characteristics of the end effector 

and body segments represented by the joint angles during reaching tasks were presented. 

While the hand moves mostly in a vertical plane, the hand trajectories were reported as 

approximately straight lines in the horizontal plane, and significantly curved in the 

vertical direction, as found in other studies as well (Hore et al., 1992, 1994; Miller et al., 

1992; Wolpert et al., 1994; Gielen et al., 1997). 

 The joint movements are context dependent (target azimuth and distance). 

Furthermore, the initiation of joint space angles was all in advanced of the timing of 



32 
 

gaze-on-target. It also shows a dependency on reaching context. The empirical results 

including torso and arm joint angular displacement magnitudes, initiation time of torso 

and arm joints, and the time delay between the eye-on-target and the initiation of reach 

movements are to be used in the development of the coordination model presented in 

Chapter 6.  

 

2.5.1 Trajectory of the end effector 

For unconstrained reach movements, the results of the hand trajectory exhibit the 

same behavior – a mostly planar traveling path - as suggested earlier (Georgopolous et al., 

1981; Abend et al., 1982) for targets beyond the frontal plane focusing on the hand 

movement only. However, for targets behind the frontal plane (rear targets) the trajectory 

is no longer planar and is more variable. These results may reflect the increase in degree 

of freedom (DOF) to be controlled due to the recruitment of a larger number of joints and 

thus a more complex arm-torso coordination (Soechting et al., 1995; Admiraal et al., 

2004).  

When comparing the results for the far and near set, it was found that hand 

trajectory deviation from a straight line is greater for near than far targets regardless of 

the reaching direction (azimuth). Since the magnitudes of the overall joint angular 

displacements (i.e. torso and arm joints) are lower for the near reaches than the far 

reaches, the smaller displacement may contributes to a higher curvature in the hand 

trajectories. This result may reflect, for short traveling distances, a central control trade-

off between complex coordination to achieve a straight line and simpler control with 

small angular displacements leading to a curved trajectory. Even though curvatures differ 

between the near and far reaches, the results show that the trajectory of the hand during a 

reach movement is consistent from trial to trial both within subjects and across subjects 

(Georgopolous et al., 1981; Soechting & Lacquaniti, 1981). This suggests that reach 

movements may be planned at a kinematic level and a pre-planned scheme may exist to 

yield consistency in unconstrained reach movements. 
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2.5.2 Kinematics of body segments 

As shown in Figure 2.10, the magnitude of elbow extension differs between the 

near and far set of targets as expected from the difference in reaching distance. In 

addition, the end postures relative to the reaching direction can be divided between 

reaches to the right and left of the sagittal plane according to the joint conformation. 

Elbow extension is significantly larger when reaching to the right than to the left region. 

This feature is illustrated in Figure 2.15 for both reaching distances. It may relate to the 

self-interference of body segments when reaching to the left and joint ranges of motion 

with comfort.  

Furthermore, the orientation of torso axial and shoulder rotation in the end posture 

are consistent with the target azimuth. Both joint angles are quasi-linear functions 

increasing with the reaching azimuth (Figure 2.15). It has been proposed that torso 

movements might be influenced by joint ranges of motion, especially at the shoulder 

(Reed et al., 2004). However, torso axial and shoulder axial rotations are both recruited, 

although not necessary, to accomplish reaches for slightly eccentric targets (such as 10º 

left and 45º right) which are within the shoulder rotational range of motion. This indicates 

that shoulder and torso contributions must be coordinated as a function of reaching 

direction. Hence, the recruitment of the shoulder and torso should be included in a 

coordination model. 

Torso anterior flexion movements are observed to decrease with eccentricity of 

the far targets (rear right and left) (Figure 2.14). For the medial target locations (0 º front 

and 10º left), the torso forward bending increase about 10º more for the far than the near 

reaches. On the other hand, torso lateral bending is highly correlated with the laterality of 

frontal targets (45º right and left). These results and the indication of torso axial rotation 

as a function of target azimuth, suggest that torso movements are necessary to extend the 

reach distance and compensate the limitations in direction and distance of the range of 

motion of the arm alone.  

Shoulder axial rotation varies with azimuth suits the purpose of reaching direction. 

However, the shoulder elevation angle does not vary significantly with azimuth for both 

far and near targets. The displacement magnitude is similar for the same target distance 

except for reaching to the near rear left target. This might be expected since torso lateral 
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bending is less in the direction of the target in that case. Shoulder elevation might be 

therefore increased to avoid the discomfort induced by torso/arm self-interference and to 

facilitate the pick-up of the push pin with the hand. This is in accordance with a previous 

result that the hand posture for grasping (supination/pronation) may alternate the arm 

joint rotation (Roby-Bami et al., 2003). These angles adjustments illustrate the assistance 

of the chain of links to the end effector trajectory, as proposed by Bernstein (1967).  

Reaching distance. The elbow extension is larger for the far than the near reaches, 

as indicated above. A greater shoulder azimuth angle (more counter clockwise shoulder 

axial rotation) may be induced by the greater elbow extension for far reaches. For the 

near reaches, reaching length should be already integrated by the CNS so the torso should 

not move if energy was optimized. However, some joints may need to move much (e.g. 

100º right for the shoulder azimuth) relative to their range of motion to accomplish a task 

and it may not be comfortable as it may stretch too much on some shoulder muscles. So a 

compromise is made to move the torso. On the other hand, since the peripheral visual 

feedback is not accurate enough for movement correction or the range of motion for the 

head-eye system does not cover the visual need for eccentric targets, the subject has to 

moves the torso during the movement to compensate for the distance and orientation. 

Control mode transition. A movement feature change might be expected when the 

movement control mode changes. From this perspective, angular movements of the 

elbow, shoulder azimuth and elevation were plotted in the joint space, together with the 

superimposed indication of gaze-on-target (GOT) (Figure 2.19Error! Reference source 

not found.). The corresponding graph shows that the joint space curve presents a 

significant change after GOT. This indicates that GOT might serve as a good indicator 

for movement control mode transition. This is in agreement with the assumption that a 

directional movement requires a precise spatial /mapping of the target location.  
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Figure 2.19.  Example of arm joint angles in the joint space when reaching to the rear 
right target. 

 

Furthermore, the use of an egocentric or exocentric coordinate system for the 

elaboration of reach movements is still debated. It has been proposed that the CNS may 

switch from one system to the other during the movement as a function of the context or 

the availability of spatial information used to calibrate the egocentric system (Kim, 2005). 

Present results support the utilization of both coordinate systems during a movement. The 

planning strategy may be inferred from the joint space plot (Figure 2.19). The trajectory 

represented in the joint space shows a significant change in direction when the precise 

spatial location of the target is determined by visual feedback. It is suggested that the 

joint space coordinate system (egocentric system) based on muscle proprioception might 

be first adopted at movement initiation when the target space is not completely calibrated 

by visual information, and then transforming to the target space system (exocentric 

system) when visual feedback provides the localization of the target in the extra-corporal 

space. This is also in agreement with previous studies suggesting that this coordinates 

transformation corresponds to a visually derived representation of target location 

(Andersen, 1987; Soechting & Ross, 1984; Soechting et al., 1989). 
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2.5.3 Initiation of joints – Sequencing of body segment movements 

The movement phase transition may depend on the availability of visual 

information and its content. Hence, the timing of gaze on target (GOT) was used as an 

indicator of this transition. If an arm joint angle is initiated before GOT, the initial mode 

of control for the hand movement is likely to be under feed-forward (open-loop) control 

or mainly using proprioceptive feedback; however, it is generally recognized that the 

initial control of a reaching movement is based on a feed-forward control mode, generally 

followed by a feedback control mode. The movement phases before and after GOT are 

denoted the lift-off and transport phases since the directional movement can only be 

made after GOT to obtain the target spatial information. 

It has been reported that torso angular movements are initiated almost 

simultaneously with upper limb joint movement, but usually do not end at the same time 

during a reach (Paillard & Amblard, 1985; Jeannerod, 1988). This characteristic is in 

agreement with the hypothesis of a multi-phasic composition of multi-link movements 

based either on an elaborate motor program and/or online adjustments based on visual 

information. For both near and far rear reaches shown in Figure 2.16, arm joint 

movements are initiated before gaze reached the target, and hence before acquiring 

precise visual information. This behavior suggests a movement preparation phase (lift-off 

phase), which is probably used to refine the motor program and activate the muscles to 

facilitate the access of the movement command to the motor neurons (Desmurget & 

Prablanc, 1997; Brown & Cooke, 1981) and thus reduce the overall movement duration. 

In addition, the time profile of gaze orientation reveals that “searching” was involved 

when reaching to rear targets. These results indicate that the precise target location 

information does not account for the joint initiation and strongly support an initial open-

loop control of the movement. This strategy may be a general characteristic of human 

movement behavior since in the present context movement time was not constrained.  

Regardless of reaching direction, the movements of the elbow were initiated 

significantly earlier (p<0.01) for the near than the far reach (Figure 2.16 to Figure 2.18). 

As shown in Table 2.9, the initiation timing depends significantly on the reaching 

direction for frontal reaches (45º right to 45º left). Among the frontal reaches, the 

activation timing of body segments have similar pattern for the left-hand side reaches 
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with the same distance (far or near). Furthermore, the duration of the lift-off phase 

(before GOT) seems to be shorter for reaches to medial (Figure 2.18) than reaches to 

eccentric targets (Figure 2.17). This might be due to the smaller eccentricity of the medial 

targets and their easy access locations which are close to the initial visual field of view. 
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CHAPTER 3  
 

Temporal Aspects of End Effector and Eye-hand Coordination 

 

 

3.1 Abstract 

Temporal aspects of reach movements, such as movement time and time to peak 

velocity of the end effector, as well as time variations of gaze orientation associated with 

the visual acquisition of targets, were investigated. Reach movements with different 

requirements were conducted to collect the eyes and hand movements simultaneously. 

The time to peak velocity (TP) and total movement time (MT) of the hand were 

computed. The timing of the gaze-on-target (GOT) was quantified with respect to the 

total movement time. The result shows that the time to peak velocity reveals a movement 

scaling property in the context of self-imposed movement speed. In addition, both 

movement time and the proportion of the initial (lift-off) phase, which is defined by the 

timing of GOT, vary with target location (azimuth and distance). Variation of the peak 

velocity is also found to be a function of target location. Peak velocity and the proportion 

of the lift-off phase as a function of target azimuth were represented by a quadratic 

regression model. The temporal scaling effect was identified in the TP/MT ratio and the 

lift-off phase was found to be in proportion to the total movement time.  

 

3.2 Introduction 

Coordination of human movements is assumed to be characterized by three 

aspects including timing, phase changes and body segment kinematic interaction. 

Movement coordination is also associated with movement control (Rosenbaum et al., 

1995; Admiraal et al., 2004). Furthermore, reach coordination also includes the 
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consideration of the head movements since they are modulated by the movement of the 

whole body and the hand (Delleman et al., 2001; Tipper et al., 2001; Kim, 2005, Kim et 

al. 2007; Kim et al. 2009). Since the early initiation of the gaze with respect to the hand 

has been generally observed (Carnahan & Marteniuk, 1991; Fuller, 1992; Helsen et al., 

2000; Flanagan & Johansson, 2003), reach movement models shall include the temporal 

characteristics of gaze and its corresponding head movement as well as the interaction 

between gaze and hand movement. 

As stated in section 1.2, the multi-phasic movement model of reach, which 

includes three movement phases – the lift-off, transport, and landing – were hypothesized 

to be determined by the content of visual feedback information. In this study, the lift-off 

phase is assumed to be the period during which the exact spatial information about the 

target has not been perceived by the CNS. When the eyes acquire the target, the 

corresponding spatial information is obtained by the CNS. Hence, it can be expected that 

the lift-off phase spans from the initiation of a reach movement to the moment at which 

gaze is aligned with the target azimuth. 

Using this definition, the temporal characteristics of the lift-off phase were 

quantified. This work investigates the correlation of eye and hand movements to address 

their coordination and the role of visual feedback in reaching movements. A motion 

tracking system and an eye tracking system were used synchronously to record the 

displacement of selected body landmarks and the eyeball. 

 

3.3 Methods 

3.3.1 Participants 

Eight young adults (three females and five males) participated in the experiments. 

Participants had an average age of 27 years and an average stature of 1.78 m. Measured 

from the acromion to the tip of the index finger when the elbow is fully extended, their 

average arm reaching length was 65.8 cm. All participants were right-handed and free 

from any neuromuscular disorders. All signed an informed consent for participation in an 

experiment approved by the internal review board of the University of Michigan. 
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3.3.2 Experimental setup 

Twelve targets were distributed along horizontal concentric circles centered at the 

right shoulder (Figure 2.3a) with an elevation corresponding to elbow height. The targets 

were divided into two groups, near and far, as a function of their distance from the 

shoulder. Radii (distances) for the near and far group corresponded to 80% and 120% of 

arm reaching length, which is defined as the distance between the acromion and the tip of 

the index finger when the elbow is fully extended. 

Eye movements were recorded by an Eye Tracking System (ASL Eye-Trac®) to 

determine the direction of gaze during each movement (see section 2.3.4). Whole-body 

movements were recorded and quantified by an infrared motion tracking system 

including eight cameras (Qualysis® ProReflex 240-MCU). Twenty-two retro-reflective 

markers were placed on selected body landmarks (Figure 2.3b). Both movement tracking 

systems were synchronized to sample data at a rate of  60Hz. 

 

3.3.3 Experiment design 

After measuring and recording anthropometric data including stature, reach length, 

seat height, elbow height and shoulder height when seated, target locations were 

determined and set accordingly.  

The eye tracking system was placed onto the subject’s head and carefully 

calibrated to obtain an accurate direction of gaze. Then retro-reflective markers were 

placed on the subject (Figure 2.3b) and a digitization procedure was executed to define 

the location of additional body landmarks such as the eyes and the low back (L5/S1) with 

respect to the optical makers around them. The location of digitized points and digitizing 

procedures were as stated in chapter 2 (Reed et al., 1999; Kim, 2005). 

Each participant was instructed to reach at a comfortable self-imposed pace each 

target, presented in a random order. Each trial (movement to a target) started from an 

initial posture in which the elbow angle was 90° with the hand is on a given starting point 

while the eyes fixate a reference visual target placed at eye level in the mid sagittal plane. 

For each trial, the target to be reached was visually indicated by an illustration of the 

reaching environment on a panel placed in front of the subject beyond the reach 
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destination. The subject was also instructed to return to the initial posture and gaze after 

each reaching movement. 

The procedures were reviewed and approved by the University of Michigan 

Health Sciences Institutional Review Board for compliance with appropriate guidelines, 

state and federal regulations. 

 

3.3.4 Data processing and analysis 

The linear velocity of the end effector and the peak value for each trial was 

computed off-line. The displacement of the hand during reach movements was 

represented by the wrist displacement in order to rule out the randomness and 

inconsistency of the unintended wrist motion. Velocity in the horizontal plane was 

computed as the resultant velocity of X and Y directional components.  

The approach in this study was intended to facilitate the integration of the current 

data into real time simulation models. Hence, in this chapter, two temporal aspects were 

investigated. The duration of the lift-off phase is approached from the real time unit (i.e. 

in second) perspective and its relationship with the end effector traveling distance, which 

corresponds to the horizontal displacement of the hand.  

Duration of the lift-off phase was normalized as a percentage of the total 

movement time of the hand in order to facilitate comparisons and to eliminate the effect 

of the randomness in movement speed. The hand traveling distance during the lift-off 

phase was also normalized by the total hand traveling displacement (in the horizontal 

plane). This fractional hand traveling distance was used as another dimension to be 

quantified for the lift-off phase. 

Focusing on the hand movement, a repeated measure analysis of variance 

(ANOVA) was used to determine main effects of target azimuth and distance and their 

interactions on movement time, peak velocity, and time to peak velocity for the end 

effector, and hand fractional traveling displacement and duration for the lift-off phase. 
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3.4 Results 

3.4.1 Peak velocity and movement time of end effector 

Table 3.1 shows the results from the two-way ANOVA. The peak velocity is 

significantly influenced by target azimuth and distance. In addition, the interaction 

between these two factors is also significant. 

 

Table 3.1.  ANOVA table of the horizontal peak velocity 
 DoF F p 

Azimuth 5 54.41 < 0.01 

Distance 1 24.03 < 0.01 

Azim. × Dist. 5 1.56 0.006 

(All entries are significant.) 

 

As shown in Figure 3.1, the peak velocity of the hand in the horizontal plane 

shows the same tendency for the far and near sets of reaches. The distribution of peak 

velocity magnitudes is a function of target azimuth and distance. For the same reaching 

distance, the peak velocity was significantly greater for rear than the front reaches 

(p<0.01). In addition, the peak velocity tends to be slower for the medial than eccentric 

targets. When comparing the near and far set, the peak velocity for the 0 and 10 degree 

front reaches is significantly slower for near than far reaches (F = 10.23, p < 0.01). 

Furthermore, variability of the peak velocity is significantly larger (F = 4.99, p = 0.028) 

for the far than near set of targets. Since movement time was not constrained the between 

subject variability was not negligible. 
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Figure 3.1.  Box plot for peak horizontal velocity of the end effector. The left and right 
panels correspond to far (Fi) and near (Ni) reaches, respectively. 

 

To describe variations in peak velocity as a function of reaching direction, a 2nd 

order regression was used to model their relationship (Figure 3.2). The following 

equations represent these variations for far and near targets, respectively: 
2

2

0.0136 0.3361 992.27

0.0424 0.3252 569.11

Far
p

Near
p

V

V

θ θ

θ θ

= − +

= − +  
(Eq. 3.1)

 

where θ represents the target azimuth angle (in degree). The coefficients of determination 

(R2) for the far and near group are 0.90, 0.93 respectively. 

-100 -80 -60 -40 -20 0 20 40 60 80 100
500

600

700

800

900

1000

1100

1200

direction (degree)

P
ea

k 
ve

lo
ci

ty
 (m

m
/s

)

 

 
Far set Near set

 

Figure 3.2.  Estimated peak velocity, with respect to direction for each target distance, 
derived from quadratic regressions 
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The time to peak velocity (TP), which corresponds to the movement acceleration 

phase, relative to the total movement time (MT) is consistent across reaching distances. 

The ANOVA shows the MT and TP were not significantly affected by target azimuth for 

the frontal reaches (p = 0.38). As shown in Figure 3.3, the MT and TP are significantly 

greater (p < 0.05) for far than near targets. However, the ratio of time to peak velocity 

over movement time (50%) is not significantly different (F = 20.95, P < 0.01) between 

near and far targets. These results strongly support movement scaling (Plamondon et al., 

1995; Grinyagin et al., 2005) for unconstrained movements. 

 

 

Figure 3.3.  Box plot of time requirements with respect to distance 
 

3.4.2 Duration of the lift-off phase 

The duration of the lift-off phase, which corresponds to the period preceding the 

visual acquisition of the target, was quantified as function of target azimuth and distance 

to determine whether movement scaling properties also applied to this phase.  

The two-way ANOVA indicates that azimuth and distance have a significant 

influence on the lift-off phase duration (Table 3.2), as the p values are both less than 0.01 

for these factors. However, their interaction is not significant (p = 0.56). The results 

indicate that the duration of the lift-off phase has a stronger dependence on target azimuth 

than distance. The standard deviations for each type of reach are similar (p = 0.02). When 

comparing the near and far reaching to the same azimuth direction, the phase duration 
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difference between the far and near set is not significant except the pair for the rear left 

and 45° right reach.  

 

Table 3.2.  Statistical results for the proportion of lift-off phase duration relative to the 
total movement time as a function of target azimuth and distance.  
% MT Rear Right 45º Right 0º Front 10º Left 45º Left Rear Left F5,138 

Far sets 42.9 ± 1.8 19.5 ± 2.8 6.9 ± 4.2 7.3 ± 2.5 18.8 ± 2.6 44.8 ± 1.7 37.59* 

Near sets 44.3 ± 2.5 31.4 ± 3.7 11.6 ± 2.8 11.4 ± 3.1 24.3 ± 5.9 55.2 ± 2.5 23.81* 

F1,46 0.19 6.58 0.87 1.05 0.74 11.51 *p<0.01 

P value 0.6635 0.0149 0.3564 0.3129 0.3955 0.0018  

(Shaded cells correspond to significant values.)  

 

As illustrated in Figure 3.4, the lift-off phase is longer for the near than far 

reaches. The relative duration of the lift-off phase (% of MT) increases with target 

eccentricity from the mid-sagittal plane.  

 

Figure 3.4.  Relative duration of lift-off phase as a function of target azimuth and distance 
 

Temporal modeling for the lift-off phase 

Given the trend of the lift-off phase portion in the full reach relative to the target 

azimuth shown in Figure 3.4 and Figure 3.6, a parabolic curve may be used to estimate 
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the relationship between the lift-off phasic portion and target azimuth in terms of real 

time unit or hand traveling distance. 

First, the lift-off phase portion with respect to the total reaching duration is taken 

into consideration. To describe variations in the lift-off phase temporal percentage as a 

function of reaching direction, a 2nd order regression was used to model the relationship 

as shown Figure 3.5.  

 

      (a)                                                                    (b) 

 

Figure 3.5.  Curve fitting for the percentage of lift-off phase in reaching duration as a 
function of the target azimuth. a) Far sets; b) Near sets. 
 

Derived from the 2nd order regression in a least square sense, the following 

equations represent these variations in the duration of the lift-off phase for far and near 

targets, respectively: 
2

2

0.0035 0.0055 9.16

0.0035 0.0302 15.42

Far
t
Near

t

P

P

θ θ

θ θ

= + +

= + +  
(Eq. 3.2)

 

where θ represents the target azimuth angle (in degree). The coefficients of determination 

(R2) for the far and near group are 0.98 and 0.90 respectively. The vertexes of these two 

parabolic models are located at θ ≈ 0.8º and θ = 4.3º for the far and near set, respectively. 

The magnitudes of the vertexes are 9.16% and 15.4%  
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3.4.3 Hand traveling distance of the lift-off phase 

As shown in Figure 3.6, the hand traveling distance during the lift-off phase 

relative to the total reach distance also shows a parabolic relationship as a function of 

target azimuth (Figure 3.4).  

 

Figure 3.6.  Fractional hand traveling distance of the lift-off phase as a function of target 
azimuth and distance. 

 

The two-way ANOVA indicates a significant difference in fractional hand 

traveling distance for target azimuth and distance (p < 0.05) with F ratios of 80.48 and 

1.68 respectively. There is no interaction between these two factors (F=1.93, p = 0.09). It 

also indicates that the traveling distance of the lift-off phase has a stronger dependence on 

the target azimuth than distance. Variation among subjects is relatively small in general. 

The proportion of hand traveling distance during the lift-off phase exhibits a significant 

difference between the far and near reach set.  
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Table 3.3.  Percentage of lift-off phase in hand traveling distance with respect to target 
azimuth and distance 

% Rear Right 45º Right 0º Front 10º Left 45º Left Rear Left F5,138 

Far sets 59.8 ± 3.8 17.9 ± 4.9 8.9 ± 4.6 2.0 ± 0.5 12.6 ± 3.2 62.5 ± 2.9 53.9* 

Near sets 56.1 ± 5.8 29.0 ± 6.7 5.2 ± 1.7 5.5 ± 2.5 26.9 ± 6.8 77.4 ± 4.0 32.91* 

P value 0.5973 0.1876 0.4653 0.1862 0.0655 0.005  

F1,46 0.28 1.81 0.55 1.82 3.62 9.03 *p<0.01 

(Shaded cells correspond to significant values.)   

 

Fractional hand traveling distance modeling for the lift-off phase 

The lift-off phase portion of the total hand traveling distance is modeled by a 2nd 

order regression. Variations in hand travel during the lift-off phase expressed in percent 

of the total hand traveling distance was described as a function of target azimuth for each 

distance, as shown Figure 3.5 and Eq. 3.3.  

        (a)                                                                     (b) 

 

Figure 3.7.  Curve fitting for the percentage of hand travel during the lift-off phase as a 
function of target azimuth. a) Far sets; b) Near sets. 
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where θ represents the target azimuth angle (in degree). The coefficients of determination 

(R2) for the far and near group are 0.99 and 0.95 respectively. The vertexes of these two 
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parabolic models are located at θ ≈ 0 and θ = 7.1º for the far and near set, respectively. 

The magnitudes of the vertexes are 4.6% and 9.7%  

 

3.5 Discussion 

3.5.1 Temporal scaling 

From the temporal perspective, the present results suggest that kinematics of the 

end effector during an unconstrained reaching movement can be estimated from target 

distance and azimuth relative to trunk orientation. The TP/MT ratio is approximately 0.5 

regardless of reaching distance (Figure 3.3). The comparison of the TP/MT ratio for near 

and far distance strongly indicates that reaching movement may be scaled for different 

hand traveling displacement, which is in agreement with previous results (Magescas et al., 

2006; Wallace et al., 1990). Due to the temporal coupling effect between the MT and TP, 

the present results suggest that kinematics of the end effector during an unconstrained 

reaching movement can be estimated from target distance. Additionally, it has been 

reported that the velocity of wrist and finger aperture shows the same kinematic scaling 

factor in reach-to-grasp movements (Castiello, 1996; Jakobson & Goodale, 1992). This 

suggests that the kinematic scaling can be effectively apply to other body segments, such 

as torso or arm joint within a given temporal coordination scheme. 

Furthermore, the peak velocity shows a dependency on target location. The peak 

velocity is slower for near than far targets and slower for medial targets close to the 

sagittal plane than more eccentric targets (Figure 3.1). For each target azimuth, the 

average peak velocity ratio between the far and near reaches is about 0.6 which 

corresponds to the target distance ratio (0.8/1.2 = 0.67 arm length). This suggests that the 

movement plan might be pre-planned and scaled to fit a specific need. In Eq. 3.2, the 

proportion of the lift-off phase is described as a function of target location. The average 

ratio of lift-off proportion between the near and far set is also about 0.6. The combination 

of results concerning the target dependency of the peak velocity and phase duration 

suggests that the relative contribution of feed-forward and feedback control modes may 

follow the same pattern. Based on the kinematic scaling and the composition of the 

control mode in reach movements, it may be assumed that transition to the slower 
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feedback control mode may be initiated sooner for close and central targets as the hand 

enters sooner the visual field of view for these targets.  

Given the 2nd-order regression models for estimation of end effector horizontal 

peak velocity (Eq. 3.1) and the constant TP/MT ratio, the temporal aspect of reaching 

movements performed at self-imposed speed may be modeled dynamically for targets 

located within the reach envelope. These results also provide a foundation to model the 

time requirements (e.g. duration, acceleration time) using bell-shaped velocity profiles 

associated with feed-forward control (Flash et al., 1985). 

The peak velocity models show a more pronounced effects of target azimuth for 

the near than far targets. In addition, the hand velocity is similar for eccentric near and far 

targets. Since the targets were centered about the shoulder vertical axis and not the head, 

the left target should appear closer than the right target. Similar peak velocity for both 

side imply that the egocentric coordinate system may be centered at the shoulder. 

Alternatively, the determination of movement kinematic may rely more on a low level 

control related to the musculoskeletal system than the CNS (Winter, 2005). Furthermore, 

the hand velocity is much greater for the most eccentric targets than the medial targets for 

the near set. Despite the absence of explicit constraint on movement speed, higher 

movement velocity for the more eccentric targets might be preprogrammed to maintain a 

similar total movement time for all targets. This result indicates that the open-loop 

control mode of the movements is largely preprogrammed as a function of target azimuth. 

Hence, it is hypothesized that the programming of movement velocity may be derived 

from both the visual information and the necessary time to acquire that visual information. 

 

3.5.2 Lift-off phase  

As illustrated by Figure 3.4 and Figure 3.6, the lift-off phase is longer for 

eccentric than the medial reaches. This might result from the expectation and pre-

mapping for the reaching environment with a graphical instruction cue for each reaching 

trial. However, the precise spatial relationship between the subject and the target can only 

be dependent on visual information. Thus, the timing of the transition between the two 

initial movement phases (lift-off and transport phase) might depend on the timing of 

spatial mapping.  
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The empirical models expressed in Eq. 3.2 and Eq. 3.3 indicate that the lift-off 

phase proportions of the total movement time and hand traveling distance are both 

functions of target location. The coefficients of the 2nd order term (θ2), which represents 

the curvature, are similar for the far and near targets. These coefficients are 

approximately 0.0035 and 0.0057 for the phase duration and fractional hand traveling 

distance, respectively. The vertex of the curve was slightly different for the far and near 

set with respect to target azimuth. Since the models look alike, it suggests common 

properties and that a generic movement pattern scaled for time, distance and orientation 

may be used for these reaches. This scaling property significantly simplifies the 

programming of movements and their simulation. The ratio of the vertex magnitude in 

the MT domain is about 0.6, which is close to ratio of target distance (0.67), which 

further supports the scaling effect. The results presented in this chapter provide 

information about the duration of the lift-off phase and hand traveling distance during 

that phase which will be used for defining the temporal aspect of the coordination model 

of reach movements presented in Chapter 6. 
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CHAPTER 4  
 

Elbow Swivel Angle Modeling During Visually-Guided Reach Movements 

 

 

4.1 Abstract 

Reducing degree-of-freedom (DoF) redundancy is a major issue for human 

movement simulation. To address this issue in the case of reaching movements the use of 

the elbow swivel angle (ESA) was considered. Experiments collecting eye and body 

segment movements during reach movements were conducted to investigate the 

relationship between visual information, elbow swivel angle and movement control mode 

transition. ESA profile presents curvature changes, which may be associated with 

movement corrections, during reach movements. Combining the eye and body segment 

movement data, the field of view was reconstructed to determine when the hand spatial 

position was available to the central nervous system (CNS). The result shows that 

movement correction might not immediately occur when the visual information about the 

hand is available. For reaching movements to frontal targets in the ±45º range relative to 

the saggital plane, the results indicate that time variations of ESA in the feed-forward 

control mode may be described by a simple first-order lag response. The modeled elbow 

swivel angle function can be implemented to facilitate realistic human motion simulation. 

 

4.2 Introduction 

The multiple joints of the upper body and the arms confer to the mechanical 

linkage system large degrees of freedom (DoF). This redundancy of DoF is one of the 

major issues that need to be resolved to model, simulate and predict human movements 

Zhang et al., 1998; Kang et al., 2005). Previous studies suggest that human movements 
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contain invariant features to cope with this DoF redundancy (Bernstein, 1967, Flash et al., 

1985). Hence, various approaches utilizing control theories and optimization methods and 

inverse kinematics have been proposed (Flash et al., 1985, Hogan 1985, Zhang and 

Chaffin, 1998, 1999 and 2000, Galloway et al., 2002). Furthermore, hand reaching 

movements are multi phasic (Meyer et al., 1988; Jeannerod et al. 1984, 1988; Prablanc et 

al., 1988, Kim, 2005), as they usually include a feed-forward (open-loop) control mode 

followed by a feedback (closed-loop) phase corresponding to a bell-shaped velocity 

profile followed by variations corresponding to multiple corrections. The aim of this 

work is to find a good indicator for control mode transition and further the understanding 

of human upper body coordination.  

Models based on optimization criteria, such as minimum-work and minimum-

torque-change, did not provide good predictions of empirical data (Klein Breteler et al. 

2003; Admiraal et al. 2004). Previous studies indicate that reach movements models 

based on feed-forward and feedback modes of control, which have been identified in 

movements (Woodworth, 1899; Meyer et al., 1988, Jeannerod et al., 1984 1988, Prablanc 

et al., 1988) provide better simulations (Todorov & Jordan, 2002; Kim, 2005). Hence, 

this study investigates the relationship between these modes of control, their phase 

transitions and the utilization of visual and/or proprioceptive feedbacks.  

In order to reduce the DoF of human upper body linkage system, the utilization of 

the elbow swivel angle (ESA) proposed by Korein (1985) and developed by Tolani and 

Badler (1996) was included in the present study. An experimental approach was used to 

find the relationship between ESA and the content of visual information. Synchronized 

body motion tracking and eye tracking systems were used to record the displacement of 

the shoulder, elbow, wrist, and eye ball, to determine the trajectory of upper body 

segment joints, gaze orientation and the associated field of view. By observing the 

prevailing behavior of ESA variations with hand displacement, it was found that changes 

in this ESA profile could be used as an indicator for the transition of movement phases as 

a function of the visual information about hand location. This information also allows to 

estimate the transition between feed-forward and feedback control modes. 
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4.3 Methods 

4.3.1 Participants 

Eight young adults (three females and five males) participated in the experiments. 

Participants had an average age of 27 years and an average stature of 1.78 m. Their 

average arm reaching length was 65.8 cm. All participants were right-handed and free 

from any neuromuscular disorders. All signed an informed consent for participation in an 

experiment approved by the internal review board of the University of Michigan. 

 

4.3.2 Experimental design 

Material 

Twelve targets were distributed along horizontal concentric circles centered at the 

right shoulder (Figure 2.3a) with an elevation corresponding to elbow height. The targets 

were divided into two groups, near and far, as a function of their distance from the 

shoulder, which was defined by the radii of two circles. Radii (distances) for the near and 

far group corresponded to 80% and 120% of arm reaching length, which is defined as the 

distance between the acromion and the tip of the index finger when the elbow is fully 

extended. 

 

Equipment 

Eye movements were recorded by an Eye Tracking System (ASL Eye-Trac®) to 

determine the direction of gaze during each movement (see section 2.3.5). Whole-body 

movements were recorded and quantified by an infrared motion tracking system 

including eight cameras (Qualysis® ProReflex 240-MCU). Twenty-two retro-reflective 

markers were placed on selected body landmarks (Figure 2.3b). The two motion tracking 

systems were synchronized. After collecting anthropometric data including stature, reach 

length, seat height, elbow height and shoulder height in the seated posture, optical 

reflective markers and the eye tracking system were placed onto the participant and each 

system was carefully calibrated to obtain an accurate direction of gaze and the 

corresponding field of view. 
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Procedure 

During the experiment, the participant was instructed to reach each target in a 

random order at a comfortable self-imposed pace. Each trial (movement to a target) 

started from an initial posture in which the elbow angle is 90° and the hand is placed on a 

given starting location in front of the shoulder while the eyes fixate a reference visual 

target placed at eye level in the mid sagittal plane. For each trial, the target to be reached 

was indicated on a panel placed in front of the subject beyond the reach destination. The 

subject was also instructed to return to the initial posture and gaze after each reaching 

movement. 

The procedures were reviewed and approved by the University of Michigan 

Health Sciences Institutional Review Board for compliance with appropriate guidelines, 

state and federal regulations. 

 

4.3.3 Field of view reconstruction  

Centered around the gaze vector, the foveal and peripheral field of view were 

reconstructed with angles of view of 2.5º and 20 º, respectively (Atchison & Smith, 2000), 

as illustrated in Figure 4.1.  

 

 
Figure 4.1.  Reconstruction of Foveal Field of View (FFoV- light), Peripheral field of 
view (PFoV- dark) from gaze orientation (dash lines). 
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4.3.4 Data analysis 

Body segment kinematics and eye movement data were sampled at 60 Hz and 

synchronized. Kinematic data of the hand and joint angles were used to quantify timing 

characteristics body segment movements. The beginning of each movement was 

determined using a 2% threshold of hand peak velocity. In order to compare data between 

subjects, the traveling distance (displacement projected on the horizontal plane) was 

normalized by subject’s arm length. The direction of gaze and field of view (Figure 4.1) 

were reconstructed from the combination of motion and eye tracking data to find the 

instants at which the hand enters the foveal field of view. 
 

Computation of the elbow swivel angle 

Figure 4.2a illustrates the definition of the elbow swivel angle (Korein, 1985, 

Kang et al., 2005). Centered on the vector from the shoulder to the wrist and in a plane 

perpendicular to that vector, the radius of a circle is defined by the position of the elbow. 

As shown in Figure 4.2b, the center of the circle is denoted as “o”, z  is a vertical vector 

and its projection on the circle is denoted as v . Originating from “o”, e is the vector 

pointing to the elbow on the circle circumference. Hence, the swivel angle denoted θ , is 

thereby defined by the angle between v  and e ,.  The swivel angle is positive for 

counterclockwise rotation along the shoulder-wrist vector. 

 

 
Figure 4.2.  Definition of the swivel angle θ . (Kang et al., 2005) 

 

Determination of the eye-on-hand during reach 

In this study, the term ‘eye-on-hand’ (EOH) indicates the instant at which the 

hand enters the foveal field of view (FFoV). In order to determine this instant, two 

markers on the wrist and one on the knuckle on the back of the hand are used to represent 
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the hand, and a coordinate transformation was performed. As opposed to the 

transformation stated in section 2.3.4, expressing the position of hand markers in the local 

coordinate system of the FFoV was necessary to determine the intersection of the hand 

trajectory and the FFoV.  

From Eq. 2.1, the rotational matrix from the local eye coordinate system to the 

global reference frame can be obtained by: 

( ) ( ) ( ) ( )global global head
eye head eyeR t R t R t R t= = ⋅       (Eq. 4.1) 

In addition, the coordinate transformation needs not only rotating the reference 

axes but also translating the origin to the position of an eye (left or right eye). Given the 

instantaneous eye position ( global
eyep ), the homogeneous transformation matrix for the 

hand markers from the global reference frame to the local coordinate system of an eye 

can be expressed as: 

( )
0 1

T T global
FFoV eye
global

R R p
H t

⎡ ⎤−
= ⎢ ⎥
⎣ ⎦      (Eq. 4.2) 

And the position of the hand makers expressed in the local FFoV coordinate system can 

be calculated by: 

( ) ( )
( )

1 1

FFoV global
FFoVhand hand
global

p t p t
H t

⎡ ⎤ ⎡ ⎤
= ⋅⎢ ⎥ ⎢ ⎥

⎣ ⎦ ⎣ ⎦
    (Eq. 4.3) 

where ( )FFoV
handp t  and ( )global

handp t denote the position of the hand marker expressed in 

the local FFoV coordinate system and the global reference frame, respectively. During a 

reach movement, the appearance of the hand in the FFoV can be identified by the 

intersection of the hand markers expressed in the local coordinate system and the conic 

volume of FFoV. 

 

Elbow swivel angle profile with eye-on-hand 

The elbow swivel angle during reach movements was computed from the 

recorded body segment movement data. To define the elbow swivel angle profile (ESA) 

as a function of hand traveling stance, time variation of the derived elbow swivel angle 

was analyzed in relation to the hand horizontal displacement during reaching. 
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In order to assess the change in the ESA relative to the visual feedback, the mean 

curvature and its standard deviation of the movement section preceding EOH was 

computed for each trial. When EOH occurs, the local curvature was computed to 

determine if the change of curvature at that point was larger than the standard deviation 

indicated above. If the EOH occurs prior to the first half of the total movement time, the 

mean curvature and standard deviation of the first half of the ESA was computed and 

used to determine significant curvature changes in the following portion of the ESA 

trajectory with the eye-on-hand. 

 

Modeling parameter 

Most human movement simulation softwares are quasi-static as movements are 

parameterized by linear/angular displacement of body segments but not by time. The 

model of elbow movements developed in this chapter includes a time parameterization by 

correlating the swivel angle with the hand displacement during reaching. This feature will 

facilitate the integration of the empirical model into most human movement simulation 

software driven by the movement of the hand.  

 

4.4 Results 

4.4.1 Elbow swivel angle vs. normalized hand traveling distance 

Examples of elbow swivel angle profiles (ESA) with respect to the normalized 

hand displacement are shown in Figure 4.3 and Figure 4.4 for reaching to the rear far 

right target and profiles of four subjects reaching to the far 45º front right target, 

respectively. The elbow swivel angle is multi-phasic with a significant curvature change 

close to the end of the reach (Figure 4.3a and Figure 4.4a). Since the elbow was not fully 

extended in the final posture (section 2.4.3), these curvature changes in the ESA profile 

might not result from the computation error or other artifacts due to a fully stretched arm. 

The comparison of the ESA between rear and frontal reaches, suggest that this multi-

phasic feature in the ESA profile corresponds to a movement adjustment/correction. 

Figure 4.4 shows that the swivel angle profiles are similar among subjects with a 

deviation close to the end of the movements. This result indicates that the swivel angle 
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profile in terms of the normalized hand traveling distance may capture an invariant 

feature of reach movements. 

 

      (a)                                                                   (b) 

 
Figure 4.3.  Example of elbow swivel angle profile of a rear reach. (a) reaching to rear far 
right target (F1); (b) ESA profile with indications of eye-on-hand 

 

      (a)                                                                   (b) 

 

Figure 4.4.  Example of elbow swivel angle profile of frontal reaches (a) reaching to 45° 
right far target (F2) from 4 subjects; (b) same ESA profile with indications of eye-on-
hand. 

 

For a rear reach, the combination of gaze with hand movements indicates that the 

hand enters the foveal field of view (eye-on-hand, EOH) during and at the end of the 

reach, as illustrated in Figure 4.3. For the rear targets, changes in the swivel angle profile 



60 
 

occur immediately after EOH and at the end of the movement (Figure 4.3b This result 

suggests that when the hand is in the visual field of view movement corrections based on 

visual feedback may take place. For the frontal targets (Figure 4.4), EOH occurs earlier 

due to the task spatial configuration and shorter search for the target. For these targets, 

the ESA profiles may not show a noticeable change in the early stage of the movement, 

even the EOH happens more or less in the mid of the reach. However, ESA always shows 

a remarkable curvature change at the end of the movement. This curvature change was 

related to movement correction and estimated by the ESA profile variation larger than the 

standard deviation of the portion of movement prior to EOH (Figure 4.4b). This suggests 

that movement adjustments are likely to be driven by the visual feedback. However, 

visual events cannot be used alone as indicator of movement phase transition. In other 

word visual feedback may be necessary but not sufficient to identify a transition. For the 

front reach, these results suggest that the control mode transition between the feed-

forward and feedback mode may be indicated by the combination of the eye-on-hand 

moments and the curvature change of the elbow swivel angle profile. 

 

4.4.2 Feed-forward control mode and transition  

From the movement data of all subjects, the variance of ESA profile is much 

greater for rear than frontal reaches. Hence, the present study focuses on movements to 

frontal targets. According to this observation, the swivel angle profile for frontal reaches 

may be composed of two parts delimited by the initiation of the continuous eye-on-hand 

period and the curvature change in the elbow swivel angle profile. Before the eye-on-

hand occurs and if there is only mild curvature change in the swivel angle profile, this 

first part may be regarded as the feed-forward (open-loop) control mode phase with 

respect to the utilization of visual information. Hence, the percentage of the hand 

traveling distance during that feed-forward phase may be determined as a function of the 

target azimuth and distance, as illustrated in Figure 4.5. 
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Figure 4.5.  Percentage of feed-forward control mode in hand traveling distance with 
respect to target location (target azimuth and distance) 
 

Table 2.2 presents the results of the statistical analysis (ANOVA) for the feed-

forward control mode phase relative to the hand traveling distance. The result indicates 

that the proportion of the feed-forward control mode phase is not significantly influenced 

by the target location. For the frontal reaches, the average percentages of the feed-

forward phase are 90.8% and 91.7 for the far and near set, respectively. 

 

Table 4.1.  ANOVA results for the feed-forward control mode proportion of hand 
traveling distance 

(%) 45º Right 0º Front 10º Left 45º Left p 

Far set 86.8 ± 8.8 93.8 ± 3.6 93.7± 2.2 95.5± 3.1 0.78 

Near set 88.2± 9.6 89.4±5.5  90.7± 4.2 96.4± 1.7 0.92 

F1,46 0.04 0.02 0.01 0.02  

p 0.85 0.88 0.92 0.90  

 

4.4.3 Elbow movement modeling 

Given the determination of phase transition for the frontal reaches, the first part – 

the feed-forward phase of the elbow swivel profile may therefore be extracted. Examples 

of elbow swivel profiles from four subjects during the feed-forward phase are shown in 

Figure 4.6. During the feed-forward (open-loop) phase, all swivel angle profiles are 
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similar and change monotonously for frontal reaches, which suggests that a simple model 

may be used to reproduce this phase.  

 

 

Figure 4.6.  Swivel angle profiles for four subjects (Reach to 45° right far target). The 
solid line represents a fitted nonlinear least square model. 

 

The elbow swivel angle profile exhibits the behavior of a first order lag response 

based on a feed-forward control mechanism. Hence, the elbow swivel angle displacement 

(S(x)) normalized to hand displacement was modeled by a general equation of a first-

order lag response as follow: 

( ) (1 )kxS x A e−= −      (Eq. 4.4) 

where A represents the steady state amplitude and k refers to the gain of the system. 

These parameters are estimated by a statistical nonlinear least square model for each 

target location. The corresponding pairs of parameters are listed in Table 4.2. As 

expected, coefficient A and k are target dependent for the frontal reaches. The associated 

models are illustrated in Figure 4.7. 
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Table 4.2.  Model parameter estimates and R2 coefficients 

 A k R2 
45° right 
(F/N2) 

Far 0.51 2.53 0.83 

Near 0.35 1.84 0.85 

0° front 
(F/N3) 

Far 0.47 3.47 0.90 

Near 0.39 1.49 0.91 

10° left 
(F/N4) 

Far 0.48 4.68 0.79 

Near 0.40 1.19 0.74 

45° left 
(F/N5) 

Far 0.50 2.83 0.87 

Near 0.53 2.04 0.88 
 

        (a)                                                                 (b) 

 
Figure 4.7.  Predicted swivel angle vs. normalized hand displacement for far (a) and near 
(b) targets. 
 

4.5 Discussion 

Determining phase transition from feed-forward to feedback control is one of the 

crucial steps to understand and model the coordination of reach movements. Previous 

studies have reported that the final feedback phase contributes to movement accuracy 

(Crossman & Goodeve, 1983; Meyer et al., 1988) and foveal vision is used for the end-

point control that takes places in the final phase of movements (Paillard, 1996). Thus, the 

availability of the spatial relationship between the current position of the hand and the 

target location is necessary for movement adjustment in the feedback control phase. The 
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characteristics of the elbow swivel profile reveal a multi-phasic behavior whose change 

are likely to correspond to the availability of visual information about the hand. The 

present results indicate that the presence of the eye-on-hand during the reach movement 

combined with a curvature change in the elbow swivel angle profile may be used to 

estimate the phase transition from a feed-forward (open-loop) to a feedback (closed-loop) 

control mode.  

The elbow swivel profiles are multi-phasic. As the far reach indicates (Figure 4.3), 

reach movements requiring higher coordination of body segments show an early 

occurrence of the curve change, which corresponds to an early movement adjustment. 

Furthermore, the coincidence of the curvature change and instant of eye-on-hand (the 

hand-in-foveal field of view, Figure 4.3) suggests that visual feedback might be used to 

initiate a movement correction.  

Nevertheless, the elbow swivel angle profile for the frontal reaches, which shows 

an early occurrence of eye-on-hand, do not present a change in curvature until the end of 

a reach. This indicates that movement corrections do not have to occur immediately after 

vision is available, since there might be no need at that moment. Nevertheless, a 

remarkable curvature change close to the end of ESA profile may serve as an indicator 

for control mode transition. On the other hand, merely using ESA profile to determine the 

phase transition might be misleading because movement correction might be made based 

on other sensory feedback such as proprioception. To determine the initiation of the 

feedback control mode transition, the combination of the ESA curvature change and eye-

on-hand is suggested to be a better indicator than using one or the other along.  

As the timing of a remarkable curvature change in ESA profile occurs late during 

the frontal reach movements, a substantial proportion of movement is controlled in the 

feed-forward control mode or is dependent on a feedback control based on proprioception 

or the efferent copy. However, since that movement phase corresponded to a monophasic 

ESA curve without obvious corrections on the hand trajectory, the phase was modeled by 

a first-order lag response.  

The model of the ESA presented here corresponds to the feed-forward phase of 

reaching movement for the frontal targets (± 45° about the mid saggital plane). According 

to the coefficients of determination (R2) of the ESA modeling functions presented in 
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Table 6.3, the prediction based on the feed-forward control mechanism is slightly better 

for the near (Figure 4.6a) than the far targets (Figure 4.6b) in general. This difference in 

prediction may be due to a hand traveling distance shorter for near than far reaches.  

Overall, the prediction based on a lag function provides reasonable outcomes for 

the frontal reaches associated with high R2 values in general. This implies that the ESA 

and its model based on the lag response might properly capture an invariant feature in 

reach movements. As previously suggested (Korein, 1985; Tolani and Badler, 1996), the 

elbow swivel angle has been used to reduce the DoF redundancy of the human upper 

body system. However, the analytical approach for computing the inverse kinematics 

utilizing ESA (Tolani and Badler, 1996) was rarely used to model movements. Hence, the 

use of the present model supplements the analytical approach and provides realistic 

postures in simulation of 3-D reach movements. 
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CHAPTER 5  
 

Role of visual feedback in multi-joint coordination of reach movements  

 

 

5.1 Abstract 

Kinematic characteristics and coordination of reaching movements may differ 

with and without visual guidance. The contribution of visual feedback to the respective 

phases of reach movements was investigated in this study by quantifying the final 

position errors of the hand, variation of torso movements and changes in the elbow 

swivel angle. The results indicate that, as expected, the hand final position error increases 

without visual feedback. The hand final position error also increases with the size/weight 

of manipulated object and with reaching distance. The pattern of body segment 

coordination is less variable under the no-vision than the vision condition and no 

significant change in torso movements was observed when reaching without vision. 

However, the elbow swivel angle shows a significant difference in movement pattern and 

magnitude of change. This behavior is more pronounced for a target distance greater than 

arm length, but is not significantly affected by the movement azimuth. The offset of reach 

movement errors suggests that the egocentric coordinate system used for movement 

planning and control may be centered at the head. 

 

5.2 Introduction 

Vision is a major feedback mechanism for controlling the spatial accuracy of 

reaching movements (Prablanc et al., 1979). Hence, differences in reaching accuracy 

between reaches with and without visual feedback have been extensively investigated 

(Soechting et al., 1989; McIntyre et al., 1998; Van Beers et al., 2002; Admiraal et al., 
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2003; Hondzinski & Kwon, 2009). According to Van Beers et al. (2002), the central 

nervous system (CNS) may use visual information for determining the direction of 

reaching/pointing while proprioceptive information is used for controlling the movement 

distance, when the end-effector is visible. Furthermore, the frame of reference the CNS 

might use was extensively investigated by experimental paradigms with different visual 

conditions such as end effector visible, target frame visible and no vision (Admiraal et al., 

2004; McIntyre et al., 1998), or a moving base (Medendorp et al., 1999; Hondzinski & 

Kwon, 2009). In summary, previous studies suggest that the CNS might adapt the 

coordinate system between the head and the shoulder, and use control strategies relying 

on visual information for whole-body goal-directed movements.  

However, the role of vision in movement planning and body segment 

coordination has received little attention. In recent studies, Medendorp et al. (2002) 

measured the quality of gaze control during heads translation in complete darkness. 

Another study examining the torso in addition to the hand under different visual 

conditions was also recently proposed (Hondzinski et al., 2009). With few exceptions 

(Kim, 2005; Sergio & Scott, 1998) most studies investigating reaching errors under 

vision and no-vision conditions have used a fixed reaching/pointing target setup for every 

participant without normalization for anthropometric differences.  

An experiment was designed to further assess the contribution of visual feedback 

to movement control, and determine the contribution of visual information to movement 

coordination. In order to investigate upper body coordination of the torso and limb joints 

in reach movements this study included anthropometric considerations to normalize 

target locations. This normalization is necessary to identify coordination patterns 

independent of body segment length. In addition, reaching movements were performed 

with and without vision after visual calibration of the task space. The variance and 

characteristic changes in torso and elbow swivel angles were examined to estimate the 

effect of vision on movement organization and planning.  
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5.3 Methods 

5.3.1 Experimental setup 

The experimental setup was similar to those described in previous chapters. 

Briefly, eight frontal targets were distributed on two circles centered at participant’s right 

acromion and corresponded to a far and a near set. Radii (distances) for the near and far 

groups corresponded to 80% and 120% of arm reaching length (Figure 5.1). The targets 

were distributed in the frontal area from 45º left, to medial 10º left and 0º front, and to 

45° right on a flat-screen monitor placed horizontally in front of the subject (Figure 5.1).  

80% Reaching

120% Reaching

0°

10°

45°

Far set Near set

45°

Initial Gaze 
Point

X

Y

F2

F3

F4

F5

N2

N3N4

N5

Front 
reaches

 
Figure 5.1.  Experimental setup: The rectangle represents the video monitor on which the 
frontal targets are displayed. 

 

The size of the manipulated objects was varied to investigate both the dimensional 

effect associated with visual perception and manipulation issues. In order to estimate the 

influence of the size and weight of the manipulated object, two cylinders with a diameter 

of 3.175 cm and 4.45 cm and respective weight of 18 g and 25 g were used.  

Whole-body movements were recorded by an eight-camera motion tracking 

system (Qualysis® ProReflex 240-MCU).Twenty-two retro-reflective markers were 

placed on selected body landmarks on the upper body (Figure 2.3b). Eye movements 

were recorded simultaneously by an eye tracking system (ASL Eye-Trac®). Both 

systems were synchronized to record movements at a sampling rate of 60 Hz. 
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5.3.2 Experimental design 

Twenty two right-handed individuals (11 males and 11 females) participated in 

this experiment as paid volunteers. The average age and stature of the participants were 

24 ± 3.3 years and 1.70 ± 0.1 m, respectively. The average arm reaching length was 62.4 

± 4.1 cm. All Participants were free from any neuromuscular disorders. The experiment 

was divided into two sessions as follows: 

A randomized sequence of front reaches was tested first. For this session, 

participants were asked to move a vertical cylinder from an initial location to a 

designated target (Figure 5.2) while holding it with a neutral hand posture. A reflective 

marker was placed on top of the cylinder. Four consecutive practice reaches to the same 

target were performed with full vision, and then replicated three times without vision 

(reaching in the dark with eyes open). Under the no-vision condition, the subject could 

not see the target nor the body segments.  Reaches were performed with each object in 

two different trial series. Object size presentation was randomized between subjects only. 

 

        
Figure 5.2.  Example of the initial posture (left) and final posture at the target (right) 
 

5.3.3 Data processing and analysis 

In order to compare reaching performances between visual conditions, two types 

of reaching errors were distinguish: the constant error (CE), which corresponds to the 

distance between the designed target location and the final position of the hand holding 

an object, and the variable error (VE), which reflects the distribution of the reaching 
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positions toward a target location relative to the average pointing position to that target 

location. The distribution of the final reaching positions for a target location i (see Figure 

5.1) is described by the 2-D covariance matrix Si since the vertical component (z 

coordinate) was constrained by the height of the flat-screen monitor. The two orthogonal 

eigenvectors of the covariance matrix Si depict the orientation of the variable errors. 

Their corresponding eigenvalues of the matrix give the range of the variable error along 

the eigenvectors. Furthermore, these eigenvalues can be scaled to compute the limits that 

contain 95% of the data (McIntyre et al., 1998; Morrison, 1976). Hence, the contours of 

the 95% confidence ellipse can be drawn with the two eigenvectors and their 

corresponding eigenvalues (λ1 and λ2) for the end position distribution. The eigenvector 

corresponding to the larger eigenvalue (λ1) was referred to be the main axis of the 

distribution.  

Since the target location were set up with respect to the arm length for each 

subject, reaching position data may be normalized by each subject reaching arm length (l) 

for a better comparison between individuals. Furthermore, centroids of final position 

distributions under the no-vision condition were obtained to represent the end position of 

the hand for each target location. Corresponding to the reaching distance (80% and 120% 

arm length), radial discrepancy (RD) is defined by: 

argcentroid t etRD OP OP= −      (Eq. 5.1) 

where centroidOP  and  argt etOP  denote the distances from the right shoulder to the error 

centroid and to the associated target, respectively. Hence, a positive RD indicates an 

average overshooting tendency while a negative RD indicates undershooting.  

Torso axial rotation, lateral bending and flexion angles as well as the elbow 

swivel angle were quantified to reveal movement strategies and corresponding 

coordination schemes. Since the reaching movements were unconstrained and performed 

at a self-imposed speed, torso and elbow swivel angles (ESA) were expressed with 

respect to the hand (wrist) traveling distance instead of the real time. In addition, the 

wrist traveling distance was also normalized by each subject’s arm length to allow 

between-subjects comparisons. 
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Torso angles as a function of the wrist displacement are systematically 

monophasic. To be consistent within the present work, the single-valued curvature of the 

torso- wrist displacement curve (TWC) was used to represent the torso movement 

characteristics. For each trial, TWC was fitted to a 2nd order function using the least mean 

square method. Hence, the curvature of the fitted function may represent the mean 

curvature of the TWC. The variance of TWC curvature between trials was computed for 

each target location in both visual conditions,. The curvature was computed for each 

torso angle. The curvature variance was used to compare the variability of torso 

movements under vision and no-vision condition.  

The variance of the mean curvature for the ESA profiles was also quantified for 

each visual condition. However, ESA’s may be implicitly associated with phase 

transition (Chapter 4). Therefore, the amplitude (overall variance) and the magnitude 

(difference between the initial and end value) of the ESA profile were computed to 

determine changes during a reach movement as a function of target azimuth, target 

distance and visual conditions. 

For the data analysis, Student’s t test and ANOVA were used for statistical 

analysis to identify the influence of target locations and manipulated objects on the 

reaching precision (CE and VE), and body segment movements (torso angles and the 

elbow swivel angle), as well as the effect of visual feedback on body segment movement 

characteristics. 

 

5.4 Results 

5.4.1 Reaching error without visual feedback 

Figure 5.3 and Figure 5.4 shows the distribution of the normalized final hand 

position when reaching under vision and no-vision with the small (left panels) and large 

(right panels) object, respectively. Final positions of the 95% confidence region for 

reaching to each target location, across subjects, are expressed by ellipses for the no-

vision condition. In all figures the origin coincides with the location of the right 

shoulder/acromion. As expected, the error distribution is significantly greater when 

reaching without than with vision (t = 155.9, p<0.01).  
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Figure 5.3.  Final reaching position distribution with vision for small (left) and large 
(right) object. The origin of each plot corresponds to the vertical axis of the right shoulder; 
the average initial position of the hand over all subjects is indicated by ‘+’. 
 

 
Figure 5.4.  Final reaching position distribution without vision for small and large (left 
and right panels) manipulated object. Ellipses denote the 95% confidence region of the 
distribution. The origin of each plot corresponds to the vertical axis of the right shoulder; 
the average initial position of the hand over all subjects is indicated by ‘+’. 

 

The ANOVA indicates no significant difference in the normalized CE between 

genders. A 3-way ANOVA including target azimuth, distance and object size as main 

factors (Table 5.1) was performed for the no-vision condition. The result shows that 

target location (azimuth and distance) only has a significant influence on the CE. No 

interaction exists between any two of the factors. In the no-vision condition, the CE is 

significantly larger (t = 34.8; p < 0.05) for the far (8.5% ± 5% arm length) than the near 

(5.14% ± 3%) set of targets.  

 

+ + 

+ + 
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Table 5.1.  ANOVA table for CE 
VE: DoF F p 

Obj size (S) 1 5.19 0.11 

Distance (D) 1 228.2 < 0.01 

Azimuth (A) 3 31.43 < 0.01 

S × D 1 3.52 0.16 

S × A 3 0.43 0.75 

D × A 3 4.11 0.14 

(Shaded cell corresponds to significant values) 

 

CE variations a function of target azimuth are presented in Figure 5.5. Averaged 

over the two object sizes, the CE’s are significantly larger (tnear = 11.7, tfar = 8.8, p<0.01) 

for reaches to 45 º right than 45º left by 1.8% and 3.1% for the near and far set, 

respectively. For reaches to the most eccentric targets (± 45º azimuth), the lateral error 

component (in global coordinate system) is significantly (t = 2.62; p < 0.05) larger (1.8%) 

than the longitudinal error. However, there is no significant difference between the x and 

y component for medial reaches (0º front and 10º left).  

 
Near Set Far Set  

 

Sm
all O

bject 
Large O

bject 

Figure 5.5.  Constant errors of reach positions vs. target azimuth in the no-vision 
condition: small and large object (upper and lower panels); near and far set (left and right 
panels). 
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In addition, the variable error along the main axis (major VE, λ1) reveals a 

reaching error tendency across subjects. The 3-way ANOVA including object size, target 

distance and target azimuth shows that VE in only significantly influenced by target 

distance and there is no interaction between any factors (Table 5.2). Table 5.3 presents 

the magnitudes of VE’s along the major and minor axes (corresponding to eigenvalue λ1 

and λ2). The major VE (λ1) is significantly larger (1.4% on average) for the far than the 

near set(t = 467.5, p<0.01). 

 

Table 5.2.  ANOVA table for VE  
VE: DoF F p 

Obj size (S) 1 2.72 0.20 

Distance (D) 1 12.57 0.04 

Azimuth (A) 3 1.38 0.40 

S × D 1 0.05 0.84 

S × A 3 0.09 0.96 

D × A 3 1.18 0.45 

(Shaded cell corresponds to significant values.) 

 

Table 5.3.  Variable errors with respect to target location 
  45º Right 0º Front 10º Left 45º Left 

average 
eigenvalues λ1, λ2  λ1, λ2  λ1, λ2  λ1, λ2  

Sm
al

l 
ob

je
ct

 Near set 0.0067, 0.0026 0.0072, 0.0041 0.0047, 0.0041 0.0069, 0.0020 

Far set 0.0285, 0.0123 0.0125, 0.0081 0.0169, 0.0083 0.0258, 0.0153 

L
ar

ge
 

ob
je

ct
 Near set 0.0111, 0.0030 0.0079, 0.0078 0.0089, 0.0038 0.0265, 0.0031 

Far set 0.0383, 0.0159 0.0178, 0.0140 0.0291, 0.0146 0.0207, 0.0128 

(All near and far pairs are significantly different; there is no significant difference 

between object sizes.) 

 

The 3-way ANOVA performed on radial discrepancy (RD) indicates a significant 

influence of object size (p = .028), target distance (p = .01), and azimuth (p = 0.029), as 

indicated in Table 5.4. However, none of the interactions were significant (p>0.05). The 
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centroid of the error distribution was computed for each target over all subjects. Figure 

5.6 illustrates the centroids of the final position distribution for no-vision reaches. The 

general tendency to undershoot the far targets seems to be larger for the right targets, as 

illustrated in figure 5.6.  

 

Table 5.4.  ANOVA table of radial discrepancy of centroids 
VE: DoF F p 

Obj size (S) 1 15.99 0.028 

Distance (D) 1 65.9 < 0.01 

Azimuth (A) 3 13.79 0.029 

S × D 1 0.02 0.89 

S × A 1 0.36 0.79 

D × A 3 0.83 0.56 

(Shaded cells correspond to significant values) 

 

 
Figure 5.6.  Centroids of final reach position distribution without vision for the small and 
large (left and right panel) object. Ellipses represent the 95% enclosure region of the 
distribution, circles represent the target locations, and dots represent the centroids of the 
final position distributions.  
 

Table 5.5 shows that the magnitude of RD increases with target eccentricity and 

reaching distance in general. This means that the undershooting behavior might be 

greater for the more distant targets. In addition, undershooting is significantly larger 

(1.3% arm length) for the small than the large object (t = 74.7, p<0.01). 
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Table 5.5.  Radial discrepancy of centroid from the designed reaching distance  
(unit: % arm length) 45º Right 0º Front 10º Left 45º Left 

Sm
al

l 
ob

je
ct

. Near set -2.49 -1.28 -0.62 -0.91 

Far set -5.46 -4.57 -3.08 -2.70 
L

ar
ge

 
ob

je
ct

 Near set -1.88 -0.01 +0.49 +1.55 

Far set -4.48 -3.33 -0.76 -2.15 

+: overshoot; -: undershoot 

 

5.4.2 Visual feedback and movement coordination 

Three torso joint angles and the elbow swivel angle were expressed as functions 

of the hand traveling distance. As indicated earlier, torso flexion is known to contribute to 

distance compensation (Chapter 2), while the elbow swivel angle may reflect the 

coordination between the shoulder and elbow joints (Chapter 4).  

 

Torso angles 

Typical examples of torso angle variations as a function of the horizontal wrist 

(hand) traveling distance are illustrated in Figure 5.7. The 2-way ANOVA shows that the 

curvature variability of all torso angles (torso axial rotation, lateral bending and flexion) 

is not significantly different between visual conditions (Table 5.6).  
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Figure 5.7.  Typical example of torso angles of reaching to 45º left near target with (left) 

and without (right) visual feedback (trials from one subject data) 

 

Table 5.6.  2-way ANOVA table for each torso angle and object size  
 Axial rotation Lateral bending Anterior flexion 

Small Obj. DoF F p DoF F p DoF F p 

Vision (V) 1 0.62 0.43 1 0.18 0.67 1 0.72 0.40 

Target location (T) 7 29.41 < 0.01 7 1.27 0.27 7 4.84 < 0.01 

V× T 7 1.49 0.17 7 0.85 0.55 7 0.36 0.93 

Large Obj. DoF F p DoF F P DoF F P 

Vision (V) 1 0.06 0.80 1 1.39 0.24 1 0.43 0.51 

Target location (T) 7 24.89 < 0.01 7 1.49 0.17 7 3.06 < 0.01 

V× T 7 0.63 0.73 7 1.84 0.08 7 0.92 0.49 

(Shaded cells correspond to significant values.) 

 

In addition, curvature variations of torso axial rotation and anterior flexion are 

significantly larger when reaching to the near than the far targets (Figure 5.8). Averaged 

over all target azimuths, the axial rotation variance difference between near and far set 



78 
 

are 1.67 and 1.89 for the small and large object group respectively; while those for 

anterior flexion are 0.22 and 0.32, respectively.  

 

 

 
Figure 5.8.  Curvature variation of torso axial rotation (upper panels) and anterior flexion 

(lower panels) when reaching with a small (left panels) and large (right panels) object. 

 

Elbow swivel angle 

The 4-way ANOVA performed on the curvature variance of elbow swivel angle 

(ESA) profiles (Table 5.7) shows no significant difference between the vision and no 

vision conditions. Object sizes and target azimuth have no significant effect on the 

variance. However, similar to the results for torso angles, the ESA variance is 

significantly larger for the near than the far reaches by 0.71 and 0.59 with a small and 

large object in hand, respectively (Figure 5.9). 
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Table 5.7.  4-way ANOVA table for the ESA curvature variance  
 DoF F p 

Vision (V) 1 0.44 0.52 

Object size (S) 1 1.81 0.20 

Azimuth (A) 3 2.84 0.08 

Distance (D) 1 58.3 < 0.01 

V×S 1 0.1 0.76 

V×A 3 0.9 0.47 

V×D 1 3.07 0.10 

S×A 3 0.56 0.65 

S×D 1 0 0.96 

A×D 3 2.8 0.08 

(Shaded cell corresponds to significant values.) 

 

 
Figure 5.9.  Curvature variation of ESA when reaching with a small (left panel) and large 

(right panel) object. 

 

Typical examples of ESA time profiles when reaching to the far left and near right 

45º azimuth targets are shown in Figure 5.10 a and b, respectively. Two characteristics 

emerged as a function of the visual condition. First, the number of ESA jerks and the 

amplitude of ESA variations are larger for reaches with vision than without vision 

(Figure 5.10a). Second, the ESA displacement magnitude is smaller in the no-vision than 

the vision condition (Figure 5.10b). These two characteristics can be reflected 

respectively by the amplitude (overall variance) and the magnitude (difference between 

the initial and end value) of the ESA profile. 
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    (a)                                                                 (b) 

  
Figure 5.10.  Typical examples of elbow swivel angle for reaches with and without visual 
feedback. Reaching to a) target location F5 (45º left), b) reaching to target location N2 
(45º right) with the small object (trials from one subject data)  
 

The 2-way ANOVA (Table 5.8) indicates that the magnitude and amplitude of 

ESA variations are both significantly influenced (p < 0.01) by the visual conditions. The 

magnitude of ESA change is larger with vision than without vision by 3.67° and 3.73° for 

reaches with the small and large object, respectively. The average amplitude of the ESA 

is 3.05° and 3.70° larger with than without vision for the small and larger object, 

respectively (Figure 5.11). 

 

Table 5.8.  2-way ANOVA table of ESA’s magnitude and amplitude  
 Amplitude Magnitude 

Small Obj. DoF F p DoF F P 

Vision (V) 1 28.2 < 0.01 1 18.4 < 0.01 

Target location (T) 7 34.9 < 0.01 7 1.8 0.08 

V× T 7 0.24 0.97 7 0.47 0.85 

Large Obj. DoF F P DoF F P 

Vision (V) 1 17.9 < 0.01 1 11.2 < 0.01 

Target location (T) 7 22.9 < 0.01 7 0.22 0.98 

V× T 7 0.45 0.86 7 0.32 0.94 

(Shaded cells correspond to significant values.) 
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    (a)     (b) 

    (c) 

Figure 5.11.  ESA profile change with and 
without visual feedback: amplitude vs. target 
locations (upper panels) – reaching with a 
small (a) and large (b)object; (c)  magnitude vs. 
object size 

 
 

5.5 Discussion 

5.5.1 Reaching precision 

The precision of the hand final position greatly depends on visual feedback. As 

may be expected, distal reaches (far set) also display higher constant errors in general and 

both constant and variable errors increase with the eccentricity of target azimuth. The 

ratio of constant errors for the near and far sets (5.14%/8.5% = 0.60) is similar to the ratio 

of corresponding reaching distances (0.8/1.2 arm length = 0.67). The discrepancy 

between right and left reaches also shows a ration of 0.58 between the far and near 

reaches. This may be associated with the scaling effect presented earlier.  

The component analysis of the CE shows a larger contribution of the error to the 

lateral direction when reaching to the eccentric targets without vision. Furthermore, torso 

Near Near

Far Far
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axial rotations still present when reaching without vision. Hence it may be assumed that 

the egocentric coordinate system used for movement planning might be constrained to the 

original spatial mapping based on visual information and does not rotate to fit the specific 

goal when visual perception of space is unavailable. This interpretation is in accordance 

with Soechting and Flanders’s proposition (1989), which suggests that reaching error 

occur because subjects implement a linear approximation to the transformation from 

extrinsic to intrinsic coordinates. 

According to Van Beers et al. (2002), the central nervous system may use the 

visual information for determining the direction of reaching/pointing and proprioceptive 

information for controlling the movement distance, when the end effector is visible. 

However, the present work examining the dispersion of the final hand location shows an 

undershooting effect when reaching without visual feedback. It implies that the visual 

feedback also contributes to the control of movement distance.  

Additionally, the movement undershoots were greater for far and eccentric targets 

than near and medial targets. Note that target locations corresponding to 0° and 10° left 

are in front of the shoulder and close to the front of the head. The undershooting behavior 

when visual information is not available suggest that the origin of the coordinate system 

in which the movement is planned is centered at the head while the origin of motor 

command designed when vision was available, remains centered at the shoulder when 

vision is no longer available.  

 

5.5.2 Effect of visual feedback on body segment coordination 

Torso angles (torso axial rotation, lateral bending and anterior flexion) show a 

significant consistency for both reaches with and without visual feedback. The variability 

of torso movement curves among repetitions shows no significant difference between two 

visual conditions. It implies that the CNS might try to reduce the level of body segment 

recruitment and maintain the system degree of freedom when visual feedback is not 

available. Movement correction may be limited in the absence of visual information in 

order to maintain reaching accuracy. Furthermore, only torso axial rotation and anterior 

flexion increase significantly with reaching distance, which reflects the contribution of 

the torso to reach movements. Hence, a similar motor command planned in the same 
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coordinate system might be used and maintained by the CNS when vision is unavailable 

for movement corrections. 

The strategy adopted for movements without visual feedback may be designed to 

reduce the level of overall displacement of body segments. This limitation of joint 

movement amplitude may be used to reduce the level of coordination and control among 

body segments. Evidence can be found in the reduction of the elbow swivel angle 

magnitude, displacement and variability when reaching without vision. This strategy also 

reduces flexibility in arm movements, which may explain a compensatory increase in 

torso flexion in some reaches without visual guidance (see Figure 5.10).  

In conclusion, coordination of body segments and control strategies might rely on 

the availability of feedback information. The precision of final reaching accuracy also 

greatly depends on visual feedback. Furthermore, the distribution of final position errors 

without visual feedback does not seem to be correlated with target azimuth relative to the 

shoulder. It is suggested that a frame of reference centered at the head might be used for 

reaching movements.   
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CHAPTER 6  
 

Multi-phasic Coordination Model of Visually Guided Reach Movements  

to Frontal Targets 

 

 

6.1 Abstract 

Coordination of body segment in reach movements includes temporal and spatial 

aspects. Based on results related to the timing of body segment movement initiation and 

joint angular displacements, an upper body coordination model is proposed as an end 

effector driven, direction-based model for unconstrained reach movements to targets 

located in the frontal space. The temporal relationships are associated with visual 

feedback. For versatility and flexibility purposes, this model was developed in the 

normalized time domain defined by the total hand movement time. Based on empirical 

data, the proposed coordination model includes the visual feedback and generates 

temporally-coordinated body segments movements with respect to the visual acquisition 

of the target in the feed-forward control phase. Simulation of body segment movements is 

based on control theory. Simulation results are compared with empirical data to validate 

the model structure and outcomes associated with movement coordination features. 

 

6.2 Introduction 

Previous results suggested that the temporal and spatial behaviors of body 

segments in reaching tasks are generally context dependent (Chapter 2, 3, and 4). It has 

been also suggested that body segment movements might use pre-planned postures to 

achieve accurate gaze orientation, spatial representation of target location and movement 

sequencing in reach movements (Rossenbaum et al., 1995; Kim, 2005). Furthermore, 
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visual feedback may influence the organization body segment movements in reach 

activities (Chapter 5; Soechting et al., 1990; Admiraal et al., 2003).  

In the present work, reach movements were divided into three phases relative to 

the visual information about the target to be reached. The first phase, or lift-off phase, is 

defined as the portion of movement before gaze reaches the target. Most joints 

movements are initiated during this phase in general (Chapter 2), but may not have a 

specific directional content (Kim, 2005). Then the transport phase is initiated when gaze 

is on target (GOT). Following the transport phase is the landing phase when the end-

effector is within the foveal field of view and gaze remains on the target. 

Reach movements have been characterized by a process including two successive 

control modes consisting of a feed-forward phase followed by a slow feedback phase 

(Jeannerod, 1984; Woodworth, 1899). The first two phases are generally assumed to use 

a feed-forward (open-loop) control mechanism since visual feedback of body segment is 

rarely available during these two phases and velocity profiles do not reveal corrections 

(Abend et al., 1982; Hoff & Arbib, 1993). During the landing phase, the hand is close to 

the target and within the foveal field of view. Hence, visual and/or proprioceptive 

feedback may then be used to adjust the movement trajectory. Previous studies indicated 

that foveal vision is used for the end-point control taking place in the final phase of 

movements (Paillard, 1996), and visual information of both the target and the hand can 

provide an exocentric (work space) frame of reference (Sober & Sabes, 2003). However, 

the landing phase represents only a small proportion (less than 10%) of a whole reach 

movement time (Chapter 3). The coordination model proposed in the present study 

focuses on the movement organization during the first two phases governed by feed-

forward control only. 

As stated in Chapter 2, a straightness error of less than 12% for targets in the 

± 45° range about the sagittal plane lead to the assumption that reach movements along 

these directions could be considered fairly straight in the horizontal plane. In addition, the 

hand movement velocity presents consistent bell shapes and sinusoidal profiles in the 

horizontal and vertical directions, respectively. These results are in agreement with 

previous results (Morasso, 1981, Abend, 1982) suggesting that humans tend to choose 

unique trajectories with a fairly straight and smooth path. Furthermore, a movement 
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scaling effect (Plamondon et al., 1995; Grinyagin et al., 2005, Srinivasan, 2009) is 

observed in the horizontal plane. This scaling is indicated by a time-to-peak to total 

movement time (TP/MT) ratio of 0.5 for close and far similar targets, as presented in 

Chapter 3. The peak velocity in the horizontal plane occurs in the middle of the total 

movement time (MT) of the hand. These results provide the basis to model a generalized 

hand movement trajectory as a reference for the coordination model.  

 

6.3 Methods 

Based on the previous studies and observation from experimental data (Figure 

6.1), a generalized hand trajectory can be determined with a bell-shaped and sinusoidal 

velocity profiles in the horizontal plane and vertical direction, respectively. The 

generalized hand trajectory is used as a reference for temporal modeling and for the 

correlation between hand traveling distance and time.  

 

 
Figure 6.1.  Typical example of the hand velocity profiles. Near (a) and far (b) reaches to 

± 45º azimuth targets. 
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Given τ a time factor which normalizes MT to 2π, the proposed coordination 

model may be expressed in the normalized time domain (τ). The goal of the proposed 

coordination model is to describe and predict the temporal-coordinated upper body 

segment movements during the feed-forward control mode of reach movements. This 

model is based on results obtained in the previous studies and is driven by a generalized 

hand trajectory. The position of the elbow can therefore be derived from inverse 

kinematics and the swivel angle model (Chapter 4) while the position of the shoulder is 

derived from torso movements.  

The timing sequence of initiation and termination of body segment movements 

are relative to the timing of gaze on target (GOT). Hence, this model can be expressed in 

the normalized time domain. For the spatial aspect, body segment movements are 

modeled based on the response of a feed-forward control mechanism. Currently, the 

proposed coordination model simulates the feed-forward phase of reaches beyond the 

anatomical frontal plane. 

 

6.3.1 Model components 

Figure 6.2 shows the structure of the proposed coordination model. The input of 

the model is target location (azimuth and distance). In the proposed coordination model, 

the hand trajectory, temporal and spatial modules are the three major components. First 

the hand trajectory module generates a generic hand movement model in the normalized 

time domain. This model provides a reference for the total movement (MT) time and the 

hand travel distance. Then the temporal module determines the GOT, the initiation and 

duration of each torso angle profile and the elbow swivel angle profile, as a function of 

the stated input. Furthermore, the spatial module determines the angular displacements of 

torso angles (axial rotation, lateral bending, and flexion) and the elbow swivel angle as a 

function of the movement duration and the specified target.  

When combining the results of the temporal and spatial modules, the outputs of 

the coordination model are determined in the normalized time domain. These outputs are: 

1) The timing of gaze-on-target (GOT). 

2) The generalized hand trajectory represented by the horizontal and vertical 

components. 
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3) The initiation time, durations, and angular displacement of the torso axial 

rotation, lateral bending, and flexion angles. 

4) The initiation and displacement of the elbow swivel angle. 

 

 
Figure 6.2.  Diagram of the coordination model scheme 

 

6.3.2 Correlation between the hand traveling distance and movement time 

Since the temporal modeling is relative to the total movement time, the 

kinematics of the hand movement needs to be generalized to facilitate modeling. The 

hand movement trajectory is assumed to be planar and may be decomposed into a vertical 

component and the horizontal component associated to an azimuth. Given τ as a time 

factor which normalizes MT to 2π, the generalized hand trajectory model can therefore be 

expressed in the normalized time domain (τ). Since the TP/MT ratio is equal to 0.5, the 
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horizontal peak velocity of the modeled hand trajectory occurs at of the mid duration of 

MT. Therefore, the velocity in the horizontal (vxy) and vertical direction (vz) at the time t 

during a reach movement can therefore be expressed as a function of the normalized time 

factor as below: 

sin( ) sin( )
2xy xy xyv A A t

T
τ π

= = (Eq. 6.1)
 

2sin( ) sin( )z z zv A A t
T
πτ= = (Eq. 6.2) 

where τ denotes the normalized time factor and 
2 t
T
πτ = ; T denotes MT, while Axy and 

Az are the amplitude (peak velocity) of the horizontal and vertical velocity respectively. 

Velocity profiles corresponding to Axy = 1 and Az = 0.2 are illustrated in 

Figure 6.3. 
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Figure 6.3.  Generalized velocity profiles corresponding to the horizontal and vertical 

components of a hand movement in the normalized time domain. 

 

Hand displacements in the horizontal and vertical directions can be determined by 

the time integration of Eq. 6.1 and Eq. 6.2: 

cos( )xy xy xy
Td A t C

T
π

π
= − + (Eq. 6.3)

 
2cos( )

2z z z
Td A t C

T
π

π
= − + (Eq. 6.4) 
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where Cxy and Cz are constants. Given the initial condition 0 0 0xy t z td d= == = , Cxy and 

Cz may be determined as follow:  

   ;   
2xy xy z xy

T TC A C A
π π

= =  

Hence, Eq. 6.3 and Eq. 6.4 can be expressed as 

( ) 1 cos( )xy xy
Td t A t

T
π

π
⎛ ⎞= −⎜ ⎟
⎝ ⎠  

(Eq. 6.5)
 

2( ) 1 cos( )
2z z
Td t A t

T
π

π
⎛ ⎞= −⎜ ⎟
⎝ ⎠  

(Eq. 6.6) 

When a reach is achieved at time t = T, the horizontal displacement, dxy(t=T) , equals the 

total hand traveling distance Dxy. Hence, the amplitude Axy can be obtained by: 

( )( ) 1 cos( ) 2

 
2

xy xy xy xy

xy
xy

T Td t T A A D

D
A

T

π
π π

π

= = − = =

=> =
 

In addition, the maximum vertical displacement (Dz) is reached when time t = T/2.  The 

amplitude Az can also be found by: 

( )( ) 1 cos( )
2 2

 

z z z z

z
z

T T Td t A A D

DA
T

π
π π

π

= = − = =

=> =
 

Substituting Axy and Az into the equations of hand displacements, Eq. 6.3 and Eq. 6.4 can 

be rewritten as: 

1 cos( ) 1 cos( )
2 2 2

xy xy
xy

D D
d t

T
π τ⎛ ⎞ ⎛ ⎞= − = −⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠  
(Eq. 6.7)

 

( )21 cos( ) 1 cos( )
2 2

z z
z

D Dd t
T
π τ⎛ ⎞= − = −⎜ ⎟

⎝ ⎠  
(Eq. 6.8) 

Eq. 6.7 and Eq. 6.8 are used to describe a generalized hand trajectory with a bell-shaped 

velocity profile in a 2-D plane. Furthermore, the relationship between the fractional hand 

traveling distance and the percentage of movement time (% MT) can be obtained from 

the equation of the hand horizontal displacement (Eq. 6.7) as follows: 
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1 1 cos( )
2

xy

xy

d t
D T

π⎛ ⎞= −⎜ ⎟
⎝ ⎠  

(Eq. 6.9)
 

1 21 cos (1 )xy

xy

dt
T Dπ

−= −
 

(Eq. 6.10) 

These two equations are used to convert the movement from normalized time domain to 

kinematic (hand traveling distance) domain.  

 

6.3.3 Lift-off phase 

The instant at which the gaze is on-target (GOT) was assumed to correspond to 

the termination of the lift-off phase. It serves as an indicator to the transition from the lift-

off to the transport phase. From Chapter 3, the lift-off phase percentage of MT is 

modeled as a function of target location. It can be expressed as: 
2

2

0.0035 0.0055 9.16

0.0035 0.0302 15.42

Far
t
Near

t

P

P

θ θ

θ θ

= + +

= + +  
(Eq. 3.2)

 

where θ represents the target azimuth angle (in degree).  

Therefore, the instant of GOT in the normalized time domain τ can also be 

determined as a function of the target location by: 

/2 2 ( )Far NearGOT
GOT t

t P
T

τ π π θ= =
 

(Eq. 6.11)
 

 

Torso angle initiation timing 

In Chapter 2, the initiation timings of joint angles were determined relatively to 

the GOT. Thus, the initiation of torso movements, represented by three angles can be 

determined for a given GOT instant. 

As shown by the results in section 2.4.4, the initiation timings of torso angles are 

significantly influenced by target distance and azimuth. The results are summarized in 

Table 2.10. The negative sign indicates an initiation prior to GOT. 
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Table 6.1.  Torso initiation timing 
 Rear left Frontal (45º left – 45º right) Rear right 

% MT AR LB AF AR LB AF AR LB AF 

Far 
-51.9% -19.8% 

-42.7% 
-23% -19.8% 

-5.6% 
-35.4% -19.8% 

-42.7% 

Near -60.5% -18.2% -60.5% 

AR: Axial Rotation;  LB: Lateral Bending;  AF: Anterior Flexion 

 

Combining the GOT (Eq. 6.11) and torso initiation timing (Table 2.10), the 

initiation timing for each torso angle for frontal reaches in the normalized time domain 

can be determined by:  

.
. /2 2 ( ( ) 0.23)

Init
Init Far NearAR
AR GOT t

t P
T

τ τ π π θ= − = −
 

(Eq. 6.12)

.
. /2 2 ( ( ) 0.198)

Init
Init Far NearLB
LB GOT t

t P
T

τ τ π π θ= − = −
 

(Eq. 6.13)

.
.

.
.

2 2 ( ( ) 0.056)

2 2 ( ( ) 0.182)

Init Far
Init Far FarAF
AF GOT t

Init Near
Init Near NearAF
AF GOT t

t P
T

t P
T

τ τ π π θ

τ τ π π θ

= − = −

= − = −
(Eq. 6.14)

 

If a body segment was initiated before the hand movement initiation, the timing as 

negative value in the normalized time domain. If necessary, the origin of the normalized 

time axis may be shifted to the earliest initiating time among all torso angles. As long as 

the initiation timing for the hand and GOT are shifted accordingly, the performance of 

the coordination model would not be affected. 

 

6.3.4 Torso movement and temporal modeling 

The duration of the respective movements also needs to be determined. The 

termination time, or stop time (ST), is used to denote the time at which each torso angle 

reaches a final value. From the experimental data collected earlier (Chapter 2), the torso 

STs were determined for each angle by using a 98% threshold of the total angular 

changes during the reach movement, and were represented by the percentage of MT 
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relative to the GOT. The results of the two-way ANOVA determining the influences of 

target azimuth and distance on STs are shown in Table 6.2. Figure 6.4 shows the duration 

of the torso angle movements, which were determined by the respective initiation and 

termination times with respect to the GOT instant. 

 

Table 6.2.  ANOVA table corresponding to torso angles termination time 
Torso joints Axial Rotation Lateral Bending Anterior Flexion 

 DoF F p DoF F p DoF F p 

Azimuth 5 39.99 < 0.01 5 10.88 < 0.01 5 15.6 < 0.01 

Distance 1 10.46 < 0.01 1 11.26 < 0.01 1 16.6 < 0.01 

Azim. × Dist. 5 0.79 0.56 5 3.96 < 0.01 5 1.04 0.40 

 

Rear R 45R 0 10L 45L Rear L
-80

-60

-40

-20

GOT

20

40

60

80

100

Target

Ti
m

e 
(%

M
T)

Axial Rotation

 

 
Far
Near

Rear R 45R 0 10L 45L Rear L
-80

-60

-40

-20

GOT

20

40

60

80

100

Target

Torso Flexion

 

 
Far
Near

 
 
 
 
 
Figure 6.4.  Torso movement duration. 
upper left) torso axial rotation;  
upper right) torso flexion; 
left) torso lateral bending 
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Tukey's honestly significant difference criterion was used to do the compare the 

effects of target azimuths with the same distance on the termination time for each torso 

angle. The result shows that torso lateral bending only shows differences between rear 

and frontal reaches. For the frontal reaches, there is no significant influence of distance (p 

< 0.05). For the frontal reaches, the average termination timing of lateral bending is 62% 

MT after GOT.  

For the torso axial rotation and flexion angles, parabolic distribution trends are 

observed for the average termination time as a function of target azimuth (Figure 6.4). 

Hence, the termination time of these two torso angles were modeled by 2nd-order 

functions. In addition, there is no significant difference (p > 0.05, HSD test) between the 

termination time for the 0º and 10º degree left reaches. Since the frame of reference for 

movement planning was suggested to be centered at the head (Chapter 5), data 

corresponding to the 10º left target were used to represent medial reaches for modeling 

the termination time of torso axial rotations and anterior flexions. The least square 

regression models of the termination time are represented by Eq. 6.15, Eq. 6.16 and 

Figure 6.5. 

 
2

2

0.0037 0.0870 65.59

0.0037 0.0902 53.40

Far
AR
Near

AR

ST

ST

θ θ

θ θ

= − + +

= − + +  
(Eq. 6.15)

 
2

2

0.0048 0.0121 78.22

0.0024 0.0683 48.19

Far
AF
Near

AF

ST

ST

θ θ

θ θ

= − + +

= − + +  
(Eq. 6.16)

 

where θ represents the target azimuth angle (in degree), subscript AR and AF stand for 

torso axial rotation and anterior flexion respectively. The dimension of the models is the 

percentage of MT (% MT).  
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Figure 6.5.  Regression models for torso termination times of torso axial rotation (left) 
and torso flexion (right). 

 

Given the modeled torso termination time (an average for lateral bending, and Eq. 

6.15 and Eq. 6.16 was determined relative to the GOT, the instant at which each 

component of the torso movement ends for frontal reaches in the normalized time domain 

can be determined by:  

. / /2 2 ( ( ) ( ))Term Far Far Near Far Near
AR GOT AR t ARST P STτ τ π π θ θ= + = +

 
(Eq. 6.17)

.
. /2 2 ( ( ) 0.62)

Term
Term Far NearLB
LB GOT t

t P
T

τ τ π π θ= + = +
 

(Eq. 6.18)

. / /2 2 ( ( ) ( ))Term Far Far Near Far Near
AF GOT AF t AFST P STτ τ π π θ θ= + = +

 
(Eq. 6.19)

By combining these results with the initiation time expressed in Eq. 6.12 to Eq. 

6.14, the duration of these torso angular movements (Tφ) can be expressed as: 

( )
( )

. .

/ / /

/

      2 ( ) ( ) ( ( ) 0.23)

      2 ( ) 0.23)

Term Init
AR AR AR

Far Near Far Near Far Near
t AR t

Far Near
AR

P ST P

ST

τ τ

π θ θ θ

π θ

Τ = −

= + − −

= +  
(Eq. 6.20)

( )
( )

. .

/ /      2 ( ) 0.62 ( ( ) 0.198)

      2 0.818

Term Init
LB LB LB

Far Near Far Near
t tP P

τ τ

π θ θ

π

Τ = −

= + − −

=  

(Eq. 6.21)
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( )
( )

. .

2 ( ) 0.056)       for the far reaches  
      

2 ( ) 0.182)      for the near reaches

Term Init
AF AF AF

Far
AF

Near
AF

ST

ST

τ τ

π θ

π θ

Τ = −

⎧ +⎪= ⎨
+⎪⎩

 

(Eq. 6.22)

 

6.3.5 Body segment movements in the feed-forward control phase 

The joint angle variations of the body segment movements, such as the torso and 

arm, need to be determined for the computed movement times. The elbow swivel angle 

movement is determined by the first-order lag response proposed in Chapter 4, and the 

angular displacement of the torso axial rotation, lateral bending and flexion angles are 

used in combination with the response of a feed-forward control to determine the 

movement and position of body segments during reach movements.  

 

Elbow swivel angle 

Given the initial posture, the elbow angle is 90° and the hand is in a starting 

location in front of the shoulder, the initial value of the elbow swivel angle is zero. Hence, 

the initial condition for the modeled ESA is set to zero to be consistent with the 

experimental condition. The ESA (Chapter 4) is modeled as a function of the fractional 

hand traveling distance (x) as follows: 

( ) (1 )

 : fractional hand traveling distance

kx

xy

xy

S x A e
d

x
D

−= −

=
 

(Eq. 4.1)
 

where A denotes the amplitude of the elbow swivel angle and k denotes the gain of the 

arm system. As shown in Table 6.3, these two coefficients are functions of the target 

location. 

Table 6.3.  Estimated parameters for ESA modeling 

  45º right 0º front 10º left 45º left 

A 
Far 0.51 0.47 0.48 0.50 

Near 0.35 0.39 0.40 0.53 

k 
Far 2.53 3.47 4.68 2.83 

Near 1.84 1.49 1.19 2.04 
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For frontal reaches, the coefficient A does not vary significantly with target 

azimuth for far targets. Hence, the average value 0.49 is used for far reaches. However, 

for near reaches, A is different for left and right reaches. Hence, A is set to be 0.38 and 

0.53 for medial- right and left reaching, respectively. The gain of the model (coefficient k) 

varies as a function of target location. A 2nd-order parabolic curve was used to fit k as a 

function of target azimuth (θ) for the far and near set, respectively, as follows (see Figure 

6.6):  
20.0007 0.0049 4.0689Fark θ θ= − + + (Eq. 6.23)

20.0003 0.0018 1.3203Neark θ θ= + + (Eq. 6.24)
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Figure 6.6.  Coefficients for ESA modeling. Solid and dash lines correspond to the far 
and near target sets, respectively. 
 

Since the proposed coordination is modeled in the normalized time domain, the 

ESA model needs to be converted using Eq. 6.9 to be expressed in the normalized time 

domain as well: 

1 cos( )
2

1 cos( )
2 2

( ) (1 ) (1 )

       (1 )

xy

xy

d k tk
D T

k

S A e A e

A e

π

τ

τ
⎛ ⎞− − −⎜ ⎟
⎝ ⎠

⎛ ⎞− −⎜ ⎟
⎝ ⎠

= − = −

= −  
(Eq. 6.25)

 

where A is 0.49, 0.38 and 0.53 for all reaching in the far set, the medial-right and left 

reaching in the near set, respectively. 
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Given a generalized hand trajectory and corresponding shoulder location, the 

movement and position of the elbow may be derived from inverse kinematics and the 

elbow swivel angle profile model. 

 

Kinematic modeling of Torso movements  

From the experimental results presented in section 2.4.3, the torso axial rotation 

may be represented by a quasi-linear function of target azimuth for both target distances; 

while the lateral bending and flexion are quasi-linear as a function of the target azimuth 

for the far frontal reaches. Since torso lateral bending and flexion were negligible for near 

reaches, these two torso angles are set to 0 for these reaches. In any case, the angular 

displacements of the axial rotation (φAR), lateral bending (φLB) and flexion (φAF) for the 

far and near set may be expressed as a function of target azimuth, θ (in degree) as follows: 

0.45 23.8

0.32 10.1     (unit: deg.)

Far
AR
Near
AR

φ θ

φ θ

= +

= +  
(Eq. 6.26)

 

0.27 1.7

0                      (unit: deg.)

Far
LB
Near
LB

φ θ

φ

= − +

=  
(Eq. 6.27)

 

0.11 10.9

0                      (unit: deg.)

Far
AF
Near
AF

φ θ

φ

= − +

=  
(Eq. 6.28)

 
The trajectories present the characteristic response of a symmetric bang-bang 

control (Carlton, 1981) in general (Figure 6.7). For the torso joint angular movements, it 

is assumed that the magnitudes of acceleration for the first and second half of the 

movement are the same constant, but with opposite signs. Acceleration occurs in the first 

half while the second half corresponds to a deceleration.  
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Figure 6.7.  Examples of torso angular movement during reaches. The vertical bar 
represents the GOT time.  

 

Let constant K represents the magnitude of acceleration (or deceleration), Tφ the 

duration of torso movement in the normalized time domain, and the movement initiation 

time is zero. For a symmetric bang-bang control, acceleration can be expressed by: 
20

1 2 2      K and Kφ

φ φ

ττ
τ τφ φ =Τ=
=Τ =Τ= = −  

Integration of both sides of these equations with respect to the normalized time (τ) gives 

the velocity function for each period: 

20
1 2 1 2 2      K C and K Cφ

φ φ

ττ
τ τφ τ φ τ=Τ=
=Τ =Τ= + = − +

 
(Eq. 6.29a)

 

From the initial and final condition τ = 0, 1 0φ =  and τ = Tφ, 2 0φ = , then 

1 2=0    =  KC and C φΤ . Hence, Eq. 6.29a can be rewritten to be: 

20
1 2 2    ( )  K and Kφ

φ φ

ττ
τ τ φφ τ φ τ=Τ=
=Τ =Τ= = − −Τ (Eq. 6.29b)

Integrating these equations with respect to τ gives the angular displacement function for 

each period: 

20 2 2
1 2 11 2 21

1 1+C     +C
2 2

K and K Kφ

φ φ

ττ
τ τ φφ τ φ τ τ=Τ=
=Τ =Τ= = − + Τ

 
(Eq. 6.30a)

From the initial condition τ = 0, 1 0φ = , and the continuity of movement τ = Tφ/2, 1 2φ φ= , 

then C11 and C21 are obtained: 
2

11 21

K
=0    

4
C and C φΤ= −  
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And the angular displacement (Eq. 6.30a) can be rewritten to be: 

( )
2

20 2
1 2 2

1 1    2
2 2 4

K
K and Kφ

φ φ

τ φτ
τ τ φφ τ φ τ τ=Τ=
=Τ =Τ

Τ
= = − − Τ −

 
(Eq. 6.30b)

The final (total) angular displacement is therefore achieved when substituting τ = Tφ: 
2

2

2
2

( )
4

4 ( )

K

K

φ
φ

φ

φ

φ

φ

Τ
Τ =

Τ
=

Τ
 

(Eq. 6.31)
 

Based on a given total angular displacement for each torso angle described by Eq. 

6.26 to Eq. 6.28, the magnitude of acceleration K (in Eq. 6.31) for each torso angle can 

be determined as a function of the target location. Given the initiation and termination 

time of the torso movement, the angular displacement of each torso angle can be 

respectively derived by Eq. 6.30b during reach movements. 

 

6.4 Model implementation and simulation results 

The proposed model was implemented in MatlabTM and simulated the temporal 

organization and movements of body segments and gaze as a function of the target to be 

reached. The computation time for the simulation of reach trial is, on average, less than 1 

second when using a 3.6GHz clock speed Pentium® 4 class computer. 

As illustrated by examples of the simulation results in Figure 6.8, the model 

predicts the torso axial rotation, lateral bending, flexion, and the elbow swivel angle 

along with the description of the generalized hand movement in the normalized time 

domain. The examples show that the model produces an early initiation of the torso 

angles for a far reach but not for the near reach as expected.  
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Figure 6.8.  Sample results of the upper 
body coordination model. 
The vertical line represents the GOT 
timing. 
-upper left: far reach to 45º right;  
-upper right: far reach to 45º left;  
- lower left: near reach to 45º left. 

 

 

 

The model predictions were compared to the empirical data obtained from a 26 

year-old male participant (171 cm height with an arm length of 63 cm). The results 

corresponding to the 45º left far reach are presented in Figure 6.9. For this particular trial, 

the predicted time of GOT occurs slightly earlier than expected at 0.15 normalized time 

(1% MT, or 0.01 sec for this particular case).  
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Figure 6.9.  Comparison of model predictions and real data. 
The vertical line represents the GOT time. left) elbow swivel angle; right) torso angles 

 

The elbow swivel angle profile is barely underestimated (0.4°) by the model. For 

torso angular movements, the predicting curves are in agreement with empirical data. 

However, while the errors between the predicted and the empirical results are small for 

lateral bending (0.7º) and flexion1.7º, the error is 2.5º for axial rotation.  

 

6.5 Discussion 

Most movement models focus on the movement of the end-effector. Furthermore, 

these models have relied on optimization methods (Flash & Hogan, 1985; Kawato, 1992; 

Zhang et al., 1999; Torress & Zipser, 2002; Park et al., 2003). However, the overall 

organization of three-dimensional visually-guided reach movements does not necessarily 

rely on optimization within the context of unconstrained conditions (Feldman, 1986; 

Bizzi et al., 1992; Kim, 2005). The present coordination model uses a generalized hand 

movement to address the temporal modeling, and generates the movements of each upper 

body segment for the feed-forward phase along with the GOT instant as a function of 

target location. The preliminary comparison suggests that the prediction from the 

coordination model is reasonably good for the body segment kinematics and for the 

timing of visual acquisition of the target. However, the movement initiation for each joint 

angle is slightly anticipated when compared to experimental data. This early initiation 

may be due to the absence of a processing time delay after the GOT instant. A better 
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estimation of visual processing delay may be beneficial to improve the accuracy of the 

model. 

Randomness in movement organization can be observed in both the coordination 

and the activities of the individual movement components. This might result either/or 

from the large variability of the human movement in temporal organization and noise of 

the sensorimotor system. Hence, the coordination of multiple movement phases and 

upper body subsystems may therefore vary slightly between individuals, depending not 

only on task requirements but also on individual characteristics. Since the proposed 

model is developed according to averaged empirical data, noise and individual 

differences are not reflected. The temporal organization of movement components may 

be further manipulated to exhibit a random behavior. A module may be developed to 

reflect the randomness and alternatives of reach movements. More specifically, different 

coordination patterns may be generated for each joint movement simulation by 

implementing a probability function in the initiation timings and total movement duration 

for each joint.  

In the landing phase, which is governed by the feedback control, visual 

information about the position of the hand and spatial relationship between the target and 

the hand is available to guide the hand movements. Further movement refinement to 

achieve a certain level of precision is ensured by visual feedback. The current 

coordination model only covers the feed-forward phase with respect to the definition of 

movement control mode and the content of visual feedback. The coordination patterns in 

the landing phase need further investigation.  

Nevertheless, the present coordination model can still provide the initial condition 

of each joint and body segment for the feedback control mode after the end of the 

transport phase. From the quantification of the feed-forward phase proportion (Chapter 4), 

the occurrence of the feedback phase is close to the end of reach movements and takes 

about 10% of the total movement time. Torso movements are usually over before the 

landing phase. Therefore, the initial condition for the torso is already determined for the 

feedback phase modeling. Only the shoulder and elbow movements require further 

modeling. It is also suggested that movement trajectories of each body segment in the 
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landing phase can be derived from existing inverse-kinematic control models (Dysart & 

Woldstad, 1996; Zhang, Kuo, and Chaffin, 1998; Wang, 1999; Kim, 2005).  
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CHAPTER 7  
 

Summary and Conclusion 

 

 

7.1 Principal Contributions 

7.1.1 Movement control mode transition 

Unconstrained three-dimensional (3D) reach movements can be divided into a 

series of movement phases. It has been reported that the final feedback phase contributes to 

movement accuracy (Crossman & Goodeve, 1983; Meyer et al., 1988) in which foveal vision 

is used for end-point control (Paillard, 1996). Therefore, gaze orientation was used to 

indicate phase transition in the present work. Hence, the characteristics and correlation 

between the visual information and the body segment movements were investigated.  

In the present work, reach movements are hypothesized to consist of three 

movement phases which include the lift-off, transport and landing phases (Kim, 2005). 

The period of body segment movement preceding the instant at which gaze aims at a 

target is defined as the lift-off phase. From the experimental approach, the timing of gaze 

on target was quantified and modeled as a function of the target location (distance and 

azimuth). This result provides a basis to model the timing of body segment movements.  

The transport phase, starting at the time of gaze on target, was ended when the 

hand approached the target. Since the major change from the transport phase to the 

landing phase is the transition of control mode, from feed-forward to feedback, it was 

found that the elbow swivel angle trajectory (ESA profile) presented a movement 

correction feature (curvature change) that could be used as an indicator of phase 

transition. The present work also shows that the determination of this phase transition 
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may not be only determined by the ESA profile kinematically but also by the availability 

of the visual information about the hand.  

 

7.1.2 Temporal aspects of movement coordination with respect to visual feedback 

It has been reported that torso angular movements are initiated almost 

simultaneously, but usually not end at the same time during a reach (Paillard & Amblard, 

1985; Jeannerod, 1988). However, with the high-precision motion tracking techniques, 

the result from the present work reveals that the initiation time of each torso angle might 

not be the same. The sequence of initiation of torso movements defined by three angles is 

dependent on reaching goals. On the contrary, the sequence of initiation of the movement 

of the arm joints shows a consistent proximo-distal distribution in which the shoulder 

moves first, followed by the elbow. 

A significant correlation between the initiation of torso angle movements and the 

time of gaze-on-target was observed. For torso angles (axial rotation, lateral bending and 

flexion), the initiation times always precede the time of gaze-on-target. This indicates that 

torso movements are consistently initiated during the lift-off phase. Since the visual 

information about the target location does not account for the initiation times of the torso 

angles for the frontal reaches, this result supports the preplanning of an initial open-loop 

control of the movement. The initiation strategy may be a general characteristic of human 

movement behavior since in the present context movement time was not constrained.  

Furthermore, the duration of the lift-off phase is longer for eccentric than medial 

targets and may be described by a 2nd-order least square regression function of the target 

azimuth. A longer lift-off phase may be associated with the a requirement of eye and 

head to bring the gaze on target, as suggested by Kim (2005) who showed that head 

movements are rarely present for medial target with azimuth less than 10°, while head 

movements are systematically present for target of eccentricity greater than 10°. 

The temporal scaling effect of the end effector (hand) is in agreement with 

previous studies (Plamondon et al., 1995; Grinyagin et al., 2005). The present work 

shows that the ratio of time to peak velocity and total movement time is approximately 

0.5. The magnitude of the peak velocity was found to be a function of target azimuth and 

distance in the context of unconstrained movements. These results also provide a basis to 
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model the time requirements (e.g. duration, acceleration time) associated with the bell-

shaped velocity profile (Flash et al., 1985). The peak velocity model shows a more 

pronounced target azimuth effects for the near than far targets. The hand peak velocity is 

higher for reaches to near eccentric targets than medial targets. Under the context of 

unconstrained reach movement, the variation of velocity as a function of target azimuth 

may reflect a general characteristic of human movement. It may be possible that eccentric 

targets are perceived being further than the medial ones. The visual perception bias may 

result from the longer visual search time – as supported by the longer lift-off phase 

duration, and, as proposed in Chapter 5 as the egocentric reference of frame for 

movement coordination might be located at the head to be in concordance with the visual 

feedback. Hence, the distance bias resulting from the visual perception might induce a 

higher peak velocity in order to compensate a “perceived” longer reaching distance and 

maintain the total movement time almost constant. 

Additionally, the sum of the durations of the lift-off and transport phases is not 

significantly influenced by target azimuth for frontal reaches. The results also indicate 

that about 90% of the total movement time corresponds to the feed-forward control mode 

for frontal reaches. Given that the duration of the lift-off phase increases with target 

eccentricity, this also suggests that the higher velocity for the more eccentric target might 

be preprogrammed in order to compensate for the longer lift-off phase. This result 

indicates that the feed-forward (open-loop) control mode of the movements is largely 

preprogrammed as a function of target azimuth. Hence, it is hypothesized that the 

programming of movement velocity may be derived from both the visual information and 

the necessary time to acquire that visual information  

 

7.1.3 Role of visual feedback in movement coordination and control 

Coordination of body segments and control strategies may depend on the 

availability of feedback information. The precision of the final reaching accuracy also 

greatly depends on visual feedback (McIntyre et al., 1998; Admiraal et al., 2004). 

Furthermore, the distribution of final position errors without visual feedback was 

observed to be correlated with target azimuth and distance relative to the shoulder. The 

manipulated object size is not significantly affecting the reaching precision. 
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According to Van Beers et al. (2002), the central nervous system may use the 

visual information for determining the direction of reaching/pointing and proprioceptive 

information for controlling the movement distance, when the end-effector is visible. 

However, the present work examining the dispersion of the final end effector location 

shows an undershooting tendency when reaching without visual feedback. As opposed to 

the proposition of Van Beers et al. this result implies that the visual feedback also 

contributes to the control of movement distance. In addition, the component analysis 

shows a larger contribution of the constant error (CE) to the lateral direction when 

reaching to the eccentric targets without vision. An interpretation of this behavior may be 

that the egocentric coordinate system for movement planning is constrained to the 

original spatial mapping and does not shift to fit a specific goal when the visual 

perception of the space is unavailable (Soechting and Flanders, 1989).  

Previous studies suggest that the origin of the reference frame of human 

movement planning may be situated in between the shoulder and the head (McIntyre et 

al., 1997; Admiraal et al., 2003). However, it has also been proposed that movement 

direction is specified relative to an origin at the current location of the hand, while 

movement extent may be affected by the workspace learned during baseline movement 

experience (Sainburg et al., 2003). The error bias observed in the present study shows 

that the undershooting is smaller for reaches to the target in front of the head than the 

target in front of the shoulder when reaching without vision. This result leads to the 

hypothesis that the egocentric coordinate system may be centered at the head for reach 

movement planning and control. However, the origin of the egocentric coordinate system 

is not in contradiction with the movement direction based on the current hand location. 

Movement planning seems to differ between visual conditions. The variability of 

torso movement between repetitions shows no significant difference between the two 

visual conditions. However, variations in the elbow swivel angle are significantly smaller 

without than with vision. This result may reflect an attempt to reduce the degrees of 

freedom (less flexibility/ higher constraint) in order to limit error variations and/or a drift 

in the error in the absence of vision. This hypothesis is in agreement with the 

demonstration that vision and the motor command are used to calibrate proprioception 

(Feldman and Latash, 1982), whose primary function is to correct movement errors while 
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vision is used to estimate movement distance (Bagesteiro et al., 2006). In addition, 

without vision the end–effector position errors drift with repetition (Brown et al., 2003), 

which also suggest the loss of an absolute reference (Gauthier et al. 1981). Hence, 

immediately after vision suppression movements may be replicated more systematically 

to avoid error dispersion.  

 

7.1.4 Model of upper body coordination for reach movements 

Kim (2005) reported that the global task goal (visually-guided reach movement) 

satisfies the fulfillment of each segment-specific goal (visual guidance and hand 

displacement). Hence, it would be of interest to understand how the CNS organizes the 

scheduling of activities to pursue these segment-specific movements in order to reach the 

desired target. The results of Chapter 2 show that the temporal initiation sequencing of 

joints and their relationship with gaze orientation are target goal dependent. Accordingly, 

it is suggested that the CNS would prioritize the activities of each subsystem and regulate 

their coordination so that the outcome of one subsystem (space representation) can 

effectively be used for the subsequent action (hand reach movement). Hence, coordinated 

movements among body segments and joints in a three-dimensional space should exhibit 

a correlation with the visual condition to generate a sequence of multiple phases 

corresponding to the activity of each individual subsystem and control mode.  

The above hypotheses were used as the basis for a coordination model. The 

principle of the proposed coordination model for unconstrained three-dimensional 

movements was that the sequenced activities of each subsystem and movement phase are 

evaluated for a specific goal (target) in order to plan for the sequencing of gaze and joint 

movements. It was assumed that movement coordination during the initial and 

intermediate phases (the lift-off and transport phases) is direction-based and end-effector 

driven, and both phases are encoded in an egocentric reference frame.  

Focusing on the first two movement phases (the lift-off and transport phases), 

which are governed by a feed-forward control mode, the proposed coordination model 

includes a temporal and spatial module to determine the sequencing and kinematic 

behaviors, respectively. With an input of the reaching target azimuth and distance, the 

proposed coordination model could provide the information about the sequencing of body 
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segment movements and the timing of gaze-on-target along with the angular 

displacement trajectories for the torso axial rotation, lateral bending, flexion and the 

elbow swivel angle. It currently works for the frontal reaches in the ±45º range relative to 

the saggital plane only. 

 

7.1.5 Summary of contributions 

In summary, the present work furthers the understanding of upper body 

coordination and movement control as follows: 

 

1) For unconstrained reaching movements, the kinematic characteristics of the 

hand movements are a function of target azimuth and distance. 

2) A new indicator of movement control mode transition was proposed and 

quantified as functions of target azimuth and distance. 

3) Sequencing of arm joint initiation and the temporal characteristics of torso 

movements were modeled for unconstrained reach movements to frontal 

targets. 

4) The role of visual feedback in multi-joint coordination of reach movements 

was preliminarily investigated and the movement planning strategies under 

no-vision condition attempt to reduce the system degree of freedom and to 

maintain/repeat more systematically the motor command learned with vision. 

In addition, the reference frame used to program movements seems to be 

centered at the head in the absence of vision. 

5) A vision related movement coordination model of unconstrained three-

dimensional reach movements was developed to predict the temporal 

coordination and kinematics of multiple subsystems.  

 

7.2 Limitations of the present work 

The proposed coordination model is developed based on empirical data collected 

from young healthy adults. Further study to different population, such as older 
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individuals, and neurologically or visually-impaired patients, is suggested to investigate 

different coordination patterns and compensation mechanisms.  

The present study adopted a seated posture to eliminate postural instability and 

considered only movement planning of the upper extremities. However, reach 

movements in the standing or other postures might require the recruitment of more body 

segments and result in different coordination patterns.  The end postures of the hand in 

the present study correspond only to supinated and neutral postures and did not require 

complex wrist movements. Different hand postures are likely to  affect the elbow swivel 

angle, which needs to be investigated to complement the current coordination model.  

The proposed coordination model for visually-guided reach movements is 

currently applicable to frontal reaches in the ± 45º range relative to the saggital plane and 

for the feed-forward control mode only. Validation of the model should be achieved by 

quantifying the predictions errors and the sensitivity to target azimuth, distance and 

elevation. In addition, it is suggested that the robustness of the model should be examined 

with a wide range of input conditions. 

 

7.3 Future research directions 

7.3.1 Validation and expansion of multi-phasic movement coordination 

Based on the literature and findings of the present study, it may be proper to divide 

reach movements into three movement phases and two movement control modes. 

Nevertheless, the intrinsic attributes of each phase are remaining open debates. The purpose 

of the lift-off phase has not yet been clearly understood. In the present work, it was suggested 

that the lift-off phase may contribute to the preparation of movement. From this perspective, 

it is suggested that the lift-off phase prepare the hand to move in the direction of the target 

based on a cognitive mapping of the task space. This phase may also be used to calibrate 

proprioception to the initial condition of joint variables. Another aspect is that the lift-off 

phase may be used to “loosen” the inertia of body segments during the early phase of 

movements and elevate muscle tone for movement preparation. In any case, experimental 

evidence would be necessary to further support these hypotheses. From the same perspective, 

the selection of the control modes for each phase of reach movement is largely based on the 

gaze-body segment kinematic interaction. One way to further validate this hypothesis relative 
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to the transition of movement phases would be to conduct experiments in which visual 

feedback may be manipulated to interfere with its expected utilization. Hence, if visual 

information disappears when necessary, will that suppression trigger the re-initiation of a 

movement sequence? 

The proposed coordination model is currently limited to the prediction of frontal 

reaches in the ± 45º range relative to the saggital plane. Although the proposed model 

requires only the definition of azimuth and distance and uses pre-defined hand kinematic 

information in the normalized time domain, a broader range of values for these two types of 

factors (target location and movement kinematics) would enable the expansion of the 

coordination model. For instance, a study covering a wider range of target azimuth to the side 

and rear locations is desirable to identify more specifically differences between front and rear 

movement directions and between left and right hemisphere in the frontal space. 

 

7.3.2 Probabilistic model for movement variability 

 
Randomness in movement organization can be observed in both the coordination 

and the activities of the individual movement components. This might result either/or 

from the large variability of the human movement in temporal organization and noise of 

the sensorimotor system. More specifically, different coordination patterns can be 

generated for each joint movement simulation by implementing a probability function 

affecting the scheduling of segment movements. Furthermore, the sensitivity to 

movement perturbations needs to be assessed. The interaction between body segments 

might result in a reorganization of coordination rather than individual segmental 

corrections.  Hence such investigation would contribute to further understand the attribute 

of the coordination controller and movement control properties. 

 

7.3.3 Movement coordination with external requirements 

Simulation of feedback control (as observed in the landing phase) requires further 

development. Movement patterns may be influenced by external constraints. For example, 

reorganization of body segment coordination should be necessary when obstacles must be 
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avoided. In addition, some body segment movement might be limited and constrained in 

some situations, such as reaching with a safety belt, or reaching in a narrow space.  

From the energy and momentum perspective, several different human movements 

were studied and simulated with a combination of simple muscle model and activation 

timings (Alexander, 1990, 1991). Optimization schemes have been used to model human 

movements. However, optimization may be the privilege of well-learned movements that 

may be based on the reduction of a cost function. It may be of interest to determine 

whether coordination of body segment movements could be also based on the 

optimization of a cost function, such as energy consumption or end effector trajectory 

smoothness. 
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